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SUMMARY

Cochlear implants (CIs) are the most effective solution to treat severe-to-profound hear-
ing loss. These medical devices mimic and replace the function of the damaged struc-
tures of the cochlea. To this date, more than 700,000 individuals worldwide have bene-
fited from CIs. However, state-of-the-art CIs do not provide a natural and high-quality
sound perception to their recipients, who poorly appreciate music and hardly under-
stand speech in crowded or noisy atmospheres. Furthermore, CIs are expensive and un-
affordable for poorer portions of society. The CI electrode array is the component that
presents the most margin of improvement as it is still composed of classic materials and
is fabricated via a tailored manual manufacturing process that does not maximize the
potential of the system. Concretely, commercial CI electrode arrays contain from 12 to
24 individual stimulating channels that cannot optimally substitute the role of the 3000
neural stimulation sites of a normal-functioning cochlea. Moreover, most of the com-
mercial CI electrode arrays cannot fit in the narrow deep areas of the cochlea to com-
pletely cover the low-frequency audible spectrum. Hence, to overcome these limitations,
novel strategies and materials to optimize CI electrode arrays ought to be investigated.

Chapter 1 of this work starts with an introduction to the auditory system and the dif-
ferent types of hearing loss. Chapter 2 goes through the history and research that led to
the development of cochlear implants and presents their main components and current
limitations. Chapter 3 discusses in detail the state-of-the-art of CI electrode arrays and
Chapter 4 reviews novel materials to enhance them. In Chapter 5, PEDOT:PSS is sug-
gested for the development of all-polymeric cochlear implant micro-electrode arrays.
Initial experiments provide a proof-of-concept that demonstrates that by patterning the
PEDOT:PSS layers with conductive and non-conductive areas, it is possible to create an
electric circuit with superior electrodes and leads that give rise to all-polymeric CI micro-
electrode arrays. Future work will be directed towards developing an actual prototype
using this strategy. Furthermore, a study of the long-term stability of the material will be
necessary.
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PREFACE

Cochlear implants have a special motivation in my case as my father could begin hear-
ing when he was implanted with this device. I am still amazed that he can understand
me. Nevertheless, my dream is to go a step further. I believe that there is much more to
do to improve cochlear implants. Precisely, I deem that the electrode array has a huge
margin of improvement. During my MSc thesis, I investigated strategies to implement
biocompatible conductive polymers to develop enhanced cochlear electrode arrays at
a microscale dimension. I am certain that these novel electrode arrays could be batch
fabricated with higher precision and lower price than commercial ones. Besides, their
microscale dimension might open the gate to increase the number of individual stim-
ulating channels, leading to a more localized stimulation and a better match with the
neuro-tonotopic structure of the cochlea. With this research project I expect to con-
tribute to give a step forward in the innovation of cochlear implants.

Alberto Miralles Abete
Delft, July 2021
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AUDITORY SYSTEM AND HEARING
LOSS

Above all, don't fear difficult moments.
The best comes from them.

Rita Levi-Montalcini

It is essential to understand how humans can perceive sound. For this reason, this chap-
ter describes the auditory system. Nonetheless, different hearing losses appear when the
auditory system does not function correctly. This section also reports the diverse types of
hearing loss and mentions the most successful solutions to restore hearing.
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1.1. AUDITORY SYSTEM

EARING is the sense that enables one to distinguish sounds. To comprehend how
H outer mechanical waves are converted into electrical impulses that the brain pro-
cesses and interprets as sounds, it is important to discuss the physiology of the auditory
system.
Two subsystems construct the auditory system: the peripheral auditory system and
the central auditory system [1], [2].

1.1.1. PERIPHERAL AUDITORY SYSTEM

The peripheral auditory system has the function of capturing, filtering, and amplifying
outer sound mechanical waves and converting them into electrical impulses [2]. The
peripheral auditory system involves the eardrum and the external, middle, and inner
ears.

EXTERNAL EAR

The pinna and the ear canal compose the external ear. The pinna appears as cartilage
folds on the sides of the head. Its function is to collect the outer mechanical waves.
From the pinna, the waves travel through the ear canal, which serves as an amplification
channel, to the middle ear [1], [3].

EARDRUM OR TYMPANIC MEMBRANE

The tympanic membrane is a circular layer of tissue that denotes the division among
the external and middle ear. When waves strike the tympanic membrane, it vibrates.
These vibrations are conveyed to the ossicles of the middle ear. Distinct pitches make
the tympanic membrane move with different intensities [4].

MIDDLE EAR

The Eustachian tube and the ossicles comprise the middle ear. The Eustachian tube is
a channel joined to the back of the nose that assists to adjust the pressure in the middle
ear for suitable sound wave propagation. The ossicles are three small bones: malleus,
incus, and stapes. They receive and amplify the eardrum oscillations and deliver them
to the inner ear [1], [3].

INNER EAR

The inner ear is composed of the vestibule, the semicircular canals, and the cochlea. The
main function of the vestibule and the semicircular canals is to keep the posture and the
balance of the body. On the other hand, the cochlea, with its unique snail shape, is the
hearing component of the inner ear. Inside its structure, the cochlea contains fluid and
hair cells. When the ossicles resonate, the fluid inside the cochlea ripples and generates
waves. The cochlea has sensory cells along the basilar membrane, which are stimulated
by these waves [5], [6]. Nonetheless, the cochlea has a tonotopic organization [7]-[9].
This means that the location of the hair cells is remarkably important because not every
cell is stimulated simultaneously. The closer the cells are to the apex of the cochlea, the
lower-pitched sounds they can detect. Contrarily, high-pitched sounds are detected by
the hair cells closer to the base of the cochlea. Each hair cell contains at its top stereocilia,
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which are microscopic hair-like projections that are arranged as hair cell bundles. When
the hair cells are stimulated, they move, causing the bundles to bend, making ions flow
into the top of the hair cells. This action modifies the electrical potential of the cells,
causing a release of neurotransmitters at the bottom of the cell. This event creates an
electrical signal that travels through the auditory nerve to the brain [5], [6]. Figure 1.1
shows visually the anatomy of the ear.

semicircular canals
vestibule

}uestibu]ar apparatus

vestibulacachlear nerve

helix

tympanic membrane
auditory ogsicles

external auditory canal eustachian tube

e - . .outer ear .middle ear .inner ear]

€1 997 Encyclopaedia Britannica, Inc.

auricle
A

Figure 1.1: Anatomy of the ear. Figure retrieved from [10].

1.1.2. CENTRAL AUDITORY SYSTEM

Once the peripheral auditory system turns the mechanical sound waves into electrical
impulses, the central auditory system is in charge of processing them, giving as a result
what it is known as sound [11], [12].

In this section, the main elements that compose the central auditory system are de-
scribed. Besides, an illustration of the auditory pathway is shown in Figure 1.2.

The spiral ganglion is formed by the group of neuron cell bodies that receive the
neurotransmitters that the cochlear hair cells release [12], [13]. Their axons form the
cochlear (or auditory) nerve. The cochlear nerve connects with the vestibular nerve, giv-
ing rise to the vestibulocochlear nerve, also known as VIII cranial nerve [11], [12]. The
electrical signal then reaches the brainstem, where the first place for neural processing is
the cochlear nucleus [12]. After this, the signal arrives at the superior olivary complex, in
the pons [14]. The following processing area is the inferior colliculus, located in the mid-
brain [15]. Succeeding, the signal reaches the medial geniculate body, in the thalamus.
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Ultimately, the signal travels to the primary auditory cortex of the brain, in the temporal
lobe [11], [12].

To correctly understand and compose the conscious perception of the sound, the
primary auditory cortex necessitates all of the previously mentioned relay stations as
they critically cooperate to decode the acquired electrical signals [11], [12].

Medial geniculate

= Inferior colliculus

= Superior olive
— Auditory receiving
centers

= Cochlear nucleus

" Medial geniculate body
" Inferior quadrigeminal body

" Lateral lemniscus

- Olivary nucleus

. "~ Dorsal cochlear nucleus

Vestibulocochlear nerve Ventral cochlear nucleus

Figure 1.2: Main elements of the auditory pathway. Figure retrieved from [12].

1.2. TYPES OF HEARING LOSS

CCORDING to the World Health Organization, a hearing loss is considered disabling

when the better hearing ear has a hearing loss of more than 30dB in children or
40dB in adults [16], [17]. Nowadays, there are more than 466 million people (6.1 % of
the world’s population) that live with a disabling hearing loss [16]. Unfortunately, despite
the fact that this number is already huge, research shows that by 2050, this number might
increase to 900 million [16].

Hearing loss can be classified into three categories: sensorineural, conductive, or
mixed [18].

1.2.1. SENSORINEURAL HEARING LOSS

Sensorineural hearing loss is the most common hearing disability. Numerous causes
lead to this hearing loss, including inherited disorders, exposure to loud noises, infec-
tions, or presbycusis. Figure 1.3 shows a visual illustration of the main anatomical differ-
ences between normal and a deafened ear structures. This hearing loss is characterized
by a misfunction of the auditory nerve or hair cells in the cochlea [19]. In this way, the
conduction of nerve impulses to the brain is blocked or weakened [18]. Hearing devices
and cochlear implants are the most suited solutions that people with this hearing loss
use to recover the hearing ability [18], [20].
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Basilar membrane
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Middle Inner Central
ear ear nervous
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Figure 1.3: Simplified anatomical comparison between a normal (a) and a deafened (b) ear structure. As it can
be seen, some of the spiral ganglion cells and neural tissues are damaged in the deafened ear, however, the
most prominent difference is the lack of hair cells in the deafened ear. Figure retrieved from [21].

1.2.2. CONDUCTIVE HEARING LOSS

Conductive hearing loss happens when there is damage or blockage in the outer or mid-
dle ear, restricting the mechanical sound wave to reach the inner ear [18], [20]. The most
frequent causes of this hearing disability are cerumen impaction, otosclerosis (calcifica-
tion leads to a reduction of the stapes movement), otitis interna and media, and the per-
foration of the eardrum. Each of these causes drives to a different treatment. Cerumen
removal, surgical procedures such as bone-anchored hearing systems, or antibiotics are
examples of them [18], [20].

1.2.3. MIXED HEARING LOSS

Mixed hearing loss occurs when a person presents a combination of conductive and sen-
sorineural hearing loss. Depending on the specific hearing loss of the patient, a mixture
of the different treatments previously mentioned is typically implemented to help the
patient [18], [20].






COCHLEAR IMPLANTS

Genius is one percent inspiration and ninety-nine percent perspiration.

Thomas A. Edison

The most effective solution for users with severe-to-profound sensorineural hearing loss is
the use of cochlear implants (CIs). Most of the individuals with sensorineural hearing loss
have the majority of their cochlear hair cells non-functional or missing. Because of this
fact, electrical impulses cannot be generated in the cochlear nerve. Logically, even though
the nerve is functional in most cases, without the electrical signal generation, the central
auditory system cannot interpret sound. A cochlear implant is a medical device that solves
this problem by bypassing these cochlear hair cells and stimulating the auditory neural
tissue directly. This chapter reviews the history and research that led to the development
of cochlear implants and describes their main components and current limitations.
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2.1. HISTORY OF COCHLEAR IMPLANTS

T the present time, CIs are one of the most successful neural implantable medical

devices as they provide partial hearing restoration to more than 700,000 individuals
worldwide [22]. The working principle of these devices is the direct stimulation of the
auditive neural tissue. Nevertheless, 50 years ago, there was no effective treatment for
severe hearing loss [18]. This section reviews the most important facts that led to the
development of modern cochlear implants.

In the early 1800s, the Italian scientist Alessandro Volta became the first person who
ever stimulated the auditory system electrically [23]-[25]. For that, Volta connected the
two poles of a 50 V battery to his ear canals. He reported that he felt the repulsive sensa-
tion of "jolt in the head" continued by a noise that seemed similar to “a kind of crackling,
jerking, or bubbling” [23]-[25].

