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Abstract: This study aimed to investigate the sustained drug release properties and hearing 

protection effect of polyethylene glycol-coated polylactic acid (PEG-PLA) stealth nanoparticles 

loaded with dexamethasone (DEX). DEX was fabricated into PEG-PLA nanoparticles using 

an emulsion and evaporation technique, as previously reported. The DEX-loaded PEG-PLA 

nanoparticles (DEX-NPs) had a hydrodynamic diameter of 130±4.78 nm, and a zeta potential 

of -26.13±3.28 mV. The in vitro release of DEX from DEX-NPs lasted 24 days in phosphate 

buffered saline (pH 7.4), 5 days in artificial perilymph (pH 7.4), and 1 day in rat plasma. Coumarin 

6-labeled NPs placed onto the round window membrane (RWM) of guinea pigs penetrated RWM 

quickly and accumulated to the organs of Corti, stria vascularis, and spiral ganglion cells after 

1 hour of administration. The DEX-NPs locally applied onto the RWM of guinea pigs by a 

single-dose administration continuously released DEX in 48 hours, which was significantly longer 

than the free DEX that was cleared out within 12 hours after administration at the same dose. 

Further functional studies showed that locally administrated single-dose DEX-NPs effectively 

preserved outer hair cells in guinea pigs after cisplatin insult and thus significantly attenuated 

hearing loss at 4 kHz and 8 kHz frequencies when compared to the control of free DEX formula-

tion. Histological analyses indicated that the administration of DEX-NPs did not induce local 

inflammatory responses. Therefore, prolonged delivery of DEX by PEG-PLA nanoparticles 

through local RWM diffusion (administration) significantly protected the hair cells and auditory 

function in guinea pigs from cisplatin toxicity, as determined at both histological and functional 

levels, suggesting the potential therapeutic benefits in clinical applications.

Keywords: stealth nanoparticles, dexamethasone, single-dose administration, cisplatin-induced 

hearing loss

Introduction
Cisplatin (cis-diamminedichloroplatinum(II) [CDDP]) is a potent chemotherapeutic 

drug with an activity against a wide spectrum of cancers, especially squamous cell 

cancer of the head and neck region, in both pediatric and adult groups.1 The major 

dose-related adverse side effect of cisplatin treatment is irreversible sensorineural hear-

ing loss. The reported rate of cisplatin-induced hearing loss ranges between 11% and 

97%, with an average incidence of 62%.2–4 Additionally, cisplatin-induced ototoxicity 

is more prevalent in children, affecting up to 90% of pediatric patients.5 Hearing loss 

is a common cause for depression and reduction in quality of life,6 and thus prevention 
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and restoration of hearing loss induced by cisplatin is crucial 

for cancer patients, particularly young children.

The molecular mechanisms of cisplatin-induced hearing 

loss involve generation of reactive oxygen species (ROS) and 

depletion of the antioxidant glutathione.7 Specifically, cispla-

tin induces depletion of glutathione and antioxidant enzymes, 

and generates excess ROS. An increase of malondialdehyde 

levels subsequently promotes the influx of calcium into the 

cochlear cells and triggers apoptosis.1 Various researchers 

have attempted to develop effective otoprotective methods 

via the administration of antioxidants against ROS at an 

early stage in the ototoxic pathway. Unfortunately, many 

of the otoprotective agents inhibit the tumoricidal effects 

of cisplatin and/or have toxicities or unknown effects.8 No 

routine treatment modalities are currently available to act 

against cisplatin-induced hearing loss without affecting its 

chemotherapeutic activity in the clinic.

Glucocorticoids (prednisone, dexamethasone [DEX], 

methylprednisolone, etc) have been evaluated as potential 

otoprotective drugs based on their anti-inflammatory effects.9 

However, systemic drug delivery of glucocorticoids is lim-

ited by the blood–cochlea barrier that restricts drugs from 

leaving the circulation and gaining access to the cells of the 

inner ear, resulting in no functional otoprotective activity 

against cisplatin-induced hearing loss.10 Furthermore, the 

systemically administered glucocorticoids can diminish the 

tumoricidal activity of cisplatin via downregulating apoptotic 

genes in tumor cells.11,12

Intratympanic drug delivery, allowing diffusion through 

the round window membrane (RWM) into the inner ear, is a 

common and routine strategy for the management of inner 

ear disease, such as sudden sensorineural hearing loss and 

Meniere’s disease.13 This strategy avoids the “off-target” 

side effects associated with systemic delivery, improves the 

concentration of the drug delivered to the inner ear fluids, 

and reduces inhibitory effects on the chemotherapeutic 

activity of cisplatin.12 Recently, several studies have dem-

onstrated that the intratympanic delivery of DEX minimized 

cisplatin-induced hearing in a frequency-related manner.14–17 

The efficiency of this strategy in treating cisplatin-induced 

ototoxicity was further confirmed clinically.7 To date, the 

results obtained for the intratympanic delivery of gluco-

corticoids varied, highly depending on the dose, frequency, 

intensity of the cisplatin injection, and the animal models 

used in the experiments.18 In addition, frequent daily drug 

administration is required considering the loss of the drug 

down the Eustachian tube. The high frequency and high 

dose administration of intratympanic drugs would not only 

increase the cost of therapy, but also increase the incidence 

of tympanic membrane perforations19 and cause undesired 

infection during the procedure.20

In the present study, we investigated the therapeutic 

strategy of using polyethylene glycol-coated polylactic 

acid (PEG-PLA) stealth nanoparticles (NPs) to deliver 

DEX to the cochleae via penetration through the RWM and 

the resulting hearing protective potential against cisplatin-

induced hearing loss. A NP-based inner ear drug delivery 

system has emerged as a promising new avenue for deliver-

ing compounds to the cochlea in a sustained and controllable 

manner. The route of administration onto RWM has been 

established as an effective and minimally invasive approach 

to deliver drugs to the cochlea.21 Drug molecules, especially 

bioactive molecules, are usually functionally encapsulated 

in NPs, so that drug concentrations can be maintained at 

desired levels at the target sites for a long period of time, 

owing to the restricted diffusion of drug molecules and the 

controlled degradation of NPs. Previously, our group devel-

oped a well-defined, nontoxic PEG-PLA stealth NP drug 

delivery system for chemotherapeutic agents.22 Accordingly, 

we speculated that DEX-loaded PEG-PLA NPs (DEX-NPs) 

should facilitate sustained release of the drug, leading to a 

protection against cisplatin-induced hearing loss.

