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Noise-induced hearing loss (NIHL) often accompanies Synaptic repair and hearing restoration
cochlear synaptopathy, which can be potentially reversed to restore v YTRKB signaling
hearing. However, there has been little success in achieving complete IHC 0 S 0 S 0
recovery of sensorineural deafness using nearly noninvasive middle g 7 7 g
ear drug delivery before. Here, we present a study demonstrating the o o (1]
efficacy of a middle ear delivery system employing brain-derived BDNF*.;;":':'-:_I!qu'd Semi-solid liquid
neurotrophic factor (BDI\'TF)—polyj(DL-lactic acid-co-glycolic ac'id) A N 7 5 ﬂ‘i\\@\ 3 jﬁf@
(PLGA)-loaded hydrogel in reversing synaptopathy and restoring AN N> RN
hearing function in a mouse model with NIHL. The mouse model QP . (, h \ 7 it \\
achieved using the single noise exposure (NE, 115 dBL, 4 h) exhibited ‘ RWM =

an average 20 dBL elevation of hearing thresholds with intact Intratympanic injection of BDNF-PLGA-Loaded hydrogel

cochlear hair cells but a loss of ribbon synapses as the primary cause

of hearing impairment. We developed a BDNF-PLGA-loaded thermosensitive hydrogel, which was administered via a single
controllable injection into the tympanic cavity of noise-exposed mice, allowing its presence in the middle ear for a duration of
2 weeks. This intervention resulted in complete restoration of NIHL at frequencies of click, 4, 8, 16, and 32 kHz. Moreover,
the cochlear ribbon synapses exhibited significant recovery, whereas other cochlear components (hair cells and auditory
nerves) remained unchanged. Additionally, the cochlea of NE treated mice revealed activation of tropomyosin receptor kinase
B (TRKB) signaling upon exposure to BDNF. These findings demonstrate a controllable and minimally invasive therapeutic
approach that utilizes a BDNF-PLGA-loaded hydrogel to restore NIHL by specifically repairing cochlear synaptopathy. This
tailored middle ear delivery system holds great promise for achieving ideal clinical outcomes in the treatment of NIHL and
cochlear synaptopathy.

noise-induced hearing loss, cochlear synaptopathy, brain-derived neurotrophic factor,
BDNF-PLGA-loaded thermosensitive hydrogel, single injection, middle ear delivery system

Noise-induced hearing loss (NIHL) and cochlear synaptop-
athy are global health concerns, affecting hundreds of millions
of individuals worldwide." High-intensity and long-duration
noise exposure can lead to significant loss of both cochlear hair
cells, which are the primary sound sensory cells, and ribbon
synapses, the sole type of afferent synaptic connections in the
mammalian cochlea.””* Conversely, moderate- and short-
duration noise stimuli primarily cause damage to ribbon

November 8, 2023
February 1, 2024
February S, 2024

© XXXX American Chemical Society https://doi.org/10.1021/acsnano.3¢11049

W ACS Publications A ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qianru+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengnan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuntao+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shusheng+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lan+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c11049&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11049?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11049?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11049?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11049?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c11049?fig=tgr1&ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c11049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

www.acshano.org

(a) Pinna /\(QW Vestibule Cochlea (b)ax=____~

A 37°C ’
(\

Room temperature
? W

Externalear | Middle earR

“ PLGA-PEG-PLGA
“EN .~ hydrogel - % PLGA-
355, *"BDNF

o BDNF
SR DI GA | Saeeie
:X,‘\\// “ o0

(c)

Noise-induced hearing loss

“Eustachian
tube :

Intratympanic injection

Synaptic repair Hearing Recovery

Figure 1. Schematic diagram of intratympanic injection of the temperature-sensitive type hydrogel-loaded BDNF-PLGA for the treatment of
NIHL and cochlear synaptopathy. (a) PLGA-PEG-PLGA hydrogel-loaded PLGA-BDNF was injected into the middle ear in liquid state at
room temperature (approximately 25 °C) and changed to be a semisolid state at the mouse body temperature (37 °C). (b) After the
treatment, the semisolid hydrogel first switched to be a liquid state via reduction of the mouse body temperature (<30.5 °C), and finally the
semisolid hydrogel completely passed out of the body through the eustachian tube. (c) Injection of the BDNF-PLGA-loaded thermosensitive
hydrogel into middle ear restores NIHL via specific repair of cochlear synaptopathy. (d and e) The sol—gel—sol transition of PLGA-PEG-
PLGA built stable contacts between the drug delivery system and RWM, and sustained release of the BDNF into inner ear can repair ribbon
synaptic loss. TM, tympanic membrane. OW, oval window. RW, round window. RWM, round window membrane. OHC, outer hair cell.

IHC, inner hair cell. TM’, tectorial membrane.

synapses without significantly impairing cochlear hair cells,
resulting in a distinct type of hearing disorder known as noise-
induced cochlear synaptopathy that is characterized by deficits
in sound perception and language recognition. This form of
peripheral hearing loss has also been referred to as “noise-
induced hidden hearing loss”.»>® Originally, cochlear synapt-
opathy was defined as a ribbon synaptic loss with no or only a
transient-hearing threshold shifts in response to NE.””’
However, recent advances found that NIHL can be induced
by cochlear ribbon synaptic damages alone whereas other
cochlear components, such as cochlear hair cells and auditory
nerves, remain normal, improving our understanding of
cochlear synaptopathy compared with what it used to be. ="

Currently, limited therapeutic approaches are available for
the treatment of NIHL and cochlear synaptopathy.'*~"> While
hearing aids and cochlear implants have proven beneficial for
individuals with hearing impairment,lé’17 they are not ideal
medical options for patients with NIHL due to inherent
limitations. Hearing aids often reduce sound coding capacity,
while cochlear implants require invasive surgical proce-
dures.'®"” Therefore, a pharmaceutical-based therapy that
effectively restores NIHL holds great promise as the most
anticipated approach for treatment. Two key factors
significantly influence the outcome of sensorineural hearing
loss treatment: the selection of drugs and the delivery system
employed. Numerous drug candidates have demonstrated
success in treating NIHL and cochlear synaptopathy.”*”'
Notably, brain-derived neurotrophic factor (BDNF) has been
shown to provide complete protection to cochlear ribbon
synapses from acoustic trauma by activating tropomyosin
receptor kinase B (TRKB) signaling.zz_24 However, the choice
of the drug delivery route is more crucial and often poses a
challenge. The presence of the blood—labyrinth barrier (BLB)
in the mammalian cochlea creates an anatomical barrier that

restricts the entry of therapeutic substances into the inner ear,
safeguarding the cochlea from external influences.”*>°
However, the BLB also hinders the delivery of therapeutic
substances at sufficiently high concentrations via intravenous,
intramuscular, subcutaneous, or oral administration.””*®
Consequently, to minimize the limitations of BLB, there has
been increasing interest in the development of optimized
delivery systems that are middle-ear-based, highly efficient,
minimally invasive, easily controlled, and fully biodegrad-
able.””*°

