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Sensorineural hearing loss (SNHL), caused by ototoxic drugs like cisplatin, poses significant challenges due
to its irreversible nature. Dexamethasone, a potent corticosteroid, is commonly used to mitigate SNHL but
suffers from systemic side effects and poor inner ear bioavailability when administered conventionally. This
study explores the potential of dexamethasone-loaded lipid-polymeric nanoparticles (LPNs) to enhance
drug delivery efficiency and therapeutic outcomes. The LPNs were fabricated using stearic acid and poly
(lactic-co-glycolic acid) (PLGA) via a double emulsion solvent evaporation method, combining the
biocompatibility of lipid nanoparticles with the sustained-release properties of polymeric nanoparticles.
Characterization revealed optimal particle size (~150 nm by SEM and ~380 nm by LDE), polydispersity
index (PDI 0.233), and {-potential (—21.9 mV), ensuring colloidal stability and cellular uptake. In vitro
studies demonstrated sustained dexamethasone release over 72 hours, with 55.56% released within 4
hours. HEI-OC1 cell viability assays confirmed the LPNs' cytocompatibility and superior protection
against cisplatin-induced cytotoxicity compared to raw dexamethasone. In vivo experiments in

a cisplatin-induced ototoxicity mouse model showed enhanced cochlear drug distribution, peaking at 24
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Accepted 15th October 2025 hours, and significantly reduced auditory brainstem response (ABR) thresholds at 16 kHz and 32 kHz
post-intratympanic injection. These findings highlight the LPNs' potential as a targeted, sustained-release

DOI: 10.1035/d5na00419e delivery system for treating SNHL, offering improved efficacy and reduced systemic exposure. This study
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1. Introduction

Sensorineural hearing loss (SNHL) is a prevalent and often
irreversible condition that impacts millions of people, affecting
their quality of life. SNHL arises from damage to the hair cells of
the cochlea or the auditory nerve, leading to a decline in the
ability to perceive sound. Cisplatin, a widely used chemother-
apeutic agent, is known to cause ototoxicity and SNHL.
Cisplatin induces bilateral, permanent sensorineural hearing
loss in a staggering 80% of cancer patients, with many also
experiencing the distressing symptom of tinnitus." Approxi-
mately 500 000 new patients each year were recorded*>® and
dexamethasone is a standard treatment with proven protective
effects against cisplatin-induced ototoxicity.* Dexamethasone is
a potent corticosteroid with anti-inflammatory and immuno-
suppressive properties.>® It has been widely recognized for its
potential to mitigate inflammation and protect auditory cells,
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provides a foundation for clinical translation of LPN-based therapies in otoprotection.

making it the most common medication prescribed for SNHL
treatment.”

Systemic dexamethasone, despite its therapeutic benefits, can
lead to adverse effects such as acneiform eruptions, desquamation
of the skin, osteoporosis or osteonecrosis, opportunistic infec-
tions, and suppression of the adrenal cortex. These adverse effects
arise due to its high affinity for glucocorticoid receptors.®>*° Intra-
tympanic injection is an alternative method to avoid systemic side
effects associated with dexamethasone.™ However, the eustachian
tube allows a substantial amount of the medication to escape,
which poses a significant challenge. Additionally, the intricate
structure of the inner ear and the presence of the round window
membrane further complicate drug penetration to the cochlea.”»*
Beyond that, dexamethasone's water insolubility feature also
impacts its bioavailability in the inner ear. These factors impede
the drug from achieving therapeutic concentrations in the target
area, thereby diminishing its protective impact and overall effec-
tiveness in the treatment of SNHL.

To address this challenge, researchers have been exploring
innovative drug delivery systems that can enhance the
bioavailability and targeted delivery of dexamethasone to the
inner ear. However, current approaches exhibit significant
limitations that warrant further investigation. Creber et al.
utilized a hyaluronic acid sponge combined with histamine to
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increase the dexamethasone concentration in the inner ear, yet
the additional histamine may potentially exacerbate inner ear
damage." Kim et al. developed poly (lactic-co-glycolic acid)
nanoparticles within thermosensitive gels to control drug
release from the middle ear, but this method may intensify the
ear-plugging effect experienced by patients.” Furthermore,
while biodegradable round window disks'® have been developed
to achieve sustained local drug delivery to the inner ear, they
require additional surgical procedures and carry potential risks
of inner ear damage. Consequently, there remains a pressing
need to develop delivery systems that are not only simple and
convenient but also designed for rapid absorption.

