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A B S T R A C T

Drug delivery to the inner ear presents a unique challenge due to the complex inner ear anatomy and its tight
physiological barriers. This study investigates the degradation behavior of intracochlear drug delivery implants
(IDDI) composed of dexamethasone and poly(lactic-co-glycolic acid) (PLGA) or polyethylene glycol–poly(lactic-
co-glycolic acid) (PEG-PLGA), respectively. IDDI were incubated in artificial perilymph and implants’ degrada-
tion kinetics, morphological changes, water uptake behavior, and pH alterations were assessed. Microscopy
revealed significant changes in appearance, with PLGA IDDI exhibiting rapid expansion, reaching up to 183 % in
diameter and 185 % in length. PEG-PLGA implants showed gradual expansion, reaching a maximum of 178 % in
diameter and 144 % in length. Despite these morphological changes, the IDDIs could still be applicable in terms
of cochlear dimensions in combination with cochlear implants (CI) in humans or in a domestic pig animal model.
Scanning electron microscopy analysis demonstrated surface alterations of PLGA implants, while PEG-PLGA
implants remained shape-stable. Gravimetric analysis and gel permeation chromatography revealed distinct
degradation profiles, with PLGA implants displaying rapid water uptake and mass loss, while PEG-PLGA implants
showed delayed water uptake and minimal mass reduction. pH measurements using the pH-sensitive fluorescent
dye SNARF™-1 showed initial pH reduction in artificial perilymph for PLGA implants while PEG-PLGA implants
maintained pH stability.

1. Introduction

Local drug delivery to the inner ear remains an unmet medical need
due to the limited access of systemic therapy caused by the tight blood-
labyrinth barrier [1]. This barrier necessitates high systemic doses,
which can lead to side effects or exposure to first-pass effects [2–5].
Overcoming these limitations, local drug release to the inner ear offers
several advantages, including bypassing the blood-labyrinth barrier,
avoiding "first-pass" metabolism, and reducing overall dosage. The
currently most employed method is extracochlear drug delivery by
intratympanic injection of a drug solution or (thermo-)gel formulation

through the tympanic membrane into the middle ear. The drug then
diffuses through the inner ear windows (mainly the round window
membrane, RWM) into the inner ear. Primary obstacles for extraco-
chlear drug delivery include mucosal obstructions of the RWM, the rapid
removal of the drug from the middle ear, and the diffusion barriers
presented by the multilayer RWM or the oval window [1,6,7].
Polymer-based systems have been investigated preclinically for sus-
tained drug delivery via extracochlear administration [8–12]. However,
intracochlear drug delivery, in which the drug is directly released into
the inner ear fluid, overcomes the limitations of both, systemic and
extracochlear drug delivery [13]. Currently, intracochlear drug delivery
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with controlled release characteristics is primarily associated with
drug-eluting electrode carriers of cochlear implants (CI) [14–18].
Cochlear implants are well established to treat patients with profound
hearing loss or partial deafness with residual low frequency hearing.
However, foreign body response (FBR) against the electrode carrier may
result in formation of connective tissue (fibrosis) and ossification.
Fibrosis leads to an impairment of the neural interface with increased
impedances and in some patients to balance disorders and makes
cochlear reimplantation difficult or impossible. Fibrosis also causes
progressive loss of residual hearing by increasing the basilar membrane
stiffness. Considering the increased demand for cochlear implantation
and the expansion of the clinical indications for the recipients, fibrosis is
one of the most urgent problems to be solved to improve the outcomes of
cochlear implantation. Clinical pilot studies demonstrated inhibition of
the FBR in the inner ear after cochlear implantation when using gluco-
corticoids [18,19]. However, promising approaches also exist without
neuroprosthetic devices [20,21]. Our previous work focused on devel-
oping biodegradable, intracochlear drug delivery implants (IDDI) [22,
23]. The mechanical properties and drug release profiles were
controlled by adjusting the polymer matrix and incorporating plasti-
cizers. We demonstrated the overall feasibility of administering PLGA
implants into the scala tympani of the human inner ear and
co-administering them with a CI electrode array [24]. However, there is
limited understanding regarding the degradation of these IDDI, partic-
ularly those that are based on PEG-PLGA. Generally, PEG-PLGA poly-
mers prevent the formation of an acidic microenvironment and exhibit
uniform polymer degradation [25–27]. However, there is no data
available for preformed implants with a very small diameter of
approximately 300 μm. The size of implants plays a crucial role in
determining their degradation characteristics, including water uptake,
mass loss, and polymer degradation [28].