Half a century later, in 1855, Duchenne de Boulogne stimulated the auditive system
with alternating current (AC) instead of direct current (DC). The scientist also reported
comparable perceptions of hissing and buzzing [25]. In the 20th century, the excitement
to develop a functional cochlear implant grew. In 1930, Werver and Bray measured elec-
trical potentials in the cochlea that resembled the input acoustical stimulus. This phe-
nomenon, known as “Wever and Bray effect” or cochlear microphonic, suggested that by
mimicking those potentials in deaf individuals, there could be an opportunity to restore
hearing [25]. The first successful clinical practice took place in 1957 when André Djourno
and Charles Eyriés directly stimulated the auditory nerve stump of a patient with an elec-
trode. Even though frequency discrimination was almost inexistent, the patient could
differentiate sound intensities and understand small sets of words. Unfortunately, the
device was just a few weeks functional before failing [23], [25]. However, this successful
experiment was published in many well-known journals worldwide, a fact that woke up
the ambition of many more scientists towards the electrical stimulation of the auditory
system to restore hearing [23], [25].

In 1961, the otologist Dr. William House and the neurosurgeon Dr. John Doyle in-
serted in the scala tympani of two patients a gold electrode that was protected with sil-
icone rubber [23]. These implants did not have proper biocompatibility and had to be
removed within a few days after the implantation. Nevertheless, the results of the im-
plantation were encouraging: the individuals could distinguish simple sets of words and
presented basic frequency discrimination [23], [25]. This fact, together with the suc-
cessful biocompatibility that other medical devices presented in the human body, such
as pacemakers, encouraged Dr. House to keep researching towards the development of
a more suitable cochlear implant [25]. In 1967, Dr. House teamed with Mr. Jack Ur-
ban, an electrical engineer. Their research supposed the creation of the first cochlear
implant. The device, which just presented a single stimulating electrode [23], could be
used by patients outside laboratory facilities for several years [25]. The company 3M be-
came interested in the cochlear system and in 1984, after obtaining the FDA approval,
the cochlea implant was commercialized [23]. This implant is shown in figure 2.1.

Nonetheless, single-electrode implants could not provide users with discriminative
hearing. Hence, these implants were just useful for aiding with lipreading and hearing
environmental sounds, but definitely, not for speech recognition [23]. This fact explains
why other scientists also tried implants with multiple stimulation sites. For example,
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Figure 2.1: 3M Cochlear Implant developed by Dr. House. Figure retrieved from [25].

in 1964, Dr. Blair Simmons inserted an array of six stainless steel electrodes in the au-
ditory nerve of a patient [26] and in 1978 Dr. Graeme Clark developed a 20 electrode
implant and introduced it into two patients [23]. Besides, the University of California
at San Francisco (UCSF), which had started investigating the applicability of single elec-
trode cochlear implant systems in 1970, also switched its cochlear implant development
towards multi-electrode systems [25]. In 1979, the medical device company Nucleus
Limited and the University of Melbourne fabricated a cochlear implant with 22 stimula-
tion sites [23]. During these years, other institutions investigated the feasibility of multi-
electrode cochlear implants [23], [25]. As relevant examples, the University of Utah de-
veloped a cochlear implant with six electrodes [23], [27], the University of Antwerp built
a cochlear implant with either 8 bipolar or 15 monopolar stimulation sites [23], and the
French MXM laboratories developed a 15 stimulation site monopolar cochlear implant
[23]. Furthermore, in the middle of the 1980s, the United States National Institutes of
Health (NIH) promoted the development of multi-electrode cochlear implant systems
[23].

During the decade of 1990, the development of CIs kept growing and even children
became candidates for cochlear implantation [25]. Speech recognition also improved
drastically by the implementation of a non-simultaneous stimulation on implants with
electrodes spatially separated along the length of the cochlea. This method, which re-
markably enhanced the performance of cochlear implants, is known as “continuous in-
terleaved sampling” [25].

At the current time, three major companies lead the cochlear implant market: Cochlear
Limited, Advanced Bionics, and MED-EL. As it is shown in Figure 2.2, these firms fabri-
cate multi-electrode implants that provide the users with better speech recognition than
the cochlear implants of the 80s and 90s. Figure 2.3 shows the aspect of the state-of-the-
art MED-EL cochlear implant.
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Figure 2.2: Chart representing the sentence recognition score of users with different cochlear implants of dif-
ferent companies. The graphic demonstrates how the introduction of multi-electrode implants allowed users
to understand speech. Figure retrieved from [23].

Figure 2.3: Modern Cochlear Implant manufactured by MED-EL. The figure is courtesy of MED-EL Elek-
tromedizinische Gerite Gesellschaft m.b.H. Retrieved from [28].
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2.2. CONTROVERSY WITH COCHLEAR IMPLANTS

OCHLEAR implants did not have a smooth path in their developing journey. Con-
trarily, these medical devices have created ethical controversy during their develop-
ment.

In the 70s, there was a huge expectation for the development of a functional cochlear
implant. Despite this fact, a large number of scientists and physicians refused the re-
search towards this device. For instance, the distinguished scientist Dr. Lawrence claimed
that it was not possible to understand speech through the direct stimulation of the au-
ditory system [25], [29]. The disagreement about the efficacy and benefits of cochlear
implants made the NIH assess the performance of these medical devices in patients by
the conduction of a study at the University of Pittsburg in 1976 [23], [25]. This research
publication, headed by Dr. Robert C. Bilger, demonstrated that cochlear implants were
highly advantageous to users with sensorineural hearing loss, providing them with a bet-
ter quality of life. Moreover, it had a huge positive impact on the scientific and medical
communities concerning the credibility of cochlear implants. Besides, in 1978, after the
study was conducted and published, the NIH increased the support towards the devel-
opment of cochlear implants [25].

Not only researchers questioned cochlear implants. During the development of these
devices, especially in the 90s, many distinctive associations opposed cochlear implants.
As an example, the World Federation of the Deaf fought against their research and de-
velopment. They argued that cochlear implants were unethical as they were against the
right of protecting the deaf culture [25]. Besides, many ethical issues regarding pediatric
implantation were deeply questioned [30]-[32].

Nevertheless, currently, the positive experience of many users worldwide demon-
strates that cochlear implants provide an immense benefit to persons with sensorineu-
ral hearing loss [33]. Consequently, most of the patients support the use of cochlear
implants, including the parents of deaf children, who decide to implant them in the ma-
jority of the cases [25].

2.3. DESIGN AND COMPONENTS OF COCHLEAR IMPLANTS

OCHLEAR implants are composed of an external and an internal part. The external
C part contains a battery, a microphone, a speech processor, and a transmitter an-
tenna [23], [34], [35]. The internal part has a receiver-stimulator and an electrode array
[23], [34], [35]. The external transmitter antenna and the internal receiver-stimulator are
held together magnetically as both components contain a magnet [34]. Figure 2.4 shows
avisual representation of all of the cochlear implant elements.

All the components of the cochlear implant play an essential role in the restoration
of hearing. The outer mechanical sound waves are collected by the microphone and
turn into an electrical signal. This signal is then sent to the speech processor for pro-
cessing and encoding. Next, the transmitter sends the processed signal to the internal
receiver-stimulator via radiofrequency (RF). The receiver-stimulator turns the RF infor-
mation into electrical pulses. These electrical pulses are then sent to the specific elec-
trodes, which stimulate the spiral ganglion cells and the axons of auditory nerves [23],
[34], [35]. As it was explained in Chapter 1, the cochlea has a tonotopic organization.
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Figure 2.4: Components of a cochlear implant. The figure is courtesy of MED-EL Elektromedizinische Gerite
Gesellschaft m.b.H. Retrieved from [28].

This fact means that sounds with different frequencies stimulate hair cells at different
regions of the cochlea. To mimic this structure, state-of-the-art cochlear implants con-
tain electrode arrays from 12 to 24 electrodes distributed along the length of the cochlea
[36], [37]. Sounds with higher frequencies result in the generation of pulses that are sent
to the electrodes that are closer to the basal region of the cochlea. On the other hand,
the pulses that are a consequence of lower frequency sounds are sent to the electrodes
that are nearer to the apical region of the cochlea [38].

2.4. LIMITATIONS OF COCHLEAR IMPLANTS

INCE the first cochlear implant was released to the market in 1984 by Dr. House
S and 3M [23], these devices have been significantly enhanced, evolving from a single-
electrode system with minimal speech recognition capabilities to multi-electrode im-
plants that allow the users to understand conversations. Nevertheless, the sound per-
ception that state-of-the-art cochlear implants provide is still limited and thus, it is far
from being clean and natural. This fact explains why cochlear implant users present re-
duced music appreciation and difficulties in understanding speech in crowded or noisy
places [39]. The main approaches to improve cochlear implants and are focused on en-
hancing various sections: the electrode array [39]; the implant-tissue interphase [8]; sig-
nal processing strategies [40], [41]; the array insertion procedure [24], [42]; or even re-
generative medicine treatments to restore hearing [43], [44]. It is worth mentioning that
among these limitations, the electrode array presents the most prominent margin of im-
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provement. The design of this component is critically limited due to its tailored man-
ual manufacturing process. Accordingly, the wiring of the electrode arrays restricts the
number of stimulating electrodes (modern ones contain from 12 to 24 electrodes [36],
[37] whereas the available number of neural stimulation sites increases up to 3000 [39],
[45], and also their size, as they are considerably large for the small size of the cochlea,
which makes it impossible to reach the inner apical areas of the cochlea to cover the low-
frequency audible spectrum. Besides, the long-term biostability of the array material
compromises the half-life of the implants [39]. The next chapters of this work describe
in detail the features of the state-of-the-art electrode array and propose novel alterna-
tives to get rid of these limitations and enhance cochlear implants.






COCHLEAR IMPLANT ELECTRODE
ARRAY

Everything is theoretically impossible, until it is done.

Robert A. Heinlein.

The cochlear implant electrode array is the CI component that stimulates the auditory
neural tissue. To this date, all the commercial electrode arrays are composed of silicone
elastomers that encapsulate platinum-based electrodes. However, each different CI firm
has its own design and strategy. This chapter provides a deep state-of-the-art review of
the different CI electrode arrays that are available in the market. Besides, it discusses all
the requirements that electrode arrays have to fulfill to fully take advantage of cochlear
implants and the main limitations that electrode arrays present nowadays.

15
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3.1. STATE-OF-THE-ART

T HE CI electrode array plays an essential role in the hearing restoration process. This
component is inserted in the scala tympani (ST) of the cochlea and lays below its
basilar membrane [21], [46]. The array can be introduced in the ST by two different
methods: Round Window and Cochleostomy Technique. In the first one, the array is
inserted directly through the round window, whereas the second one refers to an inser-
tion through a small hole that is opened by the surgeon in the bony shell of the cochlea
overlying the ST [47], [48]. The placement of the electrode array inside the cochlea is dis-
played in Figure 3.1. The electrical sound information received by the implant is sent to
electrodes, which stimulates the auditory neural tissue (i.e., neurites, axons, and spiral
ganglion cells) [49]-[51]. Therefore, the CI electrode array represents the gate between
the auditory system and the electronics of the cochlear implant [39].

Owvall window i

Rowund window
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contacts
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(scala tympani)

Figure 3.1: Partial insertion an electrode array into the scala tympani of the cochlea. Figure retrieved from [21].

State-of-the-art arrays are composed of platinum-based electrodes that are encapsu-
lated by silicone elastomers. However, each CI firm has different electrode array design
strategies to offer its users better sound experiences that suit their auditory needs. As it
is observed in Table 3.1 and Figure 3.6, companies offer arrays with different lengths and
stimulating channels. A detailed description of the most advanced cochlear electrode
arrays from each manufacturer is described in the following section.



3.1. STATE-OF-THE-ART 17

Nurotron Cochlear Oticon Advanced MED-
Limited Medical Bionics EL
Number of individual stimulating 24 22 20 16 12

channels

Table 3.1: Maximum number of individual stimulating channels of the electrode arrays from different manu-
facturers. Table retrieved from [36].

