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Abstract

Implantable microelectrodes on soft substrate with
nanostructured active surface for stimulation and
recording of brain activities

Implantable neural prosthetics devices offer, nowadays, a promising opportunity for
the restoration of lost functions in patients affected by brain or spinal cord injury, by
providing the brain with a non-muscular channel able to link machines to the
nervous system. The long-term reliability of these devices constituted by im-
plantable electrodes has emerged as a crucial factor in view of the application
in the "brain-machine interface" domain. However, current electrodes for recording
or stimulation still fail within months or even weeks.

This lack of long-term reliability, mainly related to the chronic foreign body reaction,
is induced, at the beginning, by insertion trauma, and then exacerbated as a result of
mechanical mismatch between the electrode and the tissue during brain motion.
All these inflammatory factors lead, over the time, to the encapsulation of the electrode
by an insulating layer of reactive cells thus impacting the quality of the interface between
the implanted device and the brain tissue. To overcome this phenomenon, both the
biocompatibility of materials and processes, and the mechanical properties of
the electrodes have to be considered.

During this PhD, we have addressed both issues by developing a simple process to fabricate
soft implantable devices fully made of parylene. The resulting flexible electrodes are fully
biocompatible and more compliant with the brain tissue thus limiting the inflammatory
reaction during brain motions.

Once the fabrication process has been completed, our study has been focused on the
device performances and stability. The use of high density micrometer electrodes with
a diameter ranging from 10 to 50 pum, on one hand, provides more localized recordings
and allows converting a series of electrophysiological signals into, for instance, a movement
command. On the other hand, as the electrode dimensions decrease, the impedance
increases affecting the quality of signal recordings. Here, an organic conductive polymer,
the poly(3,4-ethylenedioxythiophene), PEDOT, has been used to improve the recording
characteristics of small electrodes. PEDOT was deposited on electrode surfaces by elec-
trochemical deposition with a high reproducibility. Homogeneous coatings with a high
electrical conductivity were obtained using various electrochemical routes. Thanks to the
increase of the surface to volume ratio provided by the PEDOT coating, a significant
lowering of the electrode impedance (up to 3 orders of magnitude) has been
obtained over a wide range of frequencies. Thermal accelerated ageing tests were also
performed without any significant impact on the electrical properties demonstrating the
stability of the PEDOT coatings over several months.

The resulting devices, made of parylene with a PEDOT coating on the active
surface of electrodes, have been tested in vitro and in vivo in mice brain. An
improved signal to noise ratio during neural recording has been measured in
comparison to results obtained with commercially available electrodes.



In conclusion, the technology described here, combining long-term stability and low
impedance, make these implantable electrodes suitable candidates for the development of
chronic neural interfaces.



Résumé

Microélectrodes implantables souples a surface
nanostructurée pour la stimulation et
I’enregistrement de ’activité cérébrale

Les protheéses neuronales implantables offrent de nos jours une réelle opportunité
pour restaurer des fonctions perdues par des patients atteints de lésions cérébrales ou
de la moelle épiniére, en associant un canal non-musculaire au cerveau ce qui permet la
connexion de machines au systéme nerveux. La fiabilité sur le long terme de ces dis-
positifs, se présentant sous la forme d’électrodes implantables, est un facteur
crucial pour envisager des applications dans le domaine des interfaces cerveau-
machine. Cependant, les électrodes actuelles pour I'enregistrement et la stimulation se
détériorent en quelques mois voire quelques semaines.

Ce défaut de fiabilité sur le long terme, principalement lié a une réaction chronique con-
tre un corps étranger, est induit au départ par le traumatisme consécutif a I'insertion du

dispositif et s’aggrave ensuite, durant les mouvements du cerveau, a cause des propriétés

mécaniques inadaptées de I’électrode par rapport a celles du tissu. Au cours du

temps, ’ensemble de ces facteurs inflammatoires conduit a ’encapsulation de 1’électrode

par une couche isolante de cellules réactives détériorant ainsi la qualité de I'interface entre

le dispositif implanté et le tissu cérébral.

Pour s’affranchir de ce phénomeéne, la biocompatibilité des matériaux et des procédés,
ainsi que les propriétés mécaniques de I’électrode doivent étre pris en consid-
ération. Durant cette thése, nous avons abordé la question en développant un procédé

de fabrication simple pour réaliser des dispositifs implantables souples en paryléne. Les

électrodes flexibles ainsi obtenues sont totalement biocompatibles et leur compliance est

adaptée a celle du tissu cérébral ce qui limite fortement la réaction inflammatoire occasion-
née par les mouvements du cerveau.

Apres avoir optimisé le procédé de fabrication, nous avons focalisé notre étude sur les

performances du dispositif et sa stabilité. L’utilisation d’une grande densité d’électrodes mi-
crométriques, avec un diametre de 10 a 50 um, permet de localiser les zones d’enregistrement

en rendant possible, par exemple, la conversion d’un ensemble de signaux électrophysi-
ologiques en une commande de mouvement. En contrepartie, la réduction de la taille des élec-
trodes conduit a une augmentation de I'impédance ce qui dégrade la qualité d’enregistrement

des signaux. Ici, un polymere conducteur organique, le poly(3,4-ethylenedioxythiophene),
PEDOT, a été utilisé pour améliorer les caractéristiques électriques d’enregistrement

d’électrodes de petites dimensions. Le PEDOT a été déposé sur la surface des élec-
trodes par électrochimie avec une grande reproductibilité. Des dépots homogenes avec des

conductivités électriques tres élevées ont été obtenus en utilisant différents procédés élec-
trochimiques. Grace a 'augmentation du rapport surface/volume induit par la présence de

la couche de PEDOT, une diminution significative de I"impédance de I’électrode

(jusqu’a 3 ordres de grandeur) a été obtenue sur une large plage de fréquences. De

tests de vieillissement thermique accéléré ont également été effectués sans influence notable

sur les propriétés électriques démontrant ainsi la stabilité de la couche de PEDOT durant

plusieurs mois.



Les dispositifs ainsi obtenus, fabriqués en parylene avec un dép6t de PEDOT sur la surface
active des electrodes, ont été testés in vitro et in wvivo sur des cerveaux de souris. Un
meilleur rapport signal sur bruit a été mesuré durant des enregistrements neu-
ronaux en comparaison avec des résultats obtenus avec des électrodes commerciales.

En conclusion, la technologie décrite ici, associant stabilité sur le long terme et faible
impédance, a permis d’obtenir des électrodes implantables parfaitement adaptées
pour le développement d’interfaces neuronales chroniques.
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Glossary

astrocytes also known collectively as astroglia, are characteristic star-shaped glial cells in
the brain and spinal cord that perform many functions, including a role in the repair
and scarring process of the brain and spinal cord following traumatic injuries. 22

basal ganglia (or basal nuclei) are a group of nuclei of varied origin in the brains of
vertebrates that act as a cohesive functional unit. They are associated with a variety
of functions including: control of voluntary motor movements, procedural learning,
routine behaviours, eye movements, cognition and emotion. 29

cerebral cortex is the brain outer layer of neural tissue in humans and other mammals,
typically 2-3 mm thick. 3

cochlea is the auditory portion of the inner ear. It is a spiral-shaped cavity in the
bony labyrinth and it is divided into three fluid-filled parts. Two are canals for the
transmission of pressure and, in the third, is the sensitive organ of Corti, which
detects pressure impulses and responds with electrical impulses which travel along
the auditory nerve to the brain. 34

Gliosis is a nonspecific reactive change of glial cells in response to damage to the central
nervous system (CNS). In most cases, gliosis involves the proliferation of several
different types of glial cells, including astrocytes and microglia, and, in its most
extreme form, the proliferation associated with gliosis leads to the formation of a
glial scar. 22

microglia are specialized macrophages of the central nervous system (CNS) that are
distinguished from other glial cells, such as astrocytes and oligodendrocytes, by their
origin, morphology, gene expression pattern and functions. they act as the first and
main form of active immune defense in the central nervous system (CNS). 21

necrosis is a form of cell injury that results in the premature death of cells in living tissue
by autolysis. 79

phagocytose major mechanism of the immune system, discovered in 1882 by Elie Metch-
nikoff , it is the process by which a cell, often a phagocyte or a protist, engulfs a solid
particle or a pathogenic microorganism in order to trap and eventually digest it. 22

purkinje cell are a class of neurons located in the cerebellum that take the name from
the czech anatomist Jan Evangelista Purkyné who first discovered them in 1837.
These cells are some of the largest neurons in the human brain with an intricately
elaborate dendritic arbor, characterized by a large number of dendritic spines and
plays a fundamental role in controlling motor movement. 3
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Glossary

pyramidal cells are a type of neuron found in areas of the brain including the cerebral
cortex, the hippocampus, and the amygdala first discovered and studied by Santiago
Ramén y Cajal. 3

reversible charge injection limit is the amount of charge that can move from the

electrode to the surroundings without causing a chemical reaction that is irreversible.
17

scala tympani is a channel in the cochlea, the part of the ear where sounds are converted
into electrical signals and sent to the brain. 34

thalamus is a midline symmetrical structure of two halves, within the vertebrate brain,
situated between the cerebral cortex and the midbrain. Some of its functions are the
relaying of sensory and motor signals to the cerebral cortex, and the regulation of
consciousness, sleep, and alertness. 29
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Preface

The PhD project presented in this manuscript lies in the context of the Brain-Computer
interfaces (BCIs). BClIs are systems that allow a user to control a machine (e.g., a
computer, an automated wheelchair, or an artificial limb) solely with brain activity rather
than the peripheral nervous system. They usually combine neurophysiological measurement
technology with machine learning software, in order to automatically detect patterns of
brain activity that relate to a specific mental task. Implementation of a BCI requires brain
activity to be measured and the quality of the implanted device (neuroprosthesis) play a
crucial role in the long-term performances of the BCI system.

Research on neuroprosthetics has really taken off in the USA. With few institutes
involved (CEA-LETI and Institut de la Vision), France is really behind.

In 2010, a Consortium was constituted in Toulouse based on the collaboration with
Philippe Marque, professor and head of the physical medicine and rehabilitation department
at the Rangueil Hospital of Toulouse (Centre Hospitalier Universitaire de Toulouse, CHU),
Christian Bergaud (Laboratoire d’Analyse et d’Architecture des Systémes, LAAS-CNRS),
Christophe Jouffrais (Institut de Recherche en Informatique de Toulouse, IRIT) and Lionel
G. Nowak (Centre de Recherche Cerveau et Cognition, CerCo). The idea behind the
Consortium was to cover, with different expertises, all the aspects related to a BCI system,
from the conception and realization of a neural probe to the clinical application.

A starting funding has been obtained in 2010 with the program PIR CNRS NEURO-IC.
The project has started concretely in 2011, under the name of NANOSTIM, with this PhD
grant from the Université Paul Sabatier (UPS) of Toulouse, in conjunction, the same year,
with Emeline Descamps’s recruitment at CNRS.

During this year, the Consortium has expanded, fostering mutual enrichment for
neurophysiological expertise and the biocompatibility issues, thanks to the collaboration
with Lionel Dahan (Centre de Recherches sur la Cognition Animale, CRCA), Eric Leclerc
and Jean-Luc Duval (Laboratoire de Biomécanique et de Génie Biomédical (UTC) de
I"Université de Technologie de Compiégne). All these partners, most of them located in
the same city have contributed to form a very effective cross-disciplinary Consortium which
has represented a key point in this project.

The main difficulties highlighted in this work, are related to the fact that this new
project has lead us to open a new research field within our laboratory.

Nevertheless, the potential outcomes for severely disabled people of this challenging
project, have been the driving force in these years, especially during the hard times that

every researcher has to experience.




Preface

The present manuscript

The first Chapter, General Introduction, will present an overview of all the aspects
related to this project, starting from the understanding of the nervous system and the
generation of neural electrical signals. In order to measure these signals, which is the scope
of the present work, the concept of neural interface will be introduced, giving an overview
about the different kinds of neural signals and a brief state-of-the-art of the implantable
devices from the first insulated wire to microelectrode arrays. Then the discussion will
focus on the biocompatibility aspects and the problem of the acute and chronic body
reaction against the implanted probe, pointing out the importance of the materials choice
for the neuroprosthesis fabrication. A brief part will be devoted to the ethical problems
related to this subject (deepened in Appendix E). After this contextualization, the thesis
project will be introduced and motivated, summarizing the state of the art, the main
problems to face and the proposed strategies and solutions.

Once given the basis to contextualize this work, the manuscript will be split into two

main streams:

1) the biocompatibility: how to limit the body reaction after implantation?

The second Chapter, Implantable microelectrodes on biocompatible soft
substrate, will focus on the microfabrication procedures employed to develop neural
probes on flexible polymeric substrate, with a particular attention to the materials
that will represent both the innovation and the difficulty of this project within
our laboratory. At the end of the Chapter, the biocompatibility of the device will
be assessed through cytotoxicity and biocompatiblity tests performed on cell and

organotypic cultures.

2) the stability of the electrical performances: how to enhance the signal-

to-noise ratio during the recording?

In the third Chapter, Nanostructuration of microelectrode active sites, the
improvement of the electrical properties of microelectrode active areas through an
electrochemical deposition of a conductive polymer (nanostructuration) will be shown.
Different parameters of deposition have been used and a fully characterization of the
resulting films, in terms of morphological and electrical properties, will be reported.

In the fourth Chapter, Brain signals recordings, the validation of the nanostruc-
turation procedure both from in vitro and in vivo tests will be described. The results

of signal recording in mouse brain will be presented and discussed.

In the final Chapter, Conclusion and perspectives, the main results achieved along the
course of this thesis will be summarized and new directions of our research for the short

and long term will be introduced.
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General Introduction

1.1 Neurons and neural circuits

The brain is the organ that serves as the center of the nervous system and neurons are its
core components. The functions of the brain depend on the ability of neurons to transmit
electrochemical signals to other cells, and to respond appropriately to electrochemical
signals received from them. The electrical properties of neurons are controlled by a wide
variety of biochemical and metabolic processes, most notably the interactions between
neurotransmitters and receptors that take place at synapses[1].

Neurophysiology, from greek neuron, "nerve'; physis, "nature, origin"; and -logia,
works on the understanding basic brain functions and the analysis of the causes of their
dysfunctions. To this purpose, the study of the functioning of the nervous system starts by
acquiring knowledge about its building blocks (neurons) and the mechanism behind the

signal transmission between them.

1.1.1 The discovery of the neurons

In this section a brief history of the discovery of the neurons will be reported, mostly based
on the fundamental book written by Dale Purves et al., "Neuroscience"[2].

In the early nineteenth century, even if the cell was recognized as the fundamental
unit of all living organisms, biologist were confused by the structure and organizational
behaviour of the nerve cells and very little was known about the microanatomy and the
functioning of the nervous system. Individual nerve cells, indeed, with an extraordinarily
complex shapes and extensive branches packed together, were very difficult to resolve from
one another with microscopes and cell staining techniques available at that time.

Therefore, an on-going debate among researchers about the organization of the nervous
system, took place. Some biologists, called reticularist, "concluded that each nerve cell was
connected to its neighbours by protoplasmic links, forming a continuous nerve cell network,
or reticulum'[2].

The Italian pathologist Camillo Golgi discovered a method of staining nervous tissue
that could stain a limited number of cells at random, in their entirety. This enabled him
to view the paths of nerve cells in the brain for the first time (Fig.1.1.a). However, Golgi
himself was led to a conviction that nervous system was composed of a single network, not
of separate cells (Fig.1.1.b).

Santiago Ramén y Cajal made a masterful use of the staining technique invented
by Camillo Golgi, also modifying it, allowed him to be the first to report with precision
the fine anatomy of the nervous system (Fig.1.1)[3].

The reticular theory of the nervous system, eventually fell from favour and was replaced

3



1.1 Neurons and neural circuits

Figure 1.1: a) Visualization of an individual neuron through Golgi’s stain. b) Schematic drawing
of a part of the hippocampal formation, proposed by Camillo Golgi in support of the reticular theory.
¢) Original drawing by Cajal showing pyramidal cells of rabbit cerebral cortex. d) Embryonic
purkinje cell from newborn dog stained with Golgi method (correlation between the histological
slides and the drawing by Cajal). Cajal’s original preparations are housed at the Cajal Museum
(Cajal Institute, CSIC, Madrid, Spain). Adapted from [4, 5, 6].

by what came to be known as the "neuron doctrine", in which the work of Cajal played
a central role. Cajal demonstrated that the nervous system was made up of individual cells
connected to each other by small contact zones. Both Cajal and Golgi received the 1906
Nobel Award in Medicine and Physiology.

Also during this decade Sir Charles Sherrington (who first conied the term synapses),
described the junction between nerve and muscle, demonstrating the transfer of electrical
signals at synaptic junctions between nerve cells, in 1897. This provided strong support of
the neuron doctrine, however, "it was not until the advent of electron microscopy in the

1950s that any lingering doubts about the discreteness of neurons were resolved"[2].

Figure 1.2: Mouse brain neurons stained with brainbow technique (adapted from [7, 8]).

In 2007 an impressive method of staining called "brainbow" was implemented by Jeff
W. Lichtman and Joshua R. Sanes, both professors of Molecular & Cellular Biology in
the Department of Neurobiology at Harvard Medical School[9], shown in Fig.1.2. This

powerful tool is a genetic method which make use of transgenic mice that express a number
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General Introduction

of different fluorescent proteins in individual neurons. In this way it is possible to label
each individual nerve cell with a different color to identify and track axons and dendrites
over long distances. The so-generated images, not only allow to construct specific maps of
neural circuits but they are also considered a work of art.

From all these histological studies it has been stated that the cells of the nervous system
can be divided into two broad categories: "nerve cells, or neurons, and supporting cells
called neuroglia (or simply glia). Nerve cells are specialized for electrical signaling
over long distances. Glial cells, in contrast to nerve cells, are not capable of
significant electrical signaling; nevertheless, glia have several essential functions in
the developing and adult brain. They are also essential contributors to repair of
the damaged nervous system-in some cases promoting regrowth of damaged

neurons, and in others preventing such regeneration'[2].

1.1.2 The neural circuits

A typical neuron is constituted by a cell body (soma), dendrites, and an axon (Fig.1.3).
The term "neurite” is used to describe either a dendrite or an axon, particularly in its
undifferentiated stage. Dendrites are thin structures that arise from the cell body, often
extending for hundreds of micrometers and branching multiple times, giving rise to a
complex "dendritic tree”. An axon is a special cellular extension that arises from the
cell body at a site called the azon hillock (where membrane potentials propagated from
synaptic inputs are summated before being transmitted to the axon) and travels for a
distance, as far as 1 meter in humans or even more in other species. The cell body of
a neuron frequently gives rise to multiple dendrites, but never to more than one axon,

although the axon may branch hundreds of times before it terminates.
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Figure 1.3: a) Structure of neuron with axon, dendrites and synapses. b) Structure of a synaptic

connection (from [10]).
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1.1 Neurons and neural circuits

"Neurons never function in isolation; they are organized into ensembles called neural
circuits that process specific kinds of information and provide the foundation of sensation,
perception, and behaviour'[2]. Neurons communicate with each other by sending chemicals,
called neurotransmitters, across a tiny space, (the synaptic connections), between the
axons and dendrites of adjacent neurons.

Neural circuits are basically constituted by three functional classes of neurons: afferent
neurons (which carry information from the periphery toward the brain or spinal cord),
efferent neurons (which carry information away from the brain or spinal cord) and
inter-neurons (which possess short axons and only participate in local aspects). Afferent
neurons can be also considered sensory neurons, since they carry information from the
sense organs (such as the eyes and ears) to the brain while efferent neurons can be called
motor neurons, since they control voluntary muscle activity such as speaking and carry

messages from nerve cells in the brain to the muscles.

1.1.3 The generation of electrical potentials

In their ground-breaking work, Hodgkin and Huxley mathematically described the
initiation and propagation of the electrical signals in neurons[11, 12, 13].

Neurons employ several different types of electrical signals to encode and transfer
information. First of all, they have a means of generating a constant voltage across their
membranes when at rest. This voltage, called the resting membrane potential, depends
on the type of neuron being examined, but it is always a fraction of a volt (typically -40 to
-90 mV). The electrical signals produced by neurons are caused by responses to
stimuli, which then change the resting membrane potential.

Receptor potentials are due to the activation of sensory neurons by external stimuli
while another type of electrical signal is associated with communication between neurons at
synaptic contacts. Activation of these synapses generates synaptic potentials, which allow
transmission of information from one neuron to another. Although neurons and axons
are both capable of passively conducting electricity, the electrical properties of neurons
compare poorly to an ordinary electric wire. To compensate for this deficiency, neurons
have evolved a "booster system" that allows them to conduct electrical signals over great
distances despite their intrinsically poor electrical characteristics. The electrical signals
produced by this booster system are called action potentials (which are also referred

to as "spikes" or "impulses").

To understand the principle of an action potential we need first to understand the
functioning of the ionic channel on the cell wall (a lipid bilayer membrane which separates
the intracellular fluid from the extracellular space). Enzymes (proteins) located in the
neuronal membrane behave like pumps which move ions in and out from the cell. As
the result of a different concentration of ions inside and outside of the cell, an electrical
potential difference is created across the membrane. In the resting state, if the potential

of extracellular space is used as the reference, the membrane potential is about -70
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mV (Fig.1.4). The neuron with the resting potential difference is said to be

polarized.
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Figure 1.4: Various steps during the trigger of an action potential and related transmembrane
Na® /K™ ion channels behaviour during the steps. Transmembrane proteins form two types of
nongated ion channels, the Kt channels and the Na® channels, through the membrane. Due
to the ion concentration gradients, the nongated K+ channels leak potassium ions out from the
neuron, and the nongated Na™ channels leak sodium ions into the neuron. As there are more K
channels than Na™ channels, there are more out going K* ions than in coming Na™ ions. The
concentration of Na™ is higher in the extracellular fluid and the concentration of K* is higher in
the intracellular fluid. 1) When a passive current flows across the membrane following a synaptic or
receptor potential, the depolarized membrane potential triggers the voltage-gated Na® channels to
open. The inward Na™ ionic currents enhance the depolarization which triggers more Na™ channels
to open to let in more ionic currents. This is a positive feedback loop called the Hodgkin-Huxley
cycle. If the initial depolarization caused by a passive current is not strong enough to reach a
threshold (about -48 mV), it will diminish without triggering any significant response from the
neuron. 2) If the depolarized membrane potential passes the threshold (about -48 mV) (Fig.1.4.2),
the Na® channel currents dominate the process and the membrane potential is highly depolarized
to form a positive peak. 3) With a short delay after the opening of the voltage-gated Na™ channels,
membrane depolarization triggers the voltage-gated K* channels to open and the outward KT
currents lead to a strong repolarization. 4) After a phase of hyperpolarization the membrane
potential returns to its resting level. Adapted from [14, 15].

When a passive current flows across the membrane, it induces a depolarization. If
the depolarized membrane potential passes the threshold (about -48 mV) (Fig.1.4.2), the
membrane potential is highly depolarized to form a positive peak (a spike), the action
potential, whose amplitude is independent of the initial depolarization. Note that the
intensity of the neural signal transmitted in a neuron is not coded by the magnitude of the
membrane potential (as all action potentials are of the same intensity), but by the number

of action potentials generated per unit time, called the firing rate. This phenomenon is
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1.2 Measurement of electrical neural signals

followed by a strong repolarization (Fig.1.4.3). The membrane potential drops quickly
from the positive peak to a negative level, even lower than the resting potential. This phase
is called hyperpolarization (Fig.1.4.4), the second phase of the action potential. After a
few milliseconds the membrane potential returns to its resting level. During the time fol-
lowing the repolarization phase of the action potential, the voltage-gated Na™ channels are
inactivated and unable to be opened, regardless of how much the membrane is depolarized.
This is the absolute refractory period, which is followed by a short relative refractory
period during which action potential can be generated but only with larger-than-normal
depolarization. This limited rate of action potential generation determines the neurons

frequency resolution.

One way to elicit an action potential is to pass an electrical current across the membrane
of the neuron.

As we said before, passive cur-
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axon), which travel down the axon to Figure 1.5: Mechanism of action potentials propaga-

depolarize new pieces of membrane to tion along the axon.
continue the process. The sequentially
triggered action potentials relay the neuronal signal from the synapse or the receptor along

the axon to its terminators, where the signal is passed on to other neurons (Fig.1.5).

1.2 Measurement of electrical neural signals

A detailed picture of the events underlying the relationship between the functional con-
nectivity map of neuronal circuits and their physiological functions can be obtained by
electrophysiological recording. Nowadays the available methodologies for recording
neural activity include both invasive (implanted) and non-invasive (non-implanted)
approaches.

The first category can be divided in turn into intracellular and extracellular
recordings to which belong sharp or patch electrodes placed inside the cell or substrate
integrated microelectrodes arrays (MEAs) placed near the cell of interest, respectively.
These methods will be treated in the next Section (1.3).
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General Introduction

However, it is important to point out the fact that the term "invasive", even though
commonly used for these devices, possesses an inherent negative undertone. Nonetheless,
many are of the opinion that even the so-called non-invasive procedures, can induce a so
strong awkwardness, due to the process for fixing the electrode on the scalp or the long
learning/calibration time, to be considered as much invasive as a surgery.

These invasive and non-invasive techniques allow to record different kinds of neural

signals, depending of the placement of the recording electrodes (Fig.1.6).
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Figure 1.6: Placement of implanted and non-implanted recording devices at different depths, over,
onto or inside the brain and the related recorded signals (adapted from [16, 17]).

As regards the non-invasive approach, it has been known, since the pioneering work
of Hans Berger[18] more than 80 years ago, that the brain electrical activity can be

recorded through electrodes on the surface of the scalp[19].

Some of the most common non-invasive recording methods are:

o Functional magnetic resonance imaging (fMRI) works by detecting the changes
in blood oxygenation and flow that occur in response to neural activity. When a brain
area is more active it consumes more oxygen and, to meet this increased demand,
blood flow increases to the active area. fMRI can be used to produce activation maps

showing which parts of the brain are involved in a certain process.

o Electroencephalography (EEG) is the recording of brain electrical activity over a
short period of time, usually 20-40 minutes, through multiple electrodes placed along
the scalp (Fig.1.7). The resulting traces are known as an electroencephalogram and
represent an electrical signal from a large number of neurons. The EEG is capable of
detecting changes in electrical activity in the brain on a millisecond-level. It is one of

the few techniques available that has such high temporal resolution.

e Other non-invasive techniques to monitor the brain activity are Computed Tomogra-
phy (CT), Positron Emission Tomography (PET), Magnetoencephalography (MEG)
and Near Infrared Spectroscopy (NIRS). In the same category optical imaging tech-

nologies of extrinsic fluorescent indicators or genetically encoded molecular probes
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can be also mentioned.

Figure 1.7: Appearance of a) EEG and b) ECoG measurement set-up.

Another recording technique, which lies between invasive and non-invasive, has to be

mentioned.

o Electrocorticography (ECoG), or intracranial EEG (iEEG), was first adopted in
1950s by the neurosurgeons Wilder Penfield and Herbert Jasper, at the Montreal
Neurological Institute for the study of epilepsy[20]. This approach make use of
electrodes placed directly on the exposed surface of the brain to record electrical
activity from the cerebral cortex. Even though the brain tissue is not penetrated, a
craniotomy (a surgical incision into the skull, see Fig.1.7) is required to place the
electrode grid. For this reason ECoG can be considered as an invasive procedure.
ECoG signals are composed of synchronized postsynaptic potentials (local

field potentials, LFPs), recorded directly from the exposed surface of the cortex.

Non-invasive approaches are designed to record activity from very large scale neural
populations, and are not suitable for single neuron resolution. Electrodes on the surface of
the scalp, indeed, are at some distance from brain tissue, separated from it by the skull,
subcutaneous tissue, and scalp. As a result, the signal is considerably degraded, and only
the synchronized activity of large numbers of neural elements can be detected, limiting the
resolution with which brain activity can be monitored. Moreover, scalp electrodes pick up
activity from sources other than the brain, including environmental noise (such as 50Hz
or 60Hz activity from power lines) and biological noise (such as activity from the heart,
skeletal muscles, and eyes)[21]. Nevertheless, non-invasive technique such as EEG, are

nowadays widely used in many application field (as it will be described in section 1.7.2).

Some of the most common kinds of signals that are possible to detect by a non-invasive

measurement are shown in Fig.1.8:

o Slow cortical potentials (SCPs) are slow voltage changes generated in cortex
that occur over 0.5-10 s among the lowest frequency features of the scalp recorded
EEG. Negative SCPs are typically associated with movement and other functions
involving cortical activation, while positive SCPs are usually associated with reduced

cortical activation[22, 23].
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e The sensorimotor-rhythm is an 8-12 Hz oscillation detected over sensorimotor
cortex during both actual and imagined movements and it is produced by the
synchronized and rhytmic synaptic activation[24, 19]. This activity, is called mu-
rhythm when focused over somatosensory or motor cortex and visual alpha rhythm

when focused over visual cortex[25].

o The P300 (P3) wave is a positive peak at about 300 ms evoked by infrequent or
particularly significant auditory, visual, or somatosensory stimuli, when interspersed

with frequent or routine stimuli[26, 27].

Non-Invasive recording
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Figure 1.8: Some examples of signals that can be recorded from the brain by invasive and
non-invasive techniques (adapted from [28]).

1.3 Recording signals from implanted electrodes

As mentioned before, through invasive techniques it is possible to detect single action
potential. Extracellular field potential recordings (ambiguously referred to as
local field potentials (LFPs) or field potentials (FPs)) reflect the spike activity of

individual neurons or the superposition of fast action potentials (APs), synaptic potentials
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and slow glial potentials in both time and space[29].

Theoretical models predict that action potentials cannot be observed above noise farther
than approximately 130 ym from a recording site and that the neuron cell body contributes
to the majority of the recorded signal. However, direct measurements have shown that the
maximum distance is much less, somewhere between 50 and 100 pm. Thus, the distance
required to maintain a recording between an electrode site and a neuron cell body is of the
order of cell dimensions[30]. The intracellular potential of cells can be in tens of millivolts
but the electrical signals recorded from neurons in the brain range in tens of microvolts
when we talk about single spike activity or local field potentials as intracortical signals.
Single spike activity occurs in the kHz range, while slow field potentials range from zero to
hundreds of Hz.

1.3.1 Intra and extra cellular recordings

Intracellular recordings are used to study the physiology of single cells, giving informa-
tion about transmembrane signals such as post synaptic potentials or other small potential
changes.

The classical microelectrode for this ap-

Optical
microscope

plication is a glass micropipette filled with an

electrolyte and a contact wire that interfaces
the pipette to the recording instrumentation;
the method involves the micropipette pene-
tration to the cell membrane, thus creating
an electrical connection with low resistance. :
This simple technology has been used in elec-
trophysiology since the 1920s. The power of
intracellular recording systems is that they Figure 1.9: Patch clamp technique illustration.
exhibit very good electrical coupling with the

cell and provide accurate readout of the entire dynamic range of voltages generated by

cells without distorting the readout over time.

