Fig. 1. Localization of rhodamine fluorescence in the liver, kidney, and cochlea after systemic application of rhodamine-nanoparticles or
rhodamine Rhodamine fluorescence is frequently observed in the liver at 10 (A) and 120 minutes (B) after application of rhodamine-
nanoparticles (nano). Rhodamine fluorescence is also identified in the liver at 10 minute after rhodamine (rho) application (C). A few dots with
fluorescence are found in the kidney (D) and cochlea (E-H). In cochleae, rhodamine fluorescence is identified in the spiral prominence (arrow
in E), stria vascularis (arrow in F), and modiolus (arrows in G, H). Scale bars represent 50 um.

particles following systemic application of nanoRho were
significantly higher than those following systemic appli-
cation of Rho at 10 minutes (P = 0.0001), but not at 120
minutes (P = 0.4142; Fig. 2C).

Cochleae after Local Application

Following a local injection of nanoRho into the scala
tympani, numerous rhodamine particles showing strong
red fluorescence were found distributed from the base to
the apex of the cochlea 24 hours after application (Fig.
3A). Rhodamine particles were located in the scala tym-
pani and vestibule. After the application of nanoRho to the
RWM, rhodamine fluorescence was found in the scala
tympani of the basal and middle portion of the cochlea
(Fig. 3C, D). The majority of rhodamine particles were
located in the basal portion. The number of red fluorescent
dots in the cochlea was 28.8 = 4.5 after local nanoRho
application on the RWM. There were residual rhodamine
particles on the RWM (Fig. 3B), which showed intense
fluorescence as well as those in the scala tympani. The
number of rhodamine particles after local application of
nanoRho was approximately 10-fold higher than that at
10 minutes after systemic application. Conversely, no rho-
damine fluorescence was found in the cochlea after local
application of unencapsulated Rho.

DISCUSSION

Most of the drugs for the treatment of inner ear
diseases have been administered systemically. We then
evaluated the effects of PLGA nanoparticles on drug de-
livery to the cochlea via systemic application. We used the
liver as a control organ to analyze the distribution of
rhodamine nanoparticles after systemic application, be-
cause the liver has a good blood supply, with abundant
phagocytes, in which nanoparticles have a characteristic
tendency to accumulate.” The presence of rhodamine flu-
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orescence in the liver following systemic application of
either nanoRho or Rho confirms the accuracy of systemic
application of these molecules. The numbers of rhodamine
fluorescence dots in the liver after application of nanoRho
were significantly higher than those after application of
Rho. Furthermore, the levels of fluorescence after the
administration of nanoRho showed no significant decrease
at 120 minutes after application, indicating targeted and
sustained delivery of rhodamine to the liver by encapsu-
lating PLGA nanoparticles. In contrast to the liver, no
significant effects of PLGA nanoparticles on the delivery
of rhodamine to the kidney were found in the present
study. The differences in the distribution of rhodamine
particles to the liver and kidney might be caused by the
organ-specific characteristics, including the distribution of
phagocytes.

The blood flow to the liver or kidney is much higher
than that for the cochlea.® Rhodamine particles were
found in the cochlea after systemic application of
nanoRho, despite the presence of a small blood supply to
this organ, suggesting the efficacy of PLGA nanoparticles
for drug delivery to the cochlea. However, few rhodamine
particles in the cochlea were identified 120 minutes after
systemic application. The present findings also indicate
that rhodamine particles observed in the cochlea are lo-
cated in cochlear vessels. The PLGA nanoparticles used in
the present study can take a couple of days to release 50%
of the molecules they contain.’ Consequently, rhodamine
particles located in the cochlear vessels at 10 minutes
after application might be removed via cochlear blood flow
within 120 minutes. These findings indicate that systemic
application of PLGA nanoparticles might not have signif-
icant effects on cochlear drug delivery under physiologic
conditions.

