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A B S T R A C T

Ototoxicity represents a major adverse side-effect of cis-diamminedichloroplatinum-II (cisplatin, CDDP).
The mitogen-activated protein kinase (MAPK) pathway is thought to play a central role in potentiating
the apoptotic effect of CDDP within the cochlea. We hypothesized that prophylactic inhibition of MAPK
signaling, using small interfering RNA (siRNA), might confer a protective effect against CDDP-induced
apoptosis within the auditory sensory epithelia. To enhance the therapeutic utility of this approach, we
synthesized biocompatible siMAPK1-loaded nanoparticles (NPs) and performed physicochemical
characterizations for size, morphology, drug loading and release kinetics, using dynamic light scattering,
electron microscopy and spectrophotometric analyses, respectively. Our ﬁndings show 183.88  6.26
nm-sized spherical siMAPK1-loaded NPs with 27.12  6.65 mV zeta potential and 112.78  0.24 pmol/
mg of siMAPK1 loading that exhibit a sustained release proﬁle for prolonged therapeutic efﬁcacy.
Synthesized NPs were validated for biocompatibility and prophylactically protected against CDDPinduced cytotoxicity in HEI-OC1 cells and hair cell loss in murine organotypic cochlear explants. Our
study conﬁrms a pivotal role for MAPK1 signaling as a potentiating factor for CDDP-induced apoptosis
and cochlear hair cell loss, and highlights siMAPK1 NP treatment as a therapeutic strategy for limiting the
ototoxic side-effects associated with systemic CDDP administration.
© 2017 Published by Elsevier B.V.

1. Introduction
Cisplatin (cis-dichlorodiamminoplatinum (II); CDDP) is one of
the most potent and efﬁcacious anti-neoplastic agents employed
for the treatment of a variety of cancers, including testicular, germ
cell, head and neck, bladder, cervical, non-small cell lung, breast,
esophageal, cervical, stomach and prostate cancers (Florea and
Büsselberg, 2011). However, CDDP treatment and therapeutic
dosing are limited by detrimental side effects, such as neurotoxicity, ototoxicity, gastrointestinal disturbance, and acute nephrotoxicity (Arany and Saﬁrstein, 2003; Travis et al., 2014; Karasawa and
Steyger, 2015). The major dose-related adverse side effect of
cisplatin treatment is irreversible sensorineural hearing loss (Sun
et al., 2015). Ototoxicity is one of the frequent side effects of CDDP
therapy in patients treated with higher dose regimens, with 75–
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100% of patients receiving 150–225 mg/m2 CDDP showing some
degree of hearing loss (Kopelman et al., 1988; McKeage, 1995).
Ototoxicity caused by CDDP can occur within hours to days after
drug administration (Rybak et al., 2009). Outer hair cells (OHCs)
have been found to be the most vulnerable to CDDP damage (Usami
et al., 1996). Experimental and clinical studies have revealed that,
OHCs in the basal turn are particularly susceptible to CDDPinduced cytotoxicity (Rybak et al., 2007; Ding et al., 2011). Indeed,
histological evaluations of cochlear tissues in animal models of
clinical CDDP administration have revealed that ototoxic destruction is primarily focused among the OHCs, particularly within the
basal turn (high frequency region) of the cochlea (García-Berrocal
et al., 2007; Hellberg et al., 2013; Kuduban et al., 2013).
Over the last 30 years, considerable effort has been devoted to
determine the underlying pathophysiology that governs CDDPinduced ototoxicity (Callejo et al., 2015; Karasawa and Steyger,
2015). At cellular level, acute CDDP exposure results in a
progressive wave of programmed cell death (apoptosis) within
the OHC population that is, at least in part, initiated and
perpetuated by DNA damage and oxidative stress (Kopke et al.,
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1999; Dehne et al., 2001; Karasawa and Steyger, 2015). These
intrinsic stressors induce extrinsic signaling through activation of
tumor necrosis factor a (TNFa)-like death receptors that further
drive the apoptotic response (So et al., 2007). Intrinsic and extrinsic
pathways of CDDP-induced OHC pro-apoptotic signaling mediate
their destructive inﬂuence through a family of cysteine proteases,
called caspases, whose cumulative proteolytic activities culminate
in OHC destruction.
While many signaling pathways have been implicated in
governing and perpetuating this CDDP-induced pathologic response, the mitogen-activated protein kinase (MAPK) family of
signaling factors has been shown to play a central role in tipping
the balance towards an apoptotic fate. At the nexus of these proapoptotic signaling cascades for CDDP ototoxicity, are two isoforms
of an extracellular signal-regulated kinase named MAPK1 and
MAPK3 (also known as ERK 2 and 1, respectively). Upon activation,
MAPK1/MAPK3 phosphorylate a number of key cytoplasmic and
nuclear factors that, in this cytotoxic context, promote both
intrinsic and extrinsic caspase-mediated cell death (Cagnol and
Chambard, 2010). While other members of the MAPK family, such
as p38 MAPK and c-Jun-NH2-terminal kinase (JNK), have been
shown to play roles in CDDP-induced apoptosis, in vitro studies
have revealed that MAPK1/MAPK3 activation (i.e. phosphorylation) and subsequent signaling represent key, rate-limiting events
for driving OHC death in this context (Wang et al., 2004; So et al.,
2007; Lee et al., 2010). Moreover, the speciﬁcity and preeminent
status of this signaling pathway is conserved in in vitro models of
CDDP-induced nephrotoxicity (Arany et al., 2004; Kim et al., 2005),
suggesting that MAPK1/3 signaling may represent a highly
attractive and speciﬁc target for controlled therapeutic inhibition
to mitigate the dose-limiting side-effects of CDDP chemotherapy.
Small interfering RNA-mediated silencing of mRNA transcripts
is a canonical approach for gene-speciﬁc inhibition (Carthew and
Sontheimer, 2009; Ghildiyal and Zamore, 2009). However, several
factors limit the clinical application of siRNA. Those factors include
poor cellular internalization, physical and chemical instability
within bodily ﬂuids (half-life 10 min in plasma), and rapid
degradation in the lysosome (Grimm, 2009; Takahashi et al., 2009;
Whitehead et al., 2009). Encapsulation of siRNA within biocompatible poly (lactic-co-glycolic acid) (PLGA) nanoparticles (NPs)
represents a reliable approach to overcome the above disadvantages, including physical protection of siRNA against RNase
activity, enhanced cellular uptake, and prolonged in vivo half-life
(Woodrow et al., 2009; Wang et al., 2012). Moreover, encapsulation
within PLGA NPs allows increased surface exchange, nuclease
resistance, controlled drug release and extending the therapeutic
window of siRNA-mediated knockdown (Cun et al., 2011). In the
present study, we evaluated the efﬁcacy of siRNA-loaded PLGA NPs
as delivery vehicles for mediating transcriptional silencing of
MAPK1 (ERK2) as a means of mitigating CDDP-induced ototoxicity
and provide a proof-of-concept support for their potential
therapeutic utility against this chemotherapeutic adverse effect.

