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Abstract

Among nanoparticle platforms, light or photoresponsive nanoparticles have emerged as a promising drug
delivery strategy with spatiotemporal control while minimizing off-target effects. The characteristic absorption
spectrum of the photoresponsive moiety dictates the wavelength of light needed to activate bond cleavage.
However, the low tissue penetration depth limit and short-wavelength ultraviolet (UV) cellular toxicity are
considered disadvantageous. This study developed a vestibular ganglion neuron organoid as a model for
vestibulopathy. UV and near-infrared (NIR) radiation targeted the inner ear and neural cells, followed by toxicity
evaluation. A significantly smaller toxicity of NIR light was confirmed. The photocleavage release of brain-
derived neurotrophic factor (BDNF) was used by applying NIR wavelength. The results indicate that polyethylene
glycol octamethylene diamine derivative conjugated with leucomethylene blue with an ethanolamine linker
nanoparticle can be effectively disassembled and release BDNF when using the 808 nm laser as a trigger. The
findings of the cytotoxicity assay suggest that photocleavable nanoparticles (PCNs) and laser irradiation are safe
and biocompatible for human-derived and neural progenitor types of cells. Phototriggered BDNF release by
NIR laser supported the growth and differentiation of human neural progenitor cells in culture. In addition, the
vestibulopathy organoid exhibited a significant regenerative effect. This study harnesses the full potential of NIR
laser PCNs to treat vestibular neuropathies.
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Introduction

Nanoparticles represent a cutting-edge frontier in drug
delivery technology, offering a myriad of advantages for
targeted therapeutic interventions. These nanoscale car-
riers, typically ranging from 1 to 100 nm in size, exhibit
unique properties that make them ideal candidates for
addressing complex medical conditions [1]. In inner ear
neuropathies, nanoparticle-based drug delivery systems
hold particular promise, offering a novel approach to
overcoming the challenges associated with conventional
treatment methods.

One of the most intriguing aspects of nanoparticles
is their versatility in design and function. Nanoparticles
can be engineered with precision at the molecular level,
tailored to meet specific therapeutic needs, including
controlled drug release, targeted delivery, and enhanced
bioavailability [2]. Surface modifications allow for precise
tuning of physicochemical properties, such as charge,
hydrophobicity, and biocompatibility, ensuring optimal
interactions with biological systems.

Among nanoparticle platforms, light or photorespon-
sive nanoparticles have emerged as a promising drug
delivery strategy [3]. These nanoparticles are designed
to respond to external stimuli, such as light of a specific

wavelength, triggering the release of encapsulated ther-
apeutic agents in a controlled manner. The ability to
remotely activate drug release offers unprecedented
spatiotemporal control, allowing for precise targeting of
affected tissues while minimizing systemic exposure and
off-target effects.

The inner ear is divided into two different systems, i.e.,
the cochleae (hearing organ) and the vestibule (balance
organ). Both organs are composed of sensory parts that
transfer mechanical stimuli to electric and neural parts,
which in turn transmit electric signals to the brain. The
crucial component of these two organs’ sensory parts is
hair cells with limited regeneration capacity [4]. Most
cochlear pathologies are considered to be related to hair
cell pathologies [5]. Hence, rehabilitation devices, such
as cochlear implants, have been developed to bypass the
hair cells and stimulate the auditory neurons directly.
In the case of vestibulopathies, a widely used diagnosis
for patients with dizziness and imbalance, dysfunctions
occur in various anatomical locations in the vestibular
system. The vestibular neuron is one of the most promi-
nent anatomical locations [6-8]. Therefore, developing
therapeutic agents to regenerate damaged vestibular neu-
rons could greatly aid patients with vestibulopathy.
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Animal models and functional assessment methods
for hearing loss are well established, and it is possible to
distinguish neural from sensory pathologies [9]. How-
ever, behavioral or functional tests for evaluating balance
problems are less specific and hardly distinguish neural
from sensory vestibulopathy. In addition, acquiring the
histologic sample is rather challenging due to the ana-
tomical location of the target organ. Therefore, research-
ers must develop a specific vestibular damage model
to evaluate new or potential therapeutic agents, such
as nanoparticles, for regenerating vestibular neurons.
Organoids offer several advantages over animal models
[10]. One of the most crucial advantages of using organ-
oids as a disease model is enabling the study of a single
organ without any influence on surrounding organs or
tissue. In this study, a vestibular ganglion neuron organ-
oid was developed for a vestibulopathy disease model.
To use this organoid as a specific vestibulopathy disease
model, achieving therapeutic effects with spatiotemporal
control required a meticulously designed photorespon-
sive nanoparticle.

The design of therapeutic, photoresponsive nanopar-
ticles involves carefully considering several key factors,
including the choice of nanoparticle material, the method
of drug encapsulation, and the mechanism of photores-
ponsiveness [4]. Common materials used for nanoparti-
cles include polymers, lipids, and inorganic compounds.
For example, polyethylene glycol (PEG) has been used
in biocompatible and efficient delivery systems [11].
Nanoparticles must be biocompatible, stable, and capable
of efficiently encapsulating therapeutic payloads, such as
brain-derived neurotrophic factor (BDNF), essential in
differentiating vestibular neurons [12—-14]. The encapsu-
lation of therapeutic agents within nanoparticles can be
achieved through various techniques, including physical
encapsulation, chemical conjugation, and electrostatic
interactions [5]. These methods ensure the efficient load-
ing of drugs into nanoparticles while maintaining their
stability and preventing premature release. With BDNF
delivery, ensuring the stability and bioactivity of the pro-
tein within the nanoparticle matrix is crucial for thera-
peutic efficacy. The use of photoresponsive nanoparticles
carrying BDNF could be vital to treating vestibulopathy.

The phototriggered release mechanism of a load, such
as BDNE, from nanoparticles can vary depending on the
desired release profile and application. Common strate-
gies include exploiting photochemical reactions, pho-
tothermal effects, or photophysical processes triggered
by specific wavelengths of light [15]. The choice of pho-
totriggered release mechanism depends on factors such
as the desired release kinetics, tissue penetration depth,
and compatibility with biological systems. In this study,
photocleavage release of BDNF was used to treat vestibu-
lopathy. During photocleavage, photoremovable groups
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absorb photons and convert energy to trigger bond cleav-
age. Small photoresponsive moieties can be covalently
linked to molecules or nanoparticles and removed by
light irradiation to expose targeting ligands or release
payloads [16]. Most of all, the characteristic absorption
spectrum of the photoresponsive moiety dictates the
wavelength of light needed to activate bond cleavage,
such as ultraviolet (UV). However, low tissue penetra-
tion depth and potential tissue toxicity limit short-wave-
length UV light application. Near-infrared (NIR) has
been applied in several studies, but only in combination
with specific nanoparticle that can transfer the NIR to
UV [17, 18]. Eventually, this transferred UV could affect
the survival of remaining or regenerated tissue. Thus,
there is interest in developing ideal photocleavage strate-
gies using exclusive NIR light to realize photoresponsive
payload delivery to deep tissues and promote its clinical
applications.