The renowned patch-clamp method (Fig.1.9), developed by Neher and Sakmann
in the late 70s and early 80s, allowed for the first time to record currents of single
ion channels[31]. Thereafter, intracellular recording with glass pipette electrodes has
remained the most widely used method for studying the electrophysiological properties
of biological membranes. In this method, however, there are several drawbacks: not only
is it invasive, but the contact between the electrode and cell is notably hard to maintain
for more than several hours[32] and the electrolyte in the pipette tip will diffuse into the
tissue after a certain time. In addition, it is difficult to integrate these glass electrodes

with microelectronics for recording from freely behaving animals.
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Extracellular recordings, on the contrary, circumvent the main obstacles of intracel-
lular recordings, as they do not need to penetrate the cell membrane and allow recording
from individual cells or complete networks([33, 34]. Such methods, however, tend to suffer
from a rather low signal-to-noise ratio, preventing them from measuring subthreshold
events on account of their imprecise positioning relative to the cell, and the poor electrical
communication at the electrode/cell interfacial contact[35].

Extracellular MEAs used for in vitro recordings and polytrodes (high-density silicon-
based electrode arrays for multiunit recording) employed in vivo (Fig.1.10), largely attenuate
and temporally filter the electrical signals. Nonetheless, they enable simultaneous recording
and stimulation of large populations of excitable cells for days (in vitro) or months (in
vivo), without inflicting mechanical damage to the neuron plasma membrane.

Even though a great deal of information
can be gained by using polytrodes, the infor-
mation harboured in spike-pattern fingerprints
is limited. A key challenge would be the
ability to perform specific excitation or

recording from a single neuron, or even a

single neurite. Nanotechnology allows, nowa-
* days, the fabrication of electrodes and devices

small enough to enable selective stimulation and

Figure 1.10: Utah microelectrode array — recording of a targeted population of neurons,
down to single cells. Nanomaterials-based de-

vices have the potential to interact with biological systems on the molecular scale[36]. In
particular, various configurations of nanowire-based devices have been applied to form an
electrical interface with cells and tissues. Ideally, the recording device should be made as
small as possible, so as to increase the spatial resolution and minimize the invasive aspect
of the procedure. In practice, electrodes suffer from a definite limit to miniatur-

ization and implantation process.

Intra and extra cellular recordings are, therefore, two complementary techniques[37, 38];
for example, neurons that do not fire action potentials during a recording session are not
visible to extracellular electrodes, that are practically "blind" to the subthreshold events.
In some brain areas, 90% of the neurons are not spiking or are firing occasionally at very
low rates. Intracellular recordings of synaptic potentials from such neurons would disclose
a great deal of information as to the role of this "silent majority" in information processing

and the importance of individual neurons to the circuit behaviour.

1.3.2 Implantable electrodes: history and state-of-the-art

Insulated microwires and tetrode: The first generation of implantable microelec-
trodes simply consisted of known electrically conductive materials, insulated except for

the tip, that were stiff enough to be inserted through the pia or the dura mater without
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buckling, so they could be used to access deep brain structures (Fig.1.11.a). These insulated
microwires, developed in the 1950s, allowed neurophysiologists to study the activity of
individual neurons in awake, behaving animals and they could be fabricated easily with
available technology[39]. This breakthrough technique is still extensively in use today for
both acute and chronic extracellular recording, without having fundamentally changed in

the last decades.

n=1100

> 140um

Figure 1.11: a) SEM Micrographs of microelectrodes wires with an insulation layer consisting of
Parylene-C and microelectrode tip regions (from [40]). b) The microwire tetrode (from [41]).

Another commonly used implantable device was the microwire tetrode (Fig.1.11.b),
which allowed estimating the position of individual recorded neurons by triangulation.
Neurons within a radius of 50 pgm (c.a. 100 in the human cortex) can be separated
using clustering methods[41]. Nevertheless, due to their high impedance and small site
sizes, in order to be effective, these electrodes must be rigorously positioned near their
target neurons using precision micromanipulation. Recordings can only be held for several
minutes to several hours before repositioning is required. Moreover, they are limited in
their geometries and reproducibility, cause considerable insertion damage, and tend to
splay out in tissue, making exact site placements uncertain. All these drawbacks reduce

the attractiveness of this technique for long-term chronic implant.

Microelectrode arrays: Since each neuron contributes to many neural ensembles and
neural information is spread across population of neurons[42], it was quickly clear that
arrays of electrodes, would be needed to really understand the signal processing performed
in complex neural networks[43]. Multi-neuronal recording permits simultaneous recording at
the level of neuronal populations as well as the single-neuron level, thus more information
can be extracted from the brain[41, 44]. In the 1960s, the growing development of
photolithographic techniques and silicon etching technology provided a new tool set for
fabricating recording electrodes, permitting the microfabrication of structures with high
precision in which the spatial resolution between the electrode sites is defined and remains
fixed. The needed technology was developed over the next two decades as part of the more
general development of integrated sensors and microelectromechanical systems (MEMS)[43].

One of the first silicon-based multielectrode arrays was made by Wise, Starr and
Angell[45, 46]. These structures have then evolved in what we know nowadays as Michigan
array (Fig.1.12.a). In this array several microelectrode sites are patterned on each shank

of the structure, providing higher density of sensors while reducing the displaced tissue
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when compared to a microwire bundle implant[47].
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Figure 1.12: a) the Michigan electrodes: 64-site probes assembled in 3D structures, a variety of
silicon probes on the back of a U.S. penny and SEM image of the recording site (from [43]). b) The
Utah array and the insulation coated electrodes with exposed platinum tips (from [48]).

Another well-known example is represented by the Utah array (Fig.1.12.b). This
three-dimensional electrode array consists in 100 conductive sharpened silicon needles, each
of them electrically isolated from its neighbours in which the tip is coated with platinum
and the shanks are insulated with polyimide. Electrical contact is made from the back
side of the structure using insulated gold wire[49, 50]. Researchers now routinely employ
multiple single microelectrodes aligned into arrays to provide ever-increasing numbers of
electrode sites in one device. Some of these devices have positionable electrodes, while
others have modified single electrodes (with larger site sizes and/or reduced impedances)
which are capable of recording neural activity without precise positioning. These devices
can remain functional upon implant for few months, but the same individual neurons
cannot be "tracked" longer than about six weeks. Like the first generation of devices, these
intracortical interfaces can remain into the brain for extended time periods,
but recording quality and electrode yield typically diminish with time. The
surface area substrate/encapsulation material is much larger compared to the areas of
the active electrode sites; therefore, these materials have an important role in long-term
stability and functioning of neural implants and they need to be biocompatible, biostable

and to exhibit good dielectric properties.

A first example of intracortical device for long-term recording can be found in the
neurotrophic electrode, introduced by Philip Kennedy in 1992[51, 52].
This electrode combines a standard wire recording technique with neural regeneration
since it consists of insulated gold wires fixed inside a hollow glass cone which is is coated

with Matrigel and nerve growth factor. These so-called neurotrophic factors encourage the
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expansion of neurites through the glass cone tip.
The neurotrophic electrode has been used in the BCI applications, in particular concern-
ing silent speech methodologies for normal and disabled individuals, demonstrating the

capability of providing useful neural recordings for over 4 years[53, 54].

Implantable electrodes on soft substrate: There has been, therefore, a growing
interest toward developing polymer-based implant materials (Fig.1.13) that could be
flexible enough to mimic living tissue and reduce the mechanical damage without evoking
any adverse tissue reaction. In the last 20 years, polymer-based implants using, for example,
polyimide[55, 56, 57, 58], SU8[59, 60], BCB (benzocyclobutene)[58] and parylene[61, 62, 63,
64, 65, 66, 67] as both the structural and insulation material have been micromachined for
both acute and chronic recordings[68]. The fabrication of these devices typically involves
metal sites sandwiched by thin film of polymer using standard planar photolithographic

techniques.

Figure 1.13: Two examples of flexible implantable electrodes fabricated on a) polyimide (from
[55]) and b) parylene (from [62]).

Bioactive coatings for implantable electrodes: In the last decade, a new generation
of implantable neural interfaces has been developed. These latter intracortical electrodes
incorporate "bioactive" components. The electrode designs use standard electrically con-
ductive materials in combination with biologically active species in an effort to improve the
performance and function of the neural interface. Initial attempts were centered on the use
of microfluidic technology to pump drug-carrying solutions through microfluidic channels
built into micromachined implantable probes both in silicon-based devices[69, 70, 71] and
in flexible polymer-based devices[64, 72, 73]. Nevertheless, these microfluidic approaches
are practical challenges concerning channel patency, biofouling during insertion and chronic
attachment to a pump and have led to the development of alternative drug delivery strate-
gies.

The incorporation of bioactive species could be achieved by the use of hydrogels[57, 74] or
biodegradable polymer embedding the whole electrode. In 2011, Han et al. reported a coat-
ing for multielectrode arrays with poly(ethylene glycol)-poly(e-caprolactone) (PEGPCL)
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hydrogel with a neurotrophin, nerve growth factor (NGF) eluted in the PEGPCL hydrogel
layer into an electrospun fiber mat (EFM) as shown in Fig.1.14. This kind of composite
coatings has the potential to improve neural prosthesis biocompatibility by delivering NGF
at biologically significant concentrations in a controlled and sustained manner to stimulate

neural survival and differentiation[75].

Figure 1.14: A) Optical micrographs of the tip of a microeletrode array coated with PEGPCL
hydrogel and B) coated with PEGPCL hydrogel-EFM composite. C) SEM micrograph of the tip of
an MEA coated with PEGPCL hydrogel-PCL EFM composite (from [75]).

Collagen (gelatine) and chitosan, for example, have shown haemostatic and antibacterial
properties[76, 77] which can favour tissue healing post-insertion. In the recent work
of Lewitus et al.[78] a coating with tyrosine-derived terpolymer, while enhancing the
mechanical properties of the probe is also able to locally deliver dexamethasone (anti-
inflammatory agent). Kato et al.[79] reported the incorporation of nerve growth factor
(NGF) microspheres coated with poly(lactic-co-glycolic acid) (PLGA) in a polyethylene
glycol (PEG) matrix. Moreover, PEG has shown potential in treating spinal cord and

traumatic brain injuries by inducing cellular recovery due to its hydrophilicity[80, 81].

1.4 The electrode-tissue interface

When the metal is put into contact with the ionic extracellular medium, an equilibrium
is established at the electrode-electrolyte interface. The charged metal surface attracts a
layer of oriented water molecules, which define the inner Helmholtz plane, plus another
layer of hydrated ions, which define the outer Helmholtz plane. This double layer is
followed by a diffuse space charge layer in the bulk solution (Fig.1.15).
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Figure 1.15: The electrode-electrolyte interface[47].

Implantable Microelectrodes on Soft Substrate with Nanostructured... 17



1.4 The electrode-tissue interface

For recording electrodes, the metal-tissue interface has a linear current-voltage
relationship, and the capacitive mechanism of charge transfer dominates: ionic
currents in the extracellular medium cause an electric current in the metal electrode with
no charge carriers passing through the phase boundary. No electrochemical reactions should
occur in this low voltage and current regime. For stimulation, the higher current amplitudes
may result in Faradaic current flows, in which electrons pass through the phase boundary.
Irreversible reactions can occur and change the chemical composition of the electrode-
electrolyte interface. For noble metals such as platinum or iridium, the metal oxides created
during the Faradaic reactions are bound to the metal surface, and the reactions are reversed
upon application of a current in the opposite direction. The reversible charge injection limit
depends on the electrode material, shape, size, the chemical composition of the electrolyte,
and the stimulation waveform|[47]. The current to excite single cells using patch clamp
techniques are in the range of picoamperes. Nerve and muscle stimulation require the
delivery of hundreds of microamperes and milliampere of current respectively. Electrodes
must be optimized to have a high reversible charge injection limits in order
to minimize irreversible electrochemical reaction products at the electrode

surface[82].

1.4.1 Conductive polymers for biointerfaces

Used as stable electron- and ion-conducting biomaterials, as we will see in Chapter 3,
conductive polymers (CPs) can be employed in various biomedical applications. They
can be used at the interface with biomolecules, cells or living tissues, to detect
biological activities by monitoring their electrical properties (Fig.1.16).

Until now, CPs have been used as a sensing materials for several types of electrochem-
ical biosensors by monitoring the resistance, impedance, charge transport, or surface
potential[83, 84].

BIOMOLECULES

Conductive Polymer

Electric Ap Biological input
t s, neural probe)
controlled drug relea

ELECTRODE

Figure 1.16: Conductive polymers in biological applications.

Particularly interesting in the context of this project, organic semiconductors are now
being used in bioelectronics to realize efficient communication between artificial devices

and neural networks. CPs are widley used as interfaces with nerve cells for recording
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their activities[85, 86] and electrical stimuli can be applied directly to the cells through
CPs. Moreover, as reported in section 1.3.2, CPs can act as a matrix to embed bioactive

components, in order to enhance the biocompatibility of the device-tissue interface.

1.5 The body reaction to implanted devices

The clinical use of implantable microelectrodes is limited due to their inability to record
neural signals for extended periods[87, 88]. Their inability to chronically interface with the
neurons in the brain is an immediate obstacle to their use in clinical applications, such as
treatment of full or partial paralysis, which requires these implants to maintain a stable
performance for the lifetime of the recipient.

One of the main reasons at the origin of this failure is the inflammatory response directed
against the implanted foreign body. In particular two aspects arise as critical factors to

assure long lasting performances of the implanted device:

¢ the biocompatibility of the materials: the progress made in recent years in the
areas of biotechnology and, in particular, of implantable devices, resulted in an
increased attention on this aspect since it remains the critical issue in limiting device
longevity and functionality[89, 90]. An intimate and prolonged contact between the
implanted device and the biological tissues implicates a severe testing schedule before

human use and efficacy assessment.

« the mechanical properties of the device: often the failure in the ability to record
neuronal action potentials is due to a number of mechanical failures of the device
itself (oxidation, corrosion, degradation of the passivation layer, etc.). Moreover it
has been demonstrated that the mechanical mismatch between current neural devices

and neural tissue has a clear contribution in the neuroinflammatory response[91, 88].

In the following sections, we will introduce the main events that follow the implantation
of a device in the body, pointing out the advantages related to the use of a soft polymeric
substrate compared with the classical silicon rigid substrate in terms of attenuation of the

inflammatory response.

1.5.1 Definition of biocompatibility

A first definition of the term "biocompatibility" could be not having harmful effects,
nor observing a tissue response comparable to control materials but the term remains
in this way poorly defined. In 1987 Williams[92] provided an interesting definition that
referred to the ability of a material to perform with an appropriate host response in a
specific application. This definition seems to be more appropriate since no material can
perform with an appropriate response in all situations and each particular case
has to be considered. The selection and evaluation of materials and devices intended

for use in humans require a structured program of assessment to establish biocompatibility
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and safety. Current regulations, whether in accordance with the U.S. Food and Drug
Administration (FDA), the International Organization for Standardization (ISO),
or the Japanese Ministry of Health and Welfare (JMHW), require that manufacturers
conduct adequate safety testing of their finished devices through pre-clinical and clinical
phases as part of the regulatory clearance process. In vitro cell culture tests are often
used to screen the biocompatibility of implantable devices. In particular in vitro testing is
covered by ISO 10993-5 and includes positive and negative control materials, extraction

conditions, choice of the cell line and the cell media, etc.

1.5.2 The foreign body reaction

The greatest challenge to obtain consistent or stable intracortical recordings is the biolog-
ical response that the brain produces against implanted electrodes. Therefore,
in order to design neural probes that minimize the tissue response of the central nervous
system (CNS) it is necessary to understand the biological mechanism involved.

However, the immunological status in the CNS is very peculiar because the cascade of
inflammatory events and immune reactions that occur in the brain as a result of a device

implantation are still very poorly known compared to other organs or tissues[30, 93].
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Figure 1.17: Summary of wound healing response in the brain versus non-neural tissue (from
[94]).

As can be seen in Fig.1.17, following the implantation of a biomaterial, an inflamma-
tory process is initiated consisting of a complex series of reactions tending to prevent

the ongoing tissue damage, isolate and destroy the foreign material and activate the repair
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processes.
In the long-term, the chronic presence of a microelectrode array in vivo influence and
modify the composition of tissue around the implant at the molecular and cellular level, in
a process that stabilize over a period of several weeks after implantation (Fig.1.17)[95].
The early events constitute the acute phase response, which can destroy the im-
planted system or lead to a chronic inflammation phase: this represents the so-called
foreign body reaction. The degree of this reaction depends on the properties of the
device, such as shape, size, surface chemistry and roughness, morphology and porosity,

sterility issues, contact duration and degradation.

1.5.2.1 The acute phase response

When a tissue is injured by the mechanical trauma of insertion, neural tissue, capillaries
and blood vessels are severed, ripped or sliced, initiating the wound healing response
through a series of complex events called acute inflammatory response (Figl.18.b).

In this acute phase, the tissue around the implant

may swell and push the neighbouring neurons away % -

from the electrode surface, blood vessel dilate and ex- e e
cess of blood flows into the injury site to start the co- Hacosgs il % P
agulation process in order to close the wound[96, 97]. wooss W Aveimcngie

Salts, proteins, and water diffuse through the en-
dothelial junctions of the capillary walls, probably
as attempt to dilute the insulting agent, reducing
the concentration of harmful molecules, resulting in
edema[89]. The acute phase is a process of relatively
short duration, up to a few days. During the first
week post-implantation, activated microglia ap-
proach the site of the injury, coming from a blood
vessel. These inflammatory cells release numerous
neurotoxic factors: after about 6-8 days of implan-
tation, microglia have degraded most cellular debris
and damaged matrix by phagocytosis[89, 98].

The physiological changes occurring near an im-
planted electrode during acute response can appear

as a spike in the impedance values during in vivo

impedance spectroscopy measurements. To obtain

reliable signals, indeed, the distance from microelec- . . .
Figure 1.18: a) Schematic of inser-

trode to neuron should be within 50-100 ym. Ini- {jon of a neural electrode inside the
tially, few neurons can be found within 100 pum of brain; b) schematic of acute response
to an implanted electrode; ¢) schematic
of chronic response to an implanted elec-
mal outside this zone. The area around the implant trode (adapted from [16]).

is therefore defined as a "kill zone"[99, 100]. Since

the electrode, but the neuron density is almost nor-
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1.5 The body reaction to implanted devices

the acute response normally causes neuronal death, it takes roughly 4 to 6 months for
healthy-appearing neurons to grow closer to the electrode. Among the viable neurons
that have survived the acute reaction, remaining electrically active in proximity of the
chronically implanted electrode is an important factor determining the strength of the
neuronal signals to be recorded by implants. Once acute inflammation declines, chronic

response will initiate[16].

1.5.2.2 The chronic phase response

Persistent inflammatory stimuli, such as the continual presence of a foreign object, lead
to chronic inflammation (Fig.1.18.c). This phase is characterized by the presence of both
reactive astrocytes and activated microglia.

After the initial wound healing is complete, activated microglia remain at the surface of
the implanted microelectrode. This colonization intends to lead to the degradation of the
foreign material through the release of lytic enzymes and reactive oxygen agents. Microglia,
indeed, attempt to phagocytose the foreign objects and complete the elimination process.

Starting from the second week after implantation, reactive astrocytes and activated
microglia tends form a dense sheath around the implant called glial scar. Gliosis lead
to astrocyte proliferation which creates glial scars, a protection against further injury or
infection[30, 101]. Gliosis (Fig.1.19) is the most common observation of the CNS
response to chronically implanted neural electrodes.

Microglia regulate the production of a thin layer of extracellular matrix (ECM) proteins:
collagen, elastin, structural glycoproteins and proteoglycans that can aid in organizing the
glial scar. ECM acts not only as a physical scaffold but also as a crucial modulator of
biologic processes, including differentiation, development regeneration, tumor progression

and repair.

2 Weks 12 Weeks

Figure 1.19: Glial scar formation over time imaged by GFAP staining. At the 2- and 4-week time
points, the astrocytic processes refill the void left by removal of the probe for tissue processing.
Glial scar formation is completed by 6 weeks, when the sheath extends 50-100 pm around the
insertion site (from [30]).

Studies have shown that glial scars isolate neural electrodes from the surrounding tissue,
in a process similar to the fibrotic encapsulation, in which non-degradable implants are en-

capsulated in soft tissues. Gliosis pushes away the surrounding tissues, inhibiting
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the neurite extension around the sheath and extending the distance between
the electrode and its nearest target neurons, thus dramatically degrading the
amplitude of the recording signals from neurons and increasing the impedance

of the tissue-electrode interface[16].

Chronic inflammation stabilize at around 6 weeks post-implantation and it is less
uniform histologically compared to acute inflammation[89].

Several studies have addressed different methods of improving the performance of the
chronic neuron implant interface by modifying these implants using novel biomaterial
designs. Some approaches use surface-immobilized cues to improve the attachment and
growth of neurons, including electrochemical deposition of conducting polymers[102, 103]
and neuron-promoting biomolecules on the electrodes[104], covalent immobilization of
bioactive peptides on dextran-coated[105] and amino silane-modified[106] silicon substrates,
covalent[107] or electrostatic layer-by-layer deposition of laminin[108], microcontact printing
of poly-L-lysine[109], electrospinning of silk-like polymer containing the laminin fragment
IKVAV]110, 111] and incorporation of nerve growth factor and dexamethasone for controlled

release to promote neuronal ingrowth or reduce glial inflammation[112, 113].

1.6 Stiff vs flexible electrodes: the mechanical mismatch

As we already mentioned, the biocompatibility of materials is not the only parameter
that influences the body reaction. The acute inflammatory response occurs mainly due
to a difference between the mechanical properties of the implanted electrode
(e.g., elastic modulus of ca. 150-170 GPa for silicon) and the neighbouring
tissues (e.g., elastic modulus of ca. 3-100 kPa for brain tissue). Silicon has been
extensively employed in neuroprosthetics, due to its well known electrical properties[114],
but the rigidity of silicon-based probes represents a considerable problem for in vivo
implantations[100, 115]. Brain pulsation can be attributed to changes in intracranial
pressure due to breathing and the cardiac pulse and we define as micromotions the relative
movement between the implant and the brain tissue. The mismatch between the mechanical
properties of the stiff probe and the much softer surrounding tissues may result in tissue
damage that may lead to tolerability issues (Fig.1.20).

The role of mechanical mismatch has not been fully elucidated through in vivo studies
to explain the interplay of chemical and mechanical factors that contribute to glial scarring
surrounding intracortical implants. A certain number of studies indicates that indwelling
electrodes exert forces on local populations of cells[117, 118, 119]. Over time, the implanted
electrode is anchored to the tissue via the extracellular matrix (ECM) and neural inflam-
matory cells (including microglia and astrocytes), resulting in cellular attachments to the
electrode modifying the forces exerted on the brain tissue[118]. Micromotion associated
with electrode movement within the tissue and the mechanical properties of the electrode

dynamically change the level of exerted forces on the cortical tissue during scar maturation.
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Figure 1.20: a) Schematic of insertion and inflammatory reaction with a A) stiff and B) compliant
electrode (from[116]).

This phenomenon can also be exacerbated as a result of mechanical tethering of the
electrodes to the skull[99, 120, 67]. Current implants, indeed, are anchored to the skull at
one end, and remain floating in the brain tissue at the end where the recording sites are lo-
cated (Fig.1.21): micromotions or rather microforces, between the implanted probe and the
tissue, cause small injuries that constantly maintain an inflammatory process[30, 121, 98].
Consequent motion artefacts may significantly distort the recorded signal and complicate

data analysis.

Un-tethered Tethered

Artificial bone Artificial bone

—— i N B s

— _fiﬁ; == =] — Dura Mater

Electrode Electrode Cortex

Figure 1.21: Tethered and un-tethered implantation techniques: the un-tethered set-up is ensured
by adding artificial dura on top of the implant, separating the implant from the skull. In contrast,
tethered implant is glued to the sealant materials (from [122]).

Even if it has been stated that untethered implants reduce the extent of the glial scar,
in a recent work, Lind et al.[122, 123] observed that untethered probes also left substantial
scars around the implant. This could be explained with the presence of substantial inertial
and gravitational forces between tissues and probes because of their great difference in
density. Electrodes are often made from metals such as stainless steel (density = 8 g/cm?),
tungsten (density = 19.25 g/cm?), or even platinum (density = 21.45 g/cm3) and iridium
(density = 22.6 g/cm?), the density of which is much greater than the density of the brain
tissue (density = 0.99 g/cm?). These differences in density will inevitably lead to inertial

forces that arise every time the implanted entity changes direction or velocity.
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1.6.1 The choice of a soft substrate

A neural probe may need to be designed such that it can conform to motion of the brain
while electrical functionality is maintained during deformation. One way to mitigate this
problem is to select substrate materials according to a more suitable combination of their
electrical and mechanical properties[124, 125]. To this purpose, several flexible and
biocompatible polymers, are being increasingly used as substrate and/or encapsulation
materials[126, 127, 128, 129] and they may even be biochemically functionalized to deliver

bioactive substances. The flexibility of the resulting devices provides a lot of advantages:

« a more conformal coverage of the living tissue surface and a certain degree of

strain relief against the micro-motion forces.

« an improved signal-to-noise ratio (SNR) since a more uniform electrical contact

is established at the electrode-tissue interface.[62].

e areduced insertion damage proved by histology tests and a reduced inflammatory

response as compared to stiffer silicon probes[55].

Nevertheless, microelectrode arrays (MEA) fabricated on soft substrates are mostly
employed for retinal stimulation (Fig.1.22), since they can easily conform with the eye
shape[130, 63], or for electrocorticography (ECoG) measures, in which the probe is placed

on the brain surface[131].

Epiretinal
multielectrode

High lead-count
array flexible cable

Intraocular
RF coil

Figure 1.22: Placement and components of envisioned intraocular retinal prosthesis and parylene
MEAs tacked to the right retina[63].

The use of flexible polymers as a substrate for penetrating electrodes presents some
additional difficulties, mainly related to the lack of stiffness of the probe during the insertion

into the brain tissue.

1.6.2 The lack of stiffness in flexible probes

Traditionally, stiff electrodes for cortical implants are inserted into the brain cortex through
the dura and pia, or the dura is removed and the electrodes lowered through the pia alone
but the low buckling force of soft polymer-based electrodes precludes the use of this implant

technique.
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Going at the same place with the development of flexible probes, several insertion
techniques or stiffening strategies have been proposed in the last 10 years in order to
address this issue.

Rousche et al., in 2001, have developed and tested an alternate technique to allow the
safe implantation of polyimide-base flexible devices in rat brains[57]. A pial incisions for
each shaft of the electrode was created, by the use of a scalpel or a stiff 100 ym-diameter
tungsten wire. The incisions were created to match the shaft spacing pattern. Even though
the incisions is tried to be made with as little associated tissue damage as possible, this
technique entails a high tax of invasivity and trauma.

Therefore, different stiffening strategies started to be found in the literature since 2004.

The strategies revolve on three main ideas which are summarized in Table 1.1:

4 M
Permanent
I integrated silicon stiffener[58] parylene structure[132]
stiff layer

Removable
ITI  external PEG glued stiffener[133, 134] SAM glued stiffener[135]

stiffener

Temporary
IIT biodegradable glucose[136, 56, 137] | PEG[64] | Silk[138] | others[78, 139]
polymers stiffener

Table 1.1: Stiffening strategies in the literature.

1.6.2.1 Stiffening strategies: state-of-the-art

I. Permanent integrated stiff layer: a simple solution resides in the integration of
a stiff backbone on the flexible probe, as in the work of Singh et al. who realized a
polyimide-based electrode using a 5-10 pum thick silicon backbone[58].

A more elegant kind of permanent stiffener has been proposed by Egert and Najafi
in 2011: a parylene-based neural probe with engineered mechanical stiffness, low cross-
sectional area and sharp tip (Fig.1.23.a)[132]. Thanks to the use of a thick photoresist with
patterned trenches, they could shape the probe shank, and refilling these trenches with
Parylene using conformal vapor deposition. Therefore they could increase the moment of
inertia without altering the cross-section of the probe.

Seymour et al. implemented a probe design with a conventional, thick shank that
supported a 5-mm-thick lateral platform (Fig.1.23.b)[129]. The thicker shank provided the
structural strength to penetrate the rat pia matter and advance straight into the cortex.
They also underlined the relationship between probe size and shape and the reactive tissue

responses in a chronic animal implantation.
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Figure 1.23: a)parylene-based sharp-tipped microprobes, with shanks of 2 mm-long, 20 pm-thick
and 380 pm-wide[132]. b) parylene-based open-architecture with a thick shank and an integrated
thin lateral platform [129].

Finally, thermoforming of parylene have been used by Kuo et al. to create the three
dimensional sheath structures from flat surface micromachined microchannels using solid
microwires as molds[140]. A procedure for implantation of the neural probe was developed

and successfully demonstrated in vitro into an agarose brain tissue model.

However, a permanent approach cannot be considered relevant, since it could reduce
the intended flexibility of the probe.

II. Removable external stiffener: the use of retractable insertion shuttle to temporar-
ily change the stiffness of the probe own the advantage to recover the original flexibility of

the probe after insertion.

Recently, Felix et al.[134] proposed the use

of a temporary mechanical stiffener, fixed to the

device with biodegradable adhesive polyethylene
. . glycol (PEG) and removable after insertion. PEG,

that has a melting point around 60° C, is solid

s

B

STIFFENER ‘

at room temperature but dissolves itself when
in contact with physiological liquid; it is well-

CABLE/ |J—‘ known for its biocompatibility and already largely

CONNECTOR _
PROBE )

C

1‘ diffused in drug delivery strategies. The silicon
4 stiffener included a handling tab and a channel

Figure 1.24: Process to assemble a flexi- that can be filled with PEG, as shown in Fig.1.24.

ble polymer probe to a silicon stiffener with In 2009, Kozai et al.[135] developed silicon
polyethylene glycol[134]. insertion shuttles to provide temporary stiffness
to polyimide-based probes. These shuttles were
coated with a carboxyl terminal self-assembled monolayer (SAM), highly hydrophilic so
that water molecules from physiological liquids would be attracted to the SAM coating. In

this way, after insertion, the polymer probe separates from the shuttle.

Nevertheless, the drawback of this this approach is related to the risk associated with

the retraction of the stiffener.
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II1. Temporary biodegradable polymers stiffener: this approach involves stiffening
coatings able to degrade themselves into physiological liquids after insertion. These kinds
of coatings also allow to integrate biomolecules or bioactive agents into the polymer matrix

as we mentioned in Section 1.3.2.

Singh et al. developed BCB (benzocyclobutene) based electrode and made use of a
glucose coating to perform the insertion. The glucose was deposited by deep coating and

surrounded by a layer of mineral oil to postpone biodegradation[136].