ThermoFisher Scientiﬁc Inc. (Rockford, IL). For this project,
unlabeled non-targeting (scrambled) siRNA and siMAPK1 were
designed through custom synthesis by Dharmacon, Inc. (Lafayette,
CO). All other chemicals were of analytical grade without further
puriﬁcation.
2.2. Preparation of siMAPK1-loaded nanoparticles
siMAPK1-loaded PLGA nanoparticles (NPs) were prepared by
the water-in-oil-in-water (w1/o/w2) double emulsion solvent
evaporation method as previously reported (Cun et al., 2010).
Brieﬂy, siMAPK1 was dissolved in 50 mL TE buffer (10 mM Tris–HCl
and 1 mM EDTA in MilliQ water, pH 8.0) and added to 1,000 mL of
DCM containing 100 mg of PLGA. The mixture was emulsiﬁed by
sonication (Microson ultrasonic cell disruptor XL Misonix Inc.,
Farmingdale, NY) into a primary W1/O emulsion. Four milliliters of
5% PVA (w/v) in MilliQ water (Millipore Co., Billerica, MA) were
directly poured into the primary emulsion prior to further
emulsiﬁcation and sonication (3  30 s) to form a W1/O/W2 double
emulsion. The resulting emulsion was diluted in 50 mL of 0.3% (w/
v) PVA in MilliQ water and magnetically stirred for two hours at
room temperature (RO 10, IKA-Werke Gmbh & Co, Staufen,
Germany) to evaporate the DCM. PLGA NPs were collected by
ultracentrifugation at 13,000g for 20 min at 10  C (TOMY MX-201
Highspeed Refrigerated Microcentrifuge), washed thrice with
MilliQ water, resuspended in 5 mL of MilliQ water, and freezedried at 100  C under 40 mTorr (Virtis Benchtop freeze-dryer,
Gardiner, NY) for three consecutive days. The obtained powdered
NPs were sterilized under UV light for 45–60 min at room
temperature and stored at 80  C until further use. Fluorescent
FAM-scRNA-loaded NPs were prepared, characterized, sterilized
and stored using the previously described methods.
2.3. Physicochemical characterization of siMAPK1 nanoparticles

2.1. Materials

2.3.1. Particle mean diameter, polydispersity index and zeta potential
analyses
The particle mean diameter (PMD), polydispersity index (PDI)
and zeta potential (ZP) of siMAPK1-loaded NPs were measured by
dynamic and phase analysis light scattering (DLS and PALS,
respectively) (Zetasizer Nano ZS series, Malvern Instruments Ltd.,
Worcestershire, UK). Colloidal suspensions were diluted ten times
with Milli-Q water and subsequently sonicated for 2 min. Sample
measurements were completed at a scattering angle of 173 . The
average of PMD, PDI and ZP were recorded in sextuplicate at 25  C.
According to the National Institute of Standards and Technology
(NIST), a sample with a (PDI) < 0.15 is considered monodisperse
and otherwise polydisperse (Hackley, 2001). Furthermore, a
complementary analysis of particle size and distribution was
performed by nanoparticle tracking analysis (NTA) using a
NanoSight LM20 (Malvern Instruments Inc, Houston, TX) equipped
with a sample chamber, a 640-nm laser, and aViton ﬂuoroelastomer O-ring. NTA version 2.3 Build 0017 software was used for
image capture and data processing. Samples were injected in the
sample chamber with sterile pipettes and analyzed at room
temperature.

Poly D,L-lactic-co-glycolic acid (PLGA, L/G ratio of 50:50 and
molecular weight ranging between: 7 to 17 kDa) was purchased
from Boehringer Ingelheim (Ridgeﬁeld, CT). Dichloromethane
(DCM) was obtained from Burdick and Jackson (Muskegon, MI).
Polyvinyl alcohol (PVA, MW: 30–70 kDa) was provided by Sigma
Aldrich (Saint-Louis, MO). TE Buffer Solution OmniPur1 Grade, pH
8.0 was purchased from EMD Millipore (Billerica, MA). Fluorescein-conjugated non-targeting (scrambled) siRNA (Ambion Silencer
FAM-labeled Negative Control #1 siRNA) was purchased from

2.3.2. Determination of drug loading and percent drug encapsulation
efﬁciency
Powdered siMAPK1-loaded NPs (2 mg) were dissolved in 200 mL
of DCM, vortexed (Vortex-Genie, Fisher Scientiﬁc Inc., Bohemia,
NY) and sonicated at room temperature for 3 min. A volume of
500 mL of TE buffer pH 8 was added, and samples were vortexed for
2 min. The obtained suspension was centrifuged at 18,000 rpm at
4  C for 20 min. The aqueous supernatant was collected and
incubated in a horizontal SHEL LAB water bath (Sheldon
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manufacturing Inc., Cornelius, OR) at 37  C for 10 min, to remove
the residual solvent (DCM). After suitable dilutions, the amount of
the encapsulated siRNA was determined by UV absorbance at
260 nm using a NanoDrop 2000 spectrophotometer (Thermoscientiﬁc, Wilmington, DE).
Percent drug loading (DL%) and percent drug encapsulation
efﬁciency (EE%) were calculated according to Eqs. (1) and (2):
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fresh endolymph simulated medium to ensure sink conditions. The
amount of the encapsulated siRNA was determined by UV
absorbance at 260 nm using a NanoDrop 2000 spectrophotometer.
The average cumulative percent drug release (%) was calculated at
each time point interval using the following Eq. (3).
Cumulative Drug Release ð%Þ ¼

C O  6 mL
 100
C I  1 mL

ð3Þ

DL% ¼

Amount of Drug
 100
Amount of Drug þ Amount of Drug

ð1Þ

where, CO chamber is the concentration of siMAPK1 (mg/mL) in the
outer chamber and CI is the concentration of siMAPK1 (mg/mL) in
the inner chamber.

EE% ¼

Experimental Drug Loading
 100
Theoretical Drug Loading

ð2Þ

2.4. Cell and tissue culture evaluations

2.3.3. Morphological analysis of siMAPK-1 loaded nanoparticles
The morphological characteristics of siMAPK1-loaded NPs were
determined by scanning electron microscopy (SEM). Brieﬂy, a
small amount of the powdered siMAPK1 NPs was loaded onto an
SEM grid, and the surface topography characterization of the
screws was performed using a Zeiss NEON FEG-SEM dual beam
high resolution SEM. The accelerating voltage and the working
distance were 3 kV and 5 mm, respectively.
2.3.4. Determination of the residual PVA associated with siMAPK1loaded nanoparticles
The amount of PVA associated with siMAPK1 NPs was
determined using a colorimetric method (Sahoo et al., 2002).
Brieﬂy, 2 mg of lyophilized NPs were treated with 2 mL of 0.5 M
sodium hydroxide (NaOH) for 15 min at 60  C. The sample was then
neutralized with 900 mL of 1 N HCl, and the volume was adjusted
to 5 mL with distilled water. Then, 3 mL of a 0.65 M solution of boric
acid, 0.5 mL of a solution of I/KI (0.05 M/0.15 M), and 1.5 mL of
distilled water were successively added. Finally, the absorbance of
the samples was measured at 690 nm after 15 min incubation at
room temperature. A standard plot of known concentrations of
PVA and blank were prepared under similar conditions (Fig. S1).
2.3.5. Powder X-ray diffraction pattern analysis
Powder X-ray diffraction (PXRD) analysis was performed to
characterize the crystallinity of the formulation components
before and after synthesis of the NPs. PXRD analysis of the
freeze-dried NPs was performed using a MiniFlex automated X-ray
diffractometer (Rigaku, The Woodlands, TX) at room temperature.
Ni-ﬁltered Cu Ka radiation was used at 30 kV and 15 mA. The
diffraction angle covered from 2u = 0 to 2u = 50 , with a step size of
0.05 /step and a count time of 3 s/step. The diffraction patterns
were processed using Jade 8+ software (Materials Data, Inc.,
Livermore, CA).
2.3.6. In vitro release of siMAPK1 in simulated cochlear ﬂuids
In vitro drug release analysis was performed in triplicate using a
dialysis method adapted from Wangemann and Schacht (Wangemann and Schacht, 1996). Brieﬂy, 1 mg of powdered siMAPK1 NPs
or 1.5 mg of free or “naked” siMAPK1 were suspended in an inner
dialysis chamber (Spectra/Por Float-A-Lyzer G2, MWCO 20 kDa,
Spectrum Laboratories Inc., Rancho Dominguez, CA) containing
1 mL of perilymph simulated medium without protein. The dialysis
chambers containing either “naked” siMAPK1 solution or the
siMAPK1-loadedNP suspension were placed within an outer
chamber containing 6 mL of endolymph simulated medium. The
system was placed in a horizontal SHEL LAB water bath at 37  C. At
speciﬁed time intervals (24 h), aliquots of 20 mL of the external
solution were withdrawn and replaced with an equal volume of

