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Abstract

There are several challenges to inner ear drug delivery and imaging due to the existence of tight biological barriers to the target structure and
the dense bone surrounding it. Advances in imaging and nanomedicine may provide knowledge for overcoming the existing limitations to both
the diagnosis and treatment of inner ear diseases. Novel techniques have improved the efficacy of drug delivery and targeting to the inner ear, as
well as the quality and accuracy of imaging this structure. In this review, we will describe the pathways and biological barriers of the inner ear
regarding drug delivery, the beneficial applications and limitations of the imaging techniques available for inner ear research, the behavior of
engineered nanomaterials in inner ear applications, and future perspectives for nanomedicine-based inner ear imaging.
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1. Background

The inner ear is deeply buried within the temporal bone,
which contains a dense bone lining, the entry points for the
cochlear and vestibular nerves and the passageway for the
facial nerve. The inner ear houses a membranous labyrinth that
separates the spaces containing the endolymph and perilymph.
Access to sensory elements in the inner ear is restricted by
membranous partitions. Although hearing and balance prob-
lems are common, the diagnosis and treatment of inner ear
diseases is hampered by the unique anatomy of the temporal
bone and the limited access to the inner ear due to the rela-
tively tight windows facing the middle ear and the blood-inner
ear barriers, which allow homeostasis of the inner ear. Nano-
medicine, including advanced drug delivery systems, new
therapies, and in vivo imaging, is the future medicine that may
overcome the shortcomings of the conventional medicine by
delivering agents to specific cells, protecting the therapeutic
contents, and controlling the cargo release (Pyykko, 2012;
Senn, 2013). Potentional problems for nanomedicine related
to toxicity and environmental impact of engineered nano-
materials (ENMs), which has drawn attention of researchers
(Reuther, 2016). ENMs can potentially pass through these
tight borders and enter the inner ear that might be applied in
the clinics of Otology. A number of materials, for example
genes and neurotrophins, among others, have been delivered to
the inner ear, to facilitate the future treatment of inner ear
disorders as well as improving imaging and diagnosis of inner
ear conditions. Inner ear imaging is a very important issue in
the research of nanomedicine of Otology, such as diagnosing
hearing loss and vestibular malfunction, monitoring the
behavior of ENMs within the inner ear and evaluating the
outcomes of treatments. This review focuses on the access of
ENMs to the inner ear, their passage of inner ear barriers and
nanomedicine-augmented imaging of the inner ear.

2. The pathways and biological barriers of the inner ear
regarding drug delivery

The biological barriers restricting access to the inner ear are
the blood-perilymph barrier, blood-endolymph barrier,
perilymph-endolymph barrier, and middle-inner ear barriers
(the round window membrane and annular ligament of the
oval window) (Zou et al., 2003, 2005a, 2012a; Counter et al.,
1999, 2003; Zou et al., 2010a) (Fig. 1). The blood-perilymph
barrier is mainly located in the vasculature region of the
modiolus, where the transportation of substances from the
blood into the perilymph in the scala vestibuli and scala

tympani occurs (Zou et al., 2009a). The structures most likely
responsible for this function are the cochlear glomeruli of
Schwalbe, which are further divided into the upper glomeruli
in the bony wall adjacent to the scala vestibuli and lower
glomeruli in the osseous spiral lamina, which form vascular
loops composed of anastomosed capillaries with a caliber of
less than 10 microns (Franz et al., 1993; Penha et al., 1999).
The modiolar walls of the first and second turns of the scala
vestibuli and scala tympani are porous, forming a peril-
ymphatic communication route to the perivascular and peri-
neural spaces within the modiolus (Rask-Andersen et al.,
2006). For example, gadolinium chelate (GdC) passes more
readily to the scala tympani than to the scala vestibuli
(Pyykko, 2012). Endolymph is isolated from the perilymph
and blood by the tight junctions between the epithelial cells of
Reissner's membrane that line the scala media (perilymph-
endolymph barrier), those between the stria marginal cells
(blood-endolymph barrier), and those in the reticular lamina,
among others (Sakagami et al., 1984, 1991). The round win-
dow membrane is a sandwich-like structure that is composed
of an outer squamous epithelial layer that faces the middle ear
cavity, a medial connective tissue core, and an inner meso-
thelial layer that faces the scala tympani (Goycoolea, 2001;
Goycoolea and Lundman, 1997). Transmission electron mi-
croscopy of rat round window membrane was shown in Fig. 2
(author's own data). The outer layer of the round window is
composed of one or two layers of squat cuboidal cells that are

RM (PEB)
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Fig. 1. Illustration showing the barriers within the inner ear. The middle-inner
ear barriers consist of the oval window (OW) and the round window (RW).
The blood-inner ear barriers consist of the blood-endolymph barrier (BEB) and
the blood-perilymph barrier (BPB). Reissner's membrane (RM) forms the
perilymph-endolymph barrier (PEB). SGC: spiral ganglion cell; SM: scala
media; ST: scala tympani; StrV: stria vascularis; SV: scala vestibuli.
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Fig. 2. Ultrastructure of the rat round window membrane. A rat round window
membrane was en bloc contrasted using 1% OsO, (containing 2.22% CaCl,)
for 60 min, followed by staining with 2% uranyl acetate for 45 min at RT. The
sample was then embedded in Epon. Thin sections were examined using a
transmission electron microscope [Philips CM 100 microscope equipped with a
1K digital camera system and Tietz software for capturing and processing
(e.g., tiling) digital electron micrographs]. CAV: caveolae; Cla: clathrin; CT:
connective tissue; Mit: mitochondria; MTC: mesothelial cells; TJ: tight
junction. Scale bar = 847 nm.

