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Hearing loss is a global health concern affecting hundreds of millions of individuals, with current
interventions like hearing aids and cochlear implants offering only functional improvements rather than
addressing the root causes. Gene therapy holds promise for restoring hearing by correcting underlying
molecular defects, but its success hinges on the safe and effective delivery of therapeutic genes to the
delicate cells of the cochlea. Nanotechnology has emerged as a transformative solution, providing non-
viral carriers such as nanoparticles that can protect genetic material, target specific inner ear cells, and
promote regeneration with minimal invasiveness. This review explores the integration of nanotechnology
with gene therapy for hearing loss from three perspectives: (1) the biological mechanisms underlying
hearing loss and gene therapy, (2) technological innovations in nanoparticle design and delivery systems,
and (3) clinical applications and challenges. By examining recent advancements and preclinical studies,
this review highlights the potential of nanotechnology-enhanced gene therapy to revolutionize the
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1. Introduction

Hearing loss is a widespread sensory impairment that affects
over 460 million people worldwide, with significant impacts
on quality of life, communication, and social integration."
Current interventions, such as hearing aids and cochlear
implants, provide functional improvements but do not address
the underlying molecular or cellular causes of hearing loss.” "
In contrast, gene therapy offers the potential to restore hearing
by correcting genetic mutations, modulating gene expression,
or promoting the regeneration of damaged cells within the
cochlea.®™® However, the delivery of therapeutic genes to the
inner ear remains a significant challenge due to the cochlea’s
delicate structure, the presence of the blood-labyrinth barrier,
and the limited regenerative capacity of cochlear cells."*"”>?
Recent advancements in gene therapy have shown potential
in addressing genetic forms of hearing loss.**"*” For instance,
mutations in the OTOF gene, which encodes the protein
otoferlin essential for synaptic transmission in inner hair
cells, have been identified as a cause of hereditary hearing
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treatment of hearing loss while addressing key barriers to clinical translation.

loss.”*®?873! patients with OTOF mutations often experience

severe to profound hearing loss and speech impairments. Gene
therapy approaches aim to introduce functional copies of the
OTOF gene into affected cells to restore hearing function.**"**
Experimental gene therapies, such as DB-OTO and AAVAnc80-
OTOF, are being developed to address otoferlin-related hearing
loss.>>° These therapies utilize adeno-associated virus (AAV)
vectors to deliver the OTOF gene to target cells in the inner ear.
Preclinical studies have demonstrated that dual AAV vector
delivery can restore otoferlin expression and improve hearing
in animal models.*”*°

Nanotechnology has emerged as a powerful tool to overcome
the challenges associated with gene delivery to the inner
ear.*’™*® Nanoparticles, composed of biocompatible materials
such as lipids, polymers, or inorganic compounds, can be
engineered to enhance specificity, reduce immunogenicity,
and improve the durability of gene expression.*®*™° For exam-
ple, polymer-based nanoparticles have been investigated for
their potential to deliver therapeutic genes directly to the inner
ear.**! These nanoparticles can encapsulate genetic material,
protecting it from degradation and ensuring targeted delivery
to specific cochlear cells. Studies have demonstrated that
polymer-based nanoparticles can effectively deliver genes to inner
ear cells, highlighting their potential in gene therapy applica-
tions.*"*">* Additionally, lipid-based nanoparticles have been
explored for their ability to traverse the blood-labyrinth barrier
and deliver therapeutic agents to the inner ear.>*°® Their bio-
compatibility and capacity to encapsulate various therapeutic
molecules make them suitable candidates for gene therapy
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applications. Advancements in nanoparticle surface modifica-
tion have enabled the development of targeted delivery systems
that recognize and bind to specific receptors on cochlear cells,
enhancing the precision and efficacy of gene delivery.

Despite these advancements, several challenges remain
in the clinical application of nanotechnology-enhanced gene
therapy for hearing loss. Ensuring the long-term safety and
efficacy of these therapies is paramount, necessitating extensive
preclinical and clinical evaluations. Addressing potential
immunogenic responses to nanoparticle-based delivery systems
is also crucial for successful translation into clinical settings.””°
Furthermore, optimizing the delivery methods to achieve precise
targeting and efficient gene transfer to the appropriate cochlear
cells remains a significant challenge.

The integration of nanotechnology and gene therapy holds
transformative potential for treating hearing loss. Techno-
logical innovations in nanoparticle design and delivery systems
have paved the way for targeted and efficient gene therapy
approaches. Understanding the biological mechanisms under-
lying hearing loss has facilitated the development of gene
therapies aimed at correcting genetic mutations and promoting
hair cell regeneration. While challenges remain in translating
these therapies to clinical practice, ongoing research and
clinical trials continue to advance the field, offering hope for
effective treatments that can restore hearing and improve the
quality of life for individuals affected by hearing loss. This
review provides a comprehensive examination of the intersec-
tion between nanotechnology and gene therapy for hearing
loss, structured around three key themes: (1) the technological
innovations in nanoparticle design and delivery systems, (2) the
biological mechanisms underlying hearing loss and the
potential of gene therapy to address them, and (3) the clinical
applications, challenges, and future directions for this promis-
ing therapeutic approach. By synthesizing recent advancements
and preclinical findings, this review aims to highlight the
transformative potential of nanotechnology-enhanced gene
therapy in restoring hearing and improving the lives of indivi-
duals with hearing loss.

1.1. Biological mechanisms of hearing loss and advances in
gene therapy

Hearing loss arises from various underlying mechanisms that
disrupt the normal function of the auditory system. Broadly, it
can be classified into sensorineural, conductive, and mixed
hearing loss, each with distinct causes and pathophysiological
effects.>*%”°! Sensorineural hearing loss (SNHL) is primarily
linked to damage in the cochlea or auditory nerve, often due to
genetic mutations, aging, or external factors such as noise expo-
293 Conductive hearing loss (CHL),
in contrast, results from mechanical obstructions or dysfunctions
in the outer or middle ear, impeding the transmission of sound
waves to the inner ear.”**"*® Some individuals experience mixed

sure and ototoxic substances.

hearing loss, a combination of both conditions, where conductive
impairments coexist with sensorineural deficits.

Beyond these classifications, hearing loss can also be syn-
dromic or non-syndromic, with syndromic forms associated
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with broader systemic disorders affecting multiple organs.®”
Additionally, the onset of hearing loss can be congenital or
acquired, with congenital cases often resulting from genetic
factors or prenatal infections, while acquired cases stem from
environmental exposures, aging, or trauma. Understanding
these biological mechanisms is crucial for developing targeted
therapies, including pharmacological treatments, prosthetic
devices, and emerging gene therapy interventions that aim to
repair or regenerate auditory structures at the molecular level.

As current treatments, such as hearing aids and cochlear
implants, primarily compensate for hearing deficits rather than
restoring auditory function, gene therapy has emerged as a
promising approach to address the root causes of hearing
impairment.

1.1.1. Sensorineural hearing loss (SNHL). Sensorineural
hearing loss (SNHL) occurs due to damage or dysfunction in
the cochlear hair cells, the auditory nerve, or their associated
structures within the inner ear.®®”° This type of hearing loss
is often permanent and can result from genetic mutations,
aging, noise exposure, ototoxic drugs, or infections”* (Fig. 1).
In genetic cases, mutations in critical genes such as GJB2
(connexin 26), MYO7A (myosin VIIA), and TMC1 disrupt essen-
tial auditory processes, leading to progressive or congenital
deafness. Acquired causes, such as noise-induced damage or
ototoxicity from aminoglycoside antibiotics and chemotherapy
drugs, can result in irreversible cochlear cell death.

