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Abstract

Intratympanic (IT) injection of corticosteroids is a standard clinical treatment for sensorineu-
ral hearing loss; however, achieving both biocompatibility and efficient cochlea drug de-
livery remains a significant challenge. Herein, we engineered a novel drug nanocrystal
(NS)-loaded thermo-reversible hydrogel (NS-TG) system of dexamethasone-21-palmitate
(DEX-P), a lipophilic prodrug of dexamethasone (DEX), for improved IT delivery. NSs
with a mean diameter of 835.0 nm were fabricated using a dual centrifugation process with
polyvinyl alcohol as the stabilizer. The NS-TG system, comprising NSs in a 19% (w/v)
Poloxamer 407 hydrogel, exhibited rapid gelation (2–3 min) and a 31-fold increase in drug
solubility (1.57 ± 0.02 mg/mL) compared to NS alone, through micellar solubilization.
In vitro cytotoxicity assays in HEI-OC1 cells revealed that NS-TG is highly biocompatible,
maintaining cell viability, whereas the commercial lipid emulsion (Lipothason®) induced
significant cytotoxicity. In vivo pharmacokinetic evaluation in mice revealed that IT NS-TG
provided superior cochlear drug absorption compared to DEX-SP solutions and DEX-P NS,
despite showing lower absorption than the lipid emulsion. These findings suggest that the
DEX-P NS-TG system, pending further investigation, could serve as a promising platform
for cochlear steroidal delivery, offering an optimal balance between delivery efficiency and
local safety for treating inner ear diseases.

Keywords: dexamethasone palmitate; drug nanocrystals; Poloxamer 407; thermosensitive
hydrogel; intratympanic delivery; cochlear delivery; cytotoxicity

1. Introduction
Sensorineural hearing loss (SNHL) is a debilitating auditory impairment characterized

by the progressive degeneration of sensory hair cells or auditory nerve fibers within the
cochlea [1]. This condition is frequently precipitated by inflammatory processes, acoustic
overstimulation, or exposure to ototoxic agents [2]. Although systemic corticosteroid admin-
istration remains the clinical gold standard, its therapeutic efficacy is severely constrained
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by the blood–labyrinth barrier (BLB) [3,4]. The BLB acts as a formidable physiological
interface that restricts the entry of systemic pharmacological agents into the inner ear, neces-
sitating high systemic doses that often lead to off-target adverse effects [5]. To circumvent
these limitations, intratympanic (IT) injection has emerged as a superior localized delivery
route. This approach utilizes the round window membrane (RWM) as the primary portal for
drug diffusion into the perilymph, thereby achieving higher intracochlear concentrations
while minimizing systemic exposure [5–7]. Currently, dexamethasone sodium phosphate
(DEX-SP), a hydrophilic prodrug of DEX, is the most prevalent agent for IT therapy due
to its excellent aqueous solubility [8,9]. However, its clinical utility is often compromised
by two major factors: rapid mucociliary clearance via the Eustachian tube, which reduces
residence time within the middle ear cavity, and its inherent hydrophilicity, which limits
passive permeability across the lipophilic RWM [9]. The RWM is a complex trilayered
anatomical structure comprising an outer epithelium, a middle connective tissue layer, and
an inner mesothelium [10,11]. The presence of tight junctions (zonulae occludentes) within
these layers produces a charge- and size-dependent barrier, posing a substantial challenge
for the diffusion of polar molecules into the inner ear [8–10].

To enhance RWM permeability and extend therapeutic duration, lipophilic prodrugs
such as dexamethasone-21-palmitate (DEX-P) have gained research interest [12,13]. With
an octanol–water partition coefficient (log P) of approximately 9.8, DEX-P exhibits a strong
affinity for the lipid bilayers of the RWM, potentially facilitating superior transport com-
pared to hydrophilic analogs [14]. Nevertheless, the extreme lipophilicity of DEX-P necessi-
tates specialized vehicles, typically lipid emulsions (LEs) or liposomes [15,16]. The current
commercial benchmark, an LE (Lipothason®, Mitsubishi Tanabe Pharma Corp., Osaka,
Japan), requires high concentrations of soybean oil (100 mg/mL) and lecithin (12 mg/mL) to
solubilize 4 mg/mL of DEX-P [16]. While these excipients are clinically approved for even
intravenous use, their administration in the middle ear cavity at such high concentrations
raises significant biocompatibility concerns, including the risk of inducing inflammatory
responses in the middle ear mucosa or disrupting the sensitive ionic homeostasis and
endocochlear potential of the inner ear [17,18].

Drug nanocrystallization technology offers a robust paradigm for the local delivery
of poorly water-soluble drugs with minimal excipient requirements, thereby mitigating
vehicle-related toxicity. By reducing particle size to the sub-micron range, nanocrystals
(NSs) exponentially increase the effective surface area-to-volume ratio, accelerating dis-
solution velocity as described by the Noyes–Whitney equation and enhancing saturation
solubility via the Ostwald–Freundlich effect [19–21]. Furthermore, NSs exhibit enhanced
mucoadhesiveness; the increased contact area and reduced curvature facilitate stronger van
der Waals interactions and physical entanglement with the mucosal surface, potentially
extending the drug’s residence time in the cavity [22]. To further improve therapeutic out-
comes, the integration of NSs into hydrogel-based systems provides a synergistic delivery
platform. Poloxamer 407 (P407), a triblock copolymer (PEO-PPO-PEO), is particularly ad-
vantageous due to its unique thermo-responsive rheological properties. P407 undergoes an
in situ sol-to-gel transition at physiological temperatures, transforming from a low-viscosity
liquid—allowing for ease of injection and optimal spreadability—into a stable, semi-solid
drug depot [23]. This depot system effectively sequesters the drug crystals, counteracting
rapid Eustachian tube clearance and ensuring prolonged cochlear diffusion [24,25]. Cru-
cially, beyond its gelation capacity, P407 molecules assemble into micellar structures above
the critical micelle concentration (CMC) [26]. The hydrophobic poly(propylene oxide)
(PPO) cores of these micelles provide an additional microenvironment for the solubilization
of lipophilic drugs. This micellar solubilization acts in tandem with the nanocrystal fraction
to further enhance the apparent drug solubility.
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In the present study, we engineered an NS-loaded thermo-reversible hydrogel (NS-
TG) system of DEX-P as an advanced alternative for IT steroidal delivery. DEX-P NSs
were fabricated using a dual centrifugation (DC) process and subsequently incorporated
into a P407 hydrogel matrix. The concentration of P407 was optimized to ensure the
sol-to-gel transition occurs precisely at physiological temperatures. We characterized the
physicochemical properties of the NS-TG system, including crystal morphology, particle
size, zeta potential, and crystallinity. The rheological behavior, micellar solubilization
effects on drug solubility, and in vitro drug release profiles were evaluated. Furthermore,
we investigated the in vitro enzymatic conversion of DEX-P to its active form (DEX) and
assessed its biocompatibility using the immortalized mouse auditory cell line (HEI-OC1).
Finally, the in vivo cochlear absorption of the NS-TG was compared with that of DEX-SP
solution and a commercial LE following IT administration in a mouse model.

2. Materials and Methods
2.1. Materials

DEX-P powder (purity > 98.5%, mean particle size of 20 µm) was provided by
Dongkook Pharmaceutical Co. (Seoul, Republic of Korea). Polyoxyethylene (196)–
polyoxypropylene (67) glycol (P407), polyoxyl 35 castor oil (Cremophor ELP), macrogol
15 hydroxystearate (Solutol HS15), polyoxyl 40 hydrogenated castor oil (Cremophor RH40),
and polyoxyethylene (160)–polyoxypropylene (30) glycol (P188) were provided by CTC
Bio (Hwaseong, Republic of Korea). D-(+)-Glucose, polyvinyl alcohol (PVA; average
molecular weight of 30,000–70,000 g/mol), sodium chloride, calcium chloride, magnesium
chloride, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), tyloxapol, sodium
carboxymethyl cellulose (Na.CMC; average molecular weight of 90,000 g/mol), hydrox-
ypropyl cellulose (HPC; average molecular weight of approximately 100,000 g/mol), hy-
droxypropyl methylcellulose (HPMC; number average molecular weight of 86,000 g/mol),
polyvinylpyrrolidone K17 (PVP K17), and polyvinylpyrrolidone K30 (PVP K30) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Polysorbate 20 (Tween 20) and
polysorbate 80 (Tween 80) were obtained from Croda Korea (Seongnam, Republic of Korea).
Potassium chloride and HPLC-grade acetonitrile were purchased from Samchun Chemical
Co. (Pyeongtaek, Republic of Korea). High-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Cat. No. 11965-092), fetal bovine serum (FBS; Cat. No. SH30919.03), and recombi-
nant mouse interferon-γ (IFN-γ; Cat. No. PMC4034), used for HEI-OC1 cell culture, were
obtained from Gibco, a Thermo Fisher Scientific brand (Grand Island, NY, USA), Cytiva
HyClone (Logan, UT, USA), and Thermo Fisher Scientific (Waltham, MA, USA), respec-
tively. The EZ-CytoX cell viability assay kit, for cytotoxicity analysis, was purchased from
Daeil Lab Service (Seoul, Republic of Korea). Propidium iodide (PI) solution (1.0 mg/mL
in water; Cat. No. P3566), for flow cytometric analysis of dead cells, was obtained from
Invitrogen, a Thermo Fisher Scientific brand (Carlsbad, CA, USA).

2.2. Preparation of DEX-P Loaded NSs Using Bead-Milling Technology

DEX-P-loaded NSs were prepared using a DC-based bead-milling technique, an ad-
vanced laboratory-scale method for efficient drug particle size reduction [27,28]. Initially, an
isotonic aqueous vehicle was prepared by dissolving 5% (w/v) glucose in 10 mM phosphate
buffer (pH 7.0). Various stabilizers were then dissolved in this vehicle at concentrations
ranging from 1 to 10 mg/mL under constant magnetic stirring at 25 ◦C. To fabricate the NS,
1 mL of the stabilizer solution was transferred into a 2 mL milling tube. Subsequently, 4 or
8 mg of DEX-P powder (4 NS and 8 NS, respectively) and 250 mg of zirconia beads (0.3 mm
diameter) were added to the vehicle. The mixture was pre-wetted for 5 min using a vortex
shaker at room temperature. The resulting coarse dispersion was subjected to bead milling
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using a ZentriMix 380R dual-centrifuge (Andreas Hettich GmbH & Co. KG, Tuttlingen,
Germany). The milling process was conducted for 1 h at various rotational speeds (500,
1500, and 2500 rpm), while the chamber temperature was maintained at 20 ◦C throughout
the process. Following the milling process, the NS was separated from the zirconia beads
using a 26-gauge syringe and collected in a scintillation vial at 25 ◦C.

2.3. Preparation of DEX-P NS-TGs with P407

Different amounts of P407 (160–190 mg) were added to 1 mL of the NS and mixed
vigorously by vortexing for approximately 30 min to ensure uniform dispersion. The
mixture was then subjected to continuous stirring at 500 rpm using a Twister (VS-96TW,
Vision Scientific Co., Ltd., Seoul, Republic of Korea) for 10 h at 4 ◦C to facilitate complete
dissolution of P407 and the formation of a homogeneous solution. The resulting NS-TGs
were stored at 4 ◦C until further experiments.

2.4. Physicochemical Characterization of DEX-P NS and NS-TG
2.4.1. Morphology of DEX-P Nanocrystals

The morphology of raw DEX-P material and nanocrystals dispersed in the vehicle
or hydrogel was examined using field emission scanning electron microscopy (FE-SEM,
MIRA3-LMU, TESCAN, Brno, Czechia). To remove P407, 4 mL of the NS-TG sample
diluted 10-fold with vehicle was centrifuged at 13,000 rpm for 10 min (Optima L-100K,
Beckman Coulter, Brea, CA, USA). The supernatant was discarded, replaced with an equal
volume of distilled water, and the pellet was redispersed. Ten microliters of the resulting
suspension were deposited onto an aluminum stub with carbon tape and air-dried at room
temperature for 24 h. All samples were sputter-coated with platinum at 30 mA for 30 s
(Q150T S plus, Quorum Technologies Ltd., Lewes, UK) and observed at an accelerating
voltage of 10 kV.

2.4.2. HPLC Analysis of DEX-P

The amount of DEX-P in the formulation and dissolved was determined using high-
performance liquid chromatography (HPLC). For total DEX-P quantification, 20 µL of
NS suspension was diluted with 980 µL of mobile phase prior to analysis. To assess the
dissolved fractions, 1 mL of each NS sample was centrifuged at 13,000 rpm for 10 min, and
the supernatant was diluted two-fold in the mobile phase. The amount of DEX-P in the
suspended state was calculated by subtracting the dissolved fraction from the total content
in the suspension.

