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1. Introduction
1.1 Sound Perception

There are three main components to the human auditory system: the outer ear, the

middle ear, and the inner ear (figure 1.1).
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oval window) Semicircular
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Figure 1.1. Anatomy of the ear: division into the outer (auricle, external auditory canal,
tympanic membrane), the middle (tympanic cavity, malleus, incus, stapes, round window,
Eustachian tube), and the inner ear (cochlea, semicircular canals, cochlear and vestibular

nerves), adapted from 2

The outer ear includes the pinna, the visible part of the ear, as well as the ear canal
which terminates at the eardrum, also called the tympanic membrane. The pinna serves to focus
sound waves through the ear canal toward the eardrum. The eardrum being an airtight
membrane, arriving sound waves cause it to vibrate following the waveform of the sound.?

The middle ear consists of a small air-filled chamber that is located medial to the
eardrum. Within this chamber are three small bones, known collectively as the ossicles. They

include the malleus, incus, and stapes (also known as the hammer, anvil and stirrup



respectively). They aid in the transmission of the vibrations from the eardrum into the inner ear,
where the cochlea resides. The stapes transmits sound waves to the inner ear through the oval
window, a flexible membrane separating the air-filled middle ear from the fluid-filled inner ear.
The round window, another flexible membrane, allows for the smooth displacement of the inner

ear fluid caused by the entering sound waves.®

Scala vestibuli (perilymph)

Scala media (endolymph)

Scala tympani (perilymph)

b)
Reissner's membrane

Scala media

Organ of Corti

Tectorial membrane

Basilar membrane

c)
Inner hair cell

- Outer hair cell

Figure 1.2. Anatomy of the cochlea: Section through the cochlea: a) cochlea with three
coiled up fluid filled spaces: scala vestibuli, media and tympani; b) zoom into the scala media
with the Organ of Corti — the organ containing the sensory cells; ¢) zoom into the Organ of

Corti with three rows of outer hair cells and one row of inner hair cells, adapted from*



The inner_ear is home to the cochlea, a snail-like structure that consists of three fluid-

filled canals: scala tympani, scala media and scala vestibuli (figure 1.2.a)*. The scala tympani

and vestibuli are filled with perilymph, which shares a similar composition to other extracellular

fluids. Both scalae share a volume of 70 uL in humans and 2.78 pl in gerbils.

Table 1.1. Characteristics of fluids inside the cochlea: Perilymph and Endolymph in

humans, adapted from®®

Perilymph Endolymph
Volume, pL 70 8
Volume (gerbil), 2.78 0.38
pL
Na+, mM 160 1
K+, mM 4-5 150
Cl-, mM 120 130
H2CO3, mM 20 30
Ca2+, mM 1.2 0.02
Glucose, mM 4 0.5
Proteins, g L-1 1 0.15
pH 7.4 74
Osmolality, mOsm kg-1 290 315
Potential, mV 0 +80




On the other hand, scala media — situated between the two other scalae — is filled with
endolymph. Endolymph has an unusual composition, notably with its increased concentration
of potassium ions (150 mM) leading to a higher potential (+80 mV) in its fluids. The
endolymphatic space is generally nearly ten times lower than the perilymph volume (Table 1.1).
The three scalae are separated from one another by two membranes: Reissner’s
membrane is found between the scala vestibuli and media, while the basilar membrane is
between the scala media and tympani (Figure 1.2.b). The basilar membrane is tonotopic,
meaning that each frequency has a characteristic place of resonance along it. Characteristic
frequencies being high at the basal entrance to the cochlea (20000 Hz), and low at the apex (20
Hz).” The basilar membrane is situated inside the organ of Corti (figure 1.2.c), which is the
main organ of mechanical to neural transduction. Basically, the basilar membrane will start to
vibrate when waves from the middle ear propagate through the endolymph. The subsequent
motions will trigger the depolarization of hair cells, which are specialized auditory receptors
located within the organ of Corti. Hair cells are responsible for the translation of mechanical

waves into electrical signals, leading to the perception of sound in the brain.*
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Figure 1.3. Relay stations in the auditory pathway: Afferent nerves arising from the
cochlea send their information to the cochlear nuclei in the medulla, the inferior colliculi in the
midbrain, and the primary auditory cortex in the middle third of the superior temporal gyrus,

close to the Wernicke’s area, adapted from®

The sound information from the cochlea travels to the primary auditory cortex in the
temporal lobe (figure 1.3.a)%. Around the primary auditory cortex lies the Wernicke’s area, a
cortical area involved in interpreting sounds that is necessary to understand spoken words
(figure 1.3b).°

Disturbances at any of these levels can cause hearing problems!®! difficulties in
maintaining the balance of the body (Meniére’s disease)'?, or auditory hallucinations®®.
Although, given the highly sensitive nature of the human auditory system, many barriers are

present to ensure its protection, in which we will expand for the upcoming chapter.
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1.2 Barriers of the human auditory system

Figure 1.4. Image of a human tympanic membrane, adapted from?**

The tympanic membrane — also called eardrum — is the first barrier protecting the
human auditory system (Figure 1.4). It is found between the outer and middle ear, at the very
end of the external auditory canal. The tympanic membrane has an area of 85 to 90 mm? and
consists of three layers: the outer layer, continuous with the skin on the external canal; the inner
layer, continuous with the mucous membrane lining the middle ear; and, between the two, a
layer of radial and circular fibres that gives the membrane its tension and stiffness®®. This
combination of layers protects the middle ear from toxic substances entering through the ear
canal. The tympanic membrane has low permeability to most substances and is considered an
essentially impenetrable barrier in drug delivery to the ear'®. It may be perforated due to
diseases or trauma, causing partial hearing loss and potential middle ear infection. However, in
order to deliver drugs to the middle ear for inner ear drug delivery, the integrity of the tympanic
membrane must be compromised during intratympanic administration. It is important to note
that even when intratympanic delivery is done, drugs administered into the middle ear can be

cleared from the Eustachian tube, causing drug loss and short residence. As such, reducing drug

12



clearance to prolong drug residence in the middle ear is of the upmost importance for an

efficient drug delivery 6,

A cit B Anterior
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Malleus
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Round windox \ H
ound W w c°ch|ea

Figure 1.5. Anatomy of the oval and round window: A) schematic view of the
localization of oval and round window within the middle and inner ear, B) endoscopic view of

the human middle ear, adapted from?’

The oval and round window (Figure 1.5) are the second set of barriers, they connect
the middle ear with the cochlea and are surrounded by the petrous bone, one of the densest
bones in the human body. The round window is connected to the scala tympani at the basal turn
of the cochlea. It consists of three layers: an external, or mucous, derived from the mucous
lining of the tympanic cavity; an internal, from the lining membrane of the cochlea; and an
intermediate, or fibrous layer. The round window niche has an opening width of about 0.5 to 3
mm, the membrane has a thickness of about 50 to 100 um in humans compared to 10 to 14 pm
in rodents'®*°. The ovoid surface of the round window is around 2.2 mm? in humans compared
to 1 mm? in rodents and can have various shapes. The oval window is in contact with the
perilymph of the scala vestibuli at the base of the stapes. The stapes’ footplate is attached to the
oval window by the annular ligament and has a normal thickness of 0.3 to 0.5 mm in humans®®,
The length of the footplate has been measured to be 2.5 to 3.36 mm compared to a width of 0.7
to 1.66 mm. It has been calculated?° that the surface area of the stapes footplate is about 3.97
mm?. Although there is limited literature studying the permeability of oval window,

13



experimental results?!?? have suggested that the oval window is more permeable to compounds
than the round window membrane and may be a promising alternative route of drug delivery to
treat vestibular disorders. The round window membrane is still considered as the primary
passage of intratympanic drugs, even though it is also one of the most important physical
barriers for inner drug delivery. To add to its limitations, the varied shapes of the ear canal in
humans often introduce difficulty in visualizing the round window membrane during
intratympanic administration. When the round window membrane is obstructed, this can lead

to interpatient variability in intratympanic administration?®.

Figure 1.6. Image of blood vessels in a cat cochlea highlighted by ink perfusion, adapted

from?%3

Finally, we have the blood-cochlea barrier (Figure 1.6). Also called the blood-
perilymph barrier, its function is similar to the blood-brain barrier, as it limits the diffusion of
drugs from the systemic blood circulation into the inner ear. The drugs entry is blocked by tight
junctions without fenestration, a result of the capillary endothelium special composition?*.
Nevertheless, it seems that drugs can still enter the inner ear depending on their chemical

characteristics. Small lipophilic ones can enter the perilymph more easily than big hydrophilic,
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charged or protein binding drugs?. Positively charged drugs are also less likely to enter the

endolymphatic space from the perilymph because of the electrical gradient (Table 1.1). It is

important to keep in mind that noise exposure, inflammation, and the administration of diuretics

or osmotic agents can easily disturb the blood-cochlea barrier®.

Despite the presence of many barriers protecting the human auditory system, this

region remains extremely fragile, and disturbances in any of its levels can cause hearing

problems in a wide range of patients. As such, the next chapter will be focusing on hearing loss.

1.3 Hearing loss

Hearing loss is a partial or total inability to hear (deafness)?. It is diagnosed when

hearing testing finds that a person is unable to hear 25 decibels in at least one ear. There are

five grades of hearing impairment, which can range from mild to profound?’ (table 1.2):

Table 1.2. Hearing impairment according to the definition of the WHO.

Grade Threshold shift of the better ear, dB

Effect

0 25 or less
1 26 to 40
2 41 to 60
3 61 to 80
4 81 or greater

No trouble

Slight/mild impairment, trouble hearing
and understanding soft speech, also speech
from a distance or with background noise

Moderate impairment, trouble hearing
regular speech, even at a close distance

Severe impairment, only very loud speech
or loud sounds in the environment can be
heard

Profound impairment, even loud sounds are
not heard

15



There are also several types of hearing loss depending on the concerned region? (table
1.3):

Table 1.3. Types of hearing loss with the concerned region.

Type of hearing loss Concerned region

Conductive Disease of external and/or middle ear
Sensorineural Disease of the cochlea and/or nerve
Mixed Combination of conductive and sensorineural

According to the WHO?, 466 million people (6.1% of the world’s population) are
estimated to be living with hearing loss, and this number is expected to rise to 900 million by
2050. On this day, 34 million children have deafness or hearing loss problems, of which 60%
of cases are due to preventable causes. On the other end of the lifespan, approximately one third
of people over age 65 are affected by disabling hearing loss, with the majority of these cases in
South Asia, Asia Pacific and sub-Saharan Africa. The impacts of hearing loss are broad and can
be profound, they include a loss of the ability to communicate with others, which can lead to
social isolation, loneliness and frustration. Many areas lack sufficient accommodations for
hearing loss, which effect academic performance and options for employment. Low- and
middle-income countries bear a disproportionate burden from hearing loss.

WHO estimates that global hearing aid production covers only 3% of the need in these
countries. Children with hearing loss have a delayed language development, and deaf children
in developing countries rarely receive any schooling at all. Unaddressed hearing loss costs the
global economy US$ 750 billion annually due to health sector costs, costs of educational
support, loss of productivity and societal costs. Even more worrying, 1 billion young people
(12-35 years) are at risk for hearing loss due to recreational exposure to loud sounds.?®

The causes of hearing loss can be either congenital or acquired (table 1.4):
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Table 1.4. Causes of hearing loss with their occurrence and etiology.

Cause of hearing loss

Occurrence

Etiology

Congenital

Acquired

During or shortly after birth  57% is idiopathic, genetic factors account for

At any age, suddenly or
over a long period of time

25% of the cases, 18% are infections
transmitted by the mother (rubella,
toxoplasmosis) or inappropriate use of drugs
during pregnancy°

Mainly idiopathic, can develop with age of
after acute or long term noise exposure?,
usage of ototoxic drugs (chemotherapeutic
agents, aminoglycoside antibiotics, anti-
malaria drugs)®:32, some infections (measles,
mumps or meningitis)**

autoimmune diseases (systemic lupus
erythematosus, multiple sclerosis, vascular
events)3>-37

The therapeutic treatment of patients suffering from hearing loss is extremely

challenging, not only are there multiple concerned regions, but also the causes of hearing loss

— be it congenital or acquired — are mostly non-identified. For the upcoming chapter we will

solely focus on sensorineural hearing loss and its treatments.

1.4 Sensorineural hearing loss and its treatments

Sensorineural hearing loss is the collective term for hearing damage to the cochlea and

auditory nerve, which is by far the most prevalent type of hearing loss in adults, accounting for

over 90% of all cases®. Presbycusis (age-related hearing loss) is the most common cause of

SNHL, the second one being exposure to environmental noise, also known as noise-induced

hearing loss (NIHL). Using headphones at high volumes over time, being regularly in loud
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environments such as a loud workplaces, sporting events, concerts, or using noisy machines
can constitute a risk for noise-induced hearing loss.!*

In the case of sudden sensorineural hearing loss (SSNHL), which is most commonly
defined as a sensorineural hearing loss of 30 dB or greater occurring within a 72-hour period,
identifiable causes are only found for 7 % up to 45 % of patients3*, which raises the question of
how to treat them, or even the necessity to do so, as idiopathic SSNHL spontaneously resolves
itself in 32 % to 65 % of patients®. Still, numerous agents have been investigated for the
treatment of idiopathic SSNHL .*°

Wilson et al. treated 33 patients with varied doses of dexamethasone (ranging from 0.75
mg twice daily to 4.5 mg twice daily) or methylprednisolone (ranging from 4 mg daily to 16
mg 3 times daily) and reported that the anti-inflammatory effect of each dose seemed roughly
equivalent. Pure-tone average (PTA) was measured at 1 and 3 months after onset of hearing
loss. Results were categorized into “recovery” and “no recovery” groups. No recovery was
defined as less than 50% recovery of hearing. They found a statistically significant greater rate
of recovery for patients treated with steroids (61%) compared with placebo (32%)*.

Alternatively, Cinamon et al. administered prednisone 1 mg/kg daily to 11 treatment
subjects and measured PTA, speech frequency, high tone hearing levels, and discrimination
scores at 6 days (soon after treatment) and 14 to 90 days (follow-up after treatment). Patients
were categorized into “improvement” and “no improvement” groups with respect to average
hearing level (increase of hearing level at least 15 dB), average speech frequency, and average
high tone hearing level. They reported no significant differences between steroids and placebo
on all outcome measures*.

Even though its effect could not always be demonstrated in the literature, steroid usage
was still considered as the gold standard in the treatment of SSHL. VVarious non-steroidal agents

were also investigated in many other studies, their effectiveness generally assessed in
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comparison to a more conventional steroid therapy. Cinamon et al. treated 10 patients with
carbogen inhalation (5% carbon dioxide and 95% oxygen) for 30 minutes, 6 times per day for
5 days and another 11 patients with prednisone, 1 mg/kg daily for 5 days. They reported an
improvement in average hearing level (15 dB), speech frequency, and high tone hearing levels
soon after treatment (6 days) and at follow-up (33 days in average). However, they found no
significant differences between treatment with carbogen or treatment with steroids*.

Kubo et al. devised 2 treatment groups: 82 patients received a total of 80 U of
intravenous batroxobin over 13 days plus oral placebo, while 80 patients in a second treatment
arm received a combination of intravenous and oral betamethasone plus placebo intravenous
saline solution over 13 days. While there was a fair number of patients with improved PTA
after 2 weeks of treatment. There was once again no difference between batroxobin and
steroids®.

Seeing as there is generally no reported improvement when comparing non-steroidal
agents to steroidal ones, some teams choose to study instead the combination of both. Nageris
et al. conducted a prospective, randomized, double-blind, placebo-controlled trial. 28 patients
with idiopathic sudden sensorineural hearing loss were treated with either steroids and oral
magnesium (study group) or with steroids and a placebo (control group). PTA was measured
after 4 weeks of treatment, and they reported a significantly greater rate of recovery among
patients treated with steroids plus magnesium, compared to steroids plus placebo®.