The pathophysiology of SNHL involves several mechanisms,
including hair cell degeneration, synaptic dysfunction, and
auditory nerve impairment.””””* Age-related hearing loss, or
presbycusis, arises from oxidative stress and mitochondrial
damage, leading to a gradual decline in hair cell and neural
function. Similarly, prolonged exposure to loud noise can cause
mechanical and metabolic damage to hair cells, resulting in
their apoptosis. Unlike conductive hearing loss, which can
often be treated surgically, SNHL typically requires cochlear
implants or emerging gene therapies to restore function.

Nanotechnologies have unveiled an expanding landscape of
genetic alterations underlying human hearing loss-targets
addressable by gene therapy, showing significant promise for
treating sensorineural hearing loss (SNHL) in animal models,
critical barriers impede clinical translation. These include over-
coming the blood-labyrinth barrier, developing targeted deliv-
ery systems, refining surgical approaches, and validating novel
targets. Furthermore, effective treatment requires overcoming
anatomical barriers to achieve localized therapeutic delivery.
Recent advances in nanomedicine offer promising solutions:
engineered nanoparticles enable sustained, targeted drug release
to inner ear structures via diffusion through round/oval window
membranes. These systems can bypass the blood-labyrinth barrier
and focus therapeutics on specific cochlear regions.

Currently, most gene therapies related to hearing loss pri-
marily target SNHL. This is achieved through strategies such as
repairing defective genes or restoring function. In contrast,
gene therapy approaches are less commonly used for hearing
loss related to conductive hearing loss (CHL) or mixed hearing
loss. Briefly describe its pathogenesis in the following sections.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The pathophysiological interplay among apoptotic pathways, oxidative stress cascades, immune-mediated inflammatory responses, mitochon-
drial dysfunction, and autophagic regulation impairments in the pathogenesis of sensorineural hearing loss.

1.1.2. Conductive hearing loss (CHL). Conductive hearing
loss (CHL) occurs when sound waves cannot efficiently reach
the cochlea due to obstructions or abnormalities in the outer
or middle ear.°~®7>7¢ This condition differs from SNHL
in that it often results from mechanical issues rather than
cellular or neural damage. Common causes include earwax

This journal is © The Royal Society of Chemistry 2025

blockage, fluid buildup from ear infections (otitis media),
otosclerosis (abnormal bone growth in the middle ear), and
tympanic membrane perforation.”””’® These conditions can
dampen sound transmission, leading to reduced hearing
sensitivity, but they do not affect the auditory nerve or cochlear
function directly.
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Unlike SNHL, CHL is often temporary or treatable through
medical or surgical interventions. Treatments may involve
earwax removal, antibiotics for infections, tympanoplasty for
eardrum repair, or stapedectomy for otosclerosis. In cases
where medical intervention is insufficient, hearing aids or
bone-conduction implants can help improve sound transmis-
sion. While CHL does not typically result in complete deafness,
untreated chronic conditions may lead to complications,
including secondary SNHL.

1.1.3. Mixed hearing loss (MHL). Mixed hearing loss
(MHL) is a condition in which an individual experiences both
sensorineural and conductive hearing impairments simulta-
neously.””®® This means that there is damage to both the
cochlea or auditory nerve (inner ear) and the outer or middle
ear structures responsible for sound conduction. The severity
of MHL varies depending on the degree of impairment in
each component, and it can be either congenital or acquired.
Individuals with MHL may experience difficulties in sound
perception, including reduced clarity, distorted sounds, and
challenges in distinguishing speech in noisy environments.

The causes of mixed hearing loss often involve a combination
of factors. For example, a person with otosclerosis (a conductive
issue due to abnormal bone growth in the middle ear) may also
develop age-related cochlear degeneration (sensorineural hearing
loss). Similarly, chronic otitis media (middle ear infections) can
cause both conductive hearing loss due to fluid buildup and
secondary sensorineural damage if the infection spreads to the
inner ear. Other contributing factors may include head trauma,
which can simultaneously damage both middle ear structures and
the auditory nerve, and long-term exposure to loud noise, which
may cause mechanical damage to the eardrum while also leading
to cochlear hair cell degeneration.

Treatment for mixed hearing loss depends on the under-
lying causes and severity of each component. Conductive
aspects may be addressed through medical or surgical inter-
ventions, such as tympanoplasty (eardrum repair), ossiculo-
plasty (middle ear bone reconstruction), or stapedectomy
(surgical treatment for otosclerosis). Meanwhile, the sensori-
neural component may be managed with hearing aids, cochlear
implants, or experimental gene therapy approaches if the
damage is severe. In cases where surgical correction is insuffi-
cient, bone-conduction hearing devices can bypass the con-
ductive issue and directly stimulate the cochlea.

1.1.4. Advances in gene therapy. Gene therapy represents a
groundbreaking approach for restoring hearing at the molecular
level, offering potential treatments for both genetic and acquired
hearing loss by targeting the root causes of auditory dysfunction.®!
Unlike traditional hearing aids or cochlear implants, which
merely amplify or bypass damaged auditory structures, gene
therapy aims to correct, replace, or regulate genes responsible
for cochlear development, hair cell function, and synaptic
transmission. Several strategies have been developed, including
gene replacement therapy (Fig. 2), which introduces functional
copies of defective genes, and gene silencing therapy, which
uses RNA interference (RNAi) to suppress harmful gene expres-
sion. More advanced approaches, such as CRISPR/Cas9 genome
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editing, offer precise correction of genetic mutations, while
regenerative gene therapy seeks to stimulate the regeneration
of lost hair cells by reprogramming supporting cells within the
cochlea.®®> However, clinical translation remains a significant
challenge due to gene delivery limitations, safety concerns
associated with viral vectors, and the complexity of targeting
inner ear structures. Recent advancements in synthetic nano-
particle carriers, engineered adeno-associated viruses (AAVs),
and exosome-based delivery systems are helping to overcome
these barriers, improving efficiency and safety.*®**"®” As research
continues to evolve, the integration of gene therapy with regen-
erative medicine, pharmacological interventions, and next-
generation biomaterials may provide long-term, personalized
treatments for individuals with hearing loss, potentially offering
a cure rather than just a temporary solution.

1.2. Technological innovations in nanoparticle gene delivery

In recent years, nanotechnology-based gene delivery systems
have made significant strides in the field of inner ear therapy.
These innovations encompass advancements in nanoparticle
materials, improved targeting strategies, and enhanced
controlled-release mechanisms, making gene therapy more
precise and efficient. Compared to traditional viral and non-
viral delivery methods, nanoparticle-based systems offer higher
biocompatibility, lower immunogenicity, and the ability to achieve
sustained and localized gene expression, paving the way for safer
and more effective treatments for inner ear disorders. Further-
more, the development of novel nanoparticle formulations has
enabled the efficient delivery of genetic material across biological
barriers, such as the round window membrane (RWM) and blood-
labyrinth barrier (BLB), which traditionally pose challenges for
inner ear drug delivery. By leveraging surface modifications and
ligand conjugation, nanoparticles can be engineered for targeted
delivery to specific cochlear or vestibular cells, enhancing ther-
apeutic efficacy while minimizing off-target effects. Additionally,
the incorporation of stimuli-responsive materials, such as pH-
sensitive or enzyme-degradable polymers, allows for controlled
and sustained gene release, ensuring prolonged therapeutic
effects. These innovations collectively contribute to overcoming
key limitations in conventional gene therapy approaches and hold
great promise for treating genetic hearing loss, sensorineural
disorders, and age-related hearing impairments with greater
precision and safety.

