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ARTICLE INFO ABSTRACT

Keywords: The aim of this study was to better understand the long term behavior of silicone-based cochlear implants loaded
Cochlear implant with dexamethasone: in vitro as well as in vivo (gerbils). This type of local controlled drug delivery systems offers
Dexamethasone an interesting potential for the treatment of hearing loss. Because very long release periods are targeted (several
}il;i!;ieimaging years/decades), product optimization is highly challenging. Up to now, only little is known on the long term
Diffusion behavior of these systems, including their drug release patterns as well as potential swelling or shrinking upon

exposure to aqueous media or living tissue. Different types of cylindrical, cochlear implants were prepared by
injection molding, varying their dimensions (being suitable for use in humans or gerbils) and initial drug loading
(0, 1 or 10%). Dexamethasone release was monitored in vitro upon exposure to artificial perilymph at 37 °C
for >3 years. Optical microscopy, X-ray diffraction and Raman imaging were used to characterize the implants
before and after exposure to the release medium in vitro, as well as after 2 years implantation in gerbils.
Importantly, in all cases dexamethasone release was reliably controlled during the observation periods. Diffu-
sional mass transport and limited drug solubility effects within the silicone matrices seem to play a major role.
Initially, the dexamethasone is homogeneously distributed throughout the polymeric matrices in the form of tiny
crystals. Upon exposure to aqueous media or living tissue, limited amounts of water penetrate into the implant,
dissolve the drug, which subsequently diffuses out. Surface-near regions are depleted first, resulting in an in-
crease in the apparent drug diffusivity with time. No evidence for noteworthy implant swelling or shrinkage was
observed in vitro, nor in vivo. A simplified mathematical model can be used to facilitate drug product optimi-
zation, allowing the prediction of the resulting drug release rates during decades as a function of the implant’s
design.

1. Introduction

Up to date, there is an unmet need for reliable drug delivery to the
inner ear (the cochlea) (Fl Kechai et al., 2015; Chin and Diaz, 2019; Hao
and Li, 2019; Lehner et al., 2021; Maeder et al., 2018). This is due to the
blood-cochlear-barrier, which effectively hinders the transport of drugs
from the blood stream to the target site (Swan et al., 2008), similar to the
protection of the brain by the blood-brain-barrier. Direct drug admin-
istration into the inner ear can overcome this obstacle, but is highly
invasive. In clinical practice, repeated injections are not feasible, due to

the risk of infections and damage of this highly sensitive organ. Also, the
volume of the liquid in the inner ear is very limited.

The World Health Organization (WHO) warns that about 2.5 billion
people will be living with some degree of hearing loss by 2050:
approximately 25% of the world’s population (World Health Organi-
zation, 2021). The consequences of hearing loss can be severe and affect
all ages (Olusanya et al., 2014; Nordvik et al., 2018). For example,
language development and education can be impacted for children.
Elderly often suffer from the resulting social isolation and loneliness,
and might not be able to live independently anymore. Overall, the
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quality of life and well-being of the person can be tremendously affected.

For patients suffering from severe hearing loss, the implantation of
metal electrodes into the inner ear was shown to provide a potential
treatment (most commonly the noble metal platinum is used for this
purpose). The concept is to bypass the pathological inner ear that is not
able to convey acoustic environmental sounds anymore. Those sounds
are rather translated into electrical signals that directly stimulate the
auditory nerve. Each electrode contact is being placed at a different
cochlear location with the expectation that the ensemble excites audi-
tory fibers at frequencies following the tonotopical logic. For that, the
electrodes are connected to the main implant body by insulated wires
(separated by silicone). This cochlear implant element, inserted inside
the cochlea and composed of electrode contacts, wires and silicon, is also
called “electrode array”. Since many years, this type of intracochlear
implants is used in clinical practice to treat patients suffering from
profound to severe hearing loss. However, the placement of the minia-
turized implants is invasive and potentially causes trauma and the death
of remaining “hair cells” or of neighboring neural elements playing a key
role for the hearing process. Furthermore, fibrosis can be induced (the
implants being foreign bodies), which in turn can decrease the efficacy
of the electrical transmissions in the inner ear and, thus, the perfor-
mance of the hearing aid.