Materials and methods
Materials and animals
Methoxy PEG-PLA (mPEG-PLA) (molecular weight [MW]: 

50 kDa) was obtained from Daigang Biomaterial Co, Ltd 

(Ji’nan, People’s Republic of China). DEX, purchased from 

Bristol-Myers Squibb (New York, NY, USA), was water-

soluble. The DEX solution, referred to as DEX or free DEX, 

was dissolved in phosphate buffered saline (PBS) solution at 

10 mg/mL. Coumarin 6 was obtained from Sigma-Aldrich 

Co (St Louis, MO, USA). Rhodamine phalloidin and 4′6-

diamidino-2-phenylindole (DAPI) were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). All other 

chemicals were of analytical grade and used without further 

purification.

Male guinea pigs (4–6  weeks, weighing about 250  g; 

number [N]=123) were purchased from the Shanghai 

Laboratory Animal Center (Shanghai, People’s Republic 

of China). All animals had free access to standard rat chow 

and water. The outline of the animal experiments was shown 

in Figure  1. The care and handling of animals were per-

formed with the approval of the Institutional Authority for 

Laboratory Animal Care of Shanghai Jiao Tong University 

School of Medicine (Shanghai, People’s Republic of China).  
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The animal experiments designed in this study were approved 

by the Ethical Committee of Shanghai Jiao Tong University 

School of Medicine.

Methods
Preparation and characterization of DEX-loaded 
nanoparticles (DEX-NPs)
Preparation of DEX-NPs
DEX-NPs were fabricated using an emulsion and solvent 

evaporation method as described previously.22 Briefly, 

a mixture of mPEG-PLA and DEX (6/1, w/w) was dis-

solved in 1 mL of dichloromethane solution. Next, 3 mL of 

sodium cholate solution (1%, w/v) was slowly poured into 

the solution and sonicated at 320 w for 30 seconds (Scientz 

Biotechnology Co, Ltd, Ningbo City, People’s Republic of 

China). The resulting oil/water emulsion was further diluted 

in 36 mL of 0.5% sodium cholate solution and the organic 

solvent was removed via rotary evaporation under reduced 

pressure. The resulting NPs were collected by centrifugation 

(11,000× g, 30 minutes) and washed twice to remove excess 

emulsifier. The NPs were frozen and stored at -20°C for 

further use. Coumarin 6-labeled NPs were prepared using the 

same method as DEX-NPs, except that DEX was replaced 

with 0.05% (w/v) Coumarin 6.

Morphology and particle size
Particle size, as well as size distribution and morphology, 

were determined with three different methods: dynamic light 

scattering (DLS); transmission electron microscopy (TEM); 

and atomic force microscopy (AFM). DEX-NPs were diluted 

in double-distilled water and measured by DLS. DEX-NPs 

were negatively stained with sodium phosphotungstate solu-

tion and scanned with TEM. One drop of the NP suspension 

was mounted on metal slabs, air-dried, and scanned by the 

AFM with a Nanoscope III in the tapping mode. The zeta 

potential was measured using DLS.

Encapsulation efficiency (EE %) and drug loading 

(DL %) of the DEX-NPs was determined using the follow-

ing formulae:

Amount of DEX 

Encapsulation encapsulated in NP
100%

efficiency (EE %) Amount of DEX added in 

the dispersion

= × �(1)

	
Drug loading 

(DL %)
  

Amount of DEX in NP

NP weight contain
=

iing DEX
×100% �(2)

In vitro release of DEX from DEX-NPs
The in vitro release of DEX from NPs was examined under 

three different media conditions (pH 7.4 PBS, artificial peri-

lymph [AP], rat plasma) at 37°C to evaluate the influence 

of media on the rate of release. Briefly, 20 mg of DEX-NPs 

were added to a centrifuge tube and suspended in 5 mL of 

release medium containing 0.1% Tween-80 (to maintain the 

sink condition, by increasing the solubility of DEX in the 

medium and avoiding the binding of DEX to the tube wall). 

Next, the solution was stirred at 110 rpm in the gas bath at 

37°C. At designated time points, the tubes were centrifuged 

(11,000×  g, 30  minutes) and the supernatants containing 

DEX were transferred to empty tubes for further analyses. 

The DEX-NPs in the pellet were resuspended in 5 mL of 

fresh medium to continue the release studies.

Then, concentrations of DEX were determined using 

high-pressure liquid chromatography (HPLC) combined 

with mass spectrometry (LC/MS/MS). Samples were 

prepared by extracting 5 μL of the release medium using 

100 μL of dichloromethane:hexane:methyl tert-butyl ether 

(1:1:1, v/v/v). The extraction step was repeated once. The 

organic fraction was isolated, dried, and reconstituted with 

100 μL of a water/methanol solution (1/1, v/v). For HPLC, 

a 25 μL sample was loaded on a Hypersil GOLD™ C18 

reverse-phase column (2.1 mm  ×100  mm; 3 μm particle 

size; Thermo Fisher Scientific) equipped with a Thermo 

Fisher Scientific TSQ Quantum™ Access MAX LC/MS/MS 

system (Thermo Fisher Scientific). The gradient elution was 

set with a combination of water with 0.13% formic acid and 

acetonitrile in a 17-minute program. The mobile phase was 

initiated with a flow rate of 0.2 mL/minute. MS analysis was 

performed on a Thermo Fisher Scientific TSQ Quantum™ 

mass spectrometer with an electrospray ionization probe. 