1.2.1. Diverse nanomaterials for gene delivery. Nano-
particles are emerging as effective gene delivery vehicles for
inner ear therapies, with lipid-based, polymeric, and inorganic
nanomaterials offering unique advantages. Lipid-based nano-
particles (LNPs) are biocompatible and protect genetic cargo
from enzymatic degradation.®**°® They facilitate cellular entry
by fusing with membranes and have been successfully used in
cochlear gene transfer, including CRISPR-Cas9 delivery for
Tmcl gene editing. Polymeric nanoparticles, including PLGA
and PEGylated polyesters, enable controlled cargo release and
effective transfection of inner ear cells.”” ' PEI-PEG nano-
particles have demonstrated high gene delivery efficiency with
reduced toxicity, while PLGA nanoparticles have been tested for

This journal is © The Royal Society of Chemistry 2025
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local drug delivery via the round window membrane.'®*™°>  Inorganic nanoparticles, such as gold, silica, and magnetic nano-

However, unmodified polycations like PEI can be ototoxic at particles, offer additional functionalities. Gold nanoparticles
high doses, necessitating careful biocompatibility design."®®™'® can be functionalized with DNA or peptides, while magnetic
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nanoparticles (MNPs) can be guided using external magnetic
fields to enhance cochlear penetration.""*"'® However, concerns
about oxidative stress and toxicity in sensitive ear tissues persist.
Recent studies show that PEG-coated MNPs minimize adverse
effects, maintaining cochlear cell viability even under magnetic
field application.""*'*° Each nanoparticle type presents trade-offs
in efficiency, toxicity, and targeting ability, emphasizing the need
for optimized designs to maximize gene therapy benefits while
ensuring safety for inner ear applications.

1.2.1.1. Lipid-based nanoparticles. Liposomes and lipid
nanoparticles (LNPs) are composed of phospholipid bilayers,
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often with a positive charge to bind DNA/RNA.">'"** They are
biocompatible and low in immunogenicity, making them
attractive for inner ear use.'* Lipid NPs protect genetic cargo
from enzymatic breakdown and facilitate entry into cells by
fusing with cell membranes.'**™**” A classic example is cationic
liposomes, which were the first non-viral vectors used in
cochlear gene transfer. LNPs have recently enabled efficient
CRISPR-Cas9 delivery for gene editing in the cochlea (as noted
with the Tmec1 editing study)."”® This study demonstrates a
CRISPR-Cas9-based genome editing approach to treat autoso-
mal dominant hearing loss caused by mutations in the Tmc1
gene (Fig. 3). By using lipid-mediated delivery of Cas9-sgRNA
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Fig. 3 Structure of non-viral siRNA vector for inner ear drug delivery and therapy. (A) A stable nucleic acidlipid particle (SNALP) SNALP comprises DSPC
(helper lipid), cholesterol, cationic lipid (e.g., DLinDMA), and PEG-lipid (PEG-CDMA), forming a bilayer structure. PEG provides a hydrophilic exterior for
stability, which later dissociates to expose cationic lipids for cell transfection. Cationic lipids aid cellular uptake, while helper lipids enable endosomal
escape.'?® (B) Four phospholipid nanoemulsion-based nanoparticles loaded with Nile red (tracking) or dexamethasone (therapy) are schematically
depicted. (C) Cationic lipids (e.g., DOTMA, DOTAP) bind DNA and enhance transfection via cationic head groups, hydrophobic tails, and linkers. Neutral
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complexes, researchers successfully targeted and disrupted
the mutant allele in a mouse model (Tmc1Bth/+), leading to
higher hair cell survival and improved auditory function.

These lipid-based systems are the same technology under-
lying mRNA vaccines, repurposed here to carry therapeutic
genes to inner ear cells. LNPs share technological foundations
with mRNA vaccines, which have been widely deployed for
COVID-19 immunization.'*®*3*7"%* Their success in systemic
mRNA delivery has spurred renewed interest in adapting these
systems for gene therapy applications beyond vaccination.
In the context of inner ear treatments.

Further advancements in lipid nanocarrier design are focused
on improving targeting specificity and controlled release profiles
to enhance therapeutic outcomes.™** Surface modifications, such
as PEGylation or ligand functionalization, are being explored to
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optimize cochlear uptake while minimizing systemic distribution
and potential toxicity. Additionally, researchers are investigating
how LNP formulations can be tailored to bypass biological
barriers within the inner ear, ensuring precise and sustained gene
delivery (Fig. 4)."*° These continuous innovations highlight the
transformative potential of lipid-based nanoparticles in advancing
gene therapy for hereditary and acquired hearing disorders.

1.2.1.2. Polymeric nanoparticles. Polymers like PLGA (poly-
lactic-co-glycolic acid), PEGylated polyesters, or cationic polymers
(e.g polyethylenimine, PEI) are widely used to form nano-sized
gene carriers.”>®"*° They are often biodegradable, allowing for
slow release of cargo as the polymer matrix breaks down. Poly-
meric NPs can be engineered to condense large DNA plasmids
and release them over time, addressing the size limitation
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A Sik-PEG-mDEX hydrogel (0.5 % DEX)
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Fig. 4 Silk-PEG-mDEX hydrogel enables sustained cochlear dexamethasone delivery with preserved hearing and tissue safety.*” (A) Silk-PEG-mDEX
hydrogel formed by mixing micronized dexamethasone (mDEX) in silk solution with PEG400, solidifying into a firm 7.5% hydrogel. (B) Higher perilymph
DEX concentration after silk-PEG-mDEX hydrogel application vs. free mDEX in guinea pigs. (C) Silk-PEG-mDEX hydrogel administration showed no
adverse effects on hearing thresholds. (D) Rhodamine phalloidin staining revealed intact basilar membrane structure. (E) Histological sections (H&E
staining) sections confirmed no middle/inner ear tissue damage.
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of viral vectors.'** In vitro studies have shown polymer-based
NPs can transfect inner ear cells effectively; for instance, a PEI-
PEG nanoparticle achieved higher gene delivery into spiral
ganglion neurons with lower toxicity than a standard liposome
agent."*® PLGA NPs have been tested in vivo by placing them on
the round window membrane - they were able to permeate into
the cochlea and deliver drugs locally. Zhou group utilized Tet1
peptide-functionalized PEG-b-PCL polymersomes as a targeted
drug delivery system for the cochlear nerve. The researchers
aimed to enhance the delivery of therapeutic agents to spiral
ganglion cells (SGCs), which are crucial for auditory function.
By modifying polymersomes with the Tet1 peptide, which binds
specifically to trisialoganglioside (GT1b) receptors on neurons,
the study demonstrated improved targeting of cochlear nerve
fibers when delivered via cochleostomy, but not through trans-
tympanic injection. The results indicate that Tetl-function-
alized polymersomes can efficiently reach neural structures,
potentially offering a novel strategy for treating sensorineural
hearing loss by overcoming limitations in drug penetration and
specificity."*" However, some polycations like unmodified PEI
can be ototoxic at higher doses, highlighting the need for
careful design to ensure biocompatibility'** (Fig. 5).