continuous with the epithelium of the middle ear. Tight
junctions are present near the surface of these cells (Schachern
et al., 1982; Kawabata and Paparella, 1971). The oval window
to which the ossicular chain is connected is a different struc-
ture, with the stapedial footplate occupying most of its area
and which is linked to the bony lining of the oval window via
the annular ligament. A histological study of rat inner ears
demonstrated that the annular ligament of the stapedioves-
tibular joint is a porous structure composed of fibrillin, a 36
kD microfibril-associated glycoprotein, and hyaluronic acid
(Ohashi et al., 2008). The evidence that transport across the
oval window can occur was obtained in guinea pigs as early as
1981 using horseradish peroxidase (HRP) as the tracer,
although this finding was neglected due to the limitations of
imaging techniques at the time, which did not allow real-time
dynamic quantification of signals in the entire inner ear
(Tanaka and Motomura, 1981). The delivered ENMs have to
pass through these barriers before reaching the targets in the
inner ear.

@
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Fig. 3. Illustration showing the different dimensions of engineered nanomaterials.

0-D

An ENM is defined as a material of 1—100 nm in at least
one dimension, which can be a zero-dimensional (0-D), one-
dimensional (1-D), two-dimensional (2-D), or three-
dimensional (3-D) material (Whitesides, 2003). 0-D ENMs
include nanoclustered materials and nanodispersions, i.e.,
materials in which the nanoparticles are isolated from one
another. 1-D ENMs are nanofibrillar (nanorod) and nano-
tubular materials with a fiber (rod, tube) length of 100 nm to
tens of microns. 2-D ENMs are films (coatings) of nanometer
thicknesses. 3-D ENMs include powders and fibrous, multi-
layered and polycrystalline materials in which OD, 1D and 2D
structural elements are in close contact with one another and
form interfaces (Fig. 3). ENMs can pass biological barriers
through intracellular, paracellular, and transcellular pathways.
Internalization of ENMs, which is affected by the size, shape,
and surface charge of the particles, occurs by pinocytosis,
micropinocytosis or phagocytosis. Generally, the smaller the
size of an ENM, the more effective is its internalization
(Murugan et al., 2015; Chithrani et al., 2006). The binding and
activation of membrane receptors and the subsequent protein
expression upon contact with an EMN strongly depend on the
size of the nanoparticle, with 40- and 50-nm nanoparticles
having the largest effect on signaling processes that are
essential for basic cellular functions (Jiang et al., 2008).
Spherical particles have a higher probability of internalization
than rod-shaped nanoparticles (Chithrani et al., 2006). Taking
quantum dots as an example, charged quantum dots have a
higher internalization efficacy than do neutral dots, and
anionic quantum dots have the highest uptake rate among all
of the types of quantum dots (Liu et al., 2015).

To access defined compartments within the cochlea, ENMs
must pass through either the middle-inner ear barriers or the
blood-perilymph barrier, depending on the delivery approach
(Zou et al., 2003, 2005a, 2010a, 2012a; Counter et al., 1999,
2003). Traditionally, oral administration and intravenous in-
jection have been utilized in the delivery of drugs to treat inner
ear diseases that take the pathway of blood-perilymph barrier
(Zou et al., 2003). In 1991, Itoh and Sakata first reported per-
forming an intratympanic dexamethasone injection as well as
inner ear anesthesia using lidocaine for the treatment of pa-
tients with Meniere's disease or labyrinthine vertigo due to
circulatory disturbances of the inner ear, for whom conserva-
tive treatments had failed (Itoh and Sakata, 1991). The efficient
round and oval windows are involved in the intratympanic

2-D

3-D
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administration (Zou et al., 2005a, 2010a, 2010b, 2011a,
2012a). Currently, intratympanic steroid injection is well
accepted in the clinic as an alternative treatment for sudden
sensorineural hearing loss (SNHL) and Meniere's disease even
in non-specific formulations, in addition to other therapies. A
multicenter study that compared the efficacy of intratympanic
steroid injection with that of systemic steroid delivery as an
initial treatment of SNHL complicated by diabetes demon-
strated that the two methods were equally effective in inducing
hearing gain and had similar recovery rates. However, an
intratympanic injection was safer than the administration of
systemic steroids (Han et al., 2009). In general, individuals
were exposed to a significantly lower dose of agents upon
intratympanic injection than upon systemic administration of
agents even in non-specific formulations, which might be the
reason for the different safety levels of the intratympanic in-
jection and systemic administration of steroids (Zou et al.,
2005a, 2010a, 2010b; Counter et al., 1999, 2003; Szebeni
and Storm, 2015).