HPLC analysis was performed using a Shimadzu LC-20 series system equipped with
a C18 column (4.6 mm × 150 mm, 5 µm, Osaka Soda Co., Ltd., Osaka, Japan). For DEX-P
analysis, the mobile phase consisted of 100% acetonitrile, with a flow rate of 1.0 mL/min,
an injection volume of 20 µL, and a column temperature of 40 ◦C. DEX-P was detected at
240 nm. The retention time of DEX-P was 4.7 min. The calibration curve of DEX-P in the
range from 1 to 200 µg/mL was linear (r2 = 1.0, y = 23,691x − 11,815). The limit of detection
(LOD) and limit of quantitation (LOQ) of the analysis method were determined to be 0.089
and 0.27 µg/mL, respectively.

2.4.3. Determination of Particle Size and Zeta Potential

The intensity-weighted hydrodynamic diameters and polydispersity indices (PDI)
of the DEX-P NS and NS-TG formulations were determined via dynamic light scattering
(Zetasizer Nano, Malvern Instruments, Worcestershire, UK). Samples (100 µL) were diluted
10-fold with distilled water and loaded into disposable cuvettes. Measurements were
performed at 25 ◦C with a 4 mW He-Ne laser (633 nm) at a 90◦ scattering angle, in triplicate
(13 runs, 60 s each). For zeta potential measurement, the samples were diluted 10-fold
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with 10 mM phosphate buffer (pH 7.0) prior to electrophoretic light scattering analysis to
reduce turbidity, viscosity, multiple scattering, and conductivity-related artifacts arising
from the concentrated NS and gel matrix. The zeta potential of NSs was determined using
a Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK) at 25 ◦C. Twenty runs
were performed for each measurement (n = 3).

2.4.4. X-Ray Diffraction (XRD) Analysis

NS and NS-TG samples were ultracentrifuged at 13,000 rpm for 10 min to sediment
the drug crystals. For NS-TG samples, the supernatant was discarded after centrifugation,
replaced with distilled water, and subjected to a washing step. The precipitated drug
crystals were collected using a spatula and dried at 25 ◦C for 24 h. The diffraction pattern
of each dried sample (approximately 20 mg) was determined using an X-ray diffractometer
(Ultima IV, Rigaku Corporation, Tokyo, Japan) at 25 ◦C. Measurements were performed
over a scanning range of 5–60◦, with a step size of 0.02◦ and a scan speed of 2◦/min.

2.4.5. Thermal Analysis

The thermal properties of raw DEX-P and solidified nanocrystals were assessed by
differential scanning calorimetry (DSC; Thermo plus EVO 2, Rigaku Corporation, Tokyo,
Japan). Nanocrystals were collected by centrifugation and dried as described above. Ap-
proximately 2 mg of each solid sample was sealed in an aluminum pan and heated at
10 ◦C/min under a nitrogen purge (20 mL/min). An empty pan served as the reference.

2.4.6. Osmolality and pH Determination

The osmolality (mOsmol/kg) and pH of DEX-P NS suspensions were measured
directly without dilution. For NS-TG samples, measurements were performed after 20-fold
dilution. Osmolality and pH were determined using a micro-osmometer (Micro-osmometer
210, Fiske Associates, Norwood, MA, USA) and a pH meter (S220, Mettler-Toledo LLC.,
Columbus, OH, USA), respectively.

2.5. Rheological Analysis of Sol–Gel Transition of NS-TGs
2.5.1. Gelation Time Measurement

In total, 1 mL of each formulation was placed in a 4 mL scintillation vial and immersed
in a water bath maintained at 37 ◦C. The transition from liquid to solid or semi-solid state
was visually monitored, and the time at which the formulation completely lost fluidity
was recorded as the gelation time. If no gelation occurred within 300 s, the evaluation
was terminated.

2.5.2. Gelation Temperature and Viscosity Determination

Gelation temperature and viscosity of NS-TGs as a function of P407 concentration
were evaluated using a modular compact rheometer (MCR 302, Anton Paar, Graz, Austria)
equipped with a 25 mm parallel plate and a 1 mm gap. Temperature sweep tests were
conducted from 0 ◦C to 50 ◦C at a heating rate of 3 ◦C/min, with a frequency of 1 Hz and a
constant stress of 12 Pa. The gelation temperature was defined as the point at which the
elastic modulus increased sharply. To compare viscosity at 25 ◦C and 37 ◦C, frequency
sweep tests were performed after equilibrating samples at each temperature for 10 min,
measuring viscosity over a frequency range of 10–100 rad/s under a constant stress of 12 Pa.

2.6. In Vitro Dissolution Profile of DEX-P Raw Material, NS, and NS-TG

The in vitro dissolution profiles of DEX-P raw material, DEX-P NSs, and DEX-P NS-
TG were evaluated under sink conditions. Cremophor RH40 (1.5% w/v) was added to
the dissolution medium to improve the dispersibility and wetting of DEX-P during the
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dissolution test. DEX-P raw material was directly added to the dissolution medium at a
dose of 4 mg, and 1 mL of each NS or NS-TG formulation was added to the dissolution
medium. Each formulation was added to 200 mL of dissolution medium maintained at
37 ◦C and agitated in a shaking incubator (BF-60SIR, Bio Free, Seoul, Republic of Korea).
For NS-TGs, samples were pre-gelled by incubating in plastic containers in a 37 ◦C water
bath for 10 min prior to transfer into the dissolution medium. Artificial perilymph fluid,
composed of 130 mM NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 6 mM HEPES, and an
appropriate amount of glucose in distilled water (adjusted to 300 mOsmol/kg, pH 7.3),
was used as the dissolution medium [24,29]. At predetermined time points, 1 mL aliquots
were withdrawn from the medium and centrifuged at 13,000 rpm for 10 min to remove any
insoluble matter. An equal volume of pre-warmed fresh dissolution medium (37 ◦C) was
added to maintain a constant volume throughout the experiment.

2.7. In Vitro Enzymatic Conversion Assay

The in vitro metabolic transformation of the lipophilic prodrug DEX-P into its phar-
macologically active form, DEX, was evaluated using porcine liver esterase (PLE). DEX-P
NS (equivalent to 10 µg/mL of drug) was incubated in a conversion medium consisting
of phosphate-buffered saline (PBS, pH 7.4) supplemented with 0.5% (w/v) Tween 20 to
ensure adequate solubilization of the hydrophobic prodrug. The incubation was conducted
in a shaking incubator at 37 ◦C and 75 rpm, both in the presence and absence (negative
control) of 5 U/mL PLE. At predetermined time intervals (0.5, 1, 2, 4, 8, 12, 24, 48, 72, and
96 h), 500 µL aliquots were withdrawn and immediately quenched with 500 µL of ice-cold
acetonitrile to terminate enzymatic activity. The quenched samples were then centrifuged
at 13,000 rpm for 10 min at 4 ◦C to precipitate proteins and any remaining particles. The
concentration of liberated DEX in the supernatant was subsequently quantified via HPLC.
Quantitative analysis of DEX was performed using a validated Shimadzu LC-20 series
system (Shimadzu, Kyoto, Japan) equipped with an Aegispak C18-L column (4.6 × 150 mm,
5 µm). The mobile phase consisted of an isocratic mixture of water and acetonitrile (60:40
v/v) containing 0.1% trifluoroacetic acid. The flow rate was maintained at 1.0 mL/min,
and the column temperature was controlled at 40 ◦C. The detection wavelength was set
at 240 nm with an injection volume of 20 µL.

2.8. In Vitro Cytotoxicity of DEX-P Formulations

The HEI-OC1 cell line, originally established by Dr. Federico Kalinec [30], was kindly
provided by Prof. Min-Young Lee (Dankook University, Republic of Korea). HEI-OC1
auditory cells were maintained in high-glucose DMEM supplemented with 10% FBS and
50 U/mL IFN-γ. Cells were cultured under permissive conditions at 33 ◦C in a humidified
atmosphere containing 10% CO2. To evaluate the cytotoxicity of DEX-P formulations, cell
viability was assessed using both a colorimetric assay and flow cytometric analysis with PI
staining. HEI-OC1 cells were seeded into 96-well plates at a density of 0.7 × 104 cells/well
and allowed to attach overnight. Cells were then treated with Lipothason® (Mitsubishi
Tanabe Pharma Corporation, Osaka, Japan),4 NS, 8 NS, or 4 NS–19%TG formulations for 24
h. After treatment, 10 µL of EZ-CytoX reagent was added directly to each well according to
the manufacturer’s instructions, followed by incubation for 2 h at 33 ◦C. Absorbance was
measured at 450 nm using a microplate reader (Infinite®, TECAN, Männedorf, Switzerland).
Cell viability was expressed as a percentage relative to untreated control cells. For flow
cytometric analysis, cells were harvested by trypsinization, washed twice with PBS, and
resuspended in PBS containing 1 µg/mL propidium iodide (PI). Cells were incubated for
15 min at room temperature in the dark. PI-positive cells were quantified using a flow
cytometer (FACSCanto II, BD Biosciences, San Jose, CA, USA).
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2.9. Animals and Auditory Brainstem Response Measurements

All animal experiments were conducted in accordance with the National Research
Council Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of the Clinical Research Institute, The
Catholic University of Korea Daejeon St. Mary’s Hospital (approval number: CMCDJ-AP-
2024-001; approval date: 30 May 2024). Eight-week-old male C57BL/6 mice (Orient Bio,
Seoul, Republic of Korea) were housed under controlled environmental conditions with
free access to food and water. Auditory function was evaluated by auditory brainstem
response (ABR) testing at 1 and 2 weeks after intratympanic injection of the formulations.
Mice were anesthetized prior to testing, and ABRs were recorded using a TDT System III
platform (Tucker-Davis Technologies, Gainesville, FL, USA). Needle electrodes were placed
subcutaneously at the vertex (active), beneath the pinna of the operated ear (reference), and
beneath the contralateral ear (ground). Recordings were obtained from the operated ear
using tone-burst stimuli at 8, 16, and 32 kHz, as well as click stimuli. Tone bursts had a
total duration of 4 ms with 1-ms rise/fall times. Sound intensity was decreased in 10-dB
steps near the threshold. ABR waveforms were analyzed using BioSig RP software (version
4.4.1; Tucker-Davis Technologies), and the hearing threshold was defined as the lowest
sound intensity that elicited a reproducible ABR waveform.

2.10. In Vivo Pharmacokinetic Evaluation Following IT Administration in Mice
2.10.1. IT Administration of DEX-P Formulations

For the pharmacokinetic study, mice were anesthetized after a 7-day acclimatization
period and placed on a temperature-controlled heating pad. IT injections were performed
using a 31 G, 1 mL BD insulin syringe. To normalize the administered dose of DEX, the
injection volumes were varied: 5 µL for DEX-SP and 10 µL for all DEX-P formulations (LE,
4 NS, 8 NS, and 4 NS–19%TG). Consequently, DEX-SP, LE, 4 NS, and 4 NS–19%TG were
administered at an equivalent absolute dose of approximately 25 µg as DEX, whereas 8 NS
was administered at approximately 50 µg as DEX.

2.10.2. Determination of DEX in Cochlear Lysates

Cochlear drug concentrations were evaluated at predetermined time points following
IT injection of DEX-P solution or DEX-P NS formulations. Cochlear tissues were harvested,
rinsed in isotonic PBS to remove surface drug residues, and stored at −80 ◦C until analysis.
Tissues were weighed and pulverized using a pestle, then mixed with 400 µL acetonitrile
and shaken for 10 min. After centrifugation at 13,000 rpm, 4 ◦C for 10 min, 40 µL of the
supernatant was combined with 460 µL acetonitrile and 500 µL acetonitrile containing
200 ppb of internal standard (triamcinolone acetonide). The mixture was centrifuged
again, and the supernatant was transferred to LC vials for LC-MS/MS analysis. DEX
concentrations in cochlear tissue were quantified using a validated liquid chromatography–
tandem mass spectrometry (LC-MS/MS) [31]. Chromatographic separation was performed
on a Shimadzu Nexera UPLC system (Tokyo, Japan) with a Phenomenex Gemini NX-C18
column (2.1 × 150 mm, 3 µm, Torrance, CA, USA) under gradient elution with 0.1% formic
acid in water (A) and 100% acetonitrile (B). The mass spectrometer (LCMS-8050, Shimadzu
Corporation, Tokyo, Japan) operated in positive electrospray ionization (ESI) mode using
multiple reaction monitoring (MRM). The autosampler and column oven were set at 4 ◦C
and 40 ◦C, respectively, with a 10 µL injection volume. The interface, DL, and heating block
temperatures were set at 300 ◦C, 250 ◦C, and 400 ◦C, respectively.

Pharmacokinetic parameters, including maximum drug cochlear concentration in
cochlear homogenates (Cmax), time to reach Cmax (Tmax), and the area under the drug
concentration-time curve up to the last measurable time point (AUClast), were determined
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from the cochlear tissue drug concentration data obtained at 0, 1, 3, 6, and 24 h using
WinNonlin software (version 5.2, Pharsight Co., Mountain View, CA, USA). The Cmax, Tmax,
and AUClast values were obtained directly from the WinNonlin output.