1.2.1.3. Inorganic nanoparticles. Inorganic nanomaterials
(such as gold nanoparticles, silica nanoparticles, or magnetic
nanoparticles made of iron oxide) are also being explored for
cochlear gene therapy.'**'*> These offer unique functionalities:
gold NPs can be easily functionalized with DNA or peptides,
and magnetic NPs (MNPs) can be guided or retained in the
inner ear using external magnetic fields. Magnetic nanocarriers
are promising for enhancing drug/gene penetration into the
cochlea, but they raise concerns about potential oxidative stress
or toxicity in sensitive inner ear tissues."*® This study utilized
magnetic nanoparticles (MNPs) with PEG coatings for cochlear
drug delivery. The researchers synthesized iron oxide-based
MNPs with precisely controlled coating thickness and size,
using PEG-12 and PEG-3000 polymers to enhance biocompat-
ibility and optimize drug transport. Results demonstrated that
both outer and inner hair cells, as well as spiral ganglion
neurites, remained intact after exposure to MNPs, even under
a magnetic field. This research addresses the challenge of safe
and effective drug delivery to the cochlea, offering a customiz-
able, non-invasive platform for inner ear therapies (Fig. 6).
Recent work has focused on synthesizing magnetic NPs with
coatings (e.g. PEG) to improve biocompatibility; in mouse
organ-of-Corti cultures, such optimized MNPs showed no signi-
ficant hair cell or neuron loss even when a magnetic field was
applied to concentrate them. Inorganic NPs can also serve as
imaging agents (for example, superparamagnetic iron oxide
provides MRI contrast to track distribution in the ear).**”'*®
While not as extensively studied as lipid or polymer vectors in
the ear, inorganic NPs expand the toolkit for delivery and
monitoring of gene therapies.

1.2.1.4. Advantage and disadvantage of non-viral vectors.
Non-viral vectors for gene delivery, including cationic lipids,
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polymeric nanoparticles, and electroporation, offer promising
alternatives to viral vectors for inner ear gene therapy. Cationic
lipids are advantageous due to their low immunogenicity, well-
controlled production, and the ability to carry larger trans-
genes, but their efficiency in gene transfer is generally lower
than that of viral vectors. Polymeric nanoparticles, such as
PLGA, provide good efficiency and can cross the round window
membrane, allowing for targeted gene delivery to the inner ear.
However, they may induce side effects, including hearing loss.
Electroporation offers high efficiency by using electrical pulses
to deliver genetic material directly into cells, but it is primarily
limited to surface cells, and its potential for tissue damage
remains a concern. While these non-viral methods are less
immunogenic and offer more flexibility in terms of transgene
size, they face challenges in efficiency, stability, and long-term
effects. Nonetheless, with ongoing improvements in nano-
particle design and delivery methods, non-viral vectors hold
significant promise for clinical applications in treating genetic
hearing loss.

1.2.2. Targeting strategies and surface functionalization.
A major innovation in nanomedicine is the ability to functio-
nalize the NP surface for targeted delivery. PEGylation (adding
polyethylene glycol chains) is commonly used to increase
nanoparticle stability and stealth, reducing clearance and
aggregation. On PEGylated NPs, only a small percentage of
surface (1-2%) needs to be occupied by functional ligands
to achieve targeting.'®® Targeting ligands can be peptides or
antibodies that recognize cell-specific markers in the cochlea.
For example, the TrkB peptide mentioned earlier is one such
ligand to direct NPs to neurons.’®® Likewise, cell-penetrating
peptides like HIV TAT can be attached to help the nanoparticle
cross cell membranes and even nuclear membranes, boosting
transfection efficiency."*" These modular surface modifications
allow a “mix-and-match” design: one can attach an inner ear
tissue-targeting moiety, an endosomal escape agent, and an
imaging tag all onto the same nanoparticle. This multi-func-
tional approach is exemplified by an “ideal” cochlear gene
therapy nanoparticle design proposed in the literature. It envi-
sions a NP carrying a combination payload (DNA, siRNA, and
drugs) and decorated with various functional elements for
maximum efficacy."** The schematic shows a liposome-based
carrier with a PEGylated surface (white spheres with teal coat-
ing) for stability and stealth. It is functionalized with targeting
ligands (blue Y-shaped structures, e.g. TrkB-peptide) and
transfection-enhancing peptides (green tags, e.g. TAT) on the
surface. Inside the nanoparticle core are therapeutic payloads
(red circles) such as genes, siRNA, and drugs, as well as
imaging/contrast agents (yellow star shapes, e.g. SPION for
MRI visibility). This design integrates targeting, delivery, and
diagnostic functions into a single nanocarrier (Fig. 7).

1.2.3. Controlled release mechanisms. Unlike one-time
bolus delivery with viral vectors, nanoparticle systems allow con-
trolled and sustained release of therapeutic agents in the cochlea.
For instance, a drug or DNA encapsulated in a PLGA nanoparticle
will be released gradually as the polymer degrades, providing a
prolonged therapeutic effect in inner ear tissues. This is beneficial

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Tetl-functionalized PMs enable targeted cochlear delivery with sustained transfection and reduced toxicity. (A) Polymersomes (PMs) delivery
routes: topical RWM, transtympanic injection, and cochleostomy. (B) LPEI/pDNA polyplexes formed via electrostatic interaction, confirmed by TEM and
electrophoresis. (C) Tetl-PMs, ScrTetl-PMs, and unlabeled PMs localized in cochlear mesothelial cells (ST/SV) and spiral ganglion. (D) TEM revealed

L-PEl/plasmid toxicity and Tetl-PMs' enhanced spiral ligament distribution vs. non-functionalized PMs.

sensory epithelium supporting cells post-transfection.X®”

for chronic conditions or when the therapy needs to act over an
extended period (e.g. supporting cell reprogramming which may
require persistent gene expression). Studies have shown that
drugs packaged in nanoparticles and placed on the round window
membrane achieve measurable cochlear concentrations without

This journal is © The Royal Society of Chemistry 2025

143 (E) Sustained eGFP expression (>72 h) in

quick clearance."®'* In one experiment, PLGA NPs loaded with a
corticosteroid (dexamethasone) and applied to the round window
provided sustained drug delivery into the cochlea, potentially
reducing trauma-related inflammation over time."”® Similarly,
researchers delivered lidocaine via nanoparticles on the round
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Fig. 6 PEINHAT enables targeted gene expression in cochlear regions, sparing hair cells. (A) PEINHAT nanoparticles (50-100 nm) were synthesized.
(B) EGFP expression localized to crista ampullaris transitional/dark cells (not hair cells) post-PEINHAT transfection. (C) EGFP signals detected in spiral
ganglion Schwann cells (not neurons). (D) Stria vascularis showed specific EGFP-positive cells post-transfection. (E) Basilar membrane EGFP expression

restricted to outer pillar cells (not hair cells).**°

window and observed effective inner ear drug levels with minimal
systemic absorption. Nanoparticles can also be embedded in
hydrogels or matrices that stick to the round window niche,
acting as a slow-release reservoir. An example is the use of a
gelatin hydrogel with insulin-like growth factor 1 (IGF-1) in
combination with nanoparticles, which has been tested to treat
sudden hearing loss™” (Fig. 8). This localized delivery approach
showed hearing improvement and has progressed to early clinical
trials.

Triggerable release is another innovation: some NPs are
designed to release their cargo in response to triggers like pH
changes (exploiting the acidic environment of endosomes)
or external stimuli. As noted, endosome-disruptive peptides
can be masked with pH-sensitive bonds that break in acidic
conditions, unleashing the peptide’s activity exactly when the

2650 | Nanoscale Horiz., 2025, 10, 2641-2667

nanoparticle is taken up by the cell.'®® This kind of smart
release greatly enhances the efficiency of gene transfer, as more
DNA/RNA escapes into the cytoplasm rather than being trapped
in lysosomes.

