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ABSTRACT
Intratympanic (IT) therapies have been explored to address several side effects that could be caused
by systemic administration of steroids to treat inner ear diseases. For effective drug delivery to the
inner ear, an IT delivery system was developed using poly(lactic-co-glycolic acid) (PLGA) nanoparticles
(NPs) and thermosensitive gels to maintain sustained release. Dexamethasone (DEX) was used as a
model drug. The size and zeta potential of PLGA NPs and the gelation time of the thermosensitive gel
were measured. In vitro drug release was studied using a Franz diffusion cell. Cytotoxicity of the for-
mulations was investigated using SK-MEL-31 cells. Inflammatory responses were evaluated by histo-
logical observation of spiral ganglion cells and stria vascularis in the mouse cochlea 24h after IT
administration. In addition, the biodistribution of the formulations in mouse ears was observed by
fluorescence imaging using coumarin-6. DEX-NPs showed a particle size of 150.0 ± 3.2 nm in diameter
and a zeta potential of �18.7 ± 0.6. The DEX-NP-gel showed a gelation time of approximately 64 s at
37 �C and presented a similar release profile and cytotoxicity as that for DEX-NP. Furthermore, no sig-
nificant inflammatory response was observed after IT administration. Fluorescence imaging results sug-
gested that DEX-NP-gel sustained release compared to the other formulations. In conclusion, the PLGA
NP-loaded thermosensitive gel may be a potential drug delivery system for the inner ear.
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1. Introduction

Hearing loss caused by inner ear disease is increasing
because of prolonged exposure to noise, increased life
expectancy, and the use of medicines such as anticancer
drugs (Kim, 2017). Therefore, there is a growing interest in
drug delivery to the inner ear. Glucocorticoid drugs, such as
dexamethasone (DEX), are considered potential otoprotective
drugs with anti-inflammatory effects (Van De Water et al.,
2010). However, systemic drug administration usually results
in only a small amount of drug that reaches the inner ear
and a risk of side effects. The benefits of inner ear drug
delivery are that they do not cross the blood–labyrinth bar-
rier, avoid first-pass metabolism from systemic administra-
tion, maintain high drug concentrations in the inner ear, and
reduce the total amount of administered drug (Juhn et al.,
1982; M€ader et al., 2018).

Intratympanic (IT) administration, a process in which drugs
are injected into the middle ear through the eardrum to

deliver drugs into the inner ear, has been studied for many
years (Ersner et al., 1951; Schuknecht, 1956). Since the mid-
1990s, local drug delivery to the ear has been used as a clin-
ical treatment. If the drug is administered to the middle ear,
it must pass through the round window membrane (RWM)
to reach the inner ear (Nedzelski et al., 1993; Toth & Parnes,
1995). Therefore, the administered drug must remain in the
middle ear for sufficient time and be in contact with the
RWM. However, the drug administered to the middle ear is
rapidly removed into the Eustachian tube through the flow
of the mucosa (Salt & Plontke, 2018).

Over the past several years, biodegradable polymer nano-
particles (NPs) have attracted interest for drug delivery to
the inner ear. As a carrier for local drug administration, NPs
composed of poly(lactic-co-glycolic acid) (PLGA), approved
by the Food and Drug Administration and the European
Medicine Agency, have been considered an ideal carrier
(Blasi, 2019; Elmowafy et al., 2019; Schoubben et al., 2019).
Previous studies have demonstrated the application of
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rhodamine-containing PLGA NPs to the RWM, which were
then transported to the perilymph in experimental animals
(Tamura et al., 2005; Ge et al., 2007). Indeed, it was con-
firmed that PLGA NPs carried the drug through the RWM
into the inner ear; however, the process can be difficult
because of the loss of NP suspension that occurs through
the Eustachian tube (Salt et al., 2011; Zhang et al., 2013; Cai
et al., 2014).

Hydrogels have been evaluated in many studies and have
been shown to retain drugs in the middle ear.
Thermosensitive gels made of Poloxamer 407 (P407) and
Poloxamer 188 (P188) that exist in the solution state at room
temperature and in gel state at body temperature, have
been actively studied (Buwalda et al., 2014). Poloxamers have
been studied for topical drug delivery via many routes, such
as the nasal, ocular, rectal, vaginal, and transdermal routes
(Mao et al., 2016). Applications in inner ear drug delivery
based on thermosensitive gels have also been studied. For
effective inner ear drug delivery of gentamicin, chitosan glyc-
erophosphate hydrogel and chitosanase were used for con-
tinuous and controlled inner ear drug delivery (Lajud et al.,
2013). Another study demonstrated delayed release of drugs
without histologic changes in the inner ear through PLGA
NPs based on chitosan/glycerophosphate (Dai et al., 2018).
This combination of NPs and hydrogels is currently consid-
ered as a promising approach that provides a synergistic
effect to control drug delivery to the inner ear, in which
hydrogels reduce Eustachian tube clearance and prolong the
residence time in the middle ear, while NPs enhance the per-
meability of the drug through the RWM.

