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Abstract

The prevalence of ear disorders has spurred efforts to develop drug delivery systems to treat

these conditions. Here, recent advances in drug delivery systems that access the ear through the
tympanic membrane (TM) are reviewed. Such methods are either non-invasive (placed on the
surface of the TM), or invasive (placed in the middle ear, ideally on the round window [RW]). The
major hurdles to otic drug delivery are identified and highlighted the representative examples of
drug delivery systems used for drug delivery across the TM to the middle and (crossing the RW
also) inner ear.
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1. Introduction

Diseases of the middle ear, such as middle ear infections (otitis media [OM]) are generally
treated by systemic drug administration, that is, by pills, syrups, and intramuscular
injections, since direct instillation of drugs into the middle ear is usually inhibited by the
presence of the tympanic membrane (TM), which is impermeable to most compounds. ]
These systemic drugs are distributed throughout the body even though the intended targets
are two relatively tiny portions of the body. Systemic distribution limits the drug levels that
can be achieved within the middle ear, particularly since systemic distribution will entail
side effects.[2] In the case of OM, side effects can include rashes and diarrhea, and can
limit treatment. The frequency of prescribing of antibiotics in such a prevalent condition is
believed to be potentially responsible for the development of antibiotic resistant bacteria.[3]
Moreover, the administration of antibiotics three times a day for ten days to uncooperative
toddlers is challenging, as can be attested to by any parent. The potential utility of local
treatment of middle ear conditions is seen in the efficacy of simple formulations such as
Ciprodex solution, a combination of an antibiotic and an anti-inflammatory agent, that is
instilled into the outer ear of patients with tympanostomy tubes (tubes through the TM) to
treat middle ear conditions, or analogous formulations deposited directly into the middle
ear.[*] However, the majority of patients with middle ear disease do not have tympanostomy
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tubes or perforated TMs. Consequently, drug delivery systems have been developed for
noninvasive trans-tympanic drug delivery, that is, delivery across an intact TM to the middle
ear. (In this review, all delivery across the TM will be termed trans-tympanic, the distinction
being made between those that are non-invasive and those that are not. We have preferred
not to use intratympanic which, by analogy with the terminology for skin, would mean
delivery into the TM.)

Delivery to the inner ear is in some ways even more difficult. Systemic drug delivery to the
inner ear is limited by barriers between the blood and the fluid-filled spaces in the inner
ear.®l Direct delivery would entail either going through the TM to get into the middle ear
and then through the round window (RW), or drilling directly through the skull. Invasive
trans-tympanic drug delivery systems have been developed that would be implanted or
injected into the middle ear (ideally on the RW) for delivery to the inner ear. This review
will not address systemic drug delivery to the ear, nor systems that deliver drugs directly into
the inner ear.

Invasive and noninvasive trans-tympanic drug delivery to the inner ear are analogous, in

that both involve transit of drugs from an air-filled space across a barrier into a fluid-filled
space (assuming that flux across the TM into the middle ear requires the presence of fluid).
Consequently, the governing principles (such as determinants of flux) and design principles
(such as the use of specific types of drug delivery systems) for the one have some bearing on
the other. Another common feature is that variability in the anatomy of the human external
ear canal, in the thickness of the various barriers to delivery, and in the accumulation of
normal debris (e.g., ear wax) can affect delivery.[6]

This progress report focuses on relatively recent developments in the field. Consequently,
significant older contributions may have been omitted; this is not intended to diminish their
importance. Moreover, inclusion of specific technologies in this report is intended to provide
an appreciation of the range of approaches that have been adopted, and is not an implicit
endorsement of any given system (including our own).

2. Structure of the Ear and Factors Influencing Drug Delivery

The human ear is separated into the external ear, the middle ear, and the inner ear (Figure

1). The external ear extends from the pinna along the external ear canal, and ends at the

TM, which creates a barrier with the middle ear.[”] The TM comprises three layers: (1) the
outer layer that is a stratified squamous keratinized epithelium;[1al (2) a middle fibro-elastic
connective tissue rich in collagen; and (3) the innermost layer, a simple cuboidal mucosal
epithelium.[8] The thickness of the human TM is not uniform in any given individual, and
there is variability in its mean thickness (typically 80-100 um with surface are a around 64.3
mm?2).% It is impenetrable to all except some small and moderately lipophilic molecules
because of its keratin- and lipid-rich stratum corneum (SC).[2% Perforation of the TM may
induce middle ear infection and partial hearing loss.[1!]