To overcome these drawbacks, the local release of low amounts of
dexamethasone over prolonged periods of time has been proposed
(Astolfi et al., 2016; Bas et al., 2016; Douchement et al., 2015; Qnouch
etal., 2021). Several beneficial effects of such a glucocorticoid treatment
can be expected: (i) The importance of inflammation caused by implant
placement can be reduced, (ii) fibrosis be limited, and (iii) the life-time
expectancy of remaining hair cells be increased (Jia et al., 2016; Liu
et al., 2015; Gao et al., 2021; Toulemonde et al., 2021). One possible
strategy is to incorporate dexamethasone into the silicone matrices
separating the metal electrodes in the cochlear implants (Farahmand
Ghavi et al., 2010; Krenzlin et al., 2012; Farhadi et al., 2013; Liu et al.,
2016). The idea is to trap the drug in the polymeric matrix to avoid
immediate release and to be able to control the release rate of the
corticoid during several years. Interestingly, dexamethasone-loaded
silicone matrices have also been used for a different clinical applica-
tion: in pacemakers. In that case, the aim is to continuously release small
amounts of this corticoid from silicone rings located in the vicinity of the
pacemaker electrodes in order to minimize fibrosis and, thus, to keep the
simulation threshold values low. Importantly, this type of system proved
to be clinically effective for at least 10 years (Mond and Stokes, 1996).
Silicone matrices are also used for other types of local controlled drug
delivery systems, e.g. vaginal rings (McCoy et al., 2021) and intravesical
devices (Palugan et al., 2021).

Alternative local drug delivery strategies for inner ear treatments
include biodegradable intracochlear implants (Lehner et al., 2019;
Lehner et al., 2022), semi-solid dosage forms administered into the
middle ear (Borden et al., 2011; Gausterer et al., 2020; El Kechai et al.,
2016; Engleder et al., 2014), micropumps (Forouzandeh et al., 2019),
microneedles (Aksit et al., 2021) and nanoparticles (Jaudoin et al.,
2021a; Dai et al., 2018). For example, an interesting recent study re-
ported on dexamethasone-loaded implants based on poly(lactic-co-gly-
colic acid) (PLGA) (Lehner et al., 2019). The systems were prepared by
hot melt extrusion. Polyethylene glycol (PEG) was added to provide
desired mechanical implant properties, in particular flexibility. In case a
drug delivery system is not directly administered into the cochlea, but
into the middle ear, upon release the drug has to subsequently enter the
cochlea, e.g. via diffusion through the round or oval window in order to
reach its target side. The use of liposomes has been reported to poten-
tially help controlling drug release as well as the transport into the inner
ear (Jaudoin et al., 2021b).

Different types of physico-chemical phenomena can be involved in
the control of drug release from polymeric matrices, including diffu-
sional mass transport (e.g., of water and dissolved drug molecules)
(Crank, 1975), the dissolution of drug particles (Siepmann and
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Siepmann, 2013), polymer swelling, degradation and/or dissolution
(Lao et al., 2008), limited drug solubility effects in the surrounding fluid
and/or within the delivery system (Siepmann and Siepmann, 2020), pore
formation, osmotic effects and drug-polymer interactions, to mention
just a few. Mathematical theories describing these processes in a quan-
titative and mechanistically realistic manner can be very helpful to
better understand how the devices work (Borgquist et al., 2006). Ideally,
such theories allow to predict the effects of the design of this type of
advanced delivery systems on the resulting drug release kinetics, facil-
itating device optimization. This should not be confused with empirical
mathematical models, which can generally not help elucidating the
underlying drug release mechanisms (being purely descriptive).
Furthermore, appropriate experimental analytical techniques can be very
helpful to better understand how a drug is released from a dosage form
(Bawuah and Zeitler, 2021; Zeitler et al., 2007; Puncochova et al.,
2016). In particular, imaging techniques (such as Raman mapping) can
provide very interesting information on time-dependent changes in the
location of the drug in the drug delivery system and potential alterations
of the inner structure of the device during drug release. For instance,
crack formation in polymeric film coatings surrounding drug-loaded
cores might be evidenced (Vukosavljevic et al., 2016).