3.1.1. ADVANCED BIONICS

Advanced Bionics (Valencia, United States) offers two main commercial electrode ar-
rays with 16 electrode platinum contacts and platinum-iridium leads [52]: the straight
HiFocus™ Slim] array and the pre-curved HiFocus™ Mid-Scala array. The CI recipi-
ent’s anatomy and the skills of the surgeon are crucial for the selection of the implanted
electrode [53], [54]. Figure 3.2 shows the straight HiFocus™ Slim]J and the pre-curved
HiFocus™ Mid-Scala electrode arrays.

Figure 3.2: The upper illustration shows the pre-curved HiFocus™ Mid-Scala electrode array, whereas the
bottom one represents the straight HiFocus™ Slim] electrode array. Figures retrieved from [55] and [56], re-
spectively.

3.1.2. MED-EL
At present, MED-EL (Innsbruck, Austria) has four series of electrode arrays that adapt
to the needs of each specific user [57]. All the arrays present 12 individual stimulating
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channels with up to 24 electrodes [37]. Besides, they have a straight shape as the philos-
ophy of the company is to develop atraumatic, flexible, and long arrays [36], [57]. Each
series contains arrays with different lengths. The FLEX series includes the FLEXSOFT,
FLEX28, FLEX24, and the FLEX20 arrays, each of them carrying 19 platinum electrodes.
These arrays are characterized as being the softest and most flexible, suiting the majority
of the recipients [57]. The FORM series has the FORM24 and FORM 19 arrays, with 24
platinum electrodes each. They are designed for individuals with a malformed cochlea
or for cases where a cerebrospinal fluid leakage is probable [57]. The CLASSIC series
comprises the first MED-EL array designs, which include the STANDARD, MEDIUM,
and COMPRESSED arrays. All of them contain 24 platinum contacts [57]. On the other
hand, the ABI electrode array, which has 12 active contacts, is designed for individuals
that have a non-functioning auditory nerve [57]. Figure 3.3 shows some of the different
MED-EL commercial electrode array designs.

Figure 3.3: Different electrode array designs from MED-EL. The arrays platinum electrodes and wave-shaped
wires from platinum-iridium [57]. Figure retrieved from [58].

3.1.3. COCHLEAR LIMITED

Cochlear Limited (Sydney, Australia) also has a variety of electrode arrays: the Cochlear
Nucleus CI24RE with Contour Advance™ Electrode is a pre-curved array that contains
22 platinum electrodes [59]; the Cochlear Nucleus CI422 with Slim Straight Electrode is a
straight model with 22 platinum electrodes designed to protect delicate cochlear struc-
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tures [59]; the Hybrid™ L24 Electrode contains 22 platinum electrodes but only provides
coverage in the basal area (high frequencies), consequently, it is mainly developed for
CI recipients that present functional residual hearing loss at low frequencies [59]; the
Cochlear Nucleus CI24RE with Full-Band Straight Electrode also has 22 platinum con-
tacts but is intended for patients that have an abnormal cochlea [59]; the Cochlear Nu-
cleus CI24M with Double Array Electrode contains 11 apical platinum electrodes and it
is designed for patients with an ossified cochlea; the Cochlear Nucleus 24 with Auditory
Brainstem Electrode contains 21 platinum electrodes and it is meant for patients that
cannot receive a cochlear implant as they might present an ossified cochlea, damaged
nerve or acoustic neuroma [59]. Figure 3.4 shows some of the different Cochlear Limited
electrode array designs.

Figure 3.4: Different electrode array designs from Cochlear Limited. Figure retrieved from [60].

3.1.4. OTICON MEDICAL

Oticon Medical (Vallauris, France) offers two arrays [61]: the Neuro Zti EVO, which is a
long, thin, and flexible array designed to maintain the delicate residual functional por-
tions of the cochlea; and the Neuro Zti CLASSIC array, which has an optimal stiffness that
suits both standard and complex insertions. Both arrays contain 20 platinum-iridium
electrodes.
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3.1.5. NUROTRON

Nurotron (China) designed the commercial electrode array with more individual chan-
nels: 24 platinum-iridium electrodes [62]. Figure 3.5 shows the standard array of the
company, where it is displayed the small curvature it has towards the modiolus. The
company also offers the array in four different sizes to accommodate different cochlear
profiles [62].

s
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Figure 3.5: Nurotron electrode array design. Figure retrieved from [62].

3.2. ELECTRODE ARRAY REQUIREMENTS

o fully take advantage of a cochlear implant, the cochlear electrode array needs to

be designed fulfilling different conditions. These factors can be divided into three
sections: matching the cochlear neuro-tonotopicity organization; atraumatic insertion
of the array; and material requirements. All of the different manufacturers aim to op-
timize these requirements when designing their electrode arrays for every CI recipient.
Nonetheless, as cochlear arrays still present limitations, it is significant to discuss them
in detail to develop enhanced novel arrays.

3.2.1. MATCHING THE COCHLEAR NEURO-TONOTOPIC STRUCTURE

The audible spectrum ranges frequencies from 20 kHz to 20 Hz [36], [63]. For individ-
uals with profound sensorineural hearing loss, electrode arrays should ideally contain
enough electrodes along all the length of the cochlea to cover all these frequencies. Nev-
ertheless, in some cases, ClI recipients have functional cochlear regions (generally in the
apical section), and thus, present residual hearing. In these situations, it is only desired
to provide coverage in the damaged areas of the cochlea. Besides, there are recipients
that present cochlea malformations or ossifications restricting the array to cover some
parts of the cochlea. All these reasons explain why there are different designs in com-
mercial electrode arrays [36]. Figure 3.6 exposes the lengths and the active stimulation
lengths of the main commercial CI arrays.

Current CI electrode arrays do not cover the inner apical areas from the cochlea,
which correspond to lower frequencies of the audible spectrum. More specifically, Fig-
ure 3.7 shows in detail how the electrodes of the FLEXSOFT array (MED-EL) (at time of
writing the longest in the market) match the cochlear neuro-tonotopic structure of the
cochlea. As it is observed in the figure, state-of-the-art electrode arrays are still unable
to cover all the audible frequency range. Therefore, the development of enhanced arrays
with a higher number of stimulating channels could lead to a more discriminative and
precise frequency coverage, and hence, to more natural sound perceptions for the CI re-
cipients. Besides, it is significant to be aware that the position of these channels is also
critical to ensure that only the desired auditory neural tissue is stimulated [36].
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Figure 3.6: Representation of the lengths and the active stimulation lengths (marked with black arrows) of the
main commercial electrode arrays [62]. Figure retrieved from [36].
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Figure 3.7: Representation showing how the FLEXSOFT MED-EL electrode array matches the neuro-tonotopic
organization of the cochlea. Figure retrieved from [36].

3.2.2. ATRAUMATIC INSERTION OF THE ELECTRODE ARRAY
When the electrodes are inserted in the ST of the cochlea, the intracochlear tissue is fre-
quently traumatically damaged. Unfortunately, in the worst-case scenario, the process
can lead to the loss of remaining residual hearing [64] and even to unsuccessful cochlear
implantations. Therefore, electrode arrays ought to have designs and materials that min-
imize this trauma. The more flexible the electrode array is, the lower the intracochlear
pressure and thus the better the cochlear tissue preservation [36]. This fact explains the
use of flexible elastomers to encapsulate the electrodes. Besides, thinner arrays exhibit
lower intra-cochlear pressure [65]. Nevertheless, the thinner the array, the further the
electrode contacts are positioned to the neural tissue, which leads to a weaker stimula-
tion [36]. Accordingly, an optimal balance between array thickness and electrode stimu-
lation distance is always pursued.

In terms of shape, there are two main types of commercially available arrays: straight
and pre-curved. In Figure 3.2 are shown the pre-curved and straight electrode arrays
of Advanced Bionics. Pre-curved electrode arrays are shorter and easier to insert in
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the cochlea than straight electrodes [36]. Besides, they are more resistant to micro-
movements as they are designed to hug the modiolus [36]. However, pre-curved arrays
are also more traumatic than straight ones [36], [65], [66]. This fact is mainly due to two
factors. Firstly, pre-curved arrays are usually larger in volume and create a higher intra-
cochlear pressure [65]. Secondly, pre-curved arrays are straightened and inserted in the
inner ear via a stylet (advanced off-stylet technique (AOS)) [67]. The AOS technique is
described in Figure 3.8.

(b)

Figure 3.8: Schematics of the advanced off-stylet technique (AOS). (a) The stylet straights the pre-curved elec-
trode array. Both the stylet and the electrode array are introduced into the cochlea until reaching the marker
point. (b) The stylet is maintained in place while the electrode array advances. When the array reaches the
final cochlear depth, the stylet is removed. Figure retrieved from [67].

The straight and sharp wire of the stylet often damages the cochlear tissue, which
also raises the risk of array translocations from the scala tympani to scala vestibuli [36],
[66]. Nonetheless, the scientific community is making a strong effort to develop steerable
stylets to fully control the cochlear insertions and avoid the contact between the array
and cochlear tissue [42]. The strategies to develop such steerable stylets include shape
memory alloys [68], tubular manipulators [69], magnetic guidance [70], fluid-mechanic
actuators [71], and actuation strands [72]. The commercialization of steerable stylets
might reduce the insertion forces considerably, favoring the achievement of atraumatic
cochlear insertions [42]. On the other hand, straight electrode arrays are more flexible
and longer [36]. Therefore, they are capable of reaching deeper cochlear regions and
cover more frequency ranges. Besides, they adapt more smoothly to different cochlear
anatomies. In any case, the current straight and pre-curved electrode arrays present ad-
vantages and disadvantages. Consequently, surgeons choose the designs they consider
appropriate for each CI insertion.

According to the previous specifications, it is significant to realize that the novel elec-
trode arrays ought to be designed for minimizing cochlear tissue damage and maximiz-
ing the preservation of residual hearing. Furthermore, in the future electrode arrays
could be combined with regenerative medicine approaches, such as the application of
stem cells and organoids to the inner ear [73]-[75], and the delivery of drugs through
drug-eluting systems [8], [76]. Regenerative medicine strategies and drugs could poten-
tially promote the regeneration of neural structures and reduce fibrosis and inflamma-
tory reactions, which would considerably reduce the cochlear tissue damage and would
lead to a better hearing performance for the CI recipient. Figure 3.9 shows the attach-
ment of a drug-eluting system to the electrode array.
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Figure 3.9: Figure showing the electrode array carrying a biocompatible and biodegradable drug-eluting sys-
tem in the scala tympani of the cochlea. Figure retrieved from [76].

3.2.3. MATERIAL PREREQUISITES
The materials of CI array electrodes have mechanical, biological, and electrical require-
ments.

Firstly, the electrode array needs to have long-term mechanical stability to be breakage-
resistant and avoid short-circuiting [77]. Furthermore, the materials need to be flexible
for favoring atraumatic insertions but also have the necessary stiffness to be correctly
positioned in the cochlea [77]. In commercial CI array electrodes, the flexibility is pro-
vided by silicone elastomers and the stiffness is mainly given by the geometric configu-
ration of the internal wires [36], [77]. As it is observed in Figure 3.10, each manufacturer
uses different strategies to distribute the wiring inside the encapsulating elastomer ma-
terial and have proper mechanical properties.

Brand A Brand B Brand C

Figure 3.10: Wiring strategies of different CI manufacturers. Figure retrieved from [36].

Secondly, as CI electrode arrays are in direct contact with the biological tissue, bio-
compatibility is extremely important: they need to be composed of materials that do
not elicit any immune reactions but instead generate the beneficial cellular and tissue
responses [78]. Besides, these materials should present long-term stability and not de-
grade with time [39]. Modern CI electrode arrays use silicon elastomers, platinum, and
iridium as they are biostable and biocompatible materials [8].

Thirdly, CI electrodes stimulate the auditory neural tissue by transferring charge.
These electrical stimulations must have sufficient intensity to trigger action potentials
in the neural tissue, which send the signals to the central auditory system. Nonetheless,
stimulations also ought to be safe and not damage neither the tissue nor the electrodes.
To achieve these requirements, electrodes must present large safe injection limits, or in
other words, a high ability to store charge reversibly [79]. With high safe injection limits,
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electrodes can safely stimulate the neural tissue avoiding irreversible Faradaic reactions
and their products, which are harmful to both the electrodes and biological tissue [79].
The safe injection limit of an electrode depends on its shape, size, material, and stimu-
lus waveform. Platinum and iridium are employed in CI electrodes as for the size of the
electrodes (around 0.4 mm? [80]) and stimulation parameters that are used in clinical
practice, these materials have sufficient reversible charge storage capacity to guarantee
a safe stimulation [77]. Besides, both materials possess good corrosion resistance, which
is a superior feature for the long-term stability of the electrodes [8], [77].