Rhodamine particles were identified in the cochlea 24
hours after local application of nanoRho. PLGA is a bio-
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Fig. 2. The mean numbers of rhodamine particles in the liver, kidney, and cochlea at 10 or 120 minutes after systemic application of rhodamine
nanoparticles (nanoRho) or normal rhodamine (Rho). The x-axis indicates the numbers of rhodamine-particles in 0.4 mm? for the liver and
kidney and those in one section for the cochleae. Bars represent standard errors. Asterisks indicate statistical significance (P < 0.005,

Mann-Whitney test).

degradable polymer, so rhodamine can be released from
nanoparticles in both the middle and the inner ear. Rho-
damine particles observed in the cochlea after local
nanoRho application exhibited strong fluorescence, simi-
lar to that seen after systemic nanoRho application. Re-
sidual rhodamine particles on the RWM also exhibited
strong red fluorescence. In addition, PLGA nanoparticles
are small enough to pass through the RWM.? Therefore,
the rhodamine fluorescence observed in the cochlea after
local application of nanoRho application may result from
rhodamine nanoparticles that have passed through the
RWM and not from rhodamine released from PLGA nano-
particles in the middle ear. Previous studies have demon-
strated that cochlear fluids have an extremely slow flow
rate.1° Rhodamine particles observed in the cochlea after
local nanoRho application were located in the perilym-
phatic space, which indicates that the clearance of rhoda-
mine particles depends on the flow of perilymph. If the
flow of perilymph is slow, it would follow that the clear-
ance of rhodamine particles from the cochlea might also be
slow, thereby resulting in sustained release of rhodamine
from rhodamine particles in the perilymph. In addition,
the numbers of rhodamine particles in the cochlea after
local nanoRho application are apparently higher than
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those after systemic application. Therefore, the local ap-
plication of PLGA nanoparticles to the RWM may be an
effective strategy for targeted and sustained drug delivery
to the cochlea.

Rhodamine fluorescence was found from the basal to
apical portion of the cochlea after a local injection of
nanoRho into the scala tympani, whereas it was observed
only to a limited degree in the basal portion of the cochlea
after direct application of nanoRho to the RWM. The dis-
tribution of molecules within the cochlear fluid spaces is
dominated by passive diffusion,'! the rate of which de-
pends on the physiologic characteristics of the molecules,
particularly molecular weight.*2 Therefore, rhodamine re-
leased from PLGA nanoparticles in the perilymphatic
space possibly spreads more toward the apical portions of
the cochlea than PLGA nanoparticles applied to the RWM.
Further studies are required to optimize the profile of
nanoparticles in accordance with the desired distribution
and release of drugs they contain. .

Various therapeutic molecules for inner ear diseases
can be encapsulated in PLGA nanoparticles and applied
as intratympanic drugs. The efficacy of encapsulating be-
tamethasone phosphate in PLLGA nanoparticles has al-
ready been confirmed using animal models for rheumatoid
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Fig. 3. Localization of rhodamine-particles in cochleae after local application of rhodamine nanoparticles After a local injection of rhodamine-

nanoparticles into the scala tympani, numerous rhodamine-particles are found distributed from the basal to the apical portion of the cochlea
(A). Rhodamine particles are identified in the scala tympani of the basal portion of cochleae after application of rhodamine-nanoparticles on
the round window membrane (asterisks in B-D). Residual rhodamine particles on the round window membrane are indicated by an arrow (B).
Scale bars represent 500 um in A, 200 pm in B, and 100 um in C and D.

arthritis.13 Local gentamicin application has been used for
the control of intractable vertigo in Méniére disease.l4
PLGA nanoparticles can be utilized for controlled release
of gentamicin. Given these findings, we intend to examine
the effects of PLGA nanoparticles encapsulating thera-
peutic molecule on models of inner ear diseases.

CONCLUSIONS

In the present study, rhodamine nanoparticles were
identified in the cochlea after systemic or local applica-
tion, suggesting that PLGA nanoparticles have a potential
use in drug delivery to the cochlea. The transfer of PLGA
nanoparticles through the RWM to the perilymph was also
demonstrated, indicating the efficacy of encapsulating
drugs in PLGA nanoparticles as a strategy for sustained
and targeted drug delivery to the cochlea.
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Serofendic acid is a newly discovered neuroprotective substance
derived from fetal calf serum. It has previously been shown to pro-
tect cortical neurons from the cytotoxicity of nitric oxide, gluta-
mate and oxygen species. In the present study, we examined the
protective effects of serofendic acid on auditory hair cells exposed
to aminoglycoside toxicity using explant cultures of mouse auditory
epithelia. We also determined the effect of serofendic acid on audi-
tory neurons experiencing neurotrophin deprivation using primary