An essential factor influencing the effective drug concen-
tration within the inner ear is the contact situation of the
delivery system with the round window membrane (RWM),
including extended residence time and excellent compliance
with the inner ear.’’ Recently, the use of biodegradable
hydrogels as a continuous drug delivery system to the inner ear
has emerged as a promising alternative to multiple injections,
offering a longer residence time, reduced risk of infection
associated with repeated injections, and prolonged drug
effects.””**™** To avoid secondary conductive hearing loss
resulting from the application of hydrogels in the middle
ear,”*” an ideal middle ear hydrogel should be thermosensitive,
allowing it to transition between liquid and semisolid states.
The liquid form facilitates injectability into the middle ear and
subsequent expulsion via the eustachian tube, while the
semisolid form enables prolonged retention in the middle
ear, providing sustained drug release.”*® Poly(pi-lactic acid-
co-glycolic acid) (PLGA)—polyethylene glycol (PEG)—PLGA
(PLGA-PEG-PLGA), a extensively investigated thermally
reversible hydrogel,””*" offers several advantages such as
biodegradability, water solubility, slow-release properties, rapid
gel-forming time, and minimal toxicity.”’40 Meanwhile, the
biodegradable polymer PLGA has been reported as an ideal
carrier for preparing microspheres to achieve controllable drug
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Figure 2. Thermally reversible hydrogel-loaded BDNF-PLGA for the treatment of NIHL and cochlear synaptopathy. (a) Synthesis route to
the PLGA-PEG-PLGA triblock copolymer. (b) Sol—gel transition of PLGA-PEG-PLGA (20%, w/w). Scale bar represents 1 cm. (c)
Mechanism of the PLGA-PEG-PLGA three-block micellar gelation process during thermal conversion. (d) Phase diagrams of PLGA-PEG-
PLGA (20%, w/w) obtained from the vial inversion method. (e) Storage modulus (G’) and loss modulus (G”) of the copolymer 20% (w/w)
aqueous solution as a function of time at 37 °C. Dynamic viscoelastic analysis of PLGA-PEG-PLGA (20%, w/w). (f) Storage modulus (G’)
and loss modulus (G”). (g) Viscosity (7*) of the aqueous mixture as a function of temperature.

delivery. The use of PLGA microspheres is crucial for
maintaining the activities of proteins or peptides, allowing a
single intratympanic injection of the P-G hydrogel to exhibit

. 41,42
sustained release.”

In this study, we present a therapeutic approach using a
tailored delivery system comprising a PLGA-PEG-PLGA
thermosensitive hydrogel loaded with BDNF-PLGA. The aim
is to treat NIHL and cochlear synaptopathy through targeted
intratympanic injection. The thermal-sensitive PLGA-PEG-
PLGA hydrogel-loaded BDNF-PLGA microspheres are de-
signed to provide controlled and double sustained release of a
therapeutic concentration of BDNF that can reach the inner
ear via RWM. Following a single intratympanic injection,
significant recovery from both NIHL and cochlear synaptop-
athy was observed, the treatment exhibited minimal side
effects, and no residual hydrogel was detected in the middle
ear. Thus, our study proposes an ideal and practical therapeutic
strategy for addressing noise-induced deafness through the
targeted repair of cochlear synaptopathy.

RESULTS AND DISCUSSION

Aschematic Visualization of Middle Ear Delivery of
BDNF-PLGA-Loaded Hydrogel. In this study, we success-
fully developed a temperature-sensitive hydrogel loaded with
BDNEF-PLGA-PEG-PLGA, specifically designed for delivery of
the middle ear into the inner ear. Our findings demonstrated
that a single tympanic injection of this hydrogel led to the
complete restoration hearing threshold in the NIHL mice
model, which was achieved through the repair of cochlear
ribbon synaptic damage. We also demonstrated that the
hydrogel can be fully excreted from the middle ear cleft, and it
does not impose any detrimental effects on the middle ear or
tympanic membrane.

To provide a comprehensive understanding of the
experimental procedure, we have created a schematic diagram
illustrating the process involved in generating NIHL and
cochlear synaptopathy, as well as the middle ear injection of a
temperature-sensitive hydrogel loaded with BDNF-PLGA. The
hydrogel, exhibiting thermosensitivity, was administered in its
liquid state at room temperature (approximately 25 °C), and
when subjected to body temperature (37 °C) it underwent a
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Figure 3. Slow release performance of PLGA-PEG-PLGA hydrogels as drug delivery systems. (a) TEM image of BDNF-PLGA microspheres.
Scale bar represents 100 nm. (b) Remaining mass ratio of in situ hydrogel-loaded BDNF-PLGA microspheres in PBS at 37 °C over time.
Insets show photographs of the degradation of hydrogel-loaded BDNF-PLGA microspheres in PBS at various stages at 37 °C. (c)
Cumulative release of the PLGA-PEG-PLGA hydrogel with BSA loaded in PLGA microspheres. (d) Standard curves of BSA. (e) A

customized diffusion cell system to simulate in vitro skin permeation.

phase transition to a semisolid state (Figure la). This
transformed hydrogel allowed for prolonged retention in the
middle ear. The schematic diagram (Figure 1b) depicts the
eustachian tube serving as the anatomical excretory pathway
for the middle ear contents. Following treatment, when the
temperature of the middle ear decreased to below 30.5 °C, the
hydrogel reverted to its liquid state, facilitating its expulsion
through the eustachian tube. By injecting the temperature-
sensitive hydrogel loaded with BDNF-PLGA into the middle
ear, complete restoration of NIHL was achieved through the
repair of cochlear synaptopathy after noise exposure in mice
(Figure lc—e).

Thermoreversible PLGA-PEG-PLGA Hydrogel Exhibits
a Sol-Gel Conversion and Gelation Mechanism. To
elucidate the thermoreversible behavior of the PLGA-PEG-
PLGA hydrogel, the sol—gel conversion process and phase
diagram associated with its gelation mechanism were
extensively studied. The composition of the hydrogel,
comprising hydrophobic PLGA and hydrophilic PEG, is
depicted in Figure 2a. This thermoreversible property enables
the PLGA-PEG-PLGA hydrogel to exist in a liquid state at
room temperature, facilitating its suitability for middle ear
injection. Following injection, the hydrogel undergoes a phase
transition, transforming into a gel state upon reaching body
temperature (Figure 2b). The micellar gelation scheme for the
PLGA-PEG-PLGA triblock copolymer is presented in Figure
2c. A representative phase diagram (Figure 2d) demonstrates
the sol—gel transition property and explores the impact of
concentration on the gel transition temperature. The sol—gel
and critical gelation temperatures (CGTs) near body temper-
ature are crucial for inner ear administration. At lower
temperatures, the hydrophobic interactions become prom-
inent, leading to the formation of micelles or micellar groups
consisting of a PLGA core and a PEG shell, both fully
dispersed in water (Figure 2¢c(iii)), corresponding to points a
and b in Figure 2d. As the temperature rises to 31 °C (point C

in Figure 2d), these micelles aggregate through hydrophobic
interactions mediated by PLGA, resulting in the formation of a
three-dimensional network structure and achieving a sol—gel
transition (Figure 2c(iii)). With an increase in the polymer
mass fraction from 15% to 25%, the sol—gel phase transition
temperature gradually decreases while the gel-precipitation
phase transition temperature increases. The turbidity observed
in the gel is attributed to the enhanced aggregation and
accumulation of interactions between micelles. When the
temperature approaches 60 °C, the hydrophobic PLGA chains
in micelles undergo significant shrinkage and the hydrophilic
PEG chains become dehydrated, leading to the precipitation of
overagglomerated micelles in water.*’ To ensure the stability of
in situ drug release from PLGA-PEG-PLGA, the modulus of
hydrogels was measured at 37 °C to evaluate their rapid
gelation time and viscoelastic changes at body temperature
(Figure 2e). Below the CGT, the PLGA-PEG-PLGA solution
exhibits liquid-like behavior, indicated by G” > G’. However,
upon incubation at 37 °C, G’ rapidly increases, surpassing G”.
The gelation time is defined as the point where G’ = G"on the
modulus curve as a function of time. The modulus and
viscosity (17) of the 20% copolymer mixture were monitored as
a function of temperature (Figure 2f and g). Initially, G” > G’
and both G’and G"were relatively low, signifying that PLGA-
PEG-PLGA exists in a free-flowing sol state. As the
temperature increases, G’ exhibits a rapid increase. The sol—
gel transition temperature is determined to be approximately
30.5 °C at the point where G’ = G”. Further temperature
increases to 40 °C and above result in the precipitation of the
polymer, leading to a decrease in gel strength. The complex
viscosity #* exhibits a similar trend with respect to temper-
ature.

