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Abstract: Hearing loss negatively impacts the well-being of millions of people worldwide. Systemic
delivery of ototherapeutics has limited efficacy due to severe systemic side effects and the presence
of the blood-labyrinth barrier that selectively limits or enables transfer of molecules between plasma
and inner ear tissues and fluids. Local drug delivery into the middle and inner ear would be
preferable for many newly emerging classes of drugs. Although the cochlea is a challenging target
for drug delivery, recent technologies could provide a safe and efficacious delivery of ototherapeutics.
Local drug delivery routes include topical delivery via the external auditory meatus, retroauricular,
transtympanic, and intracochlear delivery. Many new drug delivery systems specifically for the inner
ear are under development or undergoing clinical studies. Future studies into these systems may
provide a means for extended delivery of drugs to preserve or restore hearing in patients with hearing
disorders. This review outlines the anatomy of the (inner) ear, describes the various local delivery
systems and routes, and various quantification methodologies to determine the pharmacokinetics of
the drugs in the inner ear.
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1. Introduction

The World Health Organization estimates that by 2050, over 700 million people, or
one in every ten people, globally will experience disabling hearing loss [1]. Hearing loss
negatively impacts personal well-being. Studies have shown that children and adults with
hearing loss have a poorer quality of life due to reduced social interactions, isolation, a
sense of exclusion, and depression [2], and in older people, this can lead to accelerated
cognitive decline [3]. Hearing loss can result from many different types of inner ear
disorders, including presbycusis (age-related hearing loss [ARHL]), genetic polymorphisms,
trauma, exposure to noise, and ototoxic medications, to name a few. There are several
therapeutic strategies to treat inner ear disorders, including systemic or local delivery
of therapeutic agents, surgical intervention, and acoustic (e.g., hearing aids) and electric
(cochlear implants) amplification [4]. This review specifically focuses on the local delivery
of pharmacological agents for the management of inner ear disorders. We review various
strategies used to deliver drugs to the inner ear and highlight their potential strengths
and weaknesses.

Sensorineural hearing loss results from the dysfunction of the sensory and non-sensory
cells, as well as neurons, present in the cochlea. Mammals, including humans, are unable to
spontaneously regenerate many of these cell types. An active area of research is focused on
preventing hearing loss due to treatment with cisplatin (and its derivatives) in anticancer
chemotherapies, or aminoglycoside antibiotics for urgent treatment of severe bacterial
infections [5]. Systemic delivery of ototherapeutics presumes that these drugs can reach
their targets in their active form and at therapeutic concentrations. However, systemic
administration of otoprotective drugs that achieve therapeutic concentrations in the inner
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ear often has limited efficacy due to unwanted systemic side effects from the high doses
needed [6]. Hence, for otoprotective pharmacotherapies to be clinically relevant, it is
imperative to develop safe and reliable drugs that can be delivered to the cochlea. In this
review, we focus on (1) the anatomy of the ear, (2) delivery systems that target the cochlea,
and (3) biomaterials that enable drug delivery to the cochlea. The safe and efficacious
delivery of ototherapeutic agents that preserve or restore hearing will be a significant
breakthrough in preventing permanent hearing loss.

2. Anatomy

The mammalian ear is a complex sensory organ critical to hearing and maintaining
balance (Figure 1). The outer ear includes an external auditory meatus (ear canal) that
is slightly curved [7]. The outer and middle ear are separated by the semitransparent
tympanic membrane that is thinnest in the center (50-70 um) and thickest (~100-120 pm)
near the peripheral rim [8]. This membrane is concave, with its deepest point projecting
into the middle ear cavity. The outer and innermost layers of the tympanic membrane
are extensions of the epidermis lining the external auditory meatus and the mucosal
epithelial layer lining the middle ear cavity. The middle, extracellular layer of the tympanic
membrane (Figure 2A) is formed of radial and circular connective tissue comprised of
collagen and elastic fibers and innervated by several cranial nerves [9].

Pure Drug Retroauricular Delivery
Solution

Transtympanic Injection

Lipid (Solid) Liposome Lipid Nanoparticle Nanosphere Nanocapsule

Lipid-based drug delivery Polymeric nanoparticles

Sy e
S S TR
WS S S szw.\z
o Y AN b /Z~
Ne P v Mj{\ NN N
b o SA) AN
B o
Superparamagnetic iron Hydrogel nanoparticles

oxide nanoparticles

Drug Carriers

Figure 1. A schematic summary of various drug delivery routes and methodologies to locally deliver
therapeutics to the inner ear. Not to scale.
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Figure 2. Schematic cross-sections of (A) the tympanic membrane; (B) the oval window membrane;
and (C) the round window membrane. Not to scale.

The middle ear is a narrow, air-filled space with an opening in the anterior wall that
leads to the nasopharynx—the Eustachian tube (Figure 1). The medial wall separates the
middle ear from the inner ear and has two small openings: the oval window and the round
window. These are considered the main passage routes for drugs entering the inner ear
from the middle ear. There are three middle ear bones (ossicles), the malleus, incus, and
stapes, that link the tympanic membrane with the cochlea. This ossicular chain acts as an
impedance transformer, converting acoustic air pressure waves into fluid pressure waves
at the oval window [7,10].

The cavity of the oval window is closed by the ossified footplate of the stapes, which is
attached to the otic capsule by the annular ligament (Figure 2B) [11]. The average dimension
of the oval window in humans is 1.26 mm at its narrowest and 2.40 mm at its widest [12].
The oval window has diverse neurovascular structures such as the ptotic facial nerve and
the persistent stapedial artery. The oval window is medially bounded by the vestibule [11].