Key words: Cochlea; Hair cell; Ototoxicity; Protection; Spiral ganglion neuron

cultures of mouse spiral ganglion neurons. Supplementation with
serofendic acid significantly promoted the survival of auditory hair
cells and neurons, and its protective effects were stronger than
those of the caspase inhibitor z-VAD-fmk. These findings demon-
strate the great potential of serofendic acid for protection of the
auditory system. NeuroReport 16:689-692 © 2005 Lippincott
Williams & Wilkins.

INTRODUCTION ‘
Sensorineural hearing loss (SNHL) is one of the most
prevalent disabilities affecting the aging populations of
industrialized countries. At present, therapeutic strategies
are limited to hearing aids and cochlear implants. Excessive
noise, ototoxic drugs, genetic disorders and aging all
contribute to the causes of SNHL. Previous studies on
human temporal bones have indicated that the loss of
auditory hair cells and/or neurons, spiral ganglion neurons
(SGNis), is a major cause of SNHL [1,2]. The protection of
auditory hair cells and neurons is therefore a crucial issue
for the treatment of SNHL.

Aminoglycoside toxicity is a key cause of drug-induced
hearing loss. Previous studies have indicated the activation
of apoptotic pathways [3,4] and the involvement of nitric
oxide (NO) [5], excitotoxicity [6] or oxidative stress [7,8] in
the processes of aminoglycoside-induced hair-cell death.
Deprivation of the neurotrophic support from hair cells is an
important cause of SGN degeneration [9,10]. Deprivation of
neurotrophins leads to the generation of reactive radical
species and the activation of apoptotic pathways [11,12].

Serofendic acid (SFA), which is a recently identified
lipophilic substance isolated from the ether extract of fetal
calf serum, displays potent neuroprotective activity [13].
SFA is a 15-hydroxy-17-methlysulfinylatisan-19-onic-acid
sulfur-containing atisane-type diterpenoid. Synthetic SFA
can exert protective effects on neurons undergoing apopto-
sis induced by NO toxicity, excitotoxicity and oxidative
stress [13-17]. SFA is therefore a good candidate for the
protection of auditory hair cells from aminoglycoside
toxicity and the protection of SGNs from neurotrophin
deprivation.

In the present study, we examined the protective effects of
SFA on auditory hair cells exposed to aminoglycoside
toxicity using mouse auditory sensory epithelia explant
cultures, and on SGNs exposed to neurotrophin deprivation
using SGN primary cultures.

MATERIALS AND METHODS

Materials: Synthetic SFA was a gift from Eisai Co. Ltd
(Tokyo, Japan). z-VAD-fmk, which is a general caspase
inhibitor, was purchased from R&D Systems Inc. (Minnea-
polis, Minnesota, USA). SFA and z-VAD-fmk were dissolved
in 0.1% dimethylsulfoxide (DMSO; Wako Pure Chemical
Industries Ttd, Osaka, Japan) in double-distilled water
before supplementation into the culture medium. The final
concentrations of the agents supplemented in the culture
medium are described below.

Experimental animals: Postpartum day 3 (P3) ICR
(Institute for Cancer Research) mice were purchased from
SLC Inc. (Hamamatsu, Japan). The experimental protocols
and animal care procedures were approved by the Institute
of Laboratory Animals Animal Research Committee, Grad-
uate School of Medicine, Kyoto University, Japan. All
experimental procedures were performed in accordance
with the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals.

Explant culture of auditory epithelia: P3 mice were killed
by cervical dislocation under deep anesthesia with ether.
The cochleae were immediately dissected out from the
temporal bones. After removal of the bony walls, cochlear
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lateral walls and SGNs in phosphate-buffered saline (PBS;
pH 7.4), the sensory epithelia were placed on a sterile filter
membrane (Millicell 12 mm; Millipore, Billerica, Massachu-
setts, USA) in a standard medium composed of minimum
essential medium (Invitrogen Corp., Carlsbad, California,
USA) supplemented with 3 g/1 glucose and 0.3 g/1 penicillin
G potassium salt (Nacalai Tesque Inc., Kyoto, Japan), and
subsequently placed in a 24-well culture plate (Asahi
Techno Glass Corp., Tokyo, Japan). The auditory epithelia
were then incubated at 37°C in a humidified atmosphere of
95% air and 5% CO, for 24 h.