The middle ear is (usually) an air-filled cavity surrounded by the temporal bone of the
skull,[12] separated from the outer ear by the TM and the inner ear by the oval and RWs
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(Figure 1).183] 1t is connected to the middle ear by the Eustachian tube,[4] through which
drugs and other materials administered in the middle ear cavity can be cleared. While drug
delivery through both oval and RWs have been described,1%] the majority of reports use the
RW, perhaps because the oval window is partly occluded by the third ossicle.[16] The RW is
a three-layer semi-permeable membrane composed of (1) a single cell layer outer epithelium
(on the side of the middle ear, and continuous with its lining); (2) a connective tissue layer
with fibroblasts, blood vessels, collagen, and elastic fibers; and (3) the innermost layer
(bounding the inner ear) of squamous cells.[}7] The human RW has an average thickness

of 70 um with a surface area of ~2.2 mm2.[18] |n trans-tympanic drug delivery to the inner
ear, the drug is generally injected through the TM and deposited in the middle ear,[%1 from
which drugs diffuse through the RW into the fluid spaces of the inner ear.[20] The RW

is located behind mucosal folds which, with other structures, form the mucosal niche.[?1]
Placing materials precisely in the niche so that they appose the RW can be challenging.[160]

The inner ear contains the cochlea (auditory organ) and the vestibular system (organ of
balance), which are embedded deep in the petrous bone.[22] Once drugs cross the RW and
get into the inner ear, further distribution depends on their diffusion within the fluids of the
inner ear,[23] crossing other barriers such as the vestibular membrane, and other factors; this
subject will not be covered here.

3. Trans-Tympanic Drug Delivery Systems

In noninvasive trans-tympanic delivery, drugs or drug delivery systems are applied to the TM
so that they diffuse into the middle ear (Figure 2A,B).[24] Invasive trans-tympanic delivery
has two principal goals: (1) injection of a drug or drug delivery system into the middle ear
cavity through the TM or a device that crosses the TM, so that drugs are delivered to the
middle ear (2) placement of drug delivery systems on the RW so that drugs diffuse into the
inner ear (Figure 2A,C).

Drug transfer across the TM and RW both relate to the more general problem of getting
drugs across barriers. The RW does not seem as impermeable to drugs as the TM,[21]
perhaps because it does not have a SC. Moreover, drug transport across the RW may

entail processes other than those detailed in this section, such as pinocytosis. Drug flux
across barriers has been best studied in the context of transdermal drug delivery, where the
principal physical barrier to drug permeation is the outer layer, the 10-20 pm thick SC. The
SC is composed of dead corneocytes and lipids organized in lamellar crystalline bilayers.
Permeation of drug through skin can occur through the lipid bilayers (intercellular path),
across the corneocytes (intracellular), or through hair follicles or sebaceous and/or sweat
ducts (transcellular). Most molecules penetrate through skin via the intercellular path and
many permeation enhancement techniques therefore aim to affect the molecular architecture
of that path.[23] In general, a low molecular weight and specific log 2 value (neither too
hydrophilic nor-hydrophobic, perhaps 0-5) is favorable for skin permeation. There are
similar considerations with regard to the TM and RW.[1%2] The TM is impermeable to
virtually all molecules except some small and moderately hydrophobic molecules. It is

suggested that smaller, cationic, and lipophilic particles preferentially pass through the RW.
[26]
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Transport across barriers of this type can in general be considered to be governed by Fick’s
first law of diffusion (at steady state):

J= - AD(g—i) M

where Jis the transfer (flux) rate of a diffusing substance; A is the unit area of the
membrane; Dis the diffusion coefficient and (d¢/dx) is concentration gradient across the
membrane. (The negative sign in this equation is because diffusion occurs away from

the area of high drug concentration.) Thus, the goal of many drug delivery systems is

to maintain the highest possible concentration outside the barrier for the longest possible
period, to use drugs for which the permeability of the membrane is the greatest to that the
diffusion coefficient is maximized, and to apply the system over the greatest possible area.
The diffusion coefficient can also be increased by agents that can enhance diffusion of drugs
through barriers.[27]

Many of the drug delivery systems used to cross the TM and RW bear some resemblance

to those used for transdermal drug delivery. These have included hydrogels, from which
drugs diffuse passively across the barrier; nanoparticles (NPs), which can themselves cross
the barriers; and chemical permeation enhancers (CPEs), which enhance the flux of a second
drug across barriers. CPEs have been widely used in skin, but also to get drugs across the
TM and RW.[28] Inflammation itself can enhance flux across barriers in the ear, as has been
shown in the TM and RW,[2%] and by the use of inflammatory mediators such as histamine
on the RW.[30]

The fate of drugs after they cross barriers is not always easy to predict. For example,

it is not known whether drugs applied to the TM will spread within the middle ear in
the absence of fluid (e.g., an effusion, as in OM). It is also not known whether drugs
that accumulate in middle ear fluid by noninvasive trans-tympanic delivery will do so in
sufficient concentration to be able to diffuse across the RW at effective concentrations.