In this study, DEX-loaded PLGA NPs based on poloxamer
hydrogels as inner ear drug delivery carriers were developed
for sustained drug release. The NPs were characterized in
terms of size, zeta potential, and encapsulation efficiency
(EE). In addition, the gelation time of the hydrogels was
determined. The in vitro release study predicted the release
of the formulation after IT administration. The cytotoxicity of
the formulations was assayed for cellular safety after reach-
ing the inner ear cells. The in vivo toxicity and retention of
the DEX-NP-gel formulations after administration were
observed using histopathology and fluorescence imaging.
We believe that the obtained results could show the super-
iority related to the effectiveness and safety of the PLGA-
hydrogel system compared to that of PLGA NPs only.

2. Materials and methods

2.1. Materials

PLGA (50:50; lactide:glycolide, MW 38,000–54,000), polyvinyl
alcohol (PVA, MW 30,000–70,000), tetrazolium dye 3-(4,5-di-
methylthiazol-2-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
and coumarin-6 were purchased from Sigma-Aldrich (St.
Louis, MO). Phosphate-buffered saline (PBS), fetal bovine
serum (FBS), antibiotics (100 IU/mL penicillin G sodium and
100 mg/mL streptomycin sulfate), and minimum essential
medium (MEM) were purchased from Hyclone (Logan, UT).
Poloxamer 407 (P407) and Poloxamer 188 (P188) were pur-
chased from BASF Laboratories (Wyandotte, MI). DEX was

purchased from Tokyo Chemical Industry (Tokyo, Japan). SK-
MEL-31 cells were purchased from the Korean Cell Line Bank
(Seoul, Republic of Korea). All solvents were purchased from
Samchun Chemical (Pyeongtaek, Republic of Korea).

2.2. Preparation of PLGA NPs and NP-loaded
thermosensitive gels

DEX-loaded PLGA NPs were prepared using a modified nano-
precipitation method as listed in Table 1 (Govender et al.,
1999; Choi et al., 2014). First, PLGA and DEX were dissolved
in 5mL of organic solvents (acetone, dichloromethane
(DCM), and a mixture of acetone and DCM) in an ultrasonic
bath for 15min. Coumarin-6 was loaded instead of DEX for
fluorescence imaging studies. The solution was injected into
30mL of 1% PVA at a flow rate of 20mL/h using an autoin-
jector (KDS 200, KD Scientific Inc., Holliston, MA). During the
injection, the mixtures were stirred at 500 rpm using a mag-
netic stirrer. The residual solvents were then removed for
24 h in a fume hood. The resultant NPs were collected by
centrifugation for 30min at 10,000�g and washed three
times with distilled water. Finally, the NPs were dispersed in
PBS (pH 7.4).

After washing the prepared DEX-NPs three times, 10mL
of the prepared thermosensitive gel was added to the DEX-
NPs. Thereafter, DEX-NPs were dispersed using a vortex
mixer (KMC-1300V, Vision Scientific, Daejeon, Republic of
Korea) and an ultrasonic bath to produce DEX-NP-gels.

2.3. Physicochemical characterization of PLGA NPs

2.3.1. Determination of particle size and zeta potentials
The particle size of the PLGA NPs was measured using a
Zetasizer Nano S90 (Malvern Instruments, Malvern, UK) at
room temperature (20–22 �C). The samples were diluted with
distilled water to obtain a specific intensity, as recommended
by the manufacturer. The zeta potential of the PLGA NPs
was measured using a Zetasizer Nano Z (Malvern
Instruments, Malvern, UK).

2.3.2. Determination of encapsulation efficiency
To determine the EE of the DEX-NPs, dispersed NPs were dis-
solved in 99% ethanol to disrupt their overall structure. The

Table 1. Composition of PLGA nanoparticles.

PLGA (mg) DEX (mg) Solvent (5mL) PVA (1%, mL)

N1 60 15 DCM:acetone ¼ 1:1 30
N2 60 15 DCM:acetone ¼ 1:9 30
N3 60 15 Acetone 30
N4 60 15 DCM 30
N5 60 20 Acetone 30
N6 60 25 Acetone 30
N7 60 30 Acetone 30
N8 65 25 Acetone 30
N9 70 25 Acetone 30
N10 75 25 Acetone 30
N11 80 25 Acetone 30
N12 85 25 Acetone 30
N13 90 25 Acetone 30

DCM: dichloromethane.
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solution was then centrifuged for 5min at 10,000�g to
remove any impurities. The amount of DEX in the super-
natant was analyzed by high-performance liquid chromatog-
raphy (HPLC). The EE was calculated using the following
equation (Byeon et al., 2019):

EE %ð Þ ¼ WL

WT
� 100 %ð Þ

where WT is the weight of the total DEX used to prepare
DEX-NPs and WL is the weight of the loaded DEX in the
DEX-NPs.