2.4.1. Cell culture conditions
HEI-OC1 cells were obtained from the House Research Institute
(formerly House Ear Institute, Los Angeles, CA) and cultured under
permissive conditions (33  C, 10% CO2) in 60  15 mm sterile
culture dishes (Corning Inc., Durham, NC) containing high-glucose
Dulbecco’s Modiﬁed Eagle’s Medium (DMEM; Gibco BRL, Gaithersburg, MD) and 10% (v/v) of fetal bovine serum (FBS; Gibco BRL, Life
technologies, CA).
2.4.2. Biocompatibility assay of blank and siMAPK1-loaded
nanoparticles
HEI-OC1 cells were seeded at a density of 1.2  104 cells per well
in sterile 96-well cell culture plates for 24 h and treated with blank
or siMAPK1-loaded NPs at different concentrations. After 24 h, the
entire medium was removed and rinsed twice in PBS, then 100 mL
of fresh medium with 20 mL MTT solution (5 mg/mL) were added in
each well (Mosmann, 1983). After 3 h of MTT incubation, the MTT
medium was removed (leaving about 25 mL in the well), while
formazan crystals precipitated on the bottom of the well were
dissolved using 150 mL DMSO for 15–20 min at room temperature.
Cell viability was measured by absorbance. Absorbance readings
(595 nm) were carried out using a microplate reader (DTX 800
multimode microplate reader, Beckman Coulter, Brea, CA).
2.4.3. Particle cellular uptake study using confocal microscopy
Cells were seeded in 8-well plates containing glass cover slips at
1.2  104 cells/well in complete cell culture medium and cultured
to 80% conﬂuency. At this time, the culture medium was exchanged
for media containing different concentrations of FAM-scRNAloaded NPs (200, 400 and 800 mg/mL). After 48h of incubation,
cells were washed twice with PBS and ﬁxed with 4% paraformaldehyde at room temperature for 15 min. Residual external
ﬂuorescence was quenched with 0.2% Trypan Blue, according to
a previously-published method (Hed, 1986). Subsequently, cells
were blocked with 1X Phosphate Buffered Saline Tween-20 (PBST)/
1% Bovine serum albumin (BSA)/1% Normal Donkey Serum (Sigma
Aldrich) for 1h at room temperature, washed three times with PBS
and blocked with 10% goat serum (Sigma Aldrich) for 30 min at
room temperature. Cells were then incubated overnight with
1:500-diluted anti-GAPDH (rabbit) (Thermo Fisher Inc) at 4 C in
PBST/1% BSA, washed three times with PBST and incubate for 3-4
hours with 1:1000-diluted anti-rabbit (568) at RT. Cells were then
washed three times with PBST and incubated for 10 min with 4',6Diamidino-2-Phenylindole, Dihydrochloride (DAPI): 5 mL (10 mg/
ml solution) in 995 mL PBS. Finally, cells were washed trice with
PBS and mounted with ProLong Gold antifade (Thermo Fisher
Scientiﬁc Inc, Rockford, IL). Cells were observed using a Zeiss LSM
710 multiphoton microscope (Carl Zeiss, Jena, Germany). LAS AF
Lite 2.4.1 (Leica Microsystems CMS GmbH) and ImageJ 1.44 p
(National Institute of Health, USA) were used for the image
processing; DAPI: Excitation/Emission (nm): 358/461, FAM scRNA:
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Excitation/Emission (nm): 488/519 nm and Alexa 568 Excitation/
Emission (nm): 568/603.
2.4.4. Particle cellular uptake study using ﬂow cytometer
HEI-OC1 cells were cultured in Corning1 60  15 mm TCTreated cell culture dishes. Upon achieving 80% conﬂuency, cells
were incubated with escalating doses of FAM scRNA-loaded NPs for
48 h. Cells were then washed thrice with PBS and harvested using
0.5 mL of 1X trypsin for 3 min and diluted with an equal volume
(0.5 mL) of FBS. The number of cells containing FAM scRNA-loaded
NPs (counts) and the ﬂuorescence intensity (FITC) were measured
using the BD LSR II Flow Cytometer (BD Biosciences 2350, Qume
Drive San Jose, CA). Cultures that were incubated in parallel with
PLGA NPs encapsulating non-ﬂuorophore conjugated scrambled
RNA oligos (ScRNA NPs) as negative controls in these analyses.
Flow cytometric data were recorded and collected according to
the standardized format developed by the International Society for
Advancement of Cytometry (ISAC) (Barsky et al., 2016).
2.4.5. Identiﬁcation of the endocytic pathway of siMAPK1
nanoparticles into cochlear cells
The identiﬁcation of the speciﬁc endocytic pathways that
govern the internalization of FAM scRNA-loaded PLGA NPs in HEIOC1 cells was performed using known pharmacological inhibitors
of endocytic pathways (Douglas et al., 2008). Cytoskeleton
reorganization was inhibited with cytochalasin B (CCB, 20 mg/
mL, Acros Organics, Morris Plains, NJ) for 30 min followed by
application of NPs. Cells were treated with chlorpromazine (CPZ,
10 mg/mL, Wood Dale, IL) for 30 min to inhibit the clathrindependent endocytosis. To perturb caveolin-mediated pathways,
cells were treated with genistein (GNT, 200 mg/mL, Acros Organics,
Morris Plains, NJ) for 30 min. Nocodazole (NCZ, 3 mg/mL, Acros
Organics, Morris Plains, NJ) was used to inhibit polymerization of
microtubules. In addition, a subset of HEI-OC1 cells were
pretreated with 100 mM sodium azide (NaN3) for 30 min to impair
the active uptake of NPs through phagocytosis. After performing
treatments in a 96-well plate format, a volume of 100 mL
containing 400 mg/mL of FAM scRNA-loaded NP suspension was
added in each well for incubation (24 h). FAM scRNA-loaded NP
suspension washed three times with PBS ﬁlled with fresh culture
medium. The ﬂuorescence intensity of FAM was measured at
excitation 495 nm, and emission band pass 520 nm. Cells
suspended in medium alone were considered as negative controls,
while untreated wells containing FAM scRNA-loaded NP suspension were used as positive controls.
2.4.6. siMAPK1 prophylactic pharmacotherapy against cisplatininduced ototoxicity
2.4.6.1. Cell culture. HEI-OC1 cells were seeded in 96-well plates
for 24 h and pre-incubated with escalating doses of siMAPK1 NPs
for 72 h, then exposed to ototoxic dose of CDDP (25 mM) for 48 h.
The otoprotective effect of targeted knockdown of siMAPK1 NPs on
CDDP-induced cytotoxicity was then evaluated, using standard cell
viability assay namely MTT assay using the method described
above. Absorbance readings (595 nm) were carried out on
microplate reader. The percentage of cell viability was
calculated, according to the manufacturer’s instructions.
2.4.6.2. Cochlear organotypic cultures. The experimental
procedures described herein were approved by the Institutional
Animal Care and Use Committee of the Oklahoma Medical
Research Foundation. CD-1 mouse pups Charles River
Laboratories International, Inc., Wilmington, MA) were
euthanized on postnatal day 3 (P3), and inner ear capsules were
dissected out and carefully opened. The membranous organs of