Lipid-polymeric nanoparticles (LPNs) represent a significant
advancement in this field. These integrated systems combine
the biomimetic properties of lipids with the structural advan-
tages of a polymer core, theoretically creating a superior delivery
platform. LPNs possess the unique capability to encapsulate
drugs, protect them from degradation, and facilitate their
transport across biological barriers, thereby enhancing the
efficiency of drug delivery to the inner ear."”'® The potential of
LPNs has been demonstrated in various applications, including
their use as vaccine delivery systems to control antigen release
and co-deliver immunostimulatory molecules.” Additionally,
LPNs are being developed for tumor-selective delivery of anti-
cancer agents, enhancing cell-kill efficacy while protecting
healthy tissues from cytotoxic exposure, thereby reducing
systemic toxicity.>*** These advantageous properties can be
effectively extended to inner ear drug delivery systems. Notably,
there is currently no research focusing on stearic acid-PLGA
hybrid nanoparticle delivery systems for inner ear drug
administration.

Herein, we aim to investigate the potential of LPNs as
a nanocarrier for dexamethasone, focusing on their ability to
enhance drug delivery efficiency both in vitro and in vivo. We
will encapsulate dexamethasone within LPNs using stearic acid
and PLGA as lipid and polymeric encapsulants respectively.
PLGA constitutes the biodegradable and high hydrophobic core
which is surrounded by biocompatible stearic acid to facilitate
membrane penetration.”>*® The therapeutic efficacy of this
system will be systematically evaluated through a two-phase
approach: first using HEI-OC1 cells, an in vitro model derived
from cochlear outer hair cells that replicates key characteristics
of inner ear physiology was established,** followed by validation
in a well-characterized cisplatin-induced sensorineural hearing
loss mouse model.”® Our study introduced an innovative drug
delivery system of intratympanic injection of dexamethasone-
loaded LPNs, which reduced systemic exposure from intrave-
nous injection and increased inner ear local bioavailability.
These nanocarriers offered a controlled and sustained release of
the dexamethasone that can protect auditory cells from
cisplatin-induced damage.

2. Materials and methods
2.1 Materials

Stearic acid (HY-B2219), PLGA (HY-B2247A), dexamethasone
(HY-14648), polyvinyl alcohol (PVA) (HY-Y0850) and
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polyethylene glycol 400 (PEG-400) (HY-Y0873A) were purchased
from MedChemExpress (USA). Dichloromethane (DCM) (MKL-
D821466), paraformaldehyde (PFA) (P885233) and acetonitrile
(A960504) were the products of Macklin (China). Coumarin-6
(V900515) and KH,PO,(PHR1330) were purchased from Sigma
(Germany). Dulbecco's Modified Eagle Medium (DMEM)
(C11995500BT) and phosphorus buffer solution (PBS)
(C10010500BT) were purchased from ThermoFisher (USA). HEI-
OC1 cells were purchased from the Chinese Academy of
Sciences (China). FBS (Fetal Bovine Serum) (KF-FBS002) was
purchased from Kefan (China). CCK-8 assay (KGA317) was
purchased from KeyGEN (China).

2.1.1 Preparation of lipid-polymeric nanoparticles (LPNs).
LPNs were prepared by the double emulsion solvent evaporation
(DESE) method using stearic acid and PLGA as a matrix and PEG-
400 as a stabilizer. The process followed the work of Igbal et al
with some modifications.* Briefly, 10 mg stearic acid and PLGA
were mixed and dissolved in 2 mL dichloromethane (DCM) as the
organic phase, whilst 10 mg dexamethasone was suspended in
0.2 mL deionized (DI) water, making the ratio of the water phase
over the organic phase equal to 1:10 (v/v). The water phase
containing dexamethasone was added to the organic phase
containing stearic acid and PLGA, and ultrasonic emulsification
was performed for 1 minute (30% amplitude). The emulsified
mixture was then quickly poured into 5 mL polyvinyl alcohol
(PVA) solution; the PVA solution concentration was 0.5% (w/v),
and the same amount of PEG-400 as dexamethasone was di-
ssolved. After pouring the mixture into PVA solution, ultrasonic
emulsification was repeated for 1 minute (30% amplitude) to
obtain the LPNs loaded with dexamethasone. The obtained LPNs
were poured into 15 mL PVA solution of the same concentration.
The particles were then magnetically stirred overnight at room
temperature to volatilize DCM, then centrifuged to remove the
supernatant, and washed with DI water twice. The obtained LPNs
would be freeze-dried and stored at —20 °C for subsequent
experiments.