3.3. LIMITATIONS OF COCHLEAR IMPLANTS ELECTRODE ARRAYS

HE tailored manufacturing process of state-of-the-art electrode arrays present lim-
T itations that restrict the hearing perception of the CI recipients. Firstly, modern
cochlear implants have arrays ranging from 12 to 24 individual stimulating channels
[36], which is a limited number compared to the 3000 neural stimulation sites normal-
functioning cochlea [39]. This number is limited due to the wiring, the low allowed input
current, and the relatively big size of electrodes compared to the small size of the cochlea
[9]1, [39], [81]. Besides, the current design of the arrays deprives access to deeper areas in
the cochlea. This fact restricts the coverage of the low-frequency audible spectrum [9],
[39].

The materials employed in current array electrodes can also be improved. Even
though platinum presents long-term stability, a good maximum charge injection capac-
ity, and low corrosion rates, experiments prove that a thick oxide layer can form in the
platinum surface when it is in contact with saline electrolyte environmental conditions
[9], [39]. As it is shown in Figure 3.11, this oxide layer might lead to a surface expansion,
which could break or oxidate the platinum electrode, restricting the optimal functioning
of the electrodes [9], [39].

Zekv X408 * SOmm 1S5/JAN/B3 28kV ¥ X350 SOmm

Figure 3.11: Cracked surface of a platinum electrode after being in contact with saline electrolyte environmen-
tal conditions. Figure retrieved from [9].

Furthermore, to develop arrays with a higher number of stimulating channels, it is
necessary to decrease the size of electrodes. However, this strategy is not possible with
platinum, iridium, or platinum-iridium alloys as they do not present sufficiently high
injection capacity [82].

In the next chapter, new candidate materials that can build future enhanced CI elec-
trode arrays are described.
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Somewhere, something incredible is waiting to be known.

Carl Sagan

State-of-the-art CI electrode arrays are composed of platinum-based electrodes that are
encapsulated by silicone elastomers. These electrode arrays present several limitations,
highlighting the small number of individual stimulating channels and its impossibility
to cover the inner apical areas from the cochlea. Besides, their tailored manual manufac-
turing process increases considerably their cost, making CI non-affordable solutions for a
huge part of the world population. This chapter introduces the most promising material
candidates that might enhance CI electrode arrays to get rid of the mentioned limitations.
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4.1. MATERIAL SUBSTITUTES

C URRENTLY, CI electrode arrays are composed of platinum-based electrodes that are
encapsulated by silicone elastomers. In this section, the most encouraging materials
that can substitute them to improve CI functioning are described.

4.1.1. POLYMERS

Conductive polymers could revolutionize the CI electrode arrays as they permit the fab-
rication of micro-electrode arrays (MEAs), leading to optimal batch fabricated arrays
with more individual stimulating channels [83], [84]. Besides, arrays could be fabricated
without wiring, a fact that would improve the mechanical properties of the electrode
array, making them more flexible and less traumatic. Therefore, conductive polymers
are one of the most promising materials for the development of novel optimized elec-
trode arrays [84]. For biomedical implants, the most successful conductive polymers
are polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) [85]. PPy presents
good biocompatibility, chemical stability, and fairly high conductivity (10? - 7.5 x10% S
cm™!) [85], [86]. PEDOT has excellent biocompatibility and notable electrical, chemi-
cal, thermal, and environmental stability [85], [87]. Furthermore, it presents excellent
conductivity in the range of 10 S cm™! [88]. If necessary, the biocompatibility of con-
ductive polymers can be improved by the attachment of biocompatible molecules, frag-
ments, or side chains [85]. Furthermore, the conductivity can also be enhanced by a
variety of physical and chemical strategies [89]. A good example of this is to create con-
ductive composites of biocompatible polymers with dispersed conductive fillers such as
graphene, carbon nanotubes, or metallic nanoparticles [90].

Polymers such as teflon, parlene, silk, or chitosan present interesting features that
open the gate to become part or even substitute the current encapsulating elastomers
of CI electrode arrays. Teflon, also known as PTFE ((poly(tetrafluoroethylene)), is a hy-
drophobic polymer that stands out for its chemical and thermal stability. Research in-
vestigations show that this material allows the insertion of the electrodes in a place close
to the modiolus of the cochlea [25], [77]. Furthermore, teflon can also be used to isolate
the wires between electrodes and the implant body [77]. The successful implementa-
tion of this material in other biomedical applications, such as vascular prostheses [91],
ensures excellent biocompatibility and hopeful data regarding its implementation in
cochlear implants [77]. Parlene is another polymer that is also under research for its
implementation in cochlear implants. By novel single and dual-metal-layer processes,
flexible parlene-based high-density arrays have been successfully developed with opti-
mal control of both stimulating and recording functions [92]. Moreover, parlene can be
been used to encapsulate the implanted receiver-stimulator [93], [94]. Silk is a natural
polymer that has been widely studied as its macromolecular properties are similar to the
natural extracellular matrix (ECM). Additionally, silk has excellent biocompatibility and
optimal mechanical properties [94]. The structural component of silk is fibroin, which
can be used as an excellent matrix for healing peripheral and central neural tissue [8].
This fact is relevant in cochlear implantation as cochlear electrodes stimulate the spi-
ral ganglion neuron (SGN), where both peripheral and central auditory nerve tissues are
present [8], [94]. Chitosan is another natural polymer that also presents a nerve guide for
the regeneration of neural tissue [95]. If silk and chitosan are combined, they could get
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rid of their limitations (silk fibroin is brittle and chitosan degrades at a fast rate), form-
ing a suitable composite fibroin-chitosan material for the implementation in cochlear
implants [8]. There are already studies that demonstrate successful implementations of
this composite in neural tissue regeneration [96].

4.1.2. CARBON ALLOTROPES: GRAPHENE AND DIAMOND

Graphene and diamond present exciting features to be implemented as coating mate-
rials for electrodes. Graphene substrates are stable, biocompatible, and promote neu-
ral growth [97]. Furthermore, it is possible to create soft, flexible, and high-density ar-
ray electrodes for biomedical applications from reduced graphene oxide [98]. Due to
its optimal electrode-tissue interphase characteristics, this biomaterial seems to have a
promising future in implantable biomedical devices, including cochlear implants. Dia-
mond is another allotrope of carbon that has reported optimal results in the biomedical
field. Stretchable diamond-like carbon microstructures might be able to replace con-
ductive rigid structures of biomedical implants to overcome the restrictions they face in
stretchable or three-dimensional environments in the human body [99]. In the field of
cochlear implants, these corrosion-resistant diamond-like conductive structures could
accommodate the complex arrangement of the cochlea at the same time they resist flex-
ural fatigue strength, and therefore, they postulate as an ideal material for cochlear leads
[99].

4.1.3. NOBLE MATERIALS AND METALS

During the last years, there has been significant interest in discovering other noble ma-
terials that could enhance the performance of platinum electrodes. Iridium (Ir), another
noble metal, is a much harder metal than platinum and it is also corrosion-resistant.
Therefore, it is possible to develop iridium and platinum-iridium (Pt-Ir) alloys as elec-
trode material with similar injection limits to platinum, excellent biocompatibility [79],
and improved mechanical properties [8]. Other materials that can be used for stimula-
tion electrodes are iridium-oxide (IrO) and titanium-nitride (TiN). Both materials have
higher injection limits than platinum [9]. As a remarkable example of how these mate-
rials could replace platinum in future Cls, the Ph.D. Thesis by Lawand, N. S. [39], from
the Delft University of Technology, describes how employing TiN material in new man-
ufacturing procedures could lead to microfabricated CI electrode arrays, which could
considerably increase the number of electrodes and improve the CI functionality. The
rigid electrode array prototype of this thesis is shown in Figure 4.1.

Other metals could also be used to enhance CI as they have beneficial implant-tissue
effects. After the insertion of a cochlear implant, the two main challenges are to avoid
the growth of fibrous tissue around the electrode and the deterioration of spiral ganglion
cells. The ions of metals such as silver (Ag), zinc (Zn), and copper (Cu) have antimicrobial
and antiproliferative potential. The use of these metal ions can reduce fibrous tissue
proliferation in the array electrode without affecting spiral ganglion cells [100].

4.1.4. NATURAL ORGANIC MATERIALS
Novel microfabrication processes permit the development of electrodes with extracellu-
lar matrix (ECM) proteins as major structural materials [101]. This approach minimizes
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Figure 4.1: Prototype of a stiff probe with TiN electrode contacts. Figure retrieved from [39].

the insertion of non-natural materials in the body [101]. As a distinct example, colla-
gen can be used as a structural material due to its high mechanical strength whereas the
matrigel protein could enhance neuronal compatibility. ECM-based electrodes signif-
icantly enhance the biocompatibility and mechanical robustness of the implant-tissue
interphase. Besides, they increase neuron cell growth around the implant. However,
there are still many challenges to overcome before ECM-based electrodes can achieve
the market. Firstly, reducing the width of the electrodes is critical to achieving feature
sizes of neurons and the possibility to build many shanks to stimulate multiple locations
[101]. Furthermore, ECM-based electrodes should also improve the charge storage ca-
pacity and long-term stability to be implemented in medical devices.

4.2. COATING MATERIALS

coating is defined as the deposition of a different material on the main substrate to
A enhance surface properties. Coatings can be implemented in a wide variety of med-
ical devices, including cochlear implants. In this section, the most promising coating for
CI electrode arrays are discussed, including conducting polymers, carbon nanotubes,
hydrogels, collagen, iridium oxide, platinum, graphene, and boron oxide-diamond.
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4.2.1. CONDUCTING POLYMERS

The conductive polymers that have exhibited the most successful outcomes in medi-
cal devices are PPy and PEDOT. These materials are normally implemented as coatings
as they show an improvement in the charge injection limit, signal-to-noise ratio, and
stability of the electrodes compared to the bare ones [82], [102]. Furthermore, they pro-
mote neuron attachment and differentiation, neurite outgrowth, and mechanical ad-
hesion [102]. Figure 4.4 shows SEM images of PPy nanotubes coated on neural micro-
electrode sites. The main drawback of these coatings is that conductive polymers are
prone to delaminate from the main material [102]. To get rid of this limitation, com-
binations of conductive polymers with other materials, such as paratoluene sulfonate
(pTS), poly(styrene sulfonate) (PSS), perchlorate (ClO4-), chondroitin, laminin peptides,
or carbon nanotubes are under research [8], [103]. On the other hand, other conductive
polymers, such as polyacetylene (PA), polythiophene (PT), and polyaniline (PANi) have
also reported benefits in biomedical applications [104], and their possible implementa-
tion in CI seems encouraging.

Figure 4.2: PPy nanotubes coated on microelectrodes sites. Figure retrieved from [102].

4.2.2. CARBON NANOTUBES

Carbon nanotubes (CNTs) present large surface areas and suitable electrical, mechan-
ical, and physical features [105]. Their exceptionally large conductance and mechani-
cal stability make them appealing to be used as coating materials for implantable elec-
trodes. Electrodes coated with CNTs are robust, acquire low impedances, high charge
transfer characteristics, and increase the number of activated neurons when they are
employed for electrical stimulation. Furthermore, coated electrodes remain biocompat-
ible and chemically stable [105]. These characteristics make CNTs a promising material
for their implementation in the development of better cochlear implant electrodes. Fig-
ure 15 illustrates a sharp electrode coated with CNTs.
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Figure 4.3: Tungsten electrode coated with carbon nanotubes (CNTs). Figure retrieved from [105].