All of the systems described below are examples of local drug delivery (i.e., systems
administered locally for local effect). An important feature that they therefore share (ideally)
is the absence of systemic distribution and therefore systemic side effects. As one example,
noninvasive trans-tympanic delivery of antibiotics from a hydrogel containing CPEs resulted
in supratherapeutic drug levels in middle ear fluid in a chinchilla model of OM, but with
undetectable drug levels (by high performance liquid chromatography) in blood.[2%¢] This
system also had minimal effect on the gut microbiome, whereas systemic (oral) antibiotics
affected it profoundly.[31]

Noninvasive Trans-Tympanic Drug Delivery Systems

Not many such systems have been described. They are deposited on the TM, often with a
means—such as a hydrogel—to immobilize them in situ.

3.1.1. Reverse Thermal Gelling Hydrogels—There are numerous design
characteristics of noninvasive trans-tympanic delivery apart from the crossing of the TM.
The drugs that will be applied to the TM, and the components that may help them get across
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(see section 3.1.2), need to remain in contact with the TM for an extended period. Many of
the patients for such applications are children, who are often uncooperative with application
of a material to the ear, and may not be willing to remain still. Consequently, what may be
needed is a system that is easy to apply (i.e., a liquid during application) but gels quickly
upon contacting the TM. While there are a number of in situ gelling polymer strategies that
could be employed, we have selected reverse thermal gelling hydrogels for this purpose,
particularly poloxamers (such hydrogels gel when heated). Poloxamer 407 (P407) is an
ABA-triblock polymer composed of a hydrophobic central block of polypropylene glycol
and two hydrophilic polyethylene glycol (PEG) units.[32] P407 is a solution at room
temperature and is therefore easily administered, forming a depot (gelling) upon contacting
the warm (37 °C) TM, allowing it to remain there for an extended period and provide
prolonged release.[33] Our group has formulated a hydrogel formulation containing CPEs
(see section 3.1.2) and P407 for trans-tympanic delivery of antibiotics to the middle ear

to treat OM, and showed that it could enhance flux across the TM (Figure 3A).[28c]
However, interaction between the CPEs and P407 impaired the mechanical properties of
P407 (gelation and the dwell time on the TM), reducing efficacy.[29¢] A thermosensitive
penta-block copolymer P407-polybutylphosphoester (P407-PBP) with more hydrophobic
domains was designed to address this issue (Figure 3B).

Such systems can affect hearing, in proportion to the amount that is placed on the TM. For
example, in chinchillas, 50 L of P407 had no effect on hearing (as assessed by acoustic
brainstem responses),[28¢] while 200 L of P407-PBP resulted in a mild hearing deficit
analogous to the effect of ear wax.[29¢]

3.1.2. Chemical Permeation Enhancers—Hydrogels and other depot-type delivery
systems can maintain drugs at the desired location, but apart from that function, they
generally do not inherently increase flux across barriers. In fact, the need for the drug to
diffuse out of the hydrogel generally reduces flux across the TM compared to the flux from
a free solution.[29¢] Due to the structural similarity of the TM to skin, the flux of therapeutic
agents across the intact TM can be enhanced via methods similar to those developed for
skin. CPEs are widely applied in transdermal systems to help drugs cross the skin.[34] CPEs
are a variety of molecules—usually small, often surfactants—that can interact with the
skin’s SC layer and reversibly decrease its barrier effect. The enhancement mechanisms of
CPEs and their pros and cons have been reviewed.[3%] The presence of CPEs, for example,
a combination of 2% limonene, 1% sodium dodecyl sulfate (SDS) and 0.5% bupivacaine

(a local anesthetic with CPE properties), enhanced the flux of the antibiotic ciprofloxacin
across the TM (Figure 3A).[3¢] A single application of a trans-tympanic drug delivery
system comprising these CPEs in P407-PBP completely eradicated OM from nontypable
Haemophilus influenzae in chinchillas, compared with only 62.5% clearance of infection in
animals receiving a single application of ciprofloxacin solution (Figure 3C). (This and other
observations confirmed the importance of a) CPEs and b) maintaining close apposition with
the TM.) One interesting fact was that although the TM thickened fivefold in OM, antibiotic
flux across it also increased fivefold. Ciprofloxacin was undetectable by high performance
liquid chromatography in plasma samples from blood, indicating the absence of systemic
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distribution.[29¢] Tissue reaction to the gel and its components was benign. The hydrogel
system had degraded completely within three weeks after application.