The intratympanic approach is important for nanomedical
treatment because it reduces the potential for complement
activation-related pseudoallergy and immunoreactions that can
be induced by intravenously injected ENMs because topical
delivery minimizes the interaction of the ENMs with the im-
mune system (Szebeni and Storm, 2015; Shimizu et al., 2015;
Banda et al, 2014). Regarding nanomedicine delivery,
superparamagnetic iron oxide nanoparticles that are hierar-
chically coated with oleic acid and Pluronic®F127 copolymers
(POA@SPIONSs), superparamagnetic maghemite (g-Fe,Oj3)
nanoparticles (NPs) generated using the ceric ammonium ni-
trate (CAN)-mediated oxidation of Fe3;0, (CAN-vy-Fe,0;
NPs), liposomal nanocarriers, lipid core nanocapsules (LNCs),
and PEG-b-PCL polymersomes pass the middle-inner ear
barriers to various extents (Zou et al., 2008, 2010c, 2010d,
2012b, 2015a, 2016a; Zhang et al., 2011a). The pathways
through which ENMs enter the inner ear were displayed using
in vivo MRI analysis, which showed that liposomal nano-
carriers use the round window membrane as a major route and
use the oval window as an additional route (Zou et al., 2014a).
However, CAN-v- Fe,O3; NPs use both the round and oval
windows as the major pathways to enter the inner ear and
penetrate the perilymph-endolymph barrier (Zou et al., 2016a).
POA @SPIONs and liposomal nanocarriers did not penetrate
the perilymph-endolymph barrier (Zou et al., 2010c, 2010d).

3. The beneficial applications and limitations of imaging
techniques suitable for inner ear research

There are many choices of imaging techniques for the
research in nanomedicine (Table 1). The different imaging
techniques, such as magnetic resonance imaging (MRI),
confocal microscopy, X-ray microtomography (1uCT), optical
projection tomography (OPT), and Cone-beam computed to-
mography (CBCT), will be introduced as followings in a
priority order of relevance to nanomedicine-augmented im-
aging of the inner ear. Although CBCT has poor sensitivity in
detecting ENMs, it is valuable in visualizing the locations of

Table 1
Imaging tools that have been applied in the research of nanomedicine.

Imaging tools Spatial resolution Sensitivity Applications
MRI >50 pm ++++ in vitro, in vivo
confocal >200 nm +4+4+++ in vitro, Ex vivo
STED >20 nm +++++++ in vitro

TPE >200 nm +4+4+++ in vitro, Ex vivo
SPIM >320 nm ++++++ in vitro, Ex vivo
CARS >200 nm ++4++++ in vitro, Ex vivo
OPT >2 um ++++ in vitro, Ex vivo
nCT >0.7 pm ++ Ex vivo

CBCT >100 pm + in vitro, in vivo
PET >125 um +++++4+++ in vitro, in vivo

CARS: coherent anti-Stokes Raman spectroscopic microendoscopy; CBCT:
cone-beam computed tomography; confocal: confocal microscopy; MRI:
magnetic resonance imaging; OPT: optical projection stomography; PET:
positron emission tomography; SPIM: selective plane illumination micro-
scopy; STED: stimulated-emission-depletion microscopy; TPE: two-photon
excitation; pCT: X-ray microtomography.

the electrodes of inserted cochlear implants and following
ENM release from the future electrode equipped with regen-
erating system and following growth of auditory nerve fibers
under neurotrophin stimulation towards the electrodes (Senn,
2013). Stimulated-emission-depletion (STED) microscopy
and two-photon excitation (TPE)/selective plane illumination
microscopy (SPIM), and coherent anti-Stokes Raman spec-
troscopic (CARS) microendoscopy will be discussed in the
section of future perspectives for inner ear imaging using
ENMs. Positron emission tomography (PET) will not be dis-
cussed due to the poor 3-dimensional resolution and non-
applicability in the inner ear imaging.

3.1. MRI

MRI depends on the magnetic properties of certain atomic
nuclei and provides information on both the structures and
functions of tissues without exposure to ionizing radiation.
Due to the high spatial resolution and sensitivity of MRI, this
technique has been broadly applied in the clinic and in
nanomedicine. However, MRI was less useful than computed
tomography (CT) in assessing patients with SNHL and
vestibular disorders of the peripheral type, among others,
during the 1980s, due to its poor resolution of bony structures
(Valvassori, 1986). Most of the previously utilized imaging
techniques focused on the bony fine structures of the inner ear
and were unable to detect functional changes. Using MR
spectrometry (MRS), metabolic changes can be detected with
limited spectral resolution and low sensitivity. The application
of isotopically labeled compounds (e.g., [1-'*C] glucose)
enhanced the spectral resolution and sensitivity of MRS,
although high levels of uncertainty and unreliability were re-
ported (Shestov et al., 2007). Moreover, MRS can be applied
to only relatively large homogenous tissues and cannot be used
to visualize a heterogeneous area or finely structured organs,
such as the inner ear. Separate demonstrations of the cochlear
scalae in guinea pigs using high-resolution gadolinium
chelate-enhanced MRI showed that it is possible to track
functional alterations in the biological barriers of the inner ear
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using this technique (Zou et al., 2003, 2005b, 2006, 2007,
2011b; Counter et al., 1999, 2003, 2000). Using the same
technique, endolymphatic hydrops was detected in animal
models and patients with Meniere's disease (Zou et al., 2000).
Recently, calcium metabolic activity in the rat inner ear were
followed using manganese-enhanced MRI, which proved that
it is possible to monitor molecular activity in the inner ear
in vivo (Zou and Pyykko, 2016).

ENMs that are functionalized with specific peptides or
antibodies have been shown to be effective imaging contrast
agents that allow MRI at a molecular level. Due to the contrast
afforded by the use of certain ENMs, it was possible to follow
the distribution of ENMs in the inner ear in vivo using MRI
(Zou et al., 2010c, 2010d, 2012b, 2016a; Zhen et al., 2013).
However, detecting ENMs in the inner ear using MRI is
limited by the sensitivity of this method (Zou et al., 2016b)
(Table 2).