Another strategy, developed by Takeuchi et al., involved a microfluidic channel filled
with PEG (Fig.1.25)[64]. The small cross section provided by the microchannel allowed to

increase the PEG dissolution time up to 200 seconds.

electrode with a flow channel

: ‘i polyethylene glycol (PEG)

H % e dissolve to saline
=> &\

Figure 1.25: a) Takeuchi et al.[64] parylene-based neural probe with microchannel; b) filling of

the channel with PEG to increase the stiffness; ¢) the limited PEG exposed area to the physiologic
liquid through the outlet should reduce the dissolution time.

=)

biological tissue

Silk-I protein polymer can be pro-
cessed to become bioresorbable, thus
being a suitable candidate for a flexi-
ble electrode stiff coating. Silk is in-
deed one of the strongest natural fi-

bres, and possess good indications on

its biocompatibility[141]. Moreover,

the silk coating can be biodegraded be- Figure 1.26: Silk coated probe with tip shown. Silk

tween 30 minutes and 25 hours depend- solution was mixed with blue dye prior to coating for
ing on the time during which the silk better visualization[138].
fibres have been annealed, thus leading

to a great modularity for the probe implantation.

A recent study by Wu et al. showed that silk can be used to embed a fish-bone-shaped

polyimide neural probe, providing temporary mechanical strength during insertion[138].
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1.7 Neural probe applications

Neural interfaces connect neurons, the electrically active cells of the nervous system, and
electronic circuitry. They are used, therefore, in basic neuroscience, to study physiological
processes at the cellular level, to understand basic brain functions, and to analyze causes
of their dysfunctions.

The possibility of interfacing the nervous system with electronic devices has long fasci-
nated scientist, engineers and physicians. In general, the ability to expand the bandwidth of
the communication between brain and machine would provide many interesting possibilities
ranging from faster human-computer interfaces and direct remote control to the restoration
of functions in the nervous system.

Several examples of implantable neural interfaces already commercially available for
the treatment of certain diseases (Alzheimer, Parkinson, Epilepsy) through deep brain
stimulation and to restore sensory or motor impairments.

Amyotrophic lateral sclerosis (ALS), locked-in syndrome (LIS) brainstem stroke, brain
or spinal cord injury, cerebral palsy, muscular dystrophies, multiple sclerosis, and numerous
other diseases that impair the neural pathways that control muscles or impair the muscles
themselves, affect millions of lives worldwide. At the present time, few (if any) therapeutic
options are available for restoring motor or sensory function lost. Different approaches
have been used in order to bypass the reparation through, for example, increasing the
capabilities of remaining pathways: people largely paralyzed by massive brainstem lesions
can, for example, use eye movements to answer questions, give simple commands, or even
operate a word processing program.

An alternative option, however, is to provide the brain with a non-muscular
communication channel for conveying messages and commands to the external

world, as in the case of Brain-Computer Interface systems.

1.7.1 Treatment of neural diseases: deep brain stimulation

Deep brain stimulation (DBS) uses chronically implanted electrodes to treat
a wide range of neurological conditions, especially movement disorders, by
delivering high frequency electrical stimulation to targeted regions of the brain.
In contrast, pharmacological agents have a far more limited spatial resolution and temporal
specificity. In particular, DBS has shown a great effectiveness in treating movement
disorders[142, 143]. It has been understood, for some time, that modulation of deep brain
nuclei within the basal ganglia and thalamus can have a therapeutic effect in patients with
movement disorders. Because of its reversibility and adjustability, DBS has largely come to
replace traditional ablation procedures. The clinical effects of DBS vary, depending both
on the target being stimulated and on the parameters of stimulation. Both aspects are
currently the subject of substantial research and discovery. The most common targets for
DBS treatment include the subthalamic nucleus for the treatment of advanced Parkinson’s

disease, the ventral intermediate nucleus of the thalamus for the treatment of medically

Implantable Microelectrodes on Soft Substrate with Nanostructured... 29



1.7 Neural probe applications

refractory essential tremor, and the globus pallidus interna for the treatment of both
cervical and generalized dystonias and Parkinson’s disease[142].

Particularly remarkable in this field, the work of Prof. Benabid’s group[144, 145, 146] that
showed in 1991 the usefulness of high-frequency stimulation of the ventral intermediate
nucleus as the first neurosurgical procedure in disabling tremor in patients with Parkinson’s
disease. Benabid was honoured in 2014 by the Lasker-DeBakely Clinical Medical Research
Award for his work on the development of deep brain simulators.

In 2002 DBS (Activa® Parkinson’s Control System) was approved by the FDA as medical
therapy for essential tremor in Parkinson’s disease[147], and current research is investigating
its efficacy in treating epilepsy, depression, and obsessive-compulsive disorder|[148,
149, 150].

1.7.2 Brain-computer interfaces

A Brain-computer interface (BCI) is a system that allows its user to control a prosthe-
sis without using nerves and muscles. The principle behind a BCI functioning can be

schematized as in Fig.1.27.

Signal aquisition Signal features Translation Device
and processing | > A aahan "|'|"'|+ > algorithm » commands

A WV

Intracranial
recording

Feedback

Figure 1.27: Schematic representation of a BCI system ( adapted from [151]).

In general, intracranial recordings are used to sample the extracellular activity of
a population of neurons in different cortical areas. In this "signal acquisition" phase,

the input is acquired by the recording electrodes, amplified and digitized. The combined

30 Valentina Castagnola, PhD thesis



General Introduction

activity of these neuronal populations is processed, in real time, by a series of
simple mathematical models designed to extract motor-control parameters from the raw
brain signals. The outputs of these models are used to control, for instance, the movements
of a robot arm, a wheelchair or a moving cursor on a video screen. To complete a closed-loop
control BCI, information describing the performance of the robot arm is relayed back to
the patient using artificially generated visual and proprioceptive/tactile feedback
signals that inform the patient about the performance of the device controlled by brain-

derived signals. BCIs can be divided in two main classes:

e dependent BClIs: they need at least a partially intact peripheral system. For
example, they could be used for flashing letters on a screen that the user can
select by looking directly at it, exploiting the direction of eye gaze. It is essentially
an alternative method for detecting messages carried in the brain normal output

pathways.

o independent BClIs: they does not need activity in the brain normal output path-
ways because the message is not carried by peripheral nerve and muscles. To come
back to the same example, flashing letters would be chosen by the user in this case
not by gazing but by "thinking" them. The thinking, if properly trained, produces

certain electrical patterns that trigger action of the BCI.

While dependent BCls are easier to make, very severely handicapped people might only

profit from independent ones.

1.7.2.1 Signal recording for BClIs

Another important distinction in BCIs can be done on the basis of the technologies employed

for the electrophysiological recording;:

« invasive (implanted) BCIs are performed through surgery by implanting the
essential sensors intracranially. These devices deliver the finest signals, but put users

under the major risk in terms of its potential for brain damage.

« non-invasive (non-implanted) BCIs do not require electrodes to be implanted
by surgery then it holds the great advantage of not exposing the patient to the risk

of brain surgery.

Non-implanted BCI: All of the non-implanted recording technologies described before,
such as, EEG, ECoG, MRI, etc. provide some representation of the brain activity. The
choice of a specific method is often determined by a balance between factors such as health
risks, user comfort, signal quality, portability, and cost.

For example, in 2006, Japan’s Honda Motor Corp. and ATR Computational Neuro-
science Laboratories positioned participants within an MRI scanner asking to move their

hand or fingers in a certain way. The scanner detected the subject’s brain signals sending
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them to a computer, which processed the information and then used software to issue
commands that operated a robotic hand[152].

EEG-based BCls are likely to offer some practical solution for patients for example
in the case of cursor and wheelchair control or computer operation. Several classes of
EEG-based systems, which differ according to the cortical areas recorded, the features of
EEG signals extracted (visual evoked potentials, VEPs), P300 evoked potential, etc.), and
the sensory modality providing feedback to subjects have been developed[153, 154, 155].
Nevertheless, even if it holds a certain clinical utility[156], EEG-based BCIs show well-
known deficiency and they could not be significantly enhanced in the near future as reported
in the literature[157].

EEG-based BCIs provide communication channel of limited capacity and motor re-
covery using these systems has been limited. Generally, EEG-based BCls try to decipher
the subject’s voluntary intentions and decisions through measurements of the combined
electrical activity of massive neuronal populations. As such, both the spatial and temporal
resolutions of EEGs become limited owing to the overlapping electrical activity generated
by different cortical areas. Furthermore, during the passive conductance of these signals
through brain tissue, bone and skin, resolution is also lost owing to the low-pass filtering
of the EEG signals.

Moreover, as a replacement for the brain normal output channel, a BCI also depends
on feedback and on adaptation of the brain activity based on that feedback. As explained,
the BCI operation is based on the interaction between the user’s brain which produces the
measured signals and the BCI itself which translates these signals into specific commands.
To this end, a successful BCI operation requires that the user develops new skills, consisting
in proper control of specific electrophysiological signals. Training to operate EEG-based

BCIs can take many days and visual feedback is the essential part of this training.

Implanted BCI: To improve the resolution of brain potentials monitored by BCls,
recording method such as ECoG, using subdural electrodes, have been implemented,
showing a better accuracy[159, 160] but it is with the use of penetrating microelectrodes

that the performances of BCIs can be notably enhanced[161].

In Fig.1.28, different classes of BCI are schematized, starting from the main distinction
between implanted and non-implanted and underlying advantages and drawbacks related

to each one.

1.7.2.1.1 Brief history of BCI: The early origin of the term "Brain-Computer In-
terface" can be traced back to the 1970, when Jacques Vidal used the term to describe
any computer-based system that produces detailed information on brain function. In the
course of his work, he developed a system that actually satisfied the current definition of
dependent BCI: visual evoked potentials recorded from the scalp over visual cortex were

used to determine the direction of eye gaze, in order to determine the direction in which
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Brain-machine Interface

Implanted Non-implanted
Electrodes are implanted intracranially, providing Methodology based on the recording of
neural signals of the best quality with high potential EEGs from the surface of the head.
for further improvement. However it carries risks Provides solutions for paralyzed people for
associated with an invasive sirurgical procedure. simple communications with the outside
world. However neura signals have a
/ \ limited bandwidth.

Single recording site Multiple recording site
Several BCls are based on neural recordings By recording simultaneously from many areas distributed
from a single cortical area, decoding neuronal processing of information in the brain is obtained. Although
activity specific for that area. technically challenging, it is highly promising.
Small samples Local field potentials Large ensambles
In certain cases, small group of neurons are These LFP-based BCls suffers less Large neuronal ensambles
suff!cent f.or providing con?rol sigr}als to a BCI. from biqcompatibility issues. The‘ provide a stable signal to control
This design suffers from instability related to advantage is that they reflect population a multi-degree-of-freedom
variability of neuronal activity and changes in the effects such as neural oscillations but prosthesis.
sampled population of neurons. their bandwidth is still limited.

Figure 1.28: Scheme summarizing advantages and drawbacks of different classes of BCIs (adapted
from [158]).

the user wished to move a cursor[162].

The approach proposed in 1980 by the neurophysiologist Edward Schmidt[163], assumes
that voluntary motor commands can be extracted in real time from the collective electrical
activity of populations of cortical or subcortical neurons spared by the underlying illness, and
then used to enact motor functions either by directly stimulating the patient’s musculature

or by controlling the movements of artificial actuators, such as robot arms[164].

Figure 1.29: The implantation performed by Andrew Schwartz et al. in 2008[165]. The monkey
had its arms restrained by inserting them in horizontal tubes and a prosthetic arm positioned
next to its shoulder. Spiking activity was processed and used to control the three-dimensional arm
velocity and the gripper aperture velocity in real time. Food targets were presented at arbitrary
positions.

Born as a highly multidisciplinary field, basic research in BCIs has quickly progressed
since the first experiment demonstration of independent BCI in 1999, in which a cortical

electrode array could directly control a robotic manipulator[166]. In 2003, Miguel Nicolelis
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and his colleagues at Duke University implanted electrode arrays into a monkey’s brain
that were able to detect the monkey’s motor intent and thus able to control reaching and
grasping movements performed by a robotic arm[167]. In 2008 the same experiment was

performed by Schwartz et al. and the results are shown in Fig.1.29[165].

1.7.2.2 Restoration of sensory impairments

Cochlear implants: The restoration of sensory impairments represents a very promising
field of applications of BCIs[168]. Work to develop implantable prosthetic devices for the
deaf and the blind began in the 1960s using arrays of metal electrodes implanted in the
cochlea[169, 170], auditory nerve[171, 172], and visual cortex[173, 174]. Auditory prostheses
work by converting features of acoustic signals, such as speech, into patterns of electrical
stimuli that are then delivered through an array of chronically implanted electrodes to

auditory nerve fibers lying on the basilar membrane of the cochlea[164].
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Figure 1.30: A schematic (left) and real (right) cochlear implant.

The cochlear implant (Fig.1.30) was the first success story in BCIs. It includes a speech
processor, which takes input from a microphone and maps the sounds into electrical charge
levels and stimulations sites, for loudness and pitch, respectively. The receiver-stimulator
decodes this data, delivering current waveforms to the microelectrodes. As the basilar
membrane contains a representation of sound frequencies, known as a tonotopic map,
auditory prostheses deliver high-frequency information to the basal region of the cochlea,
and low-frequency signals to the apical region, to mimic normal auditory processing[164].The
electrode array has platinum contacts and is inserted into the scala tympani of the cochlea,
stimulating the auditory nerve through the bone.

By 2010, according to the FDA, more than 219,000 patients worldwide, ranging in
age from 12 months to 80 years, had received cochlear implants. Although results vary
from case to case, even slight improvements in auditory performance have helped people to

communicate better and to become more aware of their surrounding environment.

Artificial retina: Another remarkable work in restoring sensory impairments is the
one done by Dr. Dobelle’s group[175, 176, 177]. The Artificial Retina Project was a

multi-institutional collaborative effort to develop and implant a device containing an array
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of microelectrodes behind the retina of people blinded by retinal disease. The ultimate
goal was to design a device to help restore limited vision that enables reading, unaided

mobility, and facial recognition.

Receiver

Optic nerve
/ to brain
Implant tacked
to retina

Microprocessor
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Figure 1.31: Schematic illustration of the artificial retina functioning.

The device, shown in Fig.1.31, is intended to bypass the damaged eye structure of those
with retinitis pigmentosa and macular degeneration. These diseases destroy the light-sensing
cells (photoreceptors, or rods and cones) in the retina, a multilayered membrane located at
the back of the eye. Normal vision begins when light enters and moves through the eye to
strike specialized photoreceptor (light-receiving) cells in the retina called rods and cones.
These cells convert light signals to electric impulses that are sent to the optic nerve and
the brain. Retinal diseases like age-related macular degeneration and retinitis pigmentosa
destroy vision by annihilating these cells. With the artificial retina device, a miniature
camera mounted in eyeglasses captures images and wirelessly sends the information to a
microprocessor (worn on a belt) that converts the data to an electronic signal and transmits
it to a receiver on the eye. The receiver sends the signals through a tiny, thin cable to
the microelectrode array, stimulating it to emit pulses. The artificial retina device thus
bypasses defunct photoreceptor cells and transmits electrical signals directly to the retina’s
remaining viable cells. The pulses travel to the optic nerve and, ultimately, to the brain,
which perceives patterns of light and dark spots corresponding to the electrodes stimulated.

Patients learn to interpret these visual patterns.

1.7.2.3 Restoration of motor impairments in humans

Paralysis, one of the most common and debilitating outcomes of severe damage to the
central nervous system, continues to cast a long shadow of hopelessness on millions of lives

worldwide. Spinal cord injuries (SCI) occur at a rate of 12,000 cases per year in the US,
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currently affect up to 400,000 Americans[178].

At the present time, few (if any) therapeutic options are available for restoring voluntary
motor control of the limbs in patients suffering from extensive traumatic or degenerative
lesions of the motor system. The growing interest in the field of BCIs stems from the
considerable potential of this technology for restoration of motor behaviours in severely
handicapped patients, particularly those suffering form devastating conditions such as
amyotrophic lateral sclerosis (ALS), locked-in syndrome (LIS), spinal cord injury, stroke
and cerebral palsy. Moreover, BCI might also hold promise for amputees.

Recent experimental demonstrations in rodents[179, 166], primates[180, 181, 44, 165]
and patients[182, 183, 156, 184] contributed to stimulate the interest around this use of

neuroprosthetic devices.
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Figure 1.32: Cathy Hutchinson controlling a robotic arm with BrainGate system.

2003 was the year of the birth of BrainGate™ Neural Interface System (developed
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by Cyberkinetics), an American company co-founded by John P. Donoghue of Brown
University and Nicholas Hatsopoulos of the University of Chicago, with the aim to

"improve of the quality of life for all disabled humans".

Matthew Nagle was the first person who agreed to participate in a clinical trial
involving the BrainGate Neural Interface System. He was a C3 tetraplegic, paralyzed
from the neck down after being stabbed. The device (a 96-electrode Utah Array) was
implanted on June 22, 2004 by neurosurgeon Gerhard Friehs. A link connected it to the
outside of his skull, where it could be connected to a computer, made him able to control
a computer cursor, using it then to press buttons, checking e-mail, etc.[185]. Following
FDA regulations and the study protocol, the implanted device was removed after one year.
After this experience M. Nagle declared: "I can’t put it into words. It’s just I use my brain.
1 just thought it. I said, "Cursor go up to the top right." And it did, and now I can control

it all over the screen. It will give me a sense of independence’.

With the same system, in 2012, Cathy Hutchinson, that has been unable to move
her own arms or legs for 15 years, could steer a robotic arm towards a bottle, pick it up,
and drink her morning coffee. After realizing she could control the robot arm, she said she
was "ecstatic" (Fig.1.32). Cathy Hutchinson cannot speak so she can type her thoughts
through a device that takes its cues from her eye movements. She was optimistic about
what the research might one day bring: "I would love to have robotic leg support” she said.
Hutchinson’s experiences, along with those of another quadriplegic patient, were described

in a groundbreaking paper published in Nature[186].

The team of Prof. Andrew Schwartz at the systems neurophysiology lab "Motorlab",
University of Pittsburgh also accomplished, in February 2012, an impressive clinical trial.
The 52-year-old patient, Jan Scheuermann, lost the use of her limbs more than 10 years
before due to a degenerative disease that damaged her spinal cord. The disruption to
her nervous system was the equivalent to having a broken neck. Doctors recruited the
woman to test a robotic arm that is controlled by computer program that translates the
natural brain activity used to move our limbs into commands that has allowed her to
move a high-performance prosthetic arm to perform a number of skilled arm and hand
movements similar to those used in tasks of daily living. Jan was able to move the robotic
arm back, forward, right, left, and up and down only two days into her training. Within
weeks she could reach out, and change the position of the hand to pick up objects on

a table, including cones, blocks and small balls, and put them down at another location[187].

In the future, BCIs will have the potential to impact not only individual users but also
society as a whole. The research and development of future BCIs applications inevitably
raise ethical and societal issues (see Appendix E), and a public debate on rights and
restrictions must be encouraged. As the neurotechnologies continue to advance, it will
be increasingly important to assess the neuroethical ramification of their deployment in

society.
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1.8 Scope of the Thesis

As it has been mentioned along this introduction chapter, there are several disorders which
can disrupt the neuromuscular channels through which the brain communicates with its
external environment. They affect nearly two million people in the United States alone, and
far more around the world[28]. In this framework, to address and try to solve the problems
related to these impairments, the implantation of neural interfaces has rapidly become
an invaluable clinical and diagnostic tool[188]. Neural electrodes have been successfully
used and demonstrated clinical relevance in the case of deep brain stimulation and cochlear
implants. Nevertheless, despite the optimism raised by a number of new accomplishments
in this field there are still many issues that preclude the translation of experimental BCI

into clinical applications.

The implantation of neural interfaces for long period of time, as in the case
of neurobotics BCI, sets the background to this PhD project. To this end, some
critical issues remain to be addressed. In particular, the efficiency, the biocompatibil-
ity and the stability of the implanted electrodes are far from being optimized.
In many cases, penetrating recording electrodes can fail within weeks or months because
the recording capability usually deteriorates over time[189).

It is easy to understand that if the implanted device needs to be replaced in part or in
whole, the patient’s safety comes into play. Surgical procedures are inherently dangerous,
and it is therefore in the interest of both the neuroprosthesis producers and the patients to
have a technology that will withstand natural deterioration and physical trauma. As a
consequence, this lack of long-term reliability must be improved to make these technologies
viable for widespread use[30].

In this context, we identified two main weak points in the current available neural prosthesis
that have been treated along this General Introduction Chapter: the chronic body reaction
against the implanted probe and the electrical intrinsic features of the probe recording
site at the interface with the living tissue. The strategies proposed to address them will

constitute the two main parts in which is divided this manuscript:

1) How can we limit the foreign body reaction due to the implantation?
The degradation of signal quality in chronically implanted microelectrodes is attributed
to both biotic factors (the hypothesis that the glial scar encapsulates the electrodes[190],
functionally insulating the recording surfaces), and to abiotic factors (insulation delamina-

tion, corrosion and strain due to micromotions[191, 192]).

2) How can we enhance the signal-to-noise ratio on implantable microelec-
trodes?
As explained before, the miniaturization of the electrode size is a critical requirement for

single neuron recording and for electrical stimulation restricted to small populations of
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neuronal elements. In fact, a single square millimeter of brain tissue contains approxi-
mately one million neurons. To match this number and density, future BCIs must feature
smaller and denser electrode arrays in order to precisely monitor and control neural circuit
activity. Furthermore, smaller electrodes may also enable the recording of electrical signals
issued from single neurons[193]. Unfortunately, a significant reduction in electrode size
greatly increases electrode impedance, limiting the recording sensitivity and the maximum
stimulating current deliverable through the electrode-tissue interface. Chronic implantable
microelectrodes should exhibit low impedance for recording or safe charge injection for
stimulation to ensure a good quality of bidirectional communication with the neural tissue.
Therefore, a reduction in electrode size should not be done at the expense of electrode
function and the interface where the physical contact between the brain and the neuro-

prosthesis occurs.

These two factors are closely linked in a vicious circle: for example, if the electrical
performances of the active electrode are poor, the accumulation of charges at the interfaces
can lead to a body reaction, in addition to the one promoted by the insertion injury. Vice
versa, even though the electrodes possess high quality electrical performances, if the acute
body reaction leads to the encapsulation the device in a glial scar, the recording quality
is drastically affected. Everything contributes to decrease the stability of the implanted
probe.

In this work, both factors have been considered at the same time: a highly
flexible neural probe fully biocompatible in which the active electrode area is
electrochemically modified with a conductive polymer is presented for intra-
cortical implantation. The aim of this research, by coupling the flexibility of the probe
substrate and the enhancement of microelectrode electrical properties, was to improve the
biocompatibility, the stability at the electrode-tissue interface and, therefore the long term
reliability of the implantable devices. In this way, we intended to propose an effective

answer to the major critical requirements for long-term implantation.
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Part 1

How can we limit the foreign
body reaction due to
implantation?
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Implantable microelectrodes
on soft substrate

2.1 Introduction

In this chapter, the fabrication processes of the devices, produced along the course of this
thesis, will be presented. All the fabrications have been carried out exploiting a flexible
technology on biocompatible polymers. The use of a flexible substrate is, beyond doubt,
one of the strong point of our strategy for the long-term implantation purpose. Moreover,
this choice represents an originality within our laboratory (mostly known for Si-based micro
and nano technologies) and it implied some additional difficulties such as the stability
of the polymers during the various technological steps and the etching procedure. As
explained in the previous chapter, another difficulty was linked to the in vivo insertion of
the flexible probe. The adopted stiffening strategy to overcome this problem will be also
illustrated along this chapter. Despite the high biocompatibility of the chosen materials,
the effective non-cytotoxicity of the fabricated devices after the fabrication steps has been
proven, through in wvitro cell culture viability test and organotypic culture. The results

concerning the biocompatibility of the devices will be presented at the end of the chapter.

2.2 Soft technology for microelectrode fabrication: choice

of the materials

Recently many different polymer materials have been studied as flexible materials for

implantable neural interfaces[1, 2, 3, 4, 5] but our study was focused on two of them:

e Polyimide represents one of the most promising materials due to its excellent
mechanical properties, biocompatibility[6], flexibility[7] and stability in wet microfab-
rication processes[8]. On one hand, polyimide can be easily purchase and deposited
through the typical clean room facilities. On the other hand, despite the good bio-
compatibility, polyimide is not suitable for "medical applications involving permanent
implantation in the human body" as we can find in the technical data-sheet. For
this reason polyimide has been used during the first period of the thesis in order to
produce electrode prototypes. These prototypes have been employed for the study of
the electrical properties of the electrode active sites, which constitute a huge part of

this work and will be treated in depth in Chapter 3.

e For the implantable devices we moved on a Parylene-C substrate for the fabrication
process. The chronic implantability as an ISO 10993, United States Pharmacopeia
(USP) Class VI material (highest biocompatibility class for plastics in the United
States), the high flexibility and the mechanical strength of parylene make this material

the final candidate for use in a microfabricated implantable device. The deposition
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2.3 Polyimide-based prototype electrodes

of this polymer implies the use of an appropriate machine that has been available in
a second time of the PhD.

2.3 Polyimide-based prototype electrodes

2.3.1 Polyimide formation

A polyimide consists in a diamine (Oxy-
diphenylene Diamine, ODA) and a di- o @
He ao N
anhydride (Pyromellitic Dianhydride, H’NOOON-H O\ﬁ:@cﬂ
PMDA)[9] in a solvent. Their reaction 0
promotes the formation of a polyamic opA l PMBA

acid. To obtain a polyimide, the

polyamic acid must be then cyclized H i

i : c-@—-m—c C—OH
by chemical or thermal route. This HO",?]@:E—";'
synthesis procedure is schematized in o R B

' POLYAMIC ACID
Fig.2.1.

Heat | -2n (H0)

The so resulting polyimide is ther-

Y

mostable and its molecular weight de- 5 &

pends on the molecular weight of the ‘EQOO—N@;N%

polyamic acid. ° o —n
| /| |

It has been chosen to work with the

ODA Part PMDA Part
. . . POLYIMIDE
commercial polyimide resin PI-2525,

PI-2771 and PI-2611: these resins con- Figure 2.1: Formation of a polyimide.
sist in a polyamic acid with a crosslink-

ing agent in a solvent.

2.3.2 Polyimide-based electrode design

The design for the prototype electrode is not suitable to be implanted but it is intended to
be used for studies about the electrochemical modification of the electrode active sites. As
shown in Fig.2.2, each device features 6 round-shaped electrodes of different size areas, in
order to test the size effect on the parameters during the electrochemical modification. This
will be described in Chapter 3. The sample has a rectangular shape and its dimensions are
in the centimeter scale (1 x 6 cm); in this way each single device has been cut and handled

easily.

2.3.3 Connection for the prototype polyimide device

The devices produced during this thesis were designed as proof of concept and they are not
suitable, for the moment, for a large scale production. Therefore the packaging has been

conceived as simple as possible to allow the use of the electrodes in an electrochemical
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d= 1000 pm

d= 500 um

d=100 um

d=50 um

d=20um

d=10 pm

CNRS LAAS D733 L1 ELECTROD3 NBS 25.04.12

Figure 2.2: Mask design for the prototype polyimide-based electrodes and electrode sizes.

set-up. To that end, the electrodes have been connected by directly plugging them into a
commercially available ZIF-connector, after a simple packaging on the flexible structure.

The main problems were related to the low thickness
and the high flexibility of the structures, that made diffi-
cult their insertion into the connectors. Another issue was
related to the thickness of the metal layer (200 nm of Au)
since it could be subject to delamination due to frequent
insertions and disconnections. Here, the polyimide layer
has been glued on a thicker commercial Kapton® sheet in

order to increase the thickness, the robustness and better

fit into the connector dimensions. As shown in Fig.2.3, a

commercially available "micro SD" connector, assembled
Figure 2.3: Connection for the

on a PCB sheet designed ad hoc in our laboratory has polyimide prototype electrode.

been used and the devices were directly plugged on it,
allowing the connection with any external equipment such as the potentiostat cables for

the electrochemical measures, that will be shown in Chapter 3.

2.3.4 Originality in the process on polyimide

In most cases, the polyimide devices remain on the host substrate[7] after the fabrication
process because the application purpose is rather the encapsulation than the flexibility of
the device. In many other cases, structures realized on flexible polymer can be obtained

by lamination of a commercial polymer film like Kapton® (usually sold in rolls) on a
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host support covered with a double-sided adhesive or a pseudo-adhesive polymer (like
PDMS). The drawbacks in the use of these commercial rolls reside also in the surface
state: often the surface exhibits a lot of scratches and thickness inhomogeneity. Another
common technique is the spin coating of polyimide resin on a thin sacrificial layer such as
a metal[10] or a material that can be chemically etched or a non-permanent glue that can
be dissolved by heat or UV light. All these procedures allow, in general, to produce very
simple monolayer devices using unitary procedures for metallization and passivation with
a low resolution alignment. The choice of the sacrificial layer is, indeed, a critical point:
during the technological fabrication steps chemical and mechanical stress can be induced on
the starting sacrificial layer, leading also to the degradation of the polymer. This results in
high mechanical stress between the layers and, as a consequence, in non-planar or cracked,
multilayer devices.

To address this issue, polyimide structures without the use of sacrificial layer were
employed[11]; in our fabrication process the polyimide layer has been spin coated directly on
the silicon host substrate to obtain the best alignment resolution during photolithography
that determines the quality of all the technological steps. At the end of the process, the
polyimide structures are mechanically peeled off from the silicon substrate, keeping their

original planar shape.

2.3.5 Technological process

The process consists of 3 main steps. The basic principles of all the used techniques are

described in Appendix A.

I. Polyimide deposition

A standard silicon wafer has been chosen as a substrate and a silicon oxide (SiO3) layer
has been deposited by plasma-enhanced chemical vapor deposition (PECVD) on the wafer
surface.

Polyimide layer has been obtained by spin coating. It is well known that the adhesion
of polyimide on silicon substrate is a critical issue[12, 13], especially in the case of silicon
oxide because of its degree of hydration[14]. Indeed, water is adsorbed on the silicon oxide
surface (that is non-hygroscopic) and the links between silicon and polyimide are weak Van
der Waals hydrogen bonds-type. Therefore, using a silicon oxide substrate, the polyimide
layer can be easily released from the host substrate at the end of the fabrication process.
Nevertheless a strong adhesion of the polyimide layer on the host substrate is requested
during the technological steps, including the use of chemicals and high temperatures, in
order to avoid any plastic deformation.

A good adhesion between the resin and the silicon substrate is obtained after the
deposition of several layers thanks to the excess of resin that falls on the edges. The
polyimide P12525 (HD Microsystems GmbH, Germany) has been spin coated in two times:

the first deposition is done using a low rate of spin coating in order to spread a thick layer
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of resin over the wafer. A second faster spin coating allows to homogenize the deposited
resin on the wafer surface and to avoid the formation of air bubbles. To evaporate the
solvent, a first soft bake is then performed. This deposition results in a thickness of about
13 pm. To obtain a thicker polyimide layer more suitable to be handled, this deposition
procedure was repeated three or four times in order to obtain a device of about 40 pm-thick
(each layer is soft baked after the resin induction).