2.11. Lyophilization and Evaluation of Short-Term Storage Stability of DEX-P NS Formulations

To ensure physicochemical stability, the prepared DEX-P NS and NS-TG were subjected
to a standardized lyophilization cycle. The aqueous NS formulations were aliquoted into
USP Type I glass vials and frozen at −85 ◦C for 24 h to induce complete solidification. The
frozen samples were subsequently dried at −85 ◦C for 24 h. The lyophilized NS-loaded
vials were transferred to a calibrated stability chamber (25 ± 2 ◦C and 60 ± 5% RH) over a
4-week period. Visual appearance was evaluated for cake shrinkage and matrix collapse.
Visual appearance was rigorously monitored for cake shrinkage and matrix collapse. For
reconstitution, sterile water for injection was added dropwise to the lyophilized cake,
followed by gentle manual agitation to achieve complete redispersion. The drug content,
hydrodynamic diameter, PDI, and zeta potential of the reconstituted nanocrystals were
determined immediately following the reconstitution process.

2.12. Statistical Analysis

All experiments were performed at least three times, and data are expressed as means
± standard deviation (SD). One-way analysis of variance, followed by Tukey’s post hoc test,
was used to compare differences between groups. Data analysis was performed using SPSS,
version 22.0 (IBM Corp., Armonk, NY, USA). Statistical significance was set at p < 0.05.

3. Results and Discussion
3.1. Design of DEX-P NSs Using Bead-Milling Technique

In the present study, we engineered a DEX-P NS system for intracochlear drug delivery
following IT administration. To the best of our knowledge, this is the first report of a solid-
state nanocrystal strategy designed for this lipophilic corticosteroid prodrug. Currently,
pharmacological interventions for inner ear delivery of DEX-P have predominantly relied
on lipid-based solubilization platforms, such as oil-in-water emulsions and phospholipid-
based liposomes [15,16]. While these lipidic nano-architectures effectively solubilize the
lipid prodrug and facilitate penetration through the RWM, their clinical utility is frequently
compromised by biocompatibility concerns within the delicate cochlear environment [17,32].
Commercialized lipid-based carriers typically require high concentrations of corn oils
and phospholipids to maintain drug solubility and physical stability [16]. For instance,
LE contains high concentrations of soybean oil (100 mg/mL) and lecithin (12 mg/mL)
to solubilize 4 mg/mL of DEX-P [16]. Such high surfactant-to-drug ratios can induce
ototoxicity, inflammatory responses, and mucosal thickening, potentially damaging hair
cells and the stria vascularis. Furthermore, exogenous oily components may disrupt
endocochlear fluid dynamics or cause localized edema [17,32]. To address these limitations,
we designed a biocompatible NS system using minimal stabilizers, hypothesizing that this
approach would preserve cochlear integrity while enhancing delivery through increased
surface area and accelerated dissolution kinetics [19,20,33,34].

DEX-P NSs were fabricated using a DC technique with zirconia beads as the grinding
medium (Figure 1a). Unlike conventional bead milling, this process generates intense
mechanical energy through simultaneous rotation and revolution, inducing high-frequency
collisions and potent shear forces that facilitate efficient size reduction via mechanical
attrition [27,28]. For the highly lipophilic DEX-P, the kinetic energy transferred from the
zirconia beads surmounts the crystal lattice energy of the drug, leading to rapid propagation
of fractures along its cleavage planes. This energetic comminution effectively breaks down
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the initial coarse DEX-P particles into sub-micron dimensions by providing high-frequency
impact stress that exceeds the fracture limit of the crystalline drug. For clinical relevance,
drug loading was set at 4–8 mg/mL with glucose added for isotonicity.

Different surfactants and hydrophilic polymers were screened to ensure the physical
stability of the sub-micron particles. As shown in Figure 1b, most stabilizers (e.g., Tween 80,
Tween 20, P188, Tyloxapol, PVP K17, Kolliphor ELP, Na.CMC) failed to suppress particle
growth, resulting in severe aggregation with dimensions > 5 µm immediately following
the DC process. In contrast, the use of hydrophilic polymers such as HPC, HPMC, PVP
K30, and PVA successfully yielded stable drug nanocrystals with mean diameters ranging
from 900 to 1600 nm. PVA achieved the most significant size reduction to 900 nm while
maintaining a narrow size distribution (PDI = 0.246 ± 0.017) among the screened stabilizers.
The effectiveness of PVA is attributed to its amphiphilic nature: hydrophobic segments
adsorb onto the DEX-P crystal surfaces, while hydrophilic chains extend into the aqueous
phase, forming a steric barrier that counteracts van der Waals forces and suppresses
Ostwald ripening [35,36].

Figure 1. Cont.
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Figure 1. Optimization of fabrication parameters for DEX-P NSs. (a) Schematic illustration of the
preparation process for DEX-P NSs via the bead-milling process. (b) Screening of suspending agents
based on their effects on particle size and PDI. (c) Influence of PVA concentration (0.1–1%) on particle
size and PDI at two different drug loadings (4 mg/mL and 8 mg/mL). (d) Particle size of NSs after
7 days of storage at 25 ◦C as a function of PVA concentration. (e) Impact of milling speed (rpm) and
bead amount (250–1000 mg) on particle size and PDI. (f) Effect of milling speed and bead amount
on drug recovery after bead milling. Notes: (b) The concentrations of the suspending agent and
DEX-P were set to 0.1% and 4 mg/mL, respectively, with a bead amount of 250 mg, a milling speed
of 1500 rpm, a milling time of 1 h, and a temperature of 20 ◦C. (c) The milling speed, milling time,
temperature, and bead amount were set to 1500 rpm, 1 h, 20 ◦C, and 250 mg, respectively, with
different PVA concentrations. (d) The DEX-P concentration, milling speed, milling time, temperature,
and bead amount were set to 8 mg/mL, 1500 rpm, 1 h, 20 ◦C, and 250 mg, respectively, and the
samples were stored at 25 ◦C for 7 days. (e,f) The DEX-P and PVA concentrations were set to
4 mg/mL and 1%, respectively, with different milling speeds and bead amounts. The milling time
and temperature were set to 1 h and 20 ◦C. (b–f) Data are presented as mean ± SD (n = 3).

The effects of PVA concentration (0.1–1.0%) and drug loading (4 and 8 mg/mL) on
mean particle size and PDI were further evaluated (Figure 1c,d). A clear concentration-
dependent trend was observed; increasing the PVA concentration to 1.0% significantly
reduced mean particle size and improved PDI, yielding a PDI of approximately 0.28 for
both the 4 NS and 8 NS formulations. This improvement results from enhanced surface
coverage, which increases surface pressure and prevents coalescence [35,36]. Notably, the
8 mg/mL DEX-P formulation with 1.0% PVA remained stable without significant growth
or sedimentation for 7 days at 25 ◦C. The relationship between milling intensity (speed
and bead volume) and particle dimensions was systematically investigated (Figure 1e).
While higher mechanical energy, particularly at the highest milling speed of 2500 rpm,
reduced particle size to approximately 200–300 nm, it also caused a critical reduction in drug
recovery. At the highest milling intensities, a 90% loss of drug content was observed, leaving
only 10% of the initial dose. This dramatic loss is likely due to non-specific adsorption of
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the highly lipophilic DEX-P (Log P = 9.8) onto the zirconia beads during milling. As particle
size decreases, the total surface area increases exponentially, enhancing the drug’s affinity
for the grinding medium [28,37]. Such substantial losses present a significant hurdle for
precise clinical dosing.

Based on these findings, formulation parameters were adjusted to balance particle size
reduction with drug recovery. The final conditions—drug concentration of 4 or 8 mg/mL,
PVA concentration of 0.5% for 4 mg/mL (4 NS) and 1.0% for 8 mg/mL (8 NS), and a
milling speed of 1500 rpm—produced DEX-P NSs with a reproducible mean particle size
of approximately 1000 nm.

3.2. Design of DEX-P NS-TGs with P407

To prolong the residence time of DEX-P NS within the middle ear and facilitate
sustained drug release, a thermo-responsive in situ gelling system (DEX-P NS-TG) was
designed using P407. P407 is a non-ionic surfactant widely recognized for its favorable
biocompatibility profile and extensive utilization in clinical applications [38,39]. The clinical
viability of such systems is supported by randomized trials of OTO-104, a thermo-sensitive
DEX hydrogel, which demonstrated high tolerability and no adverse effects on hearing or
vestibular function following IT injection [40].

The concentration-dependent phase transition of DEX-P NS-TG was initially evaluated
using the tube-inversion method (Figure 2a). At room temperature (25 ◦C), formulations
containing 16–19% (w/v) P407 maintained a low-viscosity, fluidic sol state. This flowability
is clinically advantageous, as it ensures ease of administration through fine-gauge needles
during IT procedures [25]. Upon heating to physiological temperature (37 ◦C), a distinct
concentration-dependent gelation was observed. While formulations with 16% and 17%
P407 failed to form a stable gel matrix, those with ≥18% P407 underwent a complete
transition into a non-flowing semi-solid state within 2–3 min (Figure 2a).

Temperature-dependent viscoelastic properties were further characterized by moni-
toring the storage modulus (G′) and loss modulus (G′′) from 0 to 50 ◦C (Figure 2b–g). For
intact NSs (4 NS and 8 NS), G′′ consistently exceeded G′ across the entire temperature
range, confirming their predominantly viscous, liquid-like behavior (Figure 2b,c). Formula-
tions with lower P407 concentrations (16% and 17%) exhibited similar rheological profiles
with G′′ remaining dominant, indicating that micellar density was insufficient to induce
a complete sol–gel transition at 37 ◦C. In contrast, 4 NS–18%TG (Figure 2f) exhibited a
sharp increase in both moduli starting at ~30 ◦C, signifying the onset of micellar entan-
glement [38]. The most pronounced transition was observed in 4 NS–19%TG (Figure 2g),
where both G′ and G′′ increased dramatically—by several orders of magnitude—between
20 ◦C and 25 ◦C. In this system, the crossover point where G′ exceeded G′′—defined as
the sol–gel transition temperature (T_sol–gel)—was identified within a range suitable for
immediate in vivo gelation upon administration. Increasing P407 concentration shifted
T_sol–gel toward lower temperatures, attributable to higher micellar density that promotes
closer packing and inter-micellar dehydration at reduced thermal energy [41,42].

The complex viscosity (η*) was further evaluated to characterize the resistance of the
formulations to flow and deformation under oscillatory stress [41]. Intact NSs showed
negligible η* values across the frequency range, consistent with their Newtonian-like
fluid behavior. Conversely, P407-containing formulations exhibited significantly higher η*
values and a characteristic shear-thinning profile, where viscosity decreased with increasing
angular frequency (Figure 2h). At 25 ◦C, 4 NS–19%TG showed higher η* than 4 NS–18%TG,
reflecting increased flow resistance even at room temperature. At 37 ◦C, the η* of 4 NS–
19%TG remained consistently higher than that of 4 NS–18%TG across all tested frequencies,
suggesting the formation of a denser and more mechanically robust micellar network. Based
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on these rheological findings, 4 NS–19%TG was selected for further studies. Its robust
gelation and superior mechanical strength are expected to prevent premature drainage
through the Eustachian tube, thereby maximizing the contact time of the nanocrystals with
the RWM and enhancing intracochlear drug delivery [25,43].

Figure 2. Rheological properties and sol–gel transition behavior of DEX-P NS and NS-TGs. (a) Visual
characterization of the sol–gel transition for NS-TGs prepared with P407 (16–19 wt%) after 5 min of
incubation at 25 ◦C and 37 ◦C. (b–g) Temperature-dependent rheological profiles showing the storage
modulus (G′) and loss modulus (G′′) of (b) 4 NS, (c) 8 NS, (d) 4 NS–16%TG, (e) 4 NS–17%TG, (f) 4 NS–
18%TG, and (g) 4 NS–19%TG. (h) Frequency-dependent complex viscosity profiles of 4 NS–18%TG
and 4 NS–19%TG as a function of angular frequency. Notes: (a) Samples were equilibrated at each
temperature for 5 min before visual observation. (b–g) Temperature sweep analysis was performed
from 0 ◦C to 50 ◦C at a heating rate of 3 ◦C/min, with a frequency of 1 Hz and a constant stress of
12 Pa. (h) Frequency sweep analysis was performed after sample equilibration at 25 ◦C or 37 ◦C for
10 min, and complex viscosity was measured over an angular frequency range of 10–100 rad/s under
a constant stress of 12 Pa.