The round window is covered by a thin membrane known as the round window
membrane (RWM; Figure 2C). The RWM is made up of a single layer of epithelial cells,
with numerous cylindrical-shaped mitochondria, rough endoplasmic reticulum, a Golgi
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complex, and sparse microvilli in the middle ear cavity. The inner mesothelial cell layer of
the RWM faces the perilymphatic space and contains ‘gaps’ between the epithelial cells,
allowing direct contact of the intervening connective tissue with perilymph in the cochlear
scala tympani [13]. The middle layer of the RWM is composed of connective tissue [14]
that contains fibroblasts, collagen, and elastic fibers as well as blood and lymph vessels [13].
The average thickness of RWM in humans is ~70 pm, with the edge being thicker than the
center [15].

The stapes and oval window, along with the RWM, serve as a physical barrier that
protects the inner ear [16]. Locally-administered drugs in the middle ear can pass through
the oval or round window membranes to reach the perilymph enclosed within the scala
vestibuli or tympani, respectively [17]. The permeability of these membranes is dependent
on drug charge, size, concentration, configuration, liposolubility, and thickness [18].

The inner ear consists of a bony labyrinth within which are soft tissues and several
ducts, collectively known as the membranous labyrinth. This membranous labyrinth can
be subdivided into the vestibular labyrinth and the cochlear labyrinth. The vestibular
labyrinth contains utricle and saccule and three semicircular canals. The vestibular organ
detects gravity, acceleration, motion, and rotation and is known as the organ of balance [7].
The cochlear duct is a snail-shaped, membranous labyrinth that is fluid-filled and contains
the sensory epithelium known as the organ of Corti that senses sound [19]. The fluid spaces
surrounding the cochlear duct (scala media) are known as the scala vestibuli and scala
tympani and are filled with perilymph, while the scala media is filled with endolymph [20].
Tight junction-coupled epithelial cells (of several different lineages) line these fluid-filled
scalae [21]. Perilymph and endolymph differ in their ionic composition, with perilymph
having 5 mM K* (typical of extracellular fluid) and, uniquely in the mammalian body,
endolymph consisting of 150 mM K* [22]. The organ of Corti is arranged on the endolymph-
facing surface of the basilar membrane with orderly, longitudinal rows of sensory hair cells
known as inner and outer hair cells, each entirely surrounded by tight junction-coupled
supporting cells [23].

3. Delivery Routes
3.1. Systemic Delivery

Systemic delivery of therapeutics to the inner ear typically involves delivery via
the vasculature and crossing the tight junction-coupled blood-labyrinth barrier (BLB).
The BLB is fundamentally similar to the blood-brain barrier (BBB) and is well described
elsewhere [24]. Paracellular flux across the BLB is not thought to occur under normal
physiological conditions but may arise during inflammation, as for the BBB [25]. Drug
transport across the BLB could involve similar mechanisms to that across the BBB [24-26].
These include (i) diffusion of lipophilic molecules (e.g., solvents) across cellular membranes;
(ii) transcellular flux of hydrophilic drugs (e.g., aminoglycosides) via permeation of non-
selective cation channels [27,28]; translocation via substrate transporters [29]; or transcytosis
through the cell [26].

The systemic route of drug delivery has several limitations, including systemic side
effects, e.g., kidney failure, neuromuscular blockade, as well as hearing loss in some
cases [30]. The variable incidence of efficacy within the inner ear (or ototoxicity) can be
due to the inconsistent penetration of the BLB. Local delivery of drugs to the ear can avoid
(some of) these limitations and has become a standard treatment technique for treating
Meniere’s Disease or other vestibular disorders, such as vertigo, by partial or total ablation
of vestibular sensory cells [31]. Below, we briefly discuss several types of local delivery
systems to the inner ear.

3.2. Topical Delivery via the External Auditory Meatus

Topical delivery of drugs to the ear canal is used to treat inflammation of the outer and
middle ear. Antibacterial and antifungal ointments (or drops) are applied directly to the
ear canal up to three times a day. The advantages of this administration route are that it is
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inexpensive, and it can be performed as an outpatient procedure or at home by the patient.
There are a few disadvantages, including apparently limited therapeutic application, as
it cannot currently be used for drug delivery to the inner ear as the tympanic and round
window membranes are thought to act as barriers, as well as loss of drug from the middle
ear via the Eustachian tube [32]. However, ototoxic drugs like gentamicin are not used
clinically as ear drops as they can cause serious side effects such as hearing loss and
tinnitus when used by patients with a perforated tympanic membrane [33], suggesting that
topically-applied therapeutics can reach the inner ear. Moreover, concerns exist regarding
the efficacy of topically-administered drugs against bacteria that have infected the middle
ear and mastoid cavities [34]. Additionally, topical administration typically requires the
patient’s reliability and compliance [32].

3.3. Transtympanic Delivery

It is a minimally-invasive injection that is typically performed in a clinic setting. The
major advantage of transtympanic delivery is that it provides a potential direct route of
administration to the inner ear. Typically, transtympanic delivery of drugs is injected onto
the round window (and round window niche) and relies on the permeation of compounds
through the RWM into the perilymphatic scala tympani in the cochlea. Permeation of
the RWM is dependent on various factors, including the drug size, charge, lipophilicity,
concentration, and formulation of the substances [18]. Following administration to the
middle ear, local absorption takes place via the round window and the oval window into
the cochlear perilymph and subsequent diffusion into the vestibular system. Previous
studies have demonstrated that prolonging the contact duration of the drug formulation
with the RWM can increase drug levels in the inner ear, but the pharmacokinetics for
individual drugs remain complex to interpret [35]. Permeation of drugs across the round
window membrane depends on passive diffusion and active transport [31]. Manipulations
of the RWM have been shown to increase the entry of drugs following transtympanic
administration. A variety of agents have been screened that are used to improve drug
penetration in other biological systems for their capacity to increase entry into the inner
ear. Some of these agents include benzyl alcohol, dimethyl sulfoxide, saponin, caprate, and
Poloxamer 407. Benzyl alcohol is commonly used as a preservative in drug formulations
and has been found to be the most effective permeabilizing agent [36]. In preclinical
settings, some rodents are known to have false RWM (as well as patent RWM), increasing
the variability of such studies. The presence of false RWMs was found to be present in
~25% of patients with Meniere’s disease compared to 5% of patients without Meniere’s
disease [37].