3.2. Confocal microscopy

Confocal microscopy (or confocal laser scanning micro-
scopy) is an optical imaging technique that increases the optical
resolution and contrast of a micrograph through the application
of a spatial pinhole placed at the confocal plane of the lens,
which eliminates the out-of-focus light. This technique enables
the reconstruction of three-dimensional structures from stacks
of images collected at different depths (optical sectioning)
within a thick object. Confocal microscopy has been exten-
sively applied in biomedicine for in vitro studies. In the field of
inner ear nanomedicine, confocal microscopy has been used to
observe the cellular, extracellular, and subcellular localizations
of ENMs in the inner ear in both cell culture and animal studies
(Zou et al., 2008, 2014a; Zhang et al., 2011b, 2012; Pyykko
et al.,, 2011; Surovtseva et al., 2012; Ahmad et al., 2015).
Near-infrared fluorescence confocal laser endomicroscopy was

reported to be capable of detecting awvB3-integrin in colorectal
tumors in a mouse model using an avf3-integrin optical probe
(Schulz et al., 2015). A similar system could potentially be used
in the future to conduct real-time molecular imaging within the
ear.

3.3. uCT

PCT uses x-rays to create cross-sections of a physical ob-
ject that can be used to recreate a virtual model (three-
dimensional model) without destroying the original object,
which requires a long imaging period and exposure to a high
dose of radiation. nCT provided extremely high spatial-
resolution (the pixel sizes of the cross-sections are in the
micrometer range) inner ear images that revealed a membrane
rupture within the cochlea. In temporal bones infused with
1 ml of 1% iodine, even the stria vascularis was distinguish-
able from the spiral ligament, and Reissner's membrane,
among other structures, was visualized (Zou et al., 2015a)
(Fig. 5). pCT was employed to microlocalize and quantitate
Her2-targeted gold nanoparticles within tumor regions and the
distribution of SPIONs in vascular tissue (Hainfeld et al.,
2011; Tietze et al., 2011). Zou et al. (2015a, 2015b, 2015c¢)
used PCT to visualize the distribution of transtympanically
injected silver nanoparticles in the middle and inner ear of the
rat and their transportation pathway following injection (Zou
et al., 2015a). The detection sensitivity of pCT for ENMs
varies broadly, depending on the chemical nature and size of
the materials. The disadvantage of pCT for nanomedical
research is that although it can demonstrate the functional
properties of living organism, the high radiation dose that is
required mandates sacrificing the experimental animals after
in vivo experiments have been performed. Therefore, the
application of pCT in studies of inner ear nanomedicine is
limited, although the image resolution quality together with

Table 2

Visibility and passage of NPs through the round and oval windows in rats, as shown using MRI.

Producers Nanomaterials Materials Tag Visibility Passage

in vitro in vivo

BIU CAN—y-Fe,0; NPs v-Fe,05, Ce¥*+ v-Fe,05 +++++++ +++++ +++

UHIB LPN-Gd Lipid, Gd-DOTA Gd-DOTA ++++ +++ +++

ICCAS DF,Gd; Cgo derivatives Gd-DTPA +++++ ++++ -

KTH POA @SPIONs Fe;0,, oleic acid, Pluronic® Fe;04 A 44+ +/—
F127 copolymers

UA ACLNC Lipid, Gd-DOTA Gd-DOTA + - Unknown

RWTH MP-NG PEG-DO3A, Gd-DOTA Gd-DOTA + - Unknown

USOuU Pn-NL-Gd PLGA-PEG, Gd-DOTA Gd-DOTA + - Unknown

TUT ChNP-Gd Chitosan, Gd-DOTA Gd-DOTA + - Unknown

ABO SiNP-Gd Silica, Gd-DOTA Gd-DOTA - - Unknown

Producers: ABO: Abo Akademi University, Finland; BIU: Bar-Ilan University, Israel; EPFL: Ecole polytechnique fédérale de Lausanne: Switzerland; ICCAS:
Institute of Chemistry, Chinese Academy of Sciences, China; KTH: Royal Institute of Technology, Sweden; RWTH: Rheinisch-Westfalische Technische Hoch-
schule Aachen, Germany; TUT: Tampere University of Technology, Finland; UA: University of Angers, France; UHIB: University of Helsinki, Institute of
Biomedicine, Finland; USOU: University of Southampton, UK.

Nanomaterials: ACLNC: lipid core nanocapsules with gadolinium inside the core; CAN-y-Fe,O3; NPs: superparamagnetic maghemite (g-Fe,O3) nanoparticles
(NPs) generated using ceric ammonium nitrate (CAN)-mediated oxidation of Fe;0, NPs; ChNP-Gd: gadolinium-containing chitosan nanoparticles; DF;Gdj.
hydroxyl and amino-bearing Cg derivatives (Cg0O-19o(NH2)-7(OH).;,) covalently binding with Gd-DTPA; LPN-Gd: gadolinium-containing liposome nanocarriers;
MP-NG: gadolinium-containing PEG-DO3A nanogel; Pn-NL-Gd: gadolinium-containing PEG-b-PCL polymersomes; POA@SPIONSs: superparamagnetic iron
oxide nanoparticles hierarchically coated with oleic acid and Pluronic®F127 copolymers; SiNP-Gd: gadolinium-containing silica nanoparticles.
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Fig. 4. CBCT images of the rat inner ear pre- and post-transtympanic injection of Iobitridol. The following imaging parameters were used in this study: number of
frames, 900; tube voltage, 68 kV; tube current, 8 mA; exposure length per frame, 50 ms; and filtration, 0.5-mm copper + 2.5-mm aluminum. In rats that were not
administered Iobitridol (A), the cochlear structures identified included the modiolus (Mod), scala tympani (ST), and scala vestibuli (SV). The basilar membrane

(BM) and scala media (SM) were not distinguishable.

there being no need for physical sectioning provides at present
the only option for obtaining a micrometer-scale image of the
entire inner ear structure.