3.3. Physicochemical Characteristics of DEX-P NS and NS-TG

The physicochemical properties of the optimized DEX-P NSs (4 NS, 8 NS) and
4 NS–19%TG were characterized in terms of morphology, particle size, surface charge,
crystallinity, drug suspension-to-dissolution ratio, osmolarity, and pH (Table 1). SEM
observations revealed a distinct morphological transition from large, irregular bulk DEX-P
particles (>20 µm) to well-dispersed nanocrystals in the 4 NS, 8 NS, and 4 NS–19%TG formu-
lations (Figure 3). The resulting nanocrystals exhibited irregular geometries lacking distinct
crystalline facets, which may be attributed to the intrinsic crystalline habit of the DEX-P
raw material. This reduction in size was quantitatively corroborated by dynamic light
scattering analysis, which yielded mean hydrodynamic diameters of 835.0 ± 9.5 nm and
946.3 ± 10.9 nm for 4 NS and 8 NS, respectively. The low PDI values below 0.3 observed
in 4 NS and 8 NS indicate a narrow and uniform size distribution (Table 1). Upon in-
corporation into the P407 matrix, the particle size of 4 NS–19%TG slightly increased to
1176.0 ± 11.0 nm, which is likely attributed to the adsorption of poloxamer polymer chains
onto the nanocrystal surfaces [36,38]. SEM observations confirmed that the drug nanocrys-
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tals maintained their original particle size without aggregation within the matrix (Figure 3).
However, due to the essential pre-treatment involving the dilution and removal of P407
prior to imaging, the three-dimensional porous network structure of the hydrogel matrix
was not observed. The zeta potential of all formulations ranged from −4.4 to −11.6 mV,
reflecting a relatively neutral to slightly negative surface charge. This near-neutrality is
primarily attributed to the non-ionic nature of the core components, including DEX-P, PVA,
and P407. Such neutral surface characteristics are expected to minimize potential irritation
at the localized administration site upon IT injection [44].

Table 1. Physicochemical characteristics of DEX-P NSs and NS-TG.

Parameters 4 NS 8 NS 4 NS–19%TG

DEX-P conc. (mg/mL) (a) 3.86 ± 0.04 7.80 ± 0.09 3.89 ± 0.08
Suspended (mg/mL) 3.81 ± 0.04 7.72 ± 0.09 2.32 ± 0.08
Dissolved (mg/mL) (a) 0.05 ± 0.00 (b) 0.08 ± 0.00 (b) 1.57 ± 0.02 (b)

Particle size (nm) (a) 835.0 ± 9.5 (c) 946.3 ± 10.9 (c) 1176.0 ± 11.0 (c)

PDI (a) 0.274 ± 0.033 0.281 ± 0.004 0.295 ± 0.018
Zeta potential (mV) (a) −6.9 ± 0.7 −4.4 ± 0.1 −11.6 ± 0.9
Osmolarity (mOsmol/kg) (a) 319.3 ± 0.47 328.0 ± 0.82 300.0 ± 0.00
pH (a) 7.02 ± 0.01 7.00 ± 0.02 7.07 ± 0.01

(a) Data are represented as mean ± SD (n = 3). (b) Values were calculated by subtracting the amount of dissolved
drug from the total drug content in the formulation. (c) Mean hydrodynamic size was determined using dynamic
light scattering (Zetasizer Nano® Instruments).

   
(a)  (b) 

   

(c)  (d) 

Figure 3. Representative SEM images of (a) DEX-P raw material, (b) 4 NS, (c) 8 NS, and (d) 4 NS–
19%TG. Note: Scale bars in the SEM images indicate (a) 20 µm and (b–d) 1 µm.

The drug content within the NS systems ranged from 92% to 101% of the target
concentration (3.86–7.80 mg/mL), indicating that no significant drug degradation oc-
curred during the fabrication process (Table 1). The distribution of the drug between
dissolved and suspended states was significantly influenced by the presence of the P407
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polymer. While the dissolved DEX-P concentration in the 4 NS and 8 NS remained negligi-
ble (0.05–0.08 mg/mL), the 4 NS–19%TG exhibited a 31-fold increase in apparent solubility,
reaching 1.57 ± 0.02 mg/mL. This marked enhancement is primarily attributed to micellar
solubilization facilitated by P407 [38,45]. Given that the CMC of P407 is approximately
2.8 × 10−6 M (or roughly 0.035% w/v) at 25 ◦C, the P407 concentration employed in this
formulation (19%) significantly exceeds the CMC [46]. This ensures the spontaneous for-
mation of stable micelles that effectively encapsulate hydrophobic drug molecules within
their lipophilic cores [38,45]. Furthermore, the system successfully maintains a substantial
nano-suspended fraction (2.32 ± 0.08 mg/mL) of DEX-P, which serves as a reservoir to
facilitate a sustained release profile.

Despite the shift in solubility, the crystalline nature of the raw material was largely
preserved in all NS formulations. XRD patterns of 4 NS, 8 NS, and 4 NS–19%TG exhibited
characteristic diffraction peaks at 2θ angles of approximately 12.3◦, 13.5◦, 15.1◦, and 16.9◦,
which were identical to those of the raw DEX-P material (Figure 4a). The absence of any
significant shift denotes that the crystal lattice of DEX-P remained unaltered during the
bead-milling process [24,47]. Furthermore, DSC thermograms revealed an endothermic
melting peak at approximately 72–80 ◦C for all NSs, with a slight downward shift compared
to the raw drug (Figure 4b). This minor reduction in the melting point is attributable to
the significant reduction in particle size to the nanometer scale—often associated with the
Gibbs–Thomson effect—as well as the potential presence of residual excipients interacting
with the drug nanocrystals [48]. These results collectively suggest that the DC process
effectively produced stable nanocrystals without inducing amorphous transformation or
polymorphic changes, and that crystallinity was effectively maintained within the thermos-
sensitive gel matrix. All formulations exhibited physiological pH values (7.00–7.07) and
isotonic osmolarity (300.0–328.0 mOsmol/kg), ensuring excellent biocompatibility for
IT administration.

Figure 4. Physical characteristics of DEX-P NS systems. (a) XRD patterns (b) DSC thermograms
of raw material, vehicle, 4 NS, 8 NS, and 4 NS–19%TG. (c) Particle size distribution curves, and
(d) Zeta potential distributions of 4 NS, 8 NS, and 4 NS–19%TG. Note: (c) Mean hydrodynamic size
determined using dynamic light scattering measurement technology (Zetasizer Nano® Instruments).
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3.4. In Vitro Dissolution Profile of DEX-P NS and NS-TG

The in vitro dissolution profiles of the raw DEX-P, 4 NS, 8 NS, and 4 NS–19%TG were
evaluated in artificial perilymph fluid (pH 7.3) to simulate the physiological environment of
the inner ear (Figure 5). To ensure sink conditions for the highly lipophilic DEX-P (aqueous
solubility < 0.01 mg/mL), the dissolution medium was supplemented with 1.5% (w/v)
Cremophor RH40. Cremophor RH40, a non-ionic solubilizer, effectively enhances the
apparent solubility of poorly water-soluble drugs primarily through micellar solubilization.
By reducing the interfacial tension between the hydrophobic drug particles and the aqueous
medium, it promotes efficient wetting and encapsulates DEX-P molecules within its micellar
cores, thereby facilitating a more rapid and consistent dissolution process [45,49].

Figure 5. Comparative in vitro dissolution profiles of DEX-P raw material, 4 NS, 8 NS, and 4 NS–
19%TG under sink conditions. Notes: The dissolution medium was artificial perilymph fluid (pH 7.3)
supplemented with 1.5% (w/v) Cremophor RH40 to maintain sink conditions for the hydrophobic
drug. The data points represent the mean drug release percentage, with error bars indicating the
standard deviation of three independent experiments (mean ± SD, n = 3).

Under these conditions, the equilibrium solubility of DEX-P was increased to approx-
imately 1.0 mg/mL. Given that 4 mg of the drug was added to 200 mL of the medium,
the total volume provided a 50-fold excess compared to the saturation volume, maintain-
ing sink conditions throughout the experiment. Although a low-volume, surfactant-free
release setup—ideally integrated with a biomimetic RWM permeation model is highly
desirable, establishing such a micro-scale system posed substantial technical challenges.
Consequently, a standardized sink condition setup was utilized to evaluate the comparative
release kinetics of DEX formulations. No conversion of DEX-P to its hydrolyzed form, DEX,
was detected during the dissolution period.

As shown in Figure 5, 4 NS and 8 NS provided a remarkably rapid dissolution
profile, reaching approximately 80% cumulative release within the first 48 h, whereas the
raw material achieved less than 15% during the same period. The DEX-P raw material
exhibited extremely poor dissolution behavior due to its inherent hydrophobicity and low
aqueous solubility [14]. The hydrophilic PVA layer on the nanocrystal surfaces effectively
reduces the interfacial tension and contact angle between the drug and the dissolution
medium, facilitating rapid wetting and dissolution [35,36]. This dramatic improvement
is fundamentally attributed to the nano-sizing process, which exponentially increases the
effective surface area available for dissolution. According to the Noyes–Whitney equation,
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the dissolution rate is directly proportional to the surface area of the drug particles [50];
thus, the reduction of DEX-P crystals to the nanometer range maximizes the rate of mass
transfer from the solid surface to the bulk medium. Beyond the increase in surface area, the
high-energy milling process further contributes to dissolution enhancement by decreasing
the crystalline integrity of the drug. The intense mechanical stress applied during milling
can induce lattice defects or a partial reduction in the crystallinity index, thereby lowering
the lattice energy [20,47]. No significant difference in release kinetics was observed between
4 NS and 8 NS, indicating that the nano-sizing effect and the resulting physicochemical
changes remain consistent regardless of the initial drug concentration, provided that a
similar particle size distribution is maintained. These findings underscore the efficiency of
the NS system in overcoming the dissolution-limited absorption typically associated with
highly lipophilic prodrugs like DEX-P.

The NS–TG system displayed a distinct biphasic release profile. During the initial stage
(up to 24 h), 4 NS–19%TG exhibited an even faster release rate than 4 NS, reaching over
65% cumulative release (Figure 5). This initial “burst” effect is attributed to the significantly
higher fraction of pre-dissolved drug within the 4 NS–19%TG; as detailed in Table 1, the
dissolved DEX-P concentration in 4 NS–19%TG (1.57 ± 0.02 mg/mL) was nearly 31-fold
higher than that in 4 NS (0.05 ± 0.00 mg/mL) due to the solubilizing effect of P407 [38,45].
However, after reaching approximately 70% release, the release rate of 4 NS–19%TG became
notably slower than that of 4 NS. This transition indicates that the hydrogel matrix acts as a
diffusion barrier. Once the dissolved drug is rapidly released, the remaining nanocrystals
undergo dissolution and subsequent diffusion through the tortuous three-dimensional
network of the hydrogel matrix [51,52]. This dual mechanism is expected to provide rapid
therapeutic levels followed by prolonged drug exposure within the middle ear cavity.

3.5. In Vitro Enzymatic Conversion of DEX-P to DEX

The biotransformation of the lipophilic prodrug DEX-P into its active form (DEX) is a
critical step for its therapeutic efficacy [53]. To evaluate stability and conversion kinetics,
we monitored the hydrolysis of DEX-P in the presence and absence of esterase (Figure 6). In
the control group without esterase (PBS, pH 7.4), no detectable conversion of DEX-P to DEX
was observed throughout the 96 h incubation period, confirming the high chemical stability
of the ester linkage under physiological conditions. In contrast, the addition of esterase trig-
gered a gradual and time-dependent conversion. DEX conversion reached approximately
36.8 ± 6.4% at 24 h and 68.2 ± 7.6% at 48 h, eventually achieving nearly complete hydrolysis
(99.8 ± 11.2%) by 96 h (Figure 6). These results indicate that DEX-P remains stable in physi-
ological buffer but is efficiently activated biocatalytically in an enzyme-rich environment.
As shown in Figure 6, a relatively high standard deviation was observed across the con-
version profile, particularly at the later time points (72 and 96 h). This variation primarily
stems from the low affinity of DEX-P toward hydrolyzing enzymes, combined with its
gradual hydrolysis kinetics mediated by nonspecific carboxylesterases [53]. Nonetheless,
the conversion profile in the presence of esterase supports that enzymatic hydrolysis occurs
in a gradual and sustained manner.

This enzymatic conversion profile has significant implications for targeted inner ear
delivery. Following IT administration, the DEX-P NS-TG resides in the middle ear cavity,
where esterase activity in the middle ear fluid (effusion) is reported to be relatively low
compared with that in serum [54]. The high stability of DEX-P in the absence of enzymes
ensures that the drug remains primarily in its lipophilic prodrug form within the middle ear
cavity [15,53,54]. Subsequently, the dissolved DEX-P molecules permeate the RWM as the
prodrug form—a process significantly facilitated by the high lipophilicity inherent to the
palmitate ester moiety. Upon crossing the RWM, the molecules encounter a substantially
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higher enzymatic environment within the cochlear tissues, triggering their conversion to
active DEX. Previous studies have demonstrated that DEX-P can be gradually hydrolyzed
to DEX by nonspecific carboxylesterases in biological matrices, including serum, liver, and
macrophages [53], and have also reported general esterase activity in cochlear regions,
including the stria vascularis and spiral ligament [55]. This localized abundance of esterase
suggests that DEX-P is converted into active DEX upon permeating the RWM as the
prodrug form.