Until recently, delivery of therapeutics to the RWM was considered the primary entry
route into the inner ear. Yet, greater loss of vestibular function and utricular hair cells
was observed when gentamicin was delivered directly to the stapes footplate of the oval
window compared to RWM delivery. In addition, greater high-frequency hearing loss as
well as loss of basal cochlear hair cells were also observed after delivery to the oval window.
These data suggest that capillarity enables a flux of gentamicin from the RWM into the
scala vestibuli via the stapes footplate to account for the efficacy of gentamicin suppression
of symptoms of Meniere’s disease [38,39]. To validate whether the basal outer hair cells in
humans are also more at risk from oval window delivery than RWM delivery (in humans
as in preclinical models), extended high-frequency audiometry will be required.

3.4. Retroauricular Delivery

Microcomputed tomography scanning of human temporal bone has revealed multiple
large air-filled tuberculae, divided by bony septae. These air-filled spaces known as retroau-
ricular microchannels are located behind the posterior wall of the ear canal and are rich in
blood supply [40]. These microchannels have been utilized to deliver drugs to the middle
or inner ear via parenteral retroauricular injections [41]. A study in a group of 20 healthy
adults given a retroauricular injection of adrenaline found a significant drop in pressure in
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the middle ear cavity compared to the control group. It is thought that these microchannels
enabled the adrenaline to enter the mastoid mucosa to induce vascular constriction and
mucosal decongestion, leading to decreased middle ear pressure [42]. In another study,
patients were administered glucocorticoids orally or by retroauricular or transtympanic
injection. Higher visual analogue scale (VAS) pain scores and sleeping disorders were
recorded in patients receiving transtympanic injections compared to retroauricular injec-
tions. However, no significant difference in therapeutic efficacy (i.e., hearing improvement)
was noted among the three groups [43]. More recently, the distribution of dexametha-
sone in the inner ear following postauricular or intramuscular injection by in vivo optical
imaging was examined. The local fluorescent intensity in the inner ear after postauricular
injection was higher than that by intramuscular injection. There was a sustained release
effect after postauricular injection, and drugs administered by this route might enter the
endolymphatic sac via the posterior auricular artery and occipital artery [44].

3.5. Intracochlear Application

Intracochlear delivery bypasses the tympanic, oval, and round window membranes by
infusing drugs directly into perilymph within the cochlea, presumptively providing greater
control over drug concentrations within the cochlea [14]. Intracochlear injection through
the RWM provides higher and more sustained drug levels compared to transtympanic
injection onto the RWM [16]. However, the perforation of the RWM caused by the needle
can release inner ear pressure, allowing cerebrospinal fluid (CSF) to enter the scala tympani
via the cochlear aqueduct [45].

Other intracochlear drug delivery methods include infusion via an osmotic minipump,
or a catheter built into the electrode array of a cochlear implant with an implantable
peristaltic pump attached to it [18,46]. The osmotic pump is implanted subcutaneously with
a cannula threaded into the middle ear cavity and inserted through the RWM or through
the bone directly into the cochlea via a cochleostomy. These pumps can provide continuous
infusion of drugs for up to 6 weeks [47]. Osmotic pump delivery of betamethasone to
treat a vestibular disorder in guinea pigs showed a shorter duration of recovery than in
controls of untreated with no osmotic pump and saline delivered through osmotic pump
groups [48]. Osmotic pump delivery of an anti-apoptotic agent, Z-VAD-FMK, infused into
the cochlea of guinea pigs for 14 days revealed less noise-induced hearing loss and lower
hair cell loss compared to noise-exposed, untreated ears [49]. However, osmotic pumps
are limited in that drug delivery cannot be stopped, nor can the flow rate be changed once
the pump is started, and the volume of vehicle plus drug infused over time can exceed the
volume of perilymph in the inner ear [47]. Recently, a micropump with a better automated
control of drugs for intracochlear delivery at safe and slower flow rates without increasing
the volume of perilymph in the cochlea has been described [50].

Surgical implants, including cochlear implants, can rehabilitate severe-to-profound
sensorineural hearing loss. Recently, intracochlear controlled release drug delivery in
combination with cochlear implants has been developed. This can improve the performance
of cochlear implants by preventing fibrosis induced by insertion trauma, protecting the
neuronal structures and by providing controlled drug release [51]. However, potential
limitations include an enhanced risk of infection, particularly meningitis, associated with
the surgery [52]; damage to the facial nerve; and loss of residual hearing. An implantable
peristaltic pump connected to a cochlear implant electrode array has been developed for
long-term delivery and effective dose-control in non-human primates (macaques). The
infusion time ranged from 2-24 h to reach maximum peak concentrations, demonstrating
feasibility [46].

4. Localized Inner Ear Delivery Methods

Localized drug delivery to the cochlea has the advantages of targeted delivery with
higher bioavailability and minimal systemic side effects. The ideal delivery system would
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be a carrier system that delivers pharmacotherapeutics across the intact tympanic, oval,
and/or round window membranes to efficaciously treat inner ear disorders.