2.3.3. HPLC determination of the DEX content of NPs
The concentration of DEX was determined using HPLC
(Shimadzu, Kyoto, Japan). The mobile phase used was a mix-
ture of acetonitrile and water (35:65, v/v). The flow rate was
1mL/min, and separation was performed using a Capcell Pak
C18 column (150 nm � 4.6mm, 5 mm particle size, Shiseido,
Tokyo, Japan) set at 40 �C. The injection volume of the sam-
ples was 20 mL, and the signal was detected at 254 nm using
a UV/Vis detector (Shiseido, Tokyo, Japan). The retention
time of the samples was approximately 4.1min (Milojevic et
al., 2002; Prakash et al., 2012).

2.3.4. Differential scanning calorimetry (DSC)
Thermal analysis of DEX, blank-NPs, DEX-NPs, and a physical
mixture (PM) was performed using DSC (S-650, Scinco, Seoul,
Republic of Korea). Blank-NPs and DEX-NPs were lyophilized
using a freeze dryer (FDU-200, EYELA, Tokyo, Japan), and
2mg samples were placed on aluminum pans for DSC ana-
lysis. The samples were heated from 25 �C to 300 �C, at a
rate of 10 �C/min (Yoon et al., 2003).

2.3.5. Fourier transform infrared (FT-IR) spectrometry
To evaluate the chemical interactions, FT-IR spectroscopy
was performed using a VERTEX 80v spectrometer (Bruker,
Bremen, Germany). The samples used for FT-IR were the
same as those used for the DSC. The wavelengths, set from
4000 cm�1 to 600 cm�1, were scanned 64 times (Altındal &
G€um€uşderelio�glu, 2016).

2.4. Preparation of thermosensitive gel

A poloxamer was used to prepare the thermosensitive gel.
P188 and P407 were mixed in various ratios (Table 2).
Thermosensitive gels were prepared according to the cold
method (Schmolka, 1972). P188 and P407 were slowly mixed
in PBS (pH 7.4) with stirring. After stirring for 2 h, the mix-
tures were stored in a refrigerator at 4 �C until the solution
became clear.

2.5. Measurement of poloxamer gelation time

The gelation temperature was set to 38 �C corresponding to
a study on the ear temperature of mice (Saegusa & Tabata,
2003). Briefly, 1mL of the prepared liquid gel was placed in
an Eppendorf tube and placed in a water bath (VS-1250W,
Vision Scientific, Daejeon, Republic of Korea) set at 38 �C.
Simultaneously, time was measured using a stopwatch while
observing the fluidity of the gels. The gelation time was
measured as the time for the fluidity of the gels in the water
bath to disappear. The time measurement proceeded
to 300 s.

2.6. In vitro drug release study

In vitro drug release was evaluated using a transdermal diffu-
sion cell system (LOGAN Instruments, Franklin Township, NJ).
DEX, DEX-NP, and DEX-NP-gel formulations (1mL) were
applied to the donor chamber of the Franz diffusion cell. The
dialysis membrane (6–8 kDa) was fixed to the permeable
layer. PBS solution (12mL, pH 7.4) containing 20% (v/v %)
polyethylene glycol 400 (PEG 400) and a magnetic bar was
placed in the receptor chamber. Samples (0.5mL) were col-
lected at 1, 2, 4, 8, 12, and 24 h, and an equal amount of
fresh PBS (20% PEG 400) was added. The temperature of the
circulating water was 37 ± 0.5 �C and the stirring speed was
200 rpm. The amount of DEX in the samples was measured
using HPLC.

2.7. Stability

To investigate the stability of the DEX-NPs, the changes in
particle size, zeta potential, EE, and in vitro drug release were
investigated for 8 weeks. Likewise, in vitro drug release was
also evaluated for 8 weeks to investigate the stability of
DEX-NP-gels. The samples were stored at 4 �C and the evalu-
ation methods were the same as in Sections 2.3 and 2.8.

2.8. Cell viability

Cell viability was evaluated using MTT assay. Human melano-
cyte SK-MEL-31 cells were grown in MEM cell culture media
containing 10% (v/v %) FBS and 1% (v/v %) antibiotics
(100 IU/mL penicillin G sodium and 100 mg/mL streptomycin
sulfate). Cells were maintained in an incubator (BB15 CO2

incubator, Thermo Scientific, Waltham, MA) at 37 �C in a
humidified 5% CO2 atmosphere. The cells were seeded into
96-well plates at a density of 5� 104 cells/well and

Table 2. Composition and gelation time of poloxamer mixtures (n¼ 3).