Figure 6. In vitro conversion profile of DEX-P to DEX in the presence (5 U/mL) and absence of
esterase. Notes: The conversion medium was phosphate-buffered saline (PBS, pH 7.4) supplemented
with 0.5% (w/v) Tween 20 to ensure adequate solubilization of hydrophobic DEX-P. The data points
represent the mean DEX conversion percentage, with error bars indicating the standard deviation of
three independent experiments (mean ± SD, n = 3).

3.6. In Vitro Cytotoxicity and In Vivo Biocompatibility Assessments

The in vitro cytotoxicity of the established DEX-P formulations (4 NS, 8 NS, and 4 NS–
19%TG) was evaluated using HEI-OC1 cells, an immortalized mouse auditory cell line
derived from the organ of Corti. This line is widely recognized as a specialized in vitro
model for assessing ototoxicity and screening otoprotective agents, owing to its expression
of characteristic markers for hair cells and supporting cells [30]. As shown in Figure 7a,
the cell viability assay revealed a significant reduction in relative cell viability in the LE-
treated group, which decreased to approximately 70% compared with the untreated control
(p < 0.001). In contrast, 4 NS, 8 NS, and 4 NS–19%TG maintained high cell viability (>95%),
with no statistically significant differences relative to the control group. This enhanced
in vitro cytocompatibility was consistent with the FACS analysis (Figure 7b). The LE group
exhibited a markedly higher proportion of PI-positive cells (8.7%) compared with the
control (1.7%), whereas the 4 NS, 8 NS, and 4 NS–19%TG formulations demonstrated
minimal PI-positive cell populations of 1.3%, 1.8%, and 1.5%, respectively. LE, which
contains soybean oil and lecithin, can potentially trigger distinct toxicological pathways
in sensitive auditory cells such as HEI-OC1. LE was previously reported to trigger cell
death, accompanied by mitochondrial membrane depolarization and neutral lipid accu-
mulation [56]. In addition, soybean oil is rich in ω-6 polyunsaturated fatty acids (PUFAs),
notably linoleic acid [57]. High ω-6 levels have been shown to promote the generation of
reactive oxygen species (ROS) and pro-inflammatory mediators, leading to mitochondrial
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dysfunction and subsequent apoptosis [58,59]. Furthermore, lecithin has been reported to
pathologically increase membrane fluidity or disrupt lipid bilayer integrity, facilitating the
leakage of intracellular components [60,61]. Considering that lipid vesicles are documented
to internalize into cells via fusion or endocytosis [16,62,63], DEX-P LE likely facilitates
rapid intracellular drug uptake through these pathways, thereby resulting in an acute
toxic surge.

(a)  (b) 

(c)  (d) 

Figure 7. In vitro cytotoxicity and in vivo biocompatibility of DEX-P formulations in HEI-OC1 cells.
(a) Relative cell viability measured by EZ-CytoX assay after 24 h of incubation. DEX-P LE served as a
comparative control. All nanosuspension-based formulations (4 NS, 8 NS, and 4 NS–19%TG) showed
no significant toxicity, whereas LE induced a marked reduction in viability (p < 0.001). Data represent
the mean ± standard deviation (n = 3). Statistical significance was defined as p < 0.05. *** indicates
p < 0.001. (b) Representative flow cytometric analysis of PI-positive cells after treatment with each
formulation for 24 h. The percentages shown in each panel indicate viable and dead cell populations.
DEX-P NS formulations (4 NS, 8 NS, and 4 NS–19%TG) exhibited minimal membrane-compromised
cell populations, comparable to those of the untreated control group, whereas LE treatment resulted
in increased cell death. (c) ABR thresholds at 1 and 2 weeks following intratympanic administration
of saline (Control), LE, 8 NS, or 4 NS–19%TG. No significant differences were observed among groups
at 1 week, whereas only the control and LE groups showed a significant difference at 2 weeks. Data
are presented as mean ± SD. ns, not significant; p < 0.05. (d) Representative macroscopic images of
the tympanic membrane, bulla, and cochlea obtained after completion of the ABR assessment.
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In contrast, the 4 NS, 8 NS, and 4 NS–19%TG formulations exhibited no noticeable cyto-
toxicity against HEI-OC1. This high biocompatibility is attributable to the use of inherently
safe, FDA-approved stabilizers. PVA possesses a high safety threshold, with an oral LD50 in
rats (approximately 15–20 g/kg) that is orders of magnitude higher than the concentrations
used in this study [64]. Similarly, P407 is widely utilized in clinical IT and ophthalmic
applications at concentrations up to 20–30 wt% without adverse effects [38,40,65]. Actually,
to elucidate vehicle-induced toxicity, preliminary cytotoxicity evaluations of the blank NS
and NS-TG vehicles were conducted, revealing no detectable toxicity. However, preparing
an identical blank LE vehicle posed substantial technical constraints, as the stable fabri-
cation of lipid emulsions requires highly specialized equipment, such as a high-pressure
homogenizer, which was unavailable within the current experimental setup. Moreover,
the “dissolution-limited” exposure profile of the NS systems compared with LE avoids the
sudden intracellular dose surges associated with LE. Collectively, these findings suggest
that the DEX-P NS and NS–TG systems offer a significantly safer therapeutic profile for IT
administration, minimizing tissue damage within the delicate environment of the middle
and inner ear.

To further evaluate the in vivo safety of the developed formulations, auditory function
was assessed by ABR at 1 and 2 weeks following IT administration (Figure 7c). At 1 week,
no significant differences in hearing thresholds were observed among the control, LE, 8 NS,
and 4 NS–19%TG groups across all tested frequencies. At 2 weeks, the LE group exhibited
significantly elevated ABR thresholds compared with the control group, whereas the 8 NS
and 4 NS–19%TG groups remained comparable to the control. These findings indicate that
the nanocrystal-based formulations did not induce measurable ototoxicity and exhibited a
more favorable auditory safety profile than the LE formulation. Following the final ABR
assessment, the bullae were opened and the tympanic membrane, middle-ear cavity, and
cochlea were macroscopically examined under a surgical microscope (Figure 7d). Repre-
sentative images demonstrated intact tympanic membranes without perforation or opacity
and revealed no obvious signs of edema, hemorrhage, inflammatory exudate, or other
gross pathological changes in the middle ear or cochlea. These findings suggest that both
the 8 NS and 4 NS–19%TG formulations were well tolerated after IT administration and
did not produce observable local tissue abnormalities under the present experimental con-
ditions. Although microscopic histological evaluation would provide additional evidence
of tissue compatibility, the combination of preserved auditory function and normal gross
morphology supports the favorable in vivo safety profile of the developed formulations.

3.7. Storage Stability of Lyophilized DEX-P NS and NS-TG

The 4-week short-term stability study under ambient conditions (25 ◦C/60% RH)
showed that the lyophilized DEX-P NS and DEX-P NS-TG were physiochemically stable
for 4 weeks (Table 2). Visually, both the NS and NS-TG freeze-dried cakes maintained
an elegant macroscopic structure without showing any signs of core collapse or hygro-
scopic shrinkage. Both NS and NS-TG formed homogenous suspension after the recon-
stitution process with water for injection. Following reconstitution, the mean particle
size and zeta potential of the DEX-P NS-TG were determined to be 1163 ± 26.0 nm and
−13.5 ± 0.9 mV, respectively, showing no marked alterations compared to the initial base-
line values (0 weeks). The preservation of a narrow particle size distribution (PDI ≤ 0.30)
indicates that the nanocrystals co-lyophilized with PVA and glucose were highly stable,
effectively preventing detrimental phenomena such as irreversible nanocrystal aggregation,
Ostwald ripening, or matrix-induced particle growth during both the freezing/thawing
stresses and subsequent storage periods. Additionally, both DEX-P NS and NS-TG main-
tained their active drug content above 96%, denoting the absence of significant hydrolytic
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or oxidative degradation within the protected solid-state matrix. Nevertheless, comprehen-
sive long-term (>12 months) and accelerated stability tests (at 40 ◦C/75% RH) are required
to firmly establish the complete thermodynamic and chemical stability profiles of these
novel formulations in subsequent investigational phases.

Table 2. Physicochemical stability of DEX-P NS and NS-TG formulations after 4 weeks of storage at
25 ◦C/60% RH.

Parameters 4 NS 8 NS 4 NS–19%TG

DEX-P conc. (mg/mL) (a) 3.92 ± 0.07 7.72 ± 0.16 3.88 ± 0.11
Particle size (nm) (a) 856.15 ± 12.35 950.6 ± 20.3 1163 ± 26.0
PDI (a) 0.152 ± 0.044 0.190 ± 0.036 0.297 ± 0.036
Zeta potential (mV) (a) −8.7 ± 1.2 −7.4 ± 0.5 −13.5 ± 0.9

Notes: All data were determined after reconstitution of the lyophilized samples with water for injection. (a) Data
are represented as mean ± SD (n = 3).

3.8. In Vivo Cochlear Drug Remaining Following IT Injection

The in vivo pharmacokinetic profiles of DEX in cochlear tissues were evaluated fol-
lowing IT injection to determine the delivery efficiency of the developed formulations
(Figure 8). The simultaneous quantification of both the parent prodrug and DEX in cochlear
tissues would offer a comprehensive understanding of the spatial distribution, transmem-
brane permeation, and bioconversion kinetics of our formulation. However, it is technically
challenging to achieve the lower limit of quantification (LLOQ) required for the concurrent,
reliable detection of both chemical entities via LC-MS/MS. Thus, we prioritized quantifying
DEX in cochlear homogenates to validate the feasibility of the developed NS-TG system, as
DEX level in the homogenates reflects the net outcome of DEX-P release, local solubilization,
trans-RWM transport, and hydrolytic bioconversion. DEX-SP, a water-soluble prodrug
solution, exhibited a rapid initial peak at 1 h, with a Cmax of 37.5 ± 13.1 ng/mg (Table 3),
but underwent a swift “burst-and-washout” pattern, with concentrations dropping to
near-baseline levels by 6 h. This rapid clearance is a primary limitation of solution-based
IT therapies, as the drug is prematurely eliminated through the Eustachian tube before
sufficient transmucosal absorption [5,9].

In contrast, DEX-P LE showed a markedly enhanced and prolonged retention profile
compared with DEX-SP. DEX-P LE achieved approximately 1.4-fold and 7.3-fold higher
cochlear drug levels at 3 h and 6 h, respectively. Notably, DEX-P LE yielded a 2.3-fold
increase in AUClast relative to the DEX-SP solution (Table 3). Despite the constraints in
achieving a precise comparative analysis due to the limited sampling time points, the
AUClast values provided meaningful insights into the local exposure of DEX following IT
administration of each formulation. This high absorption efficiency is attributed to the
solubilization of the lipophilic prodrug within the LE vehicle, which facilitates transport
across the RWM. The RWM is a sophisticated trilayered semi-permeable barrier comprising
an outer epithelium, a middle connective tissue layer, and an inner mesothelium [66,67].
While the tight junctions within the epithelial layer generally restrict the passive diffusion
of high-molecular-weight or highly lipophilic molecules like DEX-P (630.87 Da), the LE
facilitates penetration through several distinct mechanisms [10,66,67]. The high concentra-
tion of soybean oil and lecithin in the LE system functions as a potent chemical penetration
enhancer [16,66]. The oil droplets in the dispersed phase provide a large contact surface
area with the RWM, maintaining a high localized concentration gradient at the membrane
interface, which drives the partitioning of the hydrophobic prodrug into the epithelial lipid
bilayer. Furthermore, lecithin molecules can intercalate into the lipid bilayers of epithelial
cells, increasing membrane fluidity and inducing a temporary, reversible disruption of
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tight junctional complexes [60,61]. This surfactant-mediated reduction in barrier resistance
significantly enhances both paracellular and transcellular transport. Additionally, LE likely
promotes internalization via lipid-mediated pathways, such as endocytosis or direct mem-
brane fusion between oil droplets and apical cell membranes [62,63,68], allowing DEX-P
to bypass the aqueous extracellular environment of the RWM and reach the perilymph
more efficiently.

Figure 8. In vivo cochlear drug absorption following IT injection of DEX-SP solution, DEX-P LE, NSs
and NS-TG. Drug concentrations (ng/mg) in cochlear tissues were measured at 1, 3, 6, and 24 h after
a single IT administration of DEX-SP solution, DEX-P LE, 4 NS, 8 NS and 4 NS–19%TG. Notes: For
in vivo IT administration, the DEX-SP solution was injected into the middle ear cavity at a volume of
5 µL, whereas the other formulations were administered at 10 µL as a single dose. The formulations
included DEX-SP (DEX 5 mg/mL; total dose: 25 µg DEX), LE (DEX-P 4 mg/mL; total dose: 40 µg
DEX-P, equivalent to 25 µg DEX), 4 NS (DEX-P 4 mg/mL; total dose: 40 µg DEX-P, equivalent to 25 µg
DEX), 8 NS (DEX-P 8 mg/mL; total dose: 80 µg DEX-P, equivalent to 50 µg DEX), and 4 NS–19%TG
(DEX-P 4 mg/mL; total dose: 40 µg DEX-P, equivalent to 25 µg DEX). Data are presented as mean
± SD (n = 5). Statistical significance was defined as p < 0.05. Levels of significance are indicated as
* p < 0.05, ** p < 0.01, and *** p < 0.001. Drug concentrations were quantified by LC-MS/MS after
tissue homogenization.