The cultured auditory epithelia were divided into five
experimental groups: the control group, the neomycin (NM)
group, the NM +SFA group, the NM + z-VAD-fmk group and
the NM + SFA + z-VAD-fmk group. In the control group (n=7
cultures), the specimens were cultured in the standard
medium. In the NM group (n=38 cultures), the specimens were
cultured in the control medium containing 0.6 mM NM (Wako
Pure Chemical Industries Ltd) and 0.1% DMSO. The NM +SFA
group was divided into three subgroups according to the
concentration of SFA in the medium: auditory epithelia were
incubated with the control medium supplemented with
0.6mM NM and 1, 10 or 100puM SFA (n=6 cultures in each
subgroup). The specimens in the NM + z-VAD-fmk group (n=5
cultures) were incubated with the control medium containing
06mM NM and 100puM z-VAD-fmk. In the NM+SFA +
z-VAD-fmk group, the specimens were cultured in the control
medium supplemented with 0.6mM NM, 100uM SFA and
100 uM z-VAD-fmk. All the specimens were cultured for 72 h.

Primary culture of spiral ganglion neurons: The SGNs of
P3 mice were harvested according to the methods described
by Lallemend and colleagues [11]. Dissociated SGNs were
seeded in a four-well plate (Nalge Nunc International,
Rochester, New York, USA) on 12-mm round coverslips
coated with poly-D-lysine-laminin (BIOCOAT; Becton Dick-
inson Labware, Bedford, Massachusetts, USA) and main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen
Corp.) supplemented with N1 (Sigma-Aldrich Corp.,
St Louis, Missouri, USA), 6g/L glucose, 50 ng/ml human
recombinant neurotrophin-3 (hrNT-3; R&D Systems Inc.)
and 50ng/ml brain-derived growth factor (hrBDNF; R&D
Systems Inc.). After the initial 24h incubation, the neuro-
trophins were withdrawn and replaced with the culture
medium supplemented with 100 pM SFA or 100 pM z-VAD-
fmk instead of neurotrophins. Control cultures were
incubated with the culture medium supplemented with
hrNT-3 and hrBDNE SGN cultures with no supplements
were included in order to determine the effect of neuro-
trophin withdrawal on SGN survival. All SGN cultures
were incubated for an additional 48 h.

We monitored pH of each culture medium at the
beginning and endpoints of cultures. The pH of the culture
medium of each experimental group was maintained
between 7.2 and 7.4.

Histological analysis: At the end of the culture period,
specimens were fixed with 4% paraformaldehyde in PBS for
15 min at room temperature and processed as whole mounts
for histological analysis. Specimens were permeabilized in
0.5% Triton X-100 in PBS for 30min at room temperature
and then incubated with the BlockAce blocking solution
(Dainippon Pharmaceutical Co. Ltd, Osaka, Japan) for

30min at room temperature. Immunocytochemistry for
myosin VIla was employed for analysis of the surviving
hair cells. The number of surviving SGNs was evaluated by
combining the expression of BIII tubulin with the nuclear
morphology determined through the use of DAPI (Mole-
cular Probes, Eugene, Oregon, USA). SGNs with nuclear
pyknosis were excluded from the quantitative analysis.
Anti-myosinVIla rabbit polyclonal antibody (1:500; a gift
from Tama Hasson, University of California, San Diego,
California, USA) and anti-BlII tubulin rabbit polyclonal
antibody (1:500; clone TUJ1; Covance Inc., Princeton, New
Jersey, USA) were used as primary antibodies. Alexa-488-
conjugated anti-rabbit goat IgG (Molecular Probes) was
used as a secondary antibody. Samples were mounted onto
glass slides, coverslipped with Vectashield mounting med-
ium (Vector Laboratories, Burlingame, California, USA) and
viewed using a Leica TCS SP2 confocal microscope (Leica
Microsystems Inc., Wetzlar, Germany).