3.4. OPT

OPT is a non-destructive 3D imaging technique that was
developed for the non-invasive analysis of small specimens in
the mesoscopic range (Figueiras et al., 2014). OPT is a suit-
able technique for imaging hydrogel microstructures, which,
using kurtosis and entropy, can be used to characterize
hydrogels according to their optical properties (Figueiras
et al., 2014). The mobility of FITC-dextran through a
macroscopic hydrogel was analyzed using OPT, which showed
that the velocities of the FITC-dextran particles were inversely
proportional to the size of the dextrans, as expected (Soto

et al.,, 2016). OPT was experimented to follow the diffusion
of brain-derived neurotrophic factor (BDNF)-mimetic peptide-
conjugated CAN—vy-Fe,O3 NPs within a BD™ PuraMatrix™
peptide hydrogel (BD Biosciences, Massachusetts, USA) and
found that SPIONs were able to progress within the hydrogel
(Fig. 6) (author's own data).

3.5. CBCT

CBCT is X-ray computed tomography in which the X-rays
diverge to form a cone-beam and rotate around the target
during image acquisition. The advantages that CBCT has over
multi-detector CT (MDCT) are its rapid data acquisition rate,
which is less than one minute versus several minutes for
MDCT, the low-dose exposure of the subject, the small level
of metallic artifact and the relatively low equipment purchase
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Fig. 5. Fine structure of an isolated human cochlea with an inserted cochlear implant electrode, as demonstrated using the 3-dimensional reconstruction of pCT
images post-contrast treatment with iodine. In panel A, the scala tympani (ST), scala media (SM), and scala vestibuli (SV) are distinguishable, isolated by the
osseous spiral lamina (OSL), basilar membrane (BM), and Reissner's membrane (RM). The specific tissues of the stria vascularis (StrV) and spiral ligament (SL),
with fibrocyte type V cells in the lateral wall, are identifiable. At the beginning of the RM, the spiral limbus (Slim) is visible at the edge of the OSL. Rosenthal's
canal (RC) and its nerve fibers are visible medial to the ST. The electrode contact (EC) and its metal wires (MW) are located below the BM. An overlapping image
of the EW and SL was produced using the strong signal generated in the MW. In panel B, the details of the RC are demonstrated, and the medial wall of the ST
showed a porous architecture (PA). Panels A and B are demonstrations of the same image captured at different orientations and with adjustments of contrast and
brightness. LW-ST: lateral wall of the ST; MA: metal artifact. Scale bar = 1000 um. Reprinted from Zou J et al. Hear. Res. 2015; 326:59—65.

price. CBCT is reportedly capable of demonstrating the fine
structures of the middle and inner ear, as well as the patho-
logical changes associated with otosclerosis and superior
semicircular canal dehiscence (Zou et al., 2000, 2006; Zou and

Pyykko, 2016). It is possible to distinguish even the cochlea
scalae of rats using a commercial CBCT system, which
showed that Iobitridol (a water-soluble, non-ionic, monomeric,
low-osmolar, iodine-based contrast medium) did not pass the

Fig. 6. Diffusion of SPIONs within a BD™ PuraMatrix™ peptide hydrogel, demonstrated using Optical projection tomography (OPT). BDNF-mimetic peptide-
conjugated CAN—y-Fe,03; NPs at 0.2 mg/ml were added to the top of a tube containing the hydrogel, which was then imaged using OPTatd 0 and d 2. On d 0, the
CAN—v-Fe,;0; NPs remained in the top and middle portions of the tube (A, B). On d 2, the CAN—y-Fe,O3; NPs had passed the middle portion of the tube (C, D).
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middle-inner ear barriers or the blood-inner ear barriers
(Fig. 4) (author's own data). The locations of the electrodes of
inserted cochlear implants were accurately visualized using a
novel high-resolution CBCT acquisition system that in-
corporates a pause during each exposure of multiple frames in
combination with optimized filtration (Zou et al., 2015b,
2015¢). Gold nanoparticles (AuNPs) have shown unique X-
ray attenuation properties which, combined with their easy
surface functionalization, makes them ideal candidates for the
next generation of CT-imaging contrast agents. Moreover,
glucosamine-functionalized gold nanoparticles have been
developed for use as a CT contrast agent that combines spatial
resolution with metabolic information (Silvestri et al., 2016).
CT imaging will be promoted to the molecular level with the
use of specific peptide or antibody-conjugated nanoparticles
(Jiao et al., 2016). CBCT imaging can be improved to the
same level using this nanotechnology.

