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route [1]. Intratympanic (IT) injection is the most widely 
used clinical approach to deliver drugs directly into the 
middle ear, increasing drug accumulation compared to 
oral or intravenous injection. However, the effectiveness 
of IT injections of a drug formula largely depends on pro-
longed drug retention in the middle ear and enhanced 
RWM permeability. The study by Salt et al. highlights the 
role of drug lipophilicity in round window membrane 
permeability, demonstrating that hydrophobic drugs 
exhibit enhanced penetration compared to hydrophilic 
counterparts [2].

Among the pharmacological agents used for its treat-
ment, dexamethasone (Dex) stands out for its anti-
inflammatory and immunosuppressive properties. 
However, the limited solubility of Dex poses hurdles in 

Introduction
Acute hearing loss poses a significant clinical challenge, 
highlighting the need for effective drug delivery strategies 
targeting the inner ear. Among the available pathways for 
drug transport from the middle ear to the cochlea, the 
round window membrane (RWM) is the principal entry 
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Abstract
This study investigated the potential of mucoadhesive polymeric nanoparticles coated with polydopamine 
(Dopa-NPs) for inner ear drug delivery. Dopa, inspired by mussel adhesion proteins, leveraged the mucoadhesive 
properties of NPs and enhanced their retention within the cochlea. Dopa-NPs were compared with non-adhesive 
uncoated control NPs to reveal their safety and drug delivery efficiency. The safety evaluation demonstrated no 
toxicity during in vitro test using HEI-OC1 cells and in vivo test using mouse with auditory function assessment. 
When coumarin-encapsulated NPs were administered through intratympanic injection to mice, Dopa-NPs provided 
intense fluorescence in the inner ear compared to non-adhesive control NPs. Furthermore, dexamethasone (Dex)-
encapsulated Dopa-NPs exhibited significantly higher drug concentrations in the cochlea than dexamethasone 
sodium phosphate and uncoated NPs. Finally, in vivo test using an ototoxicity-induced animal model showed that 
Dopa-NPs improved hearing protection, as indicated by the auditory brainstem response (ABR) test. In conclusion, 
mucoadhesive Dopa-NPs exhibit enhanced drug delivery efficiency and safety, offering a promising strategy for 
inner ear drug delivery and chemotherapy.
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its delivery to the inner ear, prompting the exploration 
of novel delivery methods [3, 4]. Numerous strategies 
have been explored to formulate hydrophobic drugs for 
IT injection, and nanoparticle (NP)-based formulations 
have shown promising results [5, 6]. A study by Zhang et 
al. elucidated the translocation mechanism of polylactic-
co-glycolic acid (PLGA)-NPs across the round window 
membrane, demonstrating their ability to penetrate via 
the transcellular pathway [7, 8]. Our group also devel-
oped PLGA-NPs and single emulsion NPs and reported 
significantly improved therapeutic results in animal mod-
els [9, 10].

However, drug delivery to the inner ear through IT 
injection still faces significant challenges owing to the 
rapid clearance of drugs through the eustachian tube, 
which reduces drug retention and efficacy in the inner 
ear. Enhancing the retention of drugs within the middle 
ear space is therefore a critical factor for successful inner 
ear drug delivery. Conventional formulations, including 
aqueous solutions, often suffer from insufficient con-
tact with the RWM and are prone to drainage, leading 
to a loss of therapeutic efficacy [11, 12]. Previous stud-
ies have demonstrated that embedding drugs in delivery 
systems such as hydrogels or NPs can mitigate this issue 

by prolonging contact with the RWM and enabling sus-
tained drug release [13, 14].

In the proteinaceous cuticles enveloping mussel byssal 
threads, strong binding based on the catechol groups of 
3,4-dihydroxyphenylalanine (Dopa) has been discovered. 
These bindings serve as crucial cross-linking media-
tors, contributing to the remarkable mechanical proper-
ties exhibited by the material [15–17]. Furthermore, the 
binding is reversible and exhibits a strength comparable 
to that of covalent bonds [18]. Leveraging these prop-
erties, numerous researchers have engineered mussel-
inspired biomaterials containing Dopa characterized by 
high mechanical performance and self-healing capabili-
ties, thus demonstrating immense potential for various 
biomedical applications [19, 20].