After spin coating, the resin is cured with adapted temperature ramp and plateaus,
in order to relax the stress of silicon and polyimide. After curing, the thickness of the

polyimide layers decreases slightly.

II. Microelectrode patterning

Gold circular electrodes were patterned on the polyimide surface by photolithography.
First, a negative photoresist (AZ-nLOF 2035, MicroChemicals) was spin coated on the
wafer then, thanks to a metallization followed by a lift-off process, the metallic pattern
is obtained. A 200 nm-thick gold (Au) layer was evaporated on the substrate and a thin

titanium (Ti) layer (50 nm) was used to improve adhesion between polyimide and gold.

I1I. Passivation and contact opening

A passivation layer is deposited on the wafer and patterned in two possible ways:

o a chemical way: the use of a photosensitive polyimide (P12771 HD Microsystems),
allows opening the contacts by exposing the resin to UV light and development,
following the parameters in Table 2.1. The thickness of the obtained layer is about 6

pm but it is halved after curing, with a minimum resolution of 10 pm.

o a physical way: a polyimide layer (P12611 HD Microsystems) is deposited on the
wafer as described above. The obtained thickness after curing is, even in this case,
about 3 pm. A negative resist (AZ-nLOF 2035, MicroChemicals) is then spin coated
and patterned on the polyimide passivation layer. The resist is used as a mask
during reactive ion etching (RIE) for opening the contacts. In this way, the obtained

minimum resolution can be lowered down to 6.5 pm.

Figure 2.4: Peeled off polyimide-based electrodes used for preliminary tests.
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a  Substrate

4" p-type Si wafer (100), thickness = 525um

b SiO; depositon

thickness = 500 nm, PECVD

PI2525

deposition

Slow induction: 500 rpm, 30 s

Fast induction: 2500 rpm, 30 s x 3 times

Soft bake: 100°C, 120 s

Curing: 200° C for 30 min — 300° C for 30 min

(under inert Ny atmosphere)

Microelectrodes

patterning

AZ-nLOF 2035 induction (5 pm)

1350 rpm, 5000 rpm/s, 30 s

soft bake: 110° C for 90 s
exposure for 6 s at 405 nm, 25 mW /cm?

developement in MFCD26 for 2 min
post exposure bake: 110° C for 90 s

Metallisation
and Lift-off

Ti/Au (50 nm/200 nm) evaporation (PVD)

f Passivation

A) photosensible PI2771 deposition:

5000 rpm, 60 s
soft bake: 100°C, 60 s

B) PI2611 deposition:

5000 rpm, 60 s
soft bake: 100°C, 60 s
curing: 300°C, 30 min

g Contact opening

A) photosensible PI2771 patterning:

exposure at 365 nm
development in cyclopentanone bath

rinsing in PGMEA and isopropanol

B) PI2611 dry etching:
AZ-nLOF 2035 induction

RIE:

Oz (80%) = 30 scem, CF4 (20%) = 5 scem
P, =5mT

Prop= 500 W

Ppigs = 40 W

L h Peel-off

J

Table 2.1: Chronological steps followed for the fabrication procedure of polyimide-based electrodes

(rpm = rounds per minute).
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At the end, the polyimide-based electrodes can be easily peeled off from the wafer and
cut with scissors into separate single devices as shown in Fig.2.4.

The details of the whole process are given in Table 2.1, with the corresponding steps
described in Fig.2.5. As shown in Section 2.4.4, the polyimide layer is then glued on

commercial Kapton® at the connection level to fit into the electrical connector.

M si

M p

M siox
Resist
Ti/Au

Figure 2.5: Schematic illustration of the main steps for the fabrication of polyimide-based
electrodes.

2.4 Parylene-based electrodes

2.4.1 The poly(chloro-p-xylylene) or Parylene-C

Parylene-C (PXC) belongs to the family of poly(para-

xylylene), with one chlorine group per repeat unit. The cl
chemical structure of PXC is shown in Fig.2.6. { cH @CH }
2 2
PXC has desirable material properties for use in a micro- A

fabricated implantable device. In the case of neuroprostheses
Figure 2.6: Chemical struc-

the advantages of using parylene-C as the structural mate- .. ¢ parylene-C.

rial, when compared with technologies based on the use of

other materials such as PDMS, polyimide and silicon, include[15]:

pinhole-free conformal coating due partly to its unique room-temperature chemical

vapor deposition process;
e low water permeability;

o chronic implantability as an ISO 10993, United States Pharmacopeia (USP) Class
VI material (highest biocompatibility class for plastics in the United States);

o high flexibility and mechanical strength (Young’s modulus ~4 GPa).
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The biocompatibility of parylene-C results from being chemically inert and synthesized
using a solvent free polymerization process[16]. Critically important to microfabrication,
one can generate conformal, pinhole-free barrier films that can be subsequently dry-etched
using an oxygen plasmal[l7]. For these reasons, parylene-C has been used in neurotechnology,
especially as a coating material. It has been successfully used for coating microwires[18] and
micro-machined silicon arrays[19]. Researchers have also microfabricated planar devices
with a parylene-C substrate in a microfluidic device with recording capabilities[20], retinal

stimulation array[21, 22], and a flexible nerve cuff[23].

2.4.2 Parylene deposition

The deposition of thin polymeric films of parylene, onto a surface using a gaseous precursor
was first observed by Szwarc in 1947 when he found the polymer as one of the products
formed in the vacuum thermal decomposition (pyrolysis) of para-xylene. Later, Gorham
implemented a much more efficient route to the deposition of parylene films through the
vacuum pyrolysis of di-para-xylylene[16]. He demonstrated that, at temperatures above
550° C and at pressures less than 1 Torr, the dimer is quantitatively cleaved into two
monomer units (para-xylylene), which are adsorbed onto a surface at room temperature
and spontaneously polymerized, yielding high-molecular-weight, linear parylene thin films

(see Figure 2.7).

The chemical vapour deposition of parylene consists of several steps: (a) sublimation
of dimer in a sublimation furnace; (b) cracking the dimer into monomer in the pyrolysis
furnace; (c) transport of the monomer into the deposition chamber; (d) diffusion of monomer
from the region above the substrate through any boundary layer that might exist; (e)
adsorption of monomer onto the substrate; (f) surface migration and possibly bulk diffusion
of monomer; (g) chemical reaction (propagation or initiation). Also note that desorption
of monomer can occur any time after adsorption[24].

The thermally activated CVD machine used during this work was designed by the Swiss
company COMELEC. This commercial equipment is dedicated to the deposition of thin

film of parylene and is composed of four parts, as can be seen in Fig.2.7:

1. a sublimation chamber wherein the dimer is positioned in a steel crucible; the

chamber is thermostated to allow the sublimation of the precursor.

2. a pyrolysis chamber thermostated, as well, in which radical reactive monomers

are formed by thermal activation.

3. a room temperature deposition chamber where a system of rotation of the sample

holder allows to standardize the flow.

4. a vacuum pumping system and a liquid nitrogen trap.
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DIMER MONOMER POLYMER

At room temp. The
monomer becomes a
polymer bonding to
products placed in the
coating chamber

YOUR [
= | propucr ¢

coating

,' chamber I

liquid cold trap |

Dimer in powder
form is added to
the machine,
heated to 150°C
and changed to
vapour state

Excess process gas
travels from the
coating chamber into
an external cold trap

Figure 2.7: Synthesis procedure for parylene-C film (above) and commercial COMELEC machine
for the CVD deposition of parylene and its main parts (below).

2.4.3 Parylene-based electrode design

As shown in Fig.2.8, the parylene probe for in vivo implantation features 3 or 4 pairs
of microelectrodes, placed at different depths resulting in a so-called "hexatrode" or

"octatrode".

This electrode arrangement is used to compare the two microelectrodes placed at the
same depth (thus recording from the same population of neurons) by leaving one pristine
and modifying the second one with a conductive polymer, as we will see in Chapter 3, in
order to clearly show the effect of nanostructuration of the microelectrode surface. Basically
two different designs of the entire device have been considered: the first one (Fig.2.8.a)

is a generic structure, where the second one is optimized (Fig.2.8.b) for the experimental
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a) Generic central structure b) Optimized lateral structure

Figure 2.8: The two main configurations of parylene-based devices: a) central octatrode and b)
lateral hexatrode (optimized for the in vivo recording set-up).

set-up of the electrophysiological measures as will be described in Chapter 4.

2.4.4 Connection for the implantable parylene device

In Fig.2.9, the solution adopted for the
implanted device is shown.

The larger part of the device is glued on
FFC cable jumper (RadioSpares) with a
biological compatible glue (353ND from
EPO-TEK®); thanks to a conductive
glue (silver conductive epoxy, H20E EPO-
TEK®) the electric pads are connected to

Figure 2.9: Electrical connection for the parylene the FFC cable and then protected with
electrode. the biological compatible glue. The ro-

bustness of the flexible cable allows us to

plug it many times, without damaging the connection. The commercially available cable
perfectly fits into the adapted ZIF-type connector (RadioSpares).

This solution was adopted in order to perform in vivo experiments over a long period

of time and, moreover, to provide a convenient system for the set-up generally used by the

electrophysiologists to carry out the in vivo studies (Chapter 4).

2.4.5 Technological process

The implantable microelectrode fabrication process is schematized in Fig.2.12.

Again, the whole process can be divided in four main steps.
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I. Parylene-C deposition

A standard silicon wafer was used as a sub-
strate for the whole process. Parylene-C
5] ' ' ' ] (Fig.2.12.a) was deposited through ther-
mally activated CVD at the pyrolysis tem-

E . | perature of 700° C. The thickness of the
g 0 . 1 deposition was measured each time using
E . . ] a standard Profilometer (KLA Tencor)
a A and it was found to be proportional to

the mass of precursor dimer charged in

T T T T T
0 20 40 60 80

PXC mass (g) the sublimation chamber (see Fig.2.10).
A 23 pm-thick PXC film was obtained

Figure 2.10: Relation between the starting mass .
starting from 80 g of precursor.

of PXC precursor and the thickness of the obtained
film. The so deposited 23 pm-thick PXC

film has a measured roughness of about
30 nm, and the surface presents hydrophobic features that can be easily turned into

hydrophilic ones by 15 min of UV ozone exposure (Fig.2.11).

UV ozone

15 min

Contactangle = 86° Contactangle = 25°

Figure 2.11: Contact angle of water on PXC before and after the UV ozone treatment.

II. Microelectrodes patterning

Similarly to the process carried out on polyimide, Au circular electrodes were patterned on

the PXC surface thanks to a metallization followed by a lift-off process (Fig.2.12.a-c).

III. Passivation and contact opening

After the Au electrode patterning, a thin layer of PXC (about 1 pm obtained from 1.6 g of
precursor) is deposited on top of the wafer as a passivation layer (Fig.2.12.d).

The electrode surfaces and the contacts were opened by dry etching of the PXC using
a photoresist mask (AZ-ECI 3027, MicroChemicals) with a thickness of about 2 um
(Fig.2.12.¢).

The etching rate of PXC with these parameters was found to be 350 nm/min, whereas
the etching rate of AZ-ECI photoresist is about 450 nm/min (Fig.2.12.f).
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(V)
o

Si
M pxc
I Resist
I Ti/Au
Ni

fl

Figure 2.12: Schematic illustration of the main steps for the fabrication of the parylene-based
microelectrodes.

a  Substrate 4" p-type Si wafer (100), thickness = 525um
Parylene-C de-
b : CVD at 700° C, 80 g of precursor
positon
Microelectrodes . .
c . AZ-nLOF 2035 induction (see Table 2.1)
patterning
d Metallisation Ti/Au (50 nm/200 nm) evaporation (PVD)
and Lift-off
e Passivation CVD at 700° C, 1,6 g of precursor
AZ-ECI 3027 induction (2,6 pm:
1) 5000 rpm, 30 s RIE (4 min):
soft bake: 90°, 30s T =10°C
¢ Contact 2) 1000 rpm, 30 s 09 = 20 sccm
opening soft bake: 90°, 75 s P, =20 mT
post exp. bake: 110°, 75 s Prop= 500 W
exposure for 10 s at 405 nm, 25 mW /cm? Ppias = 10 W
developement in MFCD26 for 30 s
Cutting . .
g . AZ-nLOF 2035 induction (see Table 2.1)
patterning
Metallisati
h etallisation Ni (100 nm) evaporation (PVD)
and Lift-off
Etching for Ni chemical etching
i cutting RIE (90 min) — HC1 (20%) and HyO4
stuctures (10%) in HyO

Table 2.2: Chronological steps followed for the fabrication procedure of parylene-based electrodes.
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IV. Cutting structures

The wafer surface was previously patterned with AZ-nLOF 2035 photoresist (Fig.2.12.g),
then a layer of 100 nm of Nickel (Ni) was deposited by electron beam physical vapour
deposition on top of it and a second lift-off procedure was performed in order to use the Ni
layer as a hard mask for the second etching process (Fig.2.12.h).

The plasma oxygen etching was performed as described above during a time duration (6
cycles of 15 min) long enough to allow the cutting of the 24 pm-thick layer of PXC. During
the physical etching it is important to perform short cycles in order to avoid overheating
of the sample and prevent Nickel cracking. The Ni layer was then chemically etched
(Fig.2.12.i). Finally the PXC on the edge of the Si wafer was scratched with tweezers and
the electrode structures were easily peeled off from the Si surface, or released in a water

bath (Fig.2.13), keeping their planar shape.

Figure 2.13: Release of PXC-based devices in water and final appearance of the electrode.

The details of the whole process are given in Table 2.2, whit the corresponding steps
described in Fig.2.12.

2.4.5.1 Parylene etching: issues and optimization

During the fabrication process, the etching procedure for the microelectrode opening was
particularly optimized. It has been shown in the literature that some contaminations
can be observed after stripping Parylene-C with the oxygen plasma[25], as can be seen
in Fig.2.14.d. The possible reason for the contamination is suspected to be the reaction
products of the active chlorine group present per repeat unit with the polymer and oxygen
under plasma condition[26]. On the contrary, as shown by Wen et al.[25], the etching
results of Parylene-N coated samples turn out to be contamination free.
Most of the used photoresists provided a good definition of the sidewalls but they left many
etching residues (see Fig.2.14.a and 2.14.b) that have been difficult to remove afterwards.
The selectivity and the parylene etching rate have been found pretty low for all the used
photoresists.

As can be seen in Fig.2.15, the residues originate from the parylene etched sidewalls
and they are redeposited on the resist sidewalls. After the stripping of the resist all these
spaghetti-like residues collapse down into the electrode surface, modifying the size of the

electrode active area. As a consequence, the amount of residues is directly linked to the
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Figure 2.14: Etching residues for a 10 um opening, using three different photoresist masks: a)
AZ-4562, b) AZ-40XT and c) AZ-ECI3027; d) similar kind of residues found in the literature[25].

thickness of the remaining photoresist before stripping.

Figure 2.15: Etching parylene residues on the sidewalls before stripping the resist.

The AZ-ECI 3027 photoresist has the ability to be deposited as a thin film. This
prevents any redeposition of residues within the electrode active area (see Fig.2.14.c) since
the remaining resist layer after etching is only a few hundreds of nanometers (Fig.2.15) to
be compared to several micrometers with thick photoresists. This allows avoiding further

cleaning procedure in acidic mixture after plasma etching.

Figure 2.16: Cutting of electrode edges by plasma etching (a) before and (b) after chemical
etching of the Nickel mask; (c¢) example of similar residues in the literature[27].

On the contrary, when considering deep etching for edge cutting, the residues are found
directly on the bottom side but they are flattened and partially removed after dissolution
of the Nickel mask, as can be seen from Fig.2.16. The bottom stop layer is represented by
Si. Even if the bottom is not perfectly clean the etching performed in this way allows us

to release the electrodes at the end of the process.
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2.5 Temporary stiffening of flexible electrodes using silk

coating

In the context of another thesis project started in 2013 with Aziliz Lecomte,
different biodegradable polymers have been tested in order to obtain the required stiffness
for the electrode to be inserted into the cortex.

Here, the strategy that has shown the best results in terms of stiffness, degradation

time and ease of deposition, and that has been used for the in vivo implantation experiment

is presented.

Silk has demonstrated to be the most suit-

able polymer for stiffening, thanks to its mechan-
ical properties, its low viscosity in liquid state that
allows an easy deposition by syringe, and a degrada-
tion rate that is slow enough to allow the implantation

procedure to be performed over one hour. Polymers

as PEG, that are hydro-soluble, dissolve in a few sec-

Figure 2.17: Optical microscope im- onds once immersed in a physiologic liquid, and gela-

age of silk deposition on the backside tine from collagen, that becomes stiff in a dehydrated
of the probe. state, is rehydrated in a few seconds in physiologic
liquid, losing its mechanical properties. On the oppo-
site, silk fibroin, that is a natural protein produced by the domestic silkworm Bombyx
mori, is degradable over a longer time period. As a protein, silk fibroin is susceptible
to biological degradation by proteolytic enzymes such as chymotrypsin, actinase, and
carboxylase[28, 29, 30].

The extraction procedure of silk fibroin from Bombyx mori cocoons presented by Kaplan
and co-workers[31] was adopted to obtain liquid silk fibroin. In this liquid state, silk fibroin
was deposited on the back side of the electrodes (Fig.2.17) using a syringe and a PDMS
mold. The hydrophilicity of the surface, obtained as seen in section 2.4.5 allowed a strong
adhesion between silk and parylene. The deposited silk was then water annealed for 6h.

To assure the penetration of the probe during
the in vivo implantation a "phantom brain"
was fabricated to mimic the mechanical be-
haviour of the brain tissue. Typical values for
the elastic modulus of the brain tissue range
from 1 to 100 kPa depending on the test method,
condition and region of brain (i.e. gray or white
matter)[32, 33, 34]. A classical method to obtain

these value is the use of an Agarose hydrogel Figure 2.18: Insertion test in Agarose gel
before (left) and after (right) the silk deposi-

tion.

0.6% w/v. In Fig.2.18, we can see the inser-
tion test in Agarose gel before and after the silk

deposition. The electrode covered with silk in the backside could easily penetrate the gel.
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2.6 In vitro cytotoxicity of the devices

The next chapter will be focused on the modification of the microelectrode active area
with the conductive polymer poly(3,4-ethylenedioxythiophene) (PEDOT) together with
polystyrene sulfonate (PSS). Therefore, the final device, will be composed by four materials
(PXC, PEDOT:PSS, gold and silk) which have been especially chosen for their properties
of biocompatibility with living matter in order to design a device suitable for long-term
implantation. In particular, PXC has a certified biocompatibility of CLASS VI, and
the cytotoxicity of PEDOT:PSS[35, 36], and gold[37, 38] have been investigated in the
literature. For example, Asplund et al. indicate a non-cytotoxic of PEDOT:heparin surfaces
and show no marked difference in immunological response in cortical tissue compared to
pure platinum controls[35]. Through cell viability assay, we set the preliminary objective
to establish the non-cytotoxicity of the produced devices, after the clean room process,
and further investigations on biocompatibility are scheduled in the near future. For that
purpose, we first carried out in wvitro experiments to ensure that no armful chemical
product remains on the wafer after the fabrication process and the electropolymerization
PEDQOT:PSS on the active area.

2.6.1 Test on cell culture: the cell line

The cell lines often found in the literature to validate the non-cytotoxicity for neuropros-
thetics are: PC12 (a cell line derived from a pheochromocytoma of the rat adrenal medulla),
SH-SY5Y and L1929 (mouse fibroblast).

SH-SY5Y neuroblastoma cell line, shown in a
optical microscope image in Fig.2.19, originally derives
from a metastatic bone tumor biopsy; cells are a subline
of the parental line SK-N-SH that were subcloned three
times; first to SH-SY, then to SH-SY5, and finally to
SH-SY5Y. SH-SY5Y were deposited to the ATCC® in
1970 by June L. Biedler[39, 40]. SH-SY5Y cells are often
used as in vitro models of neuronal function and differen- Figure 2.19: Optical microscope
tiation. The important characteristic of SH-SY5Y cells image of SH-SY5Y cells.

that should be taken into consideration was that they

adhere without the need for a protein adhesion promoter. In this way we could better

verify the cell adhesion and proliferation on our substrate.

2.6.2 Substrate sterilization

Since the oxidative degradation of parylene-C can happen above 120°C in air[41], the
sterilization in autoclave is not appropriate for our devices. The adopted sterilization
method consists in leaving the samples in a mixture of ethanol and deionized water (EtOH
70%) overnight. Other methods, such as the Ethylene Oxide (EtO) sterilization process[42],
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can be also considered.

2.6.2.1 Cell viability

SH-SY5Y cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10%
fetal bovine serum, 1% L-glutamine and 1% penicillin-streptomycin added. Cells were
seeded in a Petri dish containing the PXC microelectrode with half of the active areas
PEDOT-modified, as in the scheme in Fig.2.20. A 100 pl drop of culture medium containing
about 10 000 cells was deposited on the electrode surface and, after 4h (the time required
for cell adherence), 2 ml of culture medium was added, giving a cell concentration of 5 000

cells/ml (see Fig.2.20). In this way, the cells were concentrated over the region of interest.

Figure 2.20: Seeding method for the cultivation of SH-SY5Y on top of the device.

A viability assay was performed after 24 h, 72 h and 168 h using the LIVE/DEAD®
Viability /Cytotoxicity Assay Kit.

72h

24 h 168 h

Figure 2.21: Calcein-AM fluorescent images showing SH-SY5Y cultivated on top of the device for
24 h, 48 h and 168 h.

50 pm

e ——

The kit provides a two-color fluorescence cell viability assay that is based on the
simultaneous determination of live and dead cells with two probes that measure recognized
parameters of cell viability: intracellular esterase activity and plasma membrane integrity.

The polyanionic dye calcein is well retained within live cells, producing an intense uniform
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green fluorescence. Ethidium homodimer-1 (EthD-1) enters cells with damaged membranes
and undergoes a 40-fold enhancement of fluorescence upon binding to nucleic acids, thereby
producing a bright red fluorescence in dead cells. EthD-1 is excluded by the intact plasma
membrane of live cells.

Fluorescence photos of SH-SY5Y cells cultured on PEDOT-modified PXC based micro-
electrodes are shown in Fig.2.21. Cells spread homogeneously and proliferate quickly,

demonstrating a good viability on our substrate.

2.6.3 Cell morphology assessment

The morphology of the cells on the electrode substrate was assessed through scanning

electron microscopy (SEM).

48 h 168 h

Figure 2.22: SEM images on a SH-SY5Y cell line cultured on top of the device for 48h and 168h.
Cells exhibit body cracks, probably as a result of the dehydration process that followed the fixation
treatment.

SH-SY5Y cells were seeded in a Petri dish as described above and cultured for 48h
and 168h, then the fixation procedure was performed. Before proceeding to the SEM
observation, the samples were sputtered with 10 nm of Au in order to avoid charging effect.
Individual cells can be recognized in Fig.2.22.a. The cells display extensive processes and
appear to be well attached on the surface of our electrodes. Importantly, they do not
show a particular preference for different materials and, as can be observed, they spread
homogeneously both on PXC substrate and on PEDOT-modified electrode surface. The
attachment of cells on our electrode substrate shown in SEM images means that it is
possible to get direct, long-term functional contact with the target tissue that is required

to the implanted device to operate properly.
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2.7 In vitro biocompatibility

2.7.1 Organotypic culture

The organotypic culture technique, promoted by Wolff and Haffen[43], is a pre-clinical
step which allows the rapid assessment of the behaviour of different organs in contact with
biomaterials in order to study their biocompatibility[44, 45, 46, 47, 48]. This method allows
rapid estimates of primary cell layer parameters such as adhesion, growth, proliferation
and morphology, therefore helping to select biomaterials as a function of their capacities
in enhancing these features. The organotypic culture method presents some advantages
compared to classical cell culture because it is a low cost technique and it better reproduces
the living complexity. Moreover it provides an advantage in making it possible to evaluate
a lot of different organs at the same time whereas the cell culture technique needs specific

and expensive strains.

To better understand the results, it is important to remind that we are dealing with
comparative test. The tissue cell culture plastic Thermanox® is used as negative reference
since it is a biocompatible substrate which promotes cell growth.

Two main parameters are used to distinguish cell behaviour cultivated on materials:

« cell growth (mm?) which is the surface of the migration area from the initial explant
after culture on the material: the cell layer areas of the different organs is correlated

with the ability of the cells to migrate on the biomaterial.

o cell adhesion (arbitrary units) which is assessed as the kinetics of cell detachment
over time: after cell dissociation and counting, the cell adhesion parameter was
estimated using an arbitrary index inversely proportional to the cell detachment
kinetics (ratio of cells detached by enzymatic treatment as a function of time, V).
This method of calculation (1/V*1000) results in a number n, where 0<n<1, which

increase with the increase of the adhesion.

Material
to test

Tissue explant Nutrient matrix

Figure 2.23: a) picture showing the Thermanox® material in contact with the tissue explant; b)
schematic representation of the organotypic culture method set-up; ¢) schematic representation of
cell migration outward the tissue onto the surface of the tested material.

Generally, a material is declared cytotoxic when a very low cell migration surface (in the

order of 0.2 mm?) is associated to a necrotic appearance of the cell shape. The importance
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of verifying the cell morphology through scanning electron microscopy (SEM) observation
arises from the cases of certain materials (as PVC or PMMA) which, even if they do
prevent a good cell migration, are not considered as cytotoxic, due to the healthy aspect of
the cells cultivated on them. In these cases, other tests have to be performed to state the
cytotoxicity[49].

Regarding cell adhesion, this parameter does not state the biocompatibility of a ma-
terial but is related to the physico-chemical surface properties, in particular roughness
and wettability[50]. The wettability is a measure of the hydrophobicity of a material: a
hydrophobic surface induces protein adsorption and thus cell adhesion, while a hydrophilic
surface often prevents any adsorption and consequently cell adhesion[46, 51, 52, 53]. Re-
garding the roughness, it has been demonstrated that the rougher is the material, the

greater will be the protein adsorption and therefore the cell adhesion[54, 55].

Here, studies have been conducted at the Laboratoire de BioMécanique et Biolngénierie
(BMBI) at the Université de Technologie de Compieégne, in close collaboration with Eric
Leclerc and Jean-Luc Duval.

The aim of the present work was to go further in the evaluation of the biocom-
patibility of the used materials, testing parylene and PEDOT:PSS as growth
substrates for various embryonic organs to compare cell morphology, adhesion
and growth. These materials were compared for cell response with Thermanox® and silk
fibroin. The latter, used in this thesis as a material for enhancing the mechanical properties
of our probe (see Section 2.5) has already been tested, with the same organotypic technique,

in a recent publication of Duval and co-workers[56].

2.7.2 Organotypic culture on Parylene-C

Fig.2.24 depicts the migration and adhesion behaviour of the explanted organs (brain and
liver) on the parylene substrate compared to other substrates such as Thermanox® and
silk fibroin.

It is important to underline that the migration on the same material can change
depending on the organ used[56]. We verify this behaviour also in the case of Parylene.
The migratory behaviour of brain cells on parylene-C, even if lower than the reference
Thermanox® is comparable to the database of embryonic chicken cells of the Laboratory.
The liver explant presents a drastically lower migration but still good in terms of biocom-
patibility. The values of cell migration on parylene-C can be considered medium when
compared to other organs on Thermanox® where these values can reach 100 mm?[56].

The cell adhesion on parylene-C is particularly low; this behaviour is quite surprising
because the adhesion is generally inversely proportional to the cell migration and also
because of the hydrophobic feature of the parylene-C surface that should induce protein
adsorption. The noticeable error bars in migration histograms are due to the low adhesion
that leads to the escape of cells during the analysis of biological parameters. Nevertheless,

statistical analysis of Tukey-Kramer (see Annex D) shows very significant results (P <
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Figure 2.24: Biocompatibility assessment of parylene-C compared to the control Thermanox®
and Silk fibroin: (a) Migration area (mm?) of the cell layers. (b) Cell adhesion of the cell layers.
AP < 0.001.

0.001). The brain explant, cultivated on silk fibroin for comparison purposes, while exhibit-
ing cell migration comparable to the one on parylene-C, shows a stronger cell adhesion.
This is primarily due to the aligned structure of the silk fibroin.

As explained before, it is important to confirm these results by the SEM observation,
in order to state the health conditions of the cells by verifying their shape and aspect.
Even cells that show a good growth (high values of migration) on certain materials can be

subject to necrosis when observed by SEM.
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Figure 2.25: SEM pictures (magnification 50x and 250x) showing (a) the brain explant and (b)
the liver explant grown on parylene-C and (magnification 50x and 250x or 500x) showing the brain
explant grown on the different materials: (¢) Thermanox® (d) silk fibroin (e) parylene-C.

The SEM images in Fig.2.25 confirm the good state of health of cells coming from various
organs on the different substrates. In conclusion, parylene-C is a highly biocompatible

material which induces a very low adhesion of neural cells.

2.7.3 Organotypic culture on PEDOT:PSS

The same kind of test has been carried out on PEDOT. To this end, ad hoc samples have
been prepared by first evaporating gold on a Thermanox® coverslip to make it conductive.
A layer of titanium have been used, as usual, to increase the gold adhesion on the substrate.
Then, thanks to the electrochemical Teflon® cell shown in Fig.2.26, that has been made at
the mechanical workshop in our laboratory, it was possible to deposit PEDOT:PSS (with a
technique that will be described in Chapter 3) over a rounded area of 3 mm (which it will

be called "small") and 8 mm ("big") of diameter to fit the organ dimensions.

Thermanox®

Figure 2.26: Electrochemical Teflon® cell and resulting Thermanox® coverslip after the PE-
DOT:PSS polymerization over a 3 mm-diameter area.

Since the area is, in this case, 500 times bigger than usual (if we refer to the microelec-
trode active areas), the polymerization procedure was significantly longer, compared to the
one described in the next chapter, in order to cover the entire area with PEDOT:PSS. There-

fore, the morphology could exhibit some difference when compared to the polymerization
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on microelectrodes.

Fig.2.27 depicts the migration and adhesion behaviour of the explanted brain on the
PEDOT:PSS substrate compared to other Thermanox® and Titanium.
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Figure 2.27: Biocompatibility assessment of PEDOT compared to the control Thermanox® and
Titanium: (a) Migration area (mm?) of the cell layers. (b) Cell adhesion of the cell layers. ***P <
0.001.

PEDOT:PSS results as a very biocompatible material since, for the big-diameter
deposition, the cell migration is two times bigger when compared to the negative
reference Thermanox®. Statistical Tukey-Kramer analysis showed significant results
between Thermanox® and big-diameter PEDOT:PSS and between PEDOT:PSS of big and
small diameter.

The cell adhesion has been found particularly low, comparable to the one of Ther-
manox®. It was not possible to make statistics for the adhesion in this case because of the

limiting number of samples.
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In Fig.2.28, SEM images of the organs on PEDOT:PSS substrate are shown. Cells

appear perfectly healthy and dendrites and axons populated neurons are clearly visible.