Before a carrier system is chosen, advanced knowledge of the preferred drug and
its physicochemical properties is required to determine the appropriate formulation and
delivery method. In the field of drug discovery, Lipinski’s rule of five is frequently used to
predict the absorption and solubility properties of a drug [53,54], and includes molecular
weight, lipophilicity, polar surface area, hydrogen bonding, and charge [55]. These proper-
ties assist in the design and screening of new candidate drugs by predicting if a chemical
compound has the appropriate bioavailability and pharmacokinetics. The rule states that
ideal candidate drugs will have a logP < 5 (the partition coefficient of a molecule between
aqueous and lipophilic phases [usually water and octanol]), a molecular mass <500, <10
hydrogen bond acceptors, and <5 hydrogen bond donors. Molecules that fail to follow one
or more of these rules may have difficulty with bioavailability [56].

Given the uncertainty of how drugs are metabolized in the inner ear, it is paramount to
determine the physicochemical properties of candidate drugs for inner ear delivery. These
may differ from the well-established Lipinski rule of five for systemic drug development.
Thus far, much of our knowledge of these physicochemical properties for inner ear de-
livery are based on a few empirical studies of selected agents such as local anesthetics,
corticosteroids (e.g., dexamethasone), monoclonal antibodies, growth factors, apoptosis
inhibitors, and vectors for gene therapy under clinical investigation [57,58]. Many more
studies are required to establish the optimal physicochemical properties for efficacious
inner ear therapeutics, e.g., the ability to cross the blood-labyrinth barrier, the tympanic,
oval, or round window membranes, as well as intracochlear epithelial barriers.

4.1. Developing Different Injectable Solutions like Hydrogels

Developing biomaterials that are non-ototoxic and deliver therapeutics that can cross
inner ear-specific biological barriers, e.g., the RWM barrier, is a significant challenge for the
efficient local delivery of therapeutics to the inner ear, avoiding the side-effects associated
with high doses of systemically-administered drugs [59]. However, local delivery methods
have their own challenges, such as clearance of the drug via the Eustachian tube and
variable diffusion through the RWM. These challenges can be overcome by developing
a sustained drug release system that can prolong direct drug contact with the RWM for
effective delivery [60].

Recent studies have explored injectable hydrogel drug formulations that can improve
drug contact with the RWM [16]. These hydrogels are fluid-like at room temperature and
quickly gelate at body temperature to promote the sustained release of encapsulated drugs,
increasing drug contact time with the RWM [61]. Hydrogels have numerous advantages,
including increased biocompatibility, adjustable biodegradability, low toxicity, and good
swelling behavior [62]. The degree of swelling is a critical parameter, with a higher con-
centration of polymers leading to greater swelling and slower drug release [63]. In the
middle ear, hydrogels are typically injected near the RWM and RWM niche. This enables
prolonged diffusion of the released drug across the RWM at appropriate therapeutic con-
centrations [64]. Hydrogels have been developed in several formulations for inner ear drug
delivery, including polymers such as chitosan or PEG-based hydrogel, Poloxamer 407, and
hyaluronic acid [65-68]. Injectable PEG-based hydrogel has been shown to be an effective
and safe method for inner ear delivery. In guinea pigs, the dexamethasone concentrations
in perilymph were maintained for at least 10 days for the PEG hydrogel as compared to the
control sample of free dexamethasone [69]. Hyaluronic acid, when applied to the RWM of
guinea pigs prior to delivering an adenovirus, provides an atraumatic and feasible method
of delivering transgene into the inner ear [70].

4.2. Poloxamer 407 and Its Mechanism

Poloxamer 407, also known as Pluronic® F-127, is the primary polymer for formulating
hydrogels used for inner ear delivery of therapeutics [59]. Poloxamer 407 is an amphiphilic,
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non-ionic triblock copolymer consisting of a residue of polyoxypropylene (POP) between
two units of polyoxyethylene (POE). It is a widely used thermo-sensitive hydrogel due
to its non-irritating action on biological membranes and can remain as a gel for several
weeks to months [71]. Its thermo-sensitivity is due to the hydrophobic interactions between
the copolymer chains of Poloxamer 407. As temperature increases, copolymer chains of
Poloxamer 407 aggregate to form a micellar structure due to the dehydration of hydrophobic
poly(propylene oxide) units [72] with a micelle diameter in the 20-100 nm range. The
hydrophobic core is the drug loading site, creating space for the encapsulation of drugs
through chemical interactions. The properties of the inner and outer shell determine
the rate of drug release. Different methods are employed for encapsulating drugs in
Poloxamer 407, such as direct dissolution, evaporation, and freeze-drying [73]. The gelation
of Poloxamer 407 is reversible once gelling conditions, such as temperature, pH, or chemical,
are removed [62].

In guinea pigs, a single intratympanic dose of dexamethasone-Poloxamer 407 can
extend the duration of the drug in the perilymph to 10 days [74]. Similarly, N-acetylcysteine
(NAC), a thiol-containing antioxidant with otoprotective effects in preclinical models of
cisplatin-induced hearing loss [75], can increase and sustain the release of NAC in cochlear
perilymph [67].

4.3. Nanoparticulate Injection Systems

Recently, there has been a rapid development in several nanoparticulate-based drug de-
livery systems (Table 1), although challenges still need to be resolved [76]. Nanoparticulate
drug delivery is one of the most advanced technologies in drug design due to its advantages
such as surface modification, improved drug solubility, stability, and bioavailability, as well
as sustained controlled drug release at the target site. Injecting nanoparticulates at the tar-
geted site leads to lower systemic toxicity, fewer side effects, improved kinetics of the drug,
and extended drug bioavailability [77]. There are two primary nanoparticulate strategies:
passive and self-delivery. In passive delivery, drugs are encapsulated in nanocarriers and
are slowly released from the carriers. In self-delivery, drugs are conjugated to the carrier
for easy delivery, and the drug dissociates from the carrier quickly at the presumptive
targeted site, e.g., in the vicinity of tumors [78,79]. A large variety of nanoparticles have
emerged, including polymeric, liposomes, and lipid-based structures, among others. Below,
we briefly discuss several types of nanoparticles.