The detection limit for DEX in this assay was 1 ng/mL. DEX 

concentrations were interpolated using equations derived 

from calibration curves.

In vivo biodistribution and in vivo release  
of DEX-NPs following the RWM administration
Administration of DEX-NPs onto RWM
Guinea pigs were anesthetized with an intraperitoneal (IP) 

injection of 1% pentobarbital sodium (35 mg/kg). During 

the procedure, the animals were placed on a heating pad 

(38°C). A subcutaneous injection of 1% lidocaine was 

performed to reduce pain. A postauricular incision was 

made and the muscle was dissociated via blunt dissection 

and retracted until exposure of the auditory bulla. A hole 

of 2–3 mm in diameter was drilled on the bulla to provide 
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direct visualization of the round window niche. A DEX 

or DEX-NPs solution (5 µL, 10 mg/mL) was applied onto 

the RWM using a microsyringe. The guinea pigs were 

fixed at this position for 30  minutes. The bulla opening 

was sealed with dental cement and the incision was closed 

with sutures.

In vivo biodistribution of Coumarin 6-labeled NPs 
following the RWM administration
To determine the distribution of NPs in the inner ear after 

RWM delivery, we labeled the NPs with a fluorescent label-

ing dye, Coumarin 6. Guinea pigs (n=3 in each group) were 

randomly assigned into two groups for the RWM administra-

tion of Coumarin 6 (5 µL, 25 µg/mL) and Coumarin 6-labeled 

NPs (5 µL, 25 µg/mL). All guinea pigs were sacrificed 1 hour 

after RWM drug administration via cervical dislocation. 

Cochleae were harvested from the animals, immersed in 4% 

paraformaldehyde in PBS (pH 7.4) for 2 hours, and decalci-

fied in 0.1 M ethylenediaminetetraacetic acid (EDTA) in 

PBS (pH 7.4) for 14 days at room temperature. The tissues 

were embedded in optimal cutting temperature and cut into 

10 µm thick cryosections. Midmodiolus sections from the 

cochlea of each animal were used for histological analysis. 

Nuclei were stained with DAPI. The specimens were exam-

ined under a fluorescence microscope (Leica Microsystems, 

Wetzlar, Germany).

In vivo release of DEX-NPs following the RWM 
administration
To assess the sustained release of DEX-NPs in vivo, the 

DEX concentration in cochlea following the administration 

of a single dose of DEX-NPs onto RWM was examined. 

The DEX concentration of either directly used (DEX solu-

tion) or in the DEX-NP solution was 10 mg/mL and 5 µL 

of the solution was administered onto RWM in each animal 

(n=5 for each time point). At the designed time points (1 hour, 

3 hours, 6 hours, 12 hours, 24 hours, and 48 hours after drug 

administration), the cochleae were harvested under general 

anesthesia and perilymph was collected.

To avoid contamination by the cerebrospinal fluid influx 

after perforation of the cochlear shell, driven by hydrostatic 

pressure, perilymph was collected ex vivo. Briefly, animals 

were decapitated under deep anesthesia with an overdose of 

pentobarbital. The temporal bone was rapidly removed and 

the cochleae were then dissected from the temporal bones.  

A small hole was made at the apex, and 5–7 µL of perilymph 

was sampled using a microsyringe pump (Micro4; World 

Precision Instruments, Sarasota, FL, USA). All samples were 

stored at -80°C for further analysis. DEX in perilymph was 

quantified using LC/MS/MS, as described earlier. The detec-

tion limit for DEX in this assay was 1 ng/mL.

Functional and histological assessments
Establishment of a hearing loss animal model
Guinea pigs were treated with cisplatin to induce hearing 

loss. Specially, 18 guinea pigs were assigned to three groups 

(n=6 per group), and all the animals received a single-dose 

IP injection of 10 mg/kg, 12 mg/kg, and 15 mg/kg cisplatin. 

Auditory brainstem response (ABR) thresholds were mea-

sured at frequencies of 4 kHz, 8 kHz, 16 kHz, and 24 kHz 

1 day before and 3 days after treatment with cisplatin. The 

optimal ototoxic dose of cisplatin was considered to have 

desired ototoxicity and low mortality rates.

Evaluation of otoprotective effects of DEX-NPs 
drug administration
The otoprotective effects of DEX and DEX-NPs against 

cisplatin toxin were evaluated in guinea pigs. A total of 

52 guinea pigs were divided into one of seven groups: 

1)  saline (n=6); 2) CDDP (n=8); 3) CDDP + NPs (n=8); 

4) DEX (n=6); 5) DEX-NPs (n=6); 6) CDDP + DEX (n=8); 

and 7) CDDP + DEX-NPs (n=10). CDDP was administered 

IP at a dose of 12 mg/kg (the dose had been optimized). 

Then, 5 µL of saline, NPs (5 µg/mL), DEX (10 mg/mL) or 

DEX-NPs (10 mg/mL) were applied onto the RWM 1 hour 

before CDDP injection.23 ABR thresholds were measured 

at frequencies of 4 kHz, 8 kHz, 16 kHz, and 24 kHz 1 day 

before and 3 days after drug administration.