Corti (OC) with the stria vascularis (SV) were excised; the SV was
stripped away; and basilar membranes with OC were individually
seated on a collagen gel drops on lysine-coated coverslips. The
cochleae were cultured overnight in DMEM with 10% FBS and
100 U/ml Penicillin G at 37  C with 5% CO2. The medium was then
replaced with serum-free DMEM medium containing B27
supplements. Organotypic cultures were incubated with or
without siMAPK1-containing NPs at the indicated concentrations
for 72 h, at which time the medium was replaced with DMEM/B27
medium with or without 25 mM CDDP. Parallel cultures were
transfected with 80 nM siMAPK1 for 48 h prior to CDDP exposure,
according to the manufacturer’s suggested protocol (JetSI 10 mM,
Polyplus, Illkirch, France). Cultures were incubated for 48 h in the
presence of CDDP and were then ﬁxed with 4% formaldehyde
solution and labeled with TRITC-conjugated phalloidin (Sigma,
1:100 dilution) to evaluate CDDP-induced hair cell loss by
ﬂuorescence microscopy (Du et al., 2013b).
2.4.6.3. Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). RT-qPCR analyses were performed on an ABI Prism
7000 PCR System (Applied Biosystems, Foster City, CA) with
SYBRGreen Gene Expression Assays (Invitrogen, Carlsbad, CA).
Trizol extraction and puriﬁcation of total RNA were conducted
according to the manufacturer’s protocol (ThermoFisher
Scientiﬁc). DNase-treatments of the resultant RNA pools were
performed, using the AmbionTurbo DNA free kit (ThermoFisher
Scientiﬁc). RT reactions were conducted with qScript cDNA
Supermix (Quantabio, Bervely, MA), according to the
manufacturer’s suggested guidelines. The primer sequences for
MAPK1
ampliﬁcation were
as
follows:
forward,
50 TTTGCATAGGGAGGTCCAAG-30 ; reverse, 50 -GGTGCCATCATCAAC
ATCTG-30 .
Primers speciﬁc to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were used as a reference control. For each gene, triplicate
RT-qPCR reactions were assayed. To estimate differences in MAPK1
mRNA expression levels, the fold change was determined by the
2-DDCT method (Livak and Schmittgen, 2001) with data comparisons conducted relative to reference levels measured from
untreated controls or scRNA-treated controls.
2.5. Statistical analysis
Experiments were repeated at least three times and data were
expressed as mean  standard deviation (SD). Two-tailed unpaired
T-test was performed to test the signiﬁcance of residual PVA, cell
viability assay and particle uptake compared to control (*p < 0.05,
**p < 0.01, ***p < 0.001). For organotypic culture experiments, one
way ANOVA (SPSS 14.0 for windows) and a post hoc test (Tukey
HSD) were used to determine the statistically signiﬁcant differences between control and treated groups each (*p < 0.05,
**p < 0.01, ***p < 0.001).
3. Results and discussion
3.1. MAPK1 as a therapeutic target for protective inhibition against
CDDP-induced ototoxicity
Mitogen-activated protein kinase (MAPK) signaling pathways
are known to modulate a variety of cellular processes (Zhuang and
Schnellmann, 2006). Speciﬁcally, the MAPK3/1 (ERK1/2) signaling
nexus has been shown to play key roles in both mediating and
ameliorating cellular responses to stress, such as CDDP-induced
cytotoxicity (So et al., 2007). To examine CDDP-induced activation
of MAPK3/1 in the context of ototoxicity, the canonical murine
inner ear cell line, HEI-OC1, was employed. HEI-OC1 cells express
hair cell markers and were originally developed as an in vitro
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model system for mechanistic and pharmacologic studies on
ototoxicity due to their ability to faithfully recapitulate physiological response patterns when exposed to canonical ototoxins, such
as CDDP (Kalinec et al., 2003). Similar to the previous report (So
et al., 2007), we observed that HEI-OC1 cells exhibited robust
MAPK1 activation (i.e. phosphorylation) when challenged with
CDDP exposure (Fig. 1A). We also noted that, within the MAPK3/1
regulatory node, this stress response was predominantly manifested at the level of MAPK1 activation, using an antibody to
detects activated MAPK1 and MAPK3 (Fig. 1A). This preferential
activation of MAPK1 over MAPK3 is consistent with previous
reports regarding CDDP-induced cytoxicity in non-neoplastic cells
(Wang et al., 2000; Tian et al., 2013).
Thus, based on the relative magnitude of the MAPK1 activation
response, we hypothesized that inhibition of MAPK1 signaling
through interrupted protein expression might be sufﬁcient to
either mitigate or exacerbate CDDP-induced cytotoxicity in HEIOC1 cells. To test these possibilities, we ﬁrst examined the relative
efﬁcacy and speciﬁcity of siRNA-mediated knockdown of MAPK1 in
HEI-OC1 cells using custom RNA duplexes designed to speciﬁcally
target MAPK1 transcripts for degradation. Once, these siMAPK1
molecules were transfected into HEI-OC1 cells, MAPK1 expression
was reduced in a dose-dependent manner, with approximately 75%
silencing at the protein level achieved at a concentration of 20 nM
and more than 90% silencing achieved at 40 nM and above relative
to that observed in untreated or scRNA-transfected controls
(Fig. 1B). Moreover, expression analysis of relative protein levels
in siMAPK1-transfected cells demonstrated speciﬁc knockdown of
the MAPK1 protein, such that expression levels of the structurallyrelated MAPK3 protein were seemingly unaffected (Fig. 1B). This
observation is consistent with the speciﬁcity of our siMAPK1 guide
sequence for its target transcript, despite the high sequence
conservation between these two signaling factors, and underscores
a beneﬁcial attribute of using siRNA for targeting a speciﬁc
signaling factor for strategic, transient silencing effect (Leung and
Whittaker, 2005; Santos et al., 2007).
When HEI-OC1 cells were pre-treated with an efﬁcacious
silencing dose (60 nM) of siMAPK1 transfection complexes for 72 h
prior to CDDP exposure, both CDDP-induced accumulation of
phosphorylated MAPK1 (Fig. 2A, upper panel) and total levels of
MAPK1 (Fig. 2A, middle panel) protein in these cells were markedly
reduced, indicative of efﬁcient MAPK1 silencing. These observations support the rationale that prophylactic targeted degradation
of MAPK1 mRNA is capable of preventing the CDDP-induced
accumulation of activated MAPK1 in these cells, thus interrupting
downstream stress-induced signaling.
Cell viability assays were conducted under conditions of MAPK1
silencing in order to ascertain whether inhibition of MAPK1
signaling confers protection against or exacerbates the cytotoxic
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effects of CDDP in inner ear cells. In untreated or mock-transfected
controls, a marked reduction in HEI-OC1 cell viability, as measured
by the MTT assay, was observed after 48 h of CDDP exposure
(Fig. 2B). Upon silencing MAPK1 expression, however, HEI-OC1
cells exhibited resistance to CDDP-induced cytotoxicity, such that
cell viability was indistinguishable from untreated controls at 48 h
post-exposure (Fig. 2B). These results indicated that targeted
depletion of MAPK1 signaling was sufﬁcient to confer CDDP
resistance among these hairs cell-like cells. Moreover, these results
support and expand upon previous studies which have demonstrated that indirect inhibition of MAPK signaling pathways can
promote CDDP resistance (Wang et al., 2007). However, the ability
of these synthetic siMAPK1 duplexes to speciﬁcally target a single
protein in this pathway with demonstrable protective efﬁcacy,
simpliﬁes the therapeutic approach and reduces concerns regarding deleterious off-target effects of MAPK pathway inhibition (Cox
et al., 2014).
3.2. Preparation and physicochemical characterization of siMAPK1loaded nanoparticles
Despite the promising therapeutic attributes of siMAPK1 against
CDDP cytotoxicity in inner ear cells, non-encapsulated siRNA is
characterized by its chemical instability in biological ﬂuids
(Hickerson et al., 2008) and its late endosomal fate (Xu and Wang,
2015). With the aim of enhancing the potential in vivo stability and
functional longevity of siMAPK1, we encapsulated these biomolecules within a polylactic-co-glycolic acid (PLGA) nanoparticle (NP)
formulation, using a water-in-oil-in-water (w1/o/w2) double
emulsion solvent evaporation method as previously reported
(Cun et al., 2010). Our lab and others have shown that PLGA NPs are
non-toxic to inner ear tissues at high concentrations and represent
a safe delivery alternative to viral vector-mediated gene therapy
(Kopke et al., 2006a; Wang et al., 2011; Du et al., 2013a). Moreover,
PLGA NPs confer controlled release of payload over an extended
period of time, allowing for sustained silencing in mammalian
tissues (Makadia and Siegel, 2011).
3.2.1. Particle mean diameter, polydispersity index analysis and zeta
potential
siMAPK1-loaded PLGA NPs were subjected to physicochemical
evaluations to better characterize their intrinsic properties, the
results of which are summarized in Table 1. Dynamic light
scattering (DLS) histograms revealed that siMAPK1-loaded PLGA
NPs possessed particle mean diameters (PDM) of less than 190 nm
(Table 1) and consistent with SEM data. These measurements are
similar to those reported for synthesized PLGA NPs in previous
works, using a similar methodological approach (Le Broc-Ryckewaert et al., 2013), and represent an average nanocarrier size that