Figure 2.28: SEM pictures (magnification 1000x and 5000x) showing the brain explant (a) on
Thermanox®, (b) on PEDOT:PSS big-diameter and (¢) on PEDOT:PSS small-diameter. On the
background of picture (c) and (d) the typical rough surface of PEDOT:PSS can be noticed.

These organotypic tests allow to go further in the biocompatibility statement of materials
since they better reproduces the living complexity. To our knowledge, the organotypic
culture on PEDOT:PSS has been performed for the first time, attesting the very high
biocompatibility (with low cell adhesion) of PEDOT:PSS layer produced by electrochemical
polymerization route in aqueous media (as it will be explained in details in the next

chapter).

2.8 Conclusion

In this chapter, the fabrication process of microelectrodes on flexible substrate have
been illustrated. The flexibility of the substrate is intended to provide a device which
could better fit with the brain tissue and the brain movement once implanted, when
compared to the classical Silicon-based implantable electrodes. As have been explained
in the General Introduction, this should decrease the body immune response due to the
mechanical mismatch between the probe and the living tissue. Another factor of remarkable
importance to prevent the immune cell reaction and promote the long-term reliability
of the device is the biocompatibility of the materials and the processes. To this
end, in this work a special attention has been paid to the choice of the materials and
cytotoxicity /biocompatibility test have been performed and illustrated in the latter part of
the chapter.

Two materials have been chosen as a soft substrate for the fabrication: polyimide
and parylene-C.

The first, thanks of its good mechanical properties, stability in wet microfabrication
processes, ease of deposition and good indications on biocompatibility has been a convenient
candidate for the production of prototype electrodes. The first devices produced on
polyimide presented a rectangular shape, not suitable for the implantation. Each device

was composed by 6 round-shaped sites of different diameters which constituted the active
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electrode areas. These devices have been used for the optimization of the electrochemical
parameters during the polymer (PEDOT) electrodeposition that will be treated in the
following chapter.

The proposed technological process on polyimide is simple, suitable to achieve resolutions
up to 6.5 um in diameter and presents an originality: the low adhesion between the polyimide
and the SiO9 layer allow to bypass the use of a sacrificial layer. The adhesion between the
spin coated polyimide and the silicon support is assured by an overcoating on the edge. In
this way, the flexible substrate is hosted on a Si wafer along all the process and can be
easily peel off at the end by simply scratching the edges of the wafer.

The fabrication process on parylene have exploited the same techniques. A silicon host
support has been used for all the process. Particularly important, in this case, has been the
optimization of the parylene etching parameters for both the active sites contacts opening
and the structure cutting.

One of the main problems to face in the case of flexible implantable devices is how
to achieve the necessary stiffness to accomplish the insertion into the brain tissue. Even
though this issue is being studied in depth in the context of another PhD project, it was
partially addresses along this work in order to perform the in vivo measures that will
be illustrated in Chapter 4. Here, the temporary stiffening strategy based on the use of
biodegradable silk fibroin has been briefly described.

Parylene-C, classified as a United States Pharmacopeia (USP) Class VI material,
represents nowadays the one of the most promising candidate for implantable devices with
long-life expectancy. Despite the very high biocompatibility of parylene-C, the produced
devices are subjected to a series of chemical and physical processes that could modify the
surface features. For this motivation, cell viability tests on cultured neuroblastoma cells
have been performed after the fabrication process. The results showed a very good viability
of the cells on the substrate, indicating a non-cytotoxicity. Moreover the chemical fixation
of the cultured cells on the devices has allowed the direct SEM observation of the
cells state of health and of the cells attachment on the electrodes.

To go further in the biocompatibility statement, in collaboration with the Université
de Technologie de Compiegne, organotypic culture test have been carried out, one by
one, on the materials in direct contact with the brain tissue (parylene-C, silk fibroin and
PEDOT), showing the cells behaviour in terms of adhesion and migration. Again, the

SEM observation confirmed the very good biocompatibility of the used materials.
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Nanostructuration of
microelectrode active sites

3.1 Introduction

In this chapter we will discuss the use of electroactive conductive polymers as bioelec-
tronic materials for electrode-tissue interfaces. In particular, the microelectrode surface
modification with PEDOT:PSS through electrochemical routes, will be illustrated. The
obtained polymer morphologies and the electrical performances will be also shown, through

a comparison of macro and micro properties.

3.1.1 Conductive polymers for biointerfaces

The use of polymers provides a lot of advantages over other materials because a wide range
of chemical structures and tunable surface functionalities is exploitable. Among synthetic
polymers, electroactive conducting polymers (CPs) have received considerable

attention since the initial discovery of polyacetylene in the late 1970s[1].
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Figure 3.1: Conductivity of conductive conjugated polymers compared to metals, semiconductors
and insulators (above) and some examples of conductive polymers chemical structures (below).

The conductivity of CPs, that lies between inorganic materials and metals, comes from
their structure of alternate single and double bond conjugation (see Fig.3.1) and one of
their most important properties is the possibility to modify the conductivity by the doping
state. Usually, such doping states can be adjusted reversibly by chemical or electrochemical
methods. In the doped state, electrons can move easily along the m-conjugated backbones

of the CPs. When the CPs are immersed in solvents with electrolytes, ions diffuse in and
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out of them during the doping/dedoping process to neutralize the net charge because of
a change in oxidation status, as we can see Fig.3.2. This feature makes CPs conductive
to both electrons and ions, in particular they can act as transducers, directly converting

electrical signals, generally used in electronics, to ionic signals, mostly found in biology|2].

Electronic Signal

Total oxidation under
diffusional control

Partial reduction

Partial
. Total
oxidation under .
. reduction
conformational
. and
relaxation ¢
compaction .
control p e Solvated anions

@ Solvated cations

@ Solvent molecules

® Positive charges in the polymeric chain

Figure 3.2: Schematic representation of the reversible variation of volume associated with the
electrochemical-switching conducting polymers. Changes in free volume are mainly due to two
effects: electrostatic repulsions between fixed positive charges and exchange of cations, anions, and
solvent molecules between the polymer and the solution.

Moreover, reverse electrochemical reactions promote swelling and shrinking processes.
Changes of volume are linked to the continuous shift of the polymeric composition. The
packed molecular structure of a neutral polymer due to strong polymer-polymer Van der
Waals interactions changes during oxidation. Electrons are extracted from the chains
and as a consequence of the double bonds redistribution to locate the positive charges,
conformational movements are induced generating the required free volume to balance
counterions coming from the solution. Solvent molecules also penetrate from the solution.
Conformational movements mean energetic changes on the polymeric chains. When a film
of polymer is oxidized by an anodic polarization, electrons are extracted from the polymeric
chains, giving rise to conformational movements. Free volume is generated, and counterions
and solvent penetrate by diffusion control from the solution and the polymer swells. If the
oxidized polymer is reduced by a potential sweep, opposite processes take place and the
polymer shrinks. Meanwhile, counterions move toward the solution by diffusion control
(Fig.3.2).

Thanks to the swelling and shrinking due to the doping/dedoping process (Fig.3.2),
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CPs are also suitable to be used as substrate for controlled drug delivery platforms[3]. The
drugs, physically trapped into CPs, can be released when a sequence of electrical potentials
is applied. The control of CPs oxidation states allow the (counter)ions to diffuse in and

out from CPs making CPs also good candidates for artificial muscles[4, 5].

3.1.2 Synthesis of conductive polymers

Conductive polymers can be manufactured using a variety of methods that are either
chemical or electrochemical in nature[6]. Chemical polymerisation proceeds via many
different routes, such as addition reactions stimulated by radicals, cations or anions, or
condensation reactions[7]. Chemical polymerization, desirable for mass production, occurs
in presence of oxidizing agents such as FeCls or Fe(OTs)3 through condensation reactions
carry out with the help of strongly reductors metal catalysts[8]. These polymers can be
tailored to include a great variety of modifications, including covalent attachments to the
backbone. Nevertheless the processing time is significantly longer than electrochemical
polymerization and entails the use of non-biocompatible oxidants. Moreover, the electrical
properties of the resulting film are very poor if compared to the polymer obtained from
the electrochemical method and they often require post-fabrication doping to increase
conductivity.

In electrodeposition the dopant is added to the monomer solution, the polymer is
synthesised and no further processing is required. The simplicity and reproducibility of this
technique make it the most commonly used fabrication process since the electrodeposition

of the first conductive polymer in 1968.

3.1.2.1 Electrochemical polymerization

Electrochemical deposition is a superior technique for neuroprosthetic applications because
CPs films can be formed in a simple one-step process with a high degree of control over
the film thickness, surface properties, and electrical conductivity. It is useful particularly
when well-defined thin films are deposited on a surface of metallic substrate and no
further improvement process, such as doping, is required. Cui et al.[9] established that
electrochemical polymerization can be used to deposit coatings of electroactive conducting
polymers directly onto metal neural electrode sites for obtaining a lower impedance.

In this method, the monomer is electrochemically oxidized in the presence of an
electrolyte solution. Polymerization occurs at the electrode surface with deposition of the
polymer film onto the electrode.

In 1979 Diaz showed that polypyrrole films synthesized by electrochemistry presented a
good homogeneity and a high conductivity and, thereafter, the technique was applied to a
large number of aromatic compounds[10]. In a classical electrochemical cell, the synthesis
of conductive polymers can be realized in three main ways, as we can see in Fig.3.3:

1) potentiodynamic mode (PD): a scan of potentials is applied at a certain rate,

reaching the oxidation potential of the monomer.
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2) potentiostatic mode (PS): the electrode potential is maintained at the oxidation
potential of the monomer.

3) galvanostatic mode (GS): the current is maintained constant.

Potentiodynamic Potentiostatic Galvanostatic

zzzzzz

Potential applied (V)
Potential applied (V)

Figure 3.3: The three electropolymerization routes.

Henceforward in the manuscript the three polymerization routes will be treated by
referring to the acronyms PD, PS and GS.

As can be seen in Fig 3.4, the electropolymerization mechanism started with a step of
production of a radical cation, through the oxidation of the monomer, then two radicals
react in order to form a dimer[10]. After deprotonation, the dimer will be oxidised as well,
and the reaction propagates thanks to the coupling between the dimers cations and the
radical cations; this is possible because the oxidation potential for a monomer is higher
than the oxidation potential for an oligomer[11]. The resulting insoluble polymer adheres to
the electrode surface by precipitation onto the electrode surface but this mechanism is still
under investigation. The electrochemical synthesis can occur both in organic and aqueous
environment, depending of the monomer solubility and potential window. Nevertheless,
since radical cations present a very electrophilic behaviour, the reaction relies on the

nucleophilic properties of the solvent.

U;D*_"@ X=NH.5.0
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Figure 3.4: Mechanism for heterocycle polymerization via electrochemical synthesis|7].
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3.2 Electrochemical polymerization of PEDOT

Poly(3,4-ethylenedioxythiophene), commonly called PEDOT (chemical structure in Fig.3.5),

has been the subject of much interest among m-conjugated polymers because of its well-

known properties such as high-conductivity, biocompatibility, excellent stability and trans-

parency in its doped state.

The most commonly used counterion for PEDOT electropoly-
merization is Polystyrene sulfonate (PSS). Yamato et al.[12]
reported that PEDOT:PSS was more chemically stable than
PPy:PSS (Polypyrrole). Similarly, Cui and Martin[13] stated
that PPy is easily reduced by biologically relevant reducing agents
because of its higher reduction potential (0.1 V) compared to the
one of PEDOT (-0.4 V).

PEDOT indeed exhibits improved conductivity and thermal
stability because the dioxylethylene bridging groups across the 3
and 4 positions of the EDOT monomer block the possibility of

coupling.

3.2.1 State-of-the-art

(){r‘.—\u
LA
i
AN

Figure 3.5: Chemical
structure of PEDOT.

In 2003 Cui and Martin[13] proposed the electrochemical polymerization of EDOT for

neural electrodes, directly onto the surface of the electrode sites, under either galvanostatic

(0.5-2 mA /em?) and potentiostatic (1.1 V) conditions (Fig.3.6).

PEDOT covered microelectrode were used by Lud-

solution).

Figure 3.6: Electrochemical PE-

wig et al.[14] for chronic local field potential (LFP)
recording in rat brain, showing that the coating is suit-
able for obtaining high-quality neural recordings out
to six weeks. The galvanostatic deposition, with a
charge of 260 mC/cm? have been used in a surfactant-
templated ordered synthesis (by adding 20 wt% surfactant
poly(oxyethylene)10-oleyl ether to the initial monomer

Again in 2007 Cui and Zhou[15] reported the elec-
trodeposition of PEDOT on 100 ym diameter platinum
electrodes. After two weeks of pulse current stimulation
of the electrode in PBS, minor cracks and delaminations
were observed on the PEDOT layer. With these results,

DOT deposition through a) gal- the authors highlighted the need for optimizing the thick-

vanostatic and b) potentiostatic

conditions|[13]. layer stability

ness of the deposition, as an essential parameter for the

Wilks et al.[16] in 2009 reported again the galvanos-

tatic deposition of PEDOT:PSS by applying 6 nA for 900 s. All these polymerizations were
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performed on micromachined silicon Michigan arrays with Iridium active sites (discussed
in Chapter 1).

PEDOT electropolymerizations are generally performed in organic media[17] because
of the many difficulties experienced when the electrosynthesis of polythiophene and its
derivatives is carried out in aqueous media. The main problems arise from the low solubility
of the thiophene structures in water, from the oxidation potentials higher than that of
water itself and from the water-catalyzed formation of thienyl cation radicals which can
activate concomitant reactions and inhibit therefore the formation of the main polymer|[18].
Despite all these problems, water still remains the ideal solvent for economic,
environmental and biocompatible reasons.

In 2000 Bobacka et al.[19] studied the effect of various supporting electrolyte (NaPSS,
KCI, NaCl) on the impedance properties of a PEDOT film deposited by galvanostatic
electropolymerization on Pt disc electrodes from a deareated acqueous solution, while
Pigani et al.[20] in 2004 clarify the mechanism of potentiostatic deposition of PEDOT
in water using Lithium perchlorate (LiClO4) as supporting electrolyte. Again, in 2011
Venkatraman et al.[21] reported the galvanostatic deposition of PEDOT:PSS in aqueous
environment (deposition charge 86.4 1C) on neural microwire arrays in Ptlr with a diameter
varying from 25 to 75 pm, for in vivo recording.

In many cases an ordered surfactant-templated synthesis have been used
in order to overcome the problem of the solubility in water[22, 23]. Xiao et
al.[24] used EDOT-MeOH in order to increase the concentration of monomer in aqueous
solution by increasing the solubility, exploiting the polarity given by the OH residues. The
morphology of electrodeposited PEDOT produced by various electrochemical routes have
been investigated in the literature through SEM images[25, 26, 27] but its morphology
has not been clearly related to the electrical properties. Various morphologies have been
observed for the potentiodynamic route: micro-rings, micro-arrows spongy-like and rod-like
structures.

Moreover cracking and delamination have been again shown in the work of Tamburri
et al., mostly due to the overoxidation of PEDOT during the cyclic voltammetry with an

upper potential reaching 2 V[27].

3.3 Electrochemical polymerization of PEDOT through dif-

ferent electrochemical routes

In this part, three methods for the electrochemical polymerization of PEDOT
will be discussed in terms of morphology and conductivity of the resulting
layers.

The choice of water solvent was dictated by the need of both a good solubility and
biocompatibility for future implantable neural electrode. Since the limit of dissolution of
EDOT in water was found to be ~ 0.01 M at room temperature [24], the polymerization

occurs without the use of surfactants even in aqueous environment thanks to the low
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Figure 3.7: Representation of the three routes of polymerization with the corresponding current
(or potential) curves.

concentration of EDOT used. The kinetic of dissolution was also found to be very slow
and, for this reason, all the solutions have been prepared one day before the being used
in order to guarantee the homogeneity. Moreover the use of NaPSS counterions allows to
increase the EDOT solubility in water [28].

All the polymerizations were performed in a classical three-electrodes cell, by using a
platinum wire as the counter electrode. The applied potentials are referred to the saturated
calomel electrode (SCE) that has been chosen as reference electrode. Deaeration was
obtained by purging the solution with nitrogen during 20 min previous to each experiment.

The adopted parameters for the three routes of polymerization are presented in Table 3.1.

upper +0.8 V -
. +1.2V
potential F12V
lower
. 09V,-07V - -
potential
current
. - - 0.3-5 A/m?
density
time — 10s-50s | 10s-900s
n° of
2-10 — —
cycles
5 mV/s - 25
scan rate - -
L mV/s

Table 3.1: PEDOT electropolymerization parameters for the three routes.
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The parameters for the three routes of polymerization were varied according to the
electrode dimensions, in order to obtain a good trade-off between a homogeneous coating
of the surface, a thin deposit (that should not extend out of the Au electrode surface) and
a short polymerization time. For each polymerization route and active area, the deposition
parameters were optimized in order to achieve, after deposition, the lower resulting
impedance values over all the explored frequencies. In the case of the potentiodynamic
route, the cyclic voltammogram for a 50 pm-diameter electrode is reported in Fig.3.8. It

was performed by applying a potential scan from -0.7 V to 1.1 V at a scan rate of 0.01 V/s.

The oxidation of the monomer starts at 0.75 V and the anodic current reaches a peak
value at 1.1 V. In the reverse scan the current decreases with a crossover at about 1 V and
0.7 V; this "nucleation loop" reveals the nucleation process of the polymer film. On the
following cycles, the oxidation peak is shifted to more cathodic potential values because
the produced oligomers are oxidized more easily than the monomer[29]. Moreover, the
anodic current increase from cycle to cycle consequently to the growth of a conductive
PEDOT film, thus increasing the apparent surface of the active electrode. Starting from
the second cycle, at a potential close to -0.3 V the voltammogram shows a quasi-reversible
signal corresponding to the redox activity of the polymer which increases with the number
of potential cycles, depending on the amount of polymer synthesized on the electrode
surface[30].

0.0007 s 1 s 1 s " 1 s | \ 1 1 1 s |

0.0006

0.0005 -}
cycles

0.0004

0.0003

[(mA)

0.0002

0.0001

0.0000 =

-0.0001 — 7 = 1 — T T T T 1
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Ewe(V) vs. SCE

Figure 3.8: Cyclic voltammetry for polymerization for a 50 ym-diameter electrode: 4 cycles from
-0.7 V to 1.1 V, scan rate = 10 mV/s.

Even if the electrochemical synthesis of polythiophenes and PEDOT in particular,
have been investigated in literature[31, 32, 33, 34|, the entire EDOT electropolymerization
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mechanism is still under investigation. However, there are some overall mechanisms
generally accepted by the scientific community [35, 20]. The primary nucleation process is
divided into two periods in classical nucleation theory: one is called induction period and

the other is the steady (or stationary) nucleation period.

On the basis of all these observations we can de-

duce that the following process occurs:

o during the induction time, EDOT monomers
diffuse from the solution to the electrode surface
(Fig.3.9);

o after the oxidation of the EDOT monomer unities,
the coupling with radical cation and the oligomeriza- )
Figure 3.9: Schematic illustration of
the first steps of the electrochmical
polymerization process.

tion process take place (Fig.3.9);

o when an oligomeric saturated area is shaped in
front of the electrode surface, oligomer clusters start
to precipitate onto the electrode generating the polymer nuclei. During this step the

process is controlled by diffusion of the monomers;

o the progressive nucleation is characterized by nuclei which do not grow only on
the electrode surface sites formed at the beginning of the process, but also on new sites
activated during the course of the electropolymerization. As a consequence nuclei with

different dimensions are produced by this growth mechanism (Fig.3.10);

o later, different nuclei combine together forming polymer globules, as we can see from
Fig.3.10. In the nucleation stage, the expansion of the polymer chains and the growth of
globules on the electrode surface are the significant processes and, as shown in Fig.3.10,
after a certain time, globules begin to overlap until a full coverage of the surface with

polymer globules is reached.

o As a result of the continuous application of potential or current, PEDOT:PSS films
follow instantaneous 2D and 3D growths induced by mass transport and charge transfer

processes.

The polymerization morphology and conductivity (as we will see in the next sections)
of electrodeposited polythiophenes are affected by a lot of different parameters such as
the choice of the substrate[31, 34|, the polymerization route[26, 36, 37, 38], the monomer

concentration[39], the supporting electrolyte[40] and the solvent (aqueous or organic).
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Figure 3.10: Formation of PEDOT nuclei, overlapping and full covering of the surface during the
polymerization progress.

3.3.1 Microelectrode cleaning procedure

Before proceeding to the electropolymerization, the Au electrode areas were cleaned and
activated by cycling them into a 0.5 M solution of HoSO4 with a potential scan from -0.25 V
to 1.5 V at a scan rate of 0.5 V/s. As can be seen in Fig.3.11, after the cleaning procedure,
the voltammogram shows the typical oxidation and reduction peaks for a clean Au electrode.
The formation of gold oxides starts at around 1 V and they are subsequently reduced
during the back scan starting from 1 V. This cleaning procedure after the microfabrication
is very important for the PEDOT:PSS deposition as can be seen in Fig.3.17.a, especially
when the electrode diameter is only a few pm, to eliminate possible traces and residues on
the electrode surface. Moreover, recording the identical voltammogram for the same size of

microelectrodes we can validate the quality of the passivation layer.

3.3.2 Electrochemical estimation of the active electrode area

The smallest electrochemically active area dimensions (10 pm in diameter) were also verified
through linear sweep voltammetry (LSV) in a solution of K4Fe(CN)g [10 mM] and KC1 [0.1
M] in phosphate buffer saline (PBS) solution, where KCl acts as a supporting electrolyte.
When a linear scan of potential is applied, the oxidation of the hexacyanoferrate(II) is
induced, as shown in the following equation: [Fe(CN)g]* — [Fe(CN)g]> + e™.

With ultramicroelectrode, a steady state is readily obtained, even without stirring. The
same LSV was performed in the electrolyte in order to subtract this capacitive component
(red line in Fig.3.12) to the measured curve and obtain the faradic component (black line
in Fig.3.12). The radius of the electrode is determined using the current intensity limit,
that corresponds to the diffusion plateau (see eq. 11 in Appendix B). Considering a value
of 6.1 108 em?/s for the diffusion coefficient (D) of [Fe(CN)g]*[41], and knowing the initial
concentration (10 mM), the Faraday constant and the number of exchanged electrons (1

electron for this reaction), it was possible to estimate a value of the radius of 4.5+1 um.
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Figure 3.11: Au electrode voltammogram before (red) and after (green) electrode area cleaning
by cyclic voltammetry with a potential scan from -0.25 V to 1.5 V, at the scan rate of 0.5 V/s , in
H5S04 [0.5 M] solution.

3.4 Morphological characterization of PEDOT:PSS deposi-

tion

3.4.1 Effect of the metal surface

The thickness of gold was 200 nm for both polyimide and parylene-based electrodes.
The quality of the gold electrode surface has a noticeable influence on the
homogeneity of the PEDOT:PSS deposition, as can be seen from Fig.3.13 and 3.15.
The scratches on the gold surface favour the nucleation of PEDOT and, in general, all
the inhomogeneities of the electrode surface, even those due to a high roughness, seem to
be a starting point for the polymer nucleation process. This observation is likely to be
explained by a local change in the wettability of the gold layer or by a local electrical field
confinement.

For the polyimide substrate (PI 2525, HD Microsystem), with a thickness of 13 pum (4
layers of about 3 um each), the roughness was found to be very low, around 1.3 nm. The
scratches on the gold surface are mostly present on the polyimide substrate compared to
the parylene substrate because of the deposition technique (spin coating vs CVD). For the
parylene substrate of 23 pm-thick, the roughness is around 30 nm, identical to that of the

Au layer. The roughness of parylene deposition considerably increases with the thickness
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Figure 3.12: LSV from 0 V to 0.7 V, in K4Fe(CN)g [10 mM] and KCI [0.1 M] in PBS (green
curve), in KCI [0.1 M] in PBS (red curve) and subtraction curve (black curve).

Figure 3.13: Optical Microscope and SEM images of the PEDOT:PSS films formed on a) very
smooth and b) scratched gold surface.

or when it undergoes a plasma oxygen treatment.
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3.4.2 Effect of the electropolymerization route

In Fig.3.14 the typical cauliflower-like morphology of electrodeposited PEDOT:PSS is
shown through scanning electron microscopy (SEM) and atomic force microscopy (AFM)
images. In PD conditions, the potential approaches the monomer oxidation region at a
slower rate; as a consequence, the concentration of electrogenerated oligomers, thus the rate
of their coupling, are lower, leading to a more uniform film deposition (Fig.3.14.a). On the
contrary, PS and GS methods induce very similar films made of bigger aggregates islands
and nude area. In SEM images we notice that these caulifiower-like structures are slightly
brighter than the areas between grains: they correspond to the PEDOT-rich regions and
they can be varied in size with the electrochemical synthesis mode. The tapping mode
AFM images were obtained on at least 5 different areas of the electrodeposited layers. For
the same experiments, all the morphologies obtained by the AFM are similar and only
one for each polymerization route is presented in Fig.3.14. Furthermore, the determined
RMS roughness of PEDOT:PSS is about 150 nm, 250 nm and 300 nm for a layer obtained
by PD, PS and GS mode respectively. In conclusion, these data revealed an important
influence of the electrochemical route on the deposition morphology: the PD mode leads
to the most homogeneous and smooth deposition, which should promote charge hopping

between grains and increase the conductivity (as it will be described in Section 3.5).

Figure 3.14: SEM and AFM images of the PEDOT:PSS films formed under (a) PD, (b) PS and
(¢) GS conditions.

3.4.3 Effect of the deposition time and oxidation potential in PS mode

Fig.3.15 shows optical microscope, SEM images and AFM topography of the PEDOT:PSS
films formed under PS condition at different polymerization times.
The number of PEDOT:PSS nuclei on the gold surface as well as the grain size can be

increased by tuning the polymerization time. With an increase in the polymerization time,
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a second layer of much bigger polymer globules is formed as shown in the AFM image in
Fig.3.15c¢.

A similar behaviour can be shown by tuning the oxidation potential from 0.9 V to 1.2
V. Higher oxidation potentials can lead to the overoxidation of the formed polymer[42].
The higher is the applied potential, the more serious is the overoxidation of PEDOT that

leads to a decreased conductivity.

Deposition time

| 700nm

10 pmI

Figure 3.15: Optical Microscope, SEM and tapping mode AFM images of the PEDOT:PSS films
formed under PS mode at 0.90 V for (a) 5 s, (b) 10 s, (¢) 50 s (the scales are the same for the three
images).

3.4.4 Effect of the surface area

In the case of an Ultramicroelectrode (UME) (left part in Fig. 3.16) it is clearly visible a
huge edge effect during the polymerization, due to the particular charge distribution of the
UME (explained in Annex 5.3).

To avoid or, at least, to reduce this effect, the polymerization parameters should be
optimized as described in the next section to obtain an highly conductive homogeneous

deposition.

3.4.5 Parameters impacting the deposition on the ultramicroelectrode

Fig.3.17 depicts different SEM morphology images for PEDOT:PSS deposition on 10

pm-diameter electrodes. In Fig.3.17.a, a 10 um-diameter electrode uncleaned (left) and
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Figure 3.16: SEM images of a PEDOT:PSS layers on a 10 um-diameter electrode (left) and 50
pm-diameter electrode (right).

cleaned in HySOy4 (right) are compared to show the importance of the cleaning procedure
especially on the UME.

a) not | 3
cleaned cleane
b)| [EDOT] [EDOT]
0,1% 0,025 %
Upper Upper
C) vertex potential vertex potential
1,1V 1V

Figure 3.17: SEM images of different morphologies of PEDOT:PSS layers related to different
electrochemical deposition parameters.

The effect of monomer concentration can be seen in Fig.3.17.b where EDOT concentra-
tions of 0.1% (left) and 0.025% (right) are used in a potentiodynamic deposition from -0.7
V to 1.1 V at 10 mV/s for only 2 cycles. In Fig.3.17.c different upper maximum potentials
(1.1 V, left and 1 V, right) were used.

For such electrode dimensions, the use of lower concentrations of monomer (0.025
% w/v), lower upper vertex potentials with low scan rates (10 mV/s) leads to a more
homogeneous deposition and better performances in terms of impedance lowering as will

be described in section 3.5.2.
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3.5 Electrical characterization of PEDOT:PSS deposition

3.5.1 PEDOT conductivity: principles

In saturated polymers, such as polyethylene, all valence electrons are used in covalent
o-bonds. Hence, the gap between the valence band and the conduction band is very large
and the material shows typical insulating properties.

In conjugated polymers a m-system is formed along the polymer backbone. The
carbon atoms typically involved in the constitution of the polymer backbone form three
o-bonds with neighboring atoms and the remaining p orbitals, typically described as pz

orbitals, engage in the m-system.

Neutral state ‘ Bipolaron ‘ ‘ High doping level ‘

Conduction
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Figure 3.18: Energy level diagram of conductive polymers. Dashed red arrows indicate possible
electronic transitions caused by light absorption.

To understand the conductivity of polymers, the way in which charges are stored
along the polymer chain is important. When a CP is in its neutral state, electrons are
delocalized along the conjugated backbones, forming an extended m-system with a filled
valence band. The polymer usually stores charges in two ways. During the oxidation
process, it could either lose an electron from one of the bands or it could localize the
charge over a small section of the chain. A local distortion (an effective change in geometry)
occurs when the charge is localized and this reduces the overall energy of the polymer. The
generation of the local geometry decreases the ionization energy of the polymer chain and
increases its electron affinity, hence increasing its ability to accommodate newly formed
charges. A similar situation is experienced in the reduction process. This combination
of a charge site and a free radical can be called polaron (Fig.3.19).The polaron state is
formed by a localized hole gaining energy due to the coulombic relaxation of its vicinity.

When subjected to further oxidation, the free radical of the polaron is removed, creating
a new spinless defect that is defined as bipolaron (Fig.3.19). For a very heavily doped
polymer, the upper and the lower bipolaron bands will merge with the conduction and the
valence bands respectively, to produce partially filled bands and metal-like conductivity[43].
The movement of bipolarons as a unit up and down the polymer chain is responsible for
the conductivity of the polymer and charge transfer between the conducting domains takes

place by thermally activated hopping or tunnelling[44].
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Figure 3.19: Neural and oxidized (polaron and bipolaron) state for PEDOT and an example of
counterion (PSS) in the oxidized state.