This study provides insights into the degradation kinetics and
morphological changes of IDDI, crucial for upcoming in vivo studies.
Light microscopy and scanning electron microscopy were used to
observe IDDI morphology. Gravimetric analysis and gel permeation
chromatography (GPC) were utilized to quantify the extent of degra-
dation. Differential scanning calorimetry (DSC) analysis provided in-
sights into the glass transition temperatures, explaining the thermal
characteristics of the IDDI materials. Additionally, the use of SNARF-1
dye facilitated the measurement of pH changes in artificial perilymph,
offering information about the environmental conditions surrounding
the IDDI.

2. Material and methods

2.1. Materials

Expansorb® polymer 10P019 DLG 50-2A (poly(lactic-co-glycolic
acid); PLGA) was obtained from Merck KGaA (Darmstadt, Germany).
Expansorb® 10P037 DLG 50-6P (polyethylene glycol–poly(lactic-co-
glycolic acid); PEG-PLGA) was purchased from Seqens (Ecully Cedex,
France). Dexamethasone was bought from Caesar & Loretz GmbH
(Hilden, Germany). Polyethylene glycol (PEG) 1500 was purchased from
Alfa Aesar (Haverhill, USA). The fluorescence dye SNARF-1 (5-(and-6)-
Carboxy SNARF™-1) was purchased from Invitrogen (Darmstadt, Ger-
many). Artificial perilymph consisting of NaCl (137 mM), KCl (5 mM),
CaCl2 (2 mM), MgCl2 (1 mM), NaHCO3 (1 mM), and glucose (11 mM)
was used. To avoid microbial growth, sodium azide 0.02 % was added to
artificial perilymph. All other chemicals were used without further pu-
rification. Aqueous solutions were prepared using deionized water.

2.2. Implant preparation using hot-melt extrusion

PLGA and PEG-PLGAwere milled in a Cryomill (Retsch GmbH, Haan,
Germany) for 90 s at 4 cycles with a frequency of 25 Hz. Subsequently,
precise quantities of pulverized polymer and dexamethasone underwent

a second milling for 90 s at 15 Hz, followed by extrusion utilizing a ZE 5
ECO extruder equipped with a 0.3 mm die (ZE 5 ECO; Three-Tec GmbH;
Seon; Swiss). For PLGA-based implants, PEG 1500 was added during the
second milling stage at concentrations of 10 % (Table 1). A compre-
hensive description of this process can be found in our prior study [23].
Following extrusion, the hot-melt extrudates were manually cut into
pieces weighing 1mg or measuring 3mm in length and stored at − 20 ◦C.

2.3. Electron beam irradiation

The selected sterilization process utilized electron beam irradiation.
The extruded material underwent irradiation at room temperature. The
dose administered was 25 kGy, delivered by a 10 MeV linear accelerator
(MB 10–30 MP, Mevex, Stittsville, Ontario, Canada) on a moving tray at
95 cm/min. The accelerator operated at a repetition rate of 460 Hz,
generating 8 μs pulses, and employed a scanning frequency of 3 Hz with
a scanning width of up to 60 cm. The total dose of 25 kGy was achieved
through the administration of two separate doses of 12.5 kGy.

2.4. Macroscopic examination

IDDI of 3 mm length (n = 3) were incubated in 1 ml artificial peri-
lymph in 12-well cell culture plates. Samples were maintained at 37 ◦C
in a shaker incubator at 25 rpm (Heidolph Promax 1020 coupled with
Heidolph Incubator 1000, Schwabach, Germany). Microscopic images of
the IDDI in wet condition were captured for 90 days using a Zeiss Axio
Zoom.V16 microscope. Lengths and diameters of the IDDI were deter-
mined using Zen 3.1 software (Carl Zeiss, Oberkochen, Germany).
Artificial perilymph was refreshed nearly every day, with the latest
replacement occurring no later than every 3 days.