Fluorescent LPNs (Coumarin-6-loaded) were prepared using
the same DESE protocol as above, except that Coumarin-6 (1%
w/w relative to the total polymer and lipid) was co-dissolved with
stearic acid and PLGA in the organic phase (DCM). All other
compositions and processing parameters (phase ratio, PVA
concentration, PEG-400 amount, sonication time/amplitude,
and solvent removal/stirring) were identical. The resulting
particles were washed twice with DI water, freeze-dried, and
stored at —20 °C for subsequent analyses.

2.2 Characterization of dexamethasone-loaded LPNs

2.2.1 Physical characterization of dexamethasone-loaded
LPNs. For fabricated LPNs, the particle size, polydispersity
index (PDI) and ¢ potential were determined at a 2.0 mg ml™"
concentration in DI water by using laser Doppler electropho-
resis (LDE). Particle size, PDI and ¢ - potential are important
parameters to evaluate the quality of nanoparticles, which affect
their stability, biological distribution and cell uptake.

The morphology of the nanosphere formulations was
assessed by Field Emission Scanning Electron Microscopy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(FESEM JEOL JSM-6340F America, Inc.; Pleasanton, CA). Freeze
dried dexamethasone-loaded LPNs were placed on a carbon-
backed adhesive and sputter-coated with Au for 40 seconds at
20 mA and imaged on a scanning electron microscope with an
accelerating voltage of 5 kV. The presence of dexamethasone
within the LPNs was confirmed through Fourier Transform
Infrared Spectroscopy (FTIR) using a PerkinElmer Frontier. The
analysis covered the spectral range of 400 cm™ " to 4000 cm ™"
with a resolution of 1 cm ™", including assessments of native
dexamethasone, stearic acid, PLGA, PVA, PEG-400, and the
fabricated dexamethasone-loaded LPNs.

2.2.2 In vitro release of dexamethasone-loaded LPNs. The
drug content in the nanoparticles was quantified by high
performance liquid chromatography (HPLC) using a Thermo
Scientific Accucore™ C18 column (4.6 x 100 mm, particle size
2.6 um). Briefly, 10 mg of freeze-dried dexamethasone-loaded
LPNs were weighed and dissolved in 5.5 ml acetonitrile with
a water bath at 60 °C. Upon full dissolution, 4.5 ml DI water was
added and mixed well, followed by centrifugation at 17 000 xg
for 5 min to collect the supernatant. The drug content in the
supernatant was then determined by using the HPLC method.
To prepare the mobile phase for HPLC, acetonitrile and 0.025M
KH,PO, buffer (pH 3) were mixed with a volume ratio of
acetonitrile to buffer 5.5:4.5 (v/v). The mobile phase flow rate
was 0.8 ml min~'. The wavelength and temperature were
248 nm and 35 °C, respectively. The retention time is 15 min.

To evaluate the release of dexamethasone from LPNs, an in
vitro release study under sink conditions was carried out.
Briefly, 30 mg dexamethasone-loaded LPNs were weighed and
added into 5 ml 1x PBS solution. For the control group, raw
dexamethasone with an equivalent amount of drug in 30 mg
LPNs was weighed and added into 5 ml 1x PBS solution for
comparison. The mixtures were incubated at 37 °C with
continuous shaking at 120 rpm for 1 week to ensure uniform
distribution and facilitate the release of dexamethasone. At
each set time point (1 h,2h,3 h,4h, 6 h,28h,48 h, 72 h, and
168 h), the mixtures were forwarded for centrifugation at 17 000
xg. After 30 min of centrifugation, 4 ml supernatant was with-
drawn for dexamethasone quantification using HPLC, while
4 ml fresh 1x PBS solution was added afterwards.

2.2.3 Cell proliferation assay. HEI-OC1 cells were seeded
into 96-well plates (Corning, USA) at a density of 1 x 10° cells
per well in DMEM complete culture medium (supplemented
with 10% FBS) and allowed to adhere for 24 hours at 37 °C in
a humidified incubator (Thermo Fisher Scientific, USA) con-
taining 5% CO,.”” Following adhesion, the culture medium was
replaced with 100 pL of fresh DMEM complete medium con-
taining either dexamethasone or dexamethasone-loaded LPNs
at concentrations of 0.8, 1.6, 3.2, 6.4, 12.8, and 25.6 ug ml .
Cells were incubated with the treatments for 12, 24, 36, or 48
hours at 37 °C under 5% CO,. Cell viability was subsequently
assessed using the Cell Counting Kit-8 (CCK-8) assay according
to the manufacturer's protocol.>® Briefly, 10 uL of the CCK-8
solution was added directly to each well and the plate was
incubated for an additional 2 hours at 37 °C. The absorbance of
each well was then measured at 450 nm using a microplate
reader (BioTek, USA). Wells containing medium plus CCK-8

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

without cells served as blanks for background subtraction.
Cell viability was calculated relative to untreated control cells.