Table 1. Studies Investigating the Administration of Nanoparticles in the Inner Ear.

Administration Route Evaluation of Uptake References
Natural Protein Nanoparticles
Bovine serum.albumm Transtympanic injection Fluorescence microscopy and SEM [80]
nanoparticles
Poly (2-hydroxyethyl
L-aspartamide; PHEA) Transtympanic injection Fluorescence microscopy [81]
nanoparticles
PHEA-g-C18-Arg8 (PCA) In vitro TEM 182]
nanoparticles
Metallic Nanoparticles
Polyvinylpyrrolidone silver S . . .
. Transtympanic injection Micro CT imaging [83]
nanoparticles
. Microbubbles and SEM, TEM, ABR, confocal
Gold nanoparticles . e . [84]
intratympanic injection microscopy and mass spectrometry

Polymeric Nanoparticles

PLGA nanoparticles

Transtympanic injection HPLC analysis [85]
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Table 1. Cont.

Administration Route Evaluation of Uptake References
PLGA nanoparticles Transtympanic injection HPLC analysis [86]
PLGA nanoparticles In vitro HPLC analysis [87]
PEG-conj ugatec.l magnetic Ex-vivo Optical microscopy [88]
nanoparticles
Inorganic Nanoparticles
SPION intracochleat ijection MRIand TEM 59
SPION Organotypic culture Light microscopy and TEM [90]
SPION Transtympanic injection MRI [91]
Liposomes
Liposomes Transtympanic injection MRI [92]
Liposomes Dropsntlcf)eﬂber‘g;r:panic Confocal microscopy [93]
Liposomes Intracochlear osmotic pump MRI and cryo-TEM [94]
Liposomes In vitro Confocal microscopy [95]
Lipid Nanoparticles
Solid lipid nanoparticles Transtympanic injection ABR and light microscopy [96]
Solid lipid nanoparticles In vitro Confocal T;ig?;cect)g’y and flow [97]
Solid lipid nanoparticles Transtympanic injection HPLC analysis [98]
Phospholipid nanoparticles Transtympanic injection ABR and confocal imaging [99]

4.3.1. Polymeric Nanoparticles

Biodegradable polymeric microparticles or nanoparticles have been developed for a
wide range of therapeutic applications and as inner ear drug delivery systems. They are
often based on poly (lactic) co-glycolic acid (PLGA) or chitosan [6] and have advantages
over other delivery systems due to their biocompatibility, biodegradability, small size,
long shelf life, stability during storage, and highly reproducible formulation methods [59].
Nanoparticles have a diameter of <1 um and are usually formulated with diameters of
100-300 nm, and for inner ear delivery, ~200 nm or less [4]. Polymeric nanoparticles can
also incorporate visualization agents such as fluorescent dyes and MRI contrast agents [100].
Iron oxide nanoparticles have been extensively studied as a contrast agent for MRI. It has
a magnetic core and different ligands focus on targeting specific sites or cells. PLGA is
one of the more popular polymeric particles that can encapsulate both hydrophobic and
hydrophilic drugs for intratympanic delivery and can be transported across the RWM into
perilymph via the transcellular pathway [101].

4.3.2. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) are a novel class of stable nanoparticles that are par-
ticularly suitable for the encapsulation of hydrophobic drugs such as curcumin, resveratrol,
or quercetin [102]. They can also act as a carrier for hydrophilic drugs when formulated
without the use of organic solvents [103]. SLNs are composed of a hydrophobic triglyceride
core with an amphiphilic surfactant shell [104]. SLNs are biodegradable, biocompatible,
and are non-ototoxic over a wide dose range. Low doses of hydrocortisone encapsulated in
SLNs increase their protective effect and prolong the survival of auditory cells treated with
cisplatin in vitro [97]. In vivo application of SLNs has shown no interference in hearing
threshold or loss of hair cells [105].
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4.3.3. Liposomes

Liposomes are composed of two layers of amphipathic molecules with a hydrophilic
external layer and an internal surface composed of a phospholipid bilayer [106]. A key
advantage of using liposomes for cochlear drug delivery is their ability to control drug
release [96]. In an in vivo study, the microinjection of cationic liposome-mediated gene
transfer into guinea pig cochleas revealed that transgene expression was steady for up to
14 days in the neurosensory epithelia and surrounding tissues without any toxicity [107].
Others have successfully demonstrated cell-gene delivery of therapeutic agents to the inner
ear using a liposome-mediated delivery method [108].

4.3.4. Superparamagnetic Iron Oxide Nanoparticles (SPION)

SPIONSs are Fe3O, particles that can be magnetically controlled to focus on the mi-
gration of particles into the inner ear after crossing the RWM [60]. These particles are
encapsulated in a polymeric layer of PLGA [109] or chitosan [110] to contain the thera-
peutic agent. Other polymers such as polyacrylic acid and polyvinylpyrrolidone are used
to form a coat around iron oxide nanoparticles to increase stability and improve their
magnetic properties [111]. This technique has been demonstrated in vivo in rat and guinea
pig models, as well as in vitro in cell lines and the human temporal bone. Biocompatibility
and safety have been demonstrated by various methods, including hair cell survival in
organotypic cell cultures [112].