In inner ear neuropathies, photocleavable nanopar-
ticles (PCNs) offer several distinct advantages. These
nanoparticles can deliver therapeutic agents directly
to the affected tissues within the cochlea and vestibular
system by leveraging precise control of phototriggered
release. This targeted approach minimizes systemic expo-
sure and reduces the risk of adverse effects while maxi-
mizing therapeutic efficacy and patient compliance [19].
One of the most significant obstacles to the delivery of
therapeutics into the inner ear is penetration. Since the
inner ear is located deep inside, light energy is more suit-
able for the controlled release of therapeutic agents. The
optimal wavelength for inner ear delivery is >800 nm for
the deepest penetration [20]. However, previous reports
employing PCNss for the inner ear used UV light, and we
could identify no study using wavelengths in the range of
>800 nm. Therefore, developing PCNs for inner ear neu-
ropathies that use deeply penetrating wavelengths that
are readily formulated with no biological complications is
crucial.

Through interdisciplinary collaboration between
materials science, nanotechnology, and otolaryngology
researchers, this study aims to harness the full potential
of PCNs to treat vestibular neuropathies. By elucidating
the mechanisms underlying nanoparticle-mediated drug
delivery and optimizing nanoparticle design for clinical
applications, this research endeavors to translate scien-
tific advancements into tangible clinical solutions, ulti-
mately improving the quality of life of individuals affected
by inner ear disorders, specifically vestibular neurons.

Results

Comparison of cytotoxicity of NIR laser (808 nm) and UV
(254 nm) in human neural progenitor cells (hNPCs)

Human neural progenitor cells (hNPCs) were used as a
model for resident neural precursor cells in the vestibular
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ganglion, which could regenerate the vestibular neuron.
In epifluorescence analysis, hNPCs vividly expressed
SOX1 and Nestin, which are neural progenitor markers
(Fig. 1a). hNPCs proliferated in a culture medium for 3
days, and light irradiations of NIR laser (808 nm) and UV
(254 nm) were applied 24 h later. Both light irradiations
were performed in three different energy densities (30,
60, and 90 J/cm?). UV irradiation results show a statis-
tically significant reduction of cell viability at all energy
densities (Fig. 1b). NIR laser irradiations show no reduc-
tion of cell viability at all densities (Fig. 1c). These results
implicate the possibility that UV irradiation, which is
most widely adopted (directly or indirectly) as a stimulus
for photocleavage, is potentially harmful to resident neu-
ral precursor cells in inner ear ganglions.

Development and analysis of the photocleavable polymer

An NIR-photocleavable polymer was developed in this
study as a delivery vehicle for BDNF due to the advan-
tageous characteristics of NIR compared with UV and
visible light in terms of deeper tissue penetration and
reduced phototoxicity. The design utilizes methylene

(a) DAPI
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blue (MB), chemically modified at the carbamoyl site,
as a photocleavable ligand in the far-red-to-NIR region.
MB was reduced to leucomethylene blue (LMB) and
conjugated to hydrophilic polyethylene glycol (PEG)
to modulate the optical properties and hydrophobic-
ity, forming an amphiphilic polymer. Specifically, LMB
was conjugated to a polyethylene glycol octamethylene
diamine (PEGOD) derivative via an ethanolamine (EA)
linker, resulting in the amphiphilic polymer PEGOD-
EA-LMB photocleavable property (Fig. 2a). The syn-
thesized amphiphilic polymer PEGOD-EA-LMB was
characterized by proton nuclear magnetic resonance (*H
NMR) and Fourier transform-infrared (FT-IR) analyses
to confirm its chemical structure and composition. The
'H NMR analysis revealed the presence of peaks corre-
sponding to the different chemical groups in PEGOD-
EA-LMB (Fig. 2b), confirming its successful synthesis.
Characteristic signals were observed at 6.8 ppm for the
LMB ring and at 2.7 ppm for the 12 H of the LMB methyl
groups. EA linker CH, peaks at 3.4 and 4.3 ppm and
11 C of PEGOD chain peaks at 1.4 ppm were also evi-
dent. Based on the ratio of protons on the end groups to

(b) UV (254 nm)
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Fig.1 UV (254 nm) vs. laser (808 nm) cytotoxicity assay in human neural progenitor cells (nNPCs). (@) hNPCs were grown in culture for 3 days prior to UV
or laser treatment, and viability assays were performed 24 h after. Immunofluorescence images show the expression of NPC markers SOX1 and Nestin. (b)
UV irradiation at energy densities 30, 60, & 90 J/cm? significantly decreased the viability of hNPCs after 24 h in a culture determined via CCK-8 assay. (c)
Laser irradiation at energy densities 30, 60, & 90 J/cm? did not affect hNPCs viability. The statistical significance of the data was analyzed using one-way
ANOVA with Tukey's multiple comparisons test for each group (**** P<0.0001)
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Fig. 2 Photocleavable PEGOD-EA-LMB synthesis. (a) Synthesis scheme of polyethylene glycol octamethylene diamine (PEGOD, red) derivative and leuco-
methylene blue (LMB, blue), linked with ethanolamine (EA, green). The resulting product (PEGOD-EA-LMB) was analyzed, and the structure was confirmed
by (b) proton nuclear magnetic resonance (600 MHz; CDCly; & ppm: 7.24) and (c) Fourier transform-infrared (400-4,000 cm™") spectroscopy

protons on the polymer chain from the 'H NMR spectra,
the average molecular weight of the synthesized poly-
mer was estimated at 5,795.84+201.63 g/mol (5.8 kDa;
S1). Additionally, FT-IR analysis provided evidence of
the chemical structure and composition of PEGOD-EA-
LMB (Fig. 2¢). Its FT-IR spectrum showed the presence
of bands corresponding to amide (1,579.41 cm™') and
ester (1,719.23 cm™!) C=0O stretching, C-O (1,100-
1,470 cm™!) stretching, asymmetrical stretching of C—H
in the methyl group (2,887.88 cm™!), and amine stretch-
ing (3,320.82 cm™1).