Poloxamer (%, w/v) (P188:P407) Gelation time (s)

G1 16:0 >300
G2 18:0 >300
G3 20:0 >300
G4 0:16 223.75 ± 15.32
G5 0:18 48.67 ± 5.51
G6 0:20 12.33 ± 2.52
G7 12:16 0
G8 12:18 64.00 ± 7.21
G9 12:20 139.67 ± 16.65
G10 14:16 0
G11 14:18 217.67 ± 7.51
G12 14:20 222.67 ± 20.13

2270 D.-H. KIM ET AL.



subsequently incubated for 24 h. Medium in each well was
replaced with various concentrations of DEX, DEX-NPs, and
DEX-NP-gels containing the same concentrations of DEX dis-
solved in MEM. After 4 h of incubation with the formulations,
the medium were replaced with fresh MEM without FBS and
antibiotics. The plates were then incubated for 48 h. The cell
viability was assayed using MTT solution in fresh media
(5mg/mL). Following incubation, the media in each well was
removed, and 100 mL of MTT solution was added. After incu-
bation for 3 h, the MTT solution was removed and 200 mL
dimethyl sulfoxide was added to each well. Absorbance was
measured using a microplate reader (Infinite M200 PRO,
Tecan Trading AG, M€annedorf, Switzerland) at 520 nm (Choi
et al., 2014; Ahn et al., 2019).

2.9. Histological evaluation

Histological evaluation was performed using 8-week-olds
male BALB/c mice (Samtako, Osan, Republic of Korea). The
mice were acclimated for 1 week prior to the experiments.
All procedures were approved by the Ethics Committee of
Chungnam National University (protocol no. 201903A-
CNU-33).

The formulations that were administered included a blank,
DEX solution, DEX-NP, and DEX-NP-gel. The dose was 5 mL
according to previous studies, and the concentration of DEX
was adjusted to 4mg/mL for each formulation (Hargunani et
al., 2006). Intratympanic administration was performed using
a micropipette tip, and the posture of the mice was fixed for
10min after administration. Two days after formulation
administration, the mice were euthanized, and the cochleae
on the administered side were extracted. Tissues were fixed
in 10% buffered formalin, and decalcified for four days in
10% EDTA. After fixation and decalcification, the temporal
bone was embedded in paraffin and sectioned into 4-mm sli-
ces. Sections were stained with hematoxylin and eosin and
subjected to histopathological analysis (Choi et al., 2013;
Freitas et al., 2021).

2.10. In vivo fluorescence imaging study

In vivo fluorescence imaging was performed with imaging
equipment (VISQUEVR InVivo Smart, Vieworks, Anyang,
Republic of Korea) using 8-week-old male BALB/C mice.
Coumarin-6 was used to prepare a coumarin-6 solution
(Cou), coumarin-6 encapsulated NPs formulation (Cou-NPs),
and NPs-dispersed gel formulation (Cou-NP-gels). The couma-
rin-6 concentration was set to 1mg/mL for each formulation.
Intratympanic administration was performed in 5 mL using a
micropipette. The posture of the mice was maintained for
10min after administration. Imaging was performed using an
iris 3.6, 1� zoom, focused on the head of the mice.

2.11. Biodistribution study

A biodistribution study was performed in the cochlea of 8-
week-olds male BALB/C mice. Mice were randomly divided
into four groups (three mice per group): control, DEX, DEX-

NPs, and DEX-NP-gel. The administration was performed in
the same way as for the histological evaluation. After 24 h,
the mice were sacrificed, and the cochlea were harvested.
The process of dissecting the mouse head to collect the
cochleae was performed in accordance with previous studies
(Keiler & Richter, 2001; Soken et al., 2013; M€ulazımo�glu et al.,
2017). The collected cochleae were weighed and placed in
PBS (pH 7.4, 10mg/mL). For sample preparation, cochlear
fragments were homogenized using a homogenizer (Omni
mixer homogenizer, Omni International, Kennesaw, GA).
Homogenates (3mL) were added to 1mL of methanol for
extraction and mixed for 5min. The samples were placed in
an oven to completely evaporate the solvent. The evapo-
rated samples were mixed in the mobile phase (ACN:distilled
water ¼ 35:65, 0.1mL) and sonicated for 30min. After centri-
fugation at 12,000 rpm for 10min, 20 mL of the supernatant
was injected into the HPLC system.

2.12. Statistical analysis

Statistical analysis of the data was performed using ANOVA
with Tukey’s post hoc test in SigmaPlot (version 12.0, Systat
Software Inc., Chicago, IL). Results are expressed as mean-
± standard deviation (S.D.). In all analyses, p<.05 (�) and
p<.01 (��) were considered statistically significant.