2.5. Scanning electron microscopy (SEM)

The morphological analysis of the sample series was conducted using
a Quanta 3D FEG scanning electron microscope (FEI Company, Eind-
hoven, Netherlands). Samples were incubated as described in section
2.4. and removed after 3, 7, 14, 21, and 28 days. Afterwards, the samples
were washed with double-distilled water to remove buffer salt crystals
from the surface. IDDI were then dried in a desiccator under vacuum for
48 h. After drying, the samples were immobilized onto an adhesive
carbon conduction tab (Plano® Carbon, Plano GmbH, Wetzlar, Ger-
many) and sputtered with palladium for adequate conductivity. For
imaging, accelerating voltages ranging from 2 to 5 keV and beam cur-
rents varying between 22 and 57 pA were used as required, with the
secondary electron signal recorded.

2.6. Differential scanning calorimetry (DSC)

DSCmeasurements were conducted using a Mettler Toledo DSC 823e
module (Mettler Toledo, Gieβen, Germany) with standard aluminum
sample pans. 10 mg of each implant formulation was incubated as
described in 2.4. After 3, 7, 14, 21, and 28 days, IDDI were taken out
carefully, blotted with tissue and dried in a desiccator under vacuum for
48 h. Each sample was initially cooled to − 38 ◦C and maintained at this
temperature for 4 min. Then, samples were heated to 80 ◦C at a rate of 5
K/min. The software STARe V15.00 (Mettler Toledo, Gieβen, Germany)
was employed for data recording and processing. Glass transition tem-
peratures of first heating cycles are displayed.

Table 1
Composition of prepared IDDI (% m/m).

Implant name PLGA PEG-PLGA PEG 1500 Dexamethasone

DEX-PLGA 80 – 10 10
DEX-PEG-PLGA – 90 – 10

E. Lehner et al.
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2.7. Implant degradation and water uptake

10 mg of each IDDI formulation were incubated as described in 2.4.
After 3, 7, 14, 21, and 28 days, IDDI were withdrawn carefully, blotted
with tissue, weighed (mwet) and dried in a desiccator under vacuum for
48 h. The remaining mass (mdry) of dried IDDI was determined by
gravimetric analysis. The molecular weight of PLGA and PEG-PLGA was
determined by a Viscotek GPCmax VE 2002 system (Malvern Panalytical
GmbH, Kassel, Germany), consisting of HHRH Guard-17369 and GMHHR-
N-18055 columns and a refractive index detector VE 3580 RI, operated
at 40 ◦C. Dried IDDI were dissolved in tetrahydrofuran (THF) to achieve
concentrations of 3 mg/ml and subsequently filtered (PTFE-filters). The
flow rate of the THF eluent was 1.0 mL/min, and polystyrene standards
(PS) with a molecular weight range from 0.3 to 170 kg/mol (poly-
dispersities <1.05) were used for calibration. Samples were filtered
(0.22 μm) before measuring. The water uptake was calculated by
Equation (1):

Water uptake [%] =
mwet − mdry

mdry
∗ 100% (1)

Artificial perilymph was refreshed daily until examination. Mea-
surements were conducted in triplicate.