2.2.4 LPN cell distribution determination. To determine
Coumarin-6 loaded LPN incorporation into HEI-OC1, cells were
also seeded in a 20 mm confocal dish for 24 h under the same
conditions as previously reported and incubated together with the
suspension of Coumarin-6 loaded LPNs (800 ng mL ') in a serum-
free medium, and then the cells were fixed in 4% PFA at different
time points (0 hour, 1 hour, 12 hours, 24 hours, and 48 hours).
The samples were permeabilized with 1% Triton X-100 for half an
hour and then blocked with 5% goat serum for half an hour. After
washing the samples three times with PBS for five minutes each,
cells were incubated with TRITC phalloidin (AAT Bioquest, 1:
1000, 23 102) at room temperature for 1 hour, followed by three
washes with PBS for five minutes each. Afterward, they were
incubated with Hoechst 33342 (Solarbio, 1 : 5000, B8040) at room
temperature for 30 minutes, followed by three washes with PBS.
The fluorescence intensity of incorporated Coumarin-6 loaded
LPNs was detected using a confocal microscope (Leica Micro-
systems, Germany). The excitation wavelengths for Coumarin-6
and TRITC phalloidin were 450 and 540 nm. Experiments were
performed in triplicate and 3 microphotographs were obtained
using the same settings for each time point.

2.2.5 LPN cell distribution in intratympanic injected
C57BL/6 mice cochleae. A suspension of Coumarin-6 loaded
LPNs in DMEM (Coumarin-6 concentration: 1.6 and 3.2 pg
ml ") was prepared for intratympanic injection into C57BL/6
mice. Each mouse received an injection of approximately 100
ul. Cochleae were harvested at 0, 1, 12, 24 and 48 hours post-
injection and fixed in 4% PFA. After 24 hours of decalcifica-
tion, cochleae were dissected to isolate the apical, middle, and
basal turns of the basilar membrane containing the attached
organ of Corti. The dissected organs of Corti were per-
meabilized with 1% Triton X-100 for 30 minutes and then
blocked with 5% goat serum for 30 minutes. After per-
meabilization and blocking, tissues were washed three times 5
minutes each in PBS on a shaker. Tissues were incubated with
Phalloidin-633 (Uelandy, 1:500, catalog number YP0053S) at
room temperature for 2 hours. Following staining, tissues were
washed three times for 5 minutes each in PBS on a shaker. Next,
tissues were then incubated with Hoechst 33342 (Solarbio, 1:
5000, B8040) at room temperature for 30 minutes. Finally,
tissues were washed three times for 5 minutes each in PBS. The
stained organs of Corti were mounted on glass slides using 2 pl
of anti-fade mounting medium (Beyotime, P0126) and cover-
slipped. The samples were imaged using a confocal microscope
(LSM 880) with a 633 nm channel for Phalloidin-633, a 450 nm
channel for Coumarin-6 and a DAPI channel for Hoechst 33342.
Experiments were performed in triplicate and three micropho-
tographs were obtained using the same settings for each time
point.

2.2.6 Auditory brainstem response (ABR) test for intra-
tympanically injected C57BL/6 mice. Male C57BL/6 mice (8
weeks old) were obtained from Zhuhai BesTest Biotech Co., Ltd.
All procedures were approved by the Experimental Animal
Ethics Committee of the Guangzhou Lani Scientific Animal
Center (Ethics No. G2023198). Animals were maintained under
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standard husbandry conditions and anesthetized with 1%
pentobarbital sodium. ABR thresholds were recorded using
a BioSigRP Tucker-Davis Technology acoustic system at 4, 8, 16,
and 32 kHz and were defined as the lowest stimulus intensity
eliciting a reproducible wave I. Measurements were performed
by two investigators blinded to group allocation.”® Baseline body
weight and ABR thresholds were obtained on day 0. Three
experimental groups (n = 10 per group) then received a single
intraperitoneal injection of cisplatin at 11, 12, or 14 mg kg™ " to
induce sensorineural hearing loss, while five control mice
received an equivalent volume of saline intraperitoneally. Body
weight was monitored daily. On day 5 post-injection,** ABR
thresholds were reassessed at the same frequencies. Consid-
ering threshold elevation and mortality, 11 mg kg™ was iden-
tified as the optimal ototoxic dose, producing a stable ABR
increase with a low death rate, and was therefore used to
establish the mouse model. For subsequent interventions, each
group (n = 6 per group) received an intratympanic injection of
either 3.2 ug mL™" raw intratympanic injection of dexametha-
sone or dexamethasone-loaded LPNs 2 hours before intraperi-
toneal administration of 11 mg per kg cisplatin. One control
group (n = 6) received an intratympanic injection of an equiv-
alent volume of saline. Mice were weighed daily until the next
ABR assessment.