In this context, we designed NPs having mucoadhe-
sive properties that can carry hydrophobic drugs like 
Dex and can increase adhering ability to the middle ear 
mucosa, thus increasing inner ear drug delivery through 
the round window membrane [21]. We developed muco-
adhesive NPs consisting of polyvinyl alcohol (PVA) and 
PLGA, and coated their surface with polydopamine con-
taining Dopa to achieve enhanced inner ear drug deliv-
ery via IT injection. Compared to non-adhesive uncoated 
control NPs, differences in drug concentrations absorbed 
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in the cochlea and the safety and therapeutic efficacy of 
the NPs were evaluated in an animal model, with the aim 
of contributing to the advancement of therapeutic strate-
gies for acute hearing loss.

 Materials and methods
Materials
Poly vinyl alcohol (PVA, MW 31,000–50,000), dexa-
methasone (DEX), pararosaniline, periodic acid, acetic 
acid, mucin from porcine stomach, Dopamine, and phos-
phoric acid (HPLC grade) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Poly (lactic-co-glycolic 
acid) (PLGA, 50:50, IV 0.4  dl/g, ester-terminated) was 
purchased from Polysciences (Warrington, USA). 1  M 
tris buffer was purchased from Biosesang (Youngin, 
Korea). Dichloromethane (DCM), acetonitrile (ACN; 
HPLC grade), and methanol (HPLC grade) were pur-
chased from Duksan (Ansan, Korea). Coumarin 6 was 
purchased from Alfa Aesar, Inc. (Ward Hill, MA, USA).

Preparation and characterization of nanoparticles (NPs)
NPs were prepared by a traditional method involv-
ing emulsion, diffusion, and evaporation, as described 
in previous studies [22, 23]. Briefly, PLGA (50  mg) and 
DEX (4 mg) were dissolved in 1 mL of DCM. The organic 
solution was added dropwise to 5 mL of 1% PVA solu-
tion (aqueous phase), and the o/w emulsion was homoge-
nized by sonicating for 2 min in ice. Then, the solvent was 
evaporated by magnetic stirring at 50  °C, and NPs were 
obtained by centrifugation at 45,000 rpm for 15 min. The 
obtained NPs were lyophilized for storage. To prepare 
polydopamine-coated Dopa-NPs, Dopamine in D.W. 
(5 mg/mL) was added to the uncoated NP solution in 10 
mM Tris buffer (pH 8.5). After stirring for 6 h, centrifu-
gation and lyophilization were performed under the same 
conditions. For in vitro and in vivo imaging, NPs contain-
ing coumarin 6 were prepared. Coumarin 6 (1  mg) was 
used instead of DEX (4 mg).

The size and stability of the nanoparticles were deter-
mined using a Zetasizer Nano ZS90 (Malvern Instru-
ments, UK). The stability test of NPs was carried out at 
37  °C in phosphate buffer solution (PBS), pH 7.4, for 14 
days. The morphological characteristics of the nanopar-
ticles were determined by transmission electron micros-
copy (TEM, Hitachi, Tokyo, Japan).

The encapsulation efficiency and drug release of the 
NPs were investigated using HPLC (Waters Corporation, 
USA). A C18 reverse phase column, XBridge Premier 
BEH (130 Å, 2.5  μm, 4.6 × 150  mm, Waters), was used 
in HPLC for chromatographic separations. The mobile 
phase consisted of an isocratic mixture of phosphoric 
acid adjusted to pH 2.2 and acetonitrile (60:40, v/v). The 
NPs were incubated at 37 °C in PBS for 9 days and lysed 
in methanol. Encapsulation efficiency (EE) was calculated 

as EE(%) = (weight of drug loaded in NP/weight of drug 
feed for loading) × 100%.

The mucoadhesive property was determined as the 
amount of mucin-adsorbed Dopa nanoparticles in a cer-
tain time period. NP suspensions (2 mg/mL) were mixed 
with type III mucin solution (2  mg/mL), vortexed, and 
incubated at 37  °C for 1 and 24 h. After incubation, the 
suspensions were centrifuged at 5,000 g for 10 min, and 
free mucin was measured in the supernatant by a colo-
rimetric method using Periodic Acid-Schiff staining [24].