3.5.2 Impedance lowering on PEDOT-modified microelectrodes

The use of microelectrodes (in our case with a diameter ranging from 10 pm to 50 pm)
minimizes the reactive cell response and provides high density of electrode sites but, as
the electrode dimensions decrease, the impedance increases affecting the quality of signal
recordings[15]. Signal transduction at the electrode/tissue interface is indeed a complex
function of electrode properties and tissue characteristics. Transduction between the
ionically conducting tissue and the electronically conducting electrode primarily takes place
through capacitive and/or faradic currents from reversible reduction-oxidation reactions
at the electrode surface. As we can see from Eq.3.1 and Eq.3.2, the electrode area (A)
is directly proportional to the capacity of the electrical double layer (Cy) and inversely
proportional to the Charge Transfer Resistance (Rq)[45]:

A
Ca = €0CR (3.1)
RT
Rot = n?F2AKDO (3.2)

€o and eg are the vacuum permittivity and the relative static permittivity respectively, d
the thickness of the double layer, R the universal gas constant, T the absolute temperature,
n the number of exchanged electrons, F the Faraday constant, K% is the standard rate
constant, and ¢’ the concentration of the oxidized (reduced) species. The impedance
depends on both (Cy) and (Re), according to Eq.3.3, 3.4, 3.5:

Z? =72+ 72, (3.3)

Rct

Zre = Rs + ———5—75
‘ 7 1+ w?RZCY

(3.4)

wR%Cy

Zpe = ————ct—dl__
e 1 +w?R%CY

(3.5)
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Where Z,. and Z;,, are the real and the imaginary part of the impedance respectively
and w is the frequency. Therefore, it is easy to understand the relation between the
impedance and the active area, that is also shown in Fig.3.20 where the impedance values
of over a frequency range of 10!-10* Hz for different size of fabricated gold electrode are
depicted. As the electrode dimensions decrease down to the microscale, the impedance

signal becomes very noisy, especially at low frequencies, and is difficult to measure.

8'0 1 1 1 1 1
75 d=10 um
7,0 d=50 um
6,5 d=100 pm
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Figure 3.20: Mean impedance of gold electrode with related error bar for different electrodes
diameters: 10 pm (black), 50 pm (blue), 100 pm (pink), 500 pm (green), 1000 pm (yellow).

To address this issue the use of PEDOT:PSS, with high roughness and porosity observed
during the morphological characterization, represents a simple and effective way to
increase the surface/area ratio.

Fig.3.21.a depicts Bode graphs of the impedance magnitude over a frequency range of
10'-10* Hz, for a gold electrode of 10 pm in diameter, before and after polymerization of
PEDOT:PSS. The impedances of the electrode at 1 kHz were used for comparison purposes
as action potentials have a characteristic frequency band centred at that frequency. The
mean impedance at 1 kHz for the unmodified 10 pm-diameter gold electrodes was around
700 k€2, while after PEDOT electrochemical deposition, the mean impedance decreased
down to 10 k€.

Another important parameters to assess is the charge capacity of the electrode and
a cyclic voltammetry measurement was used to this purpose. The charge capacity, rep-
resented by the area under the voltammogram, shows the intrinsic redox reaction of the
electrode material. The back and forth cycling of the potential of the electrode bias from
negative to positive (between -0.6 V and 0.6 V at a scan rate of 0.05 V/s) propels ion
exchange between the electrode and the electrolyte moving mobile charge carriers in and
out of the PEDOT matrix. The charge storage capacity, that was compared with the
one of uncoated gold electrodes, drastically increases after PEDOT:PSS deposition. High

charge capacity, which is the measurement of charge transfer efficiency, should greatly
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Figure 3.21: a) Electrochemical mean impedance spectroscopy over a range of 10'-10* Hz
and related error bar and b) charge capacity for the pristine gold electrode (blue) and for the
PEDOT-modified electrode (red) for a 10 um diameter electrode in a NaCl 0.9% solution.

improve recording of action potentials and stimulation of neuronal elements at a lower

charge density at the device-tissue interface.

As mentioned in Section 3.3, for each polymerization route and active area the parame-
ters of deposition were optimized in order to achieve, after deposition, the lower resulting
impedance values over all the explored frequencies. In Fig.3.22 comparable decreases in
impedance are shown for a PEDOT:PSS deposition on a 100 ym-diameter electrode. The

parameters used for the three routes are reported in Table 3.2.

a) 65 1 1 1 1 1 b) 46 Il 1 1
——gold a5 —PD
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—— PEDOT (PS) 44 —GS
—— PEDOT (GS)

5,5 4,3 4

42
5,0 4,14

4,54 4,0

Log IZI ©@

3,94

Log IZl @)

4,04 384

3,74
3,5

3,6 o

30 35 T T T

T T T T T
1,0 15 2,0 2,5 3,0 35 4,0 0,0 0,5 10

Log Frequency (Hz) Log Frequency (Hz)

Figure 3.22: EIS over a range of a) 10}-10* Hz and b) 1-10' Hz, for a 100 gm-diameter electrode
in a NaCl 0.9% solution for different electropolymerization routes.

The same optimization of the deposition parameters have been done on the UMEs. As
we stated in Section 3.4.5, using low monomer concentrations, low upper vertex potentials
and scan rates (10 mV/s), an homogeneous deposition can be achieved, leading to lower

impedance values over all the explored frequencies (see Fig.3.23).
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from -0.9 V to 1.2 V at 25 mV/s for 10 cycles

0.9 V for 50 s

600 nA for 20 s

Table 3.2: Electropolymerization parameters for the three routes.
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Figure 3.23: Impedance lowering (over a range of 102-10° Hz) and related morphology for different
deposition conditions presented in Section 3.4.5 for 10 pm-diameter electrodes.
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Figure 3.24: Nyquist diagram for a PEDOT-modified 10
pm diameter electrode and related fitting curve using the

equivalent circuit.
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A fitting curve of the result-
ing impedance after PEDOT:PSS
modification on the electrode can
be performed on the Nyquist dia-
gram, using the equivalent circuit
shown in Fig.3.24. R, represents
the resistance of the solution NaCl
0.9%, Cg and R are the capacity
of the double layer and the resis-
tance to the charge transfer respec-
tively, W the Warbourg element
(representing the diffusion within
a thin layer of electrolyte) and Cy
the electronic contribution to the

bulk capacitance. Starting from

the model proposed by Danielsson et al.[46], we found that a better fit could be achieved
by adding the Constant Phase Element (CPE), represented by Q in the image, which takes
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into account the porosity of the modified electrode.

3.5.3 Local conductivity on PEDOT-modified microelectrodes
3.5.4 Coating thickness

To calculate the local electrical conductivity of the deposited PEDOT:PSS layer, it is
necessary to know its thickness. Yang et al.[22] report an increase of coating thickness for
surfactant template ordered PEDOT on electrodes as the deposition charge increases.

In our case, we faced some difficulties in measuring the thickness of the layer on our
flexible substrate using common methods implemented for rigid substrate, such as Standard
Profilometry and Confocal Laser Scanning Microscope.

Moreover the deposited layer has a high
roughness and a polymeric passivation layer,
thicker than PEDOT:PSS, around the elec-

trodes surface that is subject to swelling

with humidity. To overcome these problems

Figure 3.25: Optical microscope image of (a)
the gold electrode passivated with a photoresist,
on rigid silicon substrates using the same (b) the electrode after PD electropolymerization
PD7 PS and GS conditions presented in Ta- of PEDOT:PSS (C) the electrode PEDOT covered
after the dissolution of the photoresist in acetone.

the electrode polymerization was performed

ble 3.2 for a 100 um diameter electrode. On
these substrates we employed the same de-
sign for our gold electrodes but we used, as a passivation layer, a photoresist that can be
easily removed in acetone after the electrodeposition, without damaging the coating, as
can be seen in Fig.3.25.

In this way we obtained con-

sistent results by standard pro-

filometer and a good estimation

Mean

Thickness (pum) 1.568 0.556 0.301 of the coating thickness can be
dard achieved. The thickness obtained

Standar +£0.011 | £ 0.031 | & 0.037 v

Deviation (pm) for the three electropolymerization

Table 3.3: Mean thickness value and standard deviation routes are summarized in Table

for three different electropolymerization routes. 3.3. For each route we choose the

parameters that lead to the lower
impedance values after deposition (see Table 3.2). From these data we observe that the
PD deposition exhibits the thickest and, as observed from the tapping mode AFM images
in section 3.4.2, also the flattest (because of its more homogeneous nature) morphology of

the three deposition routes.

3.5.4.1 Conductive-AFM measures and calculation of local conductivity

The conductivity of PEDOT:PSS films can noticeably vary with respect to the used elec-

tropolymerization route: in the present study C-AFM has been performed, demonstrating
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the changes in local current induced by different electrochemical synthesis. C-AFM experi-
ments were performed on the electrodeposited layers in different zones for each sample.
Fig.3.26 shows both the topography (a) and the corresponding current images (e, f, g, h)

recorded concurrently into the same region of PEDOT:PSS films for a scanned area of 10

Applied Voltage oma

pm x 10 pm for each sample.

| 2.3 nA ”“éﬁ@ | 15nA W\ 209nA |

Figure 3.26: Contact mode AFM topography (a) of PEDOT:PSS layer formed under PS conditions
(0.9 V for 50 s) and current corresponding images with C-AFM at (b) 10 mV, (c¢) 50 mV, (d) 100
mV, (e) 200 mV, recorded over a scanned area of 10 pym x 10 pm.

The current images were obtained by contacting a conductive tip with the film surface
and by applying small bias voltages from 0 mV to 500 mV between the tip and the sample.
In these images the bright regions are ascribed to the high current flowing domains and
the dark regions represent low current carrying capabilities. The magnitude of maximum
current can be seen from the colour scaling. For the first experiment, we progressively
increased the bias applied between the tip and the sample to study the electrical behaviour
of the layer.

The same tendency was found for samples obtained by different electrochemical methods
and only the one obtained by PS mode is shown. When we applied 50 mV, we started
to observe a strong correlation between the current (Fig.3.26.c) and the topog-
raphy images (Fig.3.26.a). Vitoratos and co-workers[47] explain that, for commercial
PEDOT:PSS, conductive PEDOT oligomers are electrostatically attached to twisted long
insulating PSS chains. In our case, the higher caulifiower-like domains appear to have
an increased density of conductive PEDOT domains. We interpret these conductive hot-
spots to be individual PEDOT domains, and deduce that the more insulating regions
on the surface of the sample are likely PSS rich domains (as reported for spin coated
PEDOT:PSS[48]). As a consequence, during electropolymerization, the counter ion
is probably embedded into the globular parts of the film, leading to highly
conducting localized regions. Fig.3.26.d and 3.26.e, corresponding to a bias of 100 mV
and 200 mV respectively, show a significant increase of the measured current versus the
applied bias.

As shown in Fig.3.26, PEDOT:PSS films obtained from PS deposition are composed of
segregated localized conducting domains embedded in a largely non-conductive PSS matrix,
while, as can be seen in Fig.3.28, PEDOT:PSS films produced by PD route are characterized
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by interlinked conducting regions with very few insulating domains in between. Moreover
the role of PSS as a doping agent is probably less pronounced in the PD film, due to the
higher homogeneity of the different domains.

In a range of potential between 50 mV and 200 mV, the behaviour of PE-
DOT:PSS layer belongs to the ohmic region as shown in Fig.3.27.
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Figure 3.27: C-AFM I-V curve for the samples electropolymerized by three different ways,
recorded over a scanned area of 10 ym x 10 gm. The ohmic zone is underlined in light blue.

The linear behaviour of the I-V curve undergoes a deviation at higher bias voltages.
To understand this deviation, the charge carrier trapping must be considered. The
electrochemically polymerized PEDOT is in an oxidized state that promotes the charge
carriers at high doping levels: intra-gap states are formed by electrons, carrier transitions
are free and, as a consequence, conductivity is high. Therefore at high bias, either the holes
in the interstate bands are able to move freely (cf. Fig.3.18). The electronic conductivity at

room temperature was determined from the ohmic region by using the following equation

(3.6):

1d
where R is the vertical resistance (R=V/I) obtained for an applied potential on the
PEDOT:PSS film, A is the contact area between the conducting tip and the substrate and
d is the thickness of the PEDOT:PSS film. To calculate the contact area we used the Hertz

theory[49] with the following relation:
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,  SFR

a’ = IE (3.7)

where a is the radius of the contact area between the tip and the sample (4 = 7a?), F
is the applied force (=~ 10 nN) and R is the actual curvature radius of the system tip-sample,
and F the actual Young’s modulus.

In Table 3.4 is shown the local conductivity corresponding to the different bias applied
for a PD deposition over a 10 pm x 10 pm scanned area. The conductivity values (o) are
mean values (with the related standard deviation) between measurements performed in

three different areas of the same sample.

10 67.3 + 123
50 101.0 +9.1
100 94.7 + 9.0
200 107.3 +11.3
500 121.7 + 12.8

Table 3.4: Conductivity related to the applied voltage for a PEDOT:PSS layer deposited under
PD conditions.

To prove the reliability of this method we first calculated the conductivity
of a commercially available PEDOT:PSS solution spin coated on the electrode
sites. A mean conductivity value of 1.2 + 0.2 S/cm was found for this solution,
where the conductivity indicated by the supplier is 1 S/cm.

Optimized conditions for each polymerization route to obtain the best results in terms
of conductivity have been used. The corresponding conductivity, calculated for at least 3

different samples, is reported in Table 3.5.

o range (S/cm) | 40-200 | 20-130 | 1-50

Table 3.5: Conductivity values for the three polymerization routes.

Despite the low intrinsic conductivity for the layer deposited by GS route, we have
found a decrease in impedance very similar to the other two methods, especially at high
frequencies. Therefore, the observed high roughness is responsible for a noticeable increase

of the surface/area ratio, leading to low values of impedance.

3.5.5 Temperature dependence of the conductivity at the microscale

In PEDOT:PSS, with its granular structure of conductive PEDOT-rich grains enclosed in

insulating PSS-rich shells, the electrical conductivity is not determined only from the hole
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polarons transport into the PEDOT segments, but also by their hopping between segments

and grains.

Temperature —_—

| 254 (S/em) || 64(Sfem) || 39(Skm) | 1.7 (Skem) |

Figure 3.28: a) Contact mode AFM topography of PEDOT layer formed under PD mode (scan of
potential from -0.9 V to 1.2 V, scan rate 0.025 V/s, 10 cycles) and current corresponding images with
C-AFM under an applied potential of 50 mV at the temperature of b) 25, ¢) 50, d) 100, e) 150°C
recorded after %h, over a scanned area of 10 pm x 10 pm. Under every image the corresponding
calculated conductivity is given.

The temperature-dependent current flow, and the related conductivity o(T) for po-
tentiodynamically synthesized PEDOT:PSS thin films is presented in the C-AFM images
in Fig.3.28. The temperature was varied back and forth from 25°C to 150°C. The C-
AFM images were recorded after leaving the sample for %h at 25°, 50°, 100°, 150°. The
temperature dependence in electrodeposited PEDOT:PSS layer on Au exhibits a singular
behaviour, opposed to that found for spin coated PEDOT:PSS layer [47]: the conduc-
tivity extracted from I-V characteristics exhibited mild negative temperature
dependence, decreasing as temperature increase from 25°C to 150°C, as shown
in Fig.3.29.

A similar behaviour has been reported for pentacene film deposited on Au electrodes[50],
and various models have been suggested to explain it [51, 52, 53]. According to the model
proposed by Orton and Powell [54], when the Debye length induced by traps at grain
boundaries is comparable to the grain size, the grain is fully depleted of free carriers and
the energy band will be essentially throughout each grain, and therefore throughout the
whole film. There will be no barrier to current flow, and conductivity will not be thermally
activated. A possible explanation to rationalize the negative temperature dependence of
conductivity is that it can vary from band-like transport at low temperature, to hopping
transport at high temperature. At low temperature, the m-orbital of molecules strongly
overlaps to exhibit band-like transport with high conductivity. As the temperature increases,
thermal vibration force becomes comparable to or larger than interaction force, so that the
overlap of m-orbital gets too weak for charges to transport by hopping from molecule to

molecule, leading to a low conductivity.
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Figure 3.29: Variation of conductivity with temperature for three PEDOT:PSS layers electrode-
posited under PD (red), PS (blue) and GS (violet) conditions.

3.5.6 Accelerated ageing test
3.5.6.1 Accelerated thermal ageing at a macroscale

It is commonly assumed that elevated temperature can be used as a way for accelerating
the ageing. The so-called "accelerated thermal ageing process" has been used to
investigate the effects of ageing on several polymers that are implanted into the body. The

rate of ageing is increased by a factor:

f =25 (3.8)

In Eq. 3.8 AT =T — Ty, where T}y is a reference temperature, at which the effects
of ageing are to be determined, and T is an elevated temperature used to accelerate these
effects. It should be noted that Eq. 3.8 is an approximation to a more rigorous kinetic
treatment. It has been stated that it is only valid for AT < 60°C with a maximum value
of T about 70°C[55]. For a material that is to be implanted into the human body, Tyr
will be the body temperature of 37°C. Here maintaining the material for 1 month at 70°C'
is then considered to be equivalent to an ageing of 275" = 233 = 9.8 months.

Fig.3.30 shows Bode graphs of the impedance before and after the ageing of the
PEDQOT:PSS layer electropolymerized by PD routes over a 100 um electrode. A slight
impedance increase after 1 week and 1 month can be observed. After 1 month of ageing at
70°C, the PEDOT-polymerized electrode impedance (dotted blue line in Fig.3.30) is quite
similar to the PEDOT-polymerized electrode before ageing (blue line), this demonstrates a
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Figure 3.30: Impedance curve before (black) and after (blue) PEDOT:PSS polymerization and
after ageing (dotted blue), over a frequency range of 10°-10*Hz, after 1 week and 1 month of ageing
process at 70°C (f = 9.,8).

good stability of the PEDOT:PSS layer.
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Figure 3.31: Impedance curve before (black) and after (pink) PEDOT:PSS deposition, suddenly
after the ageing process (dotted blue), and left 1 day at room temperature after the ageing process
(dotted green) over a frequency range of 102-10°Hz.

The same test have been performed on a 10 um electrode, polymerized by PD route.
The electrode was left immersed in a physiological solution of NaCl 0.9% at 37°C for 1
month. If the impedance is directly measured after heating (dotted blue in Fig.3.31),
the values show a slight decrease. This behaviour will be explained in the next section
through an investigation of conductivity at the microscale. After leaving the electrode
at room temperature for 1 day, the morphology and the impedance values have been
measured. From the SEM images in Fig.3.31 we observe that thermal ageing process does

not significantly impact the morphology of the PEDOT:PSS deposition. The measure of
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impedance shows a slight increase at high frequencies, which allows us to conclude that a

good stability of the nanostructuration has been obtained.

3.5.6.2 Accelerated thermal ageing at a microscale

After the thermal accelerated ageing process, the same samples were analysed by C-AFM
in order to compare the local conductivity with the impedance values found before the
ageing process. In Fig.5.2 the C-AFM images show the topography and the corresponding

current flow for different applied potentials over the same 10 pm x 10 pgm scanned area.

\ Applied Voltage
= 10 nA

1pm

Figure 3.32: a) Contact mode AFM topography of PEDOT:PSS layer formed under PD conditions
(scan of potential from -0.7 V to 1.15 V, scan rate: 0.05 V/s, 10 cycles) and current corresponding
images with C-AFM at b) 10 mV, ¢) 50 mV, d) 100 mV, e) 200 mV, f) 500 mV, after 1 month at
70°C, recorded over a scanned area of 10 ym x 10 pm.

As explained before for a deposition with a granular structure the electrical con-
ductivity is not determined only from the hole polarons transport into the
PEDOT segments, but also by their hopping between segments and grains.
The hopping transport occurrence is negligible as the distance between the grains is larger
than the Debye length. We can state that, as a consequence, different morphologies of
the layer and grain arrangements lead to different results on the local conductivity after
ageing.

In Table 3.6 we report conductivity values for a PD and a PS deposition before and

after 1 month of ageing process.

o (S/cm)

before

Applied Z (fs/ cm)
Potential (mV) clore

ageing N ageing
50 104.2 102.8
100 98.7 104.9
200 108.4 106.1

Table 3.6: Conductivity values (related to different potentials applied within the ohmic zone)
before and after the accelerated thermal ageing for two different coatings with different surface
morphologies.

To understand these results we should remember that thermal degradation can be

considered as a corrosion process which reduces the size of the grains and con-
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sequently increases the gap, or equivalently increases the potential barrier for polaron
transport, between them. Nevertheless, at the same time, charge transfer between the
conducting domains takes place by thermally activated hopping or tunnelling. This
thermally activated process has a more significant impact on a coating obtained by PD
route, thanks to the homogeneity of the layer and the limited grain dimensions, than on
a coating obtained by PS conditions, characterized by a large distance between grains.
Therefore for the PD case the conductivity after one month of ageing varies from an average
value of about 104 S/cm to an average value of about 132 S/cm. On the contrary, we
record a significant decrease of conductivity for the PS case, in which, starting from a
conductivity of about 104 S/cm we found an average value of about 32 S/cm after one
month at 70°C, probably due to an increased distance between the grains that makes the

hopping process less likely to occur.

3.6 Conclusion

The effect of three different electropolymeration routes (and of different preparation
parameters) on a PEDOT:PSS electrodeposition, starting from an aqueous monomer
solution, has been analysed. The nucleation mechanism of PEDOT electropolymerization
has been explained, underling the influence of the substrate on the starting growth process.
A strong correlation between the current-carrying ability and the topography of the
PEDOT:PSS layer has been found. Moreover a significant decrease of the electrode
impedance after PEDOT electropolymerization on gold electrode (up to 3 orders of
magnitude), using three different electropolymerization routes, has been reported.

At a microscopic scale, analysing the electropolymerized coating by C-AFM, we showed
that the intrinsic conductivity of PEDOT, obtained by measuring the current-voltage
relationships in the ohmic zone, is higher compared to that of spin coated films. Moreover,
contrary to the spin coated films, the electropolymerized PEDOT conductivity exhibits
a negative temperature dependence. Finally, we investigated the PEDOT:PSS layers
stabilities both at the macroscopic and microscopic level with an accelerated thermal
ageing process. While the impedance has been shown to remain approximately the same
after thermal ageing for the three polymerization routes, at the microscopic level we have
found an increase of conductivity for the potentiodynamically deposited sample subjected
to continuous heating at 70°C for 1 month (while a decrease of conductivity is showed in
the case of a potentiostatically deposited layer after ageing).

From all these results we can extract important information that should be considered
for designing nanostructured neural electrode for chronic implantation.

The intrinsic conductivity is strictly related to the thickness and the roughness of the
deposited layer, the impedance of the neural electrode and the stability over time and they
can be easily controlled by tuning the electropolymerization parameters. Using the PD
route we obtain a very homogeneous PEDOT:PSS layer, with a high intrinsic conductivity

and a high stability under thermal ageing process while the PS and GS routes are more
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impacted by the quality of the electrode pristine surface. Nevertheless they can lead to a

higher roughness of the deposition that is a critical aspect for reducing the impedance.
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Preliminary results on brain
signal recording

4.1 Introduction

The results presented in this chapter have been obtained from in vitro and in vivo experi-
ments on mice’s brain. The experiments have been carried out in close collaboration with
L. G. Nowak, at the Centre de Recherche Cerveau et Cognition (CerCo) and L. Dahan
at the Centre de Recherches sur la Cognition Animale (CRCA). The in vitro recording
section will show preliminary test carried out in order to validate the PEDOT:PSS coating,
presented in the previous chapter, and to investigate noise phenomena related to the
modified electrode-tissue interface. The in vivo recordings have been done by implanting,
into a mouse brain, the parylene based nanostructured devices produced along this thesis,

with a special focus on the improvement provided by the PEDOT:PSS coating.

The microelectrodes fabricated along the course of this thesis will be employed in
L. Dahan’s group, to investigate the synaptic transmission between two regions of the
hippocampus (namely CA3 and CA1) before and after a behavioral task during which mice
have to learn a new context. For this purpose, multiple independent small (less than 100

microns) recording sites with low impedance are required.

4.1.1 Consideration about noise during brain recording

It is important to point out that recorded neural signals are affected by several noise
sources, both of biological and non-biological origins[1].

The non-biological sources include:

- the electronic noise due to the amplifier (shot noise, 1/f noise).

- the thermal noise and a number of noise sources associated with the double layer interface
between the solution and the microelectrode surface.

This noise can result in current fluctuations which can produce, for an electrode with
non-zero impedance, voltage fluctuations. It is then necessary to estimate the amplitude of
such voltage fluctuations.

The biological sources include:

- the additional thermal noise component due to the presence of brain tissue.

- small neural signals, emitted by distant neurons/neuronal processes too far to be detected

as single units and therefore considered as noise for most neural signal analyses.

Shot noise: Shot noise results from quantization of the charge: the number of charge
carriers passing a given point is a random variable. If the charge carriers move independently

of each other, the statistics are relatively simple and result in current noise given by[2]:
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Y =2q1 (4.1)

where q = charge on charge carrier, I = mean current. Note that 1); does not vary

with measurement frequency; hence, shot noise is white.

Thermal noise: Thermal noise is considered the dominant noise source encountered
when performing cortical microelectrode recordings and it is largely due to the high
impedance of the microelectrodes. Thermal noise results from the thermally-activated
motion of charge carriers. The motion causes a random separation of charge across resistors

and thereby generates a voltage noise given by[2]:

Ve =4kTR (4.2)

where k = Boltzmann constant, T' = absolute temperature, and R = resistance. Note
that ¥ g is frequency-independent; hence, thermal noise is white. Because of the relationship
between noise power and power spectral density (PSD), this relationship may also be

written as:

i = V4kTRb (4.3)

or

Y = AT Zyeqib (4.4)

where b = bandwidth of measurement. It can be seen that thermal noise will be most
significant when large value resistances are involved and where the measurement bandwidth
is large.

Since the thermal noise is directly related to the electrode impedance, it is also related
to the surface area of the electrode contact (as explained in Chapter 3, small contact means
high impedance then high noise). In addition, the surface area of the contact impacts the

signal amplitude recorded from the neuron (large contact means low amplitude)[3].

Flicker noise: This form of noise results from a large variety of effects and is widely
observed in a range of physical systems. In biological systems, 1/f fluctuation observed
in many biological time series may result from the fact that biological process have many

inputs with differing time scales[4].
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Electrochemical systems: The PSD from electrochemical systems, comprising of elec-
tronic conductors (electrodes) and ionic conductors (electrolytes), originates from two main
sources: shot noise (if a charge transfer occurs at the interface, a current-dependent fluctu-
ation becomes apparent) and thermal noise (originating from all dissipative components).
Shot noise is inherently frequency dependent, and its exact spectrum is denoted by the
charge transfer and mass transfer processes of the electro-active species, in proximity of
the interface. If the mass transfer process is dominated by electric field effects, the noise
spectra possess a 1/f? dependency, while in diffusion-dominant regime (see Appendix B),
ionic relocation can potentially bring about excess noise obeying an inverse frequency
power law (i.e., 1/f noise)[5].

In general, from the user’s point of view, during an electrophysiological recording, the
thermal noise can be lowered by using low impedance electrodes. The electric hum (at 50
or 60 Hz) remains the main source of noise which makes necessary the use of an HumBug
filter. Sometimes, even with the use of this filter the electric hum cannot be removed, than

it is not possible to achieve any recording.

4.2 In vitro recording in brain slice

Through these preliminary measurements it was intended to evaluate the PEDOT:PSS
layer in terms of electrical performances. The quality of the recorded signal and the noise in
the measured signals have been evaluated during these tests. Mice brain slices dimensions
are very limiting in terms of thickness (400-500 pm thick) and it is preferable to record
neural signals with unitary wire electrodes or tetrodes. Moreover this kind of measurements
is not suitable for the evaluation of the probe biocompatibility and signal stability over
time, since the slice can stay alive only for a few hours. For these reasons, commercially
available wire unit electrodes have been used, after nanostructuration with PEDOT:PSS

through potentiodynamic electrochemical route (as described in Chapter 3).

4.2.1 Experimental set-up

In Fig.4.1 the experimental set-up for the recording in brain slices is reported. For
measuring, the slice is placed in a two compartment chamber. In the external compartment
deionized water is warmed with a thermostat system. The slice is placed in the inner
chamber onto a tissue spun support. An in vivo-like artificial cerebrospinal fluid (ACSF) is
injected in the chamber (after a preventive warming), and, thanks to the tissue support, it
can flow through both sides of the slice. It is very important to assure a good oxygenation
of the slice in order to keep it alive.

From the picture in Fig.4.1 three micromanipulators can be recognized. The microma-
nipulators can be both manual or electronic and the electrodes are fixed on them, allowing
a high precision positioning in the brain slice. In this particular case only one recording
electrode has been used. Spontaneous activity, which consists in isolating action potentials

from independent neural sources, has been recorded.

Implantable Microelectrodes on Soft Substrate with Nanostructured... 131



4.2 In vitro recording in brain slice

Micromanipulators
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Figure 4.1: Picture of the experimental set-up for recording signals in brain slices, depicting the
slice chamber and all the components for the signal digitalization.

The picture on the right in Fig.4.1 displays the set-up for recording and transcription
of electrophysiological signals into digital information: an amplificator with different gain
possibilities (normally set to 1000-10000), a filter for different frequencies, an HumBug
filter specific for the 50 Hz electric hum, an amplificator audio that allows to "hear" the

activity and possibly adjust the positioning of the electrode, and an oscilloscope.

The protocol for in vitro brain slice preparation was adapted from Nowak and Bullier[6]

and is briefly summarized in Annex D.
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Figure 4.2: PEDOT:PSS deposited on an FHC Ptlr unitary electrode through potentiodynamic
electrochemical route (cyclic voltammetry from -0.7 V to 1.1 V, scan rate 50 mV /s, 2 cycles).
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4.2.2 Pristine and PEDOT-modified commercial unitary electrodes: noise

comparison

Commercially available microelectrodes (alphaOmega, FHC from the same batch, with
identical characteristics) were modified through electrochemical polymerization of PE-
DOT:PSS (Fig.4.2). Different electrode materials were tested: the best results in terms of
homogeneity of the deposition and impedance lowering were achieved with Ptlr electrodes,
while it was impossible to obtain a good polymer layer on Tungsten (W) electrodes.

As we mentioned in previous paragraphs, during an electrophysiological measurement,
several noise sources, both biological and non-biological, can affect the recording. Thermal
noise is thought to be the dominant noise source encountered, which is directly related
to the electrode impedance and as a consequence, to the surface area of the electrode
contact. This contribution to the noise can therefore be easily reduced by increasing the

surface/area ratio, thanks to the PEDOT:PSS nanostructuration.
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Figure 4.3: a) Comparison of electric hum recorded in a mouse brain slice maintained in vitro,
using identical commercial microelectrodes: pristine (red) and nanostructured (violet). The signal
was obtained by bypassing the HumBug, the device normally used to remove it. The 50 Hz hum is
nearly negligible after nanostructuration. b) The power spectra computed from a few seconds of
the same recordings shows a prominent peak at 50 Hz when the recording was obtained with the
non-nanostructured electrode. Noise power spectrum between 10 Hz and 5000 Hz ¢) with and d)
without the HumBug, and related ratio of the power without/with PEDOT coating,.
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Another effect can be observed, resulting from the PEDOT modification: the removal
of the electric hum at 50 Hz (Fig.4.3.a-b)

The noise in measured signals obtained through commercially available microelectrodes
(alphaOmega, FHC from the same batch, with identical characteristics) was evaluated.
Some of the electrodes were used as received and the others were coated with PEDOT:PSS.
Fig.4.3.a shows unfiltered records obtained the same day and in the same experimental
conditions (the same brain slice). Electric hum was considerable when recordings were
performed through non-nanostructured electrodes, as shown on the red trace in Fig.4.3.a.
In comparison, the hum was largely reduced with the nanostructured microelectrodes
(violet curve in Fig.4.3.a). This is further quantitatively evidenced when examining the
power spectra (Fig.4.3.b) computed from a few seconds of the same recordings. The
prominent peak at 50 Hz observed for the non-modified microelectrode is hardly visible for
the PEDOT-modified one.