In the same logic, Joachims et al. compared patients who were treated with vitamin E in
addition to standard treatment (steroids, carbogen, and magnesium) versus standard treatment
alone (control group). The recovery rate, calculated as hearing gain divided by the difference
in hearing level between the affected and unaffected ear, was better than 75% in 41 of 66
(62.12%) patients. This rate was achieved in 26 (78.78%) patients in the study group treated

with vitamin E, compared with 15 (45.45%) patients in the control group. These results showed
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that the addition of vitamin E achieved better recovery, and more importantly that antioxidants

may play a significant role in the treatment of idiopathic sudden hearing loss in addition to

steroids®.

Topuz et al. compared 34 patients receiving hyperbaric oxygen plus standard treatment

(prednisone, diazepam, and pentoxifylline) vs 21 patients receiving standard treatment alone.

They found a greater rate of improvement, defined as gain of hearing of at least 10 dB on PTA,

in the hyperbaric oxygen group®.

Table 1.4. Summary of agents investigated for the treatment of idiopathic SSNHL.

Study Treatment

Result

Wilson et al, 1980 Steroid therapy vs placebo

Cinamon et al, 2001  Steroid therapy vs placebo

Cinamon et al, 2001  Steroid therapy vs carbogen
inhalation

Kubo et al, 1988 Steroid therapy vs
intravenous batroxobin

Nageris et al, 2004 Magnesium plus steroid
therapy vs steroid therapy

Joachims et al, 2003  Vitamin E plus steroid
therapy vs steroid therapy

Topuz et al, 2004 Hyperbaric oxygen plus
steroid vs steroid therapy

Statistically significant greater rate of recovery for
patients treated with steroids (61%) than with placebo
(32%), measured at an undefined time after treatment

No significant differences between any of the treatment
groups

Improvement in average hearing level, speech frequency,
and high tone hearing levels soon after treatment and at
follow-up, but no significant differences between
treatment with carbogen or treatment with steroids

Overall improvement in the PTA after 2 weeks of
treatment, but no difference between batroxobin and
steroids

Statistically greater rate of hearing improvement (at
least 10 dB) in the magnesium group than in the
control group

The improvement rate was significantly greater in the
vitamin E group (78.8%) than in the standard group
(45.5%)

Statistically significant greater hearing gains in the
hyperbaric oxygen group than in the control group in
4 of 5 frequencies
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When surveyed in 2009, 98 % of U.S. otolaryngologists reported treating idiopathic
SSNHL with gral administration of steroids*’. Corticosteroids are thought to improve
idiopathic SSNHL by reducing inflammation and edema in the inner ear®®4°, An initial study
combined the data from two separately administered double-blinded randomized controlled
trials of a total of 67 patients using different corticosteroid regimens, finding an improved
hearing recovery in patients receiving steroids (78 %) compared to placebo (38 %)*'. However,
subsequent attempts to replicate this study reveal inconsistent findings with regard to the benefit
of corticosteroids in idiopathic SSNHL, and there are issues in terms of methodology with many
of these trials#04249

Systemic administration of corticosteroids is also feasible, generally in addition to an
antiviral agent, but the results are no better. Two studies included in a Cochrane review showed
no improvement when aciclovir was administered additionally to prednisolone®®®!. Patients
treated with valaciclovir in addition to prednisone or aciclovir administered additionally to
hydrocortisone showed no hearing improvement either®>®3. This lack of efficacy can be
explained by the following: administration by conventional means (especially oral and systemic
routes) allows only small quantities of the drug to reach the cochlea, since the passage from the
systemic circulation to the inner ear is severely impeded by the presence of the blood-cochlear
barrier, whose role is to protect the highly sensitive inner ear. Therefore, high dosage of drugs
are required to bypass this barrier, potentially accompanied by serious side effects due to
considerable concentrations in other parts the body, while not providing enough therapeutic
effects locally®.

Given the aforementioned limitations of conventional routes, local drug delivery
imposes itself as the most promising approach, given that it goes beyond the blood-cochlea
barrier to offer precise release kinetics and specific targeting® (figure 1.7). Salt et al. reviewed

the pharmacokinetics underlying local therapy of the ear with the drugs commonly used in
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clinical practice as examples. Interestingly, they found that it is critically important to know the
exact chemical form of the drugs being used, as small differences in molecular configuration
can influence polarity and lipophilicity, therefore altering the pharmacokinetic properties of the
molecule. For example, dexamethasone had a more polar form than dexamethasone-phosphate,
suggesting it would be more permeable through membranous barriers. In contrast, gentamicin
is highly polar and hydrophilic, suggesting it would less readily go through cellular boundaries.
The same physical parameters also play a major role in the aqueous solubility of different drugs.
Small, nonpolar lipophilic drugs such as the base forms of dexamethasone and
methylprednisolone are relatively insoluble in water. Adding polar groups to the molecule such
as the phosphate or succinate groups for dexamethasone and methylprednisolone respectively
will greatly increase aqueous solubility. They found that the use of these polar, more soluble
forms of steroids successfully increased the total drug amount delivered in intravenous
formulations. When given intravenously the soluble formulation is rapidly dispersed by blood
flow before the polar groups are cleaved in tissues, forming the less-soluble active molecule. It
is important to note that there is little consideration of how such molecular transformations
influence the pharmacokinetics of the drug when used with local applications to the ear. Their
analysis confirmed that while dexamethasone enters the ear far more readily than
dexamethasone-phosphate, it can only be applied at low concentration due to its limited
solubility. On the other hand, due to the declining middle ear concentration combined with
ongoing elimination, perilymph concentration falls rapidly with time for dexamethasone-
phosphate applications. Dexamethasone-phosphate thus provides only a brief exposure and
dexamethasone is limited by its solubility®®.

By understanding the pharmacokinetics underlying local delivery to the inner ear, it is

possible to develop appropriate systems for their administration.
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El Kechai et al. have recently written an extensive review on the recent advances in local

drug delivery to the inner ear, citing two major strategies to deliver drugs locally: intratympanic

and intracochlear administration®.

Figure 1.7. Schematic representation of the distribution of the active ingredients in the
human body after: (A) administration by a conventional route (oral, systemic), or (B)
administration using local drug delivery. The black dots represent molecules of active

ingredients, adapted from®>*

Intratympanic administration consists of using the middle ear as a reservoir for drugs,
so they can diffuse through the round window and access the inner ear. The key parameter
influencing drug concentration in the perilymph is the residence time of drugs close to the round
window®®. The most basic method of intratympanic administration consists of piercing the
tympanic membrane using a thin needle and filling the tympanic cavity with a drug solution,
generally steroids®” (figure 1.8). The outcome is looking quite promising for patients suffering
from SSNHL, as those whose first line treatment with systemic steroids failed showed a

reduction in hearing thresholds when treated with an intratympanic injection®®. Ng et al.
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performed a meta-analysis of studies where intratympanic steroids were used as a salvage
treatment. There was a statistically significant reduction in hearing threshold on pure-tone
audiometry in patients who received salvage intratympanic steroids than in those who did not.
Moreover, subgroup analysis showed that administration by intratympanic injection rather than
a round window catheter yielded significant improvement in outcome, and that the usage of
dexamethasone yielded better outcomes than the use of methylprednisolone. Interestingly,
another meta-analysis by Garavello et al. showed that while intratympanic steroid
administration seemed to confer a certain degree of benefit as a salvage therapy, those effects

were not as significant when intratympanic administration was used as the primary therapy®°.

f‘“!. 6] Transtympanic injection in the
&.’ posterior inferior quadrant
B

A Fluid level in the middle ear

Figure 1.8. Schematic representation of an intratympanic injection. The purple liquid

in the middle ear represents a drug solution, adapted from®°

As seen earlier, drug residence near the round window is a key parameter for its
diffusion to the inner ear, however, intratympanic injection is a technique that requires repeated
injections — 2 to 5 times a week — given that the drug solution is rapidly eliminated from the

middle ear via the Eustachian tube®. In order to increase the amount of drugs that stays in the
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middle ear, several implantable medical devices were developed for intratympanic
administration, including the Silverstein MicroWick, which involves the use of a small wick
that is inserted through a tympanic membrane vent tube into the round window. Once the wick
has been inserted, the patient can self-administer eardrops into the ear canal, where they are
absorbed by the wick and transported to the round window membrane and to the inner ear
fluids®?. Barriat et al. showed that the delivery of methylprednisolone using those devices could
improve hearing and speech intelligibility in patients after failure of conventional therapy®3.
Methylprednisolone was administered for 10 days after the onset of the hearing loss, of the 26
patients enrolled, 14 patients (54%) showed an improvement in the pure tone average (PTA)
with an overall improvement in PTA of 13.5 £+ 7.3 dB for the 26 patients enrolled. The auditory
capacity index, defined as the mean speech discrimination score obtained at 40, 55 and 70 dB,
improved by 24.2 + 8.7% in 26 patients. Among the 12 patients with a stable PTA, 9 also
showed an increase in speech intelligibility.

The use of microcatheters is also feasible, they are temporarily implanted (few days to
weeks) in the posterior wall of the bony ear canal middle ear and connected to an external pump.
Briefly, the surgical implantation and fixation technique are characterized by six elements: 1) a
medial and a lateral tunnel connected by a groove in the posterior wall of the bony ear canal, 2)
stabilization of the catheter with bone wax and soft tissue plugs in the tunnels, 3) an ear canal
packing, 4) a series of fixating sutures along the catheter, 5) an adhesive dressing, and 6)
additional tapes at the connecting line between pump and catheter. At the end of the
implantation period, the catheter is removed by a second surgical procedure allowing for the
evaluation of its position and the condition of the middle ear space®*. Plontke et al. conducted
a randomized, double blind, placebo-controlled trial for microcatheters delivering
dexamethasone sodium phosphate to patients suffering from SSNHL. Intention-to-treat analysis

for the primary outcome criterion during the placebo controlled study period (14 days) showed
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an average hearing improvement in the treatment group of 13.9 dB and in the placebo group of
5.4dB. This difference in hearing improvement between the two groups was statistically not
significant (P =.26). Of the secondary outcome parameters, the largest benefit of local salvage
therapy was found for maximum speech discrimination with an improvement of 24.4% in the
treatment and 4.5% in the placebo group (P =.07). After a 3 month follow-up period (i.e. after
all patients received intratympanic dexamethasone-phosphate) hearing improvement in the two
groups was very similar®®. Another non-randomized, prospective, controlled study by Li et al.
was aimed at evaluating the efficacy of intratympanic dexamethasone perfusion versus injection
for the treatment of sudden sensorineural hearing loss. The perfusion was made via round
window microcatheter by an electronic pump at a rate of 10 pl/min twice daily for 7 days.
Hearing improvement rate (HIR) of SSNHL in the perfusion group was 40.6%, which was
significantly higher than in the injection and control groups (20.6 and 7.7%, respectively)®®.
Hydrogels are another type of medical devices that were tested for intratympanic
administration. They have a high viscosity and viscoelastic properties that avoid rapid flow
through the Eustachian tube, thus allowing longer residence times in the middle ear, while also
limiting the number of injections®. Wang et al. evaluated thermo-reversible triblock copolymer
poloxamer 407 hydrogels containing dexamethasone. They found significant drug levels within
the perilymph for at least 10 days, even though an assessment of auditory functions revealed a
small transient shift in hearing threshold, most probably of conductive nature, which resolved
itself within a week®’. Borden et al. demonstrated that a hyaluronic-acid (HA)-based hydrogel
could provide sustained dexamethasone phosphate release in a guinea pig model, with
measurable drug levels in the perilymph up to 72 h after treatment, even though a high
variability in dexamethasone phosphate concentration was observed between the samples®.
Paulson et al. studied a chitosan-glycerophosphate (CGP)-hydrogel based system for the

delivery of dexamethasone. The system was designed to release 92% of the dexamethasone
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load over 4 consecutive days. Drug levels were detected in the perilymph for 5 days in a mice
model, even though auditory function testing revealed a temporary hearing loss in the
immediate postoperative period, which resolved by the 10th postoperative day®°.
Nanoparticulate systems, also called nanocarriers, have sizes below 1 pum and possess
the ability to directly carry drugs to a target site, avoiding any potential toxic effect on healthy
tissues. Some nanocarriers (typically 200 nm or smaller)’® are even able to cross the round
window, granting the possibility to introduce drugs into the cochlea while also avoiding surgical
trauma. Nanoparticles can be used to counteract low drug solubility and problems with
degradation or short half-life of the drug®. Du et al. evaluated the targeting and release kinetics
of PLGA-magnetite-dexamethasone-acetate nanoparticles in anesthetized guinea pigs. A
permanent magnet was placed opposite the round window membrane for 1 hour to improve
targeting. The nanoparticles had an average size of 482.8 +£ 158 nm and an average zeta potential
of —19.9 £ 3.3 mV. In 1 hour, there was significantly increased cochlear targeted delivery of
dexamethasone-acetate compared with diffusion alone™. Kim et al. studied the permeability
and safety of a drug delivery system for the inner ear using a poly(2-hydroxyethyl aspartamide)
(PHEA) polymersome. One month old male C57/BL6 mice were used. They administered the
same amount of a fluorescent dye — Nile red — into the middle ear in two forms: loaded in PHEA
polymersomes or diluted in ethanol. 24 hours after administration, the cochlea was harvested
and the visible red particles counted. Hearing and histological tests were also conducted for
safety evaluation. The number of red particles in the organ of Corti was increased significantly
in the nanoparticles group, with some subjects even showing uptake in inner hair cells.
However, safety tests showed a decrease in the responses of distortion product otoacoustic
emissions (DPOAE), as well as a mildly swollen middle ear mucosa compared to the control

group’2.
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Table 1.5. Summary of intratympanic methods for the treatment of idiopathic SSNHL.

Study

Treatment method

Result

Ng et al, 2015

Garavello et al, 2012

Barriat et al, 2011

Plontke et al, 2009

Li et al, 2013

Wang et al, 2009

Borden et al, 2011

Paulson et al, 2008

Du et al, 2013

Kim et al, 2015

Intratympanic injection

Intratympanic injection

Silverstein Microwick

Microcatheters vs

placebo

Microcatheters vs

injection

Poloxamer 407 hydrogel

Hyaluronic acid hydrogel

Chitosan-
glycerophosphate
hydrogel

PLGA-magnetite
nanoparticles

PHEA-nanoparticles

Meta-analysis: statistically significant reduction in hearing
thresholds of patients who received salvage intratympanic steroids
when first line treatment with systemic steroids failed

Meta-analysis: intratympanic steroid administration has a certain
benefit as a salvage therapy, but the effects are not as significant
when as the primary therapy

Administration of steroids to the inner ear through the round
window route using a Silverstein Microwick showed improved
pure tone average (PTA) and speech intelligibility

There was a tendency toward better hearing improvement in the
treatment group, which was not statistically significant compared
to the placebo group

Microcatheters delivering dexamethasone in the case of refractory
SNHL showed significant hearing improvement (40.6%)
compared to injected and control groups (20.6 and 7.7%
respectively)

Significant dexamethasone levels within the perilymph for at least
10 days, but a small transient shift in hearing thresholds that
resolved itself after a week

Dexamethasone phosphate drug levels were measurable up to 72
h after treatment, but high variability in concentrations was
observed between samples

Drug levels were detected in the perilymph for 5 days in a mice
model, but there was a temporary hearing loss which resolved by
the 10th postoperative day

1 hour after a permanent magnet was placed opposite the round
window membrane, PLGA-magnetite-Dexamethasone-Acetate
nanoparticles showed significantly increased drug levels in the
cochlea compared to diffusion

Significantly increased permeability with the nanoparticles
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In contrast to intratympanic administration, intracochlear administration consists of
introducing the drug directly into the cochlea, thus avoiding middle ear barriers that limits
diffusion-based therapies. The most basic approach is intracochlear injection: following a
cochleostomy (surgery to open a path into the cochlea, figure 1.9), very few microliters of a
drug solution are injected using fine gauge needles. Kawamoto et al. used this method for gene-
based therapy. Briefly, a cochleostomy was performed on young guinea pigs, then
approximately 5 ul of adenoviral suspension was slowly injected into the scala tympani
perilymph through the cochleostomy. Four days after the inoculation, animals were exposed to
4 kHz octave band noise, presented at 115 dB SPL for 5 hours. Seven days after the noise
exposure, animals were euthanized and their inner ear removed for hair cell counting. The
results showed that intracochlear injection with adenovirus did not compromise either hair cell

counts nor ABR thresholds®®.