In addition, for the direct measurement of mucin adhe-
sion test, a 0.1% mucin solution was applied to the sur-
face of a 12-well plate and incubated overnight to prepare 
mucin-coated surfaces [25]. The prepared mucin surfaces 
were then treated with coumarin-loaded nanoparticles, 
either before or after dopamine coating, and incubated 
for 30  min before removal. After washing with PBS for 
30  min in a shaker, the samples were observed using a 
fluorescence microscope (Nikon, Japan).

 In vitro and in vivo safety evaluation of NPs
The in vitro toxicity assessment utilized HEI-OC1 cells, 
which were cultured in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum and 
50 U/mL recombinant mouse interferon-γ and main-
tained in a humidified 10% CO2 environment at 33  °C. 
The maximum safe dosage of NPs and Dopa-NPs was 
determined via the MTT assay following the manufactur-
er’s protocol (EZ-Cytox; Daeil Lab, Seoul, ROK).

After confirming the maximum safe dosage of NPs and 
Dopa-NPs during in vitro toxicity experiments, we con-
ducted in vivo toxicity tests by administering the drugs 
into the middle ear of mice at the maximum safe concen-
tration for NPs and Dopa-NPs and monitored changes 
in hearing ability for two weeks. The method of drug 
administration is detailed below.

Middle ear administration of drugs via bulla approach
All animal experiments conducted on mice adhered to 
the National Research Council’s Guide for the Care and 
Use of Laboratory Animals after approval from the Insti-
tutional Animal Care and Use Committee of the Clini-
cal Research Institute of Daejeon St. Mary’s Hospital, 
College of Medicine, The Catholic University of Korea 
(approval number: CMCDJ-AP-202 -00).

To ensure consistency in drug administration, IT injec-
tions were performed following a previously established 
protocol [10]. Male C57BL/6 mice (eight weeks old, 
20–23 g) were sourced from Orient Bio (Seoul, Republic 
of Korea) and anesthetized via intraperitoneal injection 
of 30  mg/kg tiletamine/zolazepam (ZoletilV R, Virbac, 
Carros, France) and 10  mg/kg xylazine (RompunV R, 
Bayer, Leverkusen, Germany). Once anesthetized, the 
mice were positioned supine on a temperature-controlled 
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heating pad. A midline incision was carefully made to 
expose the left bulla. Using fine forceps, a small perfora-
tion was created in the bulla, allowing for the injection of 
approximately 5 µL of either NPs solution or DOPA-NP 
solution using a 31-gauge insulin syringe. Following drug 
administration, the perforation was sealed by covering it 
with adjacent muscle tissue. To manage post-procedural 
pain, Rimadyl (1.0 mg/kg; Pfizer, Walton Oaks, UK) was 
administered, and Baytril (10  mg/kg; Orion, Hamburg, 
Germany) was given intraperitoneally once daily as a pre-
ventive measure against middle ear infections.

 In vivo drug delivery efficacy evaluation of NPs
To assess the impact of mucoadhesiveness on inner ear 
drug delivery via IT injection, the lipophilic fluorescent 
dye coumarin was encapsulated into both uncoated 
nanoparticles (NPs) and Dopa-NPs. The prepared solu-
tions were then administered into the middle ear of 
mice following the previously described method. Subse-
quently, at predetermined time points, the cochlea was 
harvested and fluorescence within the cochlea was com-
pared to evaluate drug delivery efficacy. Cochleae were 
collected 1, 3, and 6 h after administration, crushed using 
Tissue Lyser II (Qiagen, Hilden, Germany) with 200 µL of 
absolute methanol to create lysates to analyze the fluores-
cence absorbed by the entire cochlear tissue. The lysates 
were incubated overnight at 4 °C to maximize fluorescent 
compound extraction. After incubation, samples were 
centrifuged at 13,200 rpm for 15 min at 4 °C, and 150 µL 
of the supernatant was carefully collected. The superna-
tants were then diluted with an equal volume of distilled 
water, and fluorescence intensity was quantified using a 
microplate reader (TECAN Infinite M Plex, Tecan Trad-
ing AG, Switzerland).