Fig. 1. CDDP-induced activation of MAPK1 in HEI-OC1 cells and its targeted depletion with siMAPK1. (A) HEI-OC1 cells were incubated in the absence or presence of 25 mM
CDDP for 16 h, and cell extracts were subjected to immunoblotting with antibodies against phospho-MAPK1/3, total MAPK1/3, and GAPDH, revealing a marked CDDP-induced
accumulation of phosphorylated MAPK1. (B) HEI-OC1 cells were treated with escalating doses of siMAPK1 complexed with Lipofectamine RNAiMAX for 72 h followed by
immunoblotting against total MAPK1/3 protein and GAPDH. Relative levels of MAPK1 in the immunoblots, using GAPDH as a loading control, were determined by
densitometric analyses using NIH Image J software, as shown.
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Fig. 2. siMAPK1 treatment confers CDDP-resistance to inner ear cells. (A) HEI-OC1 cells were cultured with 60 nM scRNA or siMAPK1 Lipofectamine RNAiMAX complexes for
48 h before switching to 25 mM CDDP-containing media for 16 h. Cell extracts untreated (UTD) HEI-OC1 cells and from both experimental groups were then subjected to
immunoblotting against phospho-MAPK1/3, total MAPK1/3, and GAPDH. Pretreatment with siMAPK1 markedly, and speciﬁcally, reduced the levels of phosphorylated MAPK1
in CDDP-treated cultures (upper panel) and resulted in pronounced silencing of MAPK1 levels in the total MAPK1/3 pool (middle panel). (B) HEI-OC1 cells were pre-incubated
with 60 nM of scRNA or siMAPK1 lipofection complexes as in (A) and then incubated in the presence of 25 mM CDDP for 24 h. An MTT assay was conducted to determine the%
cell viability remaining in each culture relative to naïve, untreated (UTD) controls cultured in the absence of treatment or CDDP. Pretreatment with siMAPK1 markedly
enhanced cell viability relative to mock-treated, CDDP-exposed controls (###, p < 0.001).

Table 1
Physicochemical characterization of siMAPK1 nanoparticles, n = 6.
Samples

Particle mean diameter (nm)

PDI

Zeta potential (mV)

Drug Encapsulation Efﬁciency (%EE)

1
2
3
4
5
6
Average
Standard Deviation

189.1
177.4
193.6
185.3
182.2
175.7
183.9
6.9

0.08
0.10
0.06
0.07
0.02
0.04
0.06
0.03

27.16
23.67
25.46
22.11
25.61
38.72
27.12
5.94

24.35
21.55
23.63
20.40
20.60
24.85
22.56
1.95

Fig. 3. (A) Nanoparticle Tracking Analysis (NTA) for conﬁrming 1) size and 2) distribution of siMAPK1-loaded PLGA NPs. The narrow peak in A1 and tight coalescence of
individual measurements (green clusters) in A2, demonstrate pronounced size homogeneity within the NP formulation (B) Morphology, particle size distribution analyses of
siMAPK1-loaded PLGA NPs . Representative scanning electron microscopy (SEM images of siMAPK1/PLGA NPs at 1) 10,000, 2) 25,000 and 3) 50,000 x magniﬁcation. (C)
Amount of residual PVA associated with the synthesized siMAPK1-loaded NPs was determined using a colorimetric method. Standard plot of known concentrations of PVA
and blank were prepared under similar conditions.
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has been shown to be readily internalized by epithelial cells (Le
Broc-Ryckewaert et al., 2013). As depicted in Table 1, the
polydispersity index (PDI) of the synthesized NP was 0.06  0.03
and considered as slightly polydisperse (Hackley, 2001). In spite of
the presence of neutral residues of polyvinyl alcohol (PVA), the
surface charge analysis showed a negative zeta potential (ZP) value
(27.12  6.65 mV). This electronegativity could be attributed to
the presence of PLGA and siRNA residues on the surface of the NPs.
Nonetheless, the obtained results were in the range of those
described by Cooper and co-workers (Cooper and Harirforoosh,
2014) and contribute to NP stabilization and reduction of NP
aggregation (Kumar et al., 2004). NTA data show at least three
populations of NPs (Fig. 3A) with 180  47 nm as predominant
mean diameter and consistent with DLS and SEM data (Fig. 3A1).
The narrow size distribution of the NP (PDI = 0.06) was also
conﬁrmed by NTA size, in which marked clustering of individual
size measurements in the 100 to 300 nm range were observed
(Fig. 3A2). The overall result of NTA conﬁrm the accuracy of DLS
data.
3.2.2. Morphological analysis of siMAPK1-loaded nanoparticles
Typical scanning electron microscopy (SEM) images revealed
that the siMAPK1-loaded NPs were spherical with smooth surfaces
(Fig. 3B1-3). In addition, the presence of siRNA did not signiﬁcantly
impact the morphology and size of the siMAPK1-loaded NPs in
comparison to blank NPs synthesized in parallel (data not shown).
3.2.3. Determination of drug loading and percent drug encapsulation
efﬁciency
The percent Drug Loading (DL%) in the siMAPK1 NPs was found
to be 0.15%, corresponding to 112.78  0.24 picomoles of siMAPK1
per mg of PLGA NPs. The drug encapsulation efﬁciency (EE%) was
22.56  1.76% (Table 1), and lies within the range of that reported in
previous publications (Cun et al., 2011), even in the absence of a
positively charged polymer or counter-ion to aid in encapsulation.
3.2.4. Determination of the residual PVA associated with siMAPK1loaded nanoparticles
Using, a standard plot of PVA concentration assayed under
identical conditions, the amount of residual PVA associated with
siMAPK1 NPs was evaluated (Fig. 3C). The results from this analysis
indicated a negligible amount of PVA (<10%) associated with
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siMAPK1-loaded PLGA NPs. A comparable amount of residual PVA
also remained associated with both blank and scRNA-loaded NPs,
indicating that this property is intrinsic to the NP synthesis
process. This ﬁnding is consistent with that observed in previous
PLGA NP synthesis evaluations, using a similar starting ratio of PVA
as a stabilizing agent (Sahoo et al., 2002). Likewise, the amount of
PVA was found to be dependent on the solvent used in the
formulation of the NPs, consistent with previous analyses (data not
shown), showing that residual NP-associated PVA increases with
increasing solvent miscibility in water (Sahoo et al., 2002). More
importantly, this level of residual PVA is predicted to be
biocompatible with mammalian tissues (Sahoo et al., 2002).
3.2.5. Powder X-ray diffraction (PXRD) analysis
Representative PXRD patterns of PVA, PLGA, physical mixtures
of PVA/PLGA (10:1 w/w), blank PLGA NPs and siMAPK1 NPs are
shown in Fig. 4A. The PVA diffractogram exhibited major peaks at a
diffraction angle 2 theta at 20, 24 and 42 (Fig. 4A), consistent with
the known semi-crystalline pattern of PVA (Guirguis and Moselhe,
2012), while the PLGA pattern displayed its native amorphous
pattern (Fig. 4A). However, characteristic diffraction peaks of PVA
were not observed in the PVA/PLGA physical mixture, blank NP and
siMAPK1 NP diffraction patterns (Fig. 4A). In contrast, a new peak
was seen at 19 , indicating a probable interaction between PVA and
PLGA. The apparent amorphous state of our PLGA NP formulation
represents a desired outcome for maximizing bioavailability of the
siRNA payload, as this morphometric feature has been shown to
improve kinetic solubility and drug dissolution from the NP matrix
(Jog and Burgess, 2017).
3.2.6. In vitro release of siMAPK1 in simulated cochlear ﬂuids
Payload release measurements of siMAPK1 from PLGA NPs were
conducted in artiﬁcial perilymph/endolymph solutions in order to
mimic the extracellular conditions that would be encountered in
the inner ear (Wangemann and Schacht, 1996). The cumulative
release patterns of free or PLGA-encapsulated siMAPK1 as a
function of time are shown in Fig. 4B. For both free and NPencapsulated siMAPK1, the ﬁrst phase of the drug release proﬁles
was characterized by a burst release proﬁle. For free siMAPK1, the
second phase started from 24 to 96 h with a release rate of 77 ng/h
of siMAPK1, while the third phase (96–168 h) had a release rate of
136 ng/h of siMAPK1 (Fig. 4B). For siMAPK1 NPs, the second phase