4. Behavior of ENMs in inner ear applications
4.1. Imaging targetability

The nanomedical targets in the inner ear include molecules
present in the normal architecture and those whose levels are
elevated during pathological processes (Table 3). The thera-
peutic relevance of these molecules is uncertain. The princi-
ples for targeting architecture-specific molecules in the inner
ear were tested, and a proof-of-concept for nanomedical tar-
geting was obtained. Using TrkB-affinity peptides coupled to
liposomal nanocarriers carrying the pGeneClipTM hMGFP
plasmid encoding shRNA designed to transiently silence the
inhibitor of differentiation and DNA binding-2 (Id2) and the
EGFP reporter gene, targeting of the construct to spiral gan-
glion cells was observed in the adult rat cochlea using
confocal microscopy (Zou et al., 2009b). Targeting of PEG-b-
PCL polymersomes that were conjugated to the same peptides
to spiral ganglion cells, Schwann cells, and nerve fibers was
observed in organotypic explant cultures of mouse inner ears
(Roy et al., 2010). Our pilot in vivo study using MRI for
visualization also demonstrated the enrichment of the same
type of liposomal nanocarriers in the cochlea (author's own
data). In one study, a peptide called Tetl, which competes with

Table 3

Molecular targets for imaging and drug delivery in the cochlea.

Targets Location Expression References

TrkB SGC Physiological Ernfors et al. (1992)

GM1 AN Physiological Santi et al. (1994)

Prestin OHC Physiological Belyantseva et al.
(2000)

TNFR SCCO, SGC, Pathological Zou et al. (2005¢)

SLF, SP
VEGFR MCST, OHC, Pathological Zou et al. (2005¢)

SCCO, SGC, SLF

AN: auditory nerve; GMI1: monosialotetrahexosyl ganglioside; MCST:
mesothelial cell of scala tympani; OHC: outer hair cell; SCCO: supporting
cells of Corti's organ; SGC: spiral ganglion cell; SLF: spiral ligament fibro-
cyte; SP: spiral prominence; TrkB: tropomyosin-related kinase B receptor.

tetanus toxin for GM1 binding, was conjugated to PEG-b-PCL
polymersomes. The delivery of the Tetl-functionalized poly-
mersomes via cochleostomy resulted in cochlear nerve tar-
geting (Zhang et al.,, 2012). PEG6K-b-PCL polymersomes
covalently labeled with peptides with an affinity for prestin,
which were identified using phage display analysis, effectively
targeted outer hair cells in a rat cochlear explant study, as
shown using confocal microscopy (Surovtseva et al., 2012).
In addition to molecules present on the cellular surface,
organelles are critical targets for gene delivery, and avoiding
having the gene carriers trapped in endosomes is essential for
their transfection. Ahmad et al. showed that three analogs of
membrane-disrupting antimicrobial peptides (AMP), viz., LL-
37, melittin, and bombolitin V, with glutamic acid substituted
for all of the basic residues, are pH-sensitive and cause
negligible membrane permeabilization and insignificant cyto-
toxicity at pH 7.4 (Ahmad et al., 2015). However, at pH 5.0,
the prevailing targeting of endosomes, membrane binding and
hemolysis of human erythrocytes became evident. The use of
these AMPs resulted in expression levels comparable to those
obtained using Lipofectamine 2000 (Ahmad et al., 2015).

4.2. Biological effects of the released cargo

The potential of liposomal nanoparticles and PEG-b-PCL
polymersomes as therapeutic delivery systems into the co-
chlea via the round window membrane was evaluated using
disulfiram, a neurotoxic agent, as a model payload. The de-
livery of disulfiram-loaded ENMs resulted in a significant
decrease in the number of spiral ganglion cells, with an
associated pronounced hearing loss, as assessed using auditory
brainstem responses (Buckiova et al., 2012).

4.3. Gene expression mediated by ENMs

Nuclear entry is a critical step in gene delivery. To investi-
gate the potential nuclear entry of hyperbranched polylysine
nanoparticles (HPNPs) for gene delivery to cochlear targets, rat
primary cochlear cells and cochlear explants obtained from
newborn rats were treated with HPNPs at different concentra-
tions (Zhang et al., 2011b). In the in vivo study using these
nanoparticles, HPNPs were administered to the round window
membranes of rats ad detected in different cell populations
using confocal microscope after 24 h. Nuclear entry was
detected in various cochlear cell types both in vitro and in vivo
(Zhang et al., 2011b). In primary cochlear cell cultures,
concentration-dependent internalization was observed. In
cochlear organotypic cultures, abundant HPNPs were observed
in the modiolus, including in the spiral ganglion, organ of Corti,
and lateral wall tissues. In the in vivo study using these nano-
particles, a gradient distribution of HPNPs throughout different
layers of the round window membrane was observed. HPNPs
were also localized in cells within the tissues of the middle ear
(Zhang et al., 2011b). Additionally, the effective internalization
of HPNPs in the organ of Corti and spiral ganglion cells was
observed. HPNPs yielded a higher transfection efficiency of
primary cochlear cells than Lipofectamine™ (Zhang et al.,
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2011b). These results suggest that HPNPs are potentially ideal
carriers for gene delivery into the cochlea. Peptides that allow
endosomal escape have been demonstrated to enhance gene
expression. Three novel endosomolytic peptides have been
discovered to be able to enhance gene expression mediated by
liposomal ENMs (Ahmad et al., 2015).