4.2.3. HYDROGELS

Conductive hydrogels coatings demonstrate potential benefits for enhancing the elec-
trical properties without affecting the mechanical properties of cochlear implant elec-
trodes [106], [107]. Hydrogel coatings can increase the injection limit up to 24 times, pro-
viding softer material interphase for minimizing mechanical mismatch. Furthermore,
hydrogels reduce unwanted fluids around the electrodes and diminish scar tissue for-
mation [106]. Moreover, they have small impedance and show minimal delamination
and degradation rates. Therefore, hydrogel coatings seem to have a promising future
upon their use in cochlear implants [106], [107]. Figure 14 shows an illustration of bare
and hydrogel coated electrodes.
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Figure 4.4: Illustration of bare electrodes (a, c) and hydrogel coated ones (b, d). Figure retrieved from [106].
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4.2.4. IRIDIUM-OXIDE COMPOSITES

Inorganic coatings, such as iridium oxide (IrOx), are extensively studied for implemen-
tation in stimulation electrodes [108]. Additionally, graphene [109], platinum black (Pt
black), and platinum grey (Pt gray) are potential candidates for coating materials in neu-
ral stimulation electrodes [110]. Boron-doped diamond (BDD) has also been purposed
as a novel coating material for neural interfacing [111]. However, as individual coating
materials, these materials do not present completely optimal features: Pt black presents
a weak mechanical strength and structure, and to improve its properties, it requires ad-
ditive materials such as the lead (Pb), which is not biocompatible [110]; Pt grey does not
present sufficient impedance and cathodic storage capacity [110]; IrOx has optimal elec-
trical properties but poor adhesion properties and low stability [110], [112]; graphene
presents high stability butlow cathodic storage stimulation [110]; BDD offers proper per-
formance in terms of neural stimulation and recording [111] but it possesses elevated
costs to be implemented in commercial electrodes [110]. Nevertheless, the possibility
of combining these materials to form composite coatings to overcome their limitations
and enhance their advantages seems encouraging: IrOx/Pt grey and IrOx-graphene ox-
ide coatings show successful results in the literature [109], [110]. Other materials such as
carbon nanotubes and graphite also show favorable results when combining with IrOx
[109]. The IrOx/Pt gray composite presents a large effective surface area, low impedance,
high charge storage capacity, and refined adhesive properties to the substrate. Further-
more, electrodes coated with the IrOx/Pt grey composite acquire better mechanical and
electrochemical properties together with superior long-term stability. These facts make
this composite an encouraging coating material for cochlear implant electrodes [110].
The IrOx-graphene oxide coating also presents optimal adherence to the electrode sub-
strate. Furthermore, it significantly improves the charge capacity and long-term stability
concerning bare and IrOx coated electrodes. This coating also presents similar neural
cell growth rates due to its excellent biocompatibility [109].

4.2.5. NATURAL MATERIALS

Extracellular matrix elements present benefits when employed as coating materials. As
exceptional examples, collagen, laminin, and fibronectin have shown enhancements in
neural function, regeneration, and growth when they are used as coating materials for
electrodes. Furthermore, these ECM proteins reduce the inflammation caused by im-
mune reactions and also inhibit the formation of glial scars [101]. Even though these
coatings present poor long-term stability, their use as coating materials is appealing
in cochlear implant electrodes to decrease post-operative inflammations and provide
short-term benefits to the implant. Silk has also presented large benefits when used as
a coating material. It possesses optimal mechanical properties and the ability to reduce
inflammatory responses. Additionally, silk can encapsulate drugs [8], [113], which is an
interesting property for developing drug-eluting systems.
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Good ideas are always crazy until they're not.

Elon Musk

This chapter shows that PEDOT:PSS is an excellent material for all-polymeric cochlear
implant micro-electrode arrays. This conductive polymer presents excellent biocompati-
bility and optimal electrical, chemical, thermal, mechanical and environmental stability.
Additionally, it is possible to dramatically decrease the high conductivity of PEDOT:PSS
using different approaches, such as the exposure of UV light, heat treatment, or electro-
chemical and chemical over-oxidation. Initial experiments show that by patterning the
PEDOT:PSS layers with conductive and non-conductive areas, it might be possible to cre-
ate an electric circuit with superior electrodes and leads that give rise to a fully polymeric
CI micro-electrode array.

33
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5.1. PEDOT:PSS, OPTIMAL MATERIAL

I N the previous chapter, the most interesting materials to enhance CI electrode arrays
were introduced. Nevertheless, this work will focus on developing novel fully poly-
meric CI micro-electrode arrays (MEAs). Concretely, poly(3,4-ethylenedioxythiophene)
(PEDOT) will be the main material of these arrays. PEDOT is a promising material as it
presents excellent biocompatibility and good electrical, chemical, thermal, and environ-
mental stability [85], [87]. Moreover, PEDOT films of high conductivity can be fabricated
[88]. Furthermore, its biocompatibility can be improved by the attachment of biocom-
patible molecules, fragments, or side chains [85].

When PEDOT is used as a coating material, it improves significantly the performance
of conventional electrodes. PEDOT coated electrodes show lower impedance, higher
charge storage capacity, and charge injection limits 10 to 20 times larger than bare Pt
and Pt-Ir electrodes [82], [114]. Additionally, PEDOT coated electrodes present stability
under chronic stimulation conditions [114]. These facts lead to the conclusion that by
coating CI electrodes with PEDOT, the functioning, stimulation, and stability of these
medical devices are improved. However, to give a step forward in the CI field, the design
and the manufacturing process of the CI electrode array ought to be improved. In that
way, the development of CI MEAs is highly pursued. With conducting polymers such as
PEDOT, MEAs can be developed [83], [84]. MEAs can be massively batch fabricated with
higher precision and lower price than current hand-made electrode arrays. Moreover,
due to the microscale dimension of the MEAs, arrays could have a higher number of
individual stimulating channels and a deeper insertion length. This fact would lead to a
more localized stimulation and a better match with the neuro-tonotopic structure of the
cochlea [9], [39]. Furthermore, arrays made of conductive polymers could be fabricated
without wiring, a fact that would improve the mechanical properties of the electrode
array as they would be more flexible and less traumatic. Therefore, due to its excellent
properties, this work will based the fabrication of all-polymeryc CI MEAs on PEDOT.

Highly conductive PEDOT films (10% S cm ~') can be created by vapor phase poly-
merization (VPP) [88], [115]. For that, vaporized EDOT monomers and a substrate cov-
ered with an oxidant (e.g., Fe(IIl) tosylate, FeCls, HAuCly, or CuCl,) are placed in a re-
action chamber. EDOT monomers then condensate and polymerize, creating a PEDOT
conductive layer above the substrate [88], [115], [116]. Other significant ways to synthe-
size PEDOT are chemical and electrochemical approaches [88].

On the other hand, the addition of poly(styrene sulfonate)(PSS), a polymer surfac-
tant, to PEDOT gives rise to poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS). This polymer mixture is soluble in water and in other solvents [117]. The
chemical structure of PEDOT:PSS is shown in Figure 5.1. Affordable high quality PE-
DOT:PSS aqueous dispersions allow to uniformly synthesize PEDOT:PSS layers via tradi-
tional solution-processing techniques, including spin coating, spray deposition or screen
printing [117]. These PEDOT:PSS films are biocompatible [118], transparent in the visi-
ble light spectrum, present high conductivity (>200 S cm~! [119]), outstanding flexibility
[120], and proper thermal stability [117]. These features also favor an optimal implant-
tissue interface, decreasing inflammatory responses and device rejection [121], [122].
Furthermore, the work function of these films (around 5.0-5.2 eV) benefits high charge
injection limits [117]. For these reasons, as it will later be shown, this work will create
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Figure 5.1: Schematic representation of the chemical structure of PEDOT:PSS. Figure retrieved from [117].

PEDOT:PSS films by spin coating a PEDOT:PSS aqueous dispersion.

A really interesting fact about PEDOT and PEDOT:PSS layers is that it is possible to
decrease their high conductivity using different methods, such as the exposure of UV-
light [123], [124], heat treatment [125], [126], or electrochemical [127], [128], [129], [130]
and chemical over-oxidation [131]. By making specific regions of the PEDOT:PSS films
non-conductive, it might be possible to create high-resolution patterns with a conduc-
tivity difference of several orders of magnitude. Hence, the objective of this project is to
provide a proof-of-concept that demonstrates that by patterning the PEDOT:PSS layers
with conductive and non-conductive areas, it is possible to create a PEDOT:PSS electric
circuit with electrodes and leads that gives rise to a fully polymeric CI-MEA.

The next sections describe the experimental work performed in this project, starting
from the fabrication of the PEDOT:PSS layers and subsequently describing the different
approaches taken to dramatically decrease the conductivity of the polymer to create pat-
terns. Furthermore, a detailed electrical characterization of the electrodes is described.
Lastly, a first fully polymeric CI MEA prototype is proposed.

5.2. FABRICATION AND CHARACTERIZATION OF THE PEDOT: PSS

SAMPLES

T HE first experiments conducted in the project were to create the PEDOT:PSS layers
and to measure their conductivity.

5.2.1. ELABORATION OF THE PEDOT:PSS SAMPLES

For the initial experiments, silicon substrates (525 ym thick and resistivity of 2 Q cm)
were used. As these wafers were conductive, a layer of 400 nm plasma enhanced chemi-
cal vapour deposition (PECVD) silicon oxide (SiO;) was coated on its top. This step was
critical to ensure that the conductivity measurements are just given by the polymer. After
this process, 7 ml of the poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PE-
DOT:PSS, high conductivity grade, 3.0-4.0 wt%, 655201 Aldrich) dispersion were poured
in the centre of the substrate. The sample was then spin-coated at 200 rpm for 60 s and
1200 rpm for 5 s and cured on a hotplate at ambient temperature for 60 min at 100°C.
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Figure 5.2 shows visually the main steps of this process.

PEDOT:PSS

Silicon Substrate

Figure 5.2: Sequence showing the main steps to elaborate the PEDOT:PSS samples used in the project.

The thickness of the PEDOT:PSS films was measured with a Dektak 150 contact pro-
filometer (Bruker, USA), which resulted to be 585 nm.

5.2.2. MEASUREMENT OF CONDUCTIVITY
The goal of this part of the project was to measure the conductivity of the PEDOT:PSS
layers.

Before calculating the conductivity of the films, a 4-point probe (CDE ResMap, USA)
was used to measure the sheet resistance. The conductivity of the samples can be then

calculated using Equation 5.1, where R; is the sheet resistance and ¢ is the thickness of
the film.

1
o=—
Ryt

The average conductivity of the PEDOT:PSS samples resulted to be in the range of 230 S
-1
cm™ .

(56.1)

Alimitation of the available 4-point probe equipment was that, as it can be observed
in Figure 5.3, the probes were optimal for measuring the conductivity of metals, and in
most of the cases, they perforated the PEDOT:PSS sample. Nevertheless, the equipment
provided reliable data for several measurements before the layer was completely per-
forated. Options to solve this trouble were based on building Van der Pauw structures
on the sample. However, due to feasibility reasons, it was preferred to remain with the
first approach (always measure different parts of the sample to avoid the needles to in-
teract with possible perforated areas) and discard the PEDOT:PSS sample after several
measurements.
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Figure 5.3: A perforation that a probe of the 4-point probe left in the PEDOT:PSS film after measuring the sheet
resistance.

5.3. CONDUCTIVITY DECREASE OF PEDOT:PSS SAMPLES

HE goal of this part of the project was to determine different approaches to decrease
the conductivity of the PEDOT:PSS samples for an optimal and feasible fabrication
of all-polymeric CI micro-electrode arrays.

5.3.1. UV EXPOSURE

When PEDOT is exposed to UV light, the chemical bonds between the EDOT monomers
decompose, leading to a conductivity decrease [123]. However, to significantly decrease
the conductivity of PEDOT, radiation below 315 nm should be used [132]. Therefore, UV
equipment with UVB (280-315 nm) and/or and UVC (100-280 nm) bands will be more ef-
fective than ones with UVA (280-400 nm) band to decrease the conductivity of PEDOT. To
demonstrate this theory, two different UV equipments were used in this work: a MA/BA8
mask aligner (SUSS MicroTec, Germany) with both 365nm and 405nm wavelengths; and
a Flexicure equipment (MACAM, Scotland) with a frequency spectral distribution along
the UVA and UVB bands.