Fig. 4. Powdered x-ray diffraction and drug release proﬁle of siMAPK1 NPs. (A) Powder X-ray diffraction patterns of a) polyvinyl alcohol (PVA), b) PLGA, c) a physical mixture of
PLGA:PVA at 10:1, w/w), d) blank PLGA NPs, and e) siMAPK1-loaded PLGA NPs. (B) Cumulative release patterns of free and NP-encapsulated siMAPK1 in simulated cochlear
ﬂuids. Values for each group are expressed as a percentage of the amount of released siRNA relative to the amount initially loaded in the inner dialysis chamber for each of the
two release models. Data points represent the mean  standard deviation for n = 5 samples, each consisting of 112.8 pmol of siMAPK1 (free or NP-encapsulated) in 1 mL
artiﬁcial perilymph (inner chamber) and 6 mL of endolymph (outer chamber) incubated at 37  C. Error bars are included for all groups, although, in some cases, they are too
small to graphically resolve. Incorporated values are the equivalent amounts of released siMAPK1 (pmol) over time (h).
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(24–72 h), the release rate was 11.19 ng/h of siMAPK1 and the third
phase had 54.2 ng/h of siMAPK1 (Fig. 4B). These results are
consistent with previously published models of drug release
dynamics from PLGA NPs (Kranz and Bodmeier, 2007). The in vitro
release data were then applied to various modeling equations, to
predict the kinetic and mechanism governing the release of
siMAPK1. As shown in Table 2, data regarding the release of free
siMAPK1 ﬁts well to the zero-order equation (Ko = 0.38 and r2 = 0.97,
shown in Eq. (4)), indicating that the diffusion of free siMAPK1 is
independent of its concentration.
Q t ¼ Q 0 þ k0 t

ð4Þ

where Qt is the amount of drug dissolved in time t, Q0 is the initial
amount of drug in the solution, and k0 is the zero-order release
constant expressed in units of concentration/time.
Drug release measurements of siMAPK1 encapsulated within
PLGA NPs revealed a release a concentration-dependent release
pattern that conformed well with a ﬁrst order (k/2.303 = 0.002;
r2 = 0.98, shown in Eq. (5)) kinetic models.
logQ t ¼ log Q 0 þ k t=2:303

ð5Þ

where Q0 is the initial amount of drug, Qt is the cumulative drug
released at time “t”, k is the ﬁrst order rate constant.
Interestingly, the same data ﬁt to Higuchi (KH = 5.4; r2 = 0.98,
Eq. 6) and Korsmeyer-Peppas (n = 0.70; r2 = 0.97, Eq. (7)) models.
pﬃﬃ
ð6Þ
Q t ¼ KH t
where, Q and KH are the cumulative amount of drug at time “t” and
the Higuchi constant, respectively.
Mt = M1 ¼ k t n

ð7Þ

where Mt/M1 is a fraction of drug released at time “t”, k is the
release rate constant and n is the release exponent.
These release proﬁles of siMAPK1 from PLGA NPs are indicative
of a mixed release pattern by non-Fickian diffusion (0.45 < n
< 0.89), which is consistent with a combination of diffusion and an
erosion-controlled release rate. Free siRNA primarily diffused from
the NPs in a concentration gradient-dependent manner. However,
the presence of the hydrophobic PLGA moiety on the polymeric
outer shell of the NPs limits the uptake of water molecules into the
inner hydrophilic core of the NPs. Surface degradation occurred
during the phase 3 of the drug release proﬁle, where degradation is
conﬁned to the outer surface of the nanocarrier (Heller, 1980), then
subsequently throughout the polymeric shell. Overall, these results
are consistent with a sustained release proﬁle of siMAPK1 from
PLGA NPs.
3.3. In vitro study
3.3.1. Cell biocompatibility assay of siMAPK1-loaded nanoparticles
We next evaluated the biocompatibility of siMAPK1-loaded NPs
in HEI-OC1 cells. To this end, cells were incubated with escalating
doses of either blank or siMAPK1-loaded PLGA NPs for 48 h, and
their relative cytotoxic effects were assessed by MTT assays. The
results revealed that both NP formulations were well tolerated by
HEI-OC1 cells at the highest concentrations (800 mg/mL) tested
Table 2
Values of the coefﬁcient of determination (r2), K and n values obtained from drug
release data of free siMAPK1 and siMAPK1-loaded PLGA nanoparticles.
zero order
k0