The aim of this study was to better understand the long term behavior
of dexamethasone-loaded cochlear implants (free of metal electrodes) in
vitro and in vivo. Different types of systems were prepared, with di-
mensions allowing for administration to humans and gerbils. The im-
plants were prepared by injection molding, the initial drug loading was
varied from 0 to 10%. Optical microscopy, X-ray diffraction and Raman
imaging were used to characterize the implants before and after expo-
sure to artificial perilymph in vitro and placement into gerbils in vivo. In
vitro drug release and potential device swelling/shrinking was moni-
tored for >3 years. The in vivo study was conducted for 2 years.

2. Materials and methods
2.1. Materials

Kits for the preparation of silicone elastomers (MED-4735; NuSil
Technology, Carpinteria, USA); dexamethasone (polymorphic Form A;
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).

2.2. Preparation of cochlear implants

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 cross-
linking, both parts were manually blended and the mixture was passed
10 times through the mill. Subsequently, appropriate amounts of
dexamethasone powder (as received) were added (except for drug-free
implants), and the mixture was passed another 40 times through the
mill. The obtained mass was injected into stainless-steel molds (Oticon
Medical, Lyngby, Denmark) to shape the silicon mass into cochlear
implants. The implant dimensions were suitable for use either in humans
(Krenzlin et al., 2012) or in gerbils (length: 3 mm, diameter: 0.2 mm).
The molds were placed under a hydraulic press at 4.5 bars and heated to
110 °C for 10 min to complete cross-linking. Ethanol (96% v/v) was
injected into the molds in order to remove the implants.

2.3. Optical microscopy

The inner and outer morphology of the cochlear implants was
monitored using a Nikon Eclipse SMZ-U microscope, equipped with an
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AxioCam ICc 1 Zeiss camera (Zeiss, Oberkochen, Germany). Cross-
sections were obtained using a cryostat.

2.4. X-ray diffraction

A Panalytical X’'pert Pro diffractometer (PANalytical, Almelo,
Netherlands) in transmission mode with an incident beam parabolic
mirror (A Cu, Ko = 1.54 108) 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.

2.5. Drug release measurements

Implants for humans were cut as illustrated at the top of Fig. 1 to
remove the parts, which are not inserted into the cochlea. Samples were
placed into 2 mL HPLC glass vials (1 implant per vial; screw-top amber
glass; Sigma Aldrich, St. Quentin Fallavier, France), containing 0.2 mL
inserts and 70 pL 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 vials were horizontally shaken at 80 rpm and 37 °C
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Fig. 1. 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 (at the dashed line).
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) (n = 4, mean values +/— stan-
dard deviations).

2000 pm

(GFL 3033; Gesellschaft fuer Labortechnik, Burgwedel, Germany). At
predetermined time points, the release medium was completely
renewed. The drug concentration in the withdrawn samples was deter-
mined by HPLC analysis using an Alliance e2695 apparatus (Waters
Division, Milford, USA), equipped with an UV detector. Samples (50 pL)
were injected into a reverse phase column C18 (Gemini 3 pm, 110 A,
100 x 4.6 mm, Phenomenex, Le Pecq, France) (mobile phase = aceto-
nitrile:water 33:67 V:V, flow rate = 1.2 mL/min). Dexamethasone was
detected at A = 220 nm.

Each experiment was performed 4 times, mean values +/— standard
deviations are reported.

2.6. Monitoring of implant swelling

Implants for humans were treated as for the in vitro drug release
measurements described in Section 2.5. Drug release measurements. Dy-
namic changes in the diameters of the “tips” and “bases” of the systems
(Fig. 1) 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. Each experiment was performed 4 times, mean values +/—
standard deviations are reported.
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Fig. 2. Optical microscopy pictures of radial cross-sections of cochlear implants for humans (without metal wires & electrodes) after manufacturing: Loaded with

10% dexamethasone (left hand side) or free of drug (placebo, right hand side).
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Fig. 3. 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.

2.7. Raman imaging

Implants were analyzed using a Renishaw InVia Raman spectrom-
eter, coupled to a Leica microscope. The 785 nm line emitted from a
Renishaw laser diode was focused via a x50 long working distance Leica
objective. Under these conditions, ~200 pm® 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‘l).
Raman mapping was performed by scanning 100 x 100 me up to 500 x
500 pm? areas, using the classical sequential (point by point) method
(from 1 pm up to 5 pm between points). During Raman mapping, 600 up
to 10,000 spectra were collected with an acquisition time ranging be-
tween 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.