The investigation of the PLGA-PEG-PLGA hydrogel reveals
its distinctive thermoreversible properties, including sol—gel
conversion and the gelation mechanism. The sol—gel transition
temperature close to body temperature and the swift gelation
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time at 37 °C highlight the potential of this hydrogel for
controlled drug release in situ.

Sustained Release Performance of Drug Delivery
Systems: Morphology and Degradation. The drug
delivery systems’ sustained release performance was evaluated
through various analyses. Transmission electron microscopy
(TEM) images revealed the desirable spherical morphology of
the BDNF-PLGA microspheres, exhibiting a smooth surface
(Figure 3a). The degradable behavior of PLGA-PEG-PLGA
loaded with BDNF-PLGA was investigated at different time
points in phosphate-buffered saline (PBS) at 37 °C. The
results demonstrated that PLGA-PEG-PLGA loaded with
BDNF-PLGA underwent complete degradation within a span
of two weeks (Figure 3b). To examine the controlled drug
release in the delivery systems, bovine serum albumin (BSA)
was utilized as a surrogate for BDNF. In vitro drug release
(BSA/BDNF) was assessed using a customized diffusion cell
system that simulated in vitro skin permeation (Figure 3e).
The release of BSA/BDNF occurred through a combination of
diftusion, degradation, and erosion of the PLGA microspheres,
as well as degradation of the hydrogel carriers. The cumulative
release of the drug (BSA/BDNF) in PBS was plotted (Figure
3c) and quantified using the Micro BCA method, generating a
standard curve (Figure 3d). The results demonstrated a stable,
effective, highly loaded, and long-term release rate system.

Overall, the drug delivery systems exhibited a promising
sustained release performance. The TEM images confirmed
the favorable morphology of BDNF-PLGA microspheres, while
the degradation studies revealed the complete degradation of
PLGA-PEG-PLGA loaded with BDNF-PLGA within a two-
week period. The in vitro drug release experiments utilizing
BSA as a model drug demonstrated a controlled release
through various mechanisms. These findings highlight the
potential of drug delivery systems for stable and efficient
sustained drug release.

To achieve minimally invasive delivery of target drugs into
the inner ear, various hydrogel materials have been previously
studied for tympanic injection into the middle ear.””’"***
These hydrogels transition from an injectable sol state to a gel
state, serving as reservoirs for sustained release drugs. The
gelation schemes commonly involve click-cross-linking or
photocuring. However, these chemically formed drug delivery
carriers often consist of large and hard materials, potentially
leading to long-term conductive hearing loss.””*® Additionally,
a termination mechanism (e.g., the discharge of the drug and
vector through the eustachian tube) should be in place to
address drug toxicity or other potential detrimental effects on
the middle/inner ear faction that may occur during sustained
release. The process of chemical cross-linking to form gels is
typically irreversible or involves the use of specific enzymes. In
contrast, the PLGA-PEG-PLGA hydrogel possesses a thermo-
sensitive characteristic, enabling it to transition from a liquid to
a semisolid state.’>** This property offers a strategy for middle
ear sustained-release drug delivery in the treatment of
sensorineural deafness without inducing conductive hearing
loss.

In our study, PLGA-PEG-PLGA served as an ideal middle
ear hydrogel, and we precisely selected the temperature-
sensitive hydrogel concentration so that it could be injected
into the middle ear in the form of a liquid and converted into a
semisolid state to stick firmly to the RWM to slowly release
drugs.””*® Based on these results, we further studied the
corresponding correlations among the PLGA-PEG-PLGA

concentration, transition state, and mechanism according to
the application scenario. Our design package for the entire
delivery system included temperature-sensitive gels, slow-
release microspheres, BDNF, and a middle ear injection. We
believe that the value of the whole system is mainly due to the
twofold slow release of BDNF through the PLGA micro-
spheres and hydrogels; that is, the release of BDNF occurs
through a combination of diffusion, degradation, and erosion
of the PLGA microspheres, as well as degradation of the
hydrogel carriers. The property of transformation into a
semisolid at body temperature after injection in a liquid form
and stable adhesion to the RWM is the key reason for choosing
the PLGA-PEG-PLGA hydrogel as a delivery carrier, which
involves two steps of degradation: (1) the gradual hydrolysis of
the semisolid hydrogel at body temperature and (2) the liquid
phase transformation, which is triggered by a slightly lower
temperature, causes the liquid state of the hydrogel to flow out
via the eustachian tube and finally achieves zero residue of the
hydrogel in the middle ear.

Biocompatible Evaluation of the PLGA-PEG-PLGA
Hydrogel. The biocompatibility of the PLGA-PEG-PLGA
hydrogel was assessed through in vitro and in vivo experiments.
In the in vitro study, cochlear basilar membrane cultures were
established to observe the cochlear hair cells and synapses,
with a specific focus on minimizing spatial distribution effects
(Figure Sla). Hair cell counts were performed, and in the
control group the average number of outer hair cells (OHCs)
was 35.25 + 0.98, while the average number of inner hair cells
(IHCs) was 11.00 + 0.27 (Figure S1b and d). Synaptic spot
counts were also conducted in each IHC, revealing a mean
number of 22.05 synaptic spots (Figure Slc and e).
Subsequently, cochlear explants were subjected to DMEM/
F12 medium containing the PLGA-PEG-PLGA hydrogel. The
average number of the OHCs was 35.13 + 0.93, the average
number of the IHCs was 11.13 + 0.30 (Figure S1b and d), and
the mean number of synaptic puncta was 21.56 + 0.46 (Figure
Slc and e). No significant differences were observed between
the tested and control groups (P > 0.0S), indicating the
excellent biocompatibility of the PLGA-PEG-PLGA hydrogel.
To further evaluate the safety of the PLGA hydrogel in vivo,
we investigated possible changes in auditory brainstem
response (ABR) thresholds in mice at days 7 and 14 following
tympanic injection of the hydrogel (Figure S2a). Notably, no
significant differences were observed between the control and
experimental groups at click and the frequencies of 4, 8, 16,
and 32 kHz, respectively (P > 0.0S, Figure S2b and c). These
findings suggest that tympanic injection of the PLGA-PEG-
PLGA hydrogel does not impair the hearing capacity of the
mice. Previous studies have demonstrated the biocompatibility
and slow-release properties of PLGA-PEG-PLGA’® Our
investigation also confirmed the safety of P-G hydrogels after
intratympanic injection.

Therapeutic effects of BDNF on NIHL and Cochlear
Synaptopathy In Vitro. In addition to its biocompatibility,
the therapeutic effects of BDNF on NIHL and cochlear
synaptopathy were investigated in vitro. Cochlear basilar
membrane cultures were treated with an NK (N-methyl-p-
aspartate and kainate) solution to simulate noise-induced
excitotoxicity (Figure $3a).*”°° The mean number of synaptic
spots was 18.40 = 0.53 in the NK-treated group, whereas the
mean number of synaptic puncta in the control group was
22.47 + 0.67, revealing a significant difference (P < 0.0001).
Importantly, the group treated with NK + BDNF showed a
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Figure 4. Intratympanic injection of temperature-sensitive hydrogel-loaded BDNF-PLGA significantly decreases the ABR threshold in the
noise-induced deaf mice. (a) Schematic diagram of the experimental procedure in this study. (b) Representative waveforms of the ABR
detection in each group on day 14 after NE. The sound intensity decreases in every 5—10 dB SPL from the initial 90 dB SPL, and the black
solid frame indicates the ABR threshold. (c—e) Changes of ABR thresholds in the groups of NE (n = 9 animals, 9 ears), NE + BDNF (n = 6
animals, 6 ears), and NE + Gel-BDNF (n = 6 animals, 6 ears) on days 2, 7, and 14, respectively. ABR: auditory brainstem response. The red
asterisks (*) represent the statistical significance among the groups of NE, NE + BDNF, and NE + Gel-BDNF on day 2 and ctrl. The green
asterisks (*) represent the statistical significance among the groups of NE, NE + BDNF, and NE + Gel-BDNF on day 7 and ctrl. The purple
asterisks (*) represent the statistical significance among the groups of NE, NE + BDNF, and NE + Gel-BDNF on day 14 and ctrl. P value: *p

< 0.08, *¥p < 0.01, ¥*¥p < 0,001, ***¥*p < 0.0001.

significant enhancement in the ribbon synaptic number (22.05
+ 0.37) compared to the NK group (P < 0.001), with no
significant difference observed compared to the control group
(P > 0.05) (Figure S3b,c). These results demonstrate that
BDNF has the potential to repair damaged cochlear ribbon
synapses in an in vitro model mimicking noise trauma.