Characteristics of the photocleavable nanoparticles

PEGOD-EA-LMB demonstrated its amphiphilic nature
by self-assembling into nanoparticles (Fig. 3a) in aque-
ous solutions containing BDNFE. BDNF was success-
fully trapped through polymer intercalation when
PEGOD-EA-LMB transitioned from aqueous to organic
to aqueous solutions and evaporation, creating stable
photocleavable nanoparticles. The formed nanoparticle
consisted of a hydrophobic LMB core and hydrophilic
PEGOD tail with a diameter ranging from 50 to 100 nm,

as observed in transmission electron microscopy (TEM)
images (Fig. 3b). The self-assembly of PEGOD-EA-LMB
with encapsulated BDNF into nanoparticles in aque-
ous solutions provides a promising delivery system for
growth factors in the inner ear. The encapsulation effi-
ciency (EE) of the amphiphilic nanoparticles remained
consistent and high for both bovine serum albumin
(BSA), a commonly used carrier or stabilizer for growth
factors, and BDNF at a loading of 5 pg (Fig. 3c). Load-
ings higher than 5 pg with either BSA or BDNF did not
increase EE.

The TEM images confirmed that the photocleavable
nanoparticles had a uniform spherical morphology with
a diameter range of 50-100 nm, which aligns with the
size distribution observed in the pre-irradiation DLS
measurements. The study also demonstrated the pho-
totriggered disassembly and release of BDNF from the
PEGOD-EA-LMB nanoparticles using an 808 nm NIR
laser (Fig. 4a). The PCNs were disassembled at varying
energy densities (0, 30, 60, and 90 J/cm?) upon laser irra-
diation, as shown in the dynamic light scattering inten-
sity distribution graphs (Fig. 4b), with a shift toward a
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Fig. 3 Photocleavable nanoparticle (PCN) fabrication. (a) Schematic illustration of the self-assembly of polyethylene glycol octamethylene diamine—
ethanolamine —leucomethylene blue (PEGOD-EA-LMB) polymer and encapsulation of brain-derived neurotropic factor (BDNF) in aqueous—organic—
aqueous solutions to form approximately 50 nm PCNs as observed by (b) transmission electron microscopy with hydrophobic LMB core and hydrophilic
PEGOD tail. Loading amounts higher than 5 pg with either (c) bovine serum albumin or (d) BDNF did not increase encapsulation efficiency. The statistical
significance of the data was analyzed using one-way ANOVA with Tukey's multiple comparisons test for each group (n=6)

broader distribution of smaller-sized particles attributed
to the formation of debris resulting from photocleavage
(indicated by the asterisk). The mean particle diameter
significantly decreased with no significant difference in
the polydispersity index after laser irradiation, indicat-
ing homogenous cleavage of the nanoparticles (Fig. 4c).
Higher laser irradiation energy density (90 J/cm2) formed
larger agglomerated particles than in the other groups
(Fig. 4d). The formed debris measured<5 nm but >2
nm for all laser-irradiated particles, in contrast to con-
trol or nonirradiated particles with debris<2 nm. The
size distribution data suggest that laser irradiation at an
energy density <90 J/cm?® could prevent the formation of
agglomerated particles. The results indicate that PEGOD-
EA-LMB nanoparticles can effectively disassemble and
release BDNF using the 808 nm laser as a phototrigger.
The controlled release of BDNF from PCNs upon
NIR laser irradiation occurs via a photocleavage
mechanism intrinsic to the polymeric structure. Upon
exposure to an 808 nm NIR laser, the LMB moiety

undergoes oxidation, converting into its MB form
through a reactive oxygen species (ROS)-mediated
mechanism. This oxidative transition destabilizes the
carbamate linkage within the PEGOD-EA-LMB struc-
ture, leading to bond cleavage. As a result, the polymer
undergoes structural disassembly, triggering the con-
trolled release of BDNF. Furthermore, ROS assays (S2)
confirmed that NIR-triggered oxidation did not gener-
ate excessive ROS beyond physiological levels, further
supporting this delivery system’s non-cytotoxic and
biocompatible nature.

BDNF is encapsulated through physical entrapment
and weak intermolecular interactions. The self-assem-
bly of PEGOD-EA-LMB forms nanoparticles with a
hydrophobic LMB core and a hydrophilic PEGOD shell,
ensuring a stable environment. Electrostatic interactions
between BDNF’s amine residues and the PEG hydroxyl
groups further stabilize the encapsulated protein, pre-
venting premature release. Upon laser activation, photo-
cleavage disrupts these interactions, enabling controlled
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Fig. 4 Effect of laser irradiation on photocleavable nanoparticles (PCNs). (@) Schematic illustration of 808-nm laser irradiation and parameters used to
disassemble nanoparticles for the phototriggered release of brain-derived neurotrophic factor. (b) Dynamic light scattering intensity distribution graphs
show cleavage of nanoparticles upon laser irradiation at varying energy densities (0, 30, 60, and 90 J/cm?), with a broader distribution of smaller-sized par-
ticles attributed to debris resulting in photocleavage. (c) Mean particle diameter significantly decreased (by half) after laser irradiation with no significant
difference in the polydispersity index, indicative of homogenous cleavage. (d) However, at 90 J/cm? larger agglomerated particles formed significantly
relative to the other groups. Formation of debris measuring <5 nm but >2 nm was observed for laser-irradiated particles. Groups were compared using
one-way ANOVA with Tukey’s multiple comparisons test (**** P<0.0001)
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and sustained BDNF release while preserving its struc-
tural integrity and biological activity.

Biocompatibility of the photocleavable nanoparticles

The results of the PCN cytotoxicity assay of human
neural progenitor cells (hNPCs) indicated that con-
centrations of PCNs up to 900 pg/mL did not have
any cytotoxic effects on hNPCs after 24 h in culture
(Fig. 5a—b). Moreover, at 562 pug/mL, PCNs exhibited
improved hNPC proliferation, likely due to an opti-
mal balance of nanoparticle concentration, cellular
uptake, and biological activity, enhancing cell adhe-
sion and signaling. However, at higher concentrations
(>562 pg/mL), saturation effects or minor aggrega-
tion may have reduced bioavailability, leading to a
plateau in proliferation. Similar trends are observed
in nanoparticle-based delivery systems, where mod-
erate concentrations promote cellular responses, but

(a) (b)