Evaluation of otoprotective effects of DEX-NPs (ABR)
ABR tests were conducted at specific frequencies using the ABR 

workstation from Tucker-Davis Technologies Inc (Alachua, FL, 

USA). ABR was recorded with a subcutaneously implanted 

sterile stainless steel electrode. The active electrode was placed 

at the forehead, the reference electrode at the mastoid of the 

measured ear, and the ground electrode at the contralateral hind 

leg. Animals with normal external auditory canal and tympanic 

membrane were examined using an otoscope before the ABR 

measurements were conducted. Animals were anesthetized with 

an IP injection of 1% pentobarbital sodium (35 mg/kg). During 

the procedure, the animal was placed on a heating pad (38°C) in 

a soundproof chamber. Pure tone bursts at 4 kHz, 8 kHz, 16 kHz, 

and 24 kHz were generated digitally for a duration of 10 ms and 

with a rise–fall time of 1 ms. Acoustic stimuli were presented 

at a rate of 21.1 per second into the external auditory canal of 

the animal. The evoked potentials were filtered with a bandpass 
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filter between 100 Hz and 3,000 Hz, and averaged 512 times. 

For each given frequency, the tone burst intensity started at a 

90 dB sound pressure level for the pretreatment group and at a 

110 dB sound pressure level for the post-treatment group, and 

it decreased in steps of 5 dB until the threshold was reached. 

The ABR threshold was defined as the lowest intensity that a 

reproducible wave III could be recorded.

Evaluation of otoprotective effects of DEX-NPs 
hair cell counting
Three days after drug administration, guinea pigs were anes-

thetized with lethal doses of 1% pentobarbital sodium and the 

cochleae were harvested and perfused with 4% paraformalde-

hyde in PBS and further fixed with 4% paraformaldehyde for 

4 hours at room temperature. After decalcification with 0.1 M 

EDTA for 14 days, the organs of Corti were microdissected 

under a microscope as a surface preparation. The hair cells 

were evaluated on the animals in four groups: saline; CDDP; 

CDDP + DEX; and CDDP + DEX-NPs (n=6 per group). DEX 

(5 µL, 10 mg/mL) or DEX-NPs were applied onto the RWM 

1 hour before CDDP injection.23 F-actin was stained with 

rhodamine phalloidin (1:100) to identify cochlear hair cells. 

Hair cells were examined under a Leica TCS SPE confocal 

microscope (Leica Microsystems). The residual outer hair 

cells (OHCs) were counted in a 1 mm long strip at the region, 

approximately 60% from the apex.

Inflammatory responses to DEX-NPs
Inflammatory reactions upon DEX-NPs administration on 

RWM (5 µL, 10 mg/mL) were assessed using hematoxylin 

and eosin staining. Briefly, six guinea pigs were randomly 

assigned into two groups (n=3 per group): 1) saline (5 µL) 

RWM; and 2) DEX-NPs (5 µL, 10 mg/mL) RWM. Three 

days after drug administration, guinea pigs were anesthetized 

with lethal doses of 1% pentobarbital sodium. Tympanic bul-

lae were removed, fixed in 4% buffered paraformaldehyde 

for 2 hours, and decalcified in 0.1 M EDTA for 14 days. The 

cochleae were trimmed and embedded for modiolus section. 

Then, 5 µm sections were cut, stained with hematoxylin and 

eosin, and examined via light microscopy.

Statistical analysis
All statistical analyses were performed using GraphPad 

Prism 5.0 software (GraphPad Software, Inc., La Jolla, 

CA, USA). Differences between groups were examined 

using Student’s t-test or analysis of variance with Turkey’s 

multiple comparison tests. Statistical significance was set 

as P-values ,0.05.

Results
Physical characterization of DEX-NPs
DEX-NPs were prepared using an emulsion and evaporation 

technique, as reported previously.22 DEX-NPs were spherical 

in shape with a hydrophilic polyethylene glycol (PEG) shell 

and a hydrophobic polylactic acid core. DEX was loaded 

into spherical structures covered with PEG to improve the 

water solubility of the drug (Figure 2A). The average particle 

size, zeta potential, DL, and EE of DEX-NPs were shown 

in Table 1. The representative TEM and AFM images of 

DEX-NPs revealed that NPs were spherical in shape with a 

smooth surface and no aggregation or adhesion. The particle 

sizes of DEX-NPs determined by TEM, AFM, and DLS 

were 123.47±7.88 nm, 110.37±3.36 nm, and 130±4.78 nm 

(polydispersity index =0.098), respectively (Figure 2B, C 

and D) .The three sizes of DEX-NPs were determined in the 

same range, which is consistent with previous findings.22 The 

surface of DEX-NPs was negatively charged, as determined 

by the zeta potential (-26.13±3.28 mV). DL and EE were 

8.24%±2.85% and 48.58%±6.74%, respectively.

In vitro release of DEX-NPs
The in vitro release of DEX from DEX-NPs was examined 

in PBS (pH 7.4), AP (pH 7.4), and rat plasma (Figure 2E). 

In PBS and AP, DEX was released in a biphasic pattern; 

specifically, there was an initial rapid release followed by a 

slower and sustained release. In PBS medium, the accumu-

lated release of DEX from DEX-NPs was 34.08%±3.08% 

on day 1 and 78.01%±6.00% on day 23. In contrast, in AP 

medium, the accumulated release of DEX from DEX-NPs 

was 68.14%±4.35% on day 1 and 93.42%±5.43% on day 13. 

DEX release from NPs in rat plasma was significantly faster 

compared to that in PBS and AP (P0.05, 84.43%±4.29% 

on day 1). This may be the result of increased drug diffusion 

speed induced by plasma enzyme-catalyzed hydrolysis of 

the polymer matrix. Similar patterns have been previously 

reported for the release of paclitaxel from other PEG-PLA 

NP systems.22

In vivo distribution of Coumarin 
6-labeled NPs in cochleae
Coumarin 6, a fluorescence dye, is commonly used to trace 

the distribution of NPs. Coumarin 6-labeled NPs are stable 

in PBS medium with only 5% Coumarin 6 released from 

the NPs at a long period incubation in PBS (pH 7.4).24 We 

followed Coumarin 6 in cochlea.