SUSS MICROTEC MA/BA8 MASK ALIGNER

The first UV equipment used in the project was a SUSS MicroTec MA/BA8 mask aligner.
This device has a power of 10 mW cm™2 at both 405 nm and 365 nm wavelenghts. Figure
5.4 shows that after 90 minutes of UV radiation, the conductivity only decreased from
230 S cm™! to 178 S cm™!. Therefore, as the literature suggested [132], PEDOT does not
significantly change its conductivity due to UVA radiation, making the SUSS MicroTec
MA/BA8 mask aligner equipment not suitable to make the PEDOT:PSS samples signifi-
cantly less-conductive.
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Figure 5.4: Conductivity Vs exposure time. Equipment: SUSS MicroTec MA/BA8 mask aligner.

MACAM FLEXICURE

MACAM Flexicure was the second equipment that was used as a UV light source. Ac-
cording to its specification sheet [133], the device has a power range between 0-2000
mW cm~2 and, as presented in Figure 5.5, a wide frequency spectral distribution.
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Figure 5.5: MACAM Flexicure frequency spectral distribution. Figure retrieved from [133].

The device was set to irradiate the PEDOT:PSS samples with the maximum power
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and all their available frequencies (no filters were available to exclusively let the UVB
spectrum irradiate the samples).

As it is shown in Figure 5.6, the conductivity of the PEDOT:PSS films decreased show-
ing an exponential behavior from 230 S cm™! t0 0.48 S cm™! in 3 hours.
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Figure 5.6: Conductivity Vs exposure time. Equipment: MACAM Flexucure.

For this work, the results provided by the MACAM Flexicure equipment are sufficient
to conclude that it is possible to significantly decrease the conductivity of PEDOT:PSS
samples via UVB radiation. However, this equipment is limited in irradiation surface
area to only a circumference with a diameter of 0.8 c¢m?. Therefore, to decrease the con-
ductivity of larger surfaces, it would be more optimal to have an equipment with a wider
exposition area. Moreover, the UVB radiation provided by this equipment is limited as
most of its UV radiation is concentrated within the UVA band. It is expected to have a
higher conductivity decrease in a lower irradiation time if UV equipment with a more
localized frequency spectral distribution within the UVB and/or UVC bands are used.

5.3.2. HEAT TREATMENT
PEDOT:PSS layers present temperature stability below 100°C. This implicates that PE-
DOT:PSS films conserve their conductivity when thermally treated below this temper-
ature [125]. However, when going above 100°C, the damaging effect of the oxygen and
the moisture of atmospheric air on the sample become relevant, leading to a irreversible
structural degradation of the polymer [125], [126]. Hence, despite the fact that for the
first heating minutes (from 150°C to 170°C) the polymer can experience a crystallinity
improvement [126], it might be possible to decrease the conductivity of the PEDOT:PSS
films by thermal treatment.

Therefore, in this work, PEDOT:PSS samples were heated at 200°C during 60 minutes
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while measuring its conductivity. The results, as shown in Figure 5.7, suggest that, as pre-
dicted, it is possible to significantly decrease the conductivity of PEDOT:PSS by thermal
treatment.
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Figure 5.7: Conductivity Vs exposure time. The samples were heated at 200°C in hotplate.

5.3.3. ELECTROCHEMICAL OVER-OXIDATION
PEDOT:PSS layers are generally electrochemically stable within -0.3 Vto +0.8 V potentials
relative to the silver/silver chloride (Ag/AgCl) electrode. [129]. However, this potential
range might vary depending on many factors, including the electrolyte conditions or the
approaches to synthesize the polymer [129]. In any case, when the polymer is subjected
to a positive potential that surpasses this stability limit, irreversible over-oxidation of the
layers occurs [129], [130]. This process leads to a meaningful decrease of the conductivity
of the polymer [129], [130]. Therefore, the first step to make the PEDOT:PSS layers non-
conductive is to calculate the potential that over-oxidates them. The best way to do it
is by observing when the PEDOT:PSS films stop being electrochemically stable via cyclic
voltammetry (CV). To be experimentally consistent, the experimental conditions were
always the following: the working electrode was a PEDOT:PSS square layer with an area
of 2 cm? ; a stainless steel rod was used as the cathode; a silver/silver chloride electrode
was the reference electrode; 0.1 M KCl solution was used as electrolyte; and the scan rate
was set to 50 mV/s. For the electrochemical measurements, an Autolab PGSTAT302N
potentiostat-galvanostat (Metrohm, Switzerland) was used.

In total, three different CV characterizations were conducted. All of them consisted
of 10 CV cycles with a minimum potential of -0.3 V. The three maximum potentials were
set to +0.8 V Figure 5.8(a), +1.2 V Figure 5.8(b), and +1.5 V Figure 5.8(c).
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Figure 5.8: Cyclic voltammograms of PEDOT:PSS in 0.1 M KCL. The sample sizes were 2 cm?. The cathode was
a stainless steel rode and a (Ag/AgCl) electrode was used as reference electrode. The voltage rate was set to 50
mV/s. (a) CV curves in a -0.3 V to +0.8 V potential range; (b) CV curves in a -0.3 V to +1.2 V potential range; (c)
CV curvesin a-0.3 Vto +1.5 V potential range; (d) 10th CV cycle with different maximum potentials (+0.8, +1.2,
+1.5) V.

From Figure 5.8, it is observed that from -0.3 V to +0.8 V the material is electrochem-
ically stable as the CV curves between the first and tenth cycle are almost equal. There-
fore, all oxidation-reduction reactions taking place in the PEDOT:PSS electrode are re-
versible. In this stable state, PEDOT:PSS CV curve presents a rectangular shape, which
suggests that this material presents a capacitive behavior [130]. However, with an over-
potential of +1.2 'V, the oxidation current decreases slightly with every CV cycle. This fact
suggests that moderate irreversible over-oxidation takes place. The over-oxidation pro-
cess is even more apparent with an over-potential of +1.5 V, where after 10 CV cycles,
the current flowing on the PEDOT:PSS layers is almost 0, indicating the material com-
pletely lost its electroactivity. A comparison between the 10th CV curve at each different
over-potential is shown in 5.8 (d).

The previous experiment led to the conclusion that an over-potential of +1.5 V can
significantly change the electrochemical properties of the PEDOT:PSS films after only 10
CV cycles. Therefore, the next goal was to determine whether the conductivity of over-
oxidized layers was also detrimentally affected. For that, using a potential range of -0.3
Vto +1.5 V and keeping the same experimental setup as in the previous experiment, the
conductivity of the films was measured after being subjected from 0 to 50 CV cycles.
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Figure 5.9: Conductivity of PEDOT films after different CV cycles. The voltage rate was 50 mV/s and the CV
voltage range was fron -0.3V to +1.5V. The experimental setup was the following: a2 cm? PEDOT:PSS as working
electrode, a stainless steel rode as cathode, a (Ag/AgCl) electrode as reference electrode, and 0.1 M KClI as
electrolyte.

As it is observed in Figure 5.9, the conductivity of the PEDOT:PSS films decreases
from 230 S/cm to 0.4 S/cm in 50 CV cycles.

On the other hand, it might also be possible to over-oxidate the sample by applying
a constant over-potential (e.g., +20 V) between the sample and the cathode. This exper-
iment is suggested for future work.

5.3.4. CHEMICAL OVER-OXIDATION

Sodium hypochlorite (NaClO) chemically over-oxidizes PEDOT:PSS samples. This chem-
ical disrupts the conductive pathways of the polymer, leading to a dramatic decrease in
the conductivity of the polymer [131]. However, the strong interaction between NaClO
and PEDOT:PSS also causes a chemical degradation of the polymer [131].

In this project, solutions with different concentrations of NaClO,4) (14% wt, 5% wt,
0.5% wt, 0.05% wt) were prepared. PEDOT:PSS samples were completely submerged in
these solutions for different times. After each submersion, the samples were rinsed in
deionized water. Before measuring their conductivity, the specimens were left at ambi-
ent temperature until they were dry. It was found that for all the NaClO(,4) concentra-
tions above 0.05 wt %, the conductivity of the sample decreased to 0 S/cm after only 10
s of submersion. However, the chemical degradation of PEDOT:PSS was so strong that
in some cases, the PEDOT:PSS films detached from the substrate. However, as shown
in Figure 5.10, when submerging the samples in the 0.05% wt NaClO(44) solution, the
conductivity of the PEDOT:PSS films decreased exponentially to almost 0 S/cm in less
than 120 s. Besides, the thickness only decreased less than 100 nm, suggesting that PE-
DOT:PSS films might retain their mechanical properties.
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Figure 5.10: Conductivity Vs exposure time. The samples were submerged in a 0.05% wt NaClO44) solution.

5.4. PATTERNING PEDOT:PSS SAMPLES

ATTERNING and controlling the conductivity of PEDOT:PSS films opens the possi-

bility to create flexible, single-material and biocompatible electronic circuits and
MEAs. In this project, four different methods to decrease the conductivity of PEDOT:PSS
layers were discussed. All of them presented encouraging results to make the samples
non-conductive. This fact is essential as one main aspiration of the project is to prove
that PEDOT:PSS films can be patterned with conductive and non-conductive areas for
the creation of a fully polymeric CI-MEA. However, it is worth mentioning that all of the
proposed techniques caused a small thickness decrease (<100 nm) in the PEDOT:PSS
films. This fact suggests that the polymer is prone to suffer densification after each treat-
ment.

The patterning process is different depending on the approach selected to decrease
the conductivity of the layers. Masks can block the UV exposure of the film parts that
are desired to remain conductive [124]. For the chemical and the electrochemical over-
oxidation processes, photoresists patterned using standard lithographic techniques can
protect the specific regions of the films from being over-oxidated [127], [131]. These
photoresists can be later removed by cleaning the films with chemical components, such
as acetone and deionized water [127]. Eventually, the use of a heating laser to selectively
decrease the conductivity of the PEDOT: PSS layers also seems a promising technique to
pattern the samples.

Among the proposed techniques, the use of masks to block UV exposure is consid-
ered the most feasible method to pattern the PEDOT:PSS samples during this research
project. This choice is explained as the elaboration of masks (e.g., by covering the regions
that are desired to remain conductive with UV-blocking tape) is more straightforward
than the elaboration of photoresists under lithographic techniques. Besides, the use of
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chemical components to remove the photoresists might compromise the PEDOT:PSS
structure. On the other hand, a heating laser to pattern the layers was not available in the
laboratory facilities. However, even not further described in this work, the study upon
the application of photoresists or a heating laser to pattern the samples is suggested for
future work.

In this work, PEDOT:PSS samples were patterned by the UV irradiation provided by
the MACAM Flexicure equipment and masks fabricated from UV-blocking tape. For that,
the masks were first deposited on the PEDOT:PSS layers. After this, to ensure a signifi-
cant decrease in the conductivity of the polymer, the samples were exposed to 3 hours
of UV radiation. The PEDOT:PSS region that was covered by the mask stays conductive,
whereas the exposed areas become non-conductive. This patterning strategy can be vi-
sually observed in Figure 5.11. A patterned PEDOT:PSS structure is illustrated in Figure
5.12.

1) 2) 3) 4)

l l l Patterned PEDOT:PSS

UV LIGHT

CONDUCTIVE PEDOT:PSS

NON-CONDUCTIVE PEDOT:PSS

Figure 5.11: UV patterning process of the PEDOT:PSS layers: 1)Conductive PEDOT:PSS sample with a masks
attached; 2) Irradiate the sample during 3 hours of UV light; 3) Remove mask from the sample; 4) Patterned
PEDOT:PSS sample.

Figure 5.12: PEDOT:PSS patterned sample with two electrode pads and their leads. The green color of the
sample presents high conductivity, whereas the violet part is non-conductive.