CCK-8 Assay
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excessive amounts may diminish benefits. Future stud-
ies should further investigate nanoparticle-cell interac-
tions and intracellular signaling pathways influencing
proliferation. We also found that laser irradiation at
energy densities of 30, 60, and 90 J/cm? did not affect
the viability of hNPCs (Fig. 5c). Furthermore, the use
of laser irradiation in combination with PCNs did not
show any cytotoxic effects on hNPCs, as confirmed by
the Cell Counting Kit-8 (CCK-8) assay and immunoflu-
orescence imaging (Fig. 5d). The presence of PCNs on
hNPCs was also confirmed by their fluorescence upon
irradiation, which is attributed to the MB moiety that
emits at 680—750 nm. This fluorescence also confirmed
the successful photocleavage of PCNs, as emission was
observable upon cleavage and conversion of LMB to
MB. The findings of the cytotoxicity assay suggest that
PCNs and laser irradiation are safe and biocompatible
for human-derived and neural progenitor types of cells.
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Fig.5 Photocleavable nanoparticle (PCN) cytotoxicity assay in human neural progenitor cells (NNPCs). (@) hNPCs were grown in culture for 3 days prior to
PCN or laser treatment, and viability assays were performed after 24 h. (b) Concentrations of PCN up to 900 ug/mL exhibited no cytotoxic effect on hNPCs.
(c) Laser irradiation in combination with PCNs at energy densities of 30, 60, and 90 J/cm?, did not affect hNPC viability after 24 h in culture, as determined
by the CCK-8 assay. (d) Immunofluorescence images show the presence of PCNs in hNPCs, confirming that hNPCs remained viable after treatment and
laser irradiation. Groups were compared using one-way ANOVA with Tukey’s multiple comparisons test
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Differentiation of hNPCs by photocleavable nanoparticles
In the study, 808-nm laser irradiation at different energy
densities triggered the release of BDNF from PCNs in
hNPCs (Fig. 6a). Irradiation at 60 J/cm? (89.15+0.57%)
resulted in BDNF release that was higher relative to
30 J/cm? (69.01+2.86%) and control or no laser treat-
ment (9.58+1.99%), but was not significantly higher
than 90 J/cm? (90.76+1.94%). This result corresponds
to the observed difference in growth and differentiation
of hNPCs cultured for 7 days in neuronal differentia-
tion medium (NDM) without the BDNF component and
treated with PCNs and laser irradiation (Fig. 6b). The
PCN concentration adjusted to release approximately
100 ng/mL of BDNF was designed to replace BDNF in
the culture of hNPCs. PCN-releasing BDNF induced sig-
nificant changes in the expression of the neural progeni-
tor cell marker (Nestin) (Fig. 6¢c—d). Nestin expression
was significantly higher for PCNs irradiated at 60 J/cm?
than control (PCNs only) and PCNs irradiated at 90 J/
cm?, based on mean fluorescence intensity in confocal
images processed using Image] software (NIH, Bethesda,
MD, USA). Slight inhibition in the growth of ANPCs was
observed for the 90 J/cm? laser treatment. Higher mean
fluorescence intensity for PCNs and laser irradiation at
60 J/cm? was also observed for the mature neuronal cell
marker (NeuN) relative to control (Fig. 6e—f). The results
suggest that PCNs and phototriggered BDNF release at
60 J/cm? were able to support the growth and differentia-
tion of hNPCs in culture.

Differentiation and characteristics of vestibular ganglion
neuron (VGN) organoids

Vestibular ganglion organoids were developed to model
vestibular neurons in animals. These organoids were gen-
erated from vestibular ganglion cells isolated from the
cochlea of 1-day-old (P1) rat pups (n=22) (Fig. 7a). Dif-
ferent culture methods were tested to optimize organ-
oid formation. Initially, a mixture of Matrigel and single
dissociated cells (1 x 10°) was plated on an 18-mm cover
glass. However, this approach led to incomplete aggrega-
tion (S3a-b). Next, a U-shaped 96-well plate was used to
seed 3.5 x 10° dissociated cells, but the resulting cell clus-
ters remained small (<100 pm in diameter) (Figure S4a).
Finally, plating a mixture of media and 3.5 x 10* cells pro-
duced clusters with an optimal diameter of approximately
300 um (S4b). Once plated on flat cover glass, organoids
exhibited neurite outgrowth, with continuous migration
over time (S4c).

Among the various dissociated cell types, only a subset
remained viable in proliferation media, gradually reduc-
ing total cell number (Fig. 7b, S5) [21-23]. We compared
proliferation and neural differentiation media (NDM)
(S6a) to determine the optimal culture conditions. By
day 21 (D21), organoids cultured in NDM exhibited an

Page 9 of 21

early increase in NeuN-expressing cells and a decrease in
NeuN- and GFP-negative cells (astrocyte marker) (S6b-
d), indicating more efficient and accelerated neuronal
differentiation. Notably, NDM contained BDNF and neu-
rotrophin-3 (NT-3) neurotrophic factors, essential for
neuronal differentiation and maturation. Based on these
findings, NDM was selected for the later stages of organ-
oid differentiation (Fig. 7c). For detailed methodology,
refer to the Methods section.

VGN organoids cultured in NDM began expressing
NeuN as early as day 3 (D3). The population of NeuN-
positive cells significantly increased at D3 and D21 com-
pared to DO (n=6; ** P<0.0001), while Nestin-positive
cells showed a decreasing trend over 21 days, though the
reduction was not statistically significant (n=6; P>0.05)
(S7b). These findings indicate the progressive differentia-
tion of mature neurons in VGN organoids over time.

The morphology of NeuN- and Nestin-positive cells in
primary VGNs (Fig. 7d) closely resembled that of VGN
organoids at D21 (Fig. 7e). Serial epifluorescence analysis
(S7a, c) also revealed the presence of glial cell markers.
Astrocytes and microglia were identified using GFAP and
Ibal, respectively. While the GFAP-positive cell popu-
lation remained stable throughout the culture period,
Ibal-positive cells showed a significant increase at D21
compared to DO and D3 (*1=6; P<0.05). At D21, NeuN-
positive cells (arrows) and GFP-positive cells (arrow-
heads) displayed distinct localization patterns (S6b).

To assess whether VGN organoids exhibit afferent neu-
ron-specific characteristics, we analyzed calbindin and
calretinin, well-established peripheral sensory nervous
system (PNS) markers [24-26]. Additionally, Isletl, a
key transcription factor in developing PNS neurons, was
detected (S8) [27, 28]. Notably, NeuN and other neuronal
markers were predominantly localized at the periphery of
VGN organoids, likely due to their proximity to NDM. In
contrast, Nestin expression at later differentiation stages
was concentrated in the central region of the organoids
(Fig. 7e), suggesting a spatial organization that reflects
distinct neuronal maturation zones.