Table 3. Pharmacokinetic parameters of DEX in cochlear homogenates following IT administration of
DEX-SP solution, DEX-P LE, DEX-P NSs, and DEX-P NS-TG.

Parameters DEX-SP * LE ** 4 NS † 8 NS †† 4 NS–19%TG ‡

Cmax (ng/mg) (a) 37.5 ± 13.1 †,††,‡ 25.3 ± 2.5 †,†† 6.7 ± 2.1 10.2 ± 1.3 16.2 ± 5.9
Tmax (h) (a) 1.0 ± 0.0 3.0 ± 0.0 *,††,‡ 1.8 ± 1.0 1.4 ± 0.8 1.4 ± 0.8

AUClast (ng·h/mg) (a) 98.9 ± 32.6 231.1 ± 64.2 *,†,††,‡ 74.1 ± 15.5 101.6 ± 11.2 136.9 ± 16.4
(a) Data are represented as mean ± SD (n = 5). Statistical significance was set at p < 0.05, with symbols denoting
significant differences against the designated groups: * vs. DEX-SP, ** vs. LE, † vs. 4 NS, †† vs. 8 NS, and ‡ vs.
4 NS–19%TG.

Conversely, the 4 NS and 8 NS exhibited relatively low cochlear concentrations, main-
taining stable levels of 6.3 ± 2.6 ng/mg and 9.3 ± 2.4 ng/mg at 1 h, respectively (Figure 8).
Despite the high dissolution rates observed in in vitro release profiles, their in vivo per-
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formance was likely hindered by the limited volume of inner ear fluids. In the restricted
perilymphatic environment, the lack of a “sink condition” limits the dissolution of the
crystalline drug, thereby reducing the concentration gradient required for RWM diffu-
sion [50,69]. Interestingly, the 4 NS–19%TG system exhibited consistently superior cochlear
delivery compared with NS formulations at all evaluated time points. At 1 h, 4 NS–19%TG
achieved an initial absorption level of 16.1 ± 6.1 ng/mg, which was statistically comparable
to that of LE (15.5 ± 2.6 ng/mg). This peak concentration was approximately 2.6-fold
and 1.7-fold higher than those of 4 NS (6.3 ± 2.6 ng/mg) and 8 NS (9.3 ± 2.4 ng/mg),
respectively. At 3 and 6 h, cochlear drug levels in the 4 NS–19%TG group (10.2 ± 1.9 and
7.5 ± 1.0 ng/mg, respectively) were lower than those of the LE group (22.4 ± 2.5 and
14.5 ± 1.8 ng/mg, respectively), yet remained significantly higher than the simple 4 NS
and 8 NS groups (p < 0.05). Accordingly, as shown in Table 3, 4 NS–19%TG showed a
Cmax of 16.2 ± 5.9 ng/mg, which was 2.4- and 1.6-fold higher than those of 4 NS and 8 NS,
respectively, while retaining approximately 64% of the Cmax afforded by the LE system.
It also achieved a 1.4-, 1.9-, and 1.3-fold higher AUClast than the DEX-SP solution, 4 NS,
and 8 NS, respectively, while retaining approximately 60% of the AUClast afforded by the
LE system. By 24 h, DEX concentrations in the 4 NS–19%TG group—similar to the LE
group—declined to approximately 1.0 ng/mg, reflecting substantial clearance from the
cochlea. At 48 h, drug levels were below the limit of detection. This observation aligns
with prior reports on P407-based thermosensitive hydrogels, which, while functioning
as localized depots, undergo gradual erosion and clearance via the Eustachian tube or
mucosal absorption within 24–48 h in rodent models. The rapid turnover of middle ear
secretions likely accelerates depletion of the gel reservoir, explaining the decline in drug
levels by the 24 h mark [69,70]. The relatively rapid decline in drug concentration after
6 h, likely due to the erosion-prone nature of P407 in the dynamic middle ear environment,
highlights the need for further formulation optimization to achieve multi-day sustained
release [70,71]. Taken together, although NS–19%TG exhibited lower absorption than LE at
3 and 6 h, it represents a promising formulation approach by achieving a critical balance
between delivery efficiency and biological safety.

In conclusion, the present study successfully fabricated a novel DEX-P NS TG formu-
lation, providing its cytocompatibility, biocompatibility, and promising pharmacokinetic
profiles through systematic in vitro and preliminary in vivo evaluations. Nevertheless,
several critical checkpoints must be addressed in subsequent investigations to fully estab-
lish its clinical translatability. First, the therapeutic efficacy of this novel delivery system
should be evaluated in disease-relevant hearing loss models, such as noise-induced trauma
or cisplatin-induced ototoxicity. This will include functional recovery assessments via
ABR and distortion product otoacoustic emission (DPOAE) threshold shift evaluations,
alongside quantitative cochlear histopathology (e.g., outer hair cell survival analysis). Sec-
ond, the in vivo biotransformation and permeation profiles require further elucidation.
Simultaneous quantification of both DEX-P and DEX in ex vivo RWM setups or in vivo
labyrinthine tissues using a validated LC-MS/MS assay is essential to provide precise
insights into the transmembrane permeation mechanism and intra-cochlear bioconversion
kinetics. In future studies, the sample size (currently n = 5 per group) will be expanded to
minimize potential experimental variations, evaluate inter-animal variability, and verify sta-
tistical significance between the formulation groups. Third, repeated-dose toxicity studies
remain essential to verify the long-term safety of the formulation upon IT administration.
Finally, while the hydrogel system showed acceptable physicochemical stability for up
to 4 weeks post-lyophilization, comprehensive long-term stability testing under different
storage conditions is required to assess its clinical translatability.
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4. Conclusions
In the present study, we successfully engineered an advanced, biocompatible nano-

delivery platform for DEX-P for IT steroid therapy by integrating drug nanocrystallization
with thermo-responsive hydrogel technology. The DEX-P nanocrystals, fabricated via a
DC-based bead milling process, were stably incorporated into a 19% (w/v) P407-based
matrix. This hybrid system not only significantly enhanced the apparent drug solubility
through micellar solubilization but also ensured ease of administration followed by rapid
in situ gelation at physiological temperatures. The novel system effectively mitigated the
acute cytotoxicity in HEI-OC1 cells that is commonly associated with the commercial LE.
Furthermore, in vivo pharmacokinetic evaluations in mice demonstrated that IT adminis-
tration of 4 NS–19%TG achieved initial cochlear drug absorption levels comparable to those
of LE and significantly higher than those of DEX-SP solutions and NSs. Collectively, our
findings highlight the DEX-P NS–TG system as a safe and robust therapeutic platform for
the localized treatment of sensorineural hearing loss and other inner ear disorders. Future
research will focus on further refining the dissolution kinetics through particle size control
and extending the residence time of NS–TG by enhancing the mechanical tenacity and
mucoadhesive properties.

Author Contributions: Conceptualization, S.Y.N., J.H.K., I.G.Y., D.-K.K. and M.J.K.; methodology,
Y.S.C.; validation, S.K., J.H.K., S.S.W., K.-J.Y. and W.J.L.; investigation, S.Y.N., I.G.Y., M.Y.J., S.K.,
H.R.Y., J.L., S.S.W. and S.H.S.; writing—original draft preparation, S.Y.N.; writing—review and
editing, J.H.K., D.-K.K. and M.J.K.; supervision, D.-K.K. and M.J.K.; funding acquisition, D.-K.K. and
M.J.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF), funded by
the Ministry of Science, ICT, and Future Planning (RS-2025-00516528). This work was supported by
the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT)
(RS-2025-23392971).

Institutional Review Board Statement: The animal study was conducted in accordance with the
National Research Council Guide for the Care and Use of Laboratory Animals and was approved
by the Institutional Animal Care and Use Committee of the Clinical Research Institute, The Catholic
University of Korea Daejeon St. Mary’s Hospital (approval code: CMCDJ-AP-2024-001; approval
date: 30 May 2024),

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Wong, A.C.; Ryan, A.F. Mechanisms of sensorineural cell damage, death and survival in the cochlea. Front. Aging Neurosci. 2015,

7, 58. [CrossRef] [PubMed]
2. Wood, M.B.; Zuo, J. The Contribution of Immune Infiltrates to Ototoxicity and Cochlear Hair Cell Loss. Front. Cell. Neurosci. 2017,

11, 106. [CrossRef] [PubMed]
3. Lee, H.A.; Chung, J.H. Contemporary Review of Idiopathic Sudden Sensorineural Hearing Loss: Management and Prognosis. J.

Audiol. Otol. 2024, 28, 10–17. [CrossRef] [PubMed]
4. Nyberg, S.; Abbott, N.J.; Shi, X.; Steyger, P.S.; Dabdoub, A. Delivery of therapeutics to the inner ear: The challenge of the

blood-labyrinth barrier. Sci. Transl. Med. 2019, 11, eaao0935. [CrossRef] [PubMed]
5. Rybak, L.P.; Dhukhwa, A.; Mukherjea, D.; Ramkumar, V. Local Drug Delivery for Prevention of Hearing Loss. Front. Cell. Neurosci.

2019, 13, 300. [CrossRef] [PubMed]
6. Salt, A.N.; Plontke, S.K. Principles of local drug delivery to the inner ear. Audiol. Neurotol. 2009, 14, 350–360. [CrossRef] [PubMed]

https://doi.org/10.3390/jfb17070347

https://doi.org/10.3389/fnagi.2015.00058
https://www.ncbi.nlm.nih.gov/pubmed/25954196
https://doi.org/10.3389/fncel.2017.00106
https://www.ncbi.nlm.nih.gov/pubmed/28446866
https://doi.org/10.7874/jao.2024.00024
https://www.ncbi.nlm.nih.gov/pubmed/38254304
https://doi.org/10.1126/scitranslmed.aao0935
https://www.ncbi.nlm.nih.gov/pubmed/30842313
https://doi.org/10.3389/fncel.2019.00300
https://www.ncbi.nlm.nih.gov/pubmed/31338024
https://doi.org/10.1159/000241892
https://www.ncbi.nlm.nih.gov/pubmed/19923805
https://doi.org/10.3390/jfb17070347


J. Funct. Biomater. 2026, 17, 347 24 of 26

7. Bird, P.A.; Murray, D.P.; Zhang, M.; Begg, E.J. Intratympanic versus intravenous delivery of dexamethasone and dexamethasone
sodium phosphate to cochlear perilymph. Otol. Neurotol. 2011, 32, 933–936. [CrossRef] [PubMed]

8. Jung, S.Y.; Kim, S.; Kang, Z.; Kwon, S.; Lee, J.; Park, J.W.; Kim, K.S.; Kim, D.K. Efficiency of a dexamethasone nanosuspension as
an intratympanic injection for acute hearing loss. Drug Deliv. 2022, 29, 149–160. [CrossRef] [PubMed]

9. Salt, A.N.; Hartsock, J.J.; Piu, F.; Hou, J. Dexamethasone and Dexamethasone Phosphate Entry into Perilymph Compared for
Middle Ear Applications in Guinea Pigs. Audiol. Neurotol. 2018, 23, 245–257. [CrossRef] [PubMed]

10. Singh, R.; Birru, B.; Veit, J.G.S.; Arrigali, E.M.; Serban, M.A. Development and Characterization of an In Vitro Round Window
Membrane Model for Drug Permeability Evaluations. Pharmaceuticals 2022, 15, 1105. [CrossRef] [PubMed]

11. Goycoolea, M.V.; Lundman, L. Round window membrane. Structure function and permeability: A review. Microsc. Res. Tech.
1997, 36, 201–211. [CrossRef]

12. Noh, T.S.; Zeb, A.; Noh, H.Y.; Bae, Y.; Choi, H.I.; Ryu, J.S.; Hwang, Y.J.; Suh, M.W.; Kim, J.K. Intratympanic delivery of
dexamethasone palmitate-loaded lipid nanoparticles in dual viscosity hyaluronic acids hydrogel for prolonged retention and
hearing loss treatment. Int. J. Biol. Macromol. 2025, 331, 148445. [CrossRef] [PubMed]

13. Ahn, J.H. Dexamethasone palmitate: A promising intratympanic treatment option for severe sudden hearing loss. Am. J.
Otolaryngol. 2026, 47, 104766. [CrossRef] [PubMed]