The system was subsequently shown to be effective against another bacterium commonly
found in OM, Streptococcus pneumoniae. This system was able to deliver a ciprofloxacin
concentration in middle ear fluid ~100-fold greater than the minimum inhibitor
concentration for S. Prneumoniae, even though that concentration was 100-fold less than that
in the hydrogel outside the TM. Further studies found that this hydrogel-CPE formulation
could successfully increase delivery of anesthetics, such as bupivacaine and tetrodotoxin,
across intact TMs ex vivo. Isobolographic analysis indicated that strong synergistic effects
existed among the CPEs (SDS, limonene, and bupivacaine), and that combination of the
CPEs could greatly increase the peak drug flux across the TM ex vivo.[37]

3.1.3. Nanocarriers—NPs are drug delivery vehicles < 1 um in diameter,[38] with a wide
range of functions in drug delivery,[39 including acting as local depot systems and crossing
biological barriers.[*2] Deformable nanocarriers that have been used in transdermal delivery
have also been used in noninvasive trans-tympanic delivery. For example, nanovesicular
systems composed of an edge activator (component that softens lipid bilayers) and a
surfactant (in spanlastics) or phospholipid (in transfersomes) have been used to cross the
TM. Ex vivo permeation studies showed that these formulations caused higher ciprofloxacin
permeation through the rabbit TM compared to commercial ciprofloxacin drops (Ciprocin).
[40] Their ability to cross skin and the TM has been attributed to their elasticity.[41]

Levofloxacin has been incorporated into nanoliposomes decorated with PEG, and
demonstrated a 4.29 fold increase in drug permeation through the rabbit TMs in vivo
compared to free levofloxacin. The treated TMs had normal structure without inflammation.
[42] Other nanoparticulate approaches to crossing the TM have been described in abstract
form,[43] including two types of ionic NPs including Ag,S quantum dots (QD) (~8 nm,

—-26 mV surface charge) and Gd,O3 NPs doped with 1% Ne (100 nm, +42 mV surface
charge). The cationic Gd,O3 NPs showed much higher diffusion across the chinchilla TM
ex Vivo (5%) than the anionic Ag,S QD (0.05%). The Gd,O3 NPs were then used to deliver
dexamethasone and ceftriaxone across the TM ex vivo.

3.1.4. Peptides—Recently, peptides that can transit across the TM in rat OM were
identified by phage display.l] Those with the greatest ability to cross the TM were found
to have shared peptide sequences and structural similarities. The peptides do not appear

to have adverse effects on the external ear, TM, middle ear, or inner ear by histology, nor
was hearing impaired as assessed by acoustic brain responses. TM-transiting peptides placed
on/near the RW showed minimal penetration into the inner ear.[*4] Peptides could also cross
the uninfected TMs of rats, guinea pigs, rabbits, and humans ex vivo.[45]

3.1.5. Physical Means—Physical (vs chemical) means have been applied to improve
drug flux across the TM.[46] Recently, a hollow ~15 um microtube (termed a microshotgun;
Figure 4) was prepared, loaded with Fe3O4 NPs and solid dispersion propellant (dry citric
acid and sodium bicarbonate). The microshotgun was placed on the surface of the TM (also
the RW). Application of water triggered a reaction in the propellant, ejecting the Fe304

Adv Funct Mater. Author manuscript; available in PMC 2022 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

3.2.

Page 7

NPs so that they penetrated the outer epithelial layer of the TM (Figure 4). Subsequently,
application of an external magnetic field enhanced the penetration of NPs through the TM.
This system improved the flux of Fe304 NPs across the TM and RW ex vivo compared to
the flux from passive diffusion. Actual drug delivery was not reported.[47]

Magnetic fields been also been used to push or pull drugcoated magnetic particles across the
TM (the physics of those two distinct modalities has been reviewed elsewherel160]). In vivo
studies have shown that 100 nm diameter magnetic particles loaded with prednisolone were
able to traverse the rat TM by this method, but with highly variable results.[16b]

Invasive Trans-Tympanic Drug Delivery Systems

Invasive trans-tympanic delivery is comparatively well established, experimentally and
clinically. As noted above, Ciprodex drops are applied in the ears of patients with
tympanostomy tubes, and there are numerous formulations for administration into the
middle ear undergoing clinical trials (Table 1[48:4%1). If used for drug delivery to the middle
ear, the pharmacokinetics of these systems are straightforward, analogous to simple topical
delivery. If placed on the RW to deliver drug into the middle ear, then the pharmacokinetics
are analogous to those for non-invasive trans-tympanic delivery, as described above.
Excessive volumes placed in the middle ear can affect hearing. Here we describe some
systems that have been used for invasive trans-tympanic drug delivery.