Verification of functional characteristics in VGN organoids
The functional properties of vestibular ganglion organ-
oids were assessed using whole-cell patch clamp record-
ings. One day before the experiment, VGN organoids
were transferred onto Poly-D-Lysine (PDL)-coated
18-mm round cover glass, allowing the organoids to
attach to the coverslip (Fig. 8b). Due to their three-dimen-
sional structure, the patch clamp procedure differed from
conventional methods [29]. Instead, the electrode pipette
was positioned first, and then the organoids were care-
fully brought into contact with the pipette.

For comparison, primary VGNs were also subjected to
patch clamp recordings and exhibited Tujl expression, a
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Fig. 6 Phototriggered release of brain-derived neurotrophic factor (BDNF) from photocleavable nanoparticles (PCNs) and its effects on the growth and
maturation of human neural progenitor cells (NNPCs). (@) Amounts (%) of BDNF released in hNPCs at different energy densities (0, 30, 60, and 90 J/em?)
after laser irradiation. Irradiation at 60 J/cm? (89.15%) showed BDNF release that was higher relative to 30 J/cm? (69.01%) but not significantly higher than
90 J/cm? (90.76%). (b) hNPCs were grown in culture for 3 days prior to PCN or laser treatment, and the medium was changed to neuronal differentiation
medium (NDM) containing no BDNF. Maturation effects were determined after 7 days in NDM (D10). (c) The neural progenitor cell marker Nestin had
significantly higher mean fluorescence intensity relative to PCN only and PCN+90 J/cm?, as assessed by immunohistochemical staining (d). (e) The cor-
responding immunofluorescence images also observed a higher mean fluorescence intensity with PCN+60 J/cm? for the mature neuronal cell marker
NeuN (f). Groups were compared using one-way ANOVA with Tukey's multiple comparisons test (**** P<0.0001)
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Fig. 7 Isolation of vestibular ganglion neurons (VGNs), three-dimensional (3D) organoids culture, and characterization. (a) Primary vestibular ganglion
culture step 1:tissue isolation. Images of VGN isolation from P1 rat pups (dotted lines show vestibular ganglion utricle and saccule). (b) Primary vestibular
ganglion culture step 2: Dissociation. TrypLE™ Express Enzyme dissociated vestibular ganglion into neuronal, neural progenitor, glial-like, and blood cells.
(c) Primary vestibular ganglion culture step 3: Plating and differentiation. Every single cell is plated in a U-shape culture plate. 3D organoids were formed
through aggregation by D0. Media was changed to neural differentiation media (NDM) on DO. As of D3, differentiation into VGN organoids started. (d)
Representative immunofluorescence images show primary VGNs on DO. Most vestibular ganglion neurons are positive for neuron and neural stem cells,
marked by neuronal cell markers, NeuN (red) and Nestin (green). (e) Representative confocal images of organoids show positive expression for neural
stem cell marker Nestin and mature neuronal cell marker NeuN expressed 3 days after culture in NDM. Nestin expression decreased at day 21, while NeuN

expression persisted

marker of peripheral sensory neurons [30] (S9). Sodium
currents, indicative of neuronal excitability, were
observed in patched cells from both primary VGNs and
organoids (Fig. 8a-c). These signals disappeared after
the replacement of extracellular sodium with N-methyl-
d-glucamine (NMDG), confirming that the signals were
sodium currents [31].

The I-V curve analysis showed a decrease in conduc-
tance after NMDG replacement, indicating Na* current
blockade in both primary VGNs and organoids (Fig. 8d).
These findings demonstrate that VGN organoids possess
electrophysiological properties comparable to native ves-
tibular neurons, confirming the successful generation of
functional vestibular ganglion organoids.

Regenerative effect of PCNs with BDNF in a vestibular
organoid disease model

Neuronal cell damage in vestibular organoids was
induced using ouabain (03125; Sigma—Aldrich, St. Louis,
MO, USA), a drug that causes neuronal damage. The
organoids were also cultured in NDM without BDNF to
determine PCNs’ ability to successfully deliver BDNF and
its regenerative effect in the disease model. The neuronal
cell population in the organoids significantly decreased
in the differentiation medium without BDNF, reflected
in decreased expression of NeuN (Fig. 9a-b). Vestibular
ganglion organoids in NDM without BDNF were treated
with ouabain (0.2, 0.5, and 1 mM) on day 21, with cell
viability assessment and immunofluorescence stain-
ing performed after 48 h (Fig. 9c). Cell viability (%) sig-
nificantly and dose-dependently decreased with ouabain
treatment (Fig. 9d). A concentration of 1 mM ouabain
decreased cell viability by half and significantly decreased
the expression of the mature neuronal cell marker NeuN
(Fig. 9e), indicating that 1 mM of ouabain was the opti-
mal concentration to induce vestibular neuronal cell
damage.

Organoids were treated with 1 mM ouabain on day 21,
and PCNs with laser treatment were administered after
24 h to assess the effects of PCNs with BDNFE. Cell via-
bility (%) and the expression of NeuN and Nestin were
assessed 24 h after PCNs with laser treatment (Fig. 9f).
Weak Nestin expression was observed after 1 mM oua-
bain treatment (Fig. 9g), which confirmed ouabain-
induced damage. However, regeneration was confirmed

with PCNs irradiated at 30 and 60 J/cm?, when Nestin
significantly improved or recovered. Nestin and NeuN
expression did not significantly improve with PCNs and
90 J/cm? laser treatment, with a low number and sig-
nificantly short length of Nestin-positive cells relative to
other laser treatments (Fig. 9h). Therefore, laser irradia-
tion at 30 and 60 J/cm? successfully released BDNF from
PCNs into the damaged organoids, but the most signifi-
cant regenerative effect was observed with 60 J/cm? laser
treatment. In contrast, 90 J/cm? did not show regenera-
tive effects in damaged organoids. Overall, the results
indicate that the PCNs in this study could be a powerful
tool to treat inner ear dysfunction, particularly vestibular
neuropathy, when used as a delivery system for BDNF.