1.2.4. Advantages over traditional delivery systems. Nano-
technology-based gene delivery offers several advantages over
traditional viral vectors and conventional methods. Unlike viral
vectors such as AAVs, which have a <5 kb cargo limit, nano-
particles can carry large or multiple genes, enabling treatments
for conditions that viral systems cannot address.*®* Peter Colosi
reported that both AAV2 and AAV5 exhibit a strict packaging
limit of ~5.2 kb for intact, full-length genomes. Larger vectors
(>5.2 kb) fail to package completely, resulting in truncated,
heterogeneous genomes capped at ~5 kb due to mechanistic
size constraints (Fig. 9A)."®> While AAV capsids impose a strict

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 EmGFP-Mathl exhibits dual localization/vesicles and Tetl-PMs enable nerve-targeted cochlear delivery. (A) Lipofectamine 2000-transfected
cochlear cells showed EmGFP-Mathl nuclear/cytoplasmic localization (2.9% efficiency) and vesicle formation (0.4—2.3 um). (B) NIH 3T3/MSCs exhibited
EmGFP-Mathl nuclear dominance (vs. cytoplasmic BDNF control), with partial dual localization and vesicles.*>® (C) Tet1-PMs uniquely localized to
cochlear nerve fibers (NF-200 co-staining) post-cochleostomy, unlike ScrTetl/unlabeled PMs. (D) PMs accumulated in spiral ganglion satellite cells (not
neurons) regardless of Tetl functionalization.***
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Fig. 9 The advantage of nanotechnology methods. (A) The optimal payload size for AAV vectors is approximately 4.5 kb (as validated by the 4.7 kb vector
with a 4.4 kb expression cassette + minimal ITRs). Beyond this range, packaging efficiency declines significantly, governed collectively by transgene
position (ITR-proximal > central) and serotype (AAV5 > AAV2).15? (B) Gel electrophoresis of free mRNA, nanoparticles encapsulated mRNA platform to
show the mRNA condensation condition.’® (C) The graph illustrates immune responses triggered by AAV vector administration.®® (D) lllustration of the
conjugation strategy for preparing zwitterionic phosphoserine-containing peptide-conjugated AAV vectors. (E) Immune profiling: frequency of
regulatory T cells (Foxp3*) in CD4*CD25" splenocytes. Activated germinal center B cell frequency (CD19*GL7*CD95%). AAV8-specific IFN-vy secretion
by splenocytes (ELISPOT). Anti-AAV8 IgG-secreting cells (ELISPOT).*®* (F) Representative confocal images demonstrating preferential accumulation of
Prestin-targeted nanoparticles (PL-PPS/DiO, green) vs. non-targeted controls (L-PPS/DiO) in phalloidin-stained OHCs (red). (G) Quantification of
intracellular DiO fluorescence intensity within OHCs (****p < 0.0001; n = 5). Scale bar: 50 um.

size limitation of ~5.2 kb for packaging intact genomes (as
demonstrated in our studies), multiple research teams—including
ours—have successfully delivered larger genes (>4.5 kb) using
engineered nanoparticle delivery systems, thereby overcoming
AAV’s physical constraints (Fig. 9B).”° Additionally, nanoparticles
exhibit lower immunogenicity, reducing the risk of immune
responses or neutralizing antibodies, which is especially benefi-
cial for repeat dosing and pediatric treatments. AAV vectors trigger

2652 | Nanoscale Horiz., 2025,10, 2641-2667

innate immune responses through pathogen-associated motifs
(e.g., unmethylated CpG DNA, dsRNA) sensed by dendritic cells
(DCs), leading to complement activation (C1/C3 — MAC for-
mation) and natural killer (NK) cell recruitment. These responses
initiate adaptive immunity, including MHC-mediated antigen
presentation, cytotoxic T-cell clearance of transduced cells, and
neutralizing antibody production. Key toxicities linked to these
mechanisms include: (1) hepatotoxicity (driven by T-cell
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infiltration/complement); (2) thrombotic microangiopathy (TMA)
(mediated by complement-induced endothelial damage); and (3)
dorsal root ganglia (DRG) injury (potentially involving NK cells/
complement, though this remains to be fully elucidated). Critical
knowledge gaps persist regarding the roles of dsRNA, NK cells in
neurotoxicity, and predictive biomarkers for TMA (Fig. 9C)."*
Another key advantage is targeting specificity—nanoparticles can
be engineered to deliver genetic material to specific cochlear cells
while avoiding non-target cells, minimizing damage to delicate
auditory structures.'®'®® To overcome immune barriers limiting
AAV re-administration, Jiang group modified viral vectors functio-
nalized with non-viral delivery systems to reduce and mitigate
immunogenicity."*" He engineered AAVs cloaked in an immuno-
suppressive zwitterionic phosphoserine polypeptide that mimics
apoptotic cell tolerance. These modified vectors evade neutraliz-
ing antibody responses while retaining transduction efficacy,
enabling successful repeat dosing and functional gene correc-
tion in hemophilia A mice (Fig. 9D and E). Liu group also
prepared dual-functional nanoparticles (PL-PPS/BBR) engi-
neered with Prestin-targeting peptides and ROS-sensitive poly-
mers to berberine to outer hair cells, effectively reducing
oxidative stress/inflammation, protecting hair cell integrity,
and reversing hearing loss in preclinical NIHL models, demon-
strating strong clinical potential.’®® Prestin-targeting peptide
2-modified nanoparticles effectively targeted OHC areas (Fig. 9F
and G). In terms of manufacturing and safety, nanoparticles are
chemically synthesized, making them easier and more cost-
effective to produce at scale while eliminating risks such as
insertional mutagenesis associated with viral vectors. Further-
more, nanoparticles enable multifunctional therapies, allowing
simultaneous delivery of genes, siRNA, and drugs, which is
particularly valuable for treating complex auditory disorders.
The main challenge is lower transfection efficiency compared
to optimized viral vectors, but ongoing advancements in
surface chemistry, payload design, and delivery methods are
rapidly improving their efficacy. With continued innovation,
nanotechnology holds great promise for safer and more versa-
tile gene therapies for hearing loss.

1.3. Biological mechanisms of nanotech-assisted gene
therapy

NPs offer a promising strategy for gene delivery and editing in
the inner ear, protecting DNA, RNA, or CRISPR components
from degradation while enhancing cellular uptake. Functiona-
lized NPs can target specific cochlear cells using ligands like
TrkB peptides, improving precision and reducing off-target
effects. Lipid NPs have successfully delivered CRISPR-Cas9 to
edit the Tmc1 gene, preventing hereditary hearing loss in mice.
Additionally, NPs enable hair cell regeneration by delivering
genes like Atoh1, which induces supporting cells to trans-
differentiate into hair cells. They can also transport growth
factor genes (e.g., BDNF) to promote neuronal survival or siRNA
to silence genes that inhibit regeneration. These advances
highlight how nanotechnology can correct genetic defects and
activate regenerative pathways, offering a non-viral, efficient
approach to restoring hearing.
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1.3.1. Nanoparticle-facilitated gene delivery. NPs serve as
tiny carriers that can ferry therapeutic DNA, RNA, or even gene-
editing proteins into cochlear cells. By complexing with or
encapsulating genetic material, NPs shield it from degradation
by enzymes and immune neutralization, allowing more DNA or
RNA to reach target cells."”” For example, cationic lipid NPs
form protective complexes with nucleic acids, promoting cel-
lular uptake via endocytosis. Once inside the cell, engineered
features such as endosomal escape peptides (e.g. pH-sensitive
or TAT peptides) help release the genetic payload into the
cytoplasm and eventually the nucleus. This efficient intracellu-
lar delivery is crucial for gene therapies to exert their effects.