4.4. Advantages and Disadvantages of the Nanoparticulate Injection System

Nanoparticles are created from a variety of materials with a diameter range of 10 to
several 100 nanometers, and customized to encapsulate various therapeutic agents [113].
Nanoparticles are widely used for non-invasive application, sustained, or controlled release
of drugs, drug stabilization, and surface modification for targeting specific organs [114].
Various studies that administered nanoparticles onto the RWM have shown successful
delivery of biomaterials into the inner ear [115]. Nanoparticles can enter the perilymph and
the endolymph [106] following intratympanic administration and can be targeted to a spe-
cific intracochlear site of interest. Nanoparticles, when combined with hydrogel, improve
the bioavailability of the drug at the targeted site and prevent rapid drug release [106].
Nanoparticles can also be conjugated to peptides that can penetrate cells, or their surface
can be modified to increase their contact with RWM [116]. Challenges for nanoparticle
delivery into the inner ear include limited access to the inner ear and poor uptake of
drugs by inner ear cells [106]. Major disadvantages of liposomes include low encapsula-
tion efficiency for lipophilic drugs, and if their formulation requires organic solvents, the
marketed product might be leaky and unstable in biological or aqueous fluids [103]. The
reduced biodegradability of SPIONs coupled with their side effects, such as inflammation,
generation of reactive oxygen species, genotoxicity [117], and higher time of residence in
the cochlea, limits their use in humans [118]. The use of nanoparticles to achieve greater
drug distribution in the cochlea has been promising, but adverse effects from the drugs or
biomaterials within the inner ear remain a concern [14].

4.5. Positively-Charged Biomaterials for Local Drug Delivery

The charge of nanoparticles can determine their uptake by inner ear hair cells and
their penetration of epithelial membranes. Phospholipid-based nanoparticles with a posi-
tive charge of +26 mV were taken up by sensory hair cells at a two-fold higher rate than
nanoparticles with a neutral or negative charge. This is likely due to the interaction between
positively-charged nanoparticles and negatively-charged lipid plasma membranes [119].
The addition of cationic polyethylene glycol (PEG) to phospholipid-based nanoparticles
increases their trafficking across the RWM but has enhanced cytotoxicity [120]. Nanopar-
ticulates containing cationic-PEG to deliver dexamethasone to the RWM in mice provide
an anti-inflammatory effect during combined kanamycin and furosemide treatment and
higher cellular uptake within the organ of Corti [99]. Positively-charged chitosan nanopar-
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ticles enter the inner ear at a faster rate [59]. Positively-charged chitosan nanoparticles
containing D-glucosamine and N-acetyl-D-glucosamine facilitate penetration of lipid cell
membranes in the inner ear [119]. Other positively-charged nanoparticles, such as 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP), are distributed widely in the inner ear
after RWM application [14]. In rodents, positively-charged ferritin readily passes through
RWM, while negatively-charged ferritin does not [13]. Cationic carriers, or cationic drugs
conjugated to carriers, can effectively interact with negatively-charged membranes, en-
abling multilevel drug targeting at tissue and cellular levels. These carriers penetrate
tissues and cells rapidly and in high concentrations due to electrostatic interactions with
negatively charged glycosaminoglycans [121].

Advantages and Disadvantages of Positively-Charged Biomaterials

In rodents, cationic ferritin easily passes through the RWM, whereas anionic fer-
ritin does not [122]. The negatively-charged glycocalyx and the anionic phospholipid
bilayer of cell membranes act as barriers to cellular entry by repelling negatively-charged,
hydrophobic or large molecular weight molecules, leading to poor uptake of anionic ther-
apeutics [123]. Cationic biomolecules utilize electrostatic interactions to overcome the
barrier formed by the anionic bilayers of the cell membrane to facilitate entry of cationic
therapeutics into target cells via direct penetration, permeation of selected ion channels, or
endocytosis [124]. A positively-charged moiety, such as a cell-penetrating peptide, can be
added to nanoparticles to improve their permeability into cells or for gene transfer [81].

Despite having several advantages, the biological potency of cationic biomaterials
and their side-effects remain largely unknown [121]. Recent in vivo studies show that high
doses of cationic liposomes and polymeric nanoparticles interact with Na*/K*-ATPase
cationic binding sites, resulting in cytoplasmic swelling, acute cellular necrosis, and leakage
of mitochondrial DNA. This triggers molecular disruption and severe inflammatory re-
sponses via TLR9 and MyD88 signaling [125]. When highly-positive-charged biomaterials
enter cells, they electrostatically interact with negatively-charged cytoplasmic proteins
that then precipitate as large clusters and can destabilize the cell membrane, causing toxic-
ity [126]. Positively-charged nanoparticles can be ototoxic due to their low biodegradability,
increased production of intracellular reactive oxygen species, and cell membrane damage,
limiting their use in treating inner ear disorders [127].

4.6. Negatively-Charged Biomaterials for Local Drug Delivery

Negatively charged polymers have been frequently used for the preparation of nanopar-
ticles due to their biocompatible properties. PLGA, an anionic polymer, is one of the most
successful biodegradable systems for inner ear drug delivery [128]. PLGA with penetration
enhancers, such as cell-penetrating peptides, has been used to investigate their impact
on cochlear drug delivery in vivo [129]. PLGA nanoparticles coated with Poloxamer-407,
with a zeta-potential of —15.90 mV, had a 1.6-fold higher distribution in the cochlea as
compared to anionic PLGA nanoparticles coated with chitosan [128]. Negatively charged
nanoparticles, with a surface charge of —22.1 mV, were administered intratympanically,
diffused across the RWM, and distributed in the basal and middle cochlear turns when
visualized by transmission electron microscopy [130]. Negatively-charged gelatin hydro-
gels composed of highly biocompatible polymers are used for controlled drug release, such
as insulin-like growth factor 1 to the inner ear after noise-induced hearing loss in guinea
pigs, resulting in increased outer hair cell survival [131]. Zeolitic imidazole nanoparticles
have great potential to deliver drugs, proteins, and RNA to the inner ear for the treatment
of noise-induced hearing loss. These nanoparticles are anionic carriers with superior cell
viability and biocompatibility [132].