Discussion

Light source and irradiation parameters

Laser stands for “light amplification by stimulated emis-
sion of radiation” A laser emits coherent light of a single
wavelength [32], while light-emitting diodes (LEDs) pro-
duce noncoherent light across a range of wavelengths
[33]. Lasers are typically more focused, intense, and
directional, while LEDs are more diffuse and less intense.
Lasers are commonly used in applications requiring pre-
cision and focus, such as laser cutting, laser surgery, bar-
code scanners, and optical communications (e.g., fiber
optics). Their coherent light allows for tight focusing over
long distances. On the other hand, LEDs are versatile and
used in various applications, including lighting (bulbs,
displays), indicators, remote controls, and automotive
lighting. They provide energy-efficient illumination and
are often preferred for general lighting due to their lower
cost and broader range of colors [34]. The inner ear is a
relatively small organ, and the delivery route is mostly
through the tympanic membrane. Therefore, light energy
delivery should be highly focused as used in the experi-
ment. As mentioned, the wavelength is crucial for inner
ear delivery. Previous studies [20, 35] and our data (S10)
revealed that the penetration depth of NIR light is neces-
sary for deeply located target organs with power density
kept within 200 mW to prevent damage to surrounding
tissue. Currently, most light-activated drug releases adopt
low wavelength parameters, which have a relatively low
penetration rate. Higher penetration is necessary for the
use of controlled drug delivery to anatomically deeply
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Fig. 8 Functional assessment of primary VGNs and organoids (a) and (c) Sodium currents were generated by patched cells from the differentiated
primary VGNs culture and organoids, indicative of depolarization and activity. Depolarizing pulses induced inward currents, which were blocked almost
completely in a low-sodium condition (*140 mM NMDG replacement). (b) A scheme of whole cell patch clamp on the VGN organoids. Organoid is on the
Poly-D-Lysine (PDL)-coated 18-mm cover glass to avoid being washed away by bath flow. (d) I-V curve of both primary VGNs and organoids shows Na +
conductance before and after NMDG replacement, showing a comparable conductance pattern
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(See figure on previous page.)

Fig. 9 Effects of laser and photocleavable nanoparticles (PCNs) loaded with brain-derived neurotrophic factor (BDNF) on ouabain-induced neuronal
damage in vestibular ganglion neuron (VGN) organoids. (a) Confocal images of VGN organoids cultured in a differentiation medium for 21 days showed a
decrease in Nestin expression with neurotrophic factor NT-3 without BDNF. (b) The mature neuronal cell marker NeuN also decreased without BDNF in the
medium, as shown in the mean fluorescence intensity graph. (c) VGN organoids ouabain treatment concentration and cytotoxicity evaluation schedule.
(d) Immunofluorescence staining revealed a decrease in NeuN expression with increasing ouabain concentration, with a significant decrease in cell vi-
ability. () Ouabain induced damage in VGN organoids in a dose-dependent manner, with a 0-5% decrease in cell viability observed with 1 mM after 24 h.
(f) An experimental schedule of PCNs and laser treatment of VGN organoids damaged by ouabain were used. (g) Immunofluorescence images after oua-
bain, PCN, and laser treatments with a corresponding assessment of (h) the length and number of Nestin-positive cells. Few Nestin-expressed cells were
observed in the control or ouabain group, while the PCN-and the number and length of Nestin-positive cells were markedly increased in the laser-treated
groups, except at the energy level of 90 J/cm?. Groups were compared using one-way ANOVA with Tukey’s multiple comparisons test (**** P<0.0001)

located target organs such as the inner ear. The laser’s
NIR wavelength shows fair energy penetration, which
could be used as a non-invasive (without further surgi-
cal procedures to deliver light energy to the target organ)
trigger for BDNF release.

BDNF load and laser energy

The optimum amount of BDNF loading via the self-
assembly in the PCNs was determined. A higher amount
of BDNF (>5 ug) could not be trapped more efficiently
within the PEG network upon intercalation during
the organic solvent dissolution due to repulsive forces
between amine residues in BDNF and hydroxyl groups
in the PEG backbone. The entrapment of BDNF within
the intercalated PEG and LMB core prevents premature
release in an aqueous solution. However, long-term sta-
bility remains to be determined. BDNF is released by
photocleavage and the correlation between nanoparticle
disassembly and cellular viability provides key insights
into the optimization of energy density for effective
BDNF delivery. The study determined that an energy
density of 60 J/cm?® is optimal, as it maximizes BDNF
release while maintaining uniform nanoparticle cleav-
age and minimizing the formation of large aggregates.
Higher energy densities, such as 90 J/cm?, led to excessive
agglomeration, potentially reducing BDNF bioavailabil-
ity and inducing cellular stress. Findings demonstrated
that BDNF release triggered at 60 J/cm?® significantly
enhanced neuronal differentiation, as observed by
increased Nestin and NeuN expression. Conversely, at
90 J/cm?, reduced differentiation and viability were evi-
dent, aligning with the aggregation effects observed.
These results highlight that excessive energy input dis-
rupts nanoparticle stability and negatively impacts cel-
lular response, underscoring the importance of selecting
an optimal energy density for therapeutic applications.
Cytotoxicity assays confirmed that 60 J/cm® effectively
supports neural progenitor differentiation without sig-
nificant adverse effects, ensuring that the selected energy
density delivers BDNF while preserving cellular health.
Hence, this parameter was used in the organoid disease
model, wherein BDNF was omitted from the differen-
tiation protocol and replaced by PCNs as the source of
BDNE. The optimized laser energy density supported

Nestin expression in vestibular organoids and facili-
tated significant neuronal recovery, demonstrating that
laser-triggered BDNF release effectively promotes neu-
ronal regeneration without causing adverse effects. This
controlled release system was designed to mimic physi-
ological BDNF levels, thereby avoiding overstimulation
or desensitization of neurotrophic signaling pathways, a
crucial factor for maintaining long-term therapeutic effi-
cacy. These results underscore the importance of precise
energy calibration to maximize therapeutic benefits while
preserving cellular health. Future studies should focus
on further optimizing NIR dosage, evaluating the long-
term impacts of sustained BDNF release, and investigat-
ing potential adaptive cellular responses to repeated laser
treatments, particularly in vivo, to advance the therapeu-
tic potential of this approach.

Previous studies have demonstrated that similar pho-
tocleavable systems maintain prolonged stability in aque-
ous environments, preventing premature drug leakage
and preserving therapeutic integrity until triggered by
light [16, 39]. These findings suggest that repeated acti-
vation and sustained drug release are feasible, supporting
the clinical applicability of this approach. Future studies
will further assess the long-term stability and efficiency
of repeated NIR-induced release in our system.

Impact of vestibular ganglion neuron organoids

The possibility of robust regeneration of a vestibular
nucleus that connects to a vestibular ganglion has been
proposed [36]. In addition, the possibility of vestibu-
lar ganglion regeneration has been reported [37], and a
vestibular ganglion neuron isolation technique has been
established [38]. However, very few studies have reported
successful regeneration of functional three-dimensional
(3D) vestibular ganglion structures. We dissociated the
cells from the vestibular ganglion and used a technique
to differentiate the vestibular ganglion neuron from neu-
ral progenitor cells. Again, this confirmed the ability to
regenerate or differentiate from progenitor cells. On dif-
ferentiation day 0, there were no mature neurons, but
after 3 days of culture, numerous mature neurons were
observed, which indicated that these cells were differen-
tiated from neural progenitor or neural stem cells. With
the current disease model, we can differentially evaluate
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the target cell for individual diseases and therapeutic
agents. Furthermore, since the robust innate neural con-
nectivity of a vestibular neuron has been revealed [37],
evaluation of possible methods to reestablish the con-
nection between a vestibular ganglion and a vestibular
nucleus might be possible.