Subsequently, we directly observed the fluorescence 
absorbed by the cochlear tissue under a fluorescence 
microscope to compare the drug delivery efficacy of the 
NPs and Dopa-NPs. Using a low-magnification fluo-
rescence stereo microscope (Nikon SMZ800N, Tokyo, 
Japan), we observed the overall absorption pattern of flu-
orescence within the cochlear tissue, whereas a confocal 
microscope (LSM5 Live Configuration Variotwo VRGB; 
Zeiss, Jena, Germany) was used at high magnification to 
specifically observe fluorescence absorption in the organ 
of the Corti region. The cochlear tissue was prepared as 
follows.

The cochlear tissue preparation observed by fluorescence
We used cochleae collected one hour after drug injec-
tion into the middle ear of C57BL/6 mice. The cochleae 
were fixed in 4% paraformaldehyde (Merck, Darmstadt, 
Germany) for one hour, and decalcified in 5% ethylene-
diaminetetraacetic acid (EDTA, 0.3 M) for 12 h. The otic 
capsule of these cochleae was then removed using fine 

forceps to ensure minimal damage to the lateral wall as 
much as possible. Therefore, we obtained whole cochleae 
with the otic capsule removed, without separating each 
turn of the cochlea, for observation under a fluorescence 
stereomicroscope.

To enable visualization under a confocal microscope, 
whole-mount preparations of the organ of Corti were 
performed. Using a sharp-angled micro-scalpel, the 
bony and membranous labyrinths, along with the tecto-
rial membrane, were carefully dissected to fully expose 
the organ of Corti. The excised samples were then placed 
on slides, stained with DAPI (Vector Laboratories, Burl-
ingame, CA), and mounted using Vectashield mounting 
medium for imaging.

In vivo dexamethasone delivery and treatment of hearing 
loss
Finally, we aimed to deliver dexamethasone to the inner 
ear using uncoated NPs and Dopa-NPs, compare their 
delivery efficiencies, and assess the resulting therapeu-
tic effects. We encapsulated 1  mg of Dex into NPs and 
subsequently administered the drug into the middle ear 
using the method described above. Cochleae were col-
lected at 1, 3, and 6  h post-surgery, following the same 
protocol as the evaluation of coumarin delivery. The level 
of dexamethasone in the cochlear lysates of mice was 
determined using a validated high-performance liquid 
chromatography-mass spectroscopy (LC-MS/MS) assay 
as described previously [26]. The dexamethasone concen-
tration in each sample was determined using LC-MS/MS 
(1290 Infinity II/Qtrap 6500; Sciex, Washington, DC).

To evaluate the therapeutic effects of Dex-loaded 
NPs, an ototoxicity-induced animal model was utilized. 
Approximately 5 µL of DEX-loaded uncoated NPs or 
DOPA-NP solution was administered into the middle 
ear 4  h prior to ototoxic drug exposure. Ototoxicity 
was induced via intraperitoneal injection of kanamycin 
(1000 mg/kg; Sigma-Aldrich, St. Louis, MO), followed by 
furosemide (180  mg/kg; Sigma-Aldrich, St. Louis, MO), 
as described in Jung et al., 2022. Subsequently, auditory 
function was assessed using auditory brainstem response 
(ABR) testing to compare hearing outcomes across treat-
ment groups.

 Auditory brainstem response (ABR) testing
Animals were anesthetized with an intraperitoneal injec-
tion of 30 mg/kg tiletamine/zolazepam (ZoletilV R, Vir-
bac, Carros, France) and 10  mg/kg xylazine (RompunV 
R, Bayer, Leverkusen, Germany). The active electrode 
was positioned at the vertex of the skull, while the ref-
erence electrode was placed beneath the left pinna, and 
the ground electrode was inserted under the contralat-
eral ear. ABR thresholds were recorded in response to 
frequencies ranging from 8 to 32  kHz, along with click 



Page 5 of 12Kim et al. Journal of Translational Medicine         (2025) 23:1066 

stimuli, focusing on the operated ear. TDT System-3 
(Tucker Davies Technologies, Gainesville, FL, USA) 
hardware and software were used for ABR recording. The 
auditory stimuli consisted of computer-generated tone 
pips, including tone bursts at 8, 16, and 32 kHz, each last-
ing 4 ms with a rise-fall time of 1ms, in addition to clicks. 
Sound intensity was adjusted in 10-dB steps for both tone 
bursts and click stimuli near the threshold. ABR wave-
forms were analyzed using BioSig RP ver. 4.4.1, and sta-
tistical comparisons of ABR threshold differences among 
the experimental groups were conducted.