2.8. In vivo study

Cochlear implants (initially drug-free, or loaded with 1 or 10%
dexamethasone, n = 6 for each group) were inserted into the inner ears
of Mongolian gerbils. The systems were explanted after 2 years, cut with
a cryostat and analyzed by Raman imaging. The work was conducted in
agreement with the standard guidelines of the French Ministry of Agri-
culture, according to the EU Directive 2010/63/EU for the protection of
animals used for scientific purposes. The study was approved by the
regional committee for experimental animal care and use (CEEA Nord-
Pas de Calais n°75, Lille, France; protocol # 2017071021362273). The
surgical procedure was performed under general anesthesia using a
Minitag veterinary gas anesthesia station (Tem Sega, Pessac, France). A
mixture of air (2 L/min) and isoflurane (5%) was used for induction, and
maintenance was achieved with 0.8 L/min of air and 1.5-2% isoflurane
(Aerrane; Baxter, Deerfiel, IL, USA). An injection of buprenorphine
(Bupaq 0.3 mg/mlL; Virbac, Carros, Carros, France) at a dosage of 0.1
mg/kg was performed 45 min before the incision. Lidocaine (Xylocaine
spray 5%; Astrazeneca, London, UK) was used at the incision site to
optimize local pain control. All procedures were performed by the same
operator after a period of training of a few months. A small right ret-
roauricular incision was made and the muscles covering the bulla were
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Fig. 4. In vitro drug release from cochlear implants for humans (without metal wires & 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 Eq. 1, details are given in the text). The diagram on the right hand side shows the release profiles from 4

individual implants during the first 7 months.

retracted. The anterior portion (anterior to the upper pillar) of the bulla
was opened with micro forceps to expose the round window, which was
then clearly visible. The window was opened and the implant was
carefully inserted. An inert, immediately curing silicone (Kwik sil, world
precision instrument, Sarasota, FL, USA) was instilled into the auditory
bulla to allow the system to be maintained. The incisions were then
sutured in a skin plane. After 2 years, the animals were euthanized and
the implants collected.

3. Results and discussion
3.1. Physical state and distribution of the drug after manufacturing

The picture at the top of Fig. 1 shows a cochlear implant loaded with
10% dexamethasone for humans after manufacturing. The implant
consists of silicone and drug only: no metal electrodes or wires 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 at the top of Fig. 1).
The images on the left hand side of Fig. 2 show optical microscopy
pictures of radial cross-sections of such an implant (at different magni-
fications). For reasons of comparison, the picture on the right hand side

in Fig. 2 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 Micro-
scopy pictures of polymeric films and cylindrical extrudates based on the
same silicone and drug: Krenzlin et al. (Krenzlin et al., 2012) evidenced
the presence of tiny dexamethasone crystals distributed throughout such
silicone matrices. Importantly, the drug crystal distribution seems to be
homogenous throughout the implant (Fig. 2, left hand side). Similar
observations were made with the cochlear implants for use in gerbils
(which were smaller).

Since two polymorphic forms of dexamethasone have recently been
reported (Forms A and B) (Oliveira et al., 2018), it was interesting to
know which polymorph was present in the investigated cochlear im-
plants. For this reason, X-ray diffraction patterns of the implants were
recorded, as well as of the 2 known polymorphic forms of dexametha-
sone. As it can be seen in Fig. 3, the diffraction patterns of dexametha-
sone Form A (the powder used as received in this study, blue curve) and
Form B (prepared by milling and heating, as described in (Oliveira et al.,
2018), black curve) can be distinguished by several peaks observed at
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Fig. 5. Raman spectra of the investigated silicone and dexamethasone. Drug-free silicone implants and drug powder (as received) were studied.
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Fig. 6. 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.
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Fig. 7. Optical microscopy picture and Raman images of a radial cross-section of a cochlear implant for humans (without metal electrodes), initially 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.

different angles. Clearly, the diffraction patterns of the drug-loaded
implants after 1 month exposure to artificial perilymph (red curve)
corresponded to those of dexamethasone Form A. Thus, neither the
manufacturing process of the cochlear implants used in this study, nor
the exposure to the release medium changed the polymorphic form of
the drug.