3. Results and discussion

3.1. Characterization of PLGA NPs

Screening of PLGA NPs containing DEX was performed based
on particle size, zeta potential, and EE. The screening com-
position is listed in Table 1, and the measurement results are
listed in Table 3. Particle size is one of the most important
parameters for determining the delivery of inner ear drugs.
In a previous study, the most suitable particle size of PLGA
NPs for drug delivery to the inner ear, which were able to
pass through the RWM and high EE for inner ear drug deliv-
ery, was in the range of 100–200 nm (Cai et al., 2017). The
organic solvents used in the screening process were DCM
and acetone. When DCM was used as the organic solvent, EE
tended to be low. Previous studies have also shown that the
use of DCM in the PLGA particle preparation process results
in a larger particle size than acetone alone (Hickey et al.,

Table 3. Particle size, PDI, zeta potential, and entrapment efficiency of formu-
lation of N1–N13.

Size (nm) PDI Zeta potential (mV) EE (%)

N1 1510.9 ± 20.5 0.308 ± 0.067 –30.3 ± 5.7 2.4 ± 0.5
N2 141.3 ± 5.5 0.126 ± 0.019 –23.3 ± 2.2 20.4 ± 1.5
N3 192.6 ± 0.8 0.176 ± 0.039 –15.9 ± 3.4 26.8 ± 0.7
N4 175.0 ± 1.7 0.153 ± 0.021 –19.8 ± 0.5 1.9 ± 0.2
N5 196.8 ± 4.8 0.144 ± 0.012 –23.4 ± 4.3 26.7 ± 2.5
N6 209.6 ± 7.0 0.277 ± 0.021 –22.4 ± 5.5 36.9 ± 12.3
N7 234.7 ± 11.3 0.226 ± 0.062 –22.1 ± 0.7 39.3 ± 16.7
N8 206.6 ± 4.4 0.319 ± 0.057 –18.2 ± 0.6 31.1 ± 1.7
N9 199.8 ± 3.0 0.146 ± 0.005 –17.8 ± 0.3 37.2 ± 0.5
N10 186.2 ± 2.3 0.279 ± 0.045 –17.6 ± 0.5 40.5 ± 3.2
N11 150.0 ± 3.2 0.077 ± 0.056 –18.7 ± 0.6 64.4 ± 2.0
N12 142.5 ± 1.6 0.430 ± 0.038 –21.5 ± 0.6 37.8 ± 1.4
N13 115.3 ± 9.2 0.502 ± 0.117 –22.6 ± 0.3 35.8 ± 1.5

Data are expressed as the mean ± S.D. (n¼ 3).

DRUG DELIVERY 2271



2002; Choi et al., 2014). Moreover, PLGA was fully dissolved
in acetone, and drug solubility also increased in acetone
(Kang et al., 2017). In addition, increasing the amount of DEX
increased the size, whereas increasing the amount of PLGA
tended to decrease the size. Finally, formulation N11 with a
size of 150.0 ± 3.2 nm, zeta potential of –18.7 ± 0.5mV, and
an EE of 64.4 ± 2.0% was selected.

3.2. DSC

DSC analysis was used to evaluate the physical state of the
drug and its formulation and to determine its thermal prop-
erties. The DSC profiles of DEX, PM, blank NP, and DEX-NP
are shown in Figure 1(A). DEX showed a single exothermic
peak at 261.74 �C. In addition, exothermic peaks at 53.15,
223.12, and 260.69 �C were observed in the PM containing
DEX, PLGA, and PVA, respectively. According to the literature,
the exothermic peak at 223.12 �C was PVA, and the peak at
53.25 �C was PLGA (Karim & Islam, 2011; Pool et al., 2012). In
blank NPs, peaks were found at 52.81 �C and 223.85 �C,
which belong to the peaks of PLGA and PVA, respectively .
Furthermore, DEX-NP also showed peaks of PLGA and PVA in
order at 53.08 �C and 222.58 �C. However, it should be noted
that a small peak appeared at 261.63 �C, and it was deter-
mined that this was unwashed DEX that remained in the

samples from preparation of the formulation. This result con-
firmed that DEX was well incorporated into PLGA NPs.

3.3. FT-IR spectrometry

FT-IR was used to investigate the interactions between DEX
and the formulations. Figure 1(B) presents the FT-IR spectra
of DEX, PM, blank-NP, and DEX-NP. Two characteristic
absorption peaks are observed in the DEX spectrum. The
peak at 1704.96 cm�1 overlapped with the stretching vibra-
tion absorption of C¼O, and the peak at 1661.24 cm�1 corre-
sponded to C¼C. The C¼O peak at 1754.87 cm�1 was
observed in the spectrum of blank NP (PLGA NP). In addition,
blank NP showed a C–O methyl group stretching vibration at
1090.30 cm�1. Similar bands have been studied for DEX and
PLGA NPs (Chiang et al., 2012; Khalil et al., 2013; Ghorbani et
al., 2016). The stretching vibration absorption peaks of DEX
and blank-NP did not change in the PM. In DEX-NP, absorp-
tion peaks appeared at 1754.47 cm�1 and 1090.36 cm�1,
which were similar to those of blank-NP; however, no
absorption peaks appeared for DEX. Therefore, the FT-IR
spectra confirmed that the DEX-NPs were completely
enclosed in the particles.