After the administration of free Coumarin 6 to the RWM 

in guinea pigs, weak fluorescence was observed in the cochlea 
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Figure 1 Outline of animal experiments.
Notes: There were seven animal experiments – namely, the in vivo distribution of Coumarin 6 NPs (n=6), the in vivo release of DEX from DEX-NPs (N=35), the hearing 
assessment of the sham operation (N=6), the establishment of a hearing loss animal model (N=18), the protection of hearing function by DEX-NPs – ABR (N=52), the 
protection of hearing function by DEX-NPs – hair cell counting (N=24), and inflammatory response to NPs (N=6).
Abbreviations: NP, nanoparticle; n, number; DEX, dexamethasone; DEX-NPs, dexamethasone-loaded polyethylene glycol-coated polylactic acid stealth nanoparticles; ABR, 
auditory brainstem response; CDDP, cis-diamminedichloroplatinumII.

Animal
experiments

In vivo biodistribution
of Coumarin 6 NPs
Coumarin 6 (n=3);

Coumarin 6-NPs (n=3)
(N=6)

Establishment of
hearing loss
animal model

10 mg/kg, 12 mg/kg,
and 15 mg/kg

(n=6 per group)
(N=18)

Protection of
hearing function by DEX-
NPs ABR Saline (n=6),

DEX (n=6), DEX-NPs (n=6),
CDDP (n=8), CDDP + NP (n=8),

CDDP + DEX (n=8), CDDP +
DEX-NPs (n=10) 

(N=52)

Protection of
hearing function by 

DEX-NPs 
hair cell counting
Saline, CDDP, 
CDDP + DEX, 

CDDP + DEX-NPs 
(n=6 per group) (N=24)

Inflammatory
response to

NPs
Saline, DEX-

NPs
(n=3 per group)

(N=6)

Functional and
histological
assessment

(N=76)

In vivo release of
DEX from DEX-NPs
(n=5 per time point)

(N=35)

Hearing
assessment of
sham operation

(N=6)

Figure 2 Characterization of DEX-NPs.
Notes: (A) Fabrication of DEX-NPs. Schematic representation of the nanoparticle structure: DEX (yellow balls) was encapsulated in the nanoparticles (light blue sphere) 
modified with PEG (gray ball shell). (B) Representative transmission electron microscopy image. (C) Two-dimensional nanoparticle image of atomic force microscopy. 
(D) Size distribution determined by dynamic light scattering. (E) In vitro release of DEX from DEX-NPs in PBS (pH 7.4), rat plasma, and AP (pH 7.4) (mean ± SD; n=3).
Abbreviations: AP, artificial perilymph; PBS, phosphate buffered saline; PEG, polyethylene glycol; d, days; DEX-NPs, dexamethasone-loaded polyethylene glycol-coated 
polylactic acid stealth nanoparticles; DEX, dexamethasone; SD, standard deviation; n, number.
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after 1 hour (Figure 3A). In contrast, in guinea pigs treated 

with Coumarin 6-labeled NPs, a strong green fluorescence 

region was visible in the cochlea 1 hour after administration 

(Figure 3B). Green fluorescence was observed in the stria 

vascularis and organs of Corti in all the cochlear turns, as 

well as in the cochlear modiolus. These results suggest that 

PEG-PLA NPs encapsulate drugs effectively and adhere on 

and penetrate the RWM.

In vivo release of DEX-NPs following  
the RWM administration
Concentration–time courses for DEX and DEX-NPs after 

RWM delivery to guinea pigs are shown in Figure 4. Specifi-

cally, we assessed DEX concentrations in cochlear perilymph 

at 1 hour, 3 hours, 6 hours, 12 hours, 24 hours, and 48 hours 

after RWM administration of DEX or DEX-NPs.

At 1 hour after RWM administration, the DEX that 

diffused into the inner ear following free DEX treatment 

(12,717.91±6,550.95 ng/mL) was significantly higher than 

that of the DEX-NP treatment (8,316.217±2,782.65 ng/mL). 

The concentration of free DEX was significantly reduced 

to 864.24±407.11 ng/mL after 6 hours and was below the 

detection limit at 12 hours. In contrast, DEX concentrations in 

the cochleae of DEX-NPs treated with animals still remained 

high after 24 hours (1,376.21±1,234.94 ng/mL) and 48 hours 

(269.85±161.01 ng/mL).

Establishment of a hearing loss 
animal model
The ABR technique was used to monitor auditory func-

tion. All guinea pigs treated with cisplatin (10 mg/kg and 

12 mg/kg) experienced a statistically significant threshold 

elevation by day 3 at all detected frequencies except for 4 kHz 

with 10 mg/kg cisplatin (Figure 5A; P,0.05). For 10 mg/kg 

of cisplatin, the mean ABR threshold shifts exhibited no 

significant differences among the detected frequencies 

(Figure 5B). A cisplatin dose response was observed with 

average threshold shifts of 23.59±4.68 dB for 10 mg/kg and 

69.69±5.01 dB for 12 mg/kg across all frequencies. In addi-

tion, the average threshold shifts induced by 12 mg/kg 

cisplatin were significantly higher than those induced by 

10 mg/kg across all frequencies (P,0.001).

Lethality rates in guinea pigs at day 3 after treatment 

with 10 mg/kg and 12 mg/kg of cisplatin were 0% and 25%, 

respectively. In addition, the lethality rate in guinea pigs 

at day 3 after treatment with 15 mg/kg cisplatin was 80%. 