The same recording in presence and absence of the HumBug line noise eliminator is
shown in Fig.4.3.c and 4.3.d. This comparison allows us to evaluate the noise component
related to the double layer interface in the presence of PEDOT|7]. As we can see, also
from the ratio of the power with and without PEDOT coating (lower part of the figure),
the noise is reduced by PEDOT coating in both cases, especially at low frequencies, and,
without the HumBug filter, the 50 Hz hum is reduced by a factor 10 through the PEDOT

coating.

c —Spike 1
—Spike 2

Figure 4.4: Action potentials recorded in area CA3 of the mouse hippocampus maintained in
vitro. a) Raw trace corresponding to a portion (350 ms) of the recording. Spontaneous activity
consisted in bursts of 2-5 spikes, as is typical of CA3 neurons. Action potentials displayed different
groups of amplitude, suggesting that several neurons were recorded from the same electrode. b)
Clustering based on spike amplitude and spike duration reveals 3 distinct group of spikes labelled
1-3. Each group correspond to the action potentials of a single neuron (refractory period >3 ms,
not illustrated). The fourth cluster on the bottom left corresponds to unresolved multiunit activity.
¢) Average of the spikes from the three single units. Thick line: mean; thin line: mean + 1 SD.
The isolation of 3 single units is further supported by the lack of overlap of the mean + SD on the
downstroke of the spikes.
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4.2.3 PEDOT-modified commercial electrodes: signal recording

An additional validation of the PEDOT coating consisted in determining whether PEDOT
coated microelectrodes allowed the recording of spontaneous neuronal activity in vitro, with
a signal quality comparable to, or better than that achieved with non-coated electrodes.
Figure 4.4 shows action potentials recorded in area CA3 of the mouse hippocampus. The
excellent signal-to-noise ratio of the PEDOT-modified microelectrode allowed
us to obtain well segregated signals from three neighbouring neurons. This establishes that
neuronal activity can be recorded with PEDOT coated microelectrodes with a quality at

least comparable to that of non-coated microelectrodes.

4.3 In wvivo recording in mice brain

4.3.1 Implantation in the hippocampus

For the in vivo implantation in mice’s brain, electrodes were implanted in the hippocampus,
which is located in the medial part of the temporal lobe of the cortex (Fig.4.5) and plays a

crucial role in memory process.

Human brain Rodent brain

hippocampus

Figure 4.5: Structure of human and rodent brain. The pink zone represents the hippocampus,
which is also shown in cross section (adapted from [8]).

The three main histological divisions of the hippocampus are the dentate gyrus, CAl
and CA3. A cross section of the hippocampus with its main parts is shown in Fig.4.6. The
areas CAl and CA3 are composed by pyramidal neurons which cell bodies form a compact
layer, well defined and clearly visible with a microscope. Their dendrites are perpendicular
to this layer. This 3D architecture makes it easier to record electrophysiologically the
global activity of this population of neurons. Schaffer collaterals are axon collaterals
given off by CA3 pyramidal cells and projecting to area CA1, where they make synapses on
the dendrites of CA1 pyramidal neurons. In this way, the signals of information from the
CA3 region leave via the Schaffer collateral pathways for the CA1 pyramidal neurons and
stimulating artificially these axons allow to trigger simultaneously a large set of synapses.
Schaffer collaterals are subject to experience dependant plasticity and play a critical role

in the aspects of learning and memory[9, 10].
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For all these reasons, Schaffer collaterals are one of the most studied synapses in the
world. Many scientists use the Schaffer collateral synapse as a sample synapse in order to
try to identify the rules synaptic functioning and synaptic plasticity.

These studies could find applications in developing medication and treatment to cure

the chronic diseases, such as dementia and Alzheimer’s disease[11].
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Figure 4.6: Cross section of the hippocampus (with its main regions of interest) and the placement
of the stimulation and recording electrodes with the configuration used in the reported experiments
(adapted from [12]).

The aim of L. Dahan’s group studies is to identify the synaptic changes induced by
learning at hippocampal synapses. Using the electrodes manufactured in their laboratory,
they can only record from one site into the mouse hippocampus, while only some synapses
are supposed to be modified. Ideally, a simultaneous recording from several spatially
defined sites (less than 100 um) would be needed into the area CA1 of the hippocampus
which, in mice, represents a tiny volume (less than 1 mm3). Since recording field potentials
in CA1 requires small impedance (less than 300 k€2), this is not compatible with most of

small electrodes commercially available.

4.3.2 Experimental set-up

After the skin incision, a craniotomy was performed to allow unilateral access to the

hippocampus, and the positioning of three electrodes (Fig.4.8 and 4.7). The insertion
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into the cortex has been made possible thanks to the stiff silk layer (about 250 pm-thick)
deposited on the electrode backside (as showed in Chapter 2).

Recording
parylene-based
electrode
PEDOT:PSS
modified
Silkerigidified

v >4
¥ Reference electrode
-

Figure 4.7: Picture of the positioning of the mouse head into the stereotaxic headholder, skin
incision and electrodes positioning.

The stimulation electrode was constituted by two NiCr 50 um-diameter wires, pas-
sivated by a Teflon® layer and disrobed for 250 pm-high. The reference electrode
configured as a screw inserted into the skull. The parylene-based microfabricated
recording electrode featured by pairs of pristine Au and PEDOT-modified microelec-
trodes, placed at three different depths (Fig.4.8).

c)

e

Reference—>

Silk stiffener

Figure 4.8: Images of the electrodes employed during the in vivo measurements: a) recording
parylene-based electrode, constituted by 6 40 um-diameter active areas, half PEDOT:PSS modified
(dark circles) and half pristine (for details see Chapter 2),silk covered on one side. b) stimulation
electrode constituted by two NiCr 50 pm-diameter wires, passivated by a Teflon® layer and disrobed
for 250 pm-high. c) recording electrode (similar to the stimulating one) used for comparison
purposes and reference electrode (the stainless steel screw is anchored on the skull and linked to
the connector by a silver wire).

In this way it is possible to record from the electrode placed at the same depth and
obtain a direct comparison between the modified and non-modified microelectrode, being
sure that the recordings come from the same population of neurons. The set-up for the
electrodes placement (micromanipulators) and for the transcription into digital information

are similar to one shown in Fig.4.1.
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0.1 mA
0.05 mA
0.025 mA

Figure 4.9: Scheme of the placement of Al) parylene-based hexatrode with 3 pristine micro-
electrodes and 3 PEDOT-modified microelectrodes and A2) twisted NiCr electrode, across the
pyramidal layer of area CAl. Signal recording and magnification of LFPs at different stimulation
intensities using B) the NiCr twisted electrode, C) pristine Au parylene-based microelectrode, D)
PEDOT:PSS modified parylene-based microelectrode. Cx: Cortex, cc: corpus collosum, Hipp.:
hippocampus.
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4.3.3 Signal recording

The implantation of parylene based electrodes in the brain of anaesthetized mice confirmed
the improvement of the recording quality produced by PEDOT:PSS nanostructuration on
the microfabricated electrodes.

Figure 4.9.B presents the signal recorded by a homemade high surface electrode (NiCr
twisted wires). The recordings (evoked responses) are proper, and the signal shows few
high frequency noise, which is characteristic from a high surface electrode.

Note that after a stimulation artefact, the signal shows an upward deflection, called
evoked post-synaptic field potential, reflecting the glutamatergic transmission between
CA3 and CA1l. This is followed by a second component, which most likely involves
GABAergic transmission or network effect. Nonetheless this second component is very
hard to interpret.

The signal obtained with the pristine gold parylene-based microelectrode (Fig.4.9.C) is
mainly affected by the 50 Hz electromagnetic noise, with an amplitude comparable to that
usually obtained before inserting the electrode in the brain or when the electrode is faulty.
This is most likely a consequence of the small diameter of the electrode active area (50
pm), which resulted in a high impedance.

In Fig.4.9.D is shown that, lowering the impedance of the very same electrodes with
PEDOT nanostructuration, enabled the recording of very good electrophysiological signals
with very high S.N.R. The raw trace of the signal exhibits some high frequency noise
but, nevertheless, since signal on noise ratio is very high, action potentials can be clearly
distinguished. The initial peak of evoked responses presents high amplitude, with

field potentials even higher than the ones recorded by the NiCr electrode.

4.4 Conclusion

In this chapter, preliminary results on in vitro and in vivo validation of the PEDOT:PSS
coating have been shown. Particularly interesting is the capability (confirmed both in
vitro and in vivo) of the PEDOT:PSS layer to eliminate the 50 Hz electric hum, thanks
to a significant decrease of the impedance, making it possible to measure signals with an
excellent S.N.R. even on micrometer-sized electrodes. We are aware of the fact that a lot
still remains to be optimized, not only in terms of experiment to be carried out for in vitro
and in vivo recordings, but also in terms of long term reliability of the recordings, provided
by the high biocompatilibity and flexibility features of the probes. The stability of the
PEDQOT:PSS coating also need to be evaluated in the near future.

The collaboration with L. Dahan’s group allowed first to evaluate the performances
of the produced devices which showed a significant improvement of neurophysiological
recordings quality compared to the homemade electrodes currently used in their laboratory.
The employment of our PEDOT:PSS modified electrodes will represent the possibility to

progress in the fundamental studies on the learning mechanisms.
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perspectives

5.1 Main outcomes emerged from this work

The PhD project here presented is born with the aim to propose a strategy for the long
term reliability of implanted devices for deep brain recording and stimulation. This is a
key point to make this technology available for clinical purposes. Until now, most of the
implanted devices undergo a quick deterioration and they need, after a certain time, to
be completely removed or replaced (in part or in whole). This prevents a widespread use
of this technology since they bring into play the patient’s safety. In order to address this
issue, the main causes of this lack of reliability have been taken into account:

1) the acute body reaction triggered by the electrode penetration injury, which leads to
the encapsulation the device in an insulating glial scar, consequently affecting the recording
quality;

2) the poor electrical performances of micrometric-sized electrodes, which suffer of
very high impedance. Strategies to address these issues have been proposed in the literature:
the use of a flexible, highly conformable devices to reduce the tissue inflammation by
reducing the mechanical mismatch between the probe and the target tissue; the modification
of the active microelectrode surface with polymeric nanostructures with high intrinsic

conductivity and roughness, to increase the surface/area ratio and decrease the impedance.

Since the two causes of failure are strictly related, strongly influencing each
other, here a coupling of these two features (a flexible device with nanostruc-
tured microelectrodes) has been proposed. Importantly, the high biocompatibil-

ity of the chosen materials and procedures has been the guideline of the work.

Flexible parylene-based implantable devices have been fabricated, implementing a
straightforward process which exploits the poor adhesion properties of parylene on silicon.
Indeed, all the classical clean room technological steps could be performed, with a good
stability of the parylene substrate. At the end, the device was simply released by peeling
off from the silicon wafer. Among the technological steps, the physical etching of thin and
thick layer of parylene has been particularly optimized, solving a problem commonly found
in the literature: the etching residues.

The fabrication procedure here implemented can be exploitable, in future
works, for the production of more dense implantable microelectrode arrays,
ECoG devices or retinal implants, in order to meet the needs expressed in
neuroscience for implants with high density of active sites, recording from a

large populations of cells with high time stability.
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Parylene-C, classified as a United States Pharmacopeia (USP) Class VI material, repre-
sents nowadays one of the most promising candidate for implantable devices with long-life
expectancy. Nevertheless, a tricky drawback is related to its flexible feature: the lack of
stiffness to perform the implantation. During this work, the problem has started to be
addressed, founding an optimized solution along the progression of another PhD project
devoted to this topic. A highly biocompatible and biodegradable polymer, the silk fibroin,
has been deposited on the back side of the devices, allowing in vivo implantation in mice

brain as described in Chapter 4.

As mentioned before, special attention has been paid to the choice of the materials
and in vitro cytotoxicity /biocompatibility test have been performed. Since the produced
devices undergo both chemical and physical treatments, the good viability of cultured
neuroblastoma cells has been stated. A more-in-depth biocompatibility investigation have
been performed on the used materials through organotypic culture methods. SEM observa-
tions, both on fixed cell and organs, confirmed the very good biocompatbility of the used

substrate that will interface with the living brain tissue.

Once the fabrication step accomplished, the electrical performances of the microelec-
trodes have been considered. The electrochemical polymerization of 3,4-ethylenedioxythiophene
(EDOT) in a polyanion, sodium poly(styrene-4-sulfonate)(INaPSS), has been performed
through three different oxidative electropolymerizations on the electrodes active area. This
part of the work focused on the study of the polymerization mechanism of PEDOT:PSS
and of the conductivity of the polymer layers both from the macro and the microscopic
point of view. The main outcomes related to this part of the work are:

- the elucidation of the electropolymerization mechanism, through SEM and AFM
images.

- the achievement of an impedance lowering over all the explored frequencies after
the polymer deposition, strongly dependent by the electropolymerization parameters and
then optimized to achieve, for certain frequencies of interest in neurophysiology, up to 3
order of magnitude of lowering.

- a good stability statement of the produced layers after accelerated ageing process.

- a strong correlation between the current-carrying ability and the topography
of the PEDOT:PSS, clearly showed for the first time through C-AFM measurement.

- a measured intrinsic conductivity of PEDOT:PSS layers up to 200 S/cm which
confirms the power of the electrochemical deposition in terms of conductivity increase.

- a negative temperature dependence of the conductivity but an increase of the
conductivity for a layer subjected to continuous heating in the case of highly homogeneous
polymer grains on the surface; this is likely to be explained considering the thermally

activated hopping transport in the conductivity mechanism.

The obtained devices, optimized in terms of mechanical and electrical properties,
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have been implanted in mice’s brain, allowing the recording and the comparison between
nanostructured and pristine electrodes on the same implanted device. The capability of
PEDOT:PSS layer to eliminate the electric hum at 50 Hz has been demonstrated
both ¢n wvitro and in vivo recordings. Moreover the noise component related to double
layer interface electrode-tissue, in the presence and in the absence of PEDOT:PSS have
been considered by recording with and without the HumBug filter. Here, this aspect,
has been investigate, and a significant lowering of the overall noise in the case of
PEDOT:PSS coating has been observed. From the in vivo measurements, very
clean signals with high signal-to-noise ration have been recorded, proving the
capability of our device to detect no only post synaptic induced field potentials but also

single spikes.

5.2 Short-term perspectives

Few mice are currently implanted, allowing us to produce in the next months, proper
statistics on the recorded signals. Moreover, recordings over several months will permit
to study the electrode stability over time, and will give us also an idea of the progress
of the glial reaction. It will also be possible through postmortem histological exams,
to verify the state of the tissues around the implant. These experiments, which are
really time-consuming, are currently on progress and they could be the object of a future

publication.

5.3 Future research guidelines for this project

The two research guidelines that have been contemplated for future works, lie in: 1) the
nanostructuration aspects; 2) the coupling with optogenetics.

1) It has been stated that the conductiv-
ity of PEDOT can be increased by the use of
solvent or dopant molecules that can function
as plasticizer, decreasing inter-chain interaction
and helping reorientate the polymer chains in
a more favourable conformation[l]. Another
interesting aspect, that has emerged in recent
works, is the integration of nanomaterials onto
the electrode surface, both for in wvitro MEA
Figure 5.1: SEM image of CNTs- and in vivo recording[2, 3, 4, 5]. In particular

PEDOT:PSS embedded electrochemical de- carbon nanotubes (CNTs) have aroused inter-
posited on a gold electrode.

est because of their well-known mechanical and
electrical properties. Moreover, many recent in
vitro studies have displayed a relation between the CNTs and the neural cell behaviour,

such as a stimulation and orientation of the neurite outgrowth[6, 7, 8, 9]. Nevertheless, the
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debate over the toxicity of these materials, when implanted in the human body, is still open,
especially in cases where delamination of the nano-objects can occur. A strategy to follow
could be, therefore, the encapsulation of the nanostructure into a very stable polymer
matrix, that could be obtained by electropolymerization of PEDOT in a CNTs containing
solution|[10, 11, 12, 13, 14]. These kinds of nanostructuration could provide electrical and
mechanical enhancement and could increase the stability of the layer overtime.

Moreover, as mentioned in Chapter 1, a new generation of implantable devices, incor-
porating bioactive components, such as anti-inflammatory drugs or nerve growth factor
(NGF), has been reported. Since the produced electrodes need a biodegradable layer
of polymer (silk) to enhance the mechanical properties for the cortical insertion, a new

strategy for the integration of bioactive components into this layer is currently on progress.

2) Optogenetics means the use of light and genetically encoded light-sensitive proteins
(called opsins) to modulate the activity of specific cells. This technique, which combines
optics and genetics, is an emerging field in neuroscience and it is employed to control and
monitor the activities of individual neurons in living tissue, for example rapidly activating
or inhibiting a specific population of neurons in the brain[15, 16, 17, 18]. To perform
optogenetics, a photosensitive molecule targeted to specific cells (viral vectors are commonly
used to deliver opsin genes to neurons) is required. Transgenic mice will then allow the
viral-mediated expression of these opsins in a specific neuronal population. At this point
it is necessary to deliver light into the brain, and then perform electrophysiological or

behavioral readouts for optogenetic manipulation of a system.

Parylene passivatio ITO
v = substrate

Figure 5.2: Schematic representation of the OLED integrated electrode and first test of blue (470
nm) OLED encapsulation into parylene-C.

Optogenetics is potentially an ideal technology to be combined with microelectrode
arrays to create a bidirectional neuroprosthetic. The possibility to use a flat and homoge-
neous light source, as an organic light-emitting diode (OLED) has a clear advantage for
implantable integrated device. Blue (470 nm) OLEDs based on small organic molecules
in bottom configuration can be used as a bright and power efficient solid-state light to
excite the neurons. This paved the way to the integration of OLED organic multilayer

heterojunction on a flexible substrate, which constitutes the neural probe. By encapsulating
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the device with parylene, the biocompatibility of the entire device is ensured. Coupling
optogenetic stimulation to recording electrodes with improved long term reliability holds
great promise to become an invaluable clinical and diagnostic tool in the near future, that,
in particular, could find application for the comprehension of mechanisms behind common

disease such as Alzheimer’s disease.
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A. Microfabrication Techniques

In this appendix, some common techniques used in typical microfabrication processes are
explained. However, only the techniques employed to accomplish the fabrication part in

this project are presented.

Spin coating

Spin coating is a widespread practice in modern science and engineering, where it is used
to deposit uniform coatings of organic materials and/or to uniformly distribute particulate
matter on a flat surface. In particular, spin coating is used in the microelectronics
industry, to coat silicon wafers with a photoresist at the start of the lithographic patterning
process. In order to achieve high-fidelity lithography, a smooth, uniform photoresist
film of predictable and reproducible thickness is required. A great deal of effort has been
invested in cataloguing the dependence of film thickness and uniformity on the experimental
parameters.In this process, a compound is dissolved in a volatile liquid solvent, poured on
a wafer and the rotated at high speed. The liquid spreads, the volatile solvent evaporates
on a hotplate and it leaves a uniform solid thin layer of the material on the sample (or
wafer). Fig.3.a illustrates the scheme of a spin-coating process and Fig.3.b-c illustrate the

machines available in our laboratory and used in our process.

Figure 3: a) spin coating scheme, b) and ¢) spin coaters available in our laboratory.

Photolithography

Photolithography, literally meaning light-stone-writing in Greek, is the process by which
patterns are transferred onto a substrate using light and UV lithography (perhaps the
most commonly used photolithography technique in operation today). It is the means by
which the small-scale features of integrated circuits are created.

A typical photolithographic process consists of producing a photomask having the
desired pattern and subsequently transferring in parallel manner those patterns onto a
wafer substrate using an UV-light sensitive resists (photoresist). Usually the mask is
constituted by a glass substrate with clear and opaque regions. Materials used to fabricate
it are either soda-lime glass (transmittance from 360 nm to 2750 nm) or quartz (fused
silica: transmittance from 200 nm); the choice depends on the photosensitive material used

and the wavelength sensitivity.
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Photoresists have two basic forms: Negative and Positive. Negative photoresist reticu-
lates during radiation exposure so that the unexposed resist is removed in the development
process leaving an inverse image of the mask in the resist. Positive resist is broken down
during radiation, so exposed areas can be easily removed in the development process
step. Then positive image of the mask is obtained in the photoresist. Fig.4 illustrates the
photolithographic process and the two resist types.

The overall process of UV lithography can be summarized in eight steps:

1. Surface Preparation: before the resist is applied to the substrate, the surface is

cleaned to remove any traces of contamination from the surface of the wafer such as
dust, organic, ionic and metallic compounds and a layer of Silicon dioxide is formed
by a wet or dry oxidation process. Sometimes adhesion promoters are used to assist

resist coating.

2. Resist Coating: after the surface is cleaned and primed, the photoresist is applied by
spin coating (see subsection 5.3). The photoresist bonds uniformly to the surface,
with the excess flying off during spinning. A coating solvent is then used to dissolve

the buildup along the edge of the surface.

3. Pre-Bake: it is a simple process of heating the surface in a convection oven or through
a heated plate placed below the surface. The purpose of the pre-bake is to evaporate

the excess coating solvent and to compact and harden the photoresist.

4. Mask Alignment: the mask creates a sort of shadow between the light and the surface:

less light passes through sections blocked by the mask. Mask must be aligned correctly
in reference to the surface. This procedure is accomplished by hand using certain
marks on the mask and the surface, or by using an automatic pattern recognition
device. There are several different ways the mask can be placed in reference to the
surface, including:

- Contact: The mask is in contact with the surface during exposure.

- Prozimity: The mask is close but not touching the surface during exposure.

- Projection: The mask is not close to the surface, and the light passing between

them is subject to imaging optics.

5. Exposure: during the exposure the photoresist, surface, and mask are subjected to
UV light via a UV lamp for a certain time optimized for each photoresist type and

thickness.

6. Development: during the exposure process, the resist undergoes a chemical reaction
and depending on its chemical composition (negative or positive), it can react in two

ways when the light strikes the surface, as we described before.

7. Post-Bake: although not necessary for all processing, the post-bake is used to stabilize

and harden the photoresist. It also removes any trace of development chemicals.
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8. Photoresist removal/processing.

uniform UV exposure illumination

chrome on glass photomask

photoresist

substrate wafer

NEGATIVE PHOTORESIST POSITIVE PHOTORESIST

Figure 4: Scheme of the main processes in the photolithography.

The theoretical resolution capability (minimum size of the individual photopatterned
elements of shadow photolithography) consists of equal lines and spaces of width b, is given
by:

3 d
bmin = 5 )\(8 -+ 5) (1)

Where, by, is the minimum feature size transferable, s is the gap between the mask and the
photoresist surface, A is the wavelength of the exposing radiation and d is the photoresist
thickness. From this equation we notice that to improve resolution, it is necessary to get

shorter wavelength, smaller gaps and thinner resist layers.

Lift-off process

Lift-off is a technique to pattern a metal layer starting from a negative image of the pattern
on a photoresist layer before the metal deposition step. After depositing the metal (e.g. by
evaporation), the resist is removed taking the unwanted metal with it. Fig. 5 schematizes
the basic steps of the lift-off process.

b c
—’-
Figure 5: Scheme of the lift off process: a) resist deposition, b) resist patterning, ¢) metal
evaporation, d) resist dissolution.

The resist wall profile (shown in Fig.6) are a critical parameter in this technique, and
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they can be controlled during the photolithography by adjusting resist tone, exposure dose,
developer strength, and development time.

The undercut profile is the most used in the lift-off, and
E undercut o Uit Profie 16 1S Nlormally obtained with a negative resist. The overcut

E N profile is the profile that is normally obtained from a positive-
tone photoresist. The vertical profile achieves the best pattern

E Vertical Profle fidelity, but is relatively difficult to obtain.

The major problems in lift-off process are retention of
Figure 6: The three different

photoresist profiles. unwanted parts of the metal layer on the wafer, metal "ears"

along the sidewall (especially in case of overcut or vertical

profile) and redeposition of metal particle onto the wafer surface.

Metal deposition: evaporation

The process of thin film coating by means of Physical Vapour Deposition (PVD) is to apply
electric current and voltage or bombardment of inert gas to ionize the desired material.
Once the material is ionized into vapour form it is the deposited on the desired substrate.
Thermal evaporation is one of the most commonly used metal deposition techniques. It
consists of vaporising a solid material (pure metal, eutectic or compound) by heating it
to sufficiently high temperatures and recondensing it onto a cooler substrate to form a
thin film. In resistive thermal evaporation the heating is carried out by passing a large
current through a filament container (usually in the shape of a basket, boat or crucible)
which has a finite electrical resistance. A bombardment with a high energy electron beam,
usually several KeV, from an electron beam gun can also be used to achieve the heating.
The choice of this filament material is dictated by the evaporation temperature and its
inertness to alloying/chemical reaction with the evaporant. This technique is also known
as "indirect" thermal evaporation since a supporting material is used to hold the evaporant.

Normal vacuum levels are in the medium to high vacuum range of 10~° to 10~ Torr.

,_— Substrate Substrate
m& - Deposition of thin film

Vaporized material

)

o
o

Electron beam

006 o

+—F— Vaporized material

6 © ©

Electron

% o |- Target material Target material & s
H/._ |___Evaporator
AT Magnet
T3 Heater
1 4T L A
To Vacuum Pump To Vacuum Pump

Figure 7: Scheme of the PVD machine in the case of a) resistance heating evaporation and b)
electron beam evaporation.

The film thickness is then determined by using a crystal quartz microbalance. For our
processes the electron beam physical vapour deposition was performed at room temperature

(20£1° C) at the working pressure of 2x10~7 mbar, with a deposition rate of 1 nm/s both
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for Au and Ti and 0.2 nm/s for Ni. Fig.7 depicts the schematic image of a PVD machine.

Plasma etching

Plasma etching is a technique introduced in the seventies, mainly for stripping resists. In
the eighties, plasma etching became a mature technique to etch layers and was introduced
in the production of integrated circuits. A plasma contains positive ions, electrons, neutral
gas atoms or molecules, UV light and also excited gas atoms and molecules, which can
carry a large amount of internal energy. In the plasmas, free electrons collide with neutral
atoms/molecules and, through a dissociative process, they can remove one electron from
the atom/molecule, which gives a net result of two electrons and one ion. Depending on
the energy of the incoming electron, this collision can result also in other species, such as
negative ions, because of electron association, excited molecules, neutral atoms and ions.
The light emitted by the plasma is due to the return of excited electrons to their ground
state. If the ions from a plasma are accelerated towards a substrate via an electrical field,
then these ions can react with substrate atoms and cause etching or deposition of layers.
This process is called plasma etching or dry etching (in comparison with wet etching, using
chemicals in an etching bath). Capacitively coupled RF plasmas are still the most common
plasmas used in dry etching. By choosing the gas mixture, power, pressure etc. we can
quite precisely tune, or specify, the effects of the plasma upon the surface and the etching
rate. In reactive ion etching (RIE), the technique used in this work, ions have a higher
probability to have a movement in the direction given by the electric field. This makes a
tendency to anisotropic etching.

In general, plasma etching is a chemical etching, not a physical etching. This means that a
chemical reaction takes place between the solid atom (from the film to be etched) and gas
atoms to form a molecule, which is removed from the substrate. Because of the existing
DC bias, there is always some sputtering. For the large majority of etching processes,
this physical etching component is so small that can be neglected. The main steps in
the etching process are: 1. formation of the reactive particle, 2. arrival of the reactive
particle at the surface to be etched, 3. adsorption of the reactive particle at the surface,
4. chemisorption of the reactive particle at the surface, i.e. a chemical bond is formed, 5.
formation of the product molecule, 6. desorption of the product molecule and 7. removal
of the product molecule from the reactor.

Many parameters, first of all, the DC voltage, can influence the etching process and
the etching rate. In general, the dimensions of the reactor are fixed. In this case, the DC
voltage can be influenced by the process parameters. The DC voltage is created to repel
electrons, therefore, the higher the electron density and the higher the electron energy,
the higher the modulus of the DC voltage will be: a more negative voltage is necessary
to repel a larger number of electrons, with higher energies. Using this reasoning, we are
able to predict the tendencies of the DC bias voltage. The electronegativity of used gas(es)
is another determining factor. When all other process parameters remain constant, the

electronegativity of the gas will determine the DC voltage. Gases with low electronegativity,
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Figure 8: The machine Aviza Technology Omega 201 used in our process (on the left) and a
scheme of the machine functioning (on the right).

L

such as Og (used for our process), Ny etc. have very negative DC bias voltages. The
pressure of the plasma and the temperature also influence the DC bias voltage. The
influence of power is straightforward: an increase of power increases both the density and
the energy of the free electrons. Therefore, the DC voltage becomes more negative with
increasing power.

A schematic draw of the RIE machine and the equipment used for this work are shown in
Fig.8.
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B. Electrochemical Processes

Electrochemistry is the discipline that deals with chemical reactions which take place at
the interface between a solid metal or a semiconductor electrode and an ionic conductor
usually called the electrolyte.
These sections, far from being exhaustive about electrochemistry, set the objective to clarify
the results of Chapter 3 by giving some relevant fundamental notions.

When an electronic conductor is immersed in an elec-
trolyte a separation of charges at the interface takes place:

this phenomenon is called formation of an electrochem-

ical double layer and it could be modelized as a plane
W = working electrode
R = reference electrode
C = counter electrode
N,= nitrogen flow

capacitor. Between the two phases a different of potential

has therefore been created. It is not possible to measure

the absolute value of this potential but we can know the
relative potential (E) of the electrode by comparing Figure 9: Scheme of a classical
it to that of another electrochemical interface that has three-clectrode cell.

been chosen as reference. For these reasons, a classical

electrochemical experiments normally occur in a three-electrodes cell controlled by a poten-
tiostat (Fig.9): a difference of potential is applied between the working electrode (WE)
and the so called counter electrode (CE) and, thanks to a reference electrode (RE),
we are able to measure the current passing between the two.

An electrochemical reaction is a heterogeneous chemical process involving the transfer of
electrons between a metal or a semiconductor, the electrode, and an ionic conductor, the
electrolyte. The electrode reaction may be an anodic (or cathodic) process when a species

is oxidized (or reduced) by the loss (or gain) of electrons to (or from) the electrode.

Kinetic regimes

At the electrode surface, oxidation/reduction reactions can occur. Let us consider, for
example, a general reaction as Or + ne~ — Red.

The reaction can be decomposed in different consecutive steps: mass transport from
the solution to the electrode, electron transfer at the electrode surface and mass transport
of products toward the solution (Fig.10).