1.3.2. Cochlear cell targeting. Nanotechnology enables cell-
specific targeting in the inner ear. NPs can be functionalized
with ligands or antibodies that bind to receptors unique to
certain cochlear cells (hair cells, supporting cells, or neurons).
An illustrative case is the use of a brain-derived neurotrophic
factor (BDNF) mimicking peptide (TrkB ligand) on liposome
NPs to target TrkB receptors in cochlear neurons. In a study,
liposomes coated with a TrkB affinity peptide delivered a gene-
silencing shRNA into cochlear cells; these targeted NPs showed
greater gene expression of the therapeutic payload compared to
non-targeted NPs (Fig. 10). Importantly, both targeted and
untargeted NPs were internalized by inner ear cells (e.g. spiral
ganglion neurons) in vivo, but the ligand-enhanced NPs
achieved higher therapeutic efficacy. This demonstrates that
nano-carriers can be “aimed” at specific cell types, improving
precision and reducing off-target effects.

1.3.3. Gene editing in the inner ear. Nanoparticles also
facilitate advanced gene editing (e.g. CRISPR-Cas9) for hearing
loss. Rather than relying on viral vectors, researchers have used
lipid NPs to deliver CRISPR components directly to cochlear
cells. In one landmark study, cationic lipid NPs were loaded
with Cas9 protein and a guide RNA targeting the Tmc1 gene
(a mutation in Tme1 causes hereditary deafness) (Fig. 11). After
injection into the cochlea (scala media) of Beethoven mutant
mice, the NP-delivered CRISPR system selectively disrupted the
defective Tmec1 allele.'*® Treated mice showed enhanced hair
cell survival and reduced hearing loss progression compared
to controls. This example highlights how nanotech can enable
allele-specific gene editing in situ, potentially correcting dominant-
negative mutations that cause deafness. Notably, the non-viral
CRISPR approach avoided issues of viral vectors (like size limits
for Cas9 or immune reactions) and succeeded in ameliorating
hearing in an animal model of genetic deafness.

Current therapeutic advances with emphasis on genetic-
based nanotechnology as a promising research avenue. Nano-
technology combined with novel excipients represents a strategic
focus for future hearing restoration research, though further
investigation is warranted. Based on the distinct types of inner
ear cells, nanodelivery systems can be designed with specific
targeting capabilities, enabling precise delivery to treat hearing-
related disorders—representing a promising therapeutic
approach (Fig. 12A). A biomarker-a biological molecule indicating
disease status—can identify site-specific damage in acquired
cochlear pathologies. Each inner cell type expresses unique
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Fig. 10 Schematic illustration of liposomes coated with a TrkB affinity peptide delivered a gene-silencing shRNA into cochlear cells.

molecular biomarkers (typically proteins) (Fig. 12B).'*® Critically,
acquired injuries often target specific sites: cisplatin damages
outer hair cells,"®” noise toxicity affects spiral ganglion cells in
synaptopathy, and loop diuretics target the stria vascularis. This
specificity enables targeted therapies for cochlear injuries. How-
ever, effective drug delivery requires biomarkers with accessible
extracellular domains for precise interaction. Researchers have
engineered peptide-conjugated nanodelivery systems that specifi-
cally target validated surface markers unique to distinct cell types,
thereby achieving cell-type-specific delivery within the inner ear.
Cell-specific targeting represents an emerging frontier in nano-
medicine, achieved through surface functionalization of multi-
functional nanoparticles (MFNPs) with targeting moieties. The
inner ear presents a compelling therapeutic target for novel
delivery strategies due to its anatomical inaccessibility and the
global burden of hearing loss. Schrott-Fischer group prepared
nerve growth factor-derived peptide (hNgf EE)-functionalized
nanoparticles for targeted delivery to inner ear cells (Fig. 12C)."*®
These NPs in mouse organotypic inner ear explants and PC-12 rat
pheochromocytoma cells, observing no toxicity. Ligand-mediated
multivalent binding to tyrosine kinase receptors and p75 neuro-
trophin receptors enabled specific targeting with enhanced

2654 | Nanoscale Horiz., 2025, 10, 2641-2667

binding affinity to spiral ganglion neurons, Schwann cells, and
nerve fibers in explant cultures to the inner ear (Fig. 12D). Zou
group prepared the polymersome modified with Tet 1peptide
sequence to target to specific cells witnin the inner ear
(Fig. 12E)."*

1.3.4. Regeneration of cochlear cells. Beyond correcting
genes, nanotechnology-assisted gene therapy can drive regen-
erative processes in the inner ear.'®>'’® One strategy is deliver-
ing genes that convert supporting cells into new hair cells. For
instance, the Atoh1 (Math1) gene is a master regulator that can
induce supporting cells to trans-differentiate into hair cell-like
cells. Researchers have used liposomal NPs to deliver an Atoh1
expression plasmid to inner ear cell cultures, achieving expres-
sion of the gene in cochlear cells."”""”?> The efficiency of gene
transfer depended on NP design (size, surface charge, PEGyla-
tion), and successful nuclear trafficking of the Atohl protein
was observed, indicating that the delivered gene reached its
target inside the cells. Such induced hair cell regeneration
could restore hearing by replacing lost sensory cells. In parallel,
NPs can deliver growth factor genes or proteins to promote
cochlear repair.'”®> As an example, early studies transplanted
cells secreting BDNF (a neuron-supportive factor) into the
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Fig. 11 Cas9-Tmcl-mut3-lipid rescues hair cell function/survival in Tmcl-mutant mice. (A) Cas9-Tmcl-mut3-lipid restored IHC transduction currents
in Tmc1Bth/ATmc2A/A mice by day 15-21 post-injection. (B) Tmcl-mutant mice exhibited significantly improved maximal transduction currents after
Cas9-Tmcl-mut3 treatment vs. controls. (C) Cas9-Tmcl-mut3 increased IHC/OHC survival to near-wildtype levels (100%) at 8 weeks post-treatment.
(D) Confocal imaging confirmed cochlear preservation in treated Tmc1Bth/+ mice, resembling wildtype morphology.
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Fig. 13 AAV-ie-K558R safely delivers therapeutic genes to restore hearing via HC regeneration. (A) Gene therapy enables hair cell (HC) regeneration via
SC transdifferentiation or proliferation by delivering HC-related genes to cochlear non-sensory cells. (B) AAV-ie-K558R demonstrates safety with no HC
loss (SEM), preserved hearing (ABR/DPOAE), and no structural damage in injected cochleae vs. controls. (C) AAV-ie-K558R-Prestin rescues auditory

function in Prestin KO mice, showing significantly improved ABR/DPOAE thresholds compared to untreated controls.

cochlea using liposome transfection, which led to increased
BDNF levels and improved neuronal survival'’* (Fig. 13).
Today’s NP systems could similarly carry genes encoding neuro-
trophic factors to encourage regeneration of auditory neurons or
protect them from damage. Additionally, gene silencing via siRNA
is a mechanism to preserve hearing in certain cases — NPs can
deliver siRNA to knock down genes that impede hair cell recovery.
In a proof-of-concept, silencing the Id2 gene (which inhibits hair
cell differentiation) with shRNA-loaded NPs enhanced the
potential for supporting cells to become hair cells in adult rat
cochleae.'”® Taken together, these examples show that at the
molecular level nanocarriers can introduce DNA or RNA therapies
into cochlear cells to either correct genetic defects or activate
regenerative pathways, offering hope for true biological restora-
tion of hearing function.