r2

First order

Higuchi

K/2.303 r2

KH

Free siMAPK1 0.377 0.972 0.006
siMAPK1-NP
0.294 0.952 0.002

r2

Korsmeyer-Peppas
n

0.81 6.63 0.91 0.46
0.98 5.4
0.98 0.7

r2
0.92
0.97

(Fig. 5). Cell viabilities for blank NPs remained at more than 90%
across the entire concentration range, underscoring the excellent
safety proﬁle of PLGA as a polymeric nanocarrier. SiMAPK1-loaded
NPs were similarly well-tolerated, supporting viabilities of greater
than 80%. These safety proﬁling results demonstrate the apparent
suitability of PLGA-encapsulated siMAPK1 as a potential therapeutic.
3.3.2. Nanoparticle cellular uptake in cochlear cells
In order to model and evaluate NP uptake of siRNA-loaded PLGA
NPs in inner ear cells, FAM-labeled scRNA duplexes were
encapsulated within PLGA NPs using the same synthesis methodology as that employed for synthesizing siMAPK1 NPs. The
resultant NPs were comparable in size, charge, and residual PVA
content, as siMAPK1-loaded NPs, indicating that they were
competent for serving as viable surrogates for evaluating uptake
of the nanocarrier formulation.
Based on their size and physicochemical properties, we
hypothesized that siRNA-loaded NPs would be readily endocytosed
by HEI-OC1 cells following 48 h of incubation at 37  C. For this
purpose, the cellular uptake of FAMsc loaded-PLGA NPs conjugated
non-targeting siRNA mimetics were examined in HEI-OC1 cells by
confocal microscopy and ﬂow cytometry. Confocal microscopy
conﬁrmed that siRNA-loaded NPs are capable of being taken up by
HEI-OC1 cells in a dose-dependent manner (Fig. 6A). Flow
cytometry data indicated that the ﬂuorescence intensity of 7.16%
for 200 mg/mL, 18.70% for 400 mg/mL and 37% for 800 mg/mL of
PLGA NPs. Iterative z-slices revealed multiple unique clusters of
NPs in different planes throughout the monolayer thickness, with
higher densities of ﬂuorescent puncta evident with each successive
increase in NP concentration. Cross-sectional slices provided
additional evidence that NPs were indeed within cells rather than
simply adsorbed to their outer surface.
3.3.3. Particle cellular uptake study using ﬂow cytometry
To corroborate our ﬁndings using confocal microscopy, we
independently measured the cellular uptake of FAM-scRNA-loaded
PLGA NPs by ﬂow cytometry following the same 48 h incubation
period. Dose-dependent increases in the number of cells containing sufﬁciently high levels of FAM scRNA ﬂuorescence intensity for
signal partitioning were measured with escalations in nanocarrier
concentration (Fig. 6B). Reciprocal decreases in cells bearing
undetectable levels of ﬂuorescence were observed over the same
concentration range, consistent with cell-speciﬁc signal accumulation. These results substantiate and expand upon the results
obtained from our confocal evaluations of siRNA-loaded PLGA NPs
in HEI-OC1 cells and are similar to observations made in previous
studies of PLGA NP uptake in epithelial cells (Cartiera et al., 2009;
Steinbach et al., 2016). Moreover, these results suggest that
internalization of these NPs were likely governed by speciﬁc
endocytic pathways.
3.3.4. Mechanism of NP cellular uptake
We ﬁrst determined if internalization of our RNA-loaded PLGA
NPs occurred through an energy-dependent process in HEI-OC1
cells. We compared FAM-scRNA-loaded NP internalization at the
permissive temperature of 33 C and, in parallel, at 4 C, at which
active processes are inhibited, and found that cellular ﬂuorescence
was reduced by more than 80% at the non-permissive temperature
(data not shown). This observation is consistent with NP
internalization being driven by one or more energy-dependent
processes rather than by passive diffusion.
Furthermore, the cellular NP internalization was investigated.
Non-cytotoxic, efﬁcacious concentrations of pharmacological
inhibitors were used to perform the receptor dependent endocytic
pathways (Fig. 7A) (Youm et al., 2014). Chlorpromazine (CPZ) and
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Fig. 5. Evaluation of in vitro cytotoxicity of siMAPK1-loaded PLGA NPs in inner ear cells. HEI-OC1 cells were treated with the indicated amounts of unloaded (blank) or
siMAPK1-loaded PLGA NPs, and cell viability was measured as relative mitochondrial activity at 48 h post-exposure using the MTT assay and untreated or 2% TritonX-100treated cells as positive and negative controls, respectively.

Fig. 6. Dose-dependent cellular uptake of RNA-loaded PLGA-nanoparticles in HEI-OC1 cells. (A) HEI-OC1 cells were incubated with various concentrations of PLGA NPs loaded
with FAM-conjugated scRNA for 48 h and then washed with PBS prior to ﬁxation and confocal microscopy imaging of ﬂuorescent scRNA-loaded NP uptake (green). Red labeling
represents diffuse cytoplasmic labeling with anti-GAPDH. Blue labeling represents DAPI staining of cell nuclei. Scale bar is 50 mm and applies to all images. (B) For ﬂow
cytometry, 12,000 cells per well were analyzed for each of the FAM-scRNA-loaded PLGA NP concentrations shown and compared to untreated cells or non-ﬂuorescent scRNA
NP controls following 48 h incubation. The number of cells containing ﬂuorescent payloads is represented as the percentage of total counted cells (y-axis) versus mean
ﬂuorescence intensity (x-axis).

genistein (GEN) were used to inhibit clathrin- and calveolindependent endocytic pathways, respectively, while nocodazole
(NCZ) and cytochalasin B (CCB) were used to inhibit microtubule
and actin polymerization, respectively. From this targeted analysis,
NCZ exerted the most pronounced inhibition of FAM-scRNA NP
uptake (50.25% reduction), while CCB, CPZ, and GEN exerted
comparatively less inhibition (38.98, 36.02 and 39.46% reduction,
respectively). These results indicate that macropinocytosis is likely
the major pathway governing the uptake of RNA-loaded PLGA NPs,

most likely through an adsorptive-type mechanism. However, the
signiﬁcant contributions of the other endocytic pathways on this
process cannot be overlooked and would seem to indicate that
internalization of nanosized particles in HEI-OC1 cells can occur
through multiple mechanisms, perhaps primarily driven by size, as
has been shown in other related studies (Youm and Youan, 2013;
Steinbach et al., 2016).
Similar experiments conducted under conditions of energy
depletion by sodium azide (NaN3) treatment at permissive

620

I. Youm et al. / International Journal of Pharmaceutics 528 (2017) 611–623

Fig. 7. Evaluation of siRNA-loaded PLGA NP uptake mechanisms in inner ear cells. (A) HEI-OC1 cells were treated with various efﬁcacious doses of pharmacological inhibitors
of endocytosis and cellular trafﬁcking, and cytotoxicity was assessed using the MTT assay. (B) HEI-OC1 cells were treated with 400 mg/mL of FAM-scRNA NPs (medium value of
the working concentrations) for 24 h in the presence of the pharmacological inhibitors shown in (A), and the relative effects of individual inhibitors on NP internalization were
evaluated by comparison to HEI-OC1 cells treated with ﬂuorescent NPs alone. The resultant uptake efﬁciencies are presented as the percentage of relative ﬂuorescence in
comparison to the degree of uptake exhibited in uninhibited, NP-treated control cultures (n = 3). *, **, ***, p < 0.05, 0.01, and 0.001, respectively.

temperature resulted in a more than two-fold drop in cumulative
ﬂuorescence (Fig. 7B), underscoring the energy-dependent nature
of NP internalization in these cells.

3.3.5. siMAPK1 prophylactic pharmacotherapy against cisplatinInduced ototoxicity
To determine whether siMAPK1 payloads encapsulated within
PLGA NPs retained their capacity to silence MAPK1 expression and
prophylactically protect inner ear cells against CDDP-induced