3.2.1. Hydrogels—The residence time of drugs in the middle ear is normally short
because of clearance via the Eustachian tube.[260:50] Hydrogels have a high viscosity
that can reduce the clearance of incorporated drugs via the Eustachian tube, allowing
longer residence times in the middle ear,[5] extending duration of effect, and reducing
the frequency of injections.[17]

Otiprio is a P407 hydrogel containing ciprofloxacin to treat OM. A single dose of Otiprio
placed in the middle ear of chinchillas resulted in clinical cure of S. pneumoniae OM

within 18 h.[482] P407 has also been used to deliver A-acetylcysteine (NAC), an antioxidant
potentially protective against cisplatin-induced hearing loss. Application of the 4% P407-
NAC hydrogel to the RW in albino guinea pigs resulted in a fourfold increase of NAC in
perilymph over administration of an equally concentrated NAC solution. The perilymph
NAC level was 122 times higher than the corresponding plasma level, and NAC was
undetectable in the cerebrospinal fluid, suggesting minimal systemic and cerebral exposure.
[52] Clinical studies have been carried out using P407 placed on the RW to deliver drugs into
the inner ear for a variety of diseases (Table 1).[10a:48b]

Hyaluronic acid is a naturally occurring mucoadhesive and biodegradable polymer that can
form viscous gels in aqueous media.[>3] Hyaluronic acid gels have shear-thinning properties:
their viscosity decreases under shear, for example, during injection, and recovers rapidly
after injection.[¥ High molecular weight (1.5 MDa) hyaluronic acid delivered to the
middle ear remains in prolonged contact with the mucosa, prolonging the dwell time of drug
after injection.[®5] Two hyaluronic acid-based hydrogels are currently in Phase 3 clinical
trials.[9] Keyzilen is a small molecule noncompetitive NMDA receptor antagonist in a
hyaluronic acid gel, which was developed for the treatment of acute inner ear tinnitus.
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Sonsuvi contains the drug brimapitide in a hyaluronic acid gel, and was developed to treat
sudden hearing loss.

Chitosan is a cationic polymer derived from chitin.[8] The chitosan derivative, chitosan
glycerophosphate (CGP) has been used as a hydrogel carrier for drug delivery due to

its favorable thermo-responsive gelation properties and its ability to harbor a variety of
payloads.[62:57] |n addition, its positive charge promotes electrostatic interactions with
negatively charged mucosal surfaces in the middle ear, allowing a prolonged residence
time on the RW.[58] The delivery of therapeutic compounds from the CGP hydrogel can be
terminated by delivery of exogenous chitosanase, which hydrolyzes the chitosan chains in
the gel, resulting in the clearance of drug via the Eustachian tube;[®4] such clearance could
be helpful in case of impending drugrelated toxicity. The CGP hydrogel has been used to
deliver gentamicin and dexamethasone into the inner ear via the RW.[190.60]

Several other hydrogel-forming polymers have been used for drug delivery to the inner ear
via the RW. Application of gelatin containing topical insulin-like growth factor-1 (IGF-1,
MW ~7650 Daltons) in patients with sensorineural hearing loss had therapeutic effects
superior to dexamethasone applied the same way, and a favorable safety profile.[62] The
thermogelling triblock copolymer PLGA-PEG-PLGA has also been developed for trans-
tympanic drug delivery to the inner ear. In vitro, the PLGA-PEG-PLGA copolymer systems
showed sustained release of cidofovir (a drug to treat sensorineural hearing loss from
cytomegalovirus) for four days. The PLGA-PEG-PLGA copolymer did not show toxicity to
the inner ear by ABR testing at the dose tested (0.05 mL).[62] Silk fibroin-PEG hydrogel has
been used to deliver micronized dexamethasone to the inner ear of guinea pigs in vivo after
deposition on the RW. The dexamethasone concentration in perilymph remained above 100
ng mL™1 (i.e., above the minimal effective concentration, 40 ng mL™1) for at least 10 days
after application, compared to less than 12 h after administration of free dexamethasone.
No adverse effects were observed in the middle and inner ear histologically, and hearing
thresholds returned to pre-operative baseline levels by 14 day after application.[63]