1.4. Clinical applications and challenges

Nanoparticle-based gene therapy is emerging as a promising
alternative to viral vectors for treating hearing loss. Unlike AAV-
based therapies, which are limited by gene size constraints and
immune responses, NPs can deliver large or multiple genetic
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payloads, including CRISPR, siRNA, and transcription factors.
Studies have demonstrated that shRNA-loaded NPs silencing
the 1d2 gene enhanced supporting cell differentiation into hair
cells in adult rat cochleae, offering a potential regenerative
treatment. Similarly, CRISPR-loaded lipid NPs successfully
edited the Tmc1 gene in mice, preventing hereditary deafness.
Additionally, NPs carrying Atoh1 genes have induced hair cell
regeneration, while BDNF-loaded NPs promote spiral ganglion
neuron survival. These non-viral, highly targeted approaches
could pave the way for clinically viable gene therapies, over-
coming the challenges of current viral vector methods and
offering hope for hearing restoration.

1.4.1. Current and emerging clinical efforts. Gene therapy
for hearing loss has begun to move from animal studies toward
clinical trials, though most trials to date use viral vectors
(Fig. 14). A notable example is the first-in-human gene therapy
for congenital deafness targeting the otoferlin (OTOF) gene. OTOF
mutations cause an inherited auditory neuropathy; researchers
are delivering a healthy OTOF gene into children’s cochleae via an
AAV vector in an ongoing phase 1/2 trial.*>'”®'”” In this approach,
a single surgical injection through the round window membrane

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nh00520e

Published on 11 Augustus 2025. Downloaded on 2025-11-25 3:52:56 nm..

Nanoscale Horizons

A B

Clinical pathologies

istopathology

Exposure of round window

View Article Online

Review

AAV injection
N y

puncture
needle > site

C o Pre-d Post-dose 2 weeks  -e~ Post-dose 8 weeks
re-dos€ . Ppost-dose 3 weeks -e- Post-dose 13 weeks

~100 —~ 100 ~ 100 ~100+

5100 male-1 & 1009 male-1 a3 & female-1 & % female-1

9 g0 Click 9 g0 ipsilateral 0 80 o 804 ipsilateral

2 2 2 2

T 60 35 60- 5 60+ T 60+

2 2 2 2

S 40-4e o e%000 8 40 2 40160 ° $40-M

£ o E £ TV =

% 5 % i g 7 menstruum % ol menstruum

0 :nelnsltnlju:nl T T T T < @ rlne':s":junl] T T T S e EEErE T Ut
iIcicicicic 051 2 4 8 1216 Lelelhecile 051 2 4 8 1216

Frequency(kHz) Frequency(kHz)

=100 male-2 E 1009 male-2 E 100 female-2 2100- female-2

o qon | Click ) _|ipsilateral » | @ an.] ipsilateral

o 80 o 80 & 80 i 80

) o o o

T 60 T 60 T 604 T 604

3 £ w £ ° W

@ 40+ ° 2 40 @ 40 e @ 404

g ) 'K X ) E E ° coe o0 :E: \N/'%

% 20-I . % 20-I . % 20-I . % 20—l .
ow dose ow dose ow dose ow dose

< 0 ol d B a ER b < 0 T T T T 1 1 T < 0 N B E ) < 0 T T 1 T T T T
Ici1clicicic 051 2 4 81216 Ici1clicilicilc 051 2 4 8 1216

Frequency(kHz) Frequency(kHz)

~100+ male-3 E 100+ male-3 E 100 female-3 2100- female-3

& goClick &% g4 ipsilateral & go- % g ipsilateral

Jos) m Jos) m

ke e K T

T 60 T 604 T 60 T 601

2 2 2 2

401, 0. ., o000 B4 A CEITORS B

£ L L £

x 204 x 207 b 20+ = 204

53] high dose [} high dose 5] high dose o high dose

< 0 ) A KN < o T T 1 I 1 T T < 0 | [ W R T O A | < 0 T T 1 T 1 T T
rcircicicic 051 2 4 8 1216 fcircicicic 051 2 4 8 1216

D Frequency(kHz) Frequency(kHz)

Cochlea

Control

AAV-OTOF

Temporal lobe Liver

Fig. 14 AAV-OTOF demonstrates audiological and systemic safety in primate models. (A) AAV-OTOF procedure in macaques. (B) Round window
exposure & injection images. (C) ABR results show safety (menstruum/low/high dose groups) (D) HE staining confirms tissue safety.*

introduces the vector, aiming to restore OTOF function in
cochlear hair cells and enable sound signal transmission. Early
reports indicate partial hearing improvements in initial patients,
though full results are pending. Another prominent effort was
Novartis’s CGF166 trial for hair cell regeneration. This phase 1/2

This journal is © The Royal Society of Chemistry 2025

trial used an adenovirus vector carrying the ATOH1 (Math1) gene
to trans-differentiate inner ear supporting cells into new hair
cells.”" The vector was delivered via intralabyrinthine infusion
(through the round window into the cochlea). While the

trial’s detailed outcomes have not been formally published, it
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demonstrated the feasibility of surgical gene delivery in the inner
ear and informed safety monitoring protocols. These viral-vector
trials establish a foundation, but also highlight the limitations
(e.g. gene size constraints and immunity) that nanotechnology
may overcome in the future.

Notably, nanoparticle-based gene therapies have not yet
reached human clinical trials for hearing loss as of this review.
However, there are related clinical applications of nanotech in
otology that pave the way. One example is a therapy for sudden
sensorineural hearing loss using IGF-1 delivered in a gelatin
nanoparticle-hydrogel on the round window, which advanced
to clinical testing."”® This trial showed that a neurotrophic
factor could be safely delivered to the inner ear with a
sustained-release system, resulting in some hearing recovery
in patients. The success of such approaches supports the
concept that localized nano-delivery to the cochlea is clinically
achievable. We anticipate that as preclinical studies continue to
demonstrate the efficacy of nanoparticle gene delivery (e.g. the
Tmec1 CRISPR nanoparticle that preserved hearing in mice),'*®
clinical translation will follow. Companies and research con-
sortia are already exploring nanoparticle carriers for cochlear
gene therapy in large animal models, aiming to initiate human
trials in the coming years once safety profiles are optimized.