Therapeutic Effects of BDNF on NIHL and Cochlear
Synaptopathy in Mice. To further validate the therapeutic
effects of BDNF on NIHL associated with the loss of cochlear
ribbon synapses, we employed a mouse model exposed to
noise (Figure S4a). BDNF solution was delivered to the inner
ear through a surgical approach via a posterior semicircular
canal. Hearing assessments were conducted on days 2, 7, and
14 postnoise exposure. And we found that the group receiving
the BDNF injection via the semicircular canal (NE + BDNF’)
exhibited a significant reduction in ABR thresholds across all
tested frequencies on days 7 and 14 after injection, with no
significant difference observed on day 14 compared to the
control group (Figure S4b) and with significant statistical
difference observed on day 14 compared to the NE group.
These results demonstrate that the inner ear delivery of BDNF
via a surgical procedure through the semicircular canal
effectively treats NIHL in mice.

The amplitude and latency of ABR wave I have been
reported to reflect the function of cochlear ribbon
synapses.” "> Thus, we further examined the changes in the
ABR wave I amplitude and latency in this study. The NE group
exhibited significantly decreased amplitudes of ABR wave I at
all tested frequencies compared to the control group. In
contrast, the NE + BDNF’' group showed significantly
increased amplitudes of ABR wave I across all tested
frequencies compared to the NE group (Figure S4c). Similarly,
significantly increased latency of ABR wave I was observed at
each detected frequency in the NE group compared to that in
the control group. In contrast, the NE + BDNF’ group
exhibited significantly decreased latencies of ABR wave I across
all frequencies compared to the NE group (Figure S4d). These
findings indicate functional recovery of cochlear ribbon
synapses, as there were no significant differences in ABR
wave I amplitude or latency between the NE + BDNF' and
control groups.

To investigate whether BDNF could repair the noise-
induced loss of cochlear ribbon synapses in mice, we
conducted quantitative analysis of ribbon synapses. The ribbon
presynaptic motif was labeled with anti-RIBEYE/CtBP2, while
postsynaptic proteins were traced using anti-GluR2.*>*%*
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Figure S. Intratympanic injection of temperature-sensitive hydrogel-loaded BDNF-PLGA significantly restores the amplitude and latency of
ABR wave I in the noise-induced deaf mice. (a,A) Representative waveform of wave I amplitude and latency at the ctrl group on day 14 after
NE; the red solid frame indicates ABR wave L. (a,A’) Enlarged image in upper right panel. (b and c) Changes in the ABR wave I amplitude
and latency, respectively, in the ctrl, NE, NE + BDNF, and NE + Gel-BDNF groups on day 14 after NE. The highest amplitude and shortest
latency of ABR wave I were seen at the group of NE + Gel-BDNF. P value: *p < 0.05, **p < 0.01, **¥p < 0.001,%****p < 0.0001 (n = 6

animals, 6 ears).

Synaptic numbers were assessed on day 14 post-NE in the
spatial apical, middle, and basal turns of the cochlea. In the
control group, the numbers of merged signals comprising
presynaptic and postsynaptic positive puncta were 10.67 =+
0.49 (apex), 10.88 + 0.43 (middle), and 7.11 + 0.18 (base). In
the NE group, these numbers were 6.15 + 0.26 (apex), 7.25 +
0.24 (middle), and 3.92 + 0.21 (base). Notably, the NE +
BDNF’ group displayed numbers of 9.42 + 0.38 (apex), 10.40
+ 0.22 (middle), and 6.77 + 0.41 (base). The highest numbers
of synaptic puncta were observed in the control and NE +
BDNF’ groups, with no significant differences between the two
(Figure SSa and b). Thus, these results demonstrate that inner
ear delivery of BDNF through the surgical approach of the
posterior semicircular canal can significantly repair noise-
induced cochlear synaptopathy.

The therapeutic effects of BDNF on NIHL and cochlear
synaptopathy were confirmed in the mouse model, highlighting

the potential of BDNF as a promising treatment strategy. The
delivery of BDNF through the posterior semicircular canal
successfully restored auditory thresholds, improved ABR wave
I characteristics, and promoted the recovery of cochlear ribbon
synapses. These findings emphasize the therapeutic efficacy of
BDNF in combating noise-induced hearing impairments and
supporting the restoration of cochlear synaptic function.
Intratympanic Injection of BDNF-PLGA-Loaded Hy-
drogel Completely Restores NIHL. To assess the
restorative potential of intratympanic injection of a temper-
ature-sensitive hydrogel loaded with BDNF-PLGA, we
employed mouse models with NIHL characterized by elevated
ABR thresholds (Figure 4a—d). Our study demonstrated that
intratympanic injection of hydrogel-loaded BDNF-PLGA
significantly reduced ABR thresholds across frequencies on
days 7 and 14 postinjection. Notably, no significant difference
in ABR thresholds was observed on day 14 compared with the
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Figure 6. Intratympanic injection of thermally reversible hydrogel-loaded BDNF-PLGA significantly repair the noise-induced cochlear
synaptopathy. (a) Presynaptic identification was accomplished by anti-CtBP2 (red), the postsynaptic motif was identified using anti-GluR2
(green), the merged synaptic puncta are shown in orange, and the nuclei of cochlear HCs were stained using DAPI (blue). A number of
synaptic spots appeared at ctrl and NE + Gel-BDNF groups, and the lowest number of synaptic puncta were seen at the groups of NE and NE
+ BDNF. (a,A—X) Enlarged view of paired synaptic puncta. The white arrows indicate unpaired synapses. Scale bar represents 5 ym. (b)
Quantitative analysis of changes in ribbon synaptic numbers across the frequencies in all the groups. (c) Quantitative analysis of the ribbon
synaptic size across the frequencies in all the groups. P value: *p < 0.05, *¥p < 0.01, *¥*¥p < 0.001, ****p < 0.0001 (n = 4 animals, 4 ears).

control group (Figure 4e), indicating a complete restoration of
ABR thresholds in the Gel + BDNF group relative to the
controls. Furthermore, we analyzed the changes in ABR wave I
amplitude and latency. The NE group exhibited a significant
reduction in ABR wave I amplitude and an increase in latency
compared to those of the control group (Figures Sa—c and
S6). Similarly, the NE and NE + BDNF treatment groups
displayed decreased amplitude and increased latency across
frequencies. However, the NE + Gel-BDNF treatment group

showed increased amplitude and shortened latency of ABR
wave I compared to the control group.

These findings highlight the effectiveness of intratympanic
injection of a temperature-sensitive hydrogel loaded with
BDNF-PLGA in restoring NIHL in mice. The treatment led to
a significant improvement in ABR thresholds, amplitudes, and
latencies, indicating the successful recovery of auditory
function. The use of the gel-based delivery system provides a
promising therapeutic approach for the treatment of NIHL,
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Figure 7. Sustained release of BDNF-PLGA-loaded hydrogel in the middle ear ensures the activation of TRKB singling and a high dose of
green fluorescence-labeled C6 dye in the inner ear. (a and b) Compared with the NE group, significantly enhanced expression of TRKB was
found on the day 2 after NE in the group of NE + Gel-BDNF. (c) Immunostaining revealed the changes of green fluorescence-labeled C6 dye
on day 1 after injection of the hydrogel loaded with green fluorescence-labeled C6 dye, and increased intensity of fluorescence green
fluorescence-labeled C6 dye can be found in the groups of tympanic Gel + C6 and semicircular C6. Scale bar represents 20 ym. (d)

Quantitative analysis of fluorescence intensity in the three groups. P value: *p =

0.0359, *#p < 0.01, ***#p < 0.0001. (n = 3 animals, 3 ears).

offering the potential for clinical translation and enhanced
patient outcomes.