3. Results

3.1 Preparation and characterization of dexamethasone-
loaded LPNs

The quality of dexamethasone-loaded LPNs was systematically
evaluated through comprehensive characterization of particle
size, polydispersity index (PDI), and {-potential. Field emission
scanning electron microscopy (FESEM) combined with Image]
software analysis demonstrated a predominant particle diam-
eter of around 150 nm (Fig. 1A and B). Complementary char-
acterization using laser Doppler electrophoresis (LDE) analysis
revealed that the fabricated LPNs exhibited a mean particle size
of approximately 380.5 nm (Table 1). The discrepancy in particle
size observed between FESEM imaging and LDE analysis was
likely attributable to the agglomeration of the fabricated LPNs
in their colloidal state. Inter-particle interactions promoted this
agglomeration, leading to an apparent increase in particle size
when measured using the LDE method. The nanoscale
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dimension measured from FESEM imaging is particularly
advantageous for biological applications, as nanoparticles
below 150 nm have been shown to facilitate optimal absorption
rates through clathrin-dependent and macropinocytosis-
mediated endocytosis pathways, enabling efficient transport
across the round window membrane and cellular uptake.®***

The polydispersity index (PDI), a critical parameter reflecting
the size distribution homogeneity of nanoparticles, was deter-
mined to be 0.233 for the prepared LPNs (Table 1). This value
falls within the optimal range (<0.3) for drug delivery applica-
tions, indicating a sufficiently uniform particle size distribution
for effective cell targeting.**

The colloidal stability of the LPNs was assessed through ¢-
potential measurements, which yielded a value of —21.9 mV
(Table 1). While colloidal systems with (-potential values
exceeding + 30 mV are considered highly stable due to strong
electrostatic repulsion forces that prevent particle aggrega-
tion,* the obtained value of + 21.9 mV still ensures adequate
stability of the LPN preparation for therapeutic applications.
The slightly reduced {-potential further supported the likeli-
hood of LPN agglomeration in the colloidal state, contributing
to the increased particle size observed through the LDE method.
These comprehensive physicochemical characterization studies
collectively demonstrate that the developed dexamethasone-
loaded LPNs possess optimal characteristics for potential drug
delivery applications.

Fourier Transform Infrared Spectroscopy (FTIR) analysis
confirmed the successful encapsulation of dexamethasone within
the LPNs. The FTIR spectra revealed distinct peaks corresponding
to the functional group's characteristic of dexamethasone.

Table 1 Physicochemical characteristics of dexamethasone-loaded
LPNs®

Particle size (nm)

LPNs LDE® FESEM” PDI ¢ potential (mV)

Dex-LPNs 380.5 & 7.671 150 0.233 + 0.023 —21.9 £ 0.755

“ LDE (n = 3). ” FESEM (n = 300). All results are expressed as mean =+
SD. € Abbreviations: LPNs, lipid-polymer nanoparticles; Dex-LPNs,
dexamethasone-loaded lipid-polymer nanoparticles; LDE, laser
Doppler electrophoresis; FESEM, field emission scanning electron

microscopy; n, number; SD, standard deviation.
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Fig. 1 Characteristics of dexamethasone-loaded LPNs. (A) Scanning electron microscopy (SEM) image of dexamethasone-loaded LPNs. (B)
Particle size distribution analyzed using Imaged. (C) High-performance liquid chromatography (HPLC) analysis to determine the drug content

within the nanoparticles.
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Specifically, a broad peak at 3476 cm ™" was observed, attributed to
the stretching vibration of the hydroxyl (OH) group, providing
insights into the structure of the hydroxyl groups within the
molecule. Additionally, peaks at 2989 ¢cm™" were identified, cor-
responding to the stretching vibrations of methyl (CH;) and
methylene (CH,) groups. The presence of a peak at 1704 cm™*
indicated the stretching vibrations of the carbonyl (C=0) group,
associated with ketone or ester functionalities, while a peak at
1662 cm " was attributed to the stretching vibrations of the
carbon-carbon double bond (C=C). These characteristic bands,
which are unique to the chemical structure of dexamethasone,
were also observed in the FTIR spectrum of the dexamethasone-
loaded LPNs, confirming the successful encapsulation of dexa-
methasone within the LPNs (Fig. 1C).