Statistical analysis
All experiments were performed at least three times, 
and the data are expressed as mean ± standard devia-
tion (SD). The Kruskal-Wallis test, followed by Dunn’s 
multiple comparison test, was employed to analyze the 
ABR threshold results. Statistical significance was set at 
p < 0.05.

Results
 Preparation and characterization of nanoparticles
Considering the hydrophobicity of Dex, it was encap-
sulated in PLGA-NPs stabilized by PVA as a surfactant. 
Then, we coated the surface of the NPs with polydopa-
mine to enhance their adhesiveness, resulting in Dopa-
NPs. The coating process was achieved by wrapping 
Dopamine polymerized in a high-pH environment 
(Scheme 1). We expect that the NPs would adhere to 
the inner ear mucosa after IT injection, increasing 
their retention, preventing unintended drug loss, and 
improving drug delivery efficacy. The manufactured 
Dopa-NPs were visually characterized using TEM and 
SEM images, which showed that their spherical shape 
was well preserved after Dopa coating (Fig.  1a and Fig-
ure S1). The particle size, measured by a zeta-sizer, was 
179 ± 2.9 nm before Dopa coating and increased slightly 
to 202 ± 1.6 nm after coating (Fig. 1b). Both NPs showed a 
narrow distribution and small polydispersity index (PDI) 
values, as shown in Figure S2. Furthermore, to assess the 

Scheme 1  Schematic illustration of mucoadhesive polydopamine-coated nanoparticle-mediated inner ear drug delivery for hearing loss treatment. A 
Composition and chemical mechanism of DOPA-NPs. B The preparation process of DOPA-NPs. C An illustration depicting the movement of Dopa-NPs 
with enhanced mucoadhesive properties in the inner ear through the interaction between the polydopamine coating and mucin. Dopa-NPs in the 
inner ear. Dopa-NPs, with enhanced adhesive properties, remained on the round window membrane for an extended period, effectively delivering a 
large amount of the drug into the middle ear to enhance the therapeutic effect. In contrast, uncoated NPs are easily cleared from the ear through the 
eustachian tube
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stability of the two particles, they were incubated in PBS, 
and it was observed that the particles remained stable for 
two weeks (Fig. 1c). The extent of dopamine coating on 
the surface of traditional PLGA-NPs was time-depen-
dent, and the optimal conditions for subsequent experi-
ments were determined. Dopa-NPs coated for 3 h did not 
exhibit significant color change, whereas a sufficient coat-
ing was observed under conditions of 5 h or longer (Fig-
ure S3). However, a longer coating process decreased the 
Dex content encapsulated in the particles (Table 1). After 
3 h of dopamine coating, the amount of Dex encapsulated 
in NPs decreased by 29.20% compared to the pre-coating 
level. Further extension of the coating duration to 5 and 
16 h resulted in a reduction of 47.70 and 73.60%, respec-
tively. These findings suggest that excessive coating time 

can lead to unintended loss of the encapsulated drug, due 
to diffusion during the prolonged exposure to the coating 
solution. Accordingly, a 5-hour coating time was selected 
as the optimal condition to balance sufficient surface 
modification with minimal drug loss, and this condition 
was used for all subsequent experiments in this study. 
The encapsulation efficiency (EE) of Dex within the NPs 
was determined by HPLC (Figure S4 and S5). The EE was 
45% in the uncoated NPs and decreased to 24% after the 
Dopa coating. The encapsulated drug exhibited a sus-
tained release in vitro, with 13, 21, and 47% released after 
3, 6, and 24 h, respectively (Fig. 1d and S6).