Repair of Cochlear Synaptopathy through Intra-
tympanic Injection of the BDNF-PLGA-Loaded hydro-
gel. Following the intratympanic injection of the BDNF-
PLGA-loaded hydrogel, we conducted a quantitative analysis

of ribbon synaptic spots on day 14 after NE treatment. Only
the overlapped synaptic puncta, representing intact synapses
with both pre- and postsynaptic signals, were included in the
calculation. In the control group, the number of synaptic spots
was 10.67 + 0.49 (apex), 11.13 + 0.58 (middle), and 7.11 +
0.16 (base). In the NE group, the numbers decreased to 5.99 +
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Figure 8. Middle ear delivery of the BDNF-PLGA-loaded hydrogel can be completely excreted through the eustachian tube. (a) The view of
the tympanic chamber in normal adult mice before injection of the hydrogel. Scale bar represents 1 mm. (b,A—D) Dynamic tympanic images
in response to the temperature changes and time durations after the intratympanic injection of hydrogel-loaded BDNF-PLGA microspheres
dyed with SUGARMAN food coloring (fruit green). After intermittent ice application for 8—12 h (<30.5 °C), the hydrogel-loaded BDNF-
PLGA microspheres (SUGARMAN) were completely metabolized through the eustachian tube. Scale bar represents 1 mm. (c) Variation of
the remaining mass ratio of hydrogel-loaded BDNF-PLGA microspheres (SUGARMAN) in the middle ear (<30.5 °C) with time. (b,A’—D")
Degradative photographs of hydrogel-loaded BDNF-PLGA microspheres (SUGARMAN) in the middle ear at different stages (<30.5 °C).

Scale bar represents 1 cm.

0.32 (apex), 6.12 + 0.27 (middle), and 4.22 + 0.12 (base). In
the NE + BDNF group, the numbers changed to 5.03 + 0.50
(apex), 5.50 + 0.31 (middle), and 3.88 + 0.30 (base). Notably,
in the NE + Gel-BDNF group, the numbers significantly
increased to 10.24 + 0.41 (apex), 10.14 + 0.57 (middle), and
6.61 = 0.23 (base). The greatest number of synaptic puncta
was observed in both the control and NE+Gel-BDNF groups,
with no significant differences between them (Figure 6a and
b). These findings highlight the complete restoration of noise-
induced quantitative synaptic loss through 2 weeks-long
application of BDNF-PLGA-loaded hydrogel in the middle
ear of mice.

Furthermore, we analyzed the sizes of merged synaptic
puncta using the Adobe Photoshop CS6 software. In the
control group, the mean synaptic size was 0.32 = 0.06 (apex),
0.28 + 0.08 (middle), and 0.21 + 0.09 (base). In the NE
group, the mean size decreased to 0.18 + 0.06 (apex), 0.21 +
0.01 (middle), and 0.16 + 0.08 (base). In the NE + BDNF
group, the sizes were 0.21 + 0.09 (apex), 021 + 0.06
(middle), and 0.17 + 0.04 (base). Notably, the NE + Gel-
BDNF group exhibited increased sizes of 0.30 + 0.01 (apex),
0.28 + 0.01 (middle), and 0.21 = 0.02 (base) (Figure 6a—c).
Similar to the number of synaptic puncta, the largest synaptic
spots were observed in the control and NE + Gel-BDNF
groups with no significant difference between them. These
results suggest that the sustained release of the BDNF-PLGA-
loaded hydrogel can fully restore the size of synaptic puncta.

The application of the hydrogel leads to a significant
increase in the number and size of intact synapses, indicating
the successful restoration of synaptic connectivity. This finding
highlights the potential clinical application of a BDNF-PLGA-

loaded hydrogel as an effective treatment strategy for cochlear
synaptopathy associated with noise exposure.

Analysis of Cochlear Hair Cells and Spiral Ganglion
Cells. In this study, we investigated the changes in cochlear
hair cells and spiral ganglion cells 14 days after NE. In the NE
group, there was no significant loss of OHCs across the apical,
middle, and basal turns compared to the control group.
Similarly, no statistical significance was observed in the number
of IHCs and OHCs among all of the groups (Figure S7).
Additionally, we examined the postsynaptic auditory nerve
fibers labeled with anti-NF200 on day 14 after NE, and no
significant differences were found among the tested groups.
These results suggest that NE causes cochlear synaptopathy
without an apparent loss of the OHCs, IHCs, and spiral
ganglion cell nerves (Figures S8 and S9).

Thus, our animal model successfully induced NIHL with
cochlear synaptopathy, yet no apparent damage to cochlear
hair cells or auditory nerves was observed.” >’ This
emphasizes the crucial role of repairing ribbon synapses in
achieving complete recovery from hearing loss. However, the
therapeutic outcomes observed in this study may not be
directly applicable to animal models with significant loss of hair
cells or auditory nerve. Here, it should be noted that the
current understanding of cochlear synaptopathy is gradually
being updated. As we have described previously, it not only
refers to the situation of cochlear synaptic damage combined
with no or transient shifting in the hearing thresholds, but may
also involve cases of significant or long-lasting hearing loss
induced by noise," aging, ototoxic drugs,m’58 and congenital
factors.*”°
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Activation of the TRKB Signaling Pathway through
Delivery of the BDNF-PLGA-Loaded Hydrogel. To assess
the intratympanic delivery efficiency of in situ hydrogel-loaded
BDNF-PLGA into the inner ear, we evaluated the activation of
the TRKB signaling pathway in cochlear tissue through
Western blot analysis. The expression of TRKB was
significantly higher in the cochlear tissue after intratympanic
injection of temperature-controlled in situ hydrogel-loaded
BDNF-PLGA (P < 0.0S, Figure 7a and b). This finding
indicates that the hydrogel effectively delivers BDNF into the
inner ear, subsequently leading to the activation of the
downstream TRKB signaling pathway. Additionally, we utilized
a thermosensitive in situ hydrogel loaded with green
fluorescence labeled C6 dye.’"** Visualization of the hydro-
gel’s penetration was conducted using immunofluorescence
intensity analysis on day 1 after green fluorescence-labeled C6
dye administration in three different groups: tympanic C6
(green fluorescence-labeled C6 dye injection into the middle
ear), semicircular C6 (direct delivery of green fluorescence-
labeled C6 dye into the inner ear through a surgical approach
in the semicircular canal), and tympanic Gel + C6 (injection of
in situ hydrogel loaded with green fluorescence-labeled C6 dye
into the middle ear). Both the semicircular C6 and tympanic
Gel + C6 treatments displayed similar and robust green
fluorescence (Figure 7c and d), suggesting that intratympanic
injection of an in situ hydrogel loaded with green fluorescence
labeled C6 dye facilitates efficient penetration into the inner
ear.

The results demonstrate the effective intratympanic delivery
of BDNF-PLGA-loaded hydrogel into the inner ear, resulting
in the activation of the TRKB signaling pathway. Additionally,
this study provides evidence of sustained and high-dose BDNF
release from the middle ear to the inner ear, as indicated by the
activation of the downstream BDNF receptor, TRKB.*>**
Additionally, the use of green fluorescence-labeled C6 dye
allowed us to visualize the permeability of the drug-loaded
hydrogel, demonstrating the ability of drugs encapsulated in
hydrogels to reach the inner ear at high concentrations.”>%
This confirms that drugs encapsulated in hydrogels in the
middle ear can effectively reach the inner ear at high
concentrations, which is a critical finding introduced in this
study.