3.4. Gelation time of poloxamer thermosensitive gel

The gelation time of the poloxamer thermosensitive gel was
the time required for the formulation to harden to the mid-
dle ear after administration. The formulations should remain
in the contact with the RWM as they could be removed if
they remained in the liquid state for an extended period of
time in the middle ear. The gel requires sufficient time for
gelation which is approximately 60 s to enable direct delivery
of the sample into the middle ear cavity by using a fine syr-
inge and forming a gel when exposed to body temperature.
The results are presented in Table 2. Gels composed of P188
alone had a gelation time of more than 300 s (G1�G3),
which cannot undergo gelation at 37 �C. In a previous study,
the gelation time of P407 at 37 �C decreased with increasing
amounts of P407 (Engleder et al., 2014). There was a similar
trend from G4 to G6, but it was not reasonable for the target
time of 60 s. P188 was used in combination with P407 to
control the gelation time of the poloxamer gel. The addition
of P188 increased the hydrophilicity of P407, leading to an
increase in the sol–gel transition temperature (Ban et al.,
2017; Russo & Villa, 2019). The gelation time of the hydrogel
containing both P188 and P407 was evaluated in six formula-
tions from G7 to G12. From the results, formulation G8 was
selected as a thermosensitive gel with a proper composition
with a gelation time of 64.00 ± 7.21 s.

3.5. In vitro drug release study

The results of the in vitro drug release experiments are
shown in Figure 2. In this experiment, the dialysis membrane
replaced the role of RWM, and the medium selected was PBS
containing 20% PEG400 to ensure sink conditions. Thus, it
was possible to predict the amount of durg in formulations

(A)

(B)

Figure 1. Physicochemical characterization. (A) Differential scanning calorim-
etry curves of DEX, PM, blank-NP, and DEX-NP and (B) Fourier transform infra-
red (FT-IR) spectrometry stretching absorption peaks of DEX, PM, blank-NP, and
DEX-NPs.
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that could pass through the RWM and into the inner ear.
The DEX solution showed an initial burst of approximately
60% at 1 h, while DEX-NPs and DEX-NP-gel showed only
about 20% release after 1 h. After 24 h, the released percen-
tages of DEX, DEX-NPs, and DEX-NP-gels were 73.50 ± 1.42,
49.20 ± 2.94, and 46.27 ± 0.04%, respectively. If in vitro release
was performed to 48 h, there was a clear difference between
the drug and its formulation. However, other in vitro release
studies have been investigated for up to 24 h if different
releases between formulations can be observed (Gu &
Zheng, 2015; Chibas et al., 2019). DEX showed the fastest
release amount, whereas DEX-NPs and DEX-NP-gels showed
relatively similar release percentages. The sustained release
of the drug was attributed to both PLGA and gels. The
entrapment of DEX into PLGA NPs decelerated drug release,
in agreement with a previous study (Kim & Martin, 2006),
because the drug release rate was controlled by diffusion
and degradation of the polymer matrix (Han et al., 2016). In
addition, the incorporation of DEX-loaded PLGA NPs into the
hydrogel also extended the drug release of DEX according to
the study by Dai et al. (2018). In the current study, there was
a small difference in the drug release profiles of DEX-NP and
DEX-NP-gel within the first 8 h of testing, mainly because of
the obstructive effect of the gel matrix (Ay Şenyi�git et
al., 2015).

3.6. Stability

The particle size, polydispersity index (PDI), zeta potential,
and EE of the N11 formulation, and in vitro release from the
N11 and G8 formulations were determined for 8 weeks to
evaluate their stability. As shown in Table 4 and Figure S1,
after 8 weeks, the particle size of N11 changed from
150.0 ± 3.2 nm to 150.6 ± 1.9 nm, PDI changed from
0.077± 0.056 to 0.101 ± 0.033, zeta potential changed from

–18.7 ± 0.6mV to –18.7 ± 0.5mV, and EE changed from
64.4 ± 2.0% to 63.0 ± 5.7%. In addition, the release patterns of
DEX-NP and DEX-NP-gel were similar for the initial and 8
weeks in vitro release studies. Therefore, no significant
changes were observed for 8 weeks, and the formulations
were considered to be stable. Our product is intended for
storage in the refrigerator, so the chosen storage condition
was 4 �C, as referenced from the study of Lemoine et al.
(1996). In terms of the duration of time for stability testing,
ideally it is better with a longer stability time, and it is
expected to be up to 12 months according to ICH guidelines.
However, the duration of storage is not strictly followed in
studies related to nanomedicines (Muthu & Feng, 2009),
which can be seven days in the study by Shkodra-Pula et al.
(2019) or 2 weeks in the research of Swider et al. (2019).