14. Palummieri, G.; Saadat, S.; Chuang, S.T.; Buchwald, P.; Velluto, D. Drug-Integrating Amphiphilic Nano-Assemblies: 3. PEG-
PPS/Palmitate Nanomicelles for Sustained and Localized Delivery of Dexamethasone in Cell and Tissue Transplantations.
Pharmaceutics 2025, 17, 1337. [CrossRef] [PubMed]

15. Benameur, H.; De Gand, G.; Brasseur, R.; Van Vooren, J.P.; Legros, F.J. Liposome-incorporated dexamethasone palmitate: Chemical
and physical properties. Int. J. Pharm. 1993, 89, 157–167. [CrossRef]

16. Yokoyama, K.; Watanabe, M. Limethason as a lipid microsphere preparation: An overview. Adv. Drug Deliv. Rev. 1996, 20,
195–201. [CrossRef]

17. Park, M.; Hwang, Y.J.; Noh, T.S.; Woo, S.W.; Park, J.H.; Park, S.H.; Kim, M.S.; Suh, M.W. Biocompatibility and Therapeutic Effect
of 3 Intra-Tympanic Drug Delivery Vehicles in Acute Acoustic Trauma. Audiol. Neurotol. 2020, 25, 291–296. [CrossRef] [PubMed]

18. Thulasiram, M.R.; Ogier, J.M.; Dabdoub, A. Hearing Function, Degeneration, and Disease: Spotlight on the Stria Vascularis. Front.
Cell Dev. Biol. 2022, 10, 841708. [CrossRef] [PubMed]

19. Junyaprasert, V.B.; Morakul, B. Nanocrystals for enhancement of oral bioavailability of poorly water-soluble drugs. Asian J.
Pharm. Sci. 2015, 10, 13–23. [CrossRef]

20. Murdande, S.B.; Shah, D.A.; Dave, R.H. Impact of nanosizing on solubility and dissolution rate of poorly soluble pharmaceuticals.
J. Pharm. Sci. 2015, 104, 2094–2102. [CrossRef] [PubMed]

21. Kesisoglou, F.; Panmai, S.; Wu, Y. Nanosizing—Oral formulation development and biopharmaceutical evaluation. Adv. Drug
Deliv. Rev. 2007, 59, 631–644. [CrossRef] [PubMed]

22. Subramanian, D.A.; Langer, R.; Traverso, G. Mucus interaction to improve gastrointestinal retention and pharmacokinetics of
orally administered nano-drug delivery systems. J. Nanobiotechnol. 2022, 20, 362. [CrossRef] [PubMed]

23. Klouda, L.; Mikos, A.G. Thermoresponsive hydrogels in biomedical applications. Eur. J. Pharm. Biopharm. 2008, 68, 34–45.
[CrossRef] [PubMed]

24. Jeong, M.Y.; Kim, S.; Kim, H.R.; Jeon, J.; Won, S.S.; Yang, K.J.; Park, J.S.; Yang, I.G.; Lee, D.G.; Myung, J.H.; et al. Dexametha-
sone nanocrystals-embedded hydroxypropyl methylcellulose hydrogel increases cochlear delivery and attenuates hearing loss
following intratympanic injection. Carbohydr. Polym. 2024, 345, 122546. [CrossRef] [PubMed]

25. Le, T.P.; Yu, Y.; Cho, I.S.; Suh, E.Y.; Kwon, H.C.; Shin, S.A.; Park, Y.H.; Huh, K.M. Injectable Poloxamer Hydrogel Formulations for
Intratympanic Delivery of Dexamethasone. J. Korean Med. Sci. 2023, 38, e135. [CrossRef] [PubMed]

26. Alexandridis, P.; Alan Hatton, T. Poly(ethylene oxide) poly(propylene oxide) poly(ethylene oxide) block copolymer surfactants in
aqueous solutions and at interfaces: Thermodynamics, structure, dynamics, and modeling. Colloids Surf. A Physicochem. Eng. Asp.
1995, 96, 1–46. [CrossRef]

27. Kim, M.S.; Ho, M.J.; Joung, M.Y.; Choi, Y.S.; Kang, M.J. Effect of Dispersion Medium on Pharmacokinetic Profile of Rotigotine
Crystalline Suspension following Subcutaneous Injection. Pharmaceutics 2022, 14, 2630. [CrossRef] [PubMed]

28. Hagedorn, M.; Bogershausen, A.; Rischer, M.; Schubert, R.; Massing, U. Dual centrifugation—A new technique for nanomilling of
poorly soluble drugs and formulation screening by an DoE-approach. Int. J. Pharm. 2017, 530, 79–88. [CrossRef] [PubMed]

29. Choi, C.H.; Oghalai, J.S. Perilymph osmolality modulates cochlear function. Laryngoscope 2008, 118, 1621–1629. [CrossRef]
[PubMed]

30. Kalinec, G.M.; Webster, P.; Lim, D.J.; Kalinec, F. A cochlear cell line as an in vitro system for drug ototoxicity screening. Audiol.
Neurotol. 2003, 8, 177–189. [CrossRef] [PubMed]

31. Kim, J.Y.; Shin, Y.B.; Kim, Y.G.; Jin, S.G.; Kim, D.K.; Kang, M.J.; Choi, Y.S. A simple and Cost-effective Method to Determine
Dexamethasone in Murine Cochlea Using Solvent Extraction and Multiple Reaction Monitoring. Mass Spectrom. Lett. 2024, 14,
211–216.

https://doi.org/10.3390/jfb17070347

https://doi.org/10.1097/MAO.0b013e3182255933
https://www.ncbi.nlm.nih.gov/pubmed/21725263
https://doi.org/10.1080/10717544.2021.2021320
https://www.ncbi.nlm.nih.gov/pubmed/34967280
https://doi.org/10.1159/000493846
https://www.ncbi.nlm.nih.gov/pubmed/30497073
https://doi.org/10.3390/ph15091105
https://www.ncbi.nlm.nih.gov/pubmed/36145326
https://doi.org/10.1002/(SICI)1097-0029(19970201)36:3%3C201::AID-JEMT8%3E3.0.CO;2-R
https://doi.org/10.1016/j.ijbiomac.2025.148445
https://www.ncbi.nlm.nih.gov/pubmed/41125176
https://doi.org/10.1016/j.amjoto.2025.104766
https://www.ncbi.nlm.nih.gov/pubmed/41406884
https://doi.org/10.3390/pharmaceutics17101337
https://www.ncbi.nlm.nih.gov/pubmed/41155972
https://doi.org/10.1016/0378-5173(93)90239-C
https://doi.org/10.1016/0169-409X(95)00122-N
https://doi.org/10.1159/000506535
https://www.ncbi.nlm.nih.gov/pubmed/32403103
https://doi.org/10.3389/fcell.2022.841708
https://www.ncbi.nlm.nih.gov/pubmed/35309932
https://doi.org/10.1016/j.ajps.2014.08.005
https://doi.org/10.1002/jps.24426
https://www.ncbi.nlm.nih.gov/pubmed/25821105
https://doi.org/10.1016/j.addr.2007.05.003
https://www.ncbi.nlm.nih.gov/pubmed/17601629
https://doi.org/10.1186/s12951-022-01539-x
https://www.ncbi.nlm.nih.gov/pubmed/35933341
https://doi.org/10.1016/j.ejpb.2007.02.025
https://www.ncbi.nlm.nih.gov/pubmed/17881200
https://doi.org/10.1016/j.carbpol.2024.122546
https://www.ncbi.nlm.nih.gov/pubmed/39227091
https://doi.org/10.3346/jkms.2023.38.e135
https://www.ncbi.nlm.nih.gov/pubmed/37128878
https://doi.org/10.1016/0927-7757(94)03028-X
https://doi.org/10.3390/pharmaceutics14122630
https://www.ncbi.nlm.nih.gov/pubmed/36559123
https://doi.org/10.1016/j.ijpharm.2017.07.047
https://www.ncbi.nlm.nih.gov/pubmed/28733242
https://doi.org/10.1097/MLG.0b013e3181788d72
https://www.ncbi.nlm.nih.gov/pubmed/18607303
https://doi.org/10.1159/000071059
https://www.ncbi.nlm.nih.gov/pubmed/12811000
https://doi.org/10.3390/jfb17070347


J. Funct. Biomater. 2026, 17, 347 25 of 26

32. Zhang, J.; Chen, S.; Hou, Z.; Cai, J.; Dong, M.; Shi, X. Lipopolysaccharide-induced middle ear inflammation disrupts the cochlear
intra-strial fluid-blood barrier through down-regulation of tight junction proteins. PLoS ONE 2015, 10, e0122572. [CrossRef]
[PubMed]

33. Rabinow, B.E. Nanosuspensions in drug delivery. Nat. Rev. Drug Discov. 2004, 3, 785–796. [CrossRef] [PubMed]
34. Patravale, V.B.; Date, A.A.; Kulkarni, R.M. Nanosuspensions: A promising drug delivery strategy. J. Pharm. Pharmacol. 2004, 56,

827–840. [CrossRef] [PubMed]
35. Abdollahi, S.; Raissi, H.; Farzad, F. Examine stability polyvinyl alcohol-stabilized nanosuspensions to overcome the challenge of

poor drug solubility utilizing molecular dynamic simulation. Sci. Rep. 2024, 14, 17386. [CrossRef] [PubMed]
36. Li, J.; Wang, Z.; Zhang, H.; Gao, J.; Zheng, A. Progress in the development of stabilization strategies for nanocrystal preparations.

Drug Deliv. 2021, 28, 19–36. [CrossRef] [PubMed]
37. Merisko-Liversidge, E.; Liversidge, G.G. Nanosizing for oral and parenteral drug delivery: A perspective on formulating

poorly-water soluble compounds using wet media milling technology. Adv. Drug Deliv. Rev. 2011, 63, 427–440. [CrossRef]
[PubMed]

38. Dumortier, G.; Grossiord, J.L.; Agnely, F.; Chaumeil, J.C. A review of poloxamer 407 pharmaceutical and pharmacological
characteristics. Pharm. Res. 2006, 23, 2709–2728. [CrossRef] [PubMed]

39. Escobar-Chávez, J.J.; López-Cervantes, M.; Naïk, A.; Kalia, Y.N.; Quintanar-Guerrero, D.; Ganem-Quintanar, A. Applications of
thermo-reversible pluronic F-127 gels in pharmaceutical formulations. J. Pharm. Pharm. Sci. 2006, 9, 339–358. [PubMed]

40. Lambert, P.R.; Carey, J.; Mikulec, A.A.; LeBel, C.; Otonomy Ménière’s Study Group. Intratympanic Sustained-Exposure
Dexamethasone Thermosensitive Gel for Symptoms of Meniere’s Disease: Randomized Phase 2b Safety and Efficacy Trial. Otol.
Neurotol. 2016, 37, 1669–1676. [CrossRef] [PubMed]

41. Ricci, E.J.; Bentley, M.V.L.B.; Farah, M.; Bretas, R.E.S.; Marchetti, J.M. Rheological characterization of Poloxamer 407 lidocaine
hydrochloride gels. Eur. J. Pharm. Sci. 2002, 17, 161–167. [CrossRef] [PubMed]

42. Bohorquez, M.; Koch, C.; Trygstad, T.; Pandit, N. A Study of the Temperature-Dependent Micellization of Pluronic F127. J. Colloid
Interface Sci. 1999, 216, 34–40. [CrossRef] [PubMed]

43. Wang, X.; Dellamary, L.; Fernandez, R.; Ye, Q.; LeBel, C.; Piu, F. Principles of inner ear sustained release following intratympanic
administration. Laryngoscope 2011, 121, 385–391. [CrossRef] [PubMed]

44. Frohlich, E. The role of surface charge in cellular uptake and cytotoxicity of medical nanoparticles. Int. J. Nanomed. 2012, 7,
5577–5591. [CrossRef] [PubMed]

45. Vinarov, Z.; Katev, V.; Radeva, D.; Tcholakova, S.; Denkov, N.D. Micellar solubilization of poorly water-soluble drugs: Effect of
surfactant and solubilizate molecular structure. Drug Dev. Ind. Pharm. 2018, 44, 677–686. [CrossRef] [PubMed]

46. Kabanov, A.V.; Batrakova, E.V.; Alakhov, V.Y. Pluronic® block copolymers as novel polymer therapeutics for drug and gene
delivery. J. Control. Release 2002, 82, 189–212. [CrossRef] [PubMed]

47. Peltonen, L.; Hirvonen, J. Pharmaceutical nanocrystals by nanomilling: Critical process parameters, particle fracturing and
stabilization methods. J. Pharm. Pharmacol. 2010, 62, 1569–1579. [CrossRef] [PubMed]

48. Dwyer, L.M.; Michaelis, V.K.; O’Mahony, M.; Griffin, R.G.; Myerson, A.S. Confined crystallization of fenofibrate in nanoporous
silica. CrystEngComm 2015, 17, 7922–7929. [CrossRef] [PubMed]

49. Strickley, R.G. Solubilizing excipients in oral and injectable formulations. Pharm. Res. 2004, 21, 201–230. [CrossRef] [PubMed]
50. Noyes, A.A.; Whitney, W.R. The rate of solution of solid substances in their own solutions. J. Am. Chem. Soc. 1897, 19, 930–934.