Total Excretion of Temperature-Sensitive Hydrogel-
Loaded BDNF-PLGA via the Eustachian Tube. To assess
the excretion capability of the thermally reversible in situ
hydrogel loaded with BDNF-PLGA through the eustachian
tube, we performed intratympanic injection of the hydrogel
dyed with SUGARMAN food coloring (fruit green). This
allowed us to visualize the discharge process of the hydrogel via
the eustachian tube in response to temperature changes, and
the residual green hydrogel was quantified in the tympanum.
The tympanic photoimages were captured at various temper-
atures and time points after the intratympanic injection, as
shown in Figure 8a and b(A—D). We observed that the green
hydrogel could not be excreted via the eustachian tube within
the temperature range from 30.5 to 37 °C due to its gel state.
However, intermittent icing treatment (8—12 h, 10 min per
hour, <30.5 °C) facilitated complete metabolism of the
hydrogel loaded with BDNF-PLGA-SUGARMAN through
the eustachian tube.

The residual mass percentage of the green hydrogel was
quantified in the tympanic chamber (<30.5 °C) after
intermittent icing treatment, as shown in Figure 8c(A’—D’).

The remaining mass ratios at different time points were as
follows: 98.33 + 0.88 (1 h), 64.67 + 1.76 (2 h), $5.00 + 1.53
(3h), 43.00 + 1.53 (4 h), 35.00 + 1.53 (5 h), 31.00 + 1.53 (6
h), 18.33 + 1.76 (7 h), 8.33 + 1.45 (8 h), 5.67 + 0.44 (9 h),
3.33 + 0.33 (10 h), 3.00 + 0.58 (11 h), and 3.00 + 0.00 (12
h). These results demonstrate a gradual decrease in the
residual hydrogel in the middle ear with intermittent icing
treatment, leading to complete excretion of the hydrogel within
8—12 h.

To ensure the safety of intratympanic injection of the
thermally reversible in situ hydrogel, we monitored the
dynamic changes in the tympanic membrane using endoscopic
images. Our observations revealed complete repair of the
tympanic membranes on day 14 after injection (Figure S10a—
j). This study supports the notion that our intratympanic-
injected inner ear drug delivery system has no long-term
detrimental effect on the tympanic membrane and the middle
ear.

Certain pharmaceuticals, like glucocorticoids, have demon-
strated effectiveness in treating NIHL or cochlear synaptop-
athy when directly administered at high doses directly to the
inner ear.”>”% Nonetheless, the systemic use of glucocorti-
coids (intravenous, intramuscular, or oral) can lead to severe
side effects, thereby limiting their clinical value. In this study,
we tackled this challenge by utilizing PLGA microspheres to
load high dosages of BDNF. These microspheres were then
combined with a solution at a lower temperature, resulting in
the creation of injectable PLGA-PEG-PLGA hydrogels
specifically designed for middle ear delivery. This innovative
approach aims to enhance the therapeutic potential of BDNF
while mitigating systemic side effects, rendering it a promising
strategy for treating NIHL and cochlear synaptopathy.
Compared to glucocorticoids, BDNF demonstrates a superior
safety profile in the treatment of NIHL,**® particularly in
terms of restoring ribbon synaptic loss. This underscores the
potential of BDNF-based therapy as a safer and more effective
alternative for addressing the challenges posed by NIHL and
associated cochlear synaptopathy. This study demonstrates the
high therapeutic efficacy of BDNF-loaded thermosensitive
hydrogels in treating sensorineural deafness, resulting in a
significant recovery in the ribbon synapse and complete
restoration of hearing thresholds. Additionally, this study has
showed that the thermosensitive properties of PLGA-PEG-
PLGA hydrogel can be successfully utilized in the middle ear to
achieve prolonged BDNF release and attain a highly effective
therapeutic outcome. In contrast, a previous study suggested
that intratympanic injection of dexamethasone alone could
partially restore hearing loss.”” However, water-soluble dexa-
methasone injected into the middle ear is likely to be rapidly
excreted through the eustachian tube, preventing the
maintenance of high doses or sustained drug release.

To provide a comprehensive understanding, our inves-
tigation visualized the entire process of P-G hydrogels loaded
with BDNF, including entry into the middle ear, residence, and
eventual excretion. Both PLGA-PEG-PLGA and PLGA
microspheres are biodegradable under physiological conditions
through hydrolysis, cleaving the ester bonds of polymer
chains.”>” Importantly, our study showed minimal hydrogel
residues in the middle ear attributed to the sol—gel—sol
transition property, allowing for excretion via the eustachian
tube.

Study Limitations. The limitations of this study are as
follows: (1) The thermosensitive hydrogels in this study need
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to be further optimized to achieve better adaptation to the
properties of the middle ear cavity and to improve the entry
efficiency of the loaded drugs into the inner ear. (2) Based on
this hydrogel delivery system, we only investigated the effect of
BDNF entry into the inner ear to treat NIHL and overlooked
other drug candidates for testing. In the future, investigators
should use this hydrogel delivery system for drug screening and
verification. (3) This study used only mouse models for
validation; multiple types of animals, particularly large animal
models, are required in further studies. (4) This study
investigated the therapeutic effect of a BDNF-loaded hydrogel
delivery system under NIHL conditions, and the time course
of the therapeutic effect verification may not be sufficient.
Moreover, this study does not explore the effects of other
deafness scenarios. Future studies should attempt to apply this
drug-loaded hydrogel delivery system to other applications.

CONCLUSION

Our study demonstrates a successful, minimally invasive,
single-dose, and controllable middle ear drug delivery system
using a degradable thermally reversible BDNF-PLGA-loaded
hydrogel, effectively repairing cochlear synaptopathy. This
approach offers promising prospects for treating sensorineural
deafness, representing a notable advancement in hearing
treatment via targeted drug-loaded hydrogel injections. The
findings lay the foundation for future research in sensorineural
deafness treatment.

MATERIALS AND METHODS

Material Synthesis and Reagents. Triblock copolymers PLGA-
PEG-PLGA (2.5/1, PEG Mn = 2000, PLGA Mn = 4000, Daigang
Biotechnology China Co., Ltd.) were dissolved in deionized (DI)
water and magnetically stirred at 4 °C until completely dissolved.
Recombinant human BDNF protein (Bio-Techne China Co., Ltd.,
248-BDB-250/CF) was dissolved in double distilled water (ddH,0)
as a stock (250 ug/mL) and stored at —20 °C. Before use, an
appropriate amount of BDNF stock solution was diluted with ddH20
to the corresponding concentration. Coumarin 6 (MCE Chemicals &
Equipment Co., Malta, NY, HY-N7131) was dissolved in DMSO as a
stock solution (10 mM/mL) and stored at —80 °C. Before use,
coumarin 6 was diluted to 10 uM/mL with phosphate-buffered saline
(PBS). SUGARMAN Green Nature Pigment (Guangzhou Fuzheng
Donghai Food China Co. Ltd., 7801536) was dissolved in DI water
(1,10), stored at room temperature, and used to visualize the
thermally reversible in situ hydrogel in tympanic membrane
endoscopic images (Telecam DXII, Storz). The composition of the
intratympanic injection appliance includes a microinjector (10 uL,
Model 1701 LT SYR, Hamilton, 80001) and a backfilling blunt needle
(30 gauge, 2” long, Drummond, 3—000—027).

Phase Diagram. The sol—gel transition temperature of PLGA-
PEG-PLGA was tested by a vial inversion approach. Triblock
copolymer aqueous solutions with concentrations ranging from 15%
(w/v) to 25% (w/v) were prepared and stored at 4 °C. Subsequently,
0.5 mL of polymer solution was transferred to a S mL vial placed in a
water bath with precise temperature control. The temperature was
incrementally raised to 1 °C, and each temperature was held for 10
min. The test range spanned from 20 to 70 °C. Upon vial inversion,
the PLGA-PEG-PLGA solution did not flow and could be maintained
for more than 30 s, signifying the determination of the sol—gel phase
transition temperature of PLGA-PEG-PLGA solution at this
concentration.