3.7. Cell viability

Cell viability was measured at various concentrations of DEX
(0–1000 mg/mL). To evaluate the toxicity of the formulations,
a human melanocyte cell line (SK-MEL-31 cells) was used, as
it is similar to that of the cells that constitute the cochlea.
Melanocyte deficiency can be observed in patients with
Waardenburg’s syndrome. Waardenburg’s syndrome is a clin-
ically heterogeneous disease resulting from mutations in dif-
ferent genes, and sensorineural hearing loss is a
characteristic feature of this syndrome (Laurell et al., 2007).
Although the association between loss of melanin and hear-
ing loss due to damage to melanocytes has rarely been
investigated, it is known that various drugs form complexes
with melanin, which affects their activity (Ono & Tanaka,
2003; Wrze�sniok et al., 2005). The cell viability results are
shown in Figure 3. The DEX solution showed increased tox-
icity with increasing concentrations. The toxicities of DEX-NP
and DEX-NP-gel were similar. As both formulations were
toxic at 1000 mg/mL, it was necessary to confirm that toxicity
was observed even after IT administration in animal studies.

3.8. Histological evaluation

Histological evaluation was conducted to demonstrate the
safety of the drug delivery system. The influence of DEX

Table 4. Stability of formulation N11.

Week Size (nm) PDI Zeta potential (mV) EE (%)

0 150.0 ± 3.2 0.077 ± 0.056 –18.7 ± 0.6 64.4 ± 2.0
1 151.9 ± 1.7 0.122 ± 0.087 –18.8 ± 0.5 66.6 ± 1.9
2 149.5 ± 3.6 0.084 ± 0.042 –19.7 ± 0.6 65.0 ± 1.9
4 150.1 ± 1.7 0.114 ± 0.057 –18.4 ± 0.5 63.6 ± 2.3
8 150.6 ± 1.9 0.101 ± 0.033 –18.7 ± 0.5 63.0 ± 5.7

Particle size, PDI, zeta potential, and entrapment efficiency in 0–8 weeks. Data
are expressed as the mean ± S.D. (n¼ 3).

Figure 3. Cell viability of DEX, DEX-NPs, and DEX-NP-gels in SK-MEL-31 cell.
Data are expressed as the mean ± S.D. (n¼ 3). DEX-NP-gel and DEX-NP were
statistically compared to DEX solution group by ANOVA and Tukey’s post hoc
test with the statistical evidence �p<.05 and ��p<.01.

Figure 2. In vitro release of DEX from pure powder, DEX-NPs, and DEX-NP-gels
using dialysis membrane. Data are expressed as the mean ± S.D. (n¼ 3).
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solution, DEX-NP, and DEX-NP-gel on the morphological
structure of the inner ear (spiral ganglion cells, stria vascula-
ris) was evaluated at day 2 after application and the results
are shown in Figure 4. After IT administration of the pre-
pared formulations, no significant changes in cytotoxicity or
inflammatory responses were observed in the spiral ganglion
cells and stria vascularis in the cochlea of mice. In the cell
viability study, both DEX-NP and DEX-NP-gel showed cyto-
toxicity at 1mg/mL, but no toxicity was observed at 4mg/
mL in vivo. The use of PLGA and poloxamer for preparation
of drug delivery systems containing PLGA NPs embedded in
poloxamer gel matrix were biocompatible for inner ear ther-
apy, which was in line with the previous studies investigating
PLGA NPs or poloxamer hydrogel alone for IT drug delivery
(Wang et al., 2009; Cai et al., 2017). The phenomenon of
DEX-NPs and DEX-NP-gels, which appeared toxic at 1mg/mL
of the drug in cell culture, was not structurally toxic at a con-
centration of 4mg/mL in mice, which could be considered as
the protective capacity of the RWM because the formulation
must pass through the RWM to reach the inner ear
compartment.

3.9. In vivo fluorescence imaging study

In vivo fluorescence images were obtained at 6, 24, and 48 h
after IT administration of coumarin-6 formulations as shown
in Figure 5(A). When Cou-6 was administered, the solution
was quickly lost through the Eustachian tube after 6 h. Cou-
NP showed some remaining fluorescence for up to 24 h, and
Cou-NP-gel showed a clear fluorescence up to 48 h, indicat-
ing that the fluorescence was maintained with slow loss. The
fluorescence intensity was quantified and is shown graphic-
ally in Figure 5(B). The overall fluorescence intensity tended
to decrease over time in all the formulations. After 6 h, the
fluorescence intensity of Cou, Cou-NP, and Cou-NP-gel was
909.4 ± 63.2, 1553.8 ± 225.4, and 2590.8 ± 596.9, respectively.
The fluorescence intensity after 48 h was measured at
580.9 ± 26.6, 919.1 ± 101.4, and 1613.4 ± 687.8, respectively,
for the three formulations. After 6 h, the fluorescence inten-
sity of Cou was approximately three times lower than that of
Cou-NP-gel. These results suggest that most of the Cou solu-
tion was lost to the Eustachian tube after IT administration
(Salt & Plontke, 2018). At all time points, the Cou-NP-gel for-
mulation showed the highest fluorescence intensity and was