Advantages and Disadvantages of Negatively-Charged Biomaterials

In vitro assays of negatively charged nanoparticles show higher cell survival and
viability than assays with positively charged nanoparticles. The higher diffusibility of



Pharmaceuticals 2022, 15, 1115

12 of 20

positively-charged drug delivery systems can lead to greater drug deposition in the inner
ear, while slightly negatively-charged nanoparticles have higher potential to be used in
inner ear therapy due to reduced nanoparticle aggregation and inadvertent interactions
with (serum or other extraceullar) proteins [133]. The positive charge across the lumenal
endothelial membrane resists the passage of positively-charged molecules and facilitates
the entry of negatively-charged molecules between the vascular system and the intra-strial
space [134]. In rodents, anionic nanoparticles had significantly higher efficiency for hearing
protection from noise-induced trauma [132]. Nonetheless, negatively-charged biomaterials
have certain drawbacks, including lower bioavailability in cochlear perilymph due to poor
diffusion through the RWM, making these biomaterials less ideal. Moreover, this lower
bioavailability limits targeted drug delivery by anionic carriers [128].

5. Pharmacokinetics and Pharmacodynamics of the Drugs in the Inner Ear

Pharmacokinetics describes the movement of drugs within the body. It includes
absorption, distribution, metabolism, and excretion (ADME), as described briefly below.
The pharmacokinetics of locally-applied drugs within the inner ear are complex due to the
interaction of many factors, such as passage of the drug through the RWM, distribution in
perilymph, endolymph, various tissue compartments of the ear, and clearance into CSF via
the cochlear aqueduct [135].

Absorption is the diffusion of drugs from the middle ear into the perilymph via
the RWM, OWM, or through the cochlear bony shell [136]. Absorption after systemic
application includes trafficking of the drug from the vascular system into the inner ear
across the blood-labyrinth barrier [137].

Distribution descriptively details the intracochlear spread of therapeutics in the peri-
lymph, the endolymph, and tissues of the inner ear. It depends on various factors, such
as drug permeability, lipid solubility, blood flow, etc. Distribution is also concentration
gradient-dependent [135].

Metabolism refers to the chemical conversion of drugs into metabolites that are more
bioactive, particularly in the liver [137]. Dexamethasone phosphate, a prodrug which is
commonly injected transtympanically, is converted into an active form after absorption
into the inner ear [138].

Elimination is the clearance of the drug or its metabolites from the body [135]. In the
inner ear, drug or their metabolites can be eliminated from the cochlear fluid into cochlear
cells or into the blood and CSF as well as into the middle ear [135]. From the middle ear, it
can be eliminated via the Eustachian tube into the nasopharynx [137]. The higher the drug
viscosity, the slower the excretion through the Eustachian tube. Drug concentrations can
also decline due to structural breakdown or metabolism [135].

The concept of drug Liberation was added to ADME and, in 2009, applied to the
ear by [139]. Liberation represents the release of a drug from its carrier into the targeted
area. The formulation could be a polymer-based gel or nanoparticles, liposomes, etc. It
could also be drops applied to the external ear or fluid injection given via transtympanic or
intracochlear routes. Drug formulations play an important role in influencing liberation.
Other important aspects are application procedures or devices, etc. that can influence
liberation [135]. In the following section, we have described the cochlear pharmacokinetics
of various drugs and the methodologies used to quantify these drugs in the inner ear.

Sometimes the Toxicity of a compound is also considered, yielding ADME-Tox, AD-
MET, or LADMET. Toxicity is an essential factor that affects a new molecule’s potential to
become a drug. Appropriate ADME-Tox or ADMET properties at therapeutic doses are
essential for drug discovery [140]. Parameters used to characterize toxicity include the
median lethal dose (LDsp) and the therapeutic index [141].

6. Quantification of Drugs in the Inner Ear

Drug concentrations in perilymph or endolymph collected from the cochlea are typ-
ically analyzed with high performance liquid chromatography (HPLC) [142]. Different
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administration routes have shown different pharmacokinetics, such as that the level of
corticosteroids in perilymph was significantly higher after transtympanic injection com-
pared to systemic administration [143]. In guinea pigs treated with dexamethasone, drug
levels in the basal region exceeded those in the apical region [144]. When guinea pigs were
treated with cisplatin systemically, its concentration in perilymph was found to be 4 times
higher in the base than in the apex [145]. In most species, the endolymph has much smaller
volume than the perilymph (~2 pL compared to ~10 puL, respectively, in guinea pigs) and is
more difficult to access [142]. However, the endolymph levels of corticosteroids have been
analyzed quantitatively in the guinea pig cochlea and a higher level of the drug was found
in the endolymph than in the perilymph at the 1-h mark after transtympanic dosing [143].