3.2 Invitro release of dexamethasone-loaded LPNs

HPLC analysis confirmed a high dexamethasone encapsulation
efficiency (EE) of 91.29 4+ 0.03% and a drug loading of 14.43 +
0.05%. The in vitro release profile of dexamethasone from the
LPNs is illustrated in Fig. 2. Approximately 55.56% of the
encapsulated dexamethasone was released within the first 4
hours, with nearly 100% release achieved over a period of 72 h.
The release kinetics exhibited a biphasic pattern, characterized
by an initial burst release within the first 5 h (68% release),
followed by a prolonged, sustained release lasting beyond 72 h.
In contrast, the control group, consisting of raw dexamethasone
without encapsulation, exhibited moderately slower release
after 5 h (53% release), with only 70% release after 72 hours.
The encapsulation of dexamethasone within the LPNs effec-
tively enhanced the bioavailability of hydrophobic dexametha-
sone by improving its release profile, highlighting the potential
of LPNs as a sustained drug delivery system. This sustained
release profile suggests that the LPNs can provide a prolonged
therapeutic effect, which is advantageous for applications
requiring long-lasting and sustained drug delivery. The in vitro
release data demonstrated the ability of the LPNs to sustain the
release of the drug over an extended period.

3.3 Effects of dexamethasone-loaded LPNs on cell
proliferation

The protective effects of raw dexamethasone and
dexamethasone-loaded LPNs on cisplatin-induced cytotoxicity

150

o Dex LPNs

&3 Dex
o 100
0
©
®
? 50
(=]

ol

0 50 100 150 200

Time (h)

Fig. 2 In vitro release kinetics of dexamethasone from LPNs over
a period of 168 hours. The graph illustrates rapid initial release, with
approximately 55.56% of the drug being released within the first 4
hours, culminating in nearly complete release after 72 hours.
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in HEI-OC1 cells were evaluated using the Cell Counting Kit-8
(CCK-8) assay, a colorimetric method that measures cell
viability based on the reduction of a tetrazolium salt to form-
azan dye, detectable at 450 nm. We first confirmed that neither
raw dexamethasone nor dexamethasone-loaded LPNs was
intrinsically cytotoxic: HEI-OC1 cells maintained 91-110%
viability after 48 h of exposure to 0.8-25.6 ug mL ™" (Fig. 3A and
B; p > 0.05 vs. untreated). In the presence of 15 uM cisplatin,
dexamethasone-loaded LPNs conferred a clear, dose-dependent
survival advantage over raw dexamethasone, most evident at
higher concentrations (Fig. 3C). Time-course analysis at 0.8 pg
mL~' showed that dexamethasone-loaded LPNs became
significantly superior from 48 h onward and continued to
increase at 60 h (164.2 £+ 3.2% vs. 135.9 + 4.2%; Fig. 3D; p <
0.001), indicating sustained protection. Together, these find-
ings demonstrate a dose-dependent and time-dependent
enhancement of otoprotective efficacy with dexamethasone-
loaded LPNs, whereas raw dexamethasone provides meaning-
ful benefit primarily at lower concentrations.

3.4 LPN distribution in cells and cochleae

To investigate the in vitro and in vivo distribution and metabolic
dynamics of LPNs, we employed confocal microscopy to track
the fluorescence metabolism of LPNs in HEI-OC1 cells and the
cochlear organ of Corti at various time points, followed by
quantitative analysis. Coumarin-6 labeled LPNs were efficiently
taken up by HEI-OC1 cells, with fluorescence intensity within
the cells increasing significantly over a 48-hour period (P <
0.001). The granular green fluorescence, localized widely in the
cytoplasm, showed a gradual increase throughout the observa-
tion period, confirming enhanced cellular uptake of the LPNs
over time (Fig. 4). In vivo, the results demonstrated that the
LPNs did not cause damage to hair cells. Coumarin-6-labeled
LPNs (3.2 pg mL™') were readily visualized by confocal
microscopy. The strongest fluorescence intensity was observed
in the basal turn of the cochlea, suggesting a higher concen-
tration or metabolic activity of nanoparticles in this region. Over
time, the fluorescence intensity increased, peaking at 24 hours,
where it was approximately twice the intensity observed at the 0-
hour mark. This increase is likely attributed to the accumula-
tion or metabolic processing of nanoparticles within the
cochlea. Subsequently, the fluorescence intensity began to
decline, potentially due to the metabolic excretion or degrada-
tion of the nanoparticles (Fig. 5, P < 0.01 and P < 0.001). These
findings provide valuable insights into the spatial and temporal
distribution of LPNs within cells and cochlear tissues and are
critical for understanding the kinetics and efficiency of LPN-
based drug delivery systems.