In the present study, we used the vestibular neuron
organoid as a disease model instead of an animal model.
There are reports of an animal model for unilateral ves-
tibulopathy [39, 40], but mimicking human conditions
was challenging. There are several reasons for this. First,
the rodent vestibular system has a better recovery capac-
ity compared with clinical conditions. After unilateral
damage of vestibular afferent neurons, the majority of
rodent animal models displayed almost complete recov-
ery of balance [39]; this differs from the clinical condition,
in which balance disabilities remain [41—43]. In addition,
it is widely believed that ‘vestibular neuritis’ is a specific
disease of vestibular neurons [44, 45]. However, isolated
damage to a neuron is not feasible. Evaluations using
behavioral tests involve numerous other areas of the
brain. Thus, evaluating a pharmacologic agent in relation
to this specific target is challenging. Organoids are cul-
tured based on pluripotent or multipotent cells and form
3D structures, such as target organs, via self-renewal and
self-organization. They serve as research tools as they are
composed of multiple cells capable of performing target
functions [46]. Since they can resemble the structures
and functions of organs, they have been adopted as tools
for modeling diseases, drug screening, and regenerative
research [47]. In the present study, we developed an elec-
trophysiologically confirmed organoid that imitated ves-
tibular neurons as a model to confirm the effect of PCNs.
Although it is difficult to evaluate some characteristics
such as response to injury, the organoid shows compa-
rable regeneration capacity to primary vestibular organ-
oid (Fig. S7: organoid; primary culture data not shown).
This organoid can confirm the effect of PCNs on vestibu-
lar neurons as regenerative therapy using BDNF; we are
currently elaborating on this finding. Attaching a homing
particle to target inner ear neurons could also be applied
to spiral ganglions for cochlear implantation, with encap-
sulation of cells such as neural progenitor cells. We envis-
age multiple applications for many other neural diseases
that affect deep-lying structures and require a controlled
release to reduce unwanted effects.

Mechanistic insights into regeneration

BDNF'’s effects on vestibular neuron regeneration involve
a network of interrelated signaling pathways that collec-
tively enhance neuron survival, axon regrowth, synap-
tic plasticity, and functional recovery. BDNF-mediated
PI3K/Akt and MAPK/ERK signaling enhance axon
elongation and branching [48]. PLCy/PKC activation
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supports neurotransmission recovery. PI3K/Akt and
JAK/STAT protect against apoptosis and oxidative stress
[49]. ERK1/2 promotes long-term changes in vestibular
circuitry, which is crucial for restoring balance function
[48]. These multiple roles of BDNF might be helpful for
the treatment of hidden vestibulopathy [50], which is pre-
sumed to be related to the synaptic connection between
the sensory cell and the vestibular nerve. So far, the clini-
cal impact, such as related symptomatic correlation, has
not been established yet. Nevertheless, BDNF could be
optimal for treating these neural pathologies, including
synaptopathy.

Clinical implication

These promising results in the organoid model in the
present study indicate that selective and timely treatment
of BDNF is possible without damaging the surrounding
structure. Since BDNF is a growth factor that could lead
to the growth of nervous structures, treatment could
lead to unwanted growth of neurons, leading to hyper-
excitation of neuronal response in the vestibular sys-
tem or other surrounding systems. With this controlled
photo-activated release, more detailed and tailored,
less invasive treatment would be possible and greatly
enhance patients’ quality of life with uncompensated
vestibulopathy.

Materials and methods

Synthesis and characterization of the photocleavable
polymer

The NIR-photocleavable polymer used in this study
(PEGOD-EA-LMB) was synthesized based on a previ-
ously described protocol [51] with some modifications. In
brief, 50 g of poly(ethylene glycol) methyl ether (mPEG;
5,000 Da; 81323; Sigma—Aldrich) was dissolved in 100
mL of toluene (8541-4100; Daejung; Siheung, South
Korea) and subjected to azeotropic distillation until the
volume was reduced to about 20 mL of visibly clear solu-
tion. Separately, 20 mmol of 4-nitrophenyl chloroformate
(160210; Sigma—Aldrich) and 20 mmol of triethylamine
(85556 —4400; Daejung) were dissolved in 10 mL of
dichloromethane (DCM; Samchun Chemicals, Seoul,
South Korea) and added dropwise to the mPEG solution,
which was stirred overnight at room temperature (RT).
The mixture was slowly added to diethyl ether (4025-—
4400; Daejung) on ice with continuous stirring to precipi-
tate the product. The precipitated product was purified
by dissolution—precipitation with DCM and diethyl ether
and recrystallized in ethyl acetate (4016 — 1100; Daejung).
The PEG-nitrophenyl intermediary product was vacuum-
dried. Next, 5 mmol of PEG-nitrophenyl was dissolved in
10 mL of DCM and added dropwise to a solution of octa-
methylene diamine (20 mmol) dissolved first in methanol
(5558 —4400; Daejung) and then in DCM. Triethylamine
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(2 mmol) in DCM was added (250 pL) to the solution
and stirred overnight. The reaction mixture was pre-
cipitated in diethyl ether with dissolution—precipitation
and recrystallization steps similar to the first interme-
diary product, PEG-nitrophenyl. The resulting product
was PEGOD. The product was vacuum-dried and stored
under reduced pressure prior to use.

Modified 10-N-carbamoyl MB was synthesized accord-
ing to previously described protocols with some modifi-
cations [52] and conjugated to the synthesized PEGOD.
The modified product LMB was dissolved in DCM (5
mmol) and added dropwise to a solution of PEGOD in
DCM (2 mmol). Triethylamine (2 mmol) in DCM was
added (250 pL) to the solution. The reaction was run
overnight and precipitated, purified, and recrystallized,
following protocols similar to those of the intermedi-
ary products. The resulting product, PEGOD-EA-LMB,
was vacuum-dried and stored in the dark under reduced
pressure.

The chemical structure of the synthesized PEGOD-EA-
LMB was characterized by '"H NMR (sample dissolved
in CDCl,;, 8 ppm: 7.24) using a Bruker AVANCE 600
(Bruker, Billerica, MA, USA) instrument. The molecular
weight was calculated based on the ratio of end-group
protons to polymer chain protons. FT- IR (6100 type A;
JASCO, Tokyo, Japan) was also performed to confirm the
synthesized polymer. A potassium bromide (KBr) disk
containing 1.0 wt% of the sample was analyzed in the
range of 4,000-400 cm™' at a resolution of 4 cm™! with
32 cumulative scans.