Liquid chromatography coupled with mass spectrometry (LC-MS) has the additional
advantage of highly sensitive detection of therapeutic agents and accurate separation of
compounds from biological samples [142]. The perilymph in guinea pigs was analyzed
in LC-MS to understand the pharmacokinetics of dexamethasone administered via in-
traperitoneal, transtympanic, and postaural injections. Transtympanic administration of
dexamethasone resulted in its higher concentration in the perilymph and cochlear tissues
compared with the other delivery routes. A decreasing basal to apical gradient of dexam-
ethasone uptake was also found in the cochlea after transtympanic administration, but
not with the other administration methods [146]. In an in vivo study, d-methionine, an
antioxidant, was administered intravenously, orally, intranasally, or intratracheally, and
perilymph as well as endolymph were sampled and analyzed by LC-MS. The highest
concentration of the antioxidant was seen following intratracheal delivery. This unexpected
finding is thought to be due to the enormous surface area of the lungs, coupled with low
enzymatic activity, enabling direct absorption of inhaled compounds into plasma [147].

Immunoassays are employed for drug quantification in both preclinical research and
clinical tests. Its advantages are high sensitivity and specificity and, easy handling with
time and cost savings [148]. However, when compared to HPLC and LC-MS, its sensitivity
and selectivity are lower. Moreover, immunoassays can only be used for drugs/antigens
for which antibodies have been developed. In the guinea pig cochlea, when gentamicin
was administered from the round window membrane, decreasing concentrations along the
longitudinal cochlear axis were found. The concentration of gentamicin was >4000 times
higher at the base than at the apex [149]. After systemic administration of gentamicin via
intravenous or subcutaneous routes, gentamicin levels in perilymph were higher at the
apex and gradually decreased towards the basal region [150].

Fluorescence imaging using confocal microscopy is widely utilized to analyze biolog-
ical phenomena. It provides true three-dimensional (3D) optical resolution by blocking
the fluorescent signal outside the focal plane. It is also characterized by high spatial
resolution of (several) hundred nanometers and can also determine the cellular and sub-
cellular localization of therapeutic agents in biological samples [142]. Dexamethasone
injected via the transtympanic route was readily immunolocalized in the hair cells at 12 h,
whereas systemically-administered dexamethasone was only weakly immunolocalized at
6 h, suggestive of less uptake or more rapid elimination from hair cells. Moreover, after
transtympanic administration, dexamethasone was retained in cochlear tissue for at least
7 days [119]. The distribution and pharmacokinetics of gentamicin were similarly analyzed
in chinchillas. The difference in the distribution of gentamicin between transtympanic
administration and a sustained release from the osmotic pump was analyzed. The fluores-
cent signal was concentrated on the spiral ganglion, lateral wall, and organ of Corti. No
differences were seen between the staining patterns of the different methods of gentamicin
administration [151]. This approach has a few disadvantages, such as only single time-
point data can be obtained from an individual animal, fixation agents perfused into the
cochlea may wash out the drug/antigen, photobleaching might occur due to high-power
laser pulses, and fluorescence imaging is relatively less sensitive quantitively compared
to HPLC and MS. In addition, fluorescent tags on conjugated molecules can change the
pharmacokinetics and distribution properties of the native drugs [152].
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Imaging mass spectrometry is an advanced technique that extends mass spectrom-
etry to microscopic imaging capabilities. Recently, major progress has been made in
matrix-assisted laser desorption/ionization (MALDI) imaging of biological samples. It can
demonstrate the subcellular distribution of drugs and biomolecules in the sample and the
localization of proteins in tumors [153]. Spatial resolution is also challenging, and only a
few instruments have high spatial resolution sufficient for distinguishing the heterogenous
cell types within the bone-encapsulated cochlea.

Electrochemistry is an analytical method for detecting substances in vivo. A prepared
electrode is exposed to a solution of drug(s). A suitable potential is applied to this sensor,
which causes a redox reaction of the drug and releases electrons whose number is pro-
portional to the concentration of the therapeutic agent. Therefore, the detected current
corresponds with the concentration of the drug [154]. The electrode is constructed of a
gold-, platinum-, or boron-doped diamond. Its major use is in tracking neurotransmitters in
the brain [155]. Ascorbate concentrations in perilymph sharply decreased within minutes
when salicylate was injected into the perilymph of guinea pigs when measured by using
carbon fiber microelectrodes with multiwalled carbon nanotubes [156]. Limitations of this
procedure include invasive surgical procedures to expose the cochlea and that certain types
of chemical compounds are electrochemically inactive [142].

7. Conclusions

The recent focus on optimizing local delivery of therapeutics to the inner ear has
improved our understanding of how drugs can be delivered to a complex and inaccessible
organ such as the inner ear. Regardless of the route of administration, designing drug deliv-
ery systems to target the cochlea to preserve, protect, and restore hearing faces numerous
challenges. The complexity of the anatomy of the inner ear with its labyrinthine endothe-
lial barrier (the BLB), its relatively inaccessible location, and its small size complicate the
assessment of drug delivery, distribution, and clearance. Since cochlear fluids are only
present in very low volumes, it is difficult to quantify drug concentrations in these fluids
without contamination by other fluids such as CSE.

Local delivery has the advantage of maximizing targeted effects in the inner ear while
minimizing systemic toxicity. Intratympanic injections are a relatively minimally invasive
procedure. Future research to enhance permeation through the RWM and methods to
increase the release duration of therapeutic agents from biomaterials may provide higher
and more sustained concentrations of the drug in the cochlea following intratympanic
administration. The use of nanoparticles encapsulating therapeutic agents that can target
the sensory hair cells in the inner ear is innovative and exciting.

Currently, there are no FDA-approved drugs or licensed therapies on the market for
hearing loss due to ototoxicity. As the field of inner ear therapeutics evolves, drug delivery
strategies must recognize the relationships between therapeutic agents, formulations,
delivery systems, and the disease. Treatment options for hearing loss will undeniably be
further refined and optimized in the coming years as new therapeutics become available.
Future research is needed to identify new mechanisms of action and delivery that will
enable exciting novel treatments for inner ear disorders.
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