Statistical analyses: Statistical analyses were performed
using one-way factorial analysis of variance (ANOVA). Each
experiment was performed in triplicate and repeated on at
least three different occasions. Individual differences were
examined using Scheffe’s post-hoc test for significance
(p <0.05). The number of inner and outer hair cells (IHCs
and OHCs, respectively) was counted in a 0.2-mm long
region of the middle portion (approximately 1.2mm from
the apical edge) of the auditory epithelia. The number of
surviving SGNs was counted in each well, and neuronal
survival was shown as a percentage of the mean of the
control cultures with neurotrophins. Data were expressed as
the mean +standard deviation (SD).

RESULTS
Explant culture of auditory epithelia: Myosin VIla im-
munohistochemistry in the control group specimens re-
vealed a single row of IHCs and three rows of OHCs (Fig. 1a
and d). In contrast, a massive loss of hair cells was seen in
the auditory epithelia of the NM group (Fig. 1b and e): a
94% loss of OHCs and a 40% loss of IHCs was observed in the
middle portion of the auditory epithelia (Fig. 1g and h). These
findings demonstrate that NM caused significant damage to
the auditory hair cells. Specimens supplemented with SFA
tended to show improved survival of the hair cells (Fig. 1c). In
specimens treated with 100 uM SEA, a single row of IHCs was
identified in the middle portion of the auditory epithelia
(Fig. 1f). The characteristic three rows of OHCs were not
observed in the same portion of the auditory epithelia,
although surviving OHCs were identified (Fig. 1f). SFA
supplementation exerted protective effects on OHCs in a
dose-dependent manner (Fig. 1h). The differences in the
number of OHCs between the NM and NM+10 or 100 M
SFA groups were statistically significant (p=0.0463 for 10 M
and p=0.0023 for 100uM). In contrast, no significant differ-
ences were observed in the number of IHCs between the NM
and NM +SFA groups (Fig. 1g), although increasing numbers
of IHCs were observed in the SFA-supplemented groups.
z-VAD-fmk, which is a general caspase inhibitor, also
tended to increase the number of surviving OHCs, although
no significant difference was observed in the number of
OHCs between the NM and NM +z-VAD-fmk groups
(Fig. 1h). However, the specimens treated with both SFA
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cultured auditory epithelia @—f). The upper panels (a—c) show gross views of cultured auditory epithelia and the lower panels (d-f) show high magnification views
of their middle portions. The auditory epithelia cultured with the contro! media (a,d) demonstrate a single row of inner hair cells (IHCs) (small bracket) and three
rows of outer hair cells (OHCs) (large bracket), while those cultured with the medium containing NM (b,e) demonstrate partial loss of IHCs and an almost total loss
of OHCs. Supplements of 100 M SFA {c,f) rescue hair cells from NM toxicity. The scale bars represent 200 um in a~c and 40 um in d—f. The numbers of surviving
IHCs and OHCs in a 0.2-mm long region in the middle portion of the auditory epithelia are shown (g, h). Significant differences are observed in OHC numbers
between the NM and NM+SFA (10 or 100 uM) groups, between the NM and SFA +z-VAD-fmk groups, and between the NM +zVAD-fmk and NM + SFA +
z-VAD-fmk groups (*p < 005, ANOVA with Scheffes post-hoc test). The error bars represent the SDs.

and z-VAD-fmk exhibited the highest number of surviving
OHCs (Fig. 1h). The difference in the number of OHCs
between the SFA (100uM) and SFA +z-VAD-fmk groups
was not significant; however, that the difference between the
z-VAD-fmk and SFA +z-VAD-fmk groups was significant
(p=0.0023), indicating that the application of SFA had
additional effects on the promotion of OHC survival by
z-VAD-fmk. No protective effect of z-VAD-fmk was found
with respect to the number of IHCs (Fig. 1g).

Primary culture of spiral ganglion neurons: The neuronal
survival of SGNs cultured without neurotrophins was
reduced to 37.84+8.6% of that of the controls (Fig. 2),
indicating that the withdrawal of neurotrophins caused
significant SGN death. Supplementation with z-VAD-fmk
caused no significant promotion of SGN survival, whereas
supplementation with SFA significantly increased neuronal
survival to 107.9+10.1% (p=0.0021) (Fig. 2).