2.8. pH measurement using fluorescence microscopy

The change in pH of artificial perilymph containing biodegradable
IDDI was assessed using fluorescence microscopy with the pH-sensitive
dye SNARF-1. Depending on the type of SNARF dye utilized, the sensi-
tivity of the dye allows for the detection of pH values in the range of pH 5
to 8 [29–31]. For each implant formulation, 1 mg of IDDI was incubated
in 250 μL conical glass vial inserts filled with 100 μL of artificial peri-
lymph. The inserts were then gently agitated in a water bath shaker with
light protection (Memmert GmbH + Co. KG, Schwabach, Germany) at
37 ◦C. The total sample solution was withdrawn daily over a period of 28
days of incubation and analyzed. Prior to examination, 20 μL of
SNARF-1 solution (40 μg/ml) was placed into a 100 μL conical glass vial
insert and gently dried under vacuum conditions at 25 ◦C using a vac-
uum oven dryer (VG 53, Binder GmbH, Tuttlingen, Germany) attached
with a NZ 2C NT vacuum pump (Vacuubrand, Wertheim am Main,
Germany). Artificial perilymph samples were added to dried
dye-containing vial inserts and investigated by multispectral fluores-
cence microscopy. Vials were placed under a fluorescence microscope
consisting of a light source (PhotoFluor II NIR, 89 North®, Burlington,
USA), a microscope (Leica DM4000B, Leica, Wetzlar, Germany) with a
Nuance EX fluorescence detector (Nuance Communications, Burlington,
USA). Two filter sets containing each a narrow band excitation filter and
a longpass emission filter were used for the microscopic examination:
green filter set (excitation filter, 515–560 nm; emission filter, 580 nm
longpass, cube acquisition from 580 to 700 nm, 1 nm steps); red filter set
(excitation filter, 620–660 nm; emission filter, 660 nm longpass; cube
acquisition from 660 to 700 nm, 1 nm steps). The software (Nuance®
3.0.2) was used to calculate a cube that consists of a series of images
taken at the specific wavelengths. For cube acquisition, automatic
exposure tool was used for the green filter set to avoid over- or under-
exposure. The exposure time for the red filter was manually set to the
same value as for the green filter. Specific background spectrum was
generated using untreated artificial perilymph. The ratio of intensities at
I(606 nm) and I(680 nm) at green excitation light and I(682 nm) at red
excitation light was calculated by Equation (2):

Ratio=
Igreen606 nm − Ired682 nm

Igreen680 nm
(2)

The pH calibration was conducted using artificial perilymph con-
taining 40 μg/ml SNARF-1, adjusted to different pH values ranging from
4.1 to 10.16 using NaOH and HCl.

3. Results and discussion

3.1. Morphological change during incubation

Observation of appearance and changes in diameter and length were
conducted using light microscopy. IDDI were incubated in 12-well cell
culture plates and imaged without removing. Careful handling was
crucial, as otherwise, the implants would quickly fragment. Fig. 1 il-
lustrates the appearance of IDDI over a period of 90 days. In case of DEX-
PLGA implants, a significant change in appearance was observed only
one day after incubation, with a pronounced initial increase in both
length and diameter (Fig. 2). After reaching the maximum of expansion,
they exhibited similar dimensions for approximately 50 days, followed
by a subsequent decrease in both length and diameter. A maximum
expansion in diameter (0.64 mm; 182 %) and in length (5.83 mm; 185
%) was noted. DEX-PEG-PLGA implants exhibited a gradual increase in
both length and width. After 18 days, the implants showed complete
expansion. The maximum expansion in diameter (0.62 mm; 178 %) was
similar to DEX-PLGA implants. However, the increase in length (4.47
mm; 148 %) was surprisingly lower compared to DEX-PLGA implants.
Despite the distinct initial phases, both formulations followed a com-
parable pattern and reverted to their initial dimensions around the 80-
day mark. By day 104 at the latest, all IDDI had completely dissolved
(data not shown).

Swelling presents a major concern for the potential damage to sen-
sitive structures within the inner ear. Micro-computed tomography
(μCT) imaging revealed sufficient space for the IDDI within the scala
tympani, even in unswollen state and in combination with CI from
different manufacturers [24]. Fig. 3A demonstrates that even a combi-
nation of swollen IDDI with a CI provides sufficient space in the human
scala tympani. The schematic CI (orange cylinder) has a diameter of 0.8
mm, which is consistent with the typical basal diameters of CIs such as
the MED-EL Flex 28, Cochlear Contour Advance, and Advanced Bionics
HiFocus 1j [32]. However, studying swelling in the human cochlea
under physiological conditions remains a considerable challenge.
Consequently, the porcine model has recently gained more focus as a
promising large animal model for human-like inner ear characteristics
[33–35]. Although the scala tympani significantly and almost abruptly
decreases in diameter at a distance of 15 mm from the round window
membrane, co-administration appears still possible in the basal part
(Fig. 3B). However, knowledge of segmented porcine cross-sectional
data is limited and refers only to one publication [33]. Interindividual
variations in geometry, as described for the human cochleae [36], must
be considered.