Because electrochemical reactions are localized at the contact between the electrolyte
and the electrode, an electrochemical reaction can evolve only if the electroactive species
involved are present on the surface. This means that the dissolved species arrive at the
electrode surface by some transport process through the electrolyte in which they are

initially homogeneously distributed. Various transport modes can occur:

o For ionic species, an electric field in the solution produces transport by ionic elec-

tromigration.

e The consumption or the production of a species at the electrode surface leads to
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Figure 10: Schematic image of the mass transport and charge transfer at the electrode/solution
interface.

a decrease or an increase of the concentration of this species in the vicinity of the

electrode. This concentration gradient produces transport by diffusion.

 In liquid electrolytes, a movement of the ensemble of the electrolyte produces transport

by convection (i.e., stirring or flowing of the electrolyte or electrode movement).

In the permanent regime, equilibrium is established between the fluxes imposed
by the various transport processes on the one hand, and the flux of the electric charges
transferred across the interface to produce the electrode reaction on the other hand. This
equilibrium is traduced by a relationship between the mass flux and the current density
corresponding to the electrochemical reaction. This relationship implies that the global rate
of the electrochemical process depends not only on the kinetics of the reaction occurring at
the electrode but also on the mass transport kinetics. Therefore, the rate-determining step
of the global process can be controlled by either the reaction kinetics or the mass transport,
or both. If the governing step is the charge transfer at the metal-solution interface the
process is called Faradic, since the oxidation/reduction reaction induced by the electron

transfer follows the Faraday law:

Q=1It=nFN (2)

where Q is the charge quantity in Coulomb, and N the number of moles of formed
product or consumed reactive.

If the governing step is the mass transport to the electrode surface the process is called
non-Faradic. Other non-faradic phenomena can occur during an electrochemical reaction,
such as reorientation of solvent dipoles and adsorption or desorption (corrosion) of species
at the interface that modify the interface structure.

When the heterogeneous charge transfer reaction is very fast, the mass transport rate should

be fast enough to balance the consumption velocity of the species at the electrode and
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allow the reaction progress. In this case the supporting electrolyte, a species in which the
ions are not involved in the charge transfer reaction, allow to increase the conductivity of
the solution, minimizing the migration. Moreover, the convection phenomena are negligible
close to the electrode surface, and this zone, only subjected to the diffusion mass transport,

is called the diffusion layer. The mass transport is described by the Fick’s laws of diffusion:

Ji(z,t) = _Dﬁcgjj’” 3)

where the diffusion flux per unit area per unit time (the amount of substance that will
flow through a small area during a small time interval) is proportional to the concentration
gradient of the species 7 at the interface and to the diffusion coefficient D;, considering a
distance x from the electrode.
In a permanent regime the thickness of the diffusion layer has a fixed value of § and,
considering a linear diffusion profile at the interface, it is possible to express the current

corresponding to the electrochemical reaction as follow:

C sol __ C el
1= nFSDf (4)
where the concentration of the species in the solution and at the interface of the
electrode are expressed by C ** and C ¢ respectively. If the applied voltage is high enough

to consider the concentration at the interface negligible, the current reaches a limit value:

sol

- (5)

Lim = nFSD

The permanent regime can be obtained by hydrodynamic constant stirring (rotating

disk electrode) of the solution or by changing the electrode geometry (ultramicroelectrodes).

Ultramicroelectrodes

Ultramicroelectrodes (UME) appeared for the first time independently in the work of
Wightman and Fleischmann around 1980 and they are often used for in vivo voltammetry|[1,
2]. Even though many definition have been created for the UME we can consider it as an
electrode that has at least one dimension (the critical dimension) smaller than 25 pm. The
main characteristic of the UME is to get steady-state conditions without stirring of the
electrochemical system. This phenomenon is due to the spherical or hemispherical diffusion

profile (Fig.11) that lead to noticeable edge effect in addition to the linear diffusion.

In a non permanent regime the thickness of the diffusion layer ¢ is not constant but it

increases with time. This dependence is expressed in the second Fick’s law:
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a) b)

Figure 11: Diffusion flux and diffusion profile for a) plane conventional electrode (linear diffusion)
and b) disk microelectrode (hemispherical diffusion).

80@(.%’,15) _D'82Ci(l‘,t)

ot 92 (6)

This equation can be solved for both a linear or a spherical diffusion, considering
the boundary conditions and by using the Laplace transform, resulting in the following

equations, for the linear profile:

1
I(t) = nFSDC **' ——— 7
(H)=n aDi @

also known as Cottrell equation and, for the spherical diffusion:

I(t) = nFSDC * ( L4 1) (8)
nDt 1o

where 7y is the radius of the microelectrode. As could be seen this equation is the sum
of two terms: the Cottrell equation and a constant. For very short time, the thickness
of the diffusion layer is smaller than the microelectrode radius and the mass transport
can be considered to have a linear diffusion and the current decrease as function of time
(according to the Cottrell equation). For longer times, the first term become negligible and
the mass transport follow a radial diffusion. The current is in a steady-state and it does

not depend to the time.

nEFSDC 5o
To
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The time at which the steady state is reached depend from both 1y and D. The more
rp is small, the shorter is the time to reach the steady-state. For the microelectrode
the current density at the electrode surface is not an homogeneous and it is

higher on the edges. Therefore, the second Fick’s law can be rewritten as:

0G; 0*°C;  D; 0C; 02 C;
2y v i) 10
ot ~ o TRaor Uo7 (10)
where r is the electrode radius (z=0) and z the distance from the electrode perpendicular
to the center (r=0). The current for a plane disk microlectrode is then given by the Saito

equation:

Lim = 47nFDC *°'r, (11)

Electrochemical impedance spectroscopy

Potentiodynamic electrochemical impedance spectroscopy (PEIS) is a powerful tool for the
study of structure and electrical features of the electrochemical interface. The technique
consists in measuring the current flowing in the electrochemical cell after the application
of a sinusoidal modulated potential. It is called "spectroscopy" because the modulation
of potential is done over a certain range of frequencies and it constitute, at the end, a

frequency spectra.
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Figure 12: Schematic image of the a) interface electrode/solution and b) associated Randless
circuit.

Normally the elctrode/solution interface is represented through an equivalent circuit
called "Randless circuit" (Fig.12), which is basically constituted by a capacitor, Cy

(representing the capacity of the double layer) with a resistance, R, in parallel (which
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represent the resistance to the polarization or to the charge transfer). In series with R, it
can be found a constant phase element (CPE) called Warburg diffusion element (W).
All the circuit is connected in series with the resistance of the electrolytic solution, Rg.

EIS provides a lot of information about the interface and it make possible to distinguish

the Faradic component from the non-Faradic one.

From the mathematical point of view the applied potential has a profile described by:

AE = AEjsin(wt) (12)

where w represent the frequency dependence. The answer in terms of current can be

written as:

Al = Alysin(wt + ¢) (13)

the current indeed has two components: one in phase and one out of phase (+¢) to

the applied potential. The measure of impedance can be considered as AE/AI and it is

described by a complex number:

Z(w) = Z'(w) +iZ"(w) (14)

7’ is the real part in phase with the potential and represent the resistive component
of the current; Z”, which represent the imaginary part out of phase, is related to the
capacitive component of the current. The diagram which depict Z’/Z” is called Nyquist
diagram and a typical example is shown in Fig.13.
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Figure 13: Nyquist-type diagram.

From the Nyquist diagram it could be possible to extract the values of the different

components of the equivalent circuit. It is interesting to note that at high frequencies,
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Z(w)= Z’(w)= Rs, represented by the intercept on the abscissa for (¢ = 0 e Z”(w)=0). For
w — 0, Z(w) = Rs + Ry, the intercept on the abscissa at low frequencies.

Other kind of representations can also be employed. For example, since Z is a complex

number, it can be represented in polar coordinates, by considering the impedance vector

which has as a module the relation AE/AI and as direction the phase angle .

Z = |Z|e" (15)

1Z| = [AE/AT (16)

This representation, |Z|(€2) (and ¢)/Frequency (w) is known as Bode diagram ant it

has been mostly reported in this manuscript.
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C. Conductive Atomic Force Microscopy

Atomic Force Microscopy

The Atomic Force Microscopy (AFM), first implemented by G. Binning et al. in 1986, is a

well-known technique based on the interaction between the final atoms of a sharp probe

tip and the atoms which constitute a sample surface[1]. It is a very high-resolution type of

scanning probe microscopy, very different from an imaging microscope, which measures a

two-dimensional projection of a sample surface.
An AFM physically "feels" the sam-

ple surface with the probe, building up

——laser beam

a map of the surface hight (topogra-

phy). The nature of the interactions surface o
between the tip and the sample can SRS =

i ‘ﬁ t\ T : e
be varied: Couloumbic forces, Van der r\.: p— ﬁ{-

Waals forces, dipole-dipole interactions,

Figure 14: Interaction between the tip and the surface
electrostatic forces, magnetic forces etc. in the AFM (from [2]).

The tip is assembled on a flexible
microcantilever and they are integral. The cantilever is displaced by means of piezoelectric
materials that expand or contract in the presence of a voltage gradient. This allows a
three-dimensional positioning of the device with a very high accuracy. During the probe
scanning of the surface, the cantilever undergoes to deflections related to the interaction
between the tip and the sample. A laser beam is focused on the cantilever extremity, over
the tip (Fig.14) and the laser spot is reflected over a photodiode (Fig.15). Since the laser
beam follows the deflection of the cantilever, it is possible to translate this deflection into
an electrical signal (through the photodiode detector) and then correlate the deflection to

the interaction force between the tip and the surface.

The three concepts at the basis of the operation mode of an AFM are the piezoelectric
transducers (which the tip over the sample surface), force transducers (which senses
the force between the tip and the surface), and feedback control ( which feeds the signal
from the force transducer back in to the piezoelectric, to maintain a fixed force between the
tip and the sample). The presence of a feedback loop is very important because it allows
to adapt the force on the sample and corrects the cantilever deviations very rapidly[3].

The AFM is a powerful tool to study different kind of materials, for example conductive
or insulating, giving information about the topography but also about the local properties

of the surface. Two of the principal operating mode in which the AFM can be used are:

Contact mode AFM In contact mode, the tip is in permanent contact with the surface
of the sample then the surface topography can be measured either using the deflection of

the cantilever directly or, more commonly, using the feedback signal required to keep the
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cantilever at a constant position. The first mode is suitable for high roughness surfaces, it
allows to scan on a large-scale but at the expense of the scan rate. The second mode is

mostly used for flat surfaces or small-scale scan and it allow a high scan rate.

Tapping mode AFM In this mode, normally used for topography images, the cantilever
vibrate at its resonance frequency on the sample surface without entering in intermittent
contact with it. The interaction with the surface modifies the mechanical properties of the
oscillating system, modulating the oscillation amplitude and the phase. A servo loop keeps
the cantilever excitation to a defined amplitude: The servo adjusts the height to maintain
a set cantilever oscillation amplitude as the cantilever is scanned over the sample. In this
way, a tapping AFM image is produced by recording the force of the intermittent contacts
of the tip with the sample surface.

The tapping mode presents the advantage to minimize the damage done to the surface and

the tip compared to the contact mode.

Conductive-AFM

Conductive-atomic force microscopy (C-AFM) is a specific technique to probe electronic
properties of a materials at the nanoscale. It is a powerful current-sensing technique in
which the sensor signal is the electric current between tip and sample for an applied DC
bias (Fig.15).

Mirror

Laser beam
Detector

Piezoelectric scanner

Conductive
tip

Current amplifier

Topography TUNA Data

Conductive
substrate

Figure 15: Schematic drawing of a conductive AFM (adapted from [4, 5, 6]).

The functioning of this AFM conductive mode (extended TUNA mode) is the following:
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a certain bias voltage is applied between the substrate and a conductive cantilever (which
is grounded). The current flow vertically through the sample surface and it is recorded
then topographic and current images can be obtained simultaneously.

The conductive AFM works in contact mode, the tip has to be conductive and the
sample has to be electrically connected to the AFM stage, by mean, for example, of
a conductive tape. The extended TUNA mode has two amplifier stages : C-AFM (1
nA/V-100 nA/V) allowing to measure current from 100 pA to 1 A and TUNA (1 pA/V-10
pA/V) allowing to measure current from 50 fA to 120 pA. Moreover, current-voltage
characteristics can be achieved on selected spots.

C-AFM is a unique tool for studying the conductivity of organic thin films at the
nanoscale[7, 8] and the mechanisms underlying the electrical conduction[9]. In Fig.16 the

equipment used in this work is depicted.

7\, — Universal Connector:
Connects to the
Application Module

Probe Clamp

Figure 16: The used equipment: a) the cage, vibration isolation platform and the electronic
control with computer; b) the AFM "head" and a scheme of its composition; c¢) the tip holder for
the conductive module.

Local conductivity calculation

For the calculation of the electronic conductivity at room temperature in Chapter 3 the

following equation has been used:

o=—=— (17)
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where R is the vertical resistance (R=V/I) obtained for an applied potential on the
PEDOT:PSS film, A is the contact area between the conducting tip and the substrate
and d is the thickness of the PEDOT:PSS film. To calculate the contact area between the
conducting tip and the substrate, the Hertz theory has been employed with the following
relation[10]:

3FR

3

= — 18

@ =5 (18)
where a is the radius of the contact area between the tip and the sample (A = wa?), F

is the applied force (=~ 10 nN) and R is the actual curvature radius of the system tip-sample

(1/R =1/Ryp + 1/Rsample), and E* the actual Young’s modulus that is defined as:

1—12

E

1/E = (19)

where F is Young’s modulus and v the Poisson ratio. In the case treated in Chapter 3:

2
1_Vtip

1— 2
1/E*: VPEDOT+

20
Epepor Etip (20)

from the literature Epgpor is 3.2 GPa. Ey;, is calculated

as follow: zum.‘ f.._
h“t— 50pum

Byl
k= 3531’ (21) T

450um
where k is the spring constant of the tip (0.2 N/m), L3the g
length of the cantilever and I the moment of inertia of the J
tip defined as:

Figure 17: Cantilever di-
w3 mensions.

I= = (22)

where w and t are the width and the thickness of the cantilever respectively.

Eyip = —= (23)

from the equation FEj;, resulted 182.25 GPa. Giving from literature vpgpor = 0.38

and v, = 0.42, it was possible to calculate the contact area A = 37.2 nm?. This value
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is in good agreement with other ones found in the literature[9, 11, 12, 13].
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D. Materials and Equipments

Chapter 2

Fabrication: The polyimide resins used (PI-2525, P12771, PI-2611) have been all pur-
chased form HD Microsystem GmbH, Germany.

All the photoresists (AZ-nLOF 2035, AZ-ECI 3027, ecc) and the developer MFCD26 have
been purchased from MicroChemicals. The photoresist Dow BPn-65A, and the adapted
developer and photostripper have been purchased by MMT (microfabrication materials
technologies) company.

The developer cyclopentanone comes from Sigma-Aldrich chemicals.

The parylene-C (PXC) dimer was provided by Comelec SA and the deposition has been
performed through a machine C30S, provided by Comelec SA.

For the realization of the photolithographic mask the software Clewin4.0 for drawing and
a laser lithography machine Heidelberg DLW 200 have been used.

The used aligner is the MA6 or MA150 type (Karlsuss).

The metallization has been performed by magnetron sputtering in a cluster (Oerlikon
Univex 450C) and by electron beam physical vapour deposition using the equipment EVA
600 (Alliance Concept).

For the plasma etching a machine Reactive-ion etching (RIE) Aviza Technology Omega
201 has been used.

All the thickness were measured by mechanical profilometer KLA tencor P10.

Cell culture Dulbecco’s Modified Eagle Media (D-MEM), Horse Serum (Heat Inacti-
vated), Fetal Bovine Serum, Antibiotic-Antimycotic (containing penicillin-streptomycin),
and Trypsin were purchased from Thermo Scientific (HyClone). SH-SY5Y cell line was
kindly provided by the Institut de Pharmacologie et de Biologie Structurale (IPBS) of
Toulouse. The LIVE/DEAD® Viability /Cytotoxicity Kit for mammalian cells was pur-

chased from Invitrogen.

Organotypic culture: Culture dishes were pretreated with nutrient medium consisting
of Dulbecco’s modified Eagle’s medium (DMEM; Gibco®, InVitrogen, Cergy Pontoise,
France), 20% fetal calf serum (FCS; Gibco®, InVitrogen, Cergy Pontoise, France), 2%
L-glutamine (Gibco®) and 0.15% penicillin-streptomycin solution (Gibco®).

Organs were isolated from 14 day-old White Leghorn chicken eggs and placed in sterile
PBS.

The cultures were incubated at 37°C with 5% COs for 7 days, after which the materials
were removed and stained with neutral red. Next, the total surface area covered by tissue
was measured using a stereomicroscope equipped with camera and ImageJ software. This
area corresponded to the total surface of the cell layer minus the initial explant surface.
Additionally, the cells were detached from the materials using 0.025% trypsin-EDTA

172 Valentina Castagnola, PhD thesis



Appendix D. Materials and Equipments

(Gibco®) in Isoton® II electrolyte solution (Beckman Coulter, Villepinte, France). The
rate of cell detachment was determined by counting the detached cells with a Multisizer®
(Beckman Coulter, Villepinte, France) after 5, 10, 20, 30, 60 and 75 min. The rate of
detachment as a function of time was used as a measure of adhesion strength, and we
defined an arbitrary index.

All data are represented as mean + standard error. The data were compared using a
one-way ANOVA, followed by a Tukey-Kramer multiple comparisons test (GraphPad InStat
3.01), thereby comparing samples and control (Thermanox®); P < 0.001 was considered to
be statistically significant.

For the cell migration assessment on parylene-C : Thermanox® on brain n = 20; parylene-C
on brain n = 48; parylene-C on liver n = 12; Silk fibroin on brain n = 12.

For the cell adhesion assessment on parylene-C : Thermanox® on brain n = 2 (these results
are the mean of 40 samples); parylene-C on brain n = 5 (these results are the mean of 48
samples); parylene-C on liver n = 1 (the result is the mean of 12 samples); Silk fibroin on
brain n = 2 (these results are the mean of 12 samples).

For the cell migration assessment on PEDOT:PSS : PEDOT "small' n = 8; PEDOT "big"
n = 8.

Statistics Tukey-Kramer of cell migration on PEDOT:

Thermanox® versus PEDOT "small" -0.2600 0.1499 ns P > 0.05;

Thermanox® versus PEDOT "big" -12.360 7.556 *** P < 0.001;

PEDOT '"small" versus PPEDOT "big" -12.100 6.974 *** P < 0.001.

For the cell adhesion assessment on PEDOT:PSS: data are not available.

Chapter 3

The monomer 3,4-ethylenedioxythiophene (EDOT), the poly (sodium 4-styrenesulfonate)
(NaPSS, average Mw = 70,000) and the Potassium hexacyanoferrate(II) (K4Fe(CN)g) were
all provided by Sigma Aldrich and used as received. Poly(3,4-ethylene dioxythiophene)-
poly(styrenesulfonate) 1.3 wt % dispersion in deionized water, conductive grade, for spin
coating, was also purchased from Sigma Aldrich. Deionized water was used to prepare all
solutions.

To perform electrochemical studies, 200 nm-thick gold round shaped electrodes have been
used as working electrode. A platinum wire was used as the counter electrode and a
standard calomel electrode (SCE) as the reference. The cell solutions were de-aerated by
bubbling Ny for 20 minute prior to all electrochemical experiments, which were successively
carried out under Ny atmosphere.

Electrochemical polymerizations and measurements were carried out using both an Autolab
potentiostat PGSTAT30 (Metrohm Autolab) coupled with NOVA 1.8 software and a VMP3
(Biologic) potentiostat coupled with ECLab software, at room temperature (23 + 1°C).
The morphology of the PEDOT:PSS coatings was analysed by Scanning Electron Microscopy
(SEM Hitachi S-4800). The optical microscope images were performed with a Hirox
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Microscope (HI-SCOPE Advanced KH-3000). PEDOT films were also characterized by
Atomic Force Microscopy (AFM Dimension Icon) controlled by a Nanoscope IIT and a Tuna
extension module (Veeco) for the conductivity analysis. The morphology is characterized
in open air by tapping mode AFM, using a probe RTESP (spring constant 20-80 N/m,
resonant frequency of 293-328 kHz). Topography and current images were moreover
recorded simultaneously in open air by contact mode using a conducting probe (SCM-PIC,
Pt/Ir coated, spring constant 0.2 N/m, resonant frequency of 10-16 kHz) with a probe tip
radius of curvature of about 20 nm. For current acquisition, the current sensitivity was
100 nA/V.

Electrochemical Impedance spectroscopy (EIS) measurements were made through both an
Autolab potentiostat PGSTAT30 (Metrohm Autolab) coupled with NOVA 1.8 Software
and a VMP3 (Biologic) potentiostat coupled with ECLab software, by applying a 5 mV
RMS sine wave with frequencies varied logarithmically from 1 Hz to 10 kHz. Measurements
were made by immersing the electrode active sites in 0.1 M NaCl.

The thickness of the PEDOT:PSS deposit has been measured by standard Profilometer
(KLA Tencor).

Chapter 4

In vitro electrophysiological recordings: Adult (> 2 month old) female mice were
deeply anesthetized with isoflurane and killed by decapitation. The scalp, skull and dura
mater where taken off and the brain was removed. These operations were made in the
presence of ice-cold, modified artificial cerebrospinal fluid (ACSF composition in mM: NaCl
124, NaHCO3 26, KCI 3.5, MgSO,4 1, MgCls 9, NaHoPO4 1.25, and glucose 10). Brain
slices (400 pm thick) were cut on a vibratome (752M vibroslice, Campden Instrument,
UK). Once obtained, the slices were kept at room temperature for at least one hour in a
storage chamber filled with an in vivo-like artificial cerebrospinal fluid (ACSF, composition
in mM: NaCl 124, NaHCOj3 26, KCI 3.5, MgSOy4 1, NaHoPO4 1.25, CaCls 1.2, and glucose
10). The ACSF was aerated with a 95% 02-5% COg2 mixture (pH 7.4). For recording, one
slice was placed on the net of a submersion recording chamber (Scientific System Design,
Mississauga, Ontario, Canada). The temperature was maintained at 33-34°C. The ACSF
was gravity fed at a flow rate of 2.5-3.5 ml/min. Extracellular recordings of spontaneously
active neurons were performed in the hippocampus (CA1, CA3). Signals were amplified
and filtered with a Neurolog recording system (gain x10% or x10%), and digitized with
a 1401plus interface (CED Systems, Cambridge, UK) with a digitization rate of 20-40
kHz. On-line visualization and Off-line analysis were achieved using Spike2 (CED Systems)

software.

In vivo electrophysiological recordings: Two male C57BL/6J mice (10 to 16 weeks
old, obtained from Charles River) were deeply anaesthetized with vetoflurane (2%) and

secured to a stereotaxic apparatus placed in a faraday cage. Lidocaine was applied before

174 Valentina Castagnola, PhD thesis



Appendix D. Materials and Equipments

(subcutaneous) and after skin incision. A craniotomy was performed to allow unilateral
access to the hippocampus. The parylene hex-trode was then lowered in the hippocampus
(1.8 mm posterior, 1.3 lateral and 1.1 ventral to the Bregma) and a stainless steel screw
was placed through the occipital bone to serve as a reference and ground electrode.
Electrophysiological recordings were made using each electrode of the hex-trode. The signal
was filtered and amplified (0.3 Hz-3 kHz; P511, Grass Instruments, West Warvick, USA)
fed to a 50 Hz noise eliminator (Hum-Bug, Quest Scientific, Vancouver, Canada) before
being digitalized at 10 kHz (1401Plus, CED Systems, Cambridge, UK) and visualized and
analyzed using Spike2 software (CED Systems).
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E. Ethical issues related to the BCI

It is very difficult to imagine how mental entities such as thoughts and emotions could be
implemented by physical entities such as neurons and synapses, or by any other type of
mechanism. The german mathematician and philosopher Gottfried Wilhelm von Leibniz,

wrote in his famous contribution Monadology (1714)[1]:

,One is obliged to admit that perception and what depends upon it is inexplicable
on mechanical principles, that is, by figures and motions. In imagining that
there is a machine whose construction would enable it to think, to sense, and
to have perception, one could conceive it enlarged while retaining the same
proportions, so that one could enter into it, just like into a windmill. Supposing
this, one should, when visiting within it, find only parts pushing one another,
and never anything by which to explain a perception. Thus it is in the simple
substance, and not in the composite or in the machine, that one must look for

perception’”.

Leibniz’s argument seems to be this: if we imagine the brain as a complex machine,
the visitor of the machine, upon entering it, would observe nothing but the properties of
the parts, and the relations they bear to one another. But no explanation of perception, or
consciousness, can possibly be deduced from this conglomerate. No matter how complex
the inner workings of this machine, nothing about them reveals that what is being observed

are the inner workings of a conscious being.

Neuroscience studies the brain and mind, and thereby some of the most

profound aspects of human existence.

In the last decade, advances in imaging and manipulating the brain have raised ethical
challenges, particularly about the moral limits of the use of such technology, leading to the
new discipline of neuroethics, that concerns the ethical, legal and social impact
of neuroscience, including the ways in which neurotechnology can be used to

predict or alter human behavior.

Some neuroethics problems are not fundamentally different from those encountered in
bioethics. Others are unique to neuroethics because the brain, as the organ of the mind,
has implications for broader philosophical problems, such as the nature of free will, moral
responsibility, self-deception, and personal identity: these relatively newer issues force us

to think about the relation between mind and brain and its ethical implications.

Neuroethics is a young field and any attempt to define its scope and limits now will
undoubtedly be proved wrong in the future, as neuroscience develops and its implications

continue to be revealed.
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Important activity in Neuroethics

In 2002 several meetings were organized to the scope of discuss about neuroethics: the
American Association for the Advancement of Science with the journal Neuron, the
University of Pennsylvania, the Royal Society of London, Stanford University, and the
Dana Foundation. This last meeting was the largest, and resulted in the book "Neuroethics:
Mapping the Field"[2].

That same year, articles on neuroethics began to appear in journals including Nature
Neuroscience, Neuron, and Brain and Cognition[3, 4, 5]. Thereafter, the number of
neuroethics meetings, symposia and publications continued to grow and several relevant
books were published][6].

In 2009 was established the Oxford Centre for Neuroethics that aims to address concerns
about the effects neuroscience and neurotechnologies will have on various aspects of human
life. Its research focuses on five key areas: 1) cognitive enhancement, 2) borderline
consciousness and severe neurological impairment, 3) free will, responsibility and addiction,
4) the neuroscience of morality and decision making, and 5) applied neuroethics.

2006 marked the founding of the International Neuroethics Society. The mission of
the International Neuroethics Society is "to promote the development and responsible
application of neuroscience through interdisciplinary and international research, education,
outreach and public engagement for the benefit of people of all nations, ethnicities, and
cultures”.

Several journals are now soliciting neuroethics submissions for publication, including
the American Journal of Bioethics-Neuroscience, Biosocieties, the Journal of Cognitive
Neuroscience, and Neuroethics. The web now has many sites, blogs and portals offering

information about neuroethics.

Ethical considerations

At present, we can discern two general categories around which precipitate the current

public debate about the neuroethical issue:

1. In the first category (emerging from what we can do) are the ethical problems raised
by advances in functional neuroimaging, psychopharmacology, brain implants and
brain-machine interfaces. It concern problems of actuality summarized in questions
as: "does the benefit of the prosthetic implant justify the risk of adverse effects to the

individual and to society?"

2. In the second category (what we know and what we could do) are the ethical problems
raised by our growing understanding of the neural bases of behaviour, personality,
consciousness, and states of spiritual transcendence and issues related to the future
use of the knowledge. A typical question in this case could be: "is it desirable to

enhance human capabilities by neuroelectronic devices?"[7]
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We can enumerate a series of considerations/questions that belongs to the first cat-
egory: how can we obtain informed consent from people who have difficulty
communicating? how to ensure that responsible group decisions in the BCI
team can be made? what are the consequences of BCI technology for the
quality of life of patients and their families? what about the side-effects? who
is responsible for erroneous actions with a neuroprosthesis? what about issues
concerning personality and person-hood and its possible alteration?[8]. One of
the first technical problems regard the obtaining of an informed consent from potential
patients. Informed consent is a patient’s agreement to receive certain medical treatment
after being fully advised of the related facts and possible risks associated with the surgery
or procedure. For some patients with locked -in syndrome, doctors must establish some

kind of communications code, for example point the eyes on the left to indicate "yes"
and on the right to indicate "no". Nevertheless, patient with total locked-in syndrome
have no way to communicate with the world ans for them the technical issue of informed
consent transforms into and ethical issue. Most of these patients have family acting as
legal guardians, which are, therefore responsible for the patients. But if the patients
does not have any legal guardian, should doctors refuse to treat a erson who is unable to
legally agree to surgery or should they treat the person with the aim of simply trying to
improve their life? According to the Principle of Utility, that states that actions or
behaviours are right so far as they promote happiness or pleasure, wrong as
they tend to produce unhappiness or pain, treatment with BCIs is moral because it
aims to improve the lives of people who have been disabled. So the final question is: is it

ethical to intentionally violate a person’s body, even for therapeutic reasons?

Other issues, that could arise from the commercialization of neuroprosthetics, are the
warranties of durability of the probe and the availability to people in need. All the problems
related to the product durability, and then the patient safety should be legally addressed,
to ensure the quality of the produced device. Moreover, since this technology is still new,
if only a limited number of BCI are available in a region or interval of time, would one

kind of patient get preference over the others?

Finally, communication to the media should be considered; overly positive media articles
or exaggerated product claims could raise false expectations in stakeholders and subsequent

disappointment can certainly be considered as one harmful consequence of this research|9].

In the second category different kind of considerations have to be faced, starting from
risks of excessive use of the therapeutic applications or questions of research
ethics that arise when progressing from animal experimentation to application
in human subjects, until arrive to questions about mind-reading and privacy,
mindcontrol, selective enhancement and social stratification, human dignity,
mental integrity and regulating safety. If even an artificial system, such as a cultured
neural network could be used to control heavy robotics[10, 11], what about relation between
mind and brain? This question entitles a wide possibilities of discussion about the definition

of "person" or "entity".
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Moreover, it is easy to imagine how this technology could be used in order to enhance
the performances of humans, even the one not affected by neural impairments. If we
take these considerations to the extreme, is possible to imagine the creation of super-
human powers by replacing a healthy human features with bionic enhanced ones or the
possibility to manipulate object directly connected to the thoughts, potentially interesting
application for national governments and military forces. We can think for example to
soldiers who communicates via recognizable brainwave patters that are instantaneously
transmitted to the other troops to make the communication easier in hostile environments,
or BCI-controlled exoskeletons to provide human augmentation suits. All these possibilities
not only involve the ethics of the applications of his research but also lead to a further
important question: what happens if the BCI stop working when it is implanted inside
someone?

In the conclusion the question remains the same, any time a groundbreaking research
field arises: to what extent (and with which intent) the research on this field want to push

on?
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