3.5 Effects of dexamethasone-loaded LPNs on ABR

Mice were assigned to four groups: a physiological saline
control group and three cisplatin groups receiving 11, 12, or
14 mg kg~ intraperitoneally. The observed mortality rates were
0% (11 mg kg™ "), 60% (12 mg kg™ '), and 80% (14 mg kg™ ).
Surviving animals (10, 4, and 2 mice, respectively) underwent
ABR testing to evaluate cochlear function. As shown in Fig. 6A,
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Fig. 3 Protective effects of dexamethasone formulations on cisplatin-induced cytotoxicity in HEI-OC1 cells assessed by CCK-8 assay. (A) Cell
viability after 48 h of exposure to increasing concentrations of raw Dex (0.8-25.6 ng ml™2). (B) Cell viability after 48 h of exposure to Dex-LPNs at
matched Dex concentrations. (C) Viability of cells co-treated with 15 uM Cis and raw Dex or Dex-LPNs for 48 h. (D) Time-course of cell viability
under 15 uM Cis with 0.8 ng ml per ml Dex or Dex-LPNs over 12—-60 h (**p < 0.01 and ***p < 0.001 vs. Cis alone). Data are presented as mean +
SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001.

A B

Ne I

Fig. 4 In vitro metabolism of LPNs in HEI-OC1 cells. (A) Confocal microscopy images show the uptake of Coumarin-6-labeled LPNs in HEI-OC1
cells over 1, 12, and 24 hours. Phalloidin (red) labels the cytoskeleton, DAPI (blue) labels the cell nucleus, and green fluorescence represents the
excitation light of the LPNs. (B) Fluorescence intensity was quantified using ImageJ to evaluate LPN uptake. The excitation light was observed as
granular signals within the cytoplasm, with intensity gradually increasing over time. ***P <0.001.
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ABR thresholds normalized to the physiological saline control analysis of ABR thresholds and mortality, 11 mg kg™ ' was
increased in a dose-dependent manner after cisplatin admin- selected as the optimal dose for subsequent experiments. For
istration, indicating progressive ototoxicity. Based on combined the treatment study, one control group received intratympanic
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Fig. 5 In vivo metabolism of LPNs within the cochlea. (A) Fluorescence metabolism of nanoparticles at various time points. (B) Quantitative
analysis of LPN distribution in the organs of Corti. Phalloidin (red) labels the hair cells, while green fluorescence represents the excitation light of
the LPNs. The results demonstrate that LPNs do not cause damage to hair cells. The strongest fluorescence intensity is observed at the basal turn,
gradually increasing over time. At 24 hours, the fluorescence intensity peaks at approximately twice the level observed at the 0-hour mark, after
which it begins to decline. Scale bar: 5 pm. **P < 0.01 and ***P < 0.001.
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Fig. 6 (A) Establishment and optimization of the cisplatin-induced ototoxicity model. A mouse model for cisplatin-induced ototoxicity using
varying doses of cisplatin (11 mg kg™, 12 mg kg%, and 14 mg kg™%) was established. Day-5 mortality and subsequent evaluation of ABR threshold
shifts (normalized to saline controls) increased in a dose-dependent manner, identifying 11 mg kg™* as the optimal dose for subsequent
experiments. (B) Therapeutic efficacy of raw dexamethasone and dexamethasone loaded LPNs in the cisplatin-induced ototoxicity model.
Intratympanic injection of 3.2 pg per ml dexamethasone-loaded LPNs showed lower ABR thresholds across all tested frequencies compared with

raw dexamethasone, with significant differences at 16 and 32 kHz. *P < 0.05.

physiological saline. Two experimental groups received intra-
tympanic injections of either 3.2 pg per mL dexamethasone-
loaded LPNs or raw dexamethasone, and two hours later,
11 mg per kg cisplatin was administered intraperitoneally. Five
days thereafter, ABR thresholds normalized to the control were
consistently lower at all tested frequencies in the
dexamethasone-loaded LPNs group than in the raw dexameth-
asone group, with significant differences at 16 and 32 kHz
(Fig. 6B). These results indicate that dexamethasone-loaded
LPNs provide superior protection against cisplatin-induced
ototoxicity, potentially through enhanced delivery and sus-
tained release within the cochlear environment.