Detailed investigations of the IDDI surface were conducted using
SEM (Fig. 4). DEX-PLGA and DEX-PEG-PLGA implants were exposed to
artificial perilymph over 28 days. The samples had to be dried before
SEM analysis, resulting in discrepancies from moist conditions. DEX-
PLGA implants revealed a significant surface alteration after only 3
days. The shrunken structures of DEX-PLGA implants resulted from
drying, as the implants appeared smooth in the wetted state. PLGA is
known for its bulk erosion, meaning the polymer undergoes degradation
throughout its entire bulk volume, leading to a decrease in mass and
structural integrity over time [37,38]. This type of erosion occurs uni-
formly throughout the material, as opposed to surface erosion where
degradation occurs only at the surface. Li et al. described PLGA implants
with a gel-like or hollow core after incubation in phosphate buffer saline
but with still intact implant surfaces [39]. Applying vacuum to struc-
tures with a hollow core can lead to collapse or destruction of their in-
ternal structure. At day 28, DEX-PLGA implants were very fragile and no
longer removable from buffer without destroying their nature. In
contrast, the surface of DEX-PEG-PLGA implants remained intact until
day 14. Defects on the surface were clearly visible at days 21 and 28.
Overall, DEX-PEG-PLGA implants remained shape-stable and did not
collapse compared to the DEX-PLGA counterpart. In some images,
crystals on the surface were visible, mainly attributed to buffer salts

E. Lehner et al.
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determined by energy-dispersive X-ray spectroscopy (EDX; data not
shown). Despite washing IDDI with double-distilled water after incu-
bation, vacuum application led to the extraction of buffer salt crystals
from inside the implants.

3.2. Water uptake and implant degradation

Aliphatic polyesters like PLGA and PEG-PLGA primarily undergo

degradation through hydrolysis of the ester bonds linking lactic acid and
glycolic acid. Upon reaching a certain molecular weight, the resulting
oligomers become water-soluble and can diffuse out of the formulation,
leading to measurable mass loss [40]. Since the hydrolysis of the ester
bonds requires water, water uptake is a key factor to monitor. The ab-
sorption of water accelerates diffusion processes that influence both the
mass loss of the water-soluble polymers and that of the drug. In relation
to water uptake, we investigated the polymer degradation leading to
polymer erosion. Degradation and erosion profiles of IDDI were deter-
mined by gravimetric analysis and GPC. Fig. 5A illustrates the water
uptake behavior of IDDI. DEX-PLGA implants displayed rapid water
uptake, reaching a plateau, and maintaining this level over time. This
can be attributed to the incorporation of 10 % PEG, as PEG-free PLGA
implants demonstrated a slow water uptake [28,41]. In contrast,
DEX-PEG-PLGA implants displayed a different pattern, showing a
gradual water uptake that peaked on day 21 and a significant rise in the
overall amount of absorbed water. The matrix of DEX-PEG-PLGA im-
plants might have a higher affinity for water binding, although it could
exhibit lower swelling properties. This could be attributed to small
amounts of residual PEG in the implants, which were not detected in the
DSC analysis. PEG is known to enhance the water uptake of polylactic
acid (PLA) nanoparticles [42]. In addition, DEX-PLGA implants exhibi-
ted significantly more pores and hollow structures (Fig. 4). These pores
could result in lower water binding compared to their DEX-PEG-PLGA
counterparts. The profiles of the two formulations corresponded to the
optical changes of the IDDI. DEX-PLGA implants exhibited rapid water
absorption and expansion. In contrast, DEX-PEG-PLGA showed delayed
water uptake, with maximum complete enlargement occurring after 18
days. Unfortunately, the recording was limited to day 21 or 28,
respectively, as the extraction and comprehensive analysis of the im-
plants proved impractical thereafter due to their fragility. The observed
water absorption and swelling align with the distinct release profiles
identified by Lehner et al. [23] (Supplementary 1). DEX-PLGA implants
demonstrated an initial release, whereas DEX-PEG-PLGA implants
exhibited a phase with low drug release extending until day 12. These
findings indicate a significant correlation between swelling kinetics and
drug release profiles. Specifically, substantial drug release commenced
only after the implants exhibited notable water uptake and expansion,
aligning with observations by Bode et al. [43].