Basal turn

Chordae
'VHI[\JI‘II nerve

Cochleostomy

Round

Z window

Cochleostomy

Round
window J
[

Figure 1.9. Schematic representation of a cochleostomy: a hole is drilled into the scala

tympani or the round window, opening a path to the cochlea, adapted from’

29



While simple injections are a good way to study pharmacokinetics or assess the effect
of a drug on inner ear cells, there is still a possibility of cochlear fluid leakage that can wash
the drug solution, meaning that the drug concentrations are difficult to keep constant’.

Similar to microcatheters that were already described above for intratympanic
administration, osmotic pumps are another mean to ensure a better control over the drug
concentration compared to a simple injection. They are implanted subcutaneously with a medial
and a lateral tunnel connected by a groove in the posterior wall of the bony ear canal, then
stabilized with bone wax and soft tissue plugs. Those systems grant constant drug delivery for
days up to weeks, and thanks to their use of osmotic pressure, the delivery rates are low but
permanent’’. Horiike et al. showed that the administration of edaravone using an osmotic pump
had a better suppression of streptomycin-induced vestibulotoxicity in guinea pigs compared to
systemic administration’®. Shimogori et al. evaluated the effect of betamethasone on the
vestibular function in a guinea pig model of peripheral vestibular disorder. The right lateral
semicircular canal was surgically damaged, and after surgery, animals were treated with various
concentrations of betamethasone or saline solutions, which were administrated directly into the
scala tympani by an osmotic pump. Rotation tests were performed, and the post-rotatory
nystagmus (PRN) ratio (PRN number after counterclockwise rotation/PRN number after
clockwise rotation) was calculated. The PRN ratio was recovered to normal at 5 days after
treatment in the betamethasone administrated groups, but it did not recover to normal until 14
days after treatment in the saline administrated group. Those results also show that steroid
hormones may play an important role in the recovery of vestibular functions’.

Reciprocating perfusion systems combine microsystems and microfluidics technologies
to create new drug delivery devices that are able to provide drugs to the inner ear more
precisely™. For that matter Sewell et al. developed a microfluidics-based intracochlear drug

delivery device. Briefly, drugs are stored in a concentrated stabilized form, and introduced into
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the perilymph under microprocessor control by a miniaturized low-power high-precision
micropump. The micropump is infusing and withdrawing inner ear fluids in a cyclic manner
nearly simultaneously so that the volume inside the cochlea stays constant®. The system uses
a reciprocating fluid delivery regimen to deliver drugs through a single cannula acting as both
inlet and outlet. A glutamate receptor blocker, 6,7-dinitroquinoxaline-2,3-dione (DNQX), was
administered to guinea pigs using this system. Drug delivery in the scala tympani was proven
to be safe and effective. Moreover, equilibration of the drug in the basal turn occurred rapidly
(within tens of minutes) and was dependent on reciprocating flow parameters®!.

Encapsulated cells (EC) are devices that have been clinically tested for the treatment of
neurodegenerative diseases®?. The EC device consists of a semipermeable membrane enclosing
genetically modified human cells that release neurotrophic factors. Recently, Fransson et al.
explored the feasibility of using this device for the treatment of hearing loss. The effects of
BDNF releasing device implanted in deafened guinea pigs were investigated for four weeks,
and results showed that the treatment significantly preserved the spiral ganglion neurons and
maintained their electrical responsiveness®,

Nanotechnology can also be used for intracochlear delivery. Wang et al. developed a
new drug carrier system that uses mesoporous silica nanoparticles as a building block to form
larger (~ 500 pm) supraparticles. Mesoporous particle-based therapeutic carriers have
attracted considerable interest given their ability to provide a number of advantages in
drug delivery such as high surface area, facile surface chemistry modification, adjustable
pore sizes, tunable particle sizes, excellent biocompatibility, as well as the ability to
protect the drug from endogenous proteases that cause degradation of the drug molecule.
The studied supraparticles were found to have high payloads of brain-derived neurotrophic
factor (BDNF) and could be surgically implanted into the cochlea of the guinea pig for neuronal

rescue®*. Wise et al. recently investigated the safety and efficacy of these nano-engineered silica
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supraparticles. The supraparticles were bilaterally implanted into the basal turn of the cochlea

in profoundly deafened guinea pigs. BDNF was delivered over a period of 4 weeks and spiral

ganglion neurons survival was observed over a wide extent of the cochlea. Only a mild localized

tissue response was observed at the site of implantation®.

Cochlear prosthesis-mediated drug delivery is another interesting technique to achieve

intracochlear administration, in which we will expand later on (chapter 1.6 Drug-eluting

cochlear implants).

Table 1.6. Summary of intracochlear methods for the treatment of idiopathic SSNHL.

Result

Study Treatment method
Kawamoto et al, Intracochlear injection
2001
Horiike et al, 2004 Osmotic pump vs

systemic administration
Shigomori et al, Osmotic pump vs saline
2000 solution
Sewell et al, 2009 Microfluidics
Fransson et al, Encapsulated cells
2018
Wise et al, 2016 Mesoporous silica

supraparticles

Intracochlear injection with adenovirus into did not
compromise either hair cell counts or ABR thresholds

Administration of edaravone using an osmotic pump
had a better suppression of streptomycin-induced
vestibulotoxicity in guinea pigs compared to systemic
administration

The PRN ratio was recovered to normal at 5 days after
treatment in the betamethasone administrated groups,
compared to 14 days in the saline groups

DNQX delivery in the scala tympani was proven to be
safe and effective

BDNF treatment significantly preserved the spiral
ganglion neurons and maintained their electrical
responsiveness.

BDNF was delivered over a period of 4 weeks and spiral
ganglion neurons survival was observed over a wide
extent of the cochlea. Only a mild localized tissue
response was observed at the site of implantation.

Depending on the intended treatment,

both intratympanic and intracochlear

administrations have various benefits and drawbacks that can be summarized below (table 1.7):
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Table 1.7. Comparison between intratympanic and intracochlear administration:

benefits and limitations, adapted from ©

Intratympanic administration

Intracochlear administration

Benefits - Treatment of middle and inner ear - Treatment of inner ear diseases
diseases - Minimized systemic exposure
- Minimized systemic exposure - Long term local drug delivery
- Short and middle term local drug (several months to years)
delivery (several days to weeks) - Avoids the diffusion through the
- Minimally invasive round window, direct access to the
- Usually outpatient procedure cochlea
- Adapted for nanocarriers, - Adapted for nanocarriers, liquid
hydrogels and medical devices formulations and medical devices
- Drugs can be delivered along with a
cochlear implant
Limitations - Require diffusion through the - Invasive

round window for access to the
cochlea

- High inter-individual variability
- Clearance through the Eustachian
tube

- Risk of introducing pathogens in
the middle ear

- Risk of tympanic membrane
perforation

- Requires hospitalization

- Potential toxicity of a high drug
concentration in the cochlea

- Risk of introducing pathogens in the
inner ear

Local drug delivery to the inner ear progressed rapidly in the last decade, as many
systems were developed®®, showing great promise for the treatment of inner ear specific
diseases. However, while they offer many benefits in case of emergencies (i.e, sudden
sensorineural hearing loss) and for the protection of hair cells in the cochlea, they are not the
first line of treatment for patients with severe to profound hearing loss. In this particular form,
the impairment is best managed with the use of hearing aids, or cochlear implants for the most

severe cases®®.
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1.5 Hearing aids and cochlear implants

Hearing aids are electronic devices designed to improve hearing by making sounds
more audible. A hearing aid has three basic parts: a microphone, amplifier, and speaker. The
hearing aid receives sound through a microphone, which converts the sound waves to electrical
signals and sends them to an amplifier. The amplifier increases the power of the signals and
then sends them to the ear through a speaker.

We can distinguish between two major classes: Behind the ear (BTE) and In the ear
(ITE) hearing aids (figure 1.10). BTE hearing aids consist of a hard-plastic case worn behind
the ear and connected to a plastic earmold that fits inside the outer ear. The electronic parts are
held in the case behind the ear. Sound travels from the hearing aid through the earmold and into
the ear. ITE hearing aids fit completely inside the outer ear. Some ITE aids may have certain
added features installed, such as a telecoil. A telecoil is a small magnetic coil that allows users
to receive sound through the circuitry of the hearing aid, rather than through its microphone.

This makes it easier to hear conversations over the telephone.®’

D V7
A A
Behind-the-ear (BTE) In-the-ear (ITE)

Figure 1.10. The two major classes of hearing aids: Behind the ear (left) and In the ear

(right), adapted from &’

Cochlear implants (CI) are surgically implanted neuroprosthetic devices (figure 1.11).
Cl bypasses the normal acoustic hearing process to replace it with electric signals which directly

stimulate the auditory nerve®,

34



Transmitter \ Courtesy of Cochlear Americas
)

.\
% Receiver/stimulzator

Y
L

! .hhphone - 2 o

-
/ Electrode
array
cochlea
Figure 1.11. Main components of a cochlear implant inserted in a human ear: external

parts comprises (1) microphone and (2) transmitter, internal parts comprises (3)

receiver/stimulator and (4) electrode array inside the cochlea, adapted from®°

The implant has two main components: An external part with one or more microphones
that pick up sound from the environment, a speech processor which selectively filters sound to
prioritize audible speech, and a transmitter that sends the processed sound signals across the
skin to the internal device by radio frequency transmission. The internal part starts with a
receiver/stimulator, which receives the radio transmission and converts it into electric impulses,
those impulses are finally sent to an electrode array embedded in the cochlea®®.

The electrode array is inserted in the cochlea with a surgical procedure that is performed
under general anaesthesia. There is considerable interest in the preservation of residual hearing
during cochlear implantation, given the recently demonstrated auditory benefits of electric
acoustic stimulation. However, due to the highly invasive nature of the surgery, the
subsequent trauma may cause a significant and immediate loss of hearing, or a delayed one
which may occur days to months after implantation®%:,

Despite its very good results in children and adults in auditory rehabilitation, cochlear
implantation is responsible for cell destruction in both internal hair cells, external hair cells, and

spiral ganglion cells®>*3, The inflammatory response induces fibrosis and endocochlear neo-
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osteogenesis®*°, with the extent of this fibrosis being correlated to the loss of residual
hearing®®’. Apoptosis of auditory neurons as a consequence of gxidative stress was also
observed®. It has been shown that the increase in impedance (electrical resistance) is correlated
with the importance of the fibrotic reaction around the implant®®. The increase in impedance
create the need to increase the intensity of the electrical stimulus to maintain good
performances, which in the end is deleterious to the cochlear structures!®10?,

The current problem of cochlear implantation is therefore to preserve the cochlear
structure and residual neurosensory cells as much as possible in order to improve the
performance and longevity of these implants. Several measures have already been developed

to reduce surgical trauma, including lubricants'®?, intraoperative systemic corticosteroid

103 104

therapy™°, preoperative intra-tympanic corticosteroid therapy-** and optimization of the
insertion axis of the electrode holder®,

The administration of drugs via the electrode holder, using the implant itself as the
vector for pharmacological therapy is currently one of the most attractive ways of reducing the
undesirable tissue and cellular effects linked to implant trauma. We will focus on this topic for

the next chapter.

1.6 Drug eluting cochlear implants

Figure 1.12. Macroscopic image of an intracochlear electrode implant embedded in a

silicone matrix loaded with dexamethasone, adapted from >*
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As seen earlier, intracochlear administration is one of the two main strategies for local
drug delivery to the inner ear. While injections or the use of micropumps are one way to achieve
this administration, cochlear implants constitutes another vector in which drugs can be
introduced to the inner ear'®1%”  There are many benefits in using this technique, first, the
inserted electrode is usually coiled up all the way inside the snail-like structure of the cochlea,
meaning that the area available for drug release is highly optimised. The second reason comes
from the very material constituting the implant: a polymeric network, generally a silicone

matrix (figure 1.12). Silicone matrices are ideal for trapping drugs, given that they are generally

hydrophobic and limit water penetration into their system!%, This offers the opportunity to
accurately control the release rate of drugs, and by adjusting the formulation parameters
(silicone type, amount of additives or drug loading), it is even possible to make the release last
for months or years®?°. This capacity is vital when addressing cochlear implants, as they are
destined to stay in the patient’s ears for many years following surgery®®1° Ensuring long
release periods can help control the inflammatory response, thus granting patients long-lasting
advantages.

This idea was already put to use for others hard to reach sites in the human body, for
example the eye!!!, heart!!2 or vagina®'®. There are also several commercialized products with
drug-eluting matrix systems!*4115_ Interestingly, a double-bind human study even showed that
implanted dexamethasone-eluting electrodes in pacemakers could release dexamethasone for
over 10 years, resulting in better thresholds values compared to drug-free systems. According
to the authors, 20 % of the dexamethasone was still present after 10 years, meaning that the
drug could still be released for many more years'*2,

Drug-eluting matrix systems for the inner ear were also extensively studied in the last
decade. Farahmand Ghavi et al. explored the effect of matrix crosslinking and drug loading on

the release profiles of dexamethasone®. Farhadi et al. evaluated the effect of dexamethasone-
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eluting electrodes on the inflammatory response of implanted guinea pigs, thus showing
significant reduction in fibrocyte, macrophage, and giant cell infiltration at day 3 as well as
lymphocyte, macrophage infiltration, and capillary formation at day 13, indicating an
attenuation of the inflammatory response in the presence of dexamethasone!'®. Meanwhile,
Douchement et al. showed that electrode arrays with prolonged release of dexamethasone
improved short-term preservation of residual hearing after implantation for the frequencies 500,
1000, 4000, and 16 000 Hz in gerbils. The long-term results at 1 year also confirmed these data
for higher frequencies!!’.

While very promising, the development of such devices is made difficult by their very
own advantage: long release periods.

As seen earlier, varying formulation parameters is essential to adjust desired drug
release kinetics. However, given the long period of time drugs need to be fully released, said
optimization can quickly become cumbersome, since very little information is available in a
quantitative way*8, unless highly time-consuming and cost-intensive series of trail-and-error
experiments are made. Fortunately, some research teams took interest in the use of
mathematical modelling to predict drug delivery. In silico optimization can help reach good
estimates for composition, geometry, dimensions and preparation procedures for various drug
delivery systems, thus significantly reducing the number of experiments needed for product

development!t9120,
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Siepmann and Siepmann made an extensive review on the current state of the art of
mathematical modelling of drug delivery, including empirical/semi-empirical and mechanistic
realistic models. More or less complex mathematical theories can be used to quantify the

involved mass transport processes and describe drug release from polymeric systems (figure
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Figure 1.13. Overview on the mathematical equations, which can be used to quantify
drug release from monolithic dispersions (initial drug concentration > drug solubility) in slab,
sphere and cylinder geometries. Mtand M., denote the cumulative amounts of drug released at
time t and at infinite time, respectively; D is the diffusion coefficient of the drug within the
system; cs denotes the drug solubility in the wetted matrix (not in the release medium); Cini
represents the initial drug concentration in the system. A is the total surface area of the film

exposed to the release medium, R the radius of the sphere or the cylinder, adapted from 2
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More specifically to the inner ear, Krenzlin et al. studied the predictability of
dexamethasone release from cochlear implants by using a mathematical equation based on
Fick’s second law of diffusion. After determining the diffusion coefficient of dexamethasone
within the matrix via drug release measurements from thin, macroscopic films. The validity of
the theoretical model predictions was evaluated by comparison with experimental results
obtained with a cochlear implant. The latter consisted of miniaturized electrodes, which were
embedded in a silicone matrix loaded with various amounts of dexamethasone!?2,

This simplified model helped predict the drug release kinetics from miniaturized
electrodes, allowing Gehrke et al. to expand on a quantitative analysis. Dexamethasone was
incorporated into thin films based on different types of silicones (e.g. varying in the type of side
chains and contents of amorphous silica), optionally containing different types and amounts of
poly(ethylene glycol) (PEG) (5 % or 10 %). Furthermore, the initial drug content was altered
(from 10 % to 50 %). In most cases, an analytical solution of Fick’s second law could be used
to describe the resulting drug release kinetics from the films and to determine the respective
“apparent” diffusion coefficient of the drug (which varied from 2 x 107'* to 2 x 1072 cm?s,
depending on the system’s composition). The knowledge of the “apparent” drug diffusivity can
be used to theoretically predict the resulting release kinetics from dosage forms of arbitrary size
and shape. For instance, dexamethasone release was theoretically predicted from cylindrical

extrudates based on a selection of different silicone types. These predictions could be confirmed

by independent experiments, and thus, the impact of the investigated formulation parameters

could be guantitatively described.'*®
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1.7 Objectives

The main objectives of this thesis were to further expand on the works of Krenzlin et al.
and Gehrke et al. for a better understanding of dexamethasone-eluting cochlear implants
through new means of characterization, and by optimizing the formulation parameters by
adding various drugs to complement the therapeutic effect of dexamethasone.

1) Long-term in vitro release of dexamethasone-loaded cochlear implants:

By the start of this thesis, dexamethasone release could be predicted using Fick’s second
law of diffusion, but so far, the independent experiments used to confirm our theory would only
last for a few months. Now that the most promising silicone and drug loading rates were
selected, the decision was made to study the in vitro release of dexamethasone-loaded cochlear

implants for as long as possible (i.e, many years).

2) Development and characterization of silicone matrices combining dexamethasone and

dexamethasone phosphate:

Silicone matrices loaded with dexamethasone were shown to be able to provide
continuous release over several months/years, but it has to be pointed out that the anti-
inflammatory action of the drug is particularly vital during the first few days after implant
placement. In order to minimize the consequences of the induced trauma at these early time
points, it may be a good idea to boost the drug release during this crucial period.

Dexamethasone’s low solubility in water (89 mg/L)*?® is one of the main reasons why
it can release so slowly, so having an anti-inflammatory drug that exhibits a higher solubility
could grant us the possibility of a faster release at early time points. Dexamethasone phosphate
proved to be the most likely candidate, since it is a highly hydrophilic form of dexamethasone
with tremendous solubility values (1.52 g/L)*?.

It was theorized that with the addition of dexamethasone phosphate, the water uptake

would be higher inside the silicone matrices, solubilizing the drug crystals faster, and providing
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a burst release that can help us achieve elevated anti-inflammatory concentrations for the first

days after surgery, thus complementing the slow and continuous release of dexamethasone.

42



2. Materials and methods
2.1. Materials

Kits for the preparation of silicone elastomers (MED-4735; NuSil Technology,
Carpinteria, USA); dexamethasone and dexamethasone sodium phosphate (dexamethasone
phosphate) (Discovery Fine Chemicals, Dorset, UK); calcium chloride dihydrate, magnesium
sulfate tetrahydrate, potassium chloride, sodium chloride and 4-(2-hydroxyethyl) piperazine-1-
ethanesulfonic acid (HEPES) (HEPES Pufferan; Carl Roth, Lauterbourg, France); acetonitrile
(HPLC grade; Fisher Scientific, Illkirch, France); MilliQ water (obtained with a Millipore
Integral 5 apparatus; Millipore Corporation, Billerica, USA). The dexamethasone sodium
phosphate powder was used as received, or (if indicated) milled as follows: 1 g drug was milled
in a stainless-steel jar with a stainless-steel ball for 3 min at 30 Hz (Retsch MM400; Retsch,

Haan, Germany).

2.2. Preparation of drug loaded films

Equal amounts of MED-4735 Parts A and B (approximately 5 g each) were passed
separately 10 times through a two-roll mill (Chef Premier KMC 560/AT970A; Kenwood,
Havant, UK). To initiate polymer crosslinking, both parts were manually blended and the
mixture was passed 10 times through the mill. Subsequently, appropriate amounts of
dexamethasone powder (as received) and/or dexamethasone sodium phosphate powder (as
received or milled) were added and the mixture was passed another 40 times through the mill
to obtain a homogenous film. Crosslinking was completed by a thermal treatment in an oven at
60 °C for 24 h. The thickness of the resulting films was determined with a micrometer gauge

(Digimatic Micrometer; Mitutoyo, Tokyo, Japan).
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2.3. Preparation of drug loaded cochlear implants

Blends of MED-4735 Parts A & B and dexamethasone/dexamethasone sodium
phosphate were prepared as described in Section 2.2. Preparation of drug loaded films. The
obtained mass was injected into a stainless-steel mold, containing glued iridium platinum
electrode contacts with wires (Oticon Medical, Vallauris, France). The implant dimensions
were suitable for use in humans (Krenzlin et al.). The mold was placed under a hydraulic press
at 4.5 bars and heated to 110 °C for 10 min. Ethanol (96% v/v) was injected into the mold in

order to dissolve the glue and allow for implant removal.

2.4. Scanning Electron Microscopy (SEM)

SEM pictures of drug powders were obtained with a JEOL Field Emission Scanning
Electron Microscope (JSM-7800F, Tokyo, Japan). Samples were fixed with a ribbon carbon

double-sided adhesive and covered with a fine chrome layer.

2.5. X-ray diffraction

A Panalytical X'pert Pro diffractometer (PANalytical, Almelo, Netherlands) in
transmission mode with an incident beam parabolic mirror (A Cu, Ka = 1.54 A) was used to
record X-ray diffraction patterns. The samples were placed inside Lindemann glass capillaries
(diameter 1 mm; Hilgenberg, Malsfeld, Germany), which were fixed on a spinning sample

holder.
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2.6. Drug release measurements
2.6.1. From thin films

Film pieces (1 x 1 cm) were placed into amber glass flasks containing 10 mL (if not
otherwise stated) artificial perilymph: an aqueous solution of 1.2 mmol calcium chloride
dihydrate, 2 mmol magnesium sulfate tetrahydrate, 2.7 mmol potassium chloride, 145 mmol
sodium chloride and 5 mmol HEPES Pufferan. The flasks were horizontally shaken in an
incubator (80 rpm; GFL 3033; Gesellschaft fuer Labortechnik, Burgwedel, Germany) at 37 °C.
At predetermined time points, 1 mL samples were withdrawn and replaced with fresh artificial
perilymph (unless otherwise stated). The drug concentration in the withdrawn samples was
determined by HPLC analysis using an Alliance €2695 apparatus (Waters Division, Milford,
USA), equipped with an UV detector. Samples (50 pulL) were injected into a reverse phase
column C18 (Gemini 3 pm, 110 A, 100 x 4.6 mm, Phenomenex, Le Pecq, France) (mobile
phase = acetonitrile:water 33:67 V:V, flow rate = 1.2 mL/min). Dexamethasone and
dexamethasone sodium phosphate were detected at A =220 nm. If indicated, the release medium

was completely renewed every day or every week.

2.6.2. From cochlear implants

Implants were placed into 2 mL HPLC glass vials (Screw-top amber glass; Sigma
Aldrich, St. Quentin Fallavier, France) containing 0.2 mL inserts and 70 pL artificial perilymph.
The vials were horizontally shaken at 80 rpm (37 °C, GFL 3033). At predetermined time points,
the release medium was completely renewed. The drug content in the samples was determined
as described for the thin films. Each experiment was performed in triplicate, mean values +/—

standard deviations are reported.
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2.7. Monitoring of system swelling

Thin films and cochlear implants were treated as for the in vitro drug release

measurements described in Section 2.6. Drug release measurements.

2.7.1. Thin films

Dynamic changes in the thickness and wet mass of the films upon exposure to artificial
perilymph were measured using a micrometer gauge and a precision balance (Precisa 120A;
Precisa, Dietikon, Switzerland). Measurements were performed before and after exposure to
the release medium. At predetermined time points, film samples were withdrawn, surface water
was carefully removed using Kimtech tissue paper (Kimberly-Clark, Reigate, UK), and the

films' thickness and wet mass were determined.

2.7.2. Cochlear implants

Dynamic changes in the dimensions of the cochlear implants upon exposure to artificial
perilymph were monitored using a Nikon Eclipse SMZ-U microscope, equipped with an
AxioCam ICc 1 Zeiss camera (Zeiss, Oberkochen, Germany). At predetermined time points,

samples were withdrawn and analyzed.

2.8. Drug stability in aqueous media

About 5 mg dexamethasone or dexamethasone sodium phosphate (as indicated) were
dissolved in 100 mL MilliQ water, artificial perilymph, or aqueous solutions of either 1.2 mmol

calcium chloride, 2 mmol magnesium sulfate tetrahydrate, 2.7 mmol potassium chloride, 145
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mmol sodium chloride or 5 mmol HEPES. The samples were placed in a horizontal shaker at
37 °C (80 rpm; GFL 3033). At predetermined time points, 100 uL. samples were withdrawn and
their drug content was determined by HPLC-UV analysis, as described in Section 2.6. Drug

release measurements.

2.9. Raman imaging

Implants were analyzed using a Renishaw InVia Raman spectrometer, coupled to a
Leica microscope. The 785 nm line emitted from a Renishaw laser diode was focused via an
x50 long working distance Leica objective. Under these conditions, ~ 200 um?® volumes were
analyzed within the samples at each XY position. The spectral resolution was about 2 cm™ in
the investigated spectral window (500 — 1000 cm™). Raman mapping was performed by
scanning 100 x 100 pm? up to 500 x 500 um? areas, using the classical sequential (point by
point) method (from 1 um up to 5 um between points). During Raman mapping, 600 up to
10000 spectra were collected with an acquisition time ranging between 1 s up to 3 s. Raman
images were calculated using the DCLS (Direct Classical Least Square) method, fitting each

spectrum to a linear combination of Raman spectra of the sample components.

2.10. In vivo study

Cochlear implants (initially drug-free or loaded with 1 or 10 % dexamethasone) were
inserted into the inner ears of Mongolian gerbils. The systems were explanted after 1 or 24
months (as indicated), cut with a scalpel and analyzed by Raman imaging. All French and
European requirements for animal studies were fulfilled and the authorization of a local ethics

committee obtained.
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2.11. Differential Scanning Calorimetry (DSC)

DSC thermograms were recorded with a DSC Q10 (TA Instruments, Guyancourt,
France) using a heating rate of 5°C/min. During all measurements the calorimeter head was
flushed with highly pure nitrogen gas. Temperature and enthalpy readings were calibrated at

5°C/min using pure indium. The samples were placed in closed aluminium pans.

48



3. Results and discussion
3.1 Accelerating drug release at early time points
3.1.1 Introduction

The aim of this study was to increase the initial “burst release” (drug release during the
first days/weeks) from silicone-based cochlear implants allowing for controlled dexamethasone
release for several years. The strategy was to add freely water-soluble dexamethasone sodium
phosphate (“dexamethasone phosphate”), rendering the systems more hydrophilic and, thus,
facilitating water penetration into the polymeric matrices. Increased water contents can be
expected to accelerate drug dissolution and diffusion out of the implants. The chemical
structures of dexamethasone and dexamethasone phosphate are illustrated at the top of Figure
3.1. At the bottom, SEM pictures of the drug powder raw materials (as received) are shown.
Since the manufacturing and characterization of miniaturized cochlear implants is not
straightforward, experiments were also conducted with macroscopic films of identical
composition as the polymeric matrices separating the metal electrodes (and controlling drug

release).
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Dexamethasone (Dex) Dexamethasone phosphate (Dex-P)

Figure 3.1. Chemical structures and SEM pictures of dexamethasone and
dexamethasone phosphate powders (as received). Source of the chemical structures: PubChem

[Internet]*23124,
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3.1.2 Thin polymeric films

The optical macroscopy picture at the top of Figure 3.2 shows a thin silicone film loaded
with 1% w/w dexamethasone phosphate, which was prepared with drug powder as received. As
it can be seen, large white transparent). This can be explained by the hydrophilic character of
the dexamethasone phosphate and the hydrophobic nature of the polymer: The 2 phases “do not
like each other” and drug particle agglomeration reduces the surface of the interface. In the case
of the less hydrophilic parent drug dexamethasone, it has previously been reported that the drug
was homogeneously distributed within the same silicone matrix, in the form of tiny crystals
using a similar preparation procedure!?? (dexamethasone being less hydrophilic). In order to
provide a more homogenous drug particle distribution within the polymeric system also for
dexamethasone phosphate, the latter was milled for different time periods prior to incorporation
into the silicone matrix. The idea was to start with smaller particles, eventually allowing to end
up with smaller agglomerates. Optical macroscopy pictures of the obtained films are shown in

the middle and at the bottom of Figure 3.2.
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no milling

30 s milling

1 min milling

3 min milling

Figure 3.2. Macroscopic pictures of silicone films loaded with 1 % w/w dexamethasone
phosphate. The drug powder was optionally milled for different time periods before

incorporation into the silicone (as indicated).
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Clearly, the formation of large drug agglomerates could be substantially reduced by the
milling step: With increasing milling time, the number and size of visible agglomerates
decreased. Since milling can induce changes in the solid state of a drug (e.g., one polymorphic
form might be transformed into another, or a crystalline drug might become amorphous), X-ray
diffraction patterns of the milled and non-milled powders were recorded. As it can be seen in

Figure 3.3, no differences were visible: The drug remained crystalline, and kept its polymorphic

form.

Dex-P after 3 min milling

Intensity

Dex-P as received

T T T 1

10 20 30 40

206
Figure 3.3. X-ray diffraction patterns of dexamethasone phosphate powder: as received

and after 3 min milling.

The effects of drug milling for up to 3 min on the resulting drug release kinetics from
thin silicone films loaded with 1% dexamethasone phosphate are shown in Figure 3.4. Sink

conditions were provided throughout the experiments. As it can be seen, in the case of non-
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milled drug powder: (i) the burst release was much more pronounced, and (ii) the standard
deviations were much higher. This can be explained by the fact that the initial burst release is
likely attributable to drug particles (and agglomerates of thereof), which are located close to
the film surface and have either direct access to the latter from the beginning, or have/get
rapidly access via small pores. Looking at the optical macroscopy pictures in Figure 3.2, it
becomes clear that in the case of nonmilled dexamethasone phosphate powder, the access of a
large particle agglomerate to the surface likely causes a relative important amount of drug to
be released at early time points, compared to a much smaller drug particle having/getting such
an access in the case of films prepared with pre-milled powder. Also, the likelihood that a
large drug particle agglomerate has/gets direct surface access is higher than in the case of a
tiny drug particle, if both are located in the same zone close to the surface (due to its larger
dimensions). This overcompensates the higher number of numerous small particles compared
to few larger particle agglomerates. The difference in the spatial drug distribution within films
prepared with non-milled versus milled dexamethasone phosphate powder (Figure 3.2) can
also explain the difference in the variability of drug release (Figure 3.4): The observed drug
release rate is the sum of all the individual release events stemming from the dissolution of
drug particles or agglomerates which are/get in contact with the surface (and hence, with the
bulk fluid). In the case of large drug particle agglomerates, each of these individual events is
relatively important. In contrast, in the case of numerous tiny drug particles, each individual
“release event” is relatively less important. Since all these events are random, the variability
of the sum is higher in the case of fewer events related to the large agglomerates compared to
numerous small events associated with tiny drug particles. In practice, a reduced variability is
highly desirable to assure more reliable therapeutic effects and a limited risk of potential toxic

side effects. Thus, a milling time of 3 min was chosen for further experiments.
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Figure 3.4. Cumulative absolute total drug release from silicone films loaded with 1 %
dexamethasone phosphate upon exposure to artificial perilymph at 37 °C. The drug powder was

optionally milled before incorporation into the silicone (as indicated).

3.1.3. Conversion of dexamethasone phosphate into dexamethasone

Please note that the absolute cumulative drug release curves shown in Figure 3.4
encompass both: the prodrug dexamethasone phosphate as well as the parent drug
dexamethasone (generated by the hydrolysis of dexamethasone phosphate upon contact with
water). Both species were detected in the release medium (by HPLC-UV analysis) and
considered for the calculation of the “total drug release”. To estimate the conversion rate of
dexamethasone phosphate into dexamethasone under the given conditions, a solution of this
drug in artificial perilymph was studied at 37 °C under horizontal shaking (80 rpm) (under the
same conditions as for the in vitro drug release measurements). For reasons of comparison, the

stability of dexamethasone phosphate was also monitored in pure water (MilliQ) and aqueous
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solutions of the different components of the artificial perilymph: 145 mmol sodium chloride,
1.2 mmol calcium chloride, 5 mmol HEPES, 2 mmol magnesium sulfate tetrahydrate, or 2.7
mmol potassium chloride. Figure 3.5 shows the obtained results. About 5 mg drug were
dissolved in 100 mL medium. The blue curve in the diagram at the top shows the degradation
kinetics of dexamethasone phosphate in artificial perilymph. Clearly, the ester is relatively
rapidly hydrolyzed. The brown curve in the same diagram shows the respective dexamethasone
phosphate degradation in pure water: As it can be seen, in the latter case the ester hydrolysis is
much slower. Thus, the presence of the co-dissolved salts in the artificial perilymph has an
impact on the hydrolysis of the phosphate ester. The diagram in the middle of Figure 3.5
differentiates between the impact of the different types of salts. The following rank order was
observed with respect to the acceleration of dexamethasone phosphate degradation: NaCl <
CaCl2 < HEPES < MgS04 < KCI. For reasons of comparison, also the stability of the parent
drug dexamethasone dissolved in artificial perilymph at 37 °C was studied (bottom diagram in
Figure 3.5): There were no signs for any noteworthy degradation during the observation period
(1 month).

Please note that in the case of controlled release silicone films or cochlear implants, the
conversion of dexamethasone phosphate into dexamethasone can occur within the well-agitated
bulk fluid (after the release of the prodrug), or within the drug delivery system (once water has
reached the drug). It was beyond the scope of this work to study this aspect in more detail. For

the therapeutic effects, most important is the conversion rate, not the location of this conversion.
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Figure 3.5. Stability of dexamethasone or dexamethasone phosphate in artificial

perilymph, pure water or different types of aqueous salt solutions (as indicated) at 37 °C.



Figure 3.6 shows the HPLC chromatograms of samples of release medium withdrawn
after 2 h or 11 days exposure of thin silicone films loaded with 11% dexamethasone phosphate
to artificial perilymph at 37 °C (80 rpm). As it can be seen, after 2 h, only dexamethasone
phosphate was detected, no dexamethasone. In contrast, after 11 days, a dexamethasone peak
was clearly visible in addition to the dexamethasone phosphate peak. Please note that: (i) The
dexamethasone phosphate peak was much larger than the dexamethasone peak after 11 days in
the HPLC chromatogram, which was obtained during the drug release measurements from thin
silicone films (Figure 3.6). (ii) In contrast, most of the dexamethasone phosphate was degraded
after 11 days when dissolved from the beginning in artificial perilymph at 37 °C (blue curve in
the diagram at the top of Figure 3.5). This indicates that the entrapment of the dexamethasone
phosphate particles in the silicone matrix protects the drug from hydrolysis (avoiding the
contact with water). However, this is not necessarily a 100% protection, since upon water
penetration into the system, dexamethasone phosphate can be expected to be also hydrolyzed

within the drug delivery system, prior to its release.
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Figure 3.6. HPLC chromatograms of samples of release medium withdrawn after 2 h

and 11 d. Silicone films loaded with 11 % dexamethasone phosphate were exposed to artificial

perilymph at 37 °C.
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The left diagram in Figure 3.7 shows the concentrations of the prodrug dexamethasone
phosphate detected in samples, which were withdrawn from the release medium at different
time points upon exposure of a silicone film loaded with 11% dexamethasone phosphate to
artificial perilymph at 37 °C. The volume of the well agitated bulk fluid was 10 mL. At each
sampling time point, 1 mL bulk fluid was withdrawn and replaced with 1 mL fresh medium.
Thus, the observed decrease in the concentration of released dexamethasone phosphate can in
part be attributed to a dilution effect. However, the observed decrease is much more pronounced
than this dilution effect, indicating that dexamethasone phosphate conversion into
dexamethasone in the release medium plays a major role, as expected from the discussion
above. For reasons of comparison, the diagram on the right-hand side of Figure 3.7 shows the
dexamethasone concentrations measured in samples withdrawn from the release medium in the
case of thin silicone films loaded with 11% dexamethasone. As it can be seen, in this case, the
drug concentration monotonically increased with time, because the accumulation of drug in the
bulk fluid due to its continuous release from the film was more important than the dilution effect
due to sampling & medium replacement (and the drug was stable under the given conditions,

bottom diagram in Figure 3.5).
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Figure 3.7. Released drug concentration from silicone films loaded with either 11 %
dexamethasone or 11 % dexamethasone phosphate milled for 3 min upon exposure to artificial

perilymph at 37°C.

3.1.4. Impact of the relative drug loadings

The basic idea of this study was to increase the dexamethasone release rate during the
initial “burst phase” from silicone-based delivery systems by the addition of the more
hydrophilic dexamethasone phosphate ester. In order to evaluate whether this strategy is
successful, a series of thin silicone films was prepared, loaded with 11% total drug content,
varying the concentrations of dexamethasone and dexamethasone phosphate as follows: 1 + 10,
2+9,3+8,4+7,5+6,6+5,7+4,8+3,9+2and 10 + 1%. Figure 3.8 shows optical
macroscopy pictures of the different films. The dexamethasone phosphate powder was milled
for 3 min prior to incorporation into the silicone matrix to minimize the formation of drug
particle agglomerates. Nevertheless, an increasing number of white agglomerates was visible
with increasing dexamethasone phosphate contents. This can be attributed to the higher

hydrophilicity of this drug compared to dexamethasone and the hydrophobic nature of the
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silicone, as discussed above. Please note that the pictures shown in Figure 3.2 had a drug loading

of 1% only.

6 % Dex + 5 % Dex-P
10 % Dex + 1 % Dex-P

5 % Dex + 6 % Dex-P
9 % Dex + 2 % Dex-P

8 % Dex + 3 % Dex-P 4 % Dex + 7 % Dex-P

3 % Dex + 8 % Dex-P
7 % Dex + 4 % Dex-P

2 % Dex + 9 % Dex-P
6 % Dex + 5 % Dex-P

5 % Dex + 6 % Dex-P

—

Figure 3.8. Macroscopic pictures of silicone films loaded with different amounts of
dexamethasone and dexamethasone phosphate milled for 3 min. The total drug content was

constant (11 %).

The resulting total absolute drug release rates from the different films in artificial perilymph at
37 °C are illustrated in Figure 3.9. The amounts of both, dexamethasone and dexamethasone

phosphate, are considered. Importantly, this diagram clearly shows that the formulation
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strategy is successful: Despite the constant total drug loading, the release rate increased with
increasing dexamethasone phosphate content. This can be expected to be beneficial for the
patient, providing higher drug concentrations during the first hours/days/weeks after implant
placement, when the risk of trauma, inflammation and fibrosisis particularly elevated. Please
note that the shape of the drug release curve of films containing1% dexamethasone phosphate
and 10% dexamethasone (bottom curve in Figure 3.9) is differentfrom that of films containing
only 1% dexamethasone phosphate (bottom curve in Figure 3.4).This is because the presence
of the additional 10% dexamethasone has an important effect on drug release: Upon leaching
of dexamethasone phosphate or dexamethasone, the porosity of the films and their water
content increase, facilitating the release of remaining drug. In the caseof films containing only
1% dexamethasone phosphate, the “pore creating effect” of the 10% dexamethasone is

b

missing. Thus, some kind of “plateau” is observed after a few days (Figure 3.4): Drug
particles/agglomerates with direct surface access have been released and it takes more time
for drug particles/agglomerates located in deeper film regions to be released. In contrast, in
films loaded with 1% dexamethasone phosphate and 10% dexamethasone (Figure 3.9), the
release of drug particles/agglomerates located in deeper film regions is facilitated by the

presence of an important number of pores and channels in direct contact with the surface,

created by drug leaching at earlier time points.
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Figure 3.9. Cumulative total drug release from silicone films loaded with different
concentrations of dexamethasone and dexamethasone phosphate (as indicated) in artificial

perilymph at 37 °C. The total drug content was constant (11 %).

The optical macroscopy pictures in Figure 3.10 are consistent with this hypothesis: Films
loaded with “10 % dexamethasone + 1 % dexamethasone phosphate” or with “1 %
dexamethasone + 10 % dexamethasone phosphate” are illustrated before and after 32 days
exposure to artificial perilymph: The initially clearly visible white drug particles/agglomerates

of drug particles became water filled cavities. In the case of high dexamethasone phosphate
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loadings this effect was more pronounced, due to the prodrug being more hydrophilic than

dexamethasone, facilitating water penetration into the system and drug dissolution.

t=0 t=32d

10 % Dex + 1 % Dex-P

1 % Dex + 10 % Dex-P

Figure 3.10. Macroscopic pictures of silicone films loaded with varying concentrations
of dexamethasone and dexamethasone phosphate before and after 32 d exposure to artificial
perilymph (37 °C). The red ovals indicate drug agglomerates (left-hand side) and holes (right

hand-side), respectively.

However, the addition of a more hydrophilic compound to a hydrophobic silicone matrix
can also lead to a much more pronounced system swelling. In the case of miniaturized implants
which are placed into the cochlea of a patient this effect must be limited, because the inner ear

is a tiny and sensitive organ. Substantial implant swelling can be expected to cause damage.
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This is the reason why the dynamic changes in the wet mass and thickness of the silicone films
loaded with different dexamethasone and dexamethasone phosphate contents was also
monitored upon exposure to artificial perilymph at 37 °C. As it can be seen in Figure 3.11, film
swelling became much more pronounced at higher dexamethasone phosphate contents. Thus,
the strategy of adding a more hydrophilic prodrug to increase the initial burst release was
successful, but must be used with caution: A compromise has to be found between the desired
drug release rate and acceptable system swelling. Please note that even though sink conditions
were maintained throughout the observation periods in the surrounding, well-agitated bulk
fluid, limited drug solubility effects are likely playing a crucial role within the investigated drug
delivery systems: The amounts of water penetrating into the silicone matrices can be expected
to be insufficient to dissolve all drug immediately (even upon addition of up to 10%
dexamethasone phosphate). The potential importance of limited drug solubility effects within a
drug delivery system, in contrast to drug saturation effects in the surrounding release medium,

has recently been highlighted and explained in more detail.
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Figure 3.11. Dynamic changes in the wet mass and thickness of silicone films loaded
with varying concentrations of dexamethasone and dexamethasone phosphate (as indicated)

upon exposure to artificial perilymph at 37 °C. The total drug content was constant (11 %).
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3.1.5. Drug release from cochlear implants

Based on the above described results obtained with thin silicone films, miniaturized inner
ear implants were prepared with dimensions allowing for administration in human cochleag!?2,
The systems were loaded with “10 % dexamethasone + 1 % dexamethasone phosphate” or with
“10 % dexamethasone” for reasons of comparison. Please note that metal electrodes were not
incorporated (but their impact on the investigated formulation effects, can be expected to be
limited). Figure 3.12 shows optical macroscopy pictures of the implants, which appeared to be

rather homogenous.

10 % Dex

10 % Dex + 1% Dex-P
(3 min milling)

Figure 3.12. Optical macroscopy pictures of cochlear implants loaded with “10 %
dexamethasone” or “10 % dexamethasone + 1 % dexamethasone phosphate (milled for 3 min)”,

before exposure to the release medium.
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The resulting cumulative drug release kinetics in artificial perilymph are illustrated in
Figure 3.13. Importantly, the strategy was successful: The addition of only 1% dexamethasone
phosphate significantly increased the initial burst release during the first few days/weeks. Please
note that an average volume of only 76 uL perilymph has been reported for humans.
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Figure 3.13. Impact of adding 1 % dexamethasone phosphate to cochlear implants
loaded with 10 % dexamethasone on the resulting cumulative absolute total drug release
kinetics in artificial perilymph (37 °C). The dexamethasone phosphate powder was milled for

3 min prior to incorporation into the silicone.

69



Thus, the observed increase in the total drug release rate is likely relevant in vivo. At the
same time, the addition of only 1% dexamethasone phosphate to the 10% dexamethasone
containing silicone-based implants did not lead to noteworthy system swelling during at least 1
year, as illustrated in Figure 3.14: The dynamic changes in the diameters of the “tips” and
“bases” of the implants (shown in Figure 3.12) were monitored upon exposure to artificial
perilymph (37 °C, 80 rpm) by optical macroscopy. From a clinical perspective, this type of

behavior can be expected to be acceptable.
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Figure 3.14. Absence of noteworthy swelling or shrinking: Dynamic changes in the
dimensions of cochlear implants loaded with 10 % dexamethasone and 1 % dexamethasone
phosphate upon exposure to artificial perilymph (37 °C). The dexamethasone phosphate

powder was optionally milled for 3 min prior to incorporation into the silicone.
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3.2 Long term behavior of dexamethasone-loaded cochlear implants

3.2.1 Physical state and distribution of the drug after manufacturing

The picture at the top of Figure 3.15 shows a cochlear implant loaded with 10 %
dexamethasone for humans after manufacturing. The implant consists of silicone and drug only,
no metal electrodes were included. For the dexamethasone release measurements and swelling
studies, the part of the implant which is not inserted into the cochlea (on the right-hand side)

was cut off (as illustrated in the 2 pictures at the top of Figure 3.15).
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Figure 3.15. Top: Optical microscopy pictures of a cochlear implant for use in humans
(without metal electrodes), loaded with 10 % dexamethasone (after manufacturing). For the
drug release and swelling studies, the part of the implant which is not placed into the cochlea,
was cut off. Bottom: Dynamic changes in the diameters of the “tips” and “bases” of the implants

upon long term exposure to artificial perilymph at 37 °C (in vitro).
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The images on the left-hand side of Figure 3.16 show optical microscopy pictures of
radial cross-sections of such an implant (at different magnifications). For reasons of
comparison, the picture on the right-hand side in Figure 3.16 shows a radial cross-section
through a cochlear implant free of drug (placebo). As it can be seen, the latter (consisting of
silicone only) was transparent. In contrast, darker regions were visible in the dexamethasone-
loaded implant. They likely indicate the presence of drug particles, hindering the visible light
to pass through the sample. This is consistent with previously reported Scanning Electron
Microscopy pictures of polymeric films and cylindrical extrudates based on the same silicone
and drug: Krenzlin et al evidenced the presence of tiny dexamethasone crystals distributed
throughout such silicone matrices!??. Importantly, the drug crystal distribution seems to be
homogenous throughout the implant (Figure 3.16, left hand side). Similar observations were

made with the cochlear implants for use in gerbils (which were smaller).

10 % Dexamethasone Placebo

100 ym

Figure 3.16. Optical microscopy pictures of radial cross-sections of cochlear implants
for humans (without metal electrodes) after manufacturing: Loaded with 10 % dexamethasone

(left hand side) or free of drug (placebo, right hand side).
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Since two polymorphic forms of dexamethasone have recently been reported (Forms A
and B), it was interesting to know which polymorph was present in the investigated cochlear
implants. For this reason, X-ray diffraction patterns of the implants were recorded as well as of
the 2 known polymorphic forms of dexamethasone. As it can be seen in Figure 3.17, the
diffraction patterns of dexamethasone Form A (drug powder as received) and Form B (prepared
by milling and heating) can be distinguished by several peaks observed at different angles.
Clearly, the diffraction patterns of the drug-loaded implants corresponded to those of
dexamethasone Form A. Please note that the implant had been exposed for 1 month to artificial
perilymph. Thus, neither the manufacturing process of the cochlear implants used in this study

nor exposure to the release medium changed the polymorphic form of the drug

PXRD

Implant
in  vitro

| 1 rAanth

20 (degrees)

Figure 3.17. X-ray diffraction patterns of cochlear implants for humans loaded with
10 % dexamethasone after 1 month exposure to artificial perilymph at 37 °C (in vitro). For
reasons of comparison, also the X-ray diffraction patterns of the 2 known polymorphic forms

of dexamethasone are shown.
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3.2.2 Implant swelling and drug release in vitro

From a practical point of view, it is critically important that the cochlear implants do not
substantially swell upon contact with aqueous media. Otherwise, the inner ear might be
damaged. To monitor potential changes in the dimensions of the investigated implants in vitro,
the latter were exposed to artificial perilymph at 37 °C and horizontally shaken at 80 rpm. At
pre-determined time points, samples were withdrawn and their diameters were measured using
a Nikon Eclipse SMZ-U microscope, equipped with an AxioCam ICc 1 Zeiss camera. The
pictures in the middle of Figure 3.15 show the locations for these measurements: at the “tips”
and “bases” of the implants. The diagram at the bottom of Figure 3.15 shows the swelling
behavior during long term exposure (3 years) to artificial perilymph. Importantly, no substantial
variations in the systems’ diameters were observed. The implants did neither swell, nor shrink
to a noteworthy extent. The observed arbitrary and limited “fluctuations” can probably be
explained as follows: The radial cross-section of an implant was not perfectly spherical (see for
instance the two pictures at the top of Figure 3.16). Thus, the exact position of the implant
during the microscopic observation impacts the measured diameter to a certain degree. This
technical bias does not reflect real implant swelling/shrinking.

The experimentally measured dexamethasone release kinetics from cochlear implants for
humans loaded with 10 % drug in artificial perilymph are illustrated in the diagram at the top
of Figure 3.18. The error bars are too small to be visible. Clearly, drug release is controlled
during several years (e.g., about 40 % of the initial dexamethasone loading was released after
3.2 years). This is in good agreement with results previously reported on silicone-based
cochlear implants of the same composition, but containing also metal electrodes. Thus, the
presence/absence of the metal wires does not substantially impact drug release. This is
consistent with the hypothesis that drug diffusion through the silicone matrix plays a major role

in the control of dexamethasone release from this type of advanced drug delivery systems: Upon
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contact with aqueous fluids, water penetrates into the system and dissolves the drug. Once
dissolved the dexamethasone slowly diffuses out into the surrounding environment. The
following equation has been proposed for the quantification of drug release from such

electrode-containing implants (assuming cylindrical geometry):

__i exp( % .p. t)‘z 1 exp(— @-p+1)-at -D-t] (1)

. ) LRZ Jpo(2p+1) \ H?

i

where Mt and M., are the absolute cumulative amounts of drug released at time t and infinity,
respectively; n and p are a dummy variables; gn are the roots of the Bessel function of the first
kind of zero order [Jo(qn)=0]; D is the “apparent” diffusion coefficient of dexamethasone within
the silicone matrix; R and H denote the radius and height of the cylindrical implants.

This equation can be derived from Fick’s second law of diffusion, assuming that: (i) drug
diffusion is the dominant mass transport process (e.g. is much faster than drug dissolution and
water diffusion), (ii) perfect sink conditions are provided throughout the experiments, (iii) the
drug is initially homogeneously distributed throughout the system, (iv) the diffusion coefficient
of the drug is not dependent on time or position, (v) the implants are of cylindrical geometry,
(vi) drug diffusion occurs in radial and axial direction, and (vii) the implant does not dissolve
or swell upon exposure to the release medium.

Krenzlin et al. used Equation 1 to theoretically predict dexamethasone release from
cochlear implants based on the same silicone, loaded with 10-30 % drug*??. But in that study,
the implants contained metal electrodes and the release medium was not agitated. The apparent
diffusion coefficient of the drug in the polymeric matrix had been estimated by fitting an
appropriate solution of Fick’s second law of diffusion to experimentally determined

dexamethasone release kinetics from thin films of the same composition (free of electrodes).
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Importantly, in that previous study drug release was only monitored during 80 d. Relatively
good agreement between theory and experiment had been observed. In the present study, the
same apparent dexamethasone diffusion coefficient for this type of silicone, loaded with 10 %
drug was used to predict the release patterns from the investigated electrode-free implants upon
exposure to well agitated artificial perilymph at 37 °C. The black curves in the diagrams at the
bottom of Figure 3.18 show these theoretical predictions. The diagram on the right hand side is
a zoom on the first 7 months and shows the release kinetics from 4 individual implants. As it
can be seen, the agreement between theoretical prediction and independent experiment is rather
good, but there are clear and systematic deviations: At early time points, the theory
overestimates drug release, at later time points, dexamethasone release is underestimated. This
can probably be attributed to the simplifying assumption Equation 1 is based on that the
diffusion coefficient of the drug is constant over time and independent of the position in the
implant. In reality, this is likely not the case for the following reason: Upon exposure to the
release medium, drug crystals located in surface near regions can be expected to dissolve first.
Once dissolved, the drug diffuses out. Consequently, water-filled “pores” remain. To a certain
extend these “pores” might be closed by (even limited) swelling/expansion of surrounding
silicone. In any case, it is likely that these locations in the silicone matrix become more
permeable for the drug. Thus, dexamethasone which subsequently diffuses from the center of
the implants to the surface can be expected to be more mobile in such drug-exhausted regions.
Equation 1 does not take such effects into account. The apparent diffusion coefficient (being a
measure for the mobility of the drug in the polymeric matrix) used in this equation presents a
“time-averaged” value. It overestimates the real diffusion coefficient at early time points and
underestimates drug mobility at late time points (“ignoring” the creation of “higher mobility
regions” during drug release). The diagram on the right hand side at the bottom of Figure 3.18

nicely illustrates this initial overestimation and subsequent underestimation of drug release
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from the investigated cochlear implants. Please note that a more comprehensive mathematical
theory, taking into account time-dependent diffusion coefficients (and ideally also position-
dependent diffusivities), can be expected to be able to more reliably describe the observed drug
release kinetics. However, the development of such a model was beyond the scope of this study.

The fact the diffusion coefficient used for the above predictions was determined in non-
agitated artificial perilymph likely only plays a minor role (if at all), since the effects of bulk
fluid agitation on drug release were shown to be of negligible importance on dexamethasone
release from thin films based on the same type of silicone!??. Furthermore, the fact that perfect
sink conditions were not always maintained in the surrounding bulk fluid might contribute to
the observed deviations between theory and experiment (Figure 3.18). However, the degree of
drug saturation in the release medium relatively rarely exceeded 30 % (and very rarely 50 %).
Furthermore, high drug concentrations in the release medium were observed throughout the
observation period (due to occasional prolonged non-sampling periods during holidays or
COVID lockdowns), whereas the under- and overestimation of drug release was systematic:

overestimation at early time points, underestimation at later time points (Figure 3.18).
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Figure 3.18. In vitro drug release from cochlear implants for humans (without metal
electrodes) loaded with 10 % dexamethasone in artificial perilymph at 37 °C. The upper
diagram shows the experimentally measured values (n = 4, error bars are too small to be visible).
The diagrams at the bottom illustrate in addition the theoretically predicted release profile
(calculated using Equation 1, details are given in the text). The diagram on the right hand side

shows a zoom on the first 7 months, illustrating the release profiles from 4 individual implants.
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3.2.3. Raman imaging in vitro and ex vivo

Figure 3.19 shows the Raman spectra of the investigated pure silicone (cochlear implants
free of drug) and dexamethasone (powder as received). Importantly, the two spectra show
multiple Raman shifts at different wavelengths. These differences can be used to distinguish
between the two compounds and, thus, allow for Raman imaging of cross-sections of implants

before and after exposure to artificial perilymph or implantation into gerbils.
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Figure 3.19. Raman spectra of the investigated silicone and dexamethasone. Drug-free

silicone implants and drug powder as received were studied.

A radial cross-section of a cochlear implant loaded with 10 % dexamethasone (for use in
humans, but free of metal electrodes) is shown in Figure 3.20 (before exposure to release media
or implantation in vivo). From the left to the right the following images can be seen: an optical
microscopy picture, an image highlighting the silicone-rich regions in red, an image

highlighting the dexamethasone-rich regions in green, and an overlap picture of the two (green
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and red being “false colors”). The cross-section was divided into small “pixels” and the Raman
spectrum of each pixel was recorded. The relative importance of the contribution of
dexamethasone and silicone was calculated, based on the reference spectra. Pixels which rich
in silicone are marked in red, pixels rich in dexamethasone are marked in green. So, please note
that a red color does not strictly exclude the presence of any dexamethasone, nor does the green
color strictly exclude the presence of any silicone. The penetration depth for these
measurements is about 20-25 pm. As it can be seen in Figure 3.20, the dexamethasone is indeed
homogeneously distributed throughout the implant, confirming the hypothesis based on the

optical microscopy picture above.

Optical microscopy Silicone-rich Dexamethasone-rich

Figure 3.20. Optical microscopy picture and Raman images of a radial cross-section
of a cochlear implant for humans (without metal electrodes), loaded with 10 % dexamethasone

after manufacturing.

Figure 3.21 shows an optical microscopy picture and Raman images of a radial cross-
section of a cochlear implant after 1 month exposure to artificial perilymph at 37 °C in vitro.
As it can be seen, dexamethasone-rich regions are still distributed throughout the implant, with
a very few exceptions appearing in black close to the system’s surface, which might indicate
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regions from which drug crystals have been released (highlighted by the white flashes). These
pictures are in good agreement with the experimentally measured drug release Kinetics
(Figure 3.18): After 1 month, only very minor amounts of drug are released. Furthermore, the
Raman images are consistent with the hypothesized drug release mechanism: Water penetrating

into the implants first reaches surface-near dexamethasone crystals, which dissolve and

disappear.

200 um

Optical microscopy Silicone-rich regions Dexamethasone-rich regions

Figure 3.21. Optical microscopy picture and Raman images of a radial cross-section of
a cochlear implant for humans (without metal electrodes), loaded with 10 % dexamethasone
after 1 month exposure to artificial perilymph at 37 °C (in vitro). The white flashes highlight

regions which might correspond to dexamethasone-depleted regions.

To better understand the in vivo fate of this type of advanced drug delivery systems, the
dexamethasone-loaded cochlear implants were placed into gerbils and explanted after 2 years. Figure
3.22 shows Raman images of axial cross-sections of such implant samples. The pictureat the top on the
left-hand side shows the distribution of silicone-rich regions. Dexamethasone- rich regions are
illustrated in the middle, the picture on the right-hand side is an overlap of thetwo images. Clearly,
especially surface-near regions were depleted of dexamethasone, while regions closer to the center of

the implants still contained numerous drug crystals. This further confirms the hypothesis that drug
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diffusion is the dominant mass transport mechanism in this type of miniaturized implants. The bottom
row in Figure 3.22 shows examples for Raman spectra recorded in silicone-rich and dexamethasone-
rich pixels (the reference spectra of the two pure components are shown for reasons of comparison on

the left-hand side).
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Figure 3.22. Raman images (pixel size: 20 x 20 pum) and Raman spectra of a
longitudinal cross-section of a cochlear implant, which was explanted from a gerbil after 2

years.

Figure 3.23 shows Raman images of two radial cross-sections of a cochlear implant,
which was explanted from a gerbil after 2 years. The pictures at the top correspond to one cross-

section, the pictures at the bottom to the other (obtained at a different position). The implant
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was initially loaded with 10 % dexamethasone. Again, silicone-rich regions are marked in red,
dexamethasone-rich regions in green. The picture on the right hand side at the top is an overlap
image. Clearly, in the cross-section shown in the top row, a relatively large drug crystal (or an
agglomeration of smaller dexamethasone crystals) can be seen. In contrast, in the cross-section
shown in the bottom row, no drug-rich regions are visible. This further confirms the hypothesis
that the drug is initially homogeneously distributed throughout the cylindrical implants in the
form of tiny dexamethasone crystals and that drug diffusion through the silicone matrix plays
a major role. By chance, the images in the top row of Figure 3.23 show a cross-section
containing a dexamethasone crystal (or agglomerate of smaller crystals), which has (have) not
yet been released after 2 years in vivo implantation, whereas the pictures in the bottom row
show a cross-section, from which all drug has been released at this time point, or which never

contained any drug (the initial drug loading was 10 %).
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Figure 3.23. Raman images of two radial cross-sections of a cochlear implant,
which was explanted from a gerbil after 2 years. The pictures at the top correspond to one
cross- section, the pictures at the bottom to the other cross-section. The implant was initially

loaded with 10 % dexamethasone.
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3.2.4. Optical microscopy before and after 2 years implantation in gerbils

Figure 3.24 shows optical microscopy pictures of cochlear implants for gerbils loaded
with 0, 1 or 10 % dexamethasone (as indicated). The images at the top were obtained before
implantation, those at the bottom after 2 years implantation into the animals. As it can be seen,
drug-free implants were transparent after manufacturing. The addition of increasing amounts
of dexamethasone rendered the systems more and more opaque. This can be explained by the
presence of dexamethasone in the form of tiny crystals in the silicone matrices, which are
distributed throughout the devices. Importantly, the drug distribution is homogenous
throughout the entire cochlear implants. In contrast, after 2 years implantation in gerbils, the
systems have become transparent in surface-near regions, while the center of the devices
remained opaque (bottom row of images in Figure 3.24). This is a further confirmation of the
above described, hypothesized drug release mechanism: Upon water penetration into the

implants, first drug crystals located close to the systems’ surface dissolve and disappear.
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Figure 3.24. Optical microscopy pictures of cochlear implants for gerbils before (top)
implantation and after 2 years implantation in vivo (bottom). The initial dexamethasone loading
was 0, 1 or 10 % (as indicated on the left hand side). Please note that in the case of implants
explanted after 2 years from gerbils, which were initially loaded with 10 % drug, particle
deposits on the systems’ surface had been removed before taking the picture (in contrast to the

other samples).
86



Interestingly, particle deposits were visible on the surface of all implants after 2 years
implantation into gerbils, irrespective of the initial drug loading (please note that the deposits
were removed prior to taking the pictures in the case of 10 % drug loading, for reasons of
visibility). These deposits might potentially be salts contained in the perilymph, dexamethasone
or stemming from the silicone matrix. To know whether this was the case, Raman spectra of
such particle deposits were recorded: Optical microscopy pictures of them are shown on the
left-hand side of Figure 3.25. The Raman spectra are shown at the top on the right-hand side of
Figure 3.25. Clearly, multiple peaks are visible in all 3 samples, at the same wavelengths.
Importantly, these peaks did not correspond to those observed in the spectra of the reference
substances. Thus, the deposits formed in vivo have a different (biological) origin. It was beyond

the scope of this study to analyze their composition in more detail.
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Figure 3.25. Left hand side: Optical microscopy picture of a cochlear implant
explanted from a gerbil after 2 years (top), and zooms on deposits observed at the implant’s
surface. Right hand side: Raman spectra of 3 particle deposits and different reference

substances (as indicated).
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3.3 Understanding the mechanisms behind controlled dexamethasone
release

3.3.1. Films prepared with crystalline vs. amorphous drug

The physical state of a drug might significantly affect its solubility in water and, thus,
the rate at which it is released from a pharmaceutical dosage form. For instance, if the drug is
distributed throughout a polymeric matrix in the form of drug particles, it first has to dissolve
to become mobile and subsequently diffuse out of the system (due to concentration gradients).
If the solubility of the drug and/or the amounts of water available for drug dissolution within
the system are limited, this might very much slow down drug release. Silicone matrices are
generally hydrophobic. Thus, only minor amounts of water can penetrate into the device and
limited drug saturation effects might be crucial. A drug in an amorphous form might exhibit a
much higher aqueous solubility than in a crystalline state. Dexamethasone is known to form at
least 2 different polymeric forms: Form A and Form B. The dexamethasone in the investigated
3 batches (as received) was crystalline in all cases. To transform it into an amorphous form,
samples of Batch 1 (Form A) were milled in a stainless-steel jar with a stainless-steel ball for 3
min at 30 Hz. The optical microscopy pictures on the left hand-side of Figure 3.26 show images

of the powder before and after milling.

88



w
o
J

== Films prepared with amorphous drug powder

N
(62}
1

-4 Films prepared with crystalline drug power

N
o
1

Crystalline dexamethasone (raw material, Form A)

=
o

Drug release, %
|_\
ol

o o

0 10 20 30 4 50 60 70
Time, d

Amorphous dexamethasone

Figure 3.26. Dexamethasone release from silicone films prepared with crystalline
(Form A) or amorphous drug powders upon exposure to artificial perilymph at 37 °C. The

optical microscopy pictures on the left-hand side show the respective drug powders.

Figure 3.27 shows the corresponding X-ray diffraction patterns (pink and black curves).
As it can be seen, the milling process successfully transformed the crystalline Form A into an
X-ray amorphous state. Using the 2 types of powders, dexamethasone-loaded silicone films
were prepared (10 % w/w drug content). Figure 3.27 also shows the X-ray diffraction patterns
of these films (green and red curves). Clearly, the polymorphic form of the crystalline
dexamethasone (Form A) did not change during film manufacturing: Sharp diffraction peaks
are located at the same angles for the green and pink curves. However, the silicone films
prepared with amorphous dexamethasone exhibited also sharp diffraction peaks (red curve).

The latter cannot be attributed to the silicone (which was amorphous). Furthermore, the peak
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positions did not correspond to those of crystalline dexamethasone Form A (which was used
for film preparation, pink curve in Figure 3.27). But they corresponded to the diffraction peaks
of crystalline dexamethasone Form B (blue curve in Figure 3.27). This indicates that the
amorphous dexamethasone used for film preparation was at least partially transformed into the

crystalline Form B during manufacturing and/or storage prior to the X-ray measurements.
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Figure 3.27. X-ray diffraction patterns of silicone films prepared with amorphous or
crystalline (Form A) dexamethasone powder. For reasons of comparison, also the X-ray
diffraction patterns of the dexamethasone powders used for film preparation are shown

(crystalline  Form A and amorphous), as well as crystalline Form B.
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The DSC thermograms shown in Figure 3.28 indicate that this solid state transformation
was not complete: The behavior of a silicone film prepared with 10 % amorphous
dexamethasone upon heating to about 190 °C is illustrated. For reasons of comparison, also the
thermogram of amorphous drug is shown. In both cases, multiple endothermic events were
visible, likely indicating recrystallisation. The fact that not only one single recrystallisation
event was observed might be attributable to the fact that differences in the size of the drug
particles can potentially affect the energies required to initiate this process. The green curve in
Figure 3.28 shows the thermal behavior of a silicone film prepared with dexamethasone Form A
crystals: No signs for physical state transformations are visible until the substance melts at about
250 °C (corresponding to the endothermic event observed with crystalline dexamethasone

Form A reference substance, pink curve).
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Figure 3.28. DSC thermograms of silicone films prepared with amorphous or
crystalline (Form A) dexamethasone powder. For reasons of comparison, also the DSC
thermograms of crystalline dexamethasone (Form A) and amorphous drug powder (upon
heating to 60 °C for 24 h = treatment to assure complete silicone cross-linking in films) are

shown.
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Importantly, the above discussed transformations of the physical state of the drug did
notaffect the resulting dexamethasone release kinetics from silicone films, as shown in Figure
3.26: The drug release patterns were similar from films prepared with crystalline
dexamethasone Form A (filled triangles) and from films prepared with amorphous drug (open
circles), which at least partially re-crystallized into the polymorphic Form B. The absence of
any noteworthy effect on drug release might be explained by the fact that other phenomena
than limited drug solubility effects are release rate controlling, or that the differences in drug
solubility of the respective forms are not sufficiently important to be visible, and/or that the
less soluble form rather rapidly reprecipitates during drug release. It was beyond the scope of
this study to investigate this aspect in more detail. From a practical point of view, it is most
important that this type of formulation can be expected to be rather robust (“forgiving”) with

respect to the physical state of the drug in the formulation.

3.3.2. Films prepared with different drug batches and different thickness

To evaluate the potential sensitivity of the key properties of dexamethasone-loaded
silicone matrices (drug release and swelling behavior) to batch-to-batch variability of the drug
raw material and variations in the film thickness, different types of films were prepared with 2
drug batches (Batch 2 and Batch 3, used as received from the supplier) and about 0.35 vs. 2 mm
thickness. The optical microscopy pictures in Figure 3.29 show that there were no noteworthy
differences in the particle sizes of the two drug batches (being in the lower micrometer size

range).
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Batch 2

Batch 3

Figure 3.29. SEM pictures of dexamethasone powder samples (as received) of Batch 2

and Batch 3.

93



Interestingly, the two drug batches consisted of a blend of dexamethasone Form A and
dexamethasone Form B (Form A being dominant), in contrast to Batch 1: Figure 3.30 shows
the X-ray diffraction patterns of the 3 drug batches, together with the reference patterns of
dexamethasone Form A and Form B. As it can be seen, the peaks of Batch 1 correspond well
to the peaks of dexamethasone Form A, whereas the peaks visible in drug Batches 2 and 3
correspond to the peaks of both polymorphic forms: A and B (the dashed pink and blue lines

are intended to help comparing key peaks of the two crystal forms).

Intensity (arb. units)

Batch 1

Batch 3

I i | L |

10 12 14 16 18
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Figure 3.30. X-ray diffraction patterns of the investigated 3 batches of dexamethasone
(as received), exhibiting similar particle sizes in the lower micrometer range, but different
crystalline forms. For reasons of comparison, also the X-ray diffraction patterns of crystalline

dexamethasone (Forms A and B) reference powders are shown.
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The resulting drug release kinetics from “thinner” (about 350 um, dotted curves) and
“thicker” (about 2 mm, solid curves) silicone films loaded with 10 % drug, prepared with the
drug Batches 2 and 3 are shown in Figure 3.31: At the top, the observed absolute drug release
rates are illustrated, at the bottom the respective relative drug release rates. Clearly, the drug
batch had no noteworthy impact on the resulting drug release kinetics in this case, irrespective
of the film thickness. Comparing the solid and dashed curves in the upper diagram in
Figure 3.31, it is visible that the absolute drug release rates are higher for “thicker” than for
“thinner” films. This can be explained by the higher surface area available for diffusion (2.8 cm?
versus 2.14 cm?). In contrast, the relative drug release rates are lower from the “thicker” films
than from the “thinner” films (solid versus dashed curves in the bottom diagram in Figure 3.31).
This is because of the different 100 % reference values (total drug loadings) of the film samples
(and, in the long run, due to the prolonged diffusion pathway lengths for drug located in the

center of the films).
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Figure 3.31. Dexamethasone release from silicone films in artificial perilymph.
“Thinner” (about 350 um, dashed curves) and “thicker” (about 2 mm, solid curves) films were
studied. In each case, 2 different batches of dexamethasone (Batches 2 and 3) were used for

film preparation. At the top, the cumulative absolute amounts of drug release are shown, at the

bottom the respective relative amounts of drug.
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Figure 3.32 shows the swelling behavior of the “thinner” and “thicker” silicone

films loaded with 10 % dexamethasone, prepared with drug Batches 2 and 3. The films were

exposedto artificial perilymph for 68 d at 37 °C. The top row illustrates the wet mass (%),

the bottom row the film thickness (%). The 100 % reference values are the film mass and

thickness before exposure to the release medium. Clearly, there were no signs for

noteworthy film swelling or shrinkage, irrespective of the film thickness and drug batch.

From a practical point of view, thiscan be a crucial aspect: For instance, if the drug delivery

system is placed into the inner ear, significant device swelling can damage the highly

sensitive organ.
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Figure 3.32. Absence of noteworthy film swelling or shrinking upon exposure artificial

perilymph: Wet mass (%) and film thickness (%) of the films after 68 d exposure at 37 °C. The

100 % reference values are the initial sample mass and thickness. On the x-axes, the drug

batches used for film preparation are indicated. Mean values +/- SD are reported.
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3.3.3. Raman imaging before and during drug release

To better understand how drug release is controlled from the investigated silicone
matrices, Raman imaging was applied. The diagram on the left hand-side of Figure 3.33 shows
the Raman spectra of dexamethasone and silicone. As it can be seen, multiple Raman bands are
located at different frequencies, allowing to distinguish between the two substances. On the
right hand-side of Figure 3.33, an optical microscopy picture (top) and the corresponding
Raman image of the surface of a silicone film before exposure to the release medium are shown.
The film was loaded with 10 % dexamethasone (prepared with crystalline drug, Batch 1: Form
A). The film was divided into small pixels and the Raman spectrum of each pixel was recorded.
A linear combination of the spectra of dexamethasone and silicone was fitted to the spectra of
each pixel using the DCLS (Direct Classical Least Square) method. This allowed identifying
pixels rich in silicone, marked in green, and pixels rich in dexamethasone, marked in red in
Figure 3.33 (false colours). As it can be seen, certain surface regions are particularly rich in
drug. When comparing the optical microscopy picture and Raman image in Figure 3.33, it

seems that these drug-rich regions correspond to zones with dexamethasone crystals.
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Figure 3.33. Left-hand side: Raman spectra of silicone and dexamethasone. Right-hand
side: Optical microscopy picture and Raman image of the surface of a silicone film loaded with
10 % dexamethasone (prepared with crystalline drug, Batch 1: Form A) before exposure to the
release medium. Silicone-rich regions are marked in green, dexamethasone-rich regions in red

(false colors).

Figure 3.34 shows series of optical microscopy pictures and Raman images of a specific
surface region of a silicone film initially loaded with 10 % crystalline drug (Batch 1: Form
A) before and after exposure to artificial perilymph at 37 °C. The exposure times are
indicated in the left hand-side. The aim was to analyze the same film region at each time
point. This at leastpartially succeeded: The black circles in the Raman images at the top

highlight the same drug particles. The numbers correspond to specific drug particles, which
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could be recognized at different time points. It must be pointed out that the Raman
measurements detect dexamethasone up to a depth of about 20-25 pum. Thus, drug crystals
visible in the top row of Figure 3.33 (before exposure to the release medium) might be
directly located at the films surface, or might be separated from the surface by a thin
silicone layer. This explains why not all dexamethasone particles disappear upon exposure
to the artificial perilymph: Only those with direct surface access (an, thus direct contact with
water) can rapidly dissolve. Looking at Figure 3.34, it seems that the majority of the drug
crystals does not have immediate surface access and remains within the film during the
observation period. This is in good agreement with the very slow drug release observed
from these films (please see above). Please also notethat the film samples were dried prior
to Raman imaging. Thus, dissolved drug might have precipitated in the 20-25 um outer film

surface layer (“being on its way to diffuse out of the film”).
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Figure 3.34. Optical microscopy pictures (left column) and Raman images (right
column) of silicone films initially loaded with 10 % dexamethasone (prepared with crystalline
drug, Batch 1: Form A) after different exposure times to artificial perilymph at 37 °C (as
indicated on the left hand-side). The numbers and circles highlight examples of specific
locations, which are the same at different time points. Silicone-rich regions are marked in green,

dexamethasone-rich regions in red (false colors).
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It has recently been shown that also the Raman spectrum of dexamethasone phosphate
shows distinct differences in its Raman bands compared to dexamethasone and silicone. Thus,
Raman imaging allows distinguishing between the 3 compounds and identifying pixel
particularly rich in silicone, dexamethasone or dexamethasone phosphate. Figure 3.35 shows
an optical microscopy picture and a Raman image of a silicone film loaded with 10 %
dexamethasone and 1 % dexamethasone phosphate before exposure to the release medium.
Both drugs were crystalline (dexamethasone Batch 1: Form A was used for the preparation).
Silicone-rich regions are marked in green, dexamethasone-rich regions in blue and
dexamethasone phosphate-rich regions in red (false colors). Interestingly, the dexamethasone
and dexamethasone phosphate particles seem to be located in the same regions. This can
probably be explained by the fact that both types of drug particles do not have a high affinity
towards the investigated silicone (neither to the compounds used for film preparation: Parts A
and B of the MED-4735 kits). To reduce the contact surface area “drug — silicone”, the drug
particles partially agglomerated. This is important information for the underlying drug release
mechanism: Once an interconnected drug particle network gets access to the films surface (e.g.,

via a water-filled pore), it can be expected that all “connected” particles can rather rapidly

diffuse out into the surrounding bulk fluid.

_r-sr"‘ -

Figure 3.35. Optical microscopy picture (left) and Raman image (right) of the
surface of a silicone film loaded with 10 % dexamethasone and 1 % dexamethasone
phosphate (both crystalline, dexamethasone Batch 1: Form A) before exposure to the release
medium. Silicone-rich regions are marked in green, dexamethasone-rich regions in blue and

dexamethasone phosphate-rich regions in red (false colors).
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Figure 3.36 shows an optical microscopy picture and Raman image of a silicone film
loaded with 1 % dexamethasone (Batch 1: Form A) and 10 % dexamethasone phosphate before
exposure to the release medium. So, the dexamethasone: dexamethasone phosphate ratio was
inversed compared to the film illustrated in Figure 3.35 (1:10 instead of 10:1). The dominance
of dexamethasone phosphate compared to dexamethasone is clearly visible in this outer film
layer. This can be expected to have important consequences for the resulting drug release
kinetics: Dexamethasone phosphate is much more soluble in water than dexamethasone. Thus,
it likely attracts more water into the system upon exposure to the artificial perilymph. It has
recently been shown that, in fact, the addition of small amounts of dexamethasone phosphate

to dexamethasone loaded silicone films increases the “initial burst release”.
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g s w1 19 90 30 7 29w 30 -1y 1y 0 50 7
Alurn) Alurn)

Figure 3.36. Optical microscopy picture (left) and Raman image (right) of the surface of a
silicone film loaded with 1 % dexamethasone (Batch 1: Form A) and 10 % dexamethasonephosphate
before exposure to the release medium. Silicone is marked in green, dexamethasone in blue and

dexamethasone phosphate in orange (false colors).

This is consistent with the Raman images shown in Figure 3.37 of a silicone film initially
loaded with 10 % dexamethasone phosphate before and after different exposure timesto artificial
perilymph at 37 °C. Before exposure to the release medium, large drug clusters canbe seen, even larger
than those observed with dexamethasone (e.g., Figures 3.33 and Figure 3.34). This might be explained
by the higher hydrophilicity of dexamethasone phosphate compared to dexamethasone, silicone being

hydrophobic. Interestingly, after 1 week exposureto the artificial perilymph, no drug is detectable
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anymore. This contrasts with the observed behavior of dexamethasone (which could still be detected in
considerable amounts at this timepoint, Figure 3.34). The reason is likely the higher hydrophilicity of

this drug, attracting more water into the system.

before exposure

2 weeks

Figure 3.37. Optical microscopy pictures (left column) and Raman images (right
column) of silicone films initially loaded with 10 % dexamethasone phosphate before and after
different exposure times to artificial perilymph at 37 °C (as indicated on the left hand-side,
scales are in um). Silicone is marked in green, dexamethasone phosphate in orange (false

colors).
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4. Conclusion

The addition of small amounts of dexamethasone phosphate to silicone-based
miniaturized cochlear implants for controlled dexamethasone release can effectively increase
the initial burst release. This is expected to be beneficial for the patient, since it can help: (i) to
limit local trauma and inflammation caused by the invasive insertion of the electrode array, and
(i) to limit the formation of fibrotic tissue around the foreign body (fibrosis decreasing the
performance of the implants, as the transmission of electrical signals is hindered). The effect
on drug release can be explained by the more hydrophilic nature of the prodrug dexamethasone
phosphate compared to its parent drug dexamethasone, facilitating water penetration into the
system and hence, drug dissolution and diffusion. Importantly, at limited dexamethasone
phosphate contents, implant swelling remains clinically acceptable.

Moreover, silicone-based cochlear implants can reliably control dexamethasone release
over several years. Diffusional mass transport combined with drug saturation effects within the
implants seem to play a major role. The polymeric matrix being hydrophobic, only limited
amounts of water are available for dexamethasone dissolution inside the implants. The drug is
initially homogeneously distributed throughout the devices in the form of tiny dexamethasone
crystals. With time, first surface-near regions become depleted of drug (in vitro as well as in
vivo), as evidenced by optical microscopy and Raman imaging. Importantly, the implants do
not swell or shrink to a noteworthy extent upon exposure to living tissue or artificial perilymph

for several years.
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Résumé

L’oreille interne est 1’organe responsable de la perception auditive et le maintien de
I’équilibre. L’OMS estime que 360 millions personnes dans le monde (plus que 5 % de la
population) souffrent d’une perte auditive handicapante, soit 40 dB dans I’oreille qui entend le
mieux. L’impact sur la vie personnelle ainsi que professionnelle est considérable : Dans
certaines sociétés les patients sont stigmatisés ou partiellement exclus du systeme éducatif. Ils
ont beaucoup plus de mal a accéder au monde du travail et, par conséquence, cela impacte
leur niveau de pauvrete.

L’oreille peut étre divisée en trois parties : (i) 1’oreille externe avec 1’auricule et le
conduit auditif externe. Le tympan sépare cette partie de (ii) I’oreille moyenne qui contient la
chaine ossiculaire (le marteau, I’enclume et 1’étrier) et le trompe d’eustache qui lie 1’oreille
moyenne au rhinopharynx et sert a équilibrer les différences de pression. La fenétre ovale et la
fenétre ronde sont des membranes semi-perméables qui lient I’oreille moyenne avec 1’oreille
interne. (iii) L’oreille interne consiste de deux parties : la cochlée et le systeme vestibulaire.

Dans la cochlée saine, une onde sonore est transformée en signaux mécaniques. La
perception auditive se fait en plusieurs étapes u Le son arrive a I’auricule de 1’oreille externe et
est canalisé et transmis pour faire vibrer le tympan. Cette vibration est amplifiée par la chaine
ossiculaire qui fait vibrer la fenétre ovale. Par conséquence, les différents espaces liquidiens de
’oreille interne sont déplacés. Ces signaux font balancer des cellules ciliées en fonction de la
fréquence et de I’amplitude du signal original. Le mouvement des cellules ciliées induit un
signal électrique qui est transformeé en perception sensorielle dans le cerveau.

La perception de la position de la téte et de son accélération est la fonction principale
du systeme vestibulaire de I’oreille interne. Le mouvement de la téte induit un déplacement de
liquide dans les canaux semi-circulaires dans la direction opposée. Par conséquent, les cellules

ciliées du systeme vestibulaire balancent. Ce signal est ensuite traduit en signal électrique et
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transmis au cerveau pour assurer 1’équilibre du corps.

Quand ces systémes de perception sont perturbés ou endommagés, différentes maladies
de I’oreille interne peuvent se manifester, ex : la surdité, les acouphénes, les réactions auto-
immunes de I’oreille interne et la maladie de Meniére. Souvent, en clinique un mélange des
différentes maladies est observé.

L’administration d’un principe actif dans I’oreille interne constitue un Véritable
challenge de par la barriere hémato-cochléaire qui est comparable a la barriere hémato-
encéphalique et protege 1’oreille de substances toxiques. L’administration d’un principe actif
par les voies classiques (orale, intraveineuse, intramusculaire) ne permet pas d’atteindre des
concentrations suffisantes au niveau de 1’oreille interne pour traiter une maladie. Les jonctions
serrées de la barriere hémato-cochléaire peuvent étre contournées par un dosage systémique
tres élevé du principe actif. Une dose elevée de dexaméthasone peut par exemple étre une bonne
prévention contre la perte de perception auditive lors de I’insertion d’un implant cochléaire.
Cependant, un dosage systémique €levé peut mener a des effets secondaires trés graves. De la
méme fagon, I’injection locale dans I’oreille interne d’un principe actif ne semble pas favorable
car la solution peut s’écouler par le canal d’injection. De plus, pour le traitement d’une maladie
chronique plusieurs injections sont nécessaires, augmentant le risque d’infection. La cochlée,
est relativement étanche et extrémement sensible aux changements mineurs de pression et
représente donc un espace assez délicat avec un volume tres faible.

C’est pourquoi, une administration locale et unique peut fournir de grands avantages.
Plusieurs possibilités pour une administration prolongée ont été décrites. L’application d’un
hydrogel semi-solide sur la fenétre ronde peut créer une matrice qui libere le principe actif d’une
manicre prolongée. Par contre, le gel ne pouvant pas étre fixé in vivo, il risque d’étre éliminé
trés rapidement. En outre, le temps d’exposition et I’anatomie de la fenétre ronde peut varier

d’un patient a I’autre. De plus, la périlymphe (fluide principal dans la cochlée) peut étre
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considérée comme un fluide non-agité avec un transport de masse négligeable. Par
conséquence, un principe actif administré dans 1’oreille moyenne risque de ne pas étre distribué
de maniere homogene dans la périlymphe de ’oreille interne. D un point de vue clinique, un
autre obstacle doit étre surmonté: la taille minuscule de la cochlée et sa difficulté anatomique
d’acceés.

Le traitement est aussi relié a la cause de la maladie. Si celle-ci est connue, le patient est
traité en conséquence. Sinon, le patient recoit souvent des stéroides par voie orale ou intra-
tympaniques. Ces stéroides sont utilisés pour prévenir les inflammations ou cedémes pouvant
endommager les tres sensibles cellules ciliées de I’oreille interne. D’autres stratégies incluent
I’administration orale de principes actifs antiviraux, de diurétiques, de vasodilatateurs,
d’antioxydants, un traitement avec de 1’oxygeéne hyperbare ou des traitements chirurgicaux de
I’oreille. L’application d’un appareil auditif tel que I’implantation d’un implant cochléaire peut
étre nécessaire si la surdité persiste. Un implant cochléaire transforme de la méme fagon que
les cellules ciliées un son en signal électrique qui peut étre retraduit en perception auditive dans
le cerveau. L’¢lectrode est reliée a un amplificateur implanté derriere 1’oreille du patient.
L’implantation d’une électrode dans la scala tympani de 1’oreille interne peut alors aider a
reconstituer la perception sensorielle.

Ces implants cochléaires étant en silicone, il est possible de les charger en principes
actifs. La libération de principe actif a partir de silicone peut étre maintenue pendant des années
: Du silicone chargé en dexameéthasone a été implanté avec succes dans des pacemakers. Apres
10 ans d’implantation, une amélioration du fonctionnement de 1’électrode est observée
comparativement aux pacemakers non chargés en principe actif. Pour ajuster la libération du
principe actif, plusieurs parametres peuvent étre variés tels que le type de chaines latérales,
I’ajout d’additifs, ou encore le taux de principe actif. De plus, la géométrie et les dimensions

du systéeme peuvent avoir une grande influence sur la libération car ils impactent la longueur
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du « trajet » a parcourir par le principe actif pour étre libéré. Ceci est d’autant plus important
vu la nature plutét hydrophobe du polymeére ralentissant la pénétration de 1’eau dans la matrice
et par conséquent la libération du principe actif.

Les principaux objectifs de cette thése étaient d'approfondir les travaux de Krenzlin et
al. et Gehrke et al. pour une meilleure compréhension des implants cochléaires a élution de
dexaméthasone par de nouveaux moyens de caractérisation, et par I'optimisation des parametres
de formulation en ajoutant divers médicaments pour compléter I'effet thérapeutique de la

dexaméthasone.

1) Libération a long terme in vitro des implants cochléaires chargés en dexaméthasone :

Au début de cette these, la libération de la dexaméthasone pouvait étre prédite en
utilisant la deuxiéme loi de diffusion de Fick, mais jusqu'a présent, les expériences
indépendantes utilisées pour confirmer notre théorie ne duraient que quelques mois. Maintenant
que les taux de charge de silicone et de médicament les plus prometteurs ont été sélectionnés,
la décision a été prise d'étudier la libération in vitro des implants cochléaires chargés de
dexaméthasone aussi longtemps que possible (c'est-a-dire plusieurs années).

2) Développement et caractérisation de matrices de silicone combinant dexaméthasone et

dexaméthasone phosphate :

Il a éte démontré que les matrices de silicone chargées en dexaméthasone étaient
capables d'assurer une libération continue sur plusieurs mois/années, mais il faut souligner que
I'action anti-inflammatoire du médicament est particulierement vitale pendant les premiers
jours apres la pose de I'implant. Afin de minimiser les conséquences du traumatisme induit a ce
stade precoce, il peut étre judicieux de renforcer la libération du médicament pendant cette
période cruciale.

La faible solubilité de la dexaméthasone dans I'eau (89 mg/L)*?® est I'une des principales

raisons pour lesquelles elle se libére si lentement. Le fait de disposer d'un médicament anti-
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inflammatoire présentant une solubilité plus élevée pourrait nous donner la possibilité d'une
libération plus rapide aux premiers stades. Le phosphate de dexaméthasone s'est averé étre le
candidat le plus probable, puisqu'il s'agit d'une forme hautement hydrophile de dexaméthasone
avec des valeurs de solubilité énormes (1,52 g/L)*?,

Nous avons supposé qu'avec l'ajout de dexaméthasone phosphate, I'absorption d'eau
serait plus elevée a I'intérieur des matrices de silicone, solubilisant les cristaux de médicament
plus rapidement, et fournissant une libération en rafale qui peut nous aider a atteindre des
concentrations anti-inflammatoires élevées pendant les premiers jours aprés la chirurgie,

complétant ainsi la libération lente et continue de la dexaméthasone.

Fournir une libération rapide dans les premiers jours

L'ajout de petites quantités de dexaméthasone phosphate aux implants cochléaires
miniaturisés a base de silicone pour une libération contr6lée de la dexaméthasone peut
augmenter efficacement la libération initiale. On s'attend a ce que cela soit bénéfique pour le
patient, car cela peut aider a : (i) limiter le traumatisme local et I'inflammation provoqués par
I'insertion invasive du réseau d'électrodes, et (ii) limiter la formation de tissu fibrotique autour
du corps étranger (la fibrose diminuant les performances des implants, car la transmission des
signaux électriques est entravée). L'effet sur la libération du principe actif peut s'expliquer par
la nature plus hydrophile de la dexaméthasone phosphate, facilitant la pénétration de I'eau dans
le systeme et donc la dissolution et la diffusion du principe actif. Il est important de noter qu'a
des teneurs limitées de dexaméthasone phosphate, le gonflement de I'implant reste cliniqguement

acceptable.
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Comportement a long terme des implants cochléaires chargés en principes

actifs

Comme les périodes de libération visées sont trés longues (plusieurs années),
I'optimisation del’implant cochléaire chargé en principes actifs est un véritable défi. Jusqu'a
présent, on ne connait que peu de choses sur le comportement a long terme de ces systémes,
y compris leurs modes de libération ainsi que leur gonflement ou leur rétrécissement
potentiel lors de I'exposition a des milieux aqueux ou a des tissus vivants. Différents types
d'implants cochléaires cylindriques ont été préparés par moulage par injection, en faisant
varier leurs dimensions (utilisables chez I'nomme ou la gerbille) et leur charge initiale en
médicament (0, 1 ou 10 %). La libération de dexaméthasone a €été suivie in vitro lors de
I'exposition a la périlymphe artificielle a 37 °C pendant plus de 3 ans. La microscopie
optique, la diffraction des rayons X et I'imagerie Raman ont été utilisées pour caractériser
les implants avant et apres I'exposition au milieu de libération in vitro, ainsi qu'apres 2 ans
d'implantation chez la gerbille. Fait important, dans tous les cas, la libération de la
dexaméthasone a été fiable pendant les périodes d'observation. Le transport de masse par
diffusion et les effets de solubilité limitée du médicament au sein des matrices en silicone
semblent jouer un réle majeur. Initialement, la dexaméthasone est distribuée de maniére
homogéne dans les matrices polymeres sous forme de cristaux minuscules. Lors de
I'exposition a un milieu aqueux ou a un tissu vivant, des quantitéslimitées d'eau pénétrent
dans le dispositif, dissolvent le principe actif, qui diffuse ensuite. Les régions proches de la
surface sont épuisées en premier, ce qui entraine une augmentation de la diffusivité
apparente du médicament avec le temps. Aucun signe de gonflement ou de rétractionnotable

de I'implant n'a été observé in vitro, ni in vivo.
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Conclusion

L'ajout de dexaméthasone phosphate a hauteur de 10 % aux matrices de silicone a
considérablement augmenteé le taux de libération aux premiers stades. On peut s'attendre a ce
que cela ameliore I'action du médicament et la fonctionnalité de I'implant. Cependant, il reste a
noter qu’a des charges élevées le gonflement du dispositif est devenu important. La cochlée
étant un organe minuscule et sensible, une augmentation potentielle des dimensions de I'implant
au fil du temps doit donc étre limitée.

Les implants cochléaires a base de silicone peuvent contréler de maniére fiable la
libération de dexaméthasone sur plusieurs années. Le transport de masse par diffusion combiné
aux effets de saturation a l'intérieur des implants semble jouer un réle majeur. La matrice
polymérique étant hydrophobe, seules des quantités limitées d'eau sont disponibles pour la
dissolution de la dexaméthasone a l'intérieur des implants. Le principe actif est initialement
distribué de maniere homogéne dans les dispositifs sous la forme de minuscules cristaux de
dexaméthasone. Avec le temps, les premieres régions proches de la surface deviennent
appauvries en principe actif (in vitro comme in vivo), comme le montrent la microscopie
optique et I'imagerie Raman. Il est important de noter que les implants ne gonflent pas et ne
rétrécissent pas de maniere notable lorsqu'ils sont exposés a des tissus vivants ou a une

périlymphe artificielle pendant plusieurs années.
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