1.4.2. Key challenges in translation. Despite its promise,
the combination of nanotechnology and gene therapy for deaf-
ness faces several hurdles before routine clinical use:

1.4.2.1. Delivery and distribution. The inner ear’s anatomy
and barriers make delivery challenging. The cochlea is encased
in bone and protected by the blood-labyrinth barrier and tight
junctions of the round window membrane (RWM). Achieving
broad distribution of therapy in the cochlea without invasive
surgery is difficult. Nanoparticles introduced into the middle
ear must traverse the RWM or oval window to reach cochlear
fluids. Small NP size helps - studies confirm that nanopar-
ticles can diffuse through the RWM into scala tympani
perilymph.'>*13>137179  gengorineural hearing loss, often
caused by hair cell degeneration due to aging, drugs, infections,
or overstimulation, is typically irreversible. The study demon-
strates that delivering the Atoh1 gene via an adenoviral vector
to nonsensory cells in the deaf cochlea induces their transdif-
ferentiation into hair cells (Fig. 15). In experiments with guinea
pigs, this approach resulted in new hair cell formation and
substantial improvement in auditory brainstem response (ABR)
thresholds, marking the first successful cellular and functional
repair of the mature mammalian inner ear. These findings
suggest a potential therapeutic strategy for hearing restoration
using developmental gene expression. But many NPs still get
trapped in or under the RWM if not delivered optimally. Direct
injections (cochleostomy or vestibular approaches) improve
delivery at the cost of an invasive procedure. Innovative catheter
devices or slow-infusion pumps may be needed for precise NP
delivery in patients. Additionally, once inside, nanoparticles
must navigate to the target cells (hair cells in the organ of Corti,
or spiral ganglion neurons). Ensuring the therapy reaches all
necessary cochlear turns and cell types is an active area of
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research - for example, using magnetic fields to draw magnetic
NPs deeper into the cochlea or engineering NPs that specifically
bind hair cells. Overcoming these anatomical barriers is critical
for consistent clinical outcomes.

1.4.2.2. Biocompatibility and immune response. While non-
viral vectors avoid the specific immune response to viruses, any
foreign material in the inner ear can cause inflammation. The
inner ear has some immune privilege, but immune cells can
invade in response to insults, potentially causing further
damage to hearing. Nanoparticle materials must be highly
biocompatible: even cationic polymers that are safe elsewhere
might be ototoxic. For instance, a study found that PEI nano-
particles induced significant cochlear toxicity, negating their
gene delivery benefits. Surface coatings like PEG generally
reduce immunogenicity, but certain components (e.g. cationic
lipids at high dose) might trigger local inflammation or com-
plement activation. Extensive biocompatibility testing in ani-
mal models is needed to ensure that the NP itself does not
harm delicate cochlear structures or hearing function. Addi-
tionally, repeated dosing in humans will require that nano-
particles do not elicit a cumulative immune response or
allergenic reaction. It’s promising that in murine studies to
date, appropriately designed NPs have been well-tolerated in
the inner ear (e.g. no hair cell loss was seen with PEG-coated
magnetic nanoparticles), but translating that safety to humans
(with longer lifespans and larger cochleae) will be a key
regulatory focus.

1.4.2.3. Regulatory and manufacturing concerns. Combining a
gene therapy with a nanoparticle delivery system means navi-
gating complex regulatory frameworks. Such a product might
be regulated as a gene therapy medicinal product, requiring
rigorous demonstration of safety at the genetic level (no off-
target genome editing if CRISPR is used, for example) as well as
at the material level (nanomaterial toxicology and degradation
profile). Regulators will demand comprehensive data on where
the nanoparticles travel in the body - ideally, they should
remain local to the ear. Any evidence of migration to off-
target organs (like brain or kidneys) would raise concern. The
long-term fate of nanoparticles in the inner ear is also impor-
tant: do they biodegrade and clear naturally, and how fast?
Or do they persist in the cochlea? Persistence might prolong
effect but could also cause chronic inflammation, so this
balance must be understood. Manufacturing consistency of
nanoparticle-gene products is another challenge; unlike defined
viral vectors, NPs could have batch-to-batch variability in size or
encapsulation efficiency. Ensuring each dose delivers the same
amount of gene payload will be crucial for approval. Despite
these hurdles, regulatory guidance for nanomedicine is matur-
ing, and precedent exists in lipid nanoparticle vaccines and
drugs, which should help inform the path for inner ear
applications.

1.4.2.4. Ethical considerations. Treating hearing loss at the
genetic level raises some ethical questions. Many candidates for
gene therapy (especially for congenital deafness) are infants or

This journal is © The Royal Society of Chemistry 2025
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Fig. 15 Atohl gene therapy regenerates hair cells in deafened cochleae with varying morphology. (A) Deafened cochleae showed complete HC loss
(SEM/fluorescence), with Atohl expression in nonsensory cells post-Atohl inoculation. Pillar cells survived ototoxicity. (B) Atohl restored HCs (IHCs/
OHCs) in deafened cochleae after 2 months, though morphology varied from normal to incomplete. (C) Atohl-treated cochleae exhibited immature
stereocilia bundles and myosin Vlla+ HCs at 4-5 weeks, absent in controls. (D) Regenerated HCs showed cuticular plates, luminal projections, and basal

nuclei, with some areas displaying dual nuclear layers.2*

young children, so there are ethical implications in treating
patients who cannot consent. Clinicians and families must
weigh the potential lifelong benefit of hearing restoration
against unknown long-term risks of a novel nanomedicine.
Careful ethical oversight and informed consent (from
parents/guardians) are mandatory. There is also a cultural
consideration: within the Deaf community, the desirability of
“curing” deafness is a nuanced topic, and introducing gene
therapy could spark debate about normalizing hearing vs.
respecting deaf identity. Transparent communication will be
needed to navigate these perspectives. On the research side, if
CRISPR gene editing is used, there is the ethical imperative to
ensure it’s strictly somatic (affecting only the ear) and cannot
be passed to future generations or cause germline changes.
Fortunately, delivering therapy directly to the cochlea confines
the editing to the ear, mitigating germline concerns. Another
consideration is equitable access: such advanced therapies

This journal is © The Royal Society of Chemistry 2025

might be very costly initially, raising questions of fairness in
who can benefit if it reaches clinical practice.

1.5. Future outlook

The convergence of nanotechnology and gene therapy holds
exciting promise for overcoming the current limitations in
treating hearing loss. In the coming years, we expect to see
improved nanoparticle formulations that are more efficient and
even safer, moving this approach into clinical trials. One trend
is the development of hybrid vectors - for example, coating AAV
viral vectors with polymer or lipid nanoparticles to combine the
high efficiency of viruses with the targeting and low immuno-
genicity of nano-carriers (early research in other fields suggests
this can reduce immune detection of the virus). Another burgeon-
ing area is exosome-based delivery, harnessing the body’s
own nanovesicles as gene delivery vehicles to the inner ear; these
could offer natural biocompatibility and cell-specific tropism.
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Moreover, refinements in delivery techniques will likely improve
outcomes: image-guided injection systems, endoscopic appro-
aches to the round window (as used in the OTOF trial), or even
magnetic navigation of nanoparticles to the cochlea are being
explored. As these technologies mature, it’s conceivable that
a patient with genetic hearing loss could receive a one-time,
minimally invasive nanoparticle infusion that cures or signifi-
cantly improves their hearing - a leap from managing symptoms
to reversing the condition.

Encouragingly, preclinical successes are accumulating. Sig-
nificant auditory recovery has already been demonstrated in
animal models using non-viral nanoparticle vectors,'®* validat-
ing the concept. The gap between animal studies and human
application is narrowing as delivery efficiency, targeting, and
safety are optimized. Experts are optimistic that we are on the
cusp of a new era where sensorineural deafness can be
addressed at the molecular level. As one review noted, while
challenges remain, continued innovation in nanotechnology is
bringing us closer to a threshold where inner ear gene therapies
become clinically viable. In summary, the fusion of nanotech
and gene therapy offers a powerful platform to finally tackle
hearing loss at its root cause — with precise biological fixes —
and the next decade will be crucial in translating this compel-
ling science into a real-world cure for deafness.
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