3.2.2. Nanoparticles—After administration into the middle ear, drugs in NPs can reach
the inner ear by diffusion of released free drug or by passage of drug-loaded NPs through
the RW into the cochlea.[54] The effect of surface modifications of NPs on flux into the
inner ear has been explored.[6%] Dexamethasone was delivered across the RW in four
different phospholipid-based NPs: neutral, anionic, cationic, and cationic-polyethyleneglycol
(PEGylated cationic NPs). The PEG was attached to the positively charged NPs to

prolong particle circulation in the perilymph by preventing non-specific binding of proteins.
Nanoparticle accumulation in HEI-OC1 cells (an organ of Corti cell ling) in vitro and

in the organ of Corti in C57/BL6 mice was higher after administration of cationic-PEG

NPs than with the other formulations. Cationic-PEG NPs loaded with dexamethasone (Cat-
PEG-Dex) improved hearing loss at all tested frequencies to a greater degree than did
dexamethasone phosphate solution. Quantitative PCR indicated that Cat-PEG-Dex reduced
the levels of pro-inflammatory cytokines in the mouse cochlea to a greater degree than did
free dexamethasone.[66]
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Nanoparticle flux across the RW has been enhanced by conjugating cell penetrating peptides
to the nanoparticle surface.[%7] In one example, the cell penetrating peptide oligoarginine
(Arg8) was conjugated to the surface of a nanoparticle composed of poly(amino acid)
(PHEA). Oligoarginine-conjugated NPs entered into HEI-OC1 cells in vitro at higher levels
than did unmodified NPs, and oligoarginine-modified NPs showed comparable or better
transfection capabilities than the commercially available transfection reagent Lipofectamine.
The penetration of oligoarginine-modified NPs across the RWM and transgenic expression
of green fluorescent protein (loaded into NPs) was observed in vivo in C57/BL6 mice.[%8]

pH-sensitive polymeric NPs have been widely used to transport and release drugs within
inflamed tissues.[5%] Inflammation contributes to hair cell apoptosis in cisplatin-induced
hearing loss, and the pH of inflamed tissues is 0.2-0.6 units lower than that of normal
tissues due to the high rate of glycolysis and resulting increase in lactic acid concentration
in affected cells. Recently, NPs have been designed that would enhance release of payloads
within the inflamed middle ear. The NPs were created by self-assembly of a) a copolymer
of a methacrylate derivative of the anti-inflammatory drug ibuprofen and 1-vinylimidazol
(which, with a pKa of 6, imparted pH sensitivity), and b) a copolymer of A~vinylpyrrolidone
with methacrylate derivatives of either a-tocopheryl succinate or a-tocopherol (ROS
scavengers). The NPs were loaded with dexamethasone, and used to treat cisplatin (CDDP)-
induced hearing loss. In vitro tests in cell culture indicated that NP formulation reduced
CDDP-induced toxicity and intracellular ROS accumulation. In vivo experiments in mice
(where NP were deposited into the middle ear by bullostomy) demonstrated reduced hearing
loss from CDDP in rats treated with dexamethasone loaded NPs.[70]

NPs injected in the middle ear are readily cleared through the Eustachian tube. Clearance
can be slowed by incorporation into hydrogels.[”2] Recently, a CGP hydrogel was developed
and loaded with NPs containing the c-Jun N-terminal kinase inhibitor, D-JNKi-1, for
targeted therapy of noise-induced hearing loss (NIHL). D-JNKi-1 inhibitors are anti-
apoptosis agents and can limit hair cell death following an acute insult. The NPs’ surfaces
were decorated with a peptide that recognized prestin, a protein exclusively expressed on
the membranes of inner ear hair cells. Application of this system to the RW successfully
delivered D-JNKi-1 to the hair cells, and improved protection from NIHL in CBA/J mice in
vivo compared to untargeted NPs.[72] Poly (lactic-co-glycolic acid) (PLGA) NPs (2290 nm)
containing interferon a—2b (IFN) have been loaded into a CGP hydrogel and deposited on
the RW. In guinea pigs, CGP-NPs prolonged the duration of drug exposure in the cochlea
1.5- to 3-fold compared to the durations achieved by an IFN solution, IFN NPs, and an
IFN-loaded CGP hydrogel. Histological evaluation showed no adverse effects on inner ear
histology.[”3] Hyaluronic acid gels have also been used to deliver PEGylated liposomes
loaded with dexamethasone phosphate. Application of this gel to the RW achieved release of
the drug into the perilymph of guinea pigs for 30 days in vivo, at therapeutic levels.[74]