Fig. 8. Prophylactic treatment with siMAPK1-loaded nanoparticles attenuates MAPK1 expression and cisplatin- (CDDP) induced cytotoxicity in HEI-OC1 cells. (A) HEI-OC1
cells were incubated with escalating doses of siMAPK1-loaded PLGA NPs for 72 h and then total RNA was isolated from each culture and subjected to RT-qPCR analysis to
examine the relative expression levels of MAPK1 in comparison to the housekeeping gene, GAPDH. Cells treated with 80 nM siMAPK1 complexed RNAiMAX lipofection (LF)
complexes were included as an internal control. (B) HEI-OC1 cells were pre-treated with escalating doses of siMAPK1 NPs for 72 h followed by a 48-h exposure to CDDP
(25 mM) in the absence of NPs. CDDP-induced cytotoxicity was then evaluated by the MTT assay in comparison to control cultures that were either left untreated or were
exposed to CDDP alone (n=3; *, **, ***, p < 0.05, 0.01 or 0.001, respectively).
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toxicity, we ﬁrst evaluated the effects of NP treatment on MAPK1
transcript levels in HEI-OC1 cells. As shown in the RT-qPCR data in
Fig. 8A, siMAPK1-loaded NPs induced a dose-dependent reduction
in MAPK1 transcript levels following a 72-h incubation period. At
80 nM siRNA equivalents, the degree of silencing achieved by this
nanocarrier formulation was similar to that achieved by RNAiMAXmediated lipofection (Fig. 8A), indicating that PLGA encapsulation
provided an efﬁcient conduit for facilitating internalization and
functional efﬁcacy of the siRNA payload.
To examine the therapeutic impact of this nanocarrier
formulation on CDDP cytotoxicity, HEI-OC1 cells were pretreated
with siMAPK1-loaded PLGA NPs at different concentration 0.27,
0.53, 0.80 and 1.06 mg/mL equivalents of siRNA for 72 h, and then
exposed to a cytotoxic dose of CDDP for 48 h. As shown in Fig. 8B,
CDDP greatly decreased the viability of HEI-OC1 cells down to
21.68  7.99 compared to untreated cells (UTD) over this exposure
period. However, in HEI-OC1 cells pre-treated with escalating
concentrations of siMAPK1-loaded NPs, dose-dependent reductions in CDDP-induced cytotoxicity were observed, such that, at
concentrations greater than 40 nM siMAPK1 equivalents
(0.355 mg of NPs/mL of cell culture media), cell viability was
statistically indistinguishable from non-CDDP-exposed control
cultures (Fig. 8B). These results recapitulate the protective effects
achieved with lipofection-mediated silencing of siMAPK1 (Fig. 2B)
and validate the utility of PLGA as a nanocarrier to promote this
therapeutic effect.
To discern whether siMAPK1-loaded NPs were also capable of
protecting primary cultures of organ of Corti (OC) explants from
CDDP, cochlear tissues from three-day-old (postnatal day 3, P3)
CD1 mice were pretreated with siMAPK1 NPs for 72 h and then
exposed to CDDP for 48 h in the absence of the therapeutic agent.
As shown in Fig. 9A, CDDP exposure in untreated OCs markedly
reduced the number of OHC stereocilia observed in the basal turn
and disrupted the typical three-row organization of the OHC
sensory epithelium. In contrast, prophylactic incubation with
siMAPK1 NPs at a dose of 80 nM siRNA equivalents signiﬁcantly
protected against OHC loss (88% survival) while preserving the
appropriate cytoarchitecture in this region of the OC. This
therapeutic effect was recapitulated with lipofection of unencapsulated siMAPK1 at the same dose performed 48 h prior to CDDP
exposure (Fig. 9A and B). It is noteworthy that, similar to previous
reports, therapeutic efﬁcacy of siMAPK1 NPs required a prolonged
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incubation period relative to lipofected equivalents, such that a
48 h pre-incubation period with NP-encapsulated siMAPK1 was
insufﬁcient for conferring statistically-signiﬁcant CDDP resistance
(Fig. 9B). Moreover, this protective effect of siMAPK1 NPs was dosedependent, as a lower, 40 nM siRNA equivalent, dose was only
modestly efﬁcacious (not statistically signiﬁcant) in primary
tissues explants (Fig. 9B). These results extend the therapeutic
efﬁcacy observed in cell culture analyses and demonstrate proofof-concept for siMAPK1-mediated protection of inner ear sensory
epithelia within primary tissue samples, using a sustained-release
PLGA nanocarrier formulations.
4. Conclusions and future perspectives
Our work has led us to conclude that spherical siMAPK1-loaded
PLGA NPs with smooth surfaces, in the nanoscale range were
successfully prepared and faithfully recapitulated the therapeutic
beneﬁts against CDDP-induced ototoxicity achieved by siMAPK1
silencing using commercial transfection agents, which are generally
more cytotoxic at high doses (Kamaci et al., 2011). Our data suggest
that siMAPK1-loaded NPs are well-tolerated by inner ear cells and
are internalized in a dose-dependent manner through a multifaceted endocytic pathway. Many strategies have been proposed to help
minimize or suppress CDDP-induced ototoxicity. Due to the
mechanisms of ototoxin-related hearing loss associated with
oxidative stress and inﬂammation, several antioxidants and
steroids have been explored for otoprotection with mixed results.
However, antioxidants and steroids, while efﬁcacious, can interfere
with the tumor-killing properties of CDDP and other chemotherapeutic drugs and require very high doses and exquisitely precise
timing of administration to limit ototoxic side-effects (Conklin,
2004; Saliba et al., 2010).
Our ﬁndings shed new light on the application of a target-speciﬁc
nucleotide silencing agent, siMAPK1, for the prevention of inner ear
hair cell loss associated with cisplatin-induced ototoxicity and
extend previous studies highlighting the central importance of the
MAPK signaling pathway in mediating this undesired side-effect.
MAPK1 silencing has the advantage of being a highly-speciﬁc target
that, upon transient inhibition, could broadly attenuate both
intrinsic and extrinsic pro-apoptotic signaling in this context. In
contrast to its role in CDDP-induced nephrotoxicity and ototoxicity,
active MAPK1 signaling opposes CDDP-induced apoptosis in

Fig. 9. Prophylactic siMAPK1 treatment protects OHCs from CDDP-induced cytotoxicity in primary organotypic cultures. (A) Postnatal day 3 (P3) murine OC explants were
cultured in the absence or presence of either scRNA (72 h) or siMAPK1 (48 or 72 h) PLGA NP formulations or siMAPK1 lipofection (LF) complexes prior to culturing the tissues in
media containing 20 mM CDDP for an additional 48 h in the absence of therapeutic. Tissues were then ﬁxed, and HCs were labeled with TRITC-conjugated phalloidin to
evaluate CDDP-induced OHC loss. (B) Quantiﬁcation of OHC loss in the basal turn among treated or untreated CDDP-exposed OC cultures (n = 4, ***, p > 0.001 in comparison to
untreated, CDDP-exposed controls).
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multiple cancer cell models, suggesting that inhibition of MAPK1
signaling might enhance rather than detract from CDDP’s antitumor
properties (Mirmohammadsadegh et al., 2007; Basu et al., 2009).
Previous studies demonstrated that therapeutic siRNA molecules
can diffuse from the middle ear space across the round window
membrane (RWM) and into the cochlea, where they were able to
elicit a silencing response without any ensuing indications of
histopathology to the sensitive inner ear (Mukherjea et al., 2010;
Kaur et al., 2011). This latter attribute is a key feature that allows for
distal administration of therapeutics into the middle ear that are
destined for inner ear efﬁcacy, promoting facile localized application in a clinical setting. However, naked siRNA molecules are highly
susceptible to nuclease degradation and, at high doses, can induce
an inﬂammatory response. Although commercially-available cationic lipofection agents, like the ones employed in the present study,
have been shown to condense and protect siRNA payloads into
nuclease-resistant nanocarriers, concerns regarding cytotoxicity,
rapid clearance rates, and low cochlear tissue penetrance have
limited their use in vivo (Tan et al., 2008; Zhou et al., 2015).
Our lab and others have demonstrated that PLGA NPs are able to
cross the RWM, and once in the cochlea, are readily endocytosed by
the cellular constituents of the OC and can achieve dose-dependent
gene silencing even in particularly sensitive epithelia tissues,
including cochlear sensory epithelia (Tamura et al., 2005; Cai
et al., 2014; Woodrow et al. 2009; Du et al 2013b ; Ge et al., 2007).
Thus, from a clinical standpoint, localized intratympanic delivery of
this therapeutic NP formulation into the middle ear space may hold
considerable promise for sustained protection against CDDPinduced ototoxicity and allow for greater ﬂexibility in moderating
therapeutic administration prior to CDDP treatment. In light of the
persistent and often progressive stress induced by acute CDDP
exposure, this therapeutic attribute may prove advantageous
relative to small molecule inhibitors or agonists, whose mode of
action may be temporally-restricted due to rapid clearance rates or
short in vivo half-lives. Moreover, the encapsulation of siMAPK1 into
biocompatible PLGA NPs will allow for strategic optimization and
rational evolution of the therapeutic formulation, without fundamentally changing the intrinsic properties of the siRNA itself
(Yameen et al., 2014), an attribute, we hope, to exploit in future
studies.
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