The rapid water uptake of DEX-PLGA implants played a crucial role
in explaining their fast mass loss, which amounted to 48 % of the
remaining mass after 14 days (Fig. 5B). In contrast, PEG-free implants
exhibited significantly slower mass reduction [28,41]. The PLGA uti-
lized in this study differs from that used in studies of Bassand et al. and
Zlomke et al. However, PLGA polymers with similar labeled properties
from different manufacturers exhibit a considerable degree of compa-
rability [44,45]. In DEX-PLGA implants consisting of low molecular
weight polymer chains (10.1 kDa; Fig. 5C), water-soluble oligomers
were inherently present, causing an immediate decrease in mass as they

Fig. 1. Selected macroscopic images of DEX-PLGA and DEX-PEG-PLGA implants following exposure to artificial perilymph for 90 days, performed in triplicate. Scale
bar on the top right.

Fig. 2. Time-dependent changes in diameter (A) and length (B) of DEX-PLGA
and DEX-PEG-PLGA implants following incubation in artificial perilymph at
37 ◦C. Data are presented as mean ± SD, n = 3.

E. Lehner et al.
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Fig. 3. Volume of the human (A) and porcine (B) scala tympani. The orange cylinder schematizes the basal part of a typical cochlear implant (CI) with a diameter of
0.8 mm. An intracochlear drug delivery implant (IDDI) at its maximum swelling state (0.64 × 5.83 mm) is shown as blue cylinder. The segmented cross-sectional data
on various scala tympani structures were obtained from Fluidsim (Cochlear Fluids Simulator Version 4.08). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Scanning electron microscopy images of surfaces of DEX-PLGA and DEX-PEG-PLGA implants before and after exposure to artificial perilymph at 37 ◦C for
durations of 3, 7, 14, 21, and 28 days. By day 28, the DEX-PLGA implants had become too fragile to be removed for further analysis. Scale bars in the first images
apply to the entire column.

E. Lehner et al.
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rapidly diffuse out of the device. Additionally, this rapid decrease in
mass could be attributed to the elimination of the highly water-soluble
PEG 1500. In contrast to DEX-PEG-PLGA, PEG does not require cleav-
age from the PLGA chain and can therefore diffuse directly out of the
matrix. DEX-PEG-PLGA implants retained 91 % of their mass after 14
days of incubation. This minor reduction can be attributed to low water
uptake. Despite the initially low water uptake, substantial reduction of
the molecular weight was observed in DEX-PEG-PLGA implants already

after three days of incubation. The molecular weight decreased from
43.9 kDa to 12.2 kDa in the first 14 days. At that point, polymer chains
may become water-soluble and can diffuse out of the device, resulting in
a reduction in overall mass. Previous studies described that as soon as a
critical polymer molecular weight is reached, important amounts of
water penetrate into the system, leading to significantly increased drug
release [43,46]. SEM images could confirm these findings, as minimal
alteration of the IDDI surface could be observed until day 14 (Fig. 4).
From day 21, however, an erosion of the surface became apparent. At
this stage, the implant had absorbed the maximum amount of water
creating a high diffusion gradient between the implant and the buffer
solution, which facilitated the accelerated mass reduction. Similar re-
sults were described by de Souza et al. using PEG-PLGA from the same
manufacturer [27].