Dynamic Rheological Measurement. The dynamic rheology
properties of the PLGA-PEG-PLGA aqueous solutions were measured
by a MCR 301 (Anton-Paar, Graz, Austria). Temperature sweeps
were carried out with a heating rate of 1 °C/min, ranging from 10 to
70 °C. The strain amplitude was set at 1%, and angular frequency was

set at 6 rad/s. Time sweeps were performed to monitor in situ
gelation at 37 °C and mechanical properties at 1% strain amplitude
and angular frequencies of 6 rad/s.

In Vitro Biodegradation. In vitro biodegradation tests of
hydrogel-loaded BDNF-PLGA were conducted in PBS. Circular
samples with a diameter of 1 cm and a thickness of 1 mm were
precisely weighed and immersed in PBS at 37 °C. At various time
intervals, the samples were removed from PBS, excess water was
carefully removed from the surface using filter paper, and their
weights were recorded. The remaining mass percentage was calculated
by comparing the recorded weight to the original weight. Each data
point was based on three parallel samples to ensure accuracy and
reliability.

Preparation of Thermosensitive Hydrogel-Loaded BDNF-
PLGA Systems. BDNF was loaded into poly(lactide-co-glycolide)
(PLGA) microspheres through a specific process. BDNF was
dissolved in DI water at a concentration of 50 ug/mL to serve as
the internal water phase, while PLGA (52 000) was dissolved in DCM
to create a PLGA solution at a concentration of 60 g/L as the oil
phase. A PVA aqueous solution with a concentration of 10 g/L was
used as the outer water phase. The internal water phase (50 pL) was
mixed with the oil phase (1 mL) and subjected to 100W
ultrasonication for 2 min in an ice bath. This mixture was then
added drop by drop into a 20 mL of PVA solution. After the DCM
was volatilized, the solution was centrifuged at 8000 rpm, resulting in
BDNF-loaded PLGA microspheres. To observe the morphology and
size of the microspheres, they were dispersed in water and deposited
on a carbon-coated copper net for natural drying, followed by
examination with transmission electron microscopy. The preparation
method was repeated, but the dosage of bovine serum albumin (BSA)
was adjusted to 6.5 mg. Furthermore, Gel-BDNF-SUGARMAN was
obtained by dissolving the thermosensitive hydrogel loaded with
BDNEF-PLGA in DI water containing SUGARMAN. Similarly, Gel-C6
was formed by dissolving PLGA-PEG-PLGA in deionized water
containing green fluorescence labeled C6 dye.

In Vitro Release Profile. BSA dissolved in PBS buffer at different
concentrations was tested by a microplate reader (PerkinElmer,
Waltham, MA, USA). The standard curve of BSA (Abs = 0.0022 X
concentration + 0.066) was obtained by fitting the absorbance at 562
nm as a function of concentration by the Micro BCA method. The
drug release profile was measured with a customized diffusion cell
system. We placed PLGA-PEG-PLGA hydrogel containing PLGA-
BDNF microspheres on the top of a semipermeable membrane and
the receptor fluid (PBS buffer) on the bottom at 37 °C. The receiving
solution was sampled and supplemented periodically. Based on the
standard curve, accumulative drug release profiles were achieved.

Animals and Grouping. The experiments were performed on
four-week-old male CS7BL/6] mice to exclude the influence of
gender on the results. A total of 96 mice with normal hearing were
purchased from SPF Biotechnology Co., Ltd. (Beijing, China;
Experimental Animal License no. SCXK (Beijing) 2019—0010).
Before the experiments, the animals were tested to ensure the absence
of external or middle ear pathology and were group-housed in a
standard 12:12 h light—dark cycle with a constant climate and had
free access to water and food.

According to different intervention strategies, the mice were
randomly divided into the following groups:

1. A control group not given any treatment (Ctrl, n = 3) and a
hydrogel group given an intratympanic injection of PLGA-
PEG-PLGA hydrogel alone (Gel, 10 ul/ear, n = 3). Hearing
detection was performed in both groups on days 1, 7, and 14
after tympanic chamber injection.

2. A control group (Ctrl, n = 15), a 4 h noise exposure group
(NE, white noise, 115 dB SPL, n = 21), a semicircular canal
administration of the BDNF within 14 h after NE group (NE +
BDNF’, 25 ug/mL, 2 ul/ear, n = 6), an intratympanic injection
of the BDNF group within 14 h after NE (NE + BDNF, 25 ug/
mL, 10 ul/ear, n = 9), and an intratympanic injection of the
temperature-sensitive type in situ hydrogel-loaded BDNF-
PLGA group within 14 h after NE (NE + Gel-BDNF, 50 ug/
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mL, 10 ul/ear, n = 12). All groups were detected for ABR
hearing thresholds on days 2, 7, and 14 after NE, and
immunofluorescence staining was performed on day 14.
Western blot was performed on day 2 after NE in the NE
and NE + BDNF groups.

3. A semicircular canal to introduce the green fluorescence-
labeled C6 dye group (Semicircular C6, 2 ul/ear, n = 3), an
intratympanic injection hydrogel loaded with green fluores-
cence-labeled C6 dye group (Tympanic Gel+C6, 10 ul/ear, n =
3), and an intratympanic injection green fluorescence-labeled
C6 dye group (Tympanic C6, 10 ul/ear, n = 3).
Immunofluorescence staining was performed in all groups 1
day after drug administration.

4. A 4 h noise exposure group (NE, n = 3) and an intratympanic
injection of the thermally reversible in situ hydrogel loaded
with BDNF-PLGA dyed with SUGARMAN food coloring
(fruit green) group after NE (NE + Gel-BDNF-SUGARMAN,
10 ul/ear, n = 18). The green hydrogel remaining mass
percentage in the tympanum at different periods was quantified
on the 14th day after NE.

5. The animals were cared for and used following the Guideline
for the Care and Use of Laboratory Animals of the National
Institutes of Health. The experimental protocols were
approved by the Committee on the Ethics of Animal
Experiments of Capital Medical University (AEEI-2021—298).

Noise Exposure. Animals in the noise group were placed in wire
mesh cages inside an anechoic chamber and exposed to 115 dB sound
pressure level (SPL) broadband white noise for 4 h. Noise synthesis
was performed using Cool Edit Pro software (Adobe Systems, San
Jose, CA) and transmitted through XTi4002 CROWN amplifiers
(Harman, Elkhart, IN) to two speakers (JBL KP6000, PROFES-
SIONAL, Harman) for noise release.

Auditory Brainstem Responses. All animals were anesthetized
via intraperitoneal injection of ketamine (100 mg/kg, Gutian
Pharmaceutical Co., Ltd., Fujian, China) and xylazine (10 mg/kg,
Sigma-Aldrich Co., Llc, United States). Needle electrodes were
placed subcutaneously beneath the pinna of the test ear (—) and at
the vertex (+), with a ground electrode placed in the contralateral ear
over the neck muscles. The ABR threshold was recorded in a double-
walled, electrically shielded, and radio frequency-shielded sound
booth. ABR stimulus frequencies of 4, 8, 16, and 32 kHz and clicks
(100 us) were tested with system 3 hardware (Tucker Davis
Technologies, Alachua, FL, United States) and SigGen/BioSig
software (Tucker Davis Technologies). The stimulus level was
calibrated, and a probe tube microphone was tightly fitted into the
external auditory canal.

The ABR threshold was obtained for each animal by reducing the
stimulus intensity in 10 dB steps and then S dB steps to identify the
lowest intensity eliciting a response. The ABR threshold was defined
as the lowest stimulus intensity that produced reliable and
reproducible (in at least two trials) ABR waves. The amplitude of
wave I was identified as the difference between the first peak in the
waveform and the baseline.