3.2.3. Magnetically Driven Nanoparticles—Magnetic iron oxide NPs have been used
to deliver drugs through the RW. For example, in animals with cisplatin-induced hearing
loss, 300 nm drug-loaded magnetic NPs were injected into the middle ear and crossed

the RW in a magnetic field (Figure 5).[7°] Once in the inner ear, the steroid payload was
released, resulting in a greater mitigation of hearing loss than was achieved by deposition
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of an equivalent dose of free steroid in the middle ear. There was only a mild and transient
effect on hearing (assessed by acoustic brain response) from the therapy, and inflammation
was mild and limited to the middle ear.[76]

3.2.4. Ultrasound-Driven Devices—Ultrasound-induced microbubble (USMB)
cavitation has been used to facilitate drug delivery across the RW (Figure 6). A solution

of drug and microbubbles was injected into the middle ear with a needle, then ultrasound
was applied into the saline-filled external auditory canal, driving active agents through

the RW and into the inner ear. In guinea pigs, the application of ultrasound induced a
2.8-fold increase in delivery of fluorescently labeled biotin to the inner ear.l”7] Application
of ultrasound transcranially (vs through the auditory canal) also increased flux across the
RW, although to a lesser degree.

3.2.5. Pump- and Catheter-Based Systems—A number of pump- and catheter-
based systems have been developed, primarily for use in animal models where precise
control of low infusion rates is desired. In one recent example, a fully implantable
peristaltic micropump was fabricated to provide programmable and precise drug delivery
via microtubing to the middle ear side of the RW (Figure 7). The micropump was built by
3D-printing on a printed circuit board; electronic components enabled wireless control. The
micropump was implanted in the scalp of animals and the microtubing was inserted into the
middle ear through a hole drilled through the skull, so that the catheter tip was positioned
at the RW. The micropump could achieve precise flow rates of 10-100 nL min~1 in the
presence of backpressures up to 10 times larger than what might occur physiologically. This
system was able to infuse a known ototoxic compound (sodium salicylate) to the RW in
mice at 50 nL min~1 for 20 min. The micropump prototype did not induce inflammation or
infection after implantation for one month.[78]

3.2.6. Other Devices—A variety of relatively macroscopic devices have been
developed, and even deployed in humans. Many of these have suffered from technical
difficulties with administration, obstruction, and dislocation, or medical problems such as
hearing loss, granuloma formation in the middle ear, and permanent TM perforation. The
Silverstein MicroWick is an example of such a device, developed to treat Meniere’s related
vertigo by perfusion of gentamicin. This device is a polyvinyl acetate wick 1 mm in
diameter by 9 mm in length, that is inserted across the TM (e.g., by myringotomy) and
placed in contact with the RW. The medication (e.g., gentamicin) is administered in the outer
ear; this can be done by patients.

Drug delivery into the middle ear has also been achieved from implantable devices whose
primary purpose was not drug delivery itself. Chronic OM may lead to the destruction of the
middle ear bones such that prostheses have to be implanted to restore sound transmission;
these may become infected. To treat and prevent infections, ciprofloxacin was loaded

into a surface coating of nanoporous silica on middle ear prostheses. In a rabbit model,
Pseudomonas aeruginosa was inoculated into the middle ear of rabbits to induce OM, and
the prostheses loaded with ciprofloxacin were then implanted into the infected middle ears.
P, aeruginosa was almost completely eliminated after application of ciprofloxacin-loaded
prostheses, but not in untreated animals.[79]
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4. Perspective

Although rapid progress has been made in the study of trans-tympanic drug delivery systems
in the last decade, there are still many challenges to overcome.

The use of noninvasive trans-tympanic delivery across the TM is still in its infancy. The
range of drug delivery systems that have been applied to the RWM have not yet been applied
there. The use of such systems could have beneficial effects, including increasing drug flux,
or perhaps extending the duration of effect from a single dose. One important consideration
for all such systems, however, is that the competition in the context of the most common
middle ear dissase—OM—is a simple oral formulation. Therefore, even though a local
treatment for OM has long been sought for, acceptance of such a treatment is likely to be
impacted by ease of application, need for specialized equipment and training, overhead cost,
pain, and other factors. Those constraints may be less significant in the treatment of chronic
middle ear conditions which might, for example, warrant performing myringotomy to place
formulations directly in the middle ear. (These constraints also generally may not apply to
inner ear diseases, which are often more severe and intractable.) Validation of the therapeutic
efficacy and potential reduction of systemic toxicity of noninvasive systems in humans will
be important.