3.3. Differential scanning calorimetry

IDDI were subjected to DSC measurements before and after incuba-
tion in artificial perilymph. Glass transition temperatures (Tg) of the
dried samples were determined indicating morphological changes
within the IDDI matrix. Complete drying of IDDI before measurement
was crucial, as minimal water residues act as plasticizers and signifi-
cantly lower the Tg [47]. Fig. 6 shows the DSC thermograms in the
temperature range of the glass transitions between − 20 ◦C and 70 ◦C.
The fate of DEX-PLGA is shown in Fig. 6A. The incorporation of PEG
1500 lowers the Tg from 42.6 ◦C to 16.9 ◦C. After 3 days of incubation,
the Tg increases to 37.9 ◦C. This increase is mainly attributed to rapid
elimination of highly water-soluble PEG (serving as plasticizer) from the
matrix due to fast water uptake (Fig. 5A). From day 7–21
post-incubation, Tgs around 40 ◦C close to the Tg of the raw polymer
were determined. In general, the pattern between day 3 and 21 only
varied marginally, as polymer degradation did not progress markedly
between day 3 and day 21 (Fig. 5C).

The Tg of PEG-PLGA (23.1 ◦C) was significantly lower in its unpro-
cessed state compared to the Tg of used PLGA. The incorporation of
glucocorticoids itself had no effect on the Tg. Until day 14, the Tg
continued to decrease (Fig. 6B). This is attributed to significant polymer
degradation of the PLGA block (Fig. 5C). At day 21, the Tg abruptly
increased to 36.1 ◦C. At this stage, ester cleavages had progressed to the
point where PEG-PLGA chains became water-soluble and were subse-
quently eliminated. An overview of all Tg is shown in Table 2. In PEG-
PLGA, PEG 6000 is covalently bound to the polymer. Consequently,
the plasticizer can only be eliminated after cleavage of the ester bond
between PLGA and PEG, or short-chained PEG-PLGA becomes water-
soluble. When PEG was eliminated, it no longer contributed to
lowering the Tg. In a recent study by de Souza et al., a decrease in PEG
content was observed within the first 14 days using proton nuclear
magnetic resonance spectroscopy (1H NMR) [27]. After day 14, the PEG
content remained unchanged. Unfortunately, de Souza et al. did not
conduct DSC studies following an incubation period, which could have
facilitated a more comprehensive comparison of the results.

Until now, the mechanism by which degradation products are
eliminated from scala tympani in vivo remains unclear. Polymers with
high molecular weight, such as fluorescein isothiocyanate (FITC)-
dextran (4 kDa), exhibited significantly prolonged half-lives in the
perilymph [35,48]. PLGA degrades via hydrolysis of the ester bonds
between lactic acid and glycolic acid. However, PEG is not biodegrad-
able and can remain in the perilymph for varying durations depending
on its molecular weight. Therefore, a short-chain PEG was used as a
plasticizer. PEGs with shorter chains than 1500 Da are paste-like or
liquid, which increasingly complicating the extrusion process. In
contrast, higher molecular weight PEGs could accumulate in the inner
ear, posing a potential risk of ototoxicity. Unfortunately, PEG-PLGA
polymers mainly with 5 kDa covalently bound PEG are commercially
available (Sequens, Ashland, Evonik). A potential accumulation will be
investigated in future studies.

Fig. 5. The progress of water uptake (A) of IDDI, and the corresponding pro-
files of erosion (B) and degradation (C) during incubation in artificial peri-
lymph at 37 ◦C. After 21 days, DEX-PLGA implants became too fragile for
sample withdrawal. Data are presented as mean ± SD, n = 3.

E. Lehner et al.
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3.4. Change in pH value of artificial perilymph

Polymer degradation of IDDI may have impact on the pH value of
artificial perilymph with potential implications for physiological pro-
cesses. While short-term pH reduction has been reported to have no
physiological impact [49], prolonged acidification may lead to irre-
versible damage. In vitro experiments using the pH-sensitive

fluorescence dye SNARF-1 were conducted to examine pH changes in
artificial perilymph. Fig. 7A displays the emission spectra of SNARF-1 in
artificial perilymph adjusted to various pH values. Spectra from 580 to
700 nm were measured using the green filter set, and the spectra from
660 to 700 nm were measured using the red filter set. As the pH value
increases, the green spectrum undergoes a bathochromic shift, while the
red spectrum exhibits heightened intensities. The best method for
further pH calculation involved subtracting the intensity value at 682
nm (red filter set) from that measured at 606 nm (green filter set) and
then dividing the result by the intensity value at 680 nm (green filter
set). The pH-dependent ratios are illustrated in Fig. 7B. The Boltzmann
plot served as the basis for all subsequent calculations. Reliable pH
values could be derived from the emission intensity ratios obtained
within the pH range spanning from pH 5.5 to pH 7.5 (Fig. 7B, black
lines). This adjusted setup relates to in vitro and in vivo measurements
using SNARF-4F [50].