Polydopamine in Dopa-NPs interacts with mucin, a 
key component of the ear mucosa. The catechol groups 
of dopamine are well known for enhancing chemical and 
physical adhesive properties. It primarily adheres to tis-
sue surfaces by forming bonds with specific amino acid 
residues and thiol group of cysteine in the tissue mucosa 
via Michael addition reactions and Schiff base forma-
tion [18]. Moreover, strong binding stability is achieved 
through non-covalent interactions, such as hydrogen 
bonds, enabling robust fixation within the ear tissue 
and highly efficient drug delivery [27]. It is not based on 

Table 1  Analysis of the amount of DEX in NPs during DOPA 
coating process by HPLC
Coating time
(hour)

Dex value
(before coating)

Dex value
(after coating)

Reduction ratio
(%)

3 h 1,407 ug/mL 996 ug/mL -29.20%
5 h 1,369 ug/mL 716 ug/mL -47.70%
16 h 1,289 ug/mL 341 ug/mL -73.60%

Fig. 1  Characterization of uncoated NPs and dopa-NPs. A TEM images of uncoated NPs and DOPA-NPs. B Particle size distribution histogram of uncoated 
NPs and DOPA-NPs obtained using a zeta-sizer. C Stability data of NPs in PBS for 2 weeks. D In vitro drug release of uncoated NPs and DOPA-NPs was 
analyzed using HPLC. E Mucoadhesive properties assessed using Schiff’s reagent assay. This showed that DOPA-NPs would adhere to the mucosa more 
effectively than uncoated NPs
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the traditional biological ligands, it increased the bind-
ing of NPs similarly [28]. We performed a mucin-bind-
ing test to verify the adhesive properties of Dopa-NPs 
with mucin (Fig.  1e). Each NP sample was dispersed in 
a mucin solution, and NPs were removed from the solu-
tion after 1 and 24  h. The concentration of the remain-
ing free mucin in the supernatant was analyzed using 
the Periodic Acid-Schiff staining method. As expected, 
lower amounts of free mucin were detected in the Dopa-
NPs than in the uncoated control NPs, indicating that 
most mucin was bound to Dopa-NPs. This means that 
the Dopa coating significantly improved the adhesive 
ability of NPs. Consistently, the mucin-binding assay 
revealed a significantly higher fluorescence intensity for 
dopamine-coated nanoparticles compared to uncoated 
nanoparticles. The fluorescence quantification value 
of the uncoated nanoparticles was 603.122 ± 25.4 a.u., 
whereas the dopamine-coated nanoparticles exhibited 
a markedly increased value of 1269.96 ± 182 a.u., repre-
senting approximately a 2.1-fold enhancement (p < 0.01). 
These results demonstrate that the polydopamine coating 
significantly improves the mucoadhesive properties of 
the nanoparticles. (Figure S7).

In vitro and in vivo safety evaluation of NPs
In vitro toxicity analysis was conducted using HEI-OC1 
(House Ear Institute-Organ of Corti 1) cells to assess 
the cytotoxicity of uncoated and Dopa-NP. Both types 
of NPs exhibited no cytotoxicity at concentrations up to 
5 mg/ml (Fig. 2a). This result indicates that both NPs do 
not introduce significant cytotoxicity at effective concen-
trations considering the therapeutic dosage, suggesting 
their suitability for further in vivo studies. For the in vivo 
safety evaluation, NPs were injected into the cochlea at 
a concentration of 5 mg/ml. Hearing was assessed using 
auditory brainstem response (ABR) measurements for 
2 weeks post-injection. The results indicated no appar-
ent hearing damage in both the NP and Dopa-NP groups 
when compared to the saline control group after two 
weeks (Fig.  2b). The Dopa-NP group exhibited a slight 
decrease in hearing ability one week post-injection, 
which was completely recovered by the two-week mark. 
This transient threshold shift observed at one week in the 
Dopa-NP group is likely attributable to the prolonged 
presence of mucoadhesive nanoparticles, which tempo-
rarily affected sound conduction. This suggests that both 
uncoated and Dopa-NPs are safe for use at the tested 
concentrations.