[CrossRef]
51. Peppas, N.A.; Bures, P.; Leobandung, W.; Ichikawa, H. Hydrogels in pharmaceutical formulations. Eur. J. Pharm. Biopharm. 2000,

50, 27–46. [CrossRef] [PubMed]
52. Lin, C.C.; Metters, A.T. Hydrogels in controlled release formulations: Network design and mathematical modeling. Adv. Drug

Deliv. Rev. 2006, 58, 1379–1408. [CrossRef] [PubMed]
53. Okamoto, H.; Watanabe, M.; Ohyanagi, H.; Saitoh, Y. In vitro Hydrolysis of Dexamethasone 21-palmitate. Ensho 1985, 5, 219–223.

[CrossRef]
54. Palva, T.; Raunio, V.; Nousianen, R. Secretory Otitis Media: Protein and Enzyme Analyses. Ann. Otol. Rhinol. Laryngol. 1974, 83,

35–43. [CrossRef] [PubMed]
55. Stack, C.R.; Webster, D.B. Histocytochemical pattern of enzyme distribution in cochlea of the kangaroo rat (D. spectabilis) at rest

and following auditory stimulation. Acta Otolaryngol. 1971, 72, 28–35. [CrossRef] [PubMed]
56. Cury-Boaventura, M.F.; Gorjao, R.; de Lima, T.M.; Piva, T.M.; Peres, C.M.; Soriano, F.G.; Curi, R. Toxicity of a soybean oil emulsion

on human lymphocytes and neutrophils. JPEN J. Parenter. Enter. Nutr. 2006, 30, 115–123. [CrossRef] [PubMed]
57. Rom, O.; Jeries, H.; Hayek, T.; Aviram, M. Supplementation with linoleic acid-rich soybean oil stimulates macrophage foam cell

formation via increased oxidative stress and diacylglycerol acyltransferase1-mediated triglyceride biosynthesis. Biofactors 2017,
43, 100–116. [CrossRef] [PubMed]

https://doi.org/10.3390/jfb17070347

https://doi.org/10.1371/journal.pone.0122572
https://www.ncbi.nlm.nih.gov/pubmed/25815897
https://doi.org/10.1038/nrd1494
https://www.ncbi.nlm.nih.gov/pubmed/15340388
https://doi.org/10.1211/0022357023691
https://www.ncbi.nlm.nih.gov/pubmed/15233860
https://doi.org/10.1038/s41598-024-68362-2
https://www.ncbi.nlm.nih.gov/pubmed/39075104
https://doi.org/10.1080/10717544.2020.1856224
https://www.ncbi.nlm.nih.gov/pubmed/33336609
https://doi.org/10.1016/j.addr.2010.12.007
https://www.ncbi.nlm.nih.gov/pubmed/21223990
https://doi.org/10.1007/s11095-006-9104-4
https://www.ncbi.nlm.nih.gov/pubmed/17096184
https://www.ncbi.nlm.nih.gov/pubmed/17207417
https://doi.org/10.1097/MAO.0000000000001227
https://www.ncbi.nlm.nih.gov/pubmed/27749754
https://doi.org/10.1016/S0928-0987(02)00166-5
https://www.ncbi.nlm.nih.gov/pubmed/12393144
https://doi.org/10.1006/jcis.1999.6273
https://www.ncbi.nlm.nih.gov/pubmed/10395759
https://doi.org/10.1002/lary.21370
https://www.ncbi.nlm.nih.gov/pubmed/21271594
https://doi.org/10.2147/IJN.S36111
https://www.ncbi.nlm.nih.gov/pubmed/23144561
https://doi.org/10.1080/03639045.2017.1408642
https://www.ncbi.nlm.nih.gov/pubmed/29164955
https://doi.org/10.1016/S0168-3659(02)00009-3
https://www.ncbi.nlm.nih.gov/pubmed/12175737
https://doi.org/10.1111/j.2042-7158.2010.01022.x
https://www.ncbi.nlm.nih.gov/pubmed/21039542
https://doi.org/10.1039/C5CE01148E
https://www.ncbi.nlm.nih.gov/pubmed/26778918
https://doi.org/10.1023/b:pham.0000016235.32639.23
https://www.ncbi.nlm.nih.gov/pubmed/15032302
https://doi.org/10.1021/ja02086a003
https://doi.org/10.1016/s0939-6411(00)00090-4
https://www.ncbi.nlm.nih.gov/pubmed/10840191
https://doi.org/10.1016/j.addr.2006.09.004
https://www.ncbi.nlm.nih.gov/pubmed/17081649
https://doi.org/10.2492/jsir1981.5.219
https://doi.org/10.1177/0003489474083S1104
https://www.ncbi.nlm.nih.gov/pubmed/4362094
https://doi.org/10.3109/00016487109122452
https://www.ncbi.nlm.nih.gov/pubmed/5095494
https://doi.org/10.1177/0148607106030002115
https://www.ncbi.nlm.nih.gov/pubmed/16517956
https://doi.org/10.1002/biof.1319
https://www.ncbi.nlm.nih.gov/pubmed/27517171
https://doi.org/10.3390/jfb17070347


J. Funct. Biomater. 2026, 17, 347 26 of 26

58. Olou, A.A.; Tom, W.; Krzyzanowski, G.; Jiang, C.; Chandel, D.; Fernando, N.; Thelagathoti, R.; Cosgrove, D.; Fernando, M.R.
Ototoxic impacts of adipose-derived extracts on a murine auditory cell line: Molecular insights from proteomic analyses. Int. J.
Obes. 2025, 49, 2549–2553. [CrossRef] [PubMed]

59. Yin, H.; Sun, G.; Yang, Q.; Chen, C.; Qi, Q.; Wang, H.; Li, J. NLRX1 accelerates cisplatin-induced ototoxity in HEI-OC1 cells via
promoting generation of ROS and activation of JNK signaling pathway. Sci. Rep. 2017, 7, 44311. [CrossRef] [PubMed]

60. Maulucci, G.; Cohen, O.; Daniel, B.; Sansone, A.; Petropoulou, P.I.; Filou, S.; Spyridonidis, A.; Pani, G.; De Spirito, M.;
Chatgilialoglu, C.; et al. Fatty acid-related modulations of membrane fluidity in cells: Detection and implications. Free Radic. Res.
2016, 50, S40–S50. [CrossRef] [PubMed]

61. Memoli, A.; Annesini, M.C.; Petralito, S. Surfactant-induced leakage from liposomes: A comparison among different lecithin
vesicles. Int. J. Pharm. 1999, 184, 227–235. [CrossRef] [PubMed]

62. Hillaireau, H.; Couvreur, P. Nanocarriers’ entry into the cell: Relevance to drug delivery. Cell Mol. Life Sci. 2009, 66, 2873–2896.
[CrossRef] [PubMed]

63. Cevc, G.; Richardsen, H. Lipid vesicles and membrane fusion. Adv. Drug Deliv. Rev. 1999, 38, 207–232. [CrossRef] [PubMed]
64. DeMerlis, C.C.; Schoneker, D.R. Review of the oral toxicity of polyvinyl alcohol (PVA). Food Chem. Toxicol. 2003, 41, 319–326.

[CrossRef] [PubMed]
65. El-Feky, Y.A.; Fares, A.R.; Zayed, G.; El-Telbany, R.F.A.; Ahmed, K.A.; El-Telbany, D.F.A. Repurposing of nifedipine loaded in situ

ophthalmic gel as a novel approach for glaucoma treatment. Biomed. Pharmacother. 2021, 142, 112008. [CrossRef] [PubMed]
66. Mikulec, A.A.; Hartsock, J.J.; Salt, A.N. Permeability of the round window membrane is influenced by the composition of applied

drug solutions and by common surgical procedures. Otol. Neurotol. 2008, 29, 1020–1026. [CrossRef] [PubMed]
67. Swan, E.E.; Mescher, M.J.; Sewell, W.F.; Tao, S.L.; Borenstein, J.T. Inner ear drug delivery for auditory applications. Adv. Drug

Deliv. Rev. 2008, 60, 1583–1599. [CrossRef] [PubMed]
68. Zhang, L.; Xu, Y.; Cao, W.; Xie, S.; Wen, L.; Chen, G. Understanding the translocation mechanism of PLGA nanoparticles across

round window membrane into the inner ear: A guideline for inner ear drug delivery based on nanomedicine. Int. J. Nanomed.
2018, 13, 479–492. [CrossRef] [PubMed]

69. Salt, A.N.; Plontke, S.K. Pharmacokinetic principles in the inner ear: Influence of drug properties on intratympanic applications.
Hear. Res. 2018, 368, 28–40. [CrossRef] [PubMed]

70. Giuliano, E.; Paolino, D.; Fresta, M.; Cosco, D. Mucosal Applications of Poloxamer 407-Based Hydrogels: An Overview.
Pharmaceutics 2018, 10, 159. [CrossRef] [PubMed]

71. Brambilla, E.; Locarno, S.; Gallo, S.; Orsini, F.; Pini, C.; Farronato, M.; Thomaz, D.V.; Lenardi, C.; Piazzoni, M.; Tartaglia, G.
Poloxamer-Based Hydrogel as Drug Delivery System: How Polymeric Excipients Influence the Chemical-Physical Properties.
Polymers 2022, 14, 3624. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jfb17070347

https://doi.org/10.1038/s41366-025-01912-4
https://www.ncbi.nlm.nih.gov/pubmed/40993235
https://doi.org/10.1038/srep44311
https://www.ncbi.nlm.nih.gov/pubmed/28287190
https://doi.org/10.1080/10715762.2016.1231403
https://www.ncbi.nlm.nih.gov/pubmed/27593084
https://doi.org/10.1016/s0378-5173(99)00105-2
https://www.ncbi.nlm.nih.gov/pubmed/10387952
https://doi.org/10.1007/s00018-009-0053-z
https://www.ncbi.nlm.nih.gov/pubmed/19499185
https://doi.org/10.1016/s0169-409x(99)00030-7
https://www.ncbi.nlm.nih.gov/pubmed/10837758
https://doi.org/10.1016/S0278-6915(02)00258-2
https://www.ncbi.nlm.nih.gov/pubmed/12504164
https://doi.org/10.1016/j.biopha.2021.112008
https://www.ncbi.nlm.nih.gov/pubmed/34385102
https://doi.org/10.1097/MAO.0b013e31818658ea
https://www.ncbi.nlm.nih.gov/pubmed/18758387
https://doi.org/10.1016/j.addr.2008.08.001
https://www.ncbi.nlm.nih.gov/pubmed/18848590
https://doi.org/10.2147/IJN.S154968
https://www.ncbi.nlm.nih.gov/pubmed/29403277
https://doi.org/10.1016/j.heares.2018.03.002
https://www.ncbi.nlm.nih.gov/pubmed/29551306
https://doi.org/10.3390/pharmaceutics10030159
https://www.ncbi.nlm.nih.gov/pubmed/30213143
https://doi.org/10.3390/polym14173624
https://www.ncbi.nlm.nih.gov/pubmed/36080699
https://doi.org/10.3390/jfb17070347

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of DEX-P Loaded NSs Using Bead-Milling Technology 
	Preparation of DEX-P NS-TGs with P407 
	Physicochemical Characterization of DEX-P NS and NS-TG 
	Morphology of DEX-P Nanocrystals 
	HPLC Analysis of DEX-P 
	Determination of Particle Size and Zeta Potential 
	X-Ray Diffraction (XRD) Analysis 
	Thermal Analysis 
	Osmolality and pH Determination 

	Rheological Analysis of Sol–Gel Transition of NS-TGs 
	Gelation Time Measurement 
	Gelation Temperature and Viscosity Determination 

	In Vitro Dissolution Profile of DEX-P Raw Material, NS, and NS-TG 
	In Vitro Enzymatic Conversion Assay 
	In Vitro Cytotoxicity of DEX-P Formulations 
	Animals and Auditory Brainstem Response Measurements 
	In Vivo Pharmacokinetic Evaluation Following IT Administration in Mice 
	IT Administration of DEX-P Formulations 
	Determination of DEX in Cochlear Lysates 

	Lyophilization and Evaluation of Short-Term Storage Stability of DEX-P NS Formulations 
	Statistical Analysis 

	Results and Discussion 
	Design of DEX-P NSs Using Bead-Milling Technique 
	Design of DEX-P NS-TGs with P407 
	Physicochemical Characteristics of DEX-P NS and NS-TG 
	In Vitro Dissolution Profile of DEX-P NS and NS-TG 
	In Vitro Enzymatic Conversion of DEX-P to DEX 
	In Vitro Cytotoxicity and In Vivo Biocompatibility Assessments 
	Storage Stability of Lyophilized DEX-P NS and NS-TG 
	In Vivo Cochlear Drug Remaining Following IT Injection 

	Conclusions 
	References