Noninvasive trans-tympanic delivery might only be usable for diseases of the middle ear,
due to the steep (100-fold) drop in drug concentration across the TM.[8% Moreover, it
is likely that this approach will be restricted to clinical situations where the middle ear
is fluid-filled. Using non-invasive methods to cross both the TM and RWM would likely
involve two decrements in concentration in series (and require a fluid-filled middle ear),
making attainment of therapeutic drug concentrations in the inner ear hard to achieve.

As we have seen, a broad range of methods for invasive trans-tympanic drug delivery to
the inner ear have been attempted, with therapeutic effect shown in animals. Here, as in
noninvasive approaches, technical refinement will be important, including combination of
drug delivery systems. One common issue for such approaches is going to be the fate of
drugs and NPs once they enter the perilymph, for example. whether they can successfully
diffuse throughout the inner ear and into tissues. Here also, assessment in humans will be
important.

Although it is beyond the scope of this update, it bears mentioning that a variety of
approaches have been used to target intravenously-administered drugs and NPs to specific
anatomical locations such as tumors, the brain, the eye, and the heart.[81] In many of those,
there is a blood-tissue barrier as there is in the ear, which can be disrupted by disease or
by an external stimulus such as heat or ultrasound. However, such approaches require a
relatively tissue-specific ligand and/or for the stimulus to be able to reach the target tissue.
The latter would be limited by the fact that the inner ear is encased in bone.

In all cases, the biocompatibility of the system will be of great importance.[82] All drug
delivery systems have the potential to cause inflammation, wherever they are placed. The
drugs within could also have adverse tissue effects, particularly if they are present at
high concentration for extended periods. It will be important to study the fate of drug
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delivery systems, especially if composed of non-degradable materials. Studying the impact
of formulations on hearing (whether by blocking sound conduction or cochlear ototoxicity)
will also be important.
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Figure 1.

Anatomy of the human ear. TM: tympanic membrane; OW: oval window; RW: round
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window. The ear anatomy image was adapted under the terms and conditions of the CC BY

3.0 Unported License. Copyright Servier Medical Art.
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Figure 2.
Trans-tympanic drug delivery. A) Schematic of trans-tympanic drug delivery systems. In

non-invasive delivery, drug fluxes into middle ear fluid, with substantial dilution. It is
unknown whether substantial drug flux can occur into the inner ear, or into the middle

ear in the absence of fluid. Invasive delivery is via injection or incision into the middle

ear, or in the round window niche, for drug flux into the middle or (more commonly)

inner ear. Anatomy of B) noninvasive trans-tympanic drug delivery systems (TM: tympanic
membrane, DDS: drug delivery system), C) invasive trans-tympanic drug delivery systems.
RW: Round window. The ear anatomy and syringe images were adapted under the terms and
conditions of the CC BY 3.0 Unported License. Copyright Servier Medical Art.
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A formulation for noninvasive trans-tympanic delivery to the middle ear. A) The formulation
included a polymer with reverse thermal gelling properties, a combination of chemical
permeation enhancers (3CPE), and an antibiotic, ciprofloxacin. B) The mechanical
properties of P407 and P407-PBP with or without the combination of chemical permeation
enhancers in panel A (3CPE) as a function of temperature. Without CPEs, P407 gels (G' >
G") at 27 °C; addition of 3CPE prevents gelation. In contrast, 3CPE enhanced the gelation
of P407-PBP. C) Time course of elimination of bacteria (CFU: colony-forming units, a
metric of bacterial presence) from middle ear fluid of chinchillas with OM after trans-
tympanic treatment with different formulations. (B and C) Reproduced with permission.[29¢]

Copyright 2016, AAAS.
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Figure 4.
A microshotgun delivery device for the noninvasive trans-tympanic delivery of magnetic

NPs. Reproduced with permission.[83] Copyright 2020, Elsevier.
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B)

Figureb5.
Magnetically driven nanoparticles. A) The placement of a proposed magnet device for

inner drug delivery. B) A schematic of injection of magnetic nanoparticles through the RW
for inner ear drug delivery. (A and B) Reproduced with permission.[76] Copyright 2019,
Elsevier.
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Figure®6.
Ultrasound-driven devices. Schematic of ultrasound-induced microbubble (USMB)

cavitation to facilitate drug delivery to the inner ear. Reproduced with permission.[77]
Copyright 2020, ASCI.
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Figure7.
Pump- and catheter-based systems. Schematic illustration of the peristaltic micropump

designed for drug delivery across the round window. Reproduced with permission.[78]
Copyright 2019, Elsevier.
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