statistically significant compared to Cou (p<.05). At 48 h,
Cou-NP-gel remained at 60% of the fluorescence intensity
measured at 6 h and was approximately three times higher
than that of Cou. It was confirmed that the Cou-NP-gel
remained longer than the other formulations when adminis-
tered in the middle ear cavity. Thus, the formulations con-
taining PLGA NPs in thermosensitive gels could remain in
the middle ear for an extended period of time, increasing
the contact time with the RWM. In other studies, PLGA NPs
or other NPs have been demonstrated to be distributed in
various sites of the cochlea, passing through the RWM after
IT administration (Tamura et al., 2005; Zhang et al., 2011).
Therefore, a biodistribution study was needed to confirm
whether the DEX-NP-gel formulation could reach the inner
ear through the RWM.

3.10. Biodistribution study

The amount of DEX remaining in the cochlea is shown in
Figure 6. In the group administered DEX solution, the
amount of DEX was detected as 1.83 ± 0.14 ng in the coch-
leae. In the DEX-NP and DEX-NP-gel group, 2.71 ± 0.53 ng,
and 7.20 ± 1.76 ng of DEX was detected in the cochleae,
respectively. These results suggest that the PLGA NP formula-
tion in thermosensitive gel via IT administration delivered
DEX to the inner ear. In addition, the long residence time of
the formulation in the middle ear increased DEX absorption.
Although only one time point was studied, it was suggested
that the DEX-NP-gel formulation efficiently delivered DEX.
Previous studies have confirmed the therapeutic effect of
DEX by loading DEX into PLGA NPs to restore hair cells in
damaged organs of Corti (Sun et al., 2016). Confocal images
of the cochlear sections were taken to confirm that the par-
ticles were found 4 h after PLGA NPs were administered to
the spiral ganglion neurons and stria vascularis at 24 h (Cai
et al., 2017). These results suggest that DEX-NP-gel formula-
tions may be distributed in various sites in the cochlea
within 24 h after IT administration. In addition, more than
half of the initial dose remained in the middle ear cavity for
up to 48 h. Therefore, it is expected that a single dose of
DEX-NP-gel may have a long therapeutic effect.

Figure 4. Histological observation of spiral ganglion cells and stria vascularis in the mice cochlea. There are no significant changes in spiral ganglion cells. H&E, spi-
ral ganglion cells: bar ¼ 40 mm, and stria vascularis: bar ¼ 20 mm.
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4. Conclusions

In this study, we evaluated the PLGA NPs of DEX dispersed
in poloxamer gels, a thermosensitive gel, for inner ear drug
delivery. DEX-NPs were prepared for inner ear drug delivery

with a particle size of 150.0 ± 3.2 nm, zeta potential of
�18.7 ± 0.6mV, and an EE of 64.4 ± 2.0%. The NPs were dis-
persed in a poloxamer mixture that was converted into a gel
at body temperature to form the final formulation (DEX-NP-
gels). With this formulation, we attempted an in vitro release
study using a transdermal diffusion cell system, cell viability,
histological evaluation, and in vivo fluorescence imaging. As
a result, DEX-NP-gels showed a similar release pattern to
DEX-NPs and toxicity at 1mg/mL in the cell viability study,
but no cytotoxicity was observed even at a concentration of
4mg/mL of DEX-NP-gels. In vivo fluorescence imaging stud-
ies also confirmed that DEX-NP-gels remained sufficient for
delayed release in the middle ear after IT administration. In
the biodistribution study, the longest-staying DEX-NP-gels in
the middle ear were well absorbed into the inner ear.
Therefore, our prepared DEX-NP-gels are a valuable potential
formulation for inner ear drug delivery.
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Figure 5. In vivo study. (A) Representative fluorescence imaging and (b) fluorescence intensity of Cou, Cou-NP, and Cou-NP-gel. Cou; coumarin-6. Data are
expressed as the mean ± S.D. (n¼ 3). Cou-NP-gel was statistically significant compared to Cou and Cou-NP by a one-way ANOVA and Tukey’s post hoc test
(�p<.05, ��p<.01).

Figure 6. Remained amount of DEX in cochlears after 24 h. Data are expressed
as the mean ± S.D. (n¼ 3). DEX-NP-gel was statistically significant compared to
DEX and DEX-NP by a one-way ANOVA and Tukey’s post hoc test (��p<.01).
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