 Inner ear distribution of NPs observed by in vivo 
fluorescence imaging
To evaluate the in vivo dispersion of NPs, we encapsu-
lated lipophilic coumarin 6 dye within both NPs and 
then administered them to the middle ear cavity (Fig. 3a). 

Fluorescence intensity was measured in cochlear homog-
enates at 1, 3, and 6 h post-administration. The Dopa-NPs 
exhibited significantly higher fluorescence intensity than 
the uncoated NP group (p < 0.05), indicating enhanced 
drug dispersion and uptake facilitated by the mucoadhe-
sive properties of Dopa (Fig. 3b).

Further analysis using fluorescence stereo-microscopy 
of cochleae harvested 1  h post-administration revealed 
intense fluorescence throughout the cochlea, with partic-
ularly high uptake in the modiolus, the central axis of the 
cochlea (Fig. 3c). In particular, to the best of our knowl-
edge, this kind of imaging of the whole cochlea harvested 
has not been attempted in inner ear drug delivery stud-
ies until now. Additionally, confocal microscopy images 
of whole mounts of the organ of Corti demonstrated that 
the fluorescence intensity was markedly higher in the 
Dopa-NP group than in the uncoated NP group (Fig. 3d 
and e) in all areas. These results suggest that Dopa-NPs 
not only enhance overall cochlear distribution but also 
facilitate more efficient uptake in specific cochlear struc-
tures, such as the modiolus, organ of Corti, and apex, 
which is critical for effective inner ear drug delivery.

Intracochlear Dex concentration analysis
Then, Dex was encapsulated within NPs, and we assessed 
the intracochlear drug concentration of Dex after IT 
injection. Dopa-NPs demonstrated superior dexametha-
sone delivery compared with uncoated NP or the sodium 
phosphate form of Dex (Dex -SP), the currently used for-
mulation of Dex in the clinic. These results underscore 
the efficacy of Dopa-NPs in effective and sustained drug 
delivery (Fig.  4a). The peak concentration of Dex was 
observed approximately 3 h post-injection in the Dopa-
NP groups, which was different from the earlier peak 
(around 1  h) observed in coumarin fluorescence imag-
ing (Fig. 3b). This is likely due to the difference in lipo-
philicity of Dex and coumarin dye, which influences their 
release, absorption, and distribution kinetics.

Therapeutic efficacy evaluation in an ototoxic mouse 
model
To evaluate the therapeutic efficacy of Dopa-NPs, ani-
mals were treated with NP or Dopa-NP containing 1 mg/
ml of Dex, followed by administration of ototoxic agents 
(1000  mg/kg of kanamycin and 180  mg/kg of furose-
mide) to induce hearing loss. Hearing ability was evalu-
ated using the ABR test one week after the treatment. 
The results demonstrated significantly improved hearing 
outcomes in the Dopa-NP group compared with both 
the uncoated NP and control groups treated with Dex-
SP (Fig.  4b). In particular, the Dopa-NP group showed 
superior hearing protection across all tested frequencies 
(8, 16, and 32 kHz), with a marked reduction in hearing 
loss, particularly at 32 kHz, which is known to be most 
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sensitive to ototoxic damage. Overall, Dopa-NPs revealed 
the potential to deliver Dex more effectively, thus pro-
viding better initial protection against hearing loss than 
uncoated NPs and conventional Dex formulations.

 Discussion
For effective inner ear drug delivery, a sufficient amount 
of the administrated drug should not be expelled through 
the eustachian tube. Therefore, we believe that ensur-
ing strong adhesion to the RWM is a crucial factor. This 
study demonstrates the effectiveness of Dopa-coated NPs 
for inner ear drug delivery, particularly by improving 

their mucoadhesive properties. Dopa, which is derived 
from mussel adhesive proteins, has been widely recog-
nized for its biocompatibility and low toxicity in various 
biomedical applications. The safety evaluation conducted 
in this study showed that Dopa-coated NPs exhibited no 
significant toxicity, both in vitro using HEI-OC1 cells 
and in vivo through IT injections in animal models. This 
aligns with previous studies on Dopa-functionalized 
materials, which have shown biocompatibility in various 
biological systems [29, 30]. During imaging with couma-
rin dye-loaded Dopa-NPs, intense fluorescence through-
out the cochlea was observed, from the base to the apex, 