Therefore, cisplatin of 12 mg/kg was selected for the fol-

lowing experiments.

Table 1 Physicochemical characteristics of DEX-NPs

Nanoparticles Particle size (nm) Zeta potential  
(mV)

DLd (%) EEe (%)

DLSa (PI) TEMb AFMc

DEX-NPs 130±4.78 123.47±7.88 110.37±3.36 -26.13±3.28 8.24±2.85 48.58±6.74

Notes: aDLS (n=6). bTEM (n=6). cAFM (n=6). dDL (n=3). eEE (n=3). All results are expressed as the mean ± SD.
Abbreviations: DEX-NPs, dexamethasone-loaded polyethylene glycol-coated polylactic acid stealth nanoparticles; DLS, dynamic light scattering; PI, polydispersity index; 
TEM, transmission electron microscopy; AFM, atomic force microscopy; DL, drug loading; EE, encapsulation efficiency; n, number; SD, standard deviation.

Figure 3 Coumarin 6-labeled NPs distribution in the cochlea via RWM administration at 1 hour after drug exposure.
Notes: (A) Weak fluorescence was detected in the cochlear modiolus after free Coumarin 6 RWM administration. Scale bar, 500 µm. Nuclei were stained with DAPI (blue). 
(B) Strong green fluorescence regions were visible in the stria vascularis and organs of Corti in all the cochlear turns, as well as in the spiral ganglion cells after Coumarin 
6 NPs RWM administration. 
Abbreviations: NP, nanoparticle; RWM, round window membrane; DAPI, 4′6-diamidino-2-phenylindole.
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Evaluation of otoprotective effects  
of DEX-NPs – assessment of ABR
Following the sham operation, we observed no significant 

difference between day 0, day 1, and day 3 after RWM 

administration at all tested frequencies (Figure 6). This result 

showed that the procedure of RWM administration of saline 

had no influence on the guinea pigs’ hearing function.

The results of the ABR tests indicated that the cisplatin-

induced hearing loss was partially protected by DEX-NPs 

(Figure 7). In the control guinea pigs treated with saline, 

DEX and DEX-NPs did not change ABR thresholds at any 

tested frequency, indicating that the concentration of DEX 

was nontoxic and that the PEG-PLA polymer was biocom-

patible (Figures 7A and B). This result was consistent with 

data from Buckiová et al’s study.21

The baseline of CDDP, CDDP + NPs, CDDP + DEX, 

and CDDP + DEX-NPs were measured at 1 day before 

treatment and showed no significant difference (Figure 7C). 

However, at day 3 after drug administration, the mean ABR 

threshold of CDDP + DEX-NPs (63.5±15.75 dB at 4 kHz and 

69.00±17.68 dB at 8 kHz) were significantly lower as com-

pared with those obtained with CDDP (85.63±11.78 dB at 4 kHz 

and 88.13±9.98 dB at 8 kHz; P,0.01 and P,0.05, respectively) 

and CDDP + DEX (81.88±6.51 dB at 4 kHz and 89.38±6.23 dB 

at 8 kHz; P,0.05 and P,0.01, respectively). The mean ABR 

threshold of CDDP + DEX exhibited no significant difference 

when compared with that of the CDDP group.

In the deafened guinea pigs treated with CDDP + 

DEX-NPs, ABR threshold shifts were 42.00±19.61 dB at 

4  kHz and 48.50±22.74 dB at 8 kHz (Figure 7D), which 

were significantly lower when compared to those obtained 

with CDDP (57.50±10.35 dB at 4 kHz and 63.13±8.42 dB 

at 8 kHz; P,0.05 and P,0.05, respectively) and CDDP + 

DEX (57.5±5.98 dB at 4 kHz and 67.5±8.02 dB at 8 kHz; 

P,0.05 and P,0.01, respectively) However, the CDDP + 

DEX group showed no significant differences in the ABR 

threshold shift, in contrast to the CDDP treatment group at 

all detected frequencies.

Taken together, DEX-NPs showed  a significant protec-

tion effect against cisplatin-induced hearing loss at 4 kHz 

and 8 kHz, but not with free DEX.

Evaluation of otoprotective effects 
of DEX-NPs – assessment of hair cell loss
In guinea pigs, 6 kHz locates at approximately 50% from 

the apex of the cochlea along the longitude of the cochlea.25 

According to the ABR results, the protected frequencies were 

10,000

1,000

100
0 10 20

Time (h)

C
on

ce
nt

ra
tio

n 
of

 D
EX

 
(n

g/
m

L)

30 40 50 60

DEX
DEX-NPs

Figure 4 In vivo DEX concentrations in cochlear perilymph via RWM administration 
of free DEX or DEX-NPs.
Note: Data are presented as the mean ± SEM (n=5).
Abbreviations: DEX, dexamethasone; DEX-NPs, dexamethasone-loaded 
polyethylene glycol-coated polylactic acid stealth nanoparticles; h, hours; RWM, 
round window membrane; SEM, standard error of the mean; n, number.