DISCUSSION

The present findings demonstrate that SFA efficiently
protects auditory hair cells against aminoglycoside toxicity
and protects SGNs against neurotrophin deprivation
in vitro. Previous studies have indicated that apoptotic

pathways play an important role in the degeneration of hair
cells due to aminoglycosides [3,4] and the degeneration of
SGNs due to neurotrophin deprivation [11,12]. The apopto-
tic pathways involved activation of a number of caspases
[18]. General caspase inhibitors can therefore protect these
cells from dying. In fact, previous studies have indicated the
efficacy of general caspase inhibitors for the protection of
hair cells [4] and SGNs [13]. On the basis of these findings,
we used a general caspase inhibitor as a benchmark to
measure the protective effects of SFA for hair cells and
SGNs. Interestingly, SFA exhibited stronger protective
effects on OHCs and SGNs than those of the general
caspase inhibitor z-VAD-fmk. These findings indicate that
SFA has the potential to act as a protective mechanism for
auditory hair cell and SGN death.

In the present study, the application of SFA enhanced the
protective effects of z-VAD-fmk on OHC survival, indicat-
ing that SFA might also block cell-death pathways that are
not mediated by caspases. Recent studies have indicated
that the death process of hair cells following ototoxic
treatments involves necrotic [19] or other protease-
mediated, but not caspase-mediated, pathways [20]. How-
ever, the generation of reactive oxygen species in hair cells is
a key factor in the induction of various cell-death pathways
[21]. Previous studies on cortical neurons have indicated
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Fig. 2. Quantitative analysis of the survival of cultured spiral ganglion
neurons (SGNs) after neurotrophins were withdrawn. The y-axis depicts
the mean percentage numbers of surviving SGNs in the control specimens
cultured with neurotrophins. Withdrawal of neurotrophins caused a re-
markable decrease in the number of surviving SGNs. Supplements of
z-VAD-fmk showed no significant promotion of SGN survival, while sup-
plements of serofendic acid (SFA) significantly increased neuronal survival
(*p <0.05, ANOVA with Scheffes post-hoc test). The error bars represent
the SDs.

that SFA rescues neurons by scavenging reactive oxygen
species [17]. Similar mechanisms might occur in the
protection of hair cells and SGNs by SFA.

SFA can rescue cortical neurons from glutamate and NO
toxicity without influencing their physiological functions
[13]. These effects of SFA are suitable for the treatment of
auditory systems. Glutamate and NO also play roles in
physiological auditory function [22,23]. Therefore, the use of
N-methyl-D-aspartate antagonists and nitric oxide synthase
inhibitors involves the risk of affecting physiological
auditory function, although their protective effects on hair
cells and SGNs have been reported [24,25]. Considering the
influences on glutamate-mediated neurotransmission, SFA
appears to be more suitable than N-methyl-D-aspartate
antagonists and nitric oxide synthase inhibitors.

CONCLUSION

The present findings demonstrate the great potential of SFA
for the promotion of survival of auditory hair cells and
neurons of P3 mice in wvitro, suggesting that this newly
discovered neuroprotectant could be utilized for the protec-
tion of auditory systems. It will therefore be jimportant to
ascertain the mechanisms of otoprotection by SFA and to
estimate SFA actions on auditory functions in future studies.
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New Method for Drug Application into the Inner Ear

—DBiodegradable Drug Delivery System-—

Juichi Ito
(Kyoto University)

It has been believed that inner ear sensory cells are very weak and recovery of function after damage
1s very difficult. That is why sensory neural hearing loss is very difficult to treat. Recently, several drugs
and chemicals have been reported to protect, or to recover, inner ear function. However, application of
those drugs to the inner ear is difficult because of its specific anatomical and physiological system.

A new drug delivery system (DDS) is introduced.

In particular, the application of nerve growth factor via biodegradable hydrogel is thought to be ef-
fective for the protection and recovery of inner ear function.

Key words : DDS, regeneration, inner ear hair cell, biodegradation
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