Fig. 2  In vitro and in vivo safety evaluation of uncoated and DOPA-NPs. A Cell viability was assessed using the MTT assay and showed no cytotoxicity for 
both uncoated and DOPA-NPs. up to 5 mg/mL. B ABR test after IT injection (5 mg/mL) showed no significant hearing loss with uncoated and DOPA-NP-
induced temporary threshold shift at 1 week, with recovery by 2 weeks
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with particularly high uptake in the modiolus. They not 
only increased the overall cochlear distribution but also 
significantly enhanced the uptake of therapeutic agents 
in these key cochlear regions. This enhanced distribu-
tion and uptake are likely due to the strong mucoadhe-
sive properties imparted by Dopa, which allows them to 
maintain prolonged contact with the cochlear mucosa, 
leading to sustained drug release [31, 32]. These prop-
erties are critical for achieving effective treatment out-
comes, particularly in conditions such as in the cochlea.

Compared to conventional Dex-SP formulations, Dopa-
NPs demonstrated significantly prolonged drug reten-
tion and improved therapeutic efficacy. The enhanced 
retention time and targeted delivery of Dopa-NPs sug-
gest their potential to optimize treatment outcomes 
for inner ear disorders by reducing drug clearance and 
minimizing the need for repeated intratympanic admin-
istration. Our study also emphasizes the importance of 
considering the physicochemical properties of the drug 

and delivery vehicle in designing effective therapeutic 
strategies. These findings suggest that the lipophilicity of 
the drug, combined with the mucoadhesive properties of 
the delivery vehicle, can significantly influence the over-
all efficacy of the treatment. Future research should focus 
on optimizing the formulation of Dopa-NPs to enhance 
their drug loading capacity and release profiles, ensuring 
sustained and controlled delivery of therapeutic agents to 
the inner ear.

Another important aspect is that our strategy is about 
the surface coating of NP, not the NP itself, and is not lim-
ited to Dex-loaded PLGA-NPs. The facile Dopa coating 
for mucoadhesive properties and enhanced retention can 
be universally applied to various kinds of NPs for inner 
ear delivery. For example, NPs with other components, 
including metals, silica, exosomes, and carbon materi-
als, can be easily coated with Dopa and injected into the 
inner ear [33]. Different kinds of drugs can also be deliv-
ered by Dopa-coated NPs. Furthermore, approaches with 

Fig. 3  Fluorescence distribution and intensity of coumarin-loaded NPs in the cochlea. A Schematic representation of the IT injection of coumarin-loaded 
NPs into B6 mice. B Fluorescence intensity in cochlear homogenates at 1, 3, and 6 h post-administration showed higher uptake in the DOPA-NP group 
compared to uncoated NPs. C Fluorescence stereomicroscopy of cochleae harvested 1 h post-injection revealed stronger fluorescence in the modiolus 
with DOPA-NPs. D Confocal microscopy image and E Quantitative analysis of fluorescence intensity of the organ of Corti confirmed significantly higher 
fluorescence uptake in the DOPA-NP group across all frequencies
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gene medicines, including mRNA and siRNA based on 
Dopa-NPs, would be interesting and promising in hear-
ing loss treatment.

 Conclusion
In summary, Dopa-coated nanoparticles can achieve 
sustained release through their enhanced mucoadhesive 
properties. Dopa-NPs exhibited in vivo and in vitro safety 
and enhanced drug delivery efficiency compared to PVA/
PLGA nanoparticles. A single IT injection allows efficient 
drug delivery through the RWM, minimizing the risk of 
rapid clearance and maximizing therapeutic efficacy. The 
ease of administration of NPs by IT injection is also a sig-
nificant advantage that is familiar to otolaryngologists. 
This study demonstrates the potential of mucoadhesive 
Dopa-NPs as an effective strategy for drug delivery to 

the inner ear by promoting adhesion to the middle ear 
mucosa, offering a promising avenue for advancing the 
treatment of inner ear disorders. Given the demonstrated 
safety and efficacy of Dopa-coated NPs, there is consid-
erable potential for their application in the clinical treat-
ment of sensorineural hearing loss and other inner ear 
disorders.
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