3.2. 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
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years. The color scales indicate relative silicone or dexamethasone concentrations. In the Raman image on the right hand side, silicone-rich regions are marked in red,
and dexamethasone-rich regions in green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

were exposed to artificial perilymph at 37 °C and horizontally shaken at
80 rpm for 3 years. At pre-determined time points, samples were with-
drawn 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 Fig. 1 show the locations for these measurements: at the
“tips” and “bases” of the implants. The diagram at the bottom of Fig. 1
shows the swelling behavior during long term exposure to artificial
perilymph. Importantly, no substantial variations in the systems’ di-
ameters 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 pictures at the
top of Fig. 2). Thus, the exact position of the implant during the micro-
scopic 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 peri-
lymph are illustrated in the diagram at the top of Fig. 4. 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 previ-
ously reported on silicone-based cochlear implants of the same compo-
sition, but containing also metal wires & electrodes (Krenzlin et al.,
2012). Thus, the presence/absence of the metal pieces does not seem to
substantially impact the relative drug release rate from these systems.
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 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) (Krenzlin et al., 2012;
Crank, 1975):

M, 321 ( ¢ ) S 1 2p+1)a?
—=1-—> —-ep|l -——5Dt] exp| — D-t
M, v P\ TR g(z-pﬂ)2 ’ H?

(€8]

where M; and M, are the absolute cumulative amounts of drug released
at time t and infinity, respectively; n and p are a dummy variables; g, are
the roots of the Bessel function of the first kind of zero order [Jy(q,) = 01;
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 in the
surrounding bulk fluid, (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 cy-
lindrical geometry, (vi) drug diffusion occurs in radial and axial direc-
tion, (vii) the implant does not dissolve or swell upon exposure to the
release medium to a noteworthy extent, and (viii) limited solubility ef-
fects within the implants are negligible. Please note that the latter
assumption is likely not fulfilled in the case of these implants, because
the amounts of water available for drug dissolution within the systems
are limited. Thus, the term “diffusion coefficient” refers to the “apparent
diffusion coefficient” of the drug in this study.

Krenzlin et al. (Krenzlin et al., 2012) used Eq. 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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Fig. 9. 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.

(Krenzlin et al., 2012). 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 sili-
cone, 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: D = 1.3 x 103 cm?/s. The black
curves in the diagrams at the bottom of Fig. 4 show these theoretical
predictions. The diagram on the right hand side is a zoom on the first 7
months and shows the experimentally measured release kinetics from 4
individual implants (error bars are too small to be visible). As it can be
seen, the agreement between theoretical prediction (black curve) and
independent experiments (symbols) 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 under-
estimated. This can probably be attributed to the fact that Eq. 1 is based
on the assumption 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. Conse-
quently, water-filled “pores” are created. To a certain extend these
“pores” might be partially closed by (even limited) swelling/expansion
of surrounding silicone. In any case, it is likely that these zones in the
silicone matrix become more permeable for the drug. Thus, dexameth-
asone, which subsequently diffuses from the center of the implants to the
surface, can be expected to be more mobile in such drug-exhausted re-
gions. Eq. 1 does not take this phenomenon 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” upon drug release). The diagram on the
right hand side at the bottom of Fig. 4 nicely illustrates this initial



T. Rongthong et al.

After manufacturing

0 % drug

1% drug

10 % drug

After 2 years implantation in gerbils

0% drug

1% drug

10 % drug

International Journal of Pharmaceutics: X 4 (2022) 100141

Fig. 10. Optical microscopy pictures of cochlear implants for gerbils before (top) implantation and after 2 years implantation in vivo (bottom). The initial dexa-
methasone 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).

overestimation and subsequent underestimation of drug release from the
investigated cochlear implants. Please note that a more comprehensive
mathematical theory, taking into account time-dependent diffusion co-
efficients (and ideally also position-dependent diffusivities), can be ex-
pected 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 that 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 (Krenzlin et al.,
2012). Furthermore, the fact that perfect sink conditions were not always
maintained in the surrounding bulk fluid in the present study might
contribute to the observed deviations between theory and experiment
(Fig. 4). However, the degree of drug saturation in the release medium
rarely exceeded 30% (and very rarely 50%). Furthermore, high drug

concentrations in the release medium were observed occasionally
throughout the observation period (due to 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 (Fig. 4).

3.3. Raman imaging: in vitro and ex vivo

Fig. 5 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 bands at
different frequencies. These differences can be used to distinguish be-
tween 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.