1 mg of IDDI was placed in 100 μL of artificial perilymph. This ratio
mirrored the proportion of a 0.35 × 3 mm IDDI (mass = 400 μg) within
the perilymph of the human scala tympani (40 μg). For DEX-PLGA, a pH
reduction of artificial perilymph to 6.49 was observed in the initial days
(Fig. 8), supporting with the findings of the mass loss experiment
(Fig. 5). A like explanation is that water-soluble acidic oligomers have
passed into the perilymph thus lowering the pH. By day 7, the pH sta-
bilized within the range of artificial perilymph (7.31 ± 0.03; blue bar).
DEX-PEG-PLGA initially exhibited an unchanged pH, with a minimal
decrease observed from day 14–21. During this period, the major change
in mass reduction could be observed. Despite a major molecular weight
reduction within the first days (Fig. 5C), no pH reduction was observed
in this period. The decrease in pH during the first few days may increase
the possibility of inner ear hair cell damage due to potential trauma from
inserting a biodegradable IDDI into the scala tympani. An additional CI
may increase potential hair cell damage, likely due to higher insertion
trauma.

This method is suitable for measuring pH values of small volumes,
even down to 1 μL, making it applicable for examining samples obtained
through in vivo sequential perilymph sampling. In contrast to pH elec-
trodes, a SNARF contaminated sample can also be used for pharmaco-
kinetic measurements using HPLC-MS.

4. Conclusion

This study investigated the degradation behavior of intracochlear
drug delivery implants (IDDI). Microscopy and SEM imaging revealed
significant alterations in size and surface morphology of DEX-PLGA
implants after only 3 days of exposure to artificial perilymph, while
DEX-PEG-PLGA implants remained intact until day 14. Despite these
morphological changes, the IDDIs could still be applicable in terms of
cochlear dimensions in combination with cochlear implants (CI) in
humans or in a domestic pig animal model. Gravimetric analysis and
GPC demonstrated different degradation profiles between the two for-
mulations, with DEX-PLGA implants exhibiting rapid water uptake and
mass loss compared to DEX-PEG-PLGA implants. Furthermore, pH
measurements showed a temporary decrease in pH in the initial days for
DEX-PLGA implants, potentially attributed to the release of water-
soluble acidic oligomers, while DEX-PEG-PLGA implants exhibited
almost no pH changes during observation. Both formulations show
promise for in vivo applications, although DEX-PEG-PLGA might hold a
slight advantage. Overall, the study provides valuable insights into the
degradation behavior of IDDI, which can be used for the development
and optimization of such implants for controlled inner ear drug release.
Future studies must also focus on in vivo pH measurements and the
detection of degradation products in guinea pigs or domestic pigs.

Formatting of funding sources

This research did not receive any specific grant from funding

Fig. 6. DSC thermograms of dried DEX-PLGA (A) and DEX-PEG-PLGA (B) at
selected time points after incubation in artificial perilymph at 37 ◦C. After 21
days, DEX-PLGA implants became too fragile for sample withdrawal. Mea-
surements were carried out with a heating rate of 5 K/min. Glass transition
temperatures of first heating cycles are displayed.

Table 2
Glass transition temperatures (Tg) of IDDI after incubation in artificial
perilymph.

Time Tg [◦C]

DEX-PLGA DEX-PEG-PLGA

day 0 16.9 24.3
day 3 37.3 16.4
day 7 39.7 14.7
day 14 40.2 11.8
day 21 36.1 39.2
day 28 not measured 36.4
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