120 Baseline

**
******

******

**
*

10 mg/kg
12 mg/kg

4 k
Hz
8 k

Hz

16
 kH

z

24
 kH

z
4 k

Hz
8 k

Hz

16
 kH

z

24
 kH

z
4 k

Hz
8 k

Hz

16
 kH

z

24
 kH

z

M
ea

n 
A

B
R

 th
re

sh
ol

d
(d

B
 S

PL
)

Frequency

100

80

60

40

20

0

###
###

###

###

10 mg/kg
12 mg/kg

4 k
Hz
8 k

Hz

16
 kH

z

24
 kH

z
4 k

Hz
8 k

Hz

16
 kH

z

24
 kH

z

M
ea

n 
A

B
R

 th
re

sh
ol

d
sh

ift
 (d

B
 S

PL
)

Frequency

100

80

60

40

20

0

A B

Figure 5 Establishment of cisplatin-induced hearing loss animal models.
Notes: Mean (A) ABR threshold and (B) shift per frequency for guinea pigs 3 days after treatment with 10 mg/kg and 12 mg/kg of intraperitoneal cisplatin (n=6). *P,0.05, 
**P,0.01, and ***P,0.001 as compared with baseline. ###P,0.001 as compared with the 10 mg/kg group.
Abbreviations: ABR, auditory brainstem response; SPL, sound pressure level; n, number.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3575

Dexamethasone and hearing loss

4 kHz and 8 kHz. To correlate the auditory function to the 

number of hair cells, we counted the hair cells in the region 

about 60% from the apex.

As shown in Figure 8A, there was cisplatin-induced severe 

loss of OHCs and abnormalities as compared to the control 

animals. The administration of DEX-NPs 1 hour before 

cisplatin treatment largely preserved hair cells from cisplatin-

induced damage, whereas the administration of free DEX did 

not show such a protective effect. As shown in Figure 8B, 

quantification of the OHC number at the approximately 60% 

region from the apex region showed significantly more OHCs 

in the DEX-NPs-treated animals than in the free DEX group or 

no-treatment group (P,0.001 and P,0.001, respectively). The 

survival number of OHCs treated with CDDP + DEX-NPs was 

significantly higher than those treated with CDDP and CDDP +  

DEX (P,0.001 and P,0.001, respectively). The number of 

normal OHCs treated with CDDP + DEX-NPs was significant 

higher than that of the groups treated with CDDP and CDDP +  

DEX (P,0.001 and P,0.05, respectively). However, the 

CDDP + DEX group exhibited no protective effects against 

cisplatin on hair cell survival when compared with the CDDP 

group. Our results indicate that DEX-NPs have greater thera-

peutic potential when protecting hair cells against cisplatin-

induced damage than free DEX.
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Inflammatory responses to DEX-NPs
The middle ear was evaluated 3 days after the administra-

tion of DEX-NPs to assess histological changes in RWM 

(Figure 9). No inflammatory responses, including effusion 

or swelling of the mucosa, were observed in either the 

saline- (Figure  9A) or DEX-NP-treated ears (Figure 9B). 

However, a few inflammatory cells were present in the scala 

tympani near the RWM. The difference in the numbers of 

inflammatory cells between the DEX-NPs and saline groups 

was not significantly different.

Discussion
DEX, a glucocorticoid that acts as an otoprotectant, has 

been investigated in clinical trials in recent years.26 The 

potential mechanisms for otoprotection were proposed as 

inflammation modulation, ion homeostasis, and immune 

ST

RWM

500 µm

ST

RWM

500 µm

A B

Figure 9 Hematoxylin and eosin-stained histological sections of a decalcified guinea pig middle-ear sample.
Notes: (A) RWM of the control ear with saline application. (B) RWM 1 day after the DEX-NPs administration. Blood is also visible in the scala tympani (n=3).
Abbreviations: RWM, round window membrane; ST, scala tympani; DEX-NPs, dexamethasone-loaded polyethylene glycol-coated polylactic acid stealth nanoparticles; 
n, number.
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suppression.27,28 DEX activity is mediated through the glu-

cocorticoid receptor in the cochlea.28 Following systemic 

application, the amount of DEX available to the inner ear is 

limited after DEX molecules leave the circulation, cross the 

blood–cochlear barrier, and gain access to cells of the inner 

ear.29 Thus, a single injection of DEX at the clinically used 

dose may deliver very limited amounts of the drug into the 

cochlea. No protective effects of systemically administrated 

DEX against cisplatin-induced ototoxicity were observed in 

guinea pig models.10 These research findings suggested that 

DEX used by systemic administration in clinics may not be 

able to elicit a therapeutic effect in the cochlea.

Intratympanic drug delivery is recognized as a safe and 

simple drug administration route for inner ear disorders. This 

strategy has been widely used in the treatment of sudden 

sensorineural hearing loss and Meniere’s disease.13 Protec-

tive effects of DEX through intratympanic delivery against 

cisplatin ototoxicity have been explored. However, the results 

to date are variable, depending on the doses, intensities, and 

frequencies of cisplatin injection or species of experimental 

animals.7,10,14–17 Among previous reports, two have employed a 

similar experimental setting to that of the present study, where 

guinea pigs were used as experimental animals and DEX was 

intratympanically administered.16,17 These two studies showed 

that the greatest otoprotection was achieved at the highest 

dose of DEX and reduced threshold shifts at 8 kHz or 16 kHz. 

The DEX doses applied in these studies were higher than that 

used in the present study. The low dose of DEX in our study 

may not lead to sufficient exposure to the inner ear tissue for 

protection against cisplatin-induced ototoxicity.

NPs have attracted considerable interest for therapeu-

tic application in ear disease owing to their sustained and 

controlled release properties. However, as yet, no published 

studies have reported the utility of NPs for delivering drugs 

to protect the ear against cisplatin-induced hearing loss. To 

our knowledge, this study is the first to demonstrate that 

DEX-NPs administered in a single dose via RWM exhibited a 

significant protective effect against cisplatin-induced hearing 

loss at both functional and histological levels by inducing 

an inflammatory reaction. Notably, an equivalent amount of 

free DEX applied onto the RWM failed to protect the inner 

ear against cisplatin-induced hearing loss.