Recently, Mathl gene therapy, in combination with the
delivery of growth factors, was suggested to be the future
treatment for deafness. Nuclear entry is necessary for the
Mathl protein to exert transcription regulation through the
enrichment and clustering of the MATH1-binding E-boxes of
genes encoding nuclear receptors, such as Nr2f6, Hrasl, and
Hes5 (Krizhanovsky et al., 2006; Abdolazimi et al., 2016; Du
etal., 2013). Zhang et al. constructed a pCDNAG6.2/C-EmGFP-
Mathl plasmid that expresses an EmGFP-Mathl1 fusion pro-
tein and followed the intracellular trafficking of Mathl1 protein
under a confocal microscope. Zhang et al. detected a unique
dynamic intracellular trafficking pattern of Mathl from the
cytoplasm to the nucleus that was not observed in cells
expressing exogenous brain-derived neurotrophic factor
(BNDF) (Zhang et al., 2011c). However, the level of in vivo
ENM-mediated gene expression in the inner ear was insuffi-
cient in our studies. Although Yoon et al. reported abundant
in vivo EGFP expression in the modiolus of mice cochleae
mediated by oligoarginine peptide (Arg8)-conjugated ENMs
composed of poly(amino acid) (poly(2-hydroxyethyl L-aspar-
tamide); PHEA) (Yoon et al., 2015), the ENMs in the pub-
lished images were difficult to distinguish from the
autofluorescent background.

4.4. Biocompatibility of ENMs in the inner ear

The safety of ENMs used for inner ear therapy must be
proven in in vitro and in vivo studies before applying these
materials to humans. Using confocal microscopy, HPNPs and
LNCs have been detected in the cytoplasm of fibroblasts, with
no sign of cytotoxic effects. After in vivo administration, these
particles were visualized in cochlear cells, which did not cause
any change in the hearing threshold or the loss of hair cells
(Scheper et al., 2009). In the cited study, primary cochlear
cells and mouse fibroblast cells treated with LNCs displayed
toxicity only upon high dosage treatment. LNC administration
to the middle ear did not cause hearing loss, nanoparticle
exposure-related cell death or morphological changes in rat
inner ear during 28 days of observation. Cochlear neural
components, such as synaptophysin, ribbon synapses, and S-
100, were not affected by the administration of LNCs. How-
ever, the expression level of neurofilament-200 was decreased
in SGCs and in the cochlear nerve in the osseous spiral lamina
canal following LNC delivery, a phenomenon that requires
further investigation (Zhang et al., 2011d).

Using silver nanoparticles (AgNPs) as reference ENMs,
Zou et al. detected significant changes in the permeability of
biological barriers within the ear, including the middle ear
mucosa, the skin of the external ear canal, and the inner ear at
5 h post-transtympanic injection of AgNPs at concentrations
ranging from 20 to 4000 pg/ml. The alterations in

permeability showed a dosage-response relationship and were
reversible. Auditory brainstem response testing showed that
administering 4000 pg/ml AgNPs induced hearing loss, with
partial recovery occurring at 7 d post-treatment, whereas
administering 20 pg/ml AgNPs caused reversible hearing loss
(Zou et al., 2014b). The AgNPs caused significant hearing loss
over a broad range of frequencies and induced the accumu-
lation of glycosaminoglycan and hyaluronic acid in the base-
ment membrane, and apoptosis in the AgNP-exposed organs
was demonstrated by confocal microscopy (Feng et al., 2015).
It was found that administering 0.4% AgNPs upregulated the
expression of CD68, TLR4, MCP1, A20, and RNFI11 in the
strial basal cells, spiral ligament fibrocytes, and non-sensory
supporting cells of the organ of Corti without affecting the
levels of CD44, TLR2, MCP2, Racl, myosin light chain,
VCAMI, Erk1/2, INK, p38, IL-1B, TNF-a, TNFR1, TNFR2,
IL-10 or TGF-B. The results of this study suggested that
AgNPs might confer macrophage-like functions to strial basal
cells and spiral ligament fibrocytes and enhance the immune
activities of the non-sensory supporting cells of the organ of
Corti through upregulating the level of CD68, which might be
involved in TLR4 activation. A20 and RNFI11 play roles in
maintaining cochlear homeostasis via negatively regulating
the expression of inflammatory cytokines (Feng et al., 2015).

5. Future perspectives for inner ear imaging using ENMs
5.1. Advanced imaging techniques

I. Stimulated-emission-depletion (STED) microscopy and
two-photon excitation (TPE)/selective plane illumination
microscopy (SPIM)

Fluorescence microscopy is the imaging method that is
most widely used in biology. However, the resolution power of
far-field light microscopy is constrained by the diffraction
limit of light, as explained by Ernst Abbe more than a century
ago (Abbé, 1873). In 1994, Stefan Hell described a new type
of scanning fluorescence microscope that was capable of
resolving 35 nm in the far field by circumventing the optical
diffraction limit, which is the STED microscope (Hell and
Wichmann, 1994; Klar and Hell, 1999), a development for
which he won the Nobel Prize in Chemistry in 2014. A STED
microscope employs two overlapping synchronized laser
beams that arrive at the sample position consecutively and of
which the first one (excitation laser) excites and the second
one (depletion or STED laser) de-excites (or depletes the
excitation within) the sample. STED microscopy is a practical
extension of confocal microscopy. In the region that both laser
beams strike, stimulated emission occurs, and in the focal
region that only the first excitation beam strikes, spontaneous
emission (i.e., fluorescence) is observed. To apply this concept
to microscopy, a phase mask must be placed in the path of the
depletion laser, which creates a doughnut-shaped pattern.
Pulsed lasers have been widely used in STED microscopy
because they allow the precise control of the excitation and
depletion cycles and the use of relatively a low power to
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induce depletion. However, due to recent advances, effective
STED systems with continuous wave (CW) lasers have been
developed, which greatly simplify the implementation of this
instrument by eliminating the synchronization units required
for pulsed systems (Willig et al., 2007; Moneron et al., 2010;
Vicidomini et al., 2011; Moffitt et al., 2011). Moreover,
replacing mode-locked pulsed lasers with simple CW lasers
reduces the cost of a STED optical system. The disadvantage
of using CW lasers in a STED microscope is that a higher
power output is needed and the continuous illumination of the
sample using a CW laser increases the extent of photo-
bleaching compared with that produced using pulsed lasers
(Farahani et al., 2010).