4. Discussion

This work presents a hybrid delivery system that integrates
a stearic-acid lipid monolayer, a PLGA core, and a PEG-400 shell
to combine high biocompatibility, improved payload, sustained
release, and in vivo efficacy. The stearic-acid interface enhances

© 2025 The Author(s). Published by the Royal Society of Chemistry

encapsulation of hydrophobic dexamethasone, while PLGA
mitigates the instability, lipid peroxidation, and burst release
commonly seen with conventional lipid carriers.”** PEG-400
reduces opsonization and prolongs circulation.'®** Consistent
with these design goals, the {-potential (—21.9 mV) falls within
the typical range for stearic-acid surfaces (—20 to —30 mvV),
supporting colloidal stability, and the narrow size distribution
(PDI = 0.23) indicates uniformity favorable for reproducible
loading and release.’** This multi-layered design is critical for
achieving successful targeted delivery. Supporting this, Gu J.
et al. previously reported that lipid (DMPC)-polymer (mPEG-
PLA) hybrid nanoparticle loaded astaxanthin enabled this
poorly soluble drug to possess favorable biocompatibility and
penetrate the round window membrane.*® Accordingly, the
biphasic release profile—an early local burst followed by pro-
longed release—likely enhances therapeutic performance by
rapidly establishing and then maintaining effective dexameth-
asone exposure at cochlear targets.
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At the cellular level, CCK-8 assays confirmed the absence of
intrinsic cytotoxicity, and fluorescence imaging demonstrated
progressive intracellular accumulation in HEI-OC1 cells (1-48
h), whereas in vivo cochlear fluorescence peaked at around 24 h
and declined by 48 h (Fig. 4 and 5). The divergence likely reflects
proliferative cell culture versus non-dividing cochlear hair cells
with active clearance. These observations are broadly concor-
dant with previous kinetics studies of the cochlea*=® and
suggest higher cochlear accumulation compared with certain
formulations and the administration route reported by Sun
et al.”’

Functionally, cisplatin produced dose-dependent ABR
threshold shifts and mortality across 11-14 mg kg~ (Fig. 6A);
11 mg kg~ was selected as the optimal ototoxic dose because it
balanced robust threshold elevation with acceptable mortality.
Against this background, dexamethasone-loaded LPNs out-
performed raw dexamethasone in attenuating hearing loss,
yielding lower baseline-normalized ABR thresholds across
tested frequencies, with significant advantages at 16 and 32
kHz. This pattern is consistent with improved intracochlear
exposure (e.g., more efficient round-window permeation) and
sustained release that may prolong therapeutic level relative to
raw dexamethasone's transient peak during the cisplatin injury
window. Furthermore, because ABR threshold elevations
correlated closely with outer-hair-cell loss, the observed func-
tional protection plausibly reflects reduced hair-cell injury,***
although confirmation will require cochlear histopathology in
future work.

Mechanistically, cisplatin traverses the blood-labyrinth
barrier, preferentially accumulates in the stria vascularis, and
persists long-term, thereby disrupting endolymphatic homeo-
stasis and triggering inflammatory responses in outer hair
cells.*>* Dexamethasone mitigates these effects primarily
through glucocorticoid receptor-mediated suppression of pro-
inflammatory signaling (e.g., TNF-a, IL-6, and NF-kB) and by
preserving cochlear microvascular perfusion.*” Consequently,
formulations that sustain intracochlear residence and maintain
pharmacologically active exposure are expected to provide more
durable protection against cisplatin's prolonged cochlear
burden.*® The sustained-release kinetics of our hybrid LPNs
meet these requirements, likely explaining their superior
functional performance. Nevertheless, direct evaluation of
inner-ear pharmacokinetics and pharmacodynamics is essen-
tial to substantiate this interpretation. Collectively, these find-
ings support nanoparticles as viable cochlear carriers and
highlight the need to account for cochlear metabolic behavior
when optimizing composition, dose, and exposure duration to
sustain intralabyrinthine concentrations while minimizing
adverse effects.

5. Conclusion

This study provides valuable insights into the encapsulation
efficiency, cellular uptake, and therapeutic outcomes of
dexamethasone-loaded LPNs. By examining the drug delivery
efficiency in both cellular and animal models, the study aims to
establish a foundation for the potential clinical application of
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LPNs in enhancing the treatment of SNHL, particularly in the
context of ototoxicity induced by chemotherapeutic agents. This
research contributes to the ongoing efforts to improve the
management of SNHL, offering a novel approach that may lead
to more effective treatments and better patient outcomes.
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