5.5. MAXIMUM CHARGE INJECTION CAPACITY (CIC)

O NE of the limitations of conventional CI electrode arrays is the small number of
stimulating electrodes. To develop CI arrays with a higher number of stimulating
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channels, it is necessary to decrease the size of electrodes. However, this strategy is
not possible with neither platinum, iridium, or platinum-iridium alloys as they do not
present sufficient charge injection capacity [82]. Therefore, in this section, PEDOT:PSS
and platinum electrodes are electrically characterized to compare comparison their max-
imum charge injection capacity (CIC).

5.5.1. THEORETICAL BACKGROUND

CI electrodes transfer charge and stimulate the auditory neural tissue, a process that
ends up with a hearing perception to the user. This electrical stimulation ought to be
safe and effective. This statement means that the charge injected in the tissue must pro-
duce the desired physiological effect (i.e., trigger action potentials in the neural tissue)
without eliciting irreversible Faradaic reactions and their products, which are harmful to
both the tissue and electrode [79], [134]. For that, it is essential to know the maximum
"charge injection capacity" (CIC) of the electrodes. This significant concept is defined as
the maximum charge that an electrode can inject to guarantee that all the reactions are
reversible.

Before estimating the CIC of the electrodes, it is necessary to first calculate the poten-
tial window in which electrolysis does not occur [79], [134]. This potential range, which
is often called "the water window" [79], is calculated via cyclic voltammetry (CV) [134].

The maximum charge that an electrode injects in a current-controlled stimulation
pulse is calculated with voltage transients (VTs) [134], [135]. VTs determine the most
negative (Emc) and most positive (Ema) polarization voltages across the electrode-electrolyte
interface. Hence, the CIC of the electrodes is measured by determining the charge that
makes the limits of their water window equal to the maximum polarization voltages
[134], [135]. The CIC might vary depending on many factors, including the size, shape,
and material of the electrode but also on the stimulus waveform and electrolyte char-
acteristics [79], [134]. Therefore, the following parameters were kept consistent for CV
and VT measurements: the electrodes had a square shape and surface area of 1 mm?;
a stainless steel rod was used as the counter electrode; a silver/silver chloride electrode
was the reference electrode; and 0.1M KCl solution was used as electrolyte.

5.5.2. CALCULATION OF THE WATER WINDOW

According to literature, PEDOT:PSS might have different water windows (e.g., -0.9 V to
+0.6 V [135] or -0.3 V to +0.8 V [129]). This information was used as a reference for the
calculation of the water window of the PEDOT:PSS electrodes. Thus, CV measurements
(with a voltage rate of 50 mV/s) were performed with a voltage range of -0.9 V to +0.8
V. As it can be observed in Figure 5.13 (a), after 60 cycles the CV curves have a similar
shape, a fact that indicated that the PEDOT:PSS electrodes are stable within this limit.
When going beyond these voltages, the CV curves started to be smaller, suggesting that
electrolysis started to happen. Therefore, the water window of the PEDOT:PSS electrodes
is from -0.9 Vto +0.8 V.

As it is shown in Figure 5.13 (b), the water window was also calculated for platinum
electrodes, which resulted to be from -0.6 V to +0.8 V. This potential range is in concor-
dance to reported literature [80], [135].
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Figure 5.13: Water window of (a) PEDOT:PSS and (b) platinum electrodes. CV measurements with a voltage rate
of 50 mV/s and voltage range were conducted at the specified voltage windows (-0.9 V to +0.8V for PEDOT:PSS
and -0.6 V to +0. 8V for platinum). After 60 cycles, the CV curves are similar in shape, suggesting that all the
reactions happening in those potential ranges are reversible.

5.5.3. VOLTAGE TRANSIENT MEASUREMENTS

After calculating the water window of the electrodes, it is possible to measure their max-
imum charge storage capacity by VTs. For that, the current injected into the electrodes is
increased until the limits of water window match with the maximum polarization volt-
ages (Emc and/or Ema). As the CIC might vary depending on the pulse width [122], pulse
widths comparable to the ones employed CI stimulation (i.e., 25 s [77], [136]) should be
ideally used for this experiment. Unfortunately, 1 ms was the minimum pulse width that
could be applied to distinguish the voltage related to the ohmic resistance of the system,
also known as access voltage (Va). This fact is significant as the maximum polarization
potentials are calculated by subtracting Va from the total voltage response [121], [122]. In
any case, the pulse width was the same in platinum and PEDOT:PSS VTs, and therefore,
the experiments are consistent.
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Figure 5.14: Voltage transient measurement of (a) PEDOT:PSS and (b) platinum electrodes. The pulse width is
1 ms. The injected current was increased until the limits of the water window of each material matched Emc
and/or Ema. In both materials, this match was first given by Emc and the lower limit of the water window.
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5.5.4. COMPARISON BETWEEN PEDOT:PSS AND PLATINUM

As presented in Figure 5.15 (a), the CV curve of PEDOT:PSS is larger than the platinum
one. This fact means that the charge storage capacity of PEDOT:PSS is superior than that
of platinum. This plot is a good indicator for predicting that the PEDOT:PSS is a bet-
ter stimulating material than platinum. Figure 5.15 (b) shows that the VT measurement
amplitude of PEDOT:PSS is larger than the one of platinum. When calculating the CIC
for the electrodes, the superiority of PEDOT:PSS is even more apparent: the CIC of PE-
DOT:PSS electrodes is 384 mC cm™2, whereas the one of platinum is 25 mC cm~2. This 15
times difference, which is visually represented in Figure 5.16, opens the gate for the fab-
rication of PEDOT:PSS micro-electrodes, a fact that could lead to increase the number of
individual stimulating channels in CIs and therefore, a better match with the tonotopic
organization of the cochlea.

a
121 pEepoT:Pss 16{ ——PEDOTPSS
~——— Platinum

9 ——— Platinum 1.2

0.4
0.0 4

voltage (V)

-0.4-

-0.8
6

current density (mA/cm?)

1.2
9

-1.6 4

1.0 -0.8 -0.6 -04 0.2 0.0 02 04 06 08 0 1 2 3 4 5
potential (V) time (ms)

Figure 5.15: (a) Comparison of PEDOT:PSS and platinum CV curves; (b) Comparison of PEDOT:PSS and Pt VT
measurements.
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Figure 5.16: Maximum charge injection capacity of PEDOT:PSS and platinum electrodes.



48 5. FABRICATION OF ALL-POLYMERIC COCHLEAR IMPLANT MICRO-ELECTRODE ARRAYS

5.6. ALL-POLYMERIC CI MEA PROTOTYPE

N the previous sections it was demonstrated that PEDOT:PSS is an excellent candidate
material for CIs, both as micro-electrode and insulating layer. This section proposes
the first 3D design to develop an all-polymeric CI MEA prototype.

The prototype is composed of the substrate and a patterned layer of PEDOT:PSS with
conductive and non-conductive areas and a polymeric substrate material. For the sub-
strate, Polydimethylsiloxane (PDMS) is suggested as it is a biocompatible, biostable, flex-
ible, and electrically insulating polymer [83], [137], [138].

The CI MEA prototype, which contains of 25 individual stimulating channels, can be
divided in a flexible and a rigid parts. The flexible section is supposed to be curled when
inserted in the cochlea and contains the electrodes. The rigid section contains the pads
(0.15 x 0.15 mm) to connect the electrode array to the implant. The substrate material is
thicker in this portion of the prototype. The conductive paths that connect these pads to
the electrodes have a width of 0.01 mm. The electrodes have a different size depending
of the cochlear region: 0.4 mm for the basal turn and 0.3 mm for the medial and apical
turns. An illustration showing this prototype can be found in Figure 5.17

This first prototype has the goal of proving that it is possible to fabricate all-polymeric
Cl electrode arrays by patterning PEDOT:PSS layers with conductive and non-conductive
areas. Future prototypes will be focused on decreasing the size of the electrodes to the
microscale dimension.
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Figure 5.17: The first all-Polymeric CI MEA prototype.






CONCLUSIONS AND FUTURE WORK

The best way to predict the future is to create it.

Abraham Lincoln

OMMERCIAL cochlear implants have two major limitations. First, these devices do
C not provide a natural and high-quality sound perception to their recipients. Sec-
ond, CIs are expensive and unaffordable for poorer portions of society. The CI electrode
array is the component that presents the most margin of improvement as it is still com-
posed of classic materials and is fabricated via a tailored manual manufacturing process
that does not maximize the potential of the system. Therefore, to overcome these issues,
this project proposes PEDOT:PSS as a material for the development of all-polymeric CI
MEAS. Initial experiments prove the superior electrical features of this polymer, which
presents a 15 fold larger charge injection capacity than platinum. This fact demon-
strates the feasibility of PEDOT:PSS to be implemented as micro-electrode. On the other
hand, the possibility of dramatically decreasing its conductivity suggests that this poly-
mer could also be used as insulating material. Future work should be directed towards
implementing polymeric substrates to fabricate the first all-polymeric CI MEA proto-
types. To get higher conductive samples, other synthesis techniques, such as VPP, are
suggested. Regarding the strategies to pattern the PEDOT:PSS samples, UV exposure
was found to be the most suitable method in this work as just UV-blocking tape and a
UV source were needed to create all-polymeric electronic structures. However, to reduce
the UV exposition time and get a more dramatic conductivity decrease, it will be required
to use UV equipment with a more localized frequency spectral distribution within the
UVB and/or UVC bands. It might be interesting to combine UV exposure with ionizing
radiation to see if the conductivity of PEDOT films decreases even further. Alternatively,
chemical and electrochemical over-oxidation approaches were also effective to dramat-
ically decrease the conductivity of the samples. For that, a study upon the application of
photoresists for patterning the polymer via these methods is suggested for future work.
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On the other hand, it is also proposed to explore the feasibility of employing a heating
laser to pattern the samples by thermal treatment. In all the proposed techniques, it will
be necessary to conduct future experiments that prove whether the decrease in conduc-
tivity is consistent within the whole thickness of the polymer. Besides, as all of the pro-
posed techniques cause a small thickness decrease (<100 nm) in the PEDOT:PSS films, it
is suggested to conduct a deeper study to better understand this process and the effect
that it carries on the mechanical properties of the polymer. Finally, a study of the long-
term stability of the material will be required to demonstrate whether CI MEAs made
of patterned layers of PEDOT:PSS will retain their electrical and mechanical properties
with time.

Another idea for future work is to study the feasibility of creating all-polymeric CI
MEAs from a composite between PEDOT and elastomers, such as PDMS. These conduc-
tive composite polymers might have better mechanical properties and long-term stabil-
ity than PEDOT:PSS films. Therefore, patterning these conductive composites with the
strategies proposed in this work is also suggested for future work.
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Abstract—This paper shows that PEDOT:PSS is an excellent
material for All-Polymeric Cochlear Implant Micro-Electrode
arrays. Initial experiments have shown a high conductivity of
230 S/cm for PEDOT:PSS samples, which dramatically decreased
to 0.48 S/cm after 3 hours of UV treatment. Electrical charac-
terisation of PEDOT:PSS electrodes reveals that its maximum
charge injection capacity is 15 times higher than that of platinum,
the electrode material used in commercial cochlear implants.
These experiments demonstrate that PEDOT:PSS is an excellent
candidate material for cochlear implants, both as micro-electrode
and insulating layer.

Index Terms—Cochlear Implants,
Electrodes, BioMedical Engineering.