TPE microscopy is an alternative to confocal microscopy
that has advantages for three-dimensional and deep-tissue
imaging. TPE arises from the simultaneous absorption of
two photons in a single event (Goppert-Mayer, 1931; Kaiser,
1961). Each photon carries approximately half the energy
necessary to excite a molecule. In contrast to the case for
confocal microscopy, there is no absorption or fluorescence
(and thus no photobleaching or phototoxicity) above and
below the plane of focus in TPE microscopy. Longer wave-
lengths must be employed to increase the penetration depth in
TPE microscopy, which has the drawback of reducing the
spatial resolution. In addition, the exposure to high-power
laser pulses over a long period may induce the detrimental
effects of light, such as heating, photobleaching and photo-
damage (Huisken and Stainier, 2009). SPIM also allows op-
tical sectioning by selectively exciting the target molecules
through illuminating the sample from the side in a well-
defined volume around the focal plane of the detection op-
tics (Huisken and Stainier, 2009; Huisken et al., 2004). SPIM
has advantages over TPE microscopy, such as high depth
penetration, low-level photobleaching and high acquisition
speeds, the latter of which is critical in extended time-lapse
experiments. High-resolution three-dimensional (3D) live
imaging of multicellular specimens was recently achieved
using SPIM with real-time light-sheet optimization by tiling
the excitation light sheet (Fu et al., 2016; Gao, 2015).

Moneron and Hell developed a TPE-STED microscope that
uses a short-pulse laser for TPE and a CW laser source for
resolution enhancement (STED), which achieves a resolution
of <50 nm for fluorescent nanoparticles, which is a 5.4-fold
improvement over the diffraction barrier (Moneron and Hell,
2009). However, none of these systems has been applied in
inner ear research.

II. Coherent anti-Stokes Raman spectroscopic
microendoscopy
Coherent anti-Stokes Raman spectroscopic (CARS)

microendoscopy is a technique that is based on Raman scat-
tering, a process in which incident photons scatter inelastically
upon interacting with matter, which was discovered by
Raman, who received the Nobel Prize in Physics in 1930
(Raman, 1922). CARS occurs when a target molecule is
simultaneously irradiated by two laser beams operating at

different frequencies, a pump beam wp and a Stokes beam wsg.
When the difference between the higher (pump beam) fre-
quency and the lower (Stokes beam) frequency equals the
vibrational frequency of the targeted bond of a molecule, a
CARS signal is generated (Pezacki et al., 2011; Folick et al.,
2011). It was recently reported that a cholesteatoma in the
mastoid and tympanic membrane was detected in vitro using
CARS microscopy (Zou et al., 2016c). Some groups have
reported the development of a CARS microendoscope
although such a system requires further improvement before it
is practical (Brustlein et al., 2011; Satira, 2013).

5.2. Improvements in imaging agents

Imaging agents must meet several requirements to be
effective in visualizing the inner ear. First, the imaging agents
must effectively generate signals in a defined imaging system.
SPIONs have been proven highly effective MRI contrast
agents (Zou et al., 2010c, 2016a). Gold nanoparticles (AuNPs)
have recently been shown to be effective CT contrast agents
that allowed tracking the recruitment of monocyte in athero-
sclerosis (Chhour et al., 2016). Gadolinium-fullerene (C60)
derivatives (DF1Gd3) have been shown to be effective MRI
and fluorescence imaging contrast agents (Zhen et al., 2013).
Second, the imaging agents should be able to enter the inner
ear by passing through its biological barriers. Neither DF1Gd3
nor POA@SPIONSs passed through the middle-inner ear bar-
riers and thus are unsuitable for inner ear imaging (Zou et al.,
2010c; Zhen et al., 2013). CAN-y- Fe,O3; NPs, liposomal
ENMs, PEG-b-PCL polymersomes, LNCs, and HAuNPs are
good candidate ENMs for inner ear imaging because they can
enter the inner ear from the middle ear (Zou et al., 2008,
2010d, 2011a, 2012b, 2016a). Third, the imaging agents
should accumulate specifically in the target cells following
their delivery. In addition to the molecules expressed in an
unstimulated condition that have been used in previous proof-
of-concept studies (Surovtseva et al., 2012; Zhang et al., 2012;
Zou et al., 2009b; Roy et al., 2010), pathological markers,
such as tumor necrosis factor receptors and vascular endo-
thelial growth factor receptors, as well as mitochondrial
markers, should be included in future studies.

To conclude, there are several challenges to inner ear drug
delivery and imaging due to the existence of tight biological
barriers to the inner ear and the dense bone surrounding it. The
oval window was recently discovered to be an extremely
effective pathway through which agents could access the inner
ear. ENMs are both effective carriers for drug delivery and
novel contrast agents for molecular imaging. Among the
various imaging techniques currently available, MRI is the
most effective and feasible technique for both experimental
and clinical inner ear imaging. nCT is useful for experimental
inner ear imaging because its implementation does not require
specimen processing. Confocal microscopy is the imaging
method most commonly employed for inner ear histology,
although STEM has a significantly higher degree of spatial
resolution. CARS microendoscopy is an imaging technique
that can be employed in the future for inner ear imaging at the
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molecular level, with or without the use of ENM contrast
agents (Pope et al., 2014).
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