Fabrication of PCNs

Photocleavable nanoparticles were formed via the
self-assembly mechanism in aqueous—organic—aque-
ous solutions followed by drying steps. First, 30 mg of
PEGOD-EA-LMB polymer was dissolved in Dulbecco’s
phosphate-buffered saline (DPBS; 20-031-CV; Corn-
ing, Jiangsu, China) containing different concentrations
of either BSA (BioShop, Burlington, Canada: 5, 10, and
30 pg) or BDNF (788902; BioLegend, San Diego, CA,
USA: 1, 5, and 10 pg), and freeze-dried. The powder was
resuspended in ethyl acetate and vacuum-dried. The
dried powder was reconstituted in PBS for subsequent
analysis. Samples were kept in the dark at 4 °C to main-
tain stability. The generated nanoparticles were mor-
phologically assessed by TEM (JEM 1400; JEOL, Tokyo,
Japan). The % EE for BSA and BDNF in nanoparticles
was calculated as (total BDNF added— free BDNF)/total
BDNEF added.

Light treatment of PCNs

A commercially available laser with a wavelength of
808 nm and frequency of 47-63 Hz (PSU-III-LED; CNI
Laser, Changchun, China) was used according to the
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manufacturer’s instructions. UV (254 nm) exposure was
performed using CL-1000 UV Crosslinker (UVP, Upland,
CA, USA). Dosimetry was performed to determine laser
settings before conducting laser treatment using a power
meter probe and measuring the power output of the laser
handpiece at a distance of 3.0 cm from the bottom of the
plate (average penetration rate of 17% in a 4-week-old
C57B6 mouse purchased from NARA Biotech (Seoul,
South Korea)). The laser setting was adjusted to achieve
a power density of 200 mW/cm? Each laser shot was
adjusted based on the irradiation time (150, 300, and
450 s) to achieve the specified energy densities (30, 60,
and 90 J/cm?, respectively). The effect of laser treatment
on the size of the PCNs was evaluated by dynamic light
scattering using a zeta potential and particle size analyzer
(ELSZ-2000; Otsuka Electronics, Osaka, Japan).

Evaluation of cytotoxic effects of PCNs and laser treatment
on hNPCs

hNPCs (ACS-5004; ATCC, Manassas, VA, USA) were
used to determine the cytotoxicity of PCNs in culture. To
culture hNPCs, plates were coated with 1% cellular base-
ment membrane (ATCC) for 1 h at RT before seeding.
For the cytotoxicity evaluation of the PCNs, hNPCs were
seeded in coated 96-well plates with a cell concentra-
tion of 2 x 10* cells/mL, cultured in recommended com-
mercial hNPC growth medium (ACS-3003; ATCC), and
maintained inside an incubator at 37 °C and 5% CO,. The
hNPCs were grown and allowed to proliferate for 3 days
prior to treatment.

Different concentrations of PCNs (500-1,000 pg/mL)
were prepared by suspending the particles in the hNPC
growth medium. Medium from the hNPCs grown in
96-well plates was removed, and PCNs were added to
each well (100 pL) containing hNPCs kept for 24 h inside
the incubator at 37 °C and 5% CO, before cytotoxicity
assay. Cytotoxicity assay was performed using CCK-8/
EZ-Cytox assay (DoGenBio, Seoul, South Korea). The
assay detects viable cells based on water-soluble tetra-
zolium salt (WST-8) reduced by dehydrogenase activi-
ties, giving a yellow formazan dye soluble in the tissue
culture medium. The solution was mixed at a ratio of
1:9 with fresh medium and incubated for 4 h inside the
incubator at 37 °C and 5% CO,. Optical densities were
obtained at 450 nm using a microplate reader (Infinite
200 PRO; Tecan, Grodig, Austria). Triplicate readings
were obtained from at least three individual culture and
treatment batches. The data are reported as mean + stan-
dard deviation. The same treatment schedule and proto-
cols were followed for the determination of the potential
cytotoxic effects of laser-only treatment and PCNs
(500 pg/mL) at different energy densities (30, 60, and
90 J/cm?) in hNPCs for CCK-8 viability assay. PCNs sus-
pended in PBS were centrifuged and resuspended in an
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hNPC growth medium. The PCNs were sonicated prior
to use to remove agglomeration. Additional immuno-
fluorescence staining was performed for PCNs with laser
treatment. The hNPCs were stained with Alexa Fluor™
488 Phalloidin (A12379; Invitrogen, Carlsbad, CA, USA),
which selectively stains the filamentous actin (F-actin)
of cells, with 4’,6-diamidino-2-phenylindole (DAPI;
5087410001; Sigma-—Aldrich) used for nuclei staining.
The samples were observed under a fluorescence micro-
scope (EVOS™ M7000 Imaging System; Invitrogen,
Darmstadt, Germany).

Effects of laser treatment and PCNs on hNPC
differentiation
The amount of BDNF released (%) from PCNs upon irra-
diation at different energy densities (0, 30, 60, and 90 J/
cm?) was determined using a Human BDNF ELISA Kit
(ab212166; Abcam, Eugene, OR, USA) following the
manufacturer’s protocol. The amount of PCNs needed to
deliver approximately 100 ng of BDNF onto the cultured
hNPCs during neuronal differentiation was calculated.
First, hNPCs in growth medium cultured for 3 days
were treated with PCNs and laser irradiation. After
treatment, the growth medium was changed to NDM
without BDNF consisting of basal Dulbecco’s modified
Eagle’s medium (DMEM)/Ham’s F12 (10-090-CV; Corn-
ing, Corning, NY, USA), 1x N2 Supplement (17502-048;
Gibco; ThermoFisher Scientific, Waltham, MA, USA),
2x B27 Supplement (17504-044; Gibco), 1% penicillin/
streptomycin (30-2300; ATCC), 1,000 U/mL leukemia
inhibitory factor (LIF; ESG1107; Millipore, St. Louis,
MO, USA), and 10 ng/mL NT-3 (712102; BioLegend).
BDNF was omitted from the medium to assess the effects
on differentiation of BDNF released from PCNs alone.
The hNPCs were kept for 7 days in culture and fixed for
immunofluorescence staining. Images were acquired
using the fluorescence microscope. The mean fluores-
cence intensity via obtained using Image] analysis of
three batches of samples with an average of six images.

Primary vestibular ganglion culture

Vestibular ganglion isolation

Postnatal day 1 pup (P1; n=22) of Sprague—