PEDOT:PSS, Micro-

I. INTRODUCTION

Cochlear implants (Cls) are the most effective solution to
treat severe-to-profound hearing loss. These medical devices
mimic and replace the function of the damaged structures of
the cochlea [1], [2]. To this date, more than 700,000 individ-
uals worldwide have benefited from Cls [3]. However, state-
of-the-art CIs do not provide a natural and high-quality sound
perception to their recipients, who poorly appreciate music and
hardly understand speech in crowded or noisy atmospheres [4].
Furthermore, CIs are expensive and unaffordable for poorer
portions of society. The CI electrode array is the component
that presents the most margin of improvement as it is still
composed of classic materials and is fabricated via a tailored
manual manufacturing process that does not maximise the
potential of the system [1], [2], [S]. Concretely, commercial CI
electrode arrays contain from 12 to 24 individual stimulating
channels [6] which cannot optimally substitute the role of
the 3000 neural stimulation sites of a normal functioning
cochlea [5]. Moreover, most of the commercial CI electrode
arrays cannot fit in the narrow deep areas of the cochlea to
completely cover the low-frequency audible spectrum [6]. To
overcome these issues, the implementation of Micro-Electrode
Arrays (MEAs) in the CI field seems promising. MEAs can
be batch fabricated with higher precision and lower price
than commercial hand-made CI electrode arrays [2], [5].
Furthermore, the microscale dimension of the MEAs opens the
gate to arrays with a higher number of individual stimulating
channels and a deeper insertion length. This could permit
a more localised stimulation and a better match with the
neuro-tonotopic structure of the cochlea [2]. To give a step
forward in the design and manufacturing of CIs, PEDOT:PSS

is suggested for the development of all polymeric CI MEAs.
This conductive polymer presents excellent biocompatibility
and optimal electrical, chemical, thermal, mechanical and
environmental stability [7]-[10]. These features also favour
an optimal implant-tissue interface, decreasing inflammatory
responses and device rejection [11], [12]. Additionally, it is
possible to dramatically decrease the high conductivity of
PEDOT:PSS using different approaches, such as the exposure
of UV light [13], heat treatment [14], [15], or electrochemical
[16]-[19] and chemical over-oxidation [20]. Nevertheless,
among these methods, UV exposure was found to be the
best option. Thus, it is the approach further described in this
paper to provide a proof-of-concept that demonstrates that by
patterning the PEDOT:PSS layers with conductive and non-
conductive areas, it is possible to create an electric circuit with
superior electrodes and leads that give rise to a fully polymeric
CI MEA.

II. FABRICATION AND CHARACTERIZATION OF THE
PEDOT:PSS SAMPLES

This section describes the strategy to synthesise the PE-
DOT:PSS samples and measure their conductivity.

A. Elaboration of the PEDOT:PSS samples

For these experiments, silicon substrates (525 pm thick
and resistivity of 2 2 cm) were used. As these wafers were
conductive, a layer of 400 nm plasma enhanced chemical
vapour deposition (PECVD) silicon oxide (SiOz) was coated
on its top. This step was critical to ensure that the con-
ductivity measurements are just given by the polymer. After
this process, 7 ml of the Poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS, high conductivity grade,
3.0-4.0 wt%, 655201 Aldrich) dispersion were poured in the
centre of the substrate. The sample was then spin-coated at 200
rpm for 60 s and 1200 rpm for 5 s and cured on a hotplate at
ambient temperature for 60 min at 100°C.

The thickness of the PEDOT:PSS films was measured with
a Dektak 150 contact profilometer (Bruker, USA), which
resulted to be 585 nm.

B. Measurement of conductivity

Before calculating the conductivity of the films, a 4-point
probe (CDE ResMap, USA) was used to measure the sheet



resistance. The conductivity of the samples can be then calcu-
lated using Equation 1, where R, is the sheet resistance and
t is the thickness of the film.
1
7T R
The average conductivity of the PEDOT:PSS samples resulted
to be in the range of 230 S cm™!.

(€]

III. UV EXPOSURE

When PEDOT is exposed to UV light, the chemical bonds
between the EDOT monomers decompose, leading to a con-
ductivity decrease [13]. However, to significantly decrease the
conductivity of PEDOT, radiation below 315 nm should be
used [21]. Therefore, UV equipment with UVB (280-315 nm)
and/or and UVC (100-280 nm) bands will be more effective
than ones with UVA (280-400 nm) band to decrease the
conductivity of PEDOT.

In this work, Flexicure (MACAM, Scotland) was the chosen
equipment to irradiate the samples as it presented some
frequency spectral distribution on the UVB band and high
power (2000 mW cm™2),

Figure 1 shows the conductivity decrease that the films pre-
sented at different exposure time. The conductivity of the PE-
DOT:PSS films decreased showing an exponential behaviour
from 230 S cm™! to 0.48 S cm~! in 3 hours. It is expected
to have a higher conductivity decrease in a lower irradiation
time if UV equipment with a more localised frequency spectral
distribution within the UVB and/or UVC bands are used.
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Fig. 1. Conductivity Vs Exposure time. Flexicure (MACAM) was the

equipment used to provide the UV exposure to the PEDOT:PSS samples.

IV. PATTERNING PEDOT:PSS SAMPLES

Patterning and controlling the conductivity of PEDOT:PSS
films with UV radiation opens the possibility to create flexi-
ble, single-material and biocompatible electronic circuits and
MEAs. In this work, PEDOT:PSS samples were patterned

by the UV irradiation provided by the MACAM Flexicure
equipment and masks fabricated from UV-blocking tape. For
that, the masks were first deposited on the PEDOT:PSS layers.
After this, to ensure a significant decrease in the conductivity
of the polymer, the samples were exposed to 3 hours of UV
radiation. The PEDOT:PSS region that was covered by the
mask stays conductive, whereas the exposed areas become
non-conductive. This patterning strategy can be visually ob-
served in Figure 2.

1) 2) 3) 4)

UV LIGHT Patterned PEDOT:PSS

‘CONDUCTIVE PEDOT:PSS
o
s =
"WON-CONDUCTIVE PEDOT#55.
SUBSTRATE

Fig. 2. UV patterning process: 1) A mask is attached to the conductive
PEDOT:PSS sample; 2) The sample is irradiated during 3 hours by UV light;
3) The mask is removed the sample; 4) The PEDOT:PSS sample is patterned
with conductive and non-conductive regions.

A patterned PEDOT:PSS electrode structure is illustrated in
Figure 3. Structures with a precision in the order of microns
can also be patterned using UV light and masks [22].

1 mm

Fig. 3. PEDOT:PSS patterned sample with two electrode pads and their leads.
The green colour of the sample presents high conductivity, whereas the violet
part is non-conductive.

V. MAXIMUM CHARGE INJECTION CAPACITY

One of the limitations of conventional CI electrode arrays
is the small number of stimulating electrodes. To develop CI
arrays with a higher number of stimulating channels, it is
necessary to decrease the size of electrodes. However, this
strategy is not possible with platinum, iridium, or platinum-
iridium alloys as they do not present sufficient charge injection
capacity (CIC) [23]. Therefore, in this section, PEDOT:PSS
and platinum electrodes are electrically characterised to com-
pare their maximum CIC.

For estimating the maximum CIC of the electrodes, it is
necessary to calculate the potential window in which electrol-
ysis does not occur [24], [25]. This potential range, which is
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Fig. 4. Water Window of PEDOT:PSS (-0.9 V to + 0.8 V) and platinum (-0.6
Vito+0.8V).

often called “the water window” [25], is calculated via Cyclic
Voltammetry (CV). The maximum charge that an electrode
injects in a current-controlled stimulation pulse is calculated
with Voltage Transients (VTs) [24], [26]. VTs determine the
most negative (Emc) and most positive (Ema) polarization
voltages across the electrode-electrolyte interface [24], [26].
Hence, the maximum CIC of the electrodes is measured by
determining the charge that makes the limits of their water
window equal to the maximum polarization voltages [24], [26].

The CIC might vary depending on many factors, including
the size, shape, and material of the electrode but also on
the stimulus waveform and electrolyte characteristics [25].
Therefore, the following parameters were kept consistent for
the CV and VT measurements: the electrodes had a square
shape and surface area of Imm?; a stainless steel rod was used
as the counter electrode; a Silver/Silver Chloride electrode
was the reference electrode; 0.1M KCI solution was used as
electrolyte. For CV, the voltage rate was 50 mV s~1. For VTs,
the stimulus was a 1 ms biphasic pulse.

As shown in Figure 4, the water window of PEDOT:PSS
electrodes resulted to be from -0.9 V to +0.8 V, whereas for
platinum electrodes it was -0.6 V to +0.8 V. These results
agree with published literature [18], [26], [27].

For the VTs, the injected current was increased until the
limits of the water window matched Emc and/or Ema. For
both platinum and PEDOT:PSS, Emc reached the limit before
Ema. These VTs can be observed in Figure 5.

As shown in figure 6, the maximum CIC of PEDOT:PSS
electrodes was 384 pC cm™2, whereas for platinum it was
25 uC cm™2. This experiment evidences that PEDOT:PSS
possesses a 15 larger charge injection capacity than platinum,
a fact that opens the gate for the fabrication of PEDOT:PSS
micro-electrodes.
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Fig. 5. Voltage transient measurement of PEDOT:PSS and platinum elec-
trodes. The maximum polarization voltages are also indicated.
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Fig. 6. Maximum charge injection capacity of PEDOT:PSS and platinum
electrodes.

CONCLUSION AND FUTURE WORK

This project proposes PEDOT:PSS as a material for the de-
velopment of all-polymeric CI MEAS. The superior electrical
features of this polymer, which presents a 15 fold larger charge
injection capacity than platinum, demonstrates the feasibility
to be implemented as micro-electrode. On the other hand,
the possibility of dramatically decreasing its conductivity
suggests that this polymer could also be used as insulating
material. Future work will be directed towards developing a
CI MEA prototype using this strategy. To accomplish a larger
conductivity decrease, it will be required to use UV equipment
with a more localised frequency spectral distribution within the
UVB and/or UVC bands. Furthermore, a study of the long-
term stability of the material will be necessary.
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Towards All-Polymeric
Cochlear Implant Micro-
Electrode Arrays
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INTRODUCTION

» The Electrode Array of Cochlear Implants (Cls)

presents a huge margin of improvement.
Limitations

- Expensive technology.

« Low number of stimulating channels [1], [2].

« It does not fit in the narrow deep areas of the
cochlea to completely cover the low-frequency
audible spectrum [1], [2].

Solution

- PEDOT:PSS is suggested for the development
of All-Polymeric Cochlear Implant Micro-
Electrode Arrays (MEAs).

Pattern PEDOT:PSS samples via UV lig

« UV light (<315nm) exposure dramatically
decreases the conductivity of PEDOT:PSS [3].

- Patterning PEDOT:PSS films with UV radiation
and UV-blocking tape opens the possibility to
create flexible, single-material and

biocompatible electronic circuits and MEAs.
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Figure 1. Conductivity Vs Time. The conductivity of the PEDOT:PSS films

decreased showing an exponential behaviour from 230 S/om to 0.48 S/cm in
3 hours.

PEDOT:PSS is an
excellent candidate
material for cochlear

implants,

both as

micro-electrode and
insulating layer
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MAXIMUM CHARGE INJECTION CAPACITY

« To develop CI arrays with a higher number of
stimulating channels, it is necessary to
decrease the size of electrodes. For that, the
electrodes must present a large charge injection
capacity (CIC). This concept is defined as the
maximum charge that an electrode can inject to
guarantee that all the reactions are reversible
[4]. PEDOT:PSS presents a 15 times CIC larger
than platinum, material used in Cl electrodes.
This fact demonstrates the feasibility to be
implemented as micro-electrode.
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Figure 2. Maximum Charge Injection Capacity of PEDOT:PSS and platinum

electrodes.

CONCLUSION

The superior electrical features of PEDOT:PSS
demonstrates the feasibility to be implemented
as micro-electrode.

The possibility of dramatically decreasing the
conductivity of PEDOT:PSS indicates that it
could be used as insulating material.
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EPILOGUE

Thanks to a cochlear implant, my father, after forty years of deafness, could begin hear-
ing. I will never forget the indescribable feeling of gratitude his eyes revealed when he
heard my voice for the first time in his life. Since that day, I have always wanted to de-
velop medical technology to help and support people with disabilities. With this project,
I try to give a big step forward in this direction, as I aimed to demonstrate that it is possi-
ble to create all-polymeric cochlear implant micro-electrodes arrays. The optimal chem-
ical and mechanical properties of polymers might make the implants adapt better to the
environmental conditions of the body. Besides, the possibility of increasing the num-
ber of electrodes would result in a better sound perception to the user. Moreover, the
fabrication strategy of this technology would be affordable, making cochlear implants
accessible to poorer portions of society.
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The most beautiful thing we can experience is the mysterious.
It is the source of all true art and science.

Albert Einstein
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