The intracochlear concentration of DEX after RWM 

administration of free DEX reached a peak at 1 hour 

(12,717.91±6,550.95 ng/mL), but dropped to a very low level 

(864.24±407.11 ng/mL) after 6 hours. This indicates that the 

single administration of free DEX was quickly cleared from 

the cochlea, and that a more sustained exposure of DEX and 

a greater amount of DEX in the cochlea are needed to pro-

vide otoprotection. This may account for the poor effects of 

glucocorticoids in patients with cisplatin-induced ototoxicity 

after systemic application.7

Particle size is one of the most important parameters that 

critically determines the fate of NPs in vitro and in vivo.30  

It is noted that the sizes of DEX-NPs, as determined by 

DLS, TEM, and AFM, exhibited no significant differences. 

Strong fluorescence intensity of Coumarin 6-labeled NPs was 

found in the stria vascularis, and there was spiral prominence 

in the cochlear turns and cochlear modiolus 1 hour after 

RWM administration, whereas weak fluorescence of free 

Coumarin  6 was only detected in the cochlear modiolus 

after RWM administration. Coumarin 6 is used to study the 

distribution of NPs in targeted antitumor studies since it 

associates with NPs for a long time without dissociation.24 

If Coumarin 6 had dissociated from NPs before it diffused 

into perilymph, we would expect less or equal amounts of 

Coumarin 6 in the inner ear as free Coumarin applied onto 

the RWM. However, we cannot exclude the possibility that 

NPs enhance the permeability of RWM. The RWM is a 

semipermeable membrane between the middle and inner ear, 

which allows the diffusion of particles ,3 µm in diameter.29 

The particle sizes of DEX-NPs and Coumarin 6-labeled NPs 

were less than 200 nm and could therefore easily penetrate 

the RWM into the perilymph of the scala tympani. A previ-

ous study has demonstrated that the cochlear fluid has an 

extremely slow flow rate;31 thus, the in vivo distribution of 

PEG-PLA NPs depends on the diffusion rates of NPs rather 

than the flow rate of the cochlear fluid.

The in vitro and in vivo release profiles of drug-loaded NPs 

represent the major parameters that influence the therapeutic 

effects.32 The in vitro release rate of DEX from DEX-NPs 

followed this order: plasma . AP . PBS (Figure 1E). About 

90% of DEX was released from the DEX-NPs in plasma 

medium in 24 hours, possibly due to the enzyme-catalyzed 

hydrolysis of the polymer matrix. In PBS and AP media, 

DEX displayed a biphasic release pattern; specifically, there 

was an initial fast release and a subsequent slower sustained 

release. In vivo, after the single-dose administration of DEX-

NPs, the DEX concentration in the perilymph of the cochlea 

reached a peak at 1 hour (8,316.217±2,782.65  ng/mL), 

lower than the DEX concentration of the free DEX admin-

istration at 1 hour (12,717.91±6,550.95 ng/mL) (Figure 4). 

Moreover, DEX was still present in the perilymph of the 

cochlea even after 48 hours of DEX-NPs administration. 

These results demonstrated that NPs are efficient to deliver 

DEX in a sustained manner to the cochlea. In addition, the 
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application of Coumarin 6-labeled NPs revealed a wide and 

quick distribution in the organ of Corti, stria vascularis, and 

spiral ganglion cells throughout cochlea 1 hour after RWM 

administration, suggesting that NPs can accumulate in the 

hair cells and protect them against cisplatin-induced ototoxic-

ity after being administrated.

Auditory function was further evaluated based on ABR 

thresholds and the results reflected the function of cochlear 

hair cells, spiral ganglion cells, and neurons in the auditory 

pathway. It has been documented that the use of cisplatin, like 

other ototoxic drugs, results in a loss of cochlear OHCs, start-

ing in the base and progressing to the apex of the cochlea.33 

Our study clearly demonstrated the protective effect of DEX-

NPs against cisplatin-induced damages to the OHCs at 4 kHz 

and 8 kHz, but not at 16 kHz and 32 kHz.

Decreased protection by DEX-NPs at the highest frequen-

cies is expected, as the basal turn of the cochlea is the most 

susceptible to cisplatin ototoxicity.17 In general, destruction 

of OHCs due to drug toxicity progresses in a base-to-apex 

gradient. The cellular damage at basal turns of cochlea (high 

frequency) following a large, single dose of cisplatin may 

have been too severe to be prevented by RWM DEX-NPs. We 

found that the extensive loss of hair cells occurred along with 

a 25% mortality rate after the highest bolus dose of cisplatin 

at 12 mg/kg in our study. The cumulative and dose-related 

ototoxicity of cisplatin has been well documented.34 A lower 

dose of cisplatin is expected to trigger less damage to the 

cochlear sensory cells and hearing function, as observed in 

the current study. In clinical practice, cisplatin is usually 

administered in multiple lower doses over several days. This 

would result in less damage at the base of the cochlea, which 

might be further protected by the intratympanic application 

of DEX.15,16

Conclusion
In the present study, we developed a DEX-loaded NP drug 

delivery system for the treatment of ear disease. The resul-

tant DEX-NPs were uniformly spherical in shape with a 

particle size of 130 nm (hydrodynamic diameter) and a zeta 

potential of -20.16 mV. Coumarin 6-labeled NPs penetrated 

RWM rapidly and accumulated on the organ of Corti, stria 

vascularis, and ganglion cells in guinea pigs. The sustained 

release of DEX from DEX-NPs in vitro lasted for 24 days in 

PBS (pH 7.4), 5 days in AP, and 1 day in rat plasma. After 

the single-dose administration of DEX-NPs via RWM, the 

concentration of DEX in the cochlea of guinea pigs remained 

detectable for up to 48 hours. The sustained release property 

of the nanoparticulate system led to the prolonged retention of 

DEX, and to the significant attenuation of cisplatin-induced 

hearing loss in the cochlea, as examined at both functional 

and histological levels.
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