In Vitro Culture of the Cochlea Basilar Membrane. P35
CS57BL/6] mice were euthanized using carbon dioxide and disinfected
with 75% ethanol. Their heads were then removed, and the brain
tissue was separated. Under a stereoscopic anatomical microscope, the
cochlear structure was isolated and the basilar membrane of the
cochlea was rapidly dissected. Subsequently, the basilar membrane
was transferred into Dulbecco’s modified Eagle medium (DMEM)/
F12 (containing penicillin) medium (Sigma-Aldrich, St. Louis, USA)
supplemented with 10% bovine serum albumin (Sigma-Aldrich) and
incubated for 24 h at 37 °C in 95% oxygen and 5% CO,. After 1 day
of in vitro cultivation, the cochlear explants were used in the
subsequent experiments.

The cochlear explants of the control group (Ctrl) remained in the
DMEM/F12 medium for 3 and S days, with the medium being
replaced daily. The cochlear explants of the PLGA-PEG-PLGA
hydrogel group (Gel) were kept in the DMEM/F12 medium for 24 h

and then transferred to the DMEM/F12 medium containing PLGA-
PEG-PLGA hydrogel (20 mg/mL) for 3 and S days, with the medium
being replaced daily.”' To examine excitotoxic damage, which is a
type of noise-induced synaptic disorder, the explants were incubated
in the DMEM/F12 (containing penicillin) medium for 24 h and then
treated with 0.5 mM NK medium for 12 h. The NK medium
consisted of 0.5 mM N-methyl-p-aspartate (0114, Tocris Bioscience,
UK) and 0.5 mM kainate (K2389, Sigma-Aldrich, USA). To simulate
the in vitro therapeutic effect of BDNF after noise exposure (NK +
BDNE), the explants were first cultured in the 0.5 mM NK medium
for 12 h and then in the 10 nM BDNF medium for 24 h. After the
experiments, the cochleae of all four groups were removed from the
medium and immobilized for further analysis.

Immunofluorescence Staining. Animals were decapitated under
anesthesia (ketamine, 100 mg/kg, ip; and xylazine, 10 mg/kg i.p.).
Cochlear tissues were carefully removed and initially fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) overnight at 4
°C. After fixation, the cochlea were decalcified with 10% EDTA for
1-2 h. Then the apical, middle, and basal turns of the basilar
membrane were separated in PBS with vestibular membrane and the
tectorial membrane removed. Specimens were subsequently incubated
with 0.3% Triton X-100 in 0.2 M PBS for 30 min and 10% goat serum
(ZSGB-BIO) for 1 h at room temperature. Specimens were incubated
overnight at 4 °C with the following primary antibodies: rabbit
antimyosin-VIIa antibody (1:300, Proteus BioSciences Inc., 25—
6790), mouse anti-CtBP2 antibody (1:500, Abcam, ab204663),
mouse anti-GluR2 antibody (1:400, Millipore, MAB397), and chicken
anti-NF200 (neurofilament 200) antibody (1:400, Chemicon,
ABS5539). The next day, the specimens were rinsed three times in
PBS for 10 min each and then incubated with secondary antibodies
conjugated with goat antirabbit IgG (H + L) Alexa Fluor 647/488,
goat antimouse IgG1 Alexa Fluor 568, and goat antimouse IgG2a
Alexa Fluor 488 (1:300, Invitrogen, A-21245, A-21124, and A-21131,
respectively), along with goat anti-Chicken IgY (H + L) Alexa Fluor
594 (1:300, Abcam, ab150176), for an additional 2 h at room
temperature, then washed three times with PBS for 10 min each and
mounted on a glass coverslip with DAPI (ZSGB-BIO, ZLI-9557).

Confocal Microscope Imaging. Images were captured using a
63X oil-immersion, high-resolution confocal microscope (TCS SP8
IT; Leica Microsystems, Wetzlar, Germany). Scanning was conducted
from top to bottom with an interval of 0.5 ym per layer, resulting in a
series of z-stack images. The specimens were observed with optimal
excitation wavelengths of 488 (green), 568 (red), and 647 nm (silver
gray). DAPI staining was visualized using an optimal excitation
wavelength of 358 nm (blue).

Calculation of the Number and Size of Ribbon Synapses.
Quantification of auditory nerve fibers (ANFs), labeled by anti-
NF200, and ribbon synapses, labeled by anti-GluR2 and anti-CtBP2,
was conducted on the 14th day after NE. Additionally, the number of
ribbon synapses was quantified in the cochlear apex turn, middle turn,
and basal turn. Four samples were selected in each group to calculate
the average number of ribbon synapses for each inner hair cell (IHC).
The total numbers of GluR2- and CtBP2-stained puncta were
combined and divided by the total number of IHC nuclei. The
merged areas of pre- and postsynaptic ribbons were measured using
Adobe Photoshop CS6 software. The synaptic elements were
segmented from the whole image into a single area, and the area of
the synapse was obtained by using the measurement area tool.

Counting the Number of Hair Cells. Quantification of outer
hair cells (OHCs) and inner hair cells (IHCs) was performed in the
cochlear apex turn, middle turn, and basal turn. A hair cell was
considered present if it had an intact, spherical nucleus located in the
basal half of the cell. When the tissue was photographed, special care
was taken to ensure that the nuclei in the focal segment belonged to
the OHCs and not nearby supporting cells. In DAPI-labeled tissue,
intact spherical nuclei were counted to estimate the number of OHCs
and IHCs. For each basilar turn, three visual fields were selected, each
containing approximately 10—14 IHCs and 30—42 OHCs. Four
samples were chosen in each group to calculate the average number of
OHCs and IHCs. OHCs and IHCs counts from confocal images were
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conducted using Image] software (ver. 1.37, NIH, Wayne Rasband,
USA).

Western Blot Analysis. Hank’s balanced salt solution (Gibco,
1491037) was used to dissect the cochlea immediately after removal.
The cochlea was homogenized in ice-cold RIPA lysis solution
(G2002, Servicebio) containing phosphatase inhibitor cocktails and a
RIPA lysis buffer base (G2007, Servicebio). After 30 min on ice, tissue
fragments were separated by centrifugation at 12 000 g for 10 min at 4
°C, and the supernatants were collected as the total protein fractions.
Protein concentrations were measured using the BCA Protein Assay
Kit (G2026, Servicebio). For each sample, two cochlea from the same
mouse were combined. Primary antibody concentrations used were
anti-TRKB (1:2000; Immunoway, YP0270) and anti-ACTIN
(1:12000; Immunoway, YMO0012). Protein samples (10 uL) were
separated using SDS-PAGE (G2003, Servicebio) and then transferred
onto nitrocellulose after electrophoresis. The membrane was blocked
using a 5% nonfat dry milk solution in 0.5% TBST. Primary
antibodies against TRKB (1:2000) or anti-ACTIN (1:12000) were
applied to the membranes for overnight incubation at 4 °C, followed
by three TBST washes lasting 10 min each. Secondary antibodies
were applied to the membranes and incubated for 1 h at a
concentration of 1:14000. The membrane was thoroughly washed
before the immunoreactive bands were visualized using ECL. X-ray
films of Western blots were scanned and examined using AlphaEase
FC software. The relative expression levels of several samples were
determined by calculating the optical density ratio of the TRKB band
within the ACTIN bands.

Statistical Analysis. Statistical analysis was conducted using
GraphPad Prism 8 software (GraphPad Software Inc., La Jolla, CA,
United States). Normally distributed continuous variables were
presented as means + standard error of the mean (SEM). Statistical
differences between groups were analyzed using two-way analysis of
variance (ANOVA), followed by Bonferroni’s multiple comparisons
test. For all analyses, values of p < 0.05 were considered statistically
significant. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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