A radial cross-section of a cochlear implant loaded with 10% dexa-
methasone (for use in humans, but free of metal electrodes) is shown in
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Fig. 11. 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).

Fig. 6 (before exposure to release media or implantation in vivo). From
the left to the right, the following images can be seen: an optical mi-
croscopy 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 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 rich in silicone are marked in red, pixels rich in dexa-
methasone 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 was about 20-25 pm. As it can be seen in Fig. 6,
the dexamethasone was indeed homogeneously distributed throughout
the implant, confirming the hypothesis based on the optical microscopy
above.

Fig. 7 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 regions from which drug crystals have been released (high-
lighted by the white flashes). These pictures are in good agreement with
the experimentally measured drug release kinetics (Fig. 4): 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.

To better understand the in vivo fate of this type of advanced drug
delivery systems, dexamethasone-loaded cochlear implants were placed
into gerbil ears and explanted after 2 years. Fig. 8 shows Raman images
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of an axial cross-section of an implant sample. The picture at the top on
the left hand side shows the distribution of silicone. The picture in the
middle illustrates the distribution of dexamethasone. The color scales
indicate the relative concentrations of the compounds. The picture on
the right hand side is an overlap: Silicone-rich regions are marked in red,
dexamethasone-rich regions in green. Clearly, especially surface-near
regions were virtually depleted of dexamethasone, while regions
closer to the center of the implants still contained drug. This further
confirms the hypothesis that drug diffusion is the dominant mass
transport mechanism in this type of miniaturized implants (combined
with limited drug solubility effects). The bottom row in Fig. 8 shows
examples of Raman spectra recorded in silicone-rich and
dexamethasone-rich pixels (the reference spectra of the two pure com-
ponents are shown for reasons of comparison on the left hand side:
red-silicone; green-dexamethasone). Fig. 9 shows Raman images of two
radial cross-sections (obtained at different positions) 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. The implant was initially loaded with 10% dexamethasone.
Again, silicone-rich regions are marked in red, dexamethasone-rich re-
gions 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 agglomerate of smaller dexamethasone crystals)
can be seen. In contrast, in the cross-section shown in the bottom row, no
comparable drug-rich regions are visible. This further confirms the hy-
pothesis 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 Fig. 9 show a cross-section con-
taining a dexamethasone crystal (or agglomerate of smaller crystals),
which has (have) not yet been released after 2 years in vivo
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implantation, whereas the pictures in the bottom row show a cross-
section, from which virtually all drug has been released at this time
point, or which never contained any drug (the initial drug loading was
10%).

3.4. Optical microscopy before and after 2 years implantation in gerbils

Fig. 10 shows optical microscopy pictures of cochlear implants for
gerbils initially 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 homoge-
nous 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 Fig. 10). This is a further confirmation of the above
described, hypothesized drug release mechanism: Upon water penetra-
tion into the implants, first drug crystals located close to the systems’
surface dissolve and disappear.

Interestingly, particle deposits were visible on the surface of all im-
plants 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 the sake of visibility).
These deposits might potentially be salts contained in the artificial
perilymph, dexamethasone or stemming from the silicone matrix. To
know whether this was the case, Raman spectra of these particle deposits
were recorded. Optical microscopy pictures of such particle deposits are
shown on the left hand side of Fig. 11. The Raman spectra are shown at
the top on the right hand side of Fig. 11. Clearly, multiple peaks were
visible in all 3 samples, at the same frequencies. Importantly, these
peaks did not correspond to those observed in the spectra of the refer-
ence substances (dexamethasone, silicone, compounds of the artificial
perilymph). Thus, the deposits formed in vivo have a different (biolog-
ical) origin. It was beyond the scope of this study to analyze their
composition in more detail.

4. Conclusion

Silicone-based cochlear implants for use in humans and animals (e.
g., gerbils) 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 drug is initially ho-
mogeneously distributed throughout the devices in the form of tiny
dexamethasone crystals. Since the polymeric matrix is hydrophobic,
only limited amounts of water can penetrate into the system and dissolve
the dexamethasone particles only partially. With time, first surface-near
regions become depleted of drug (in vitro as well as in vivo), as evi-
denced 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. A simplified math-
ematical model can be used to predict the resulting drug release kinetics
as a function of the implant’s design. This can be very helpful for product
optimization, in particular because the targeted release periods are very
long and experimental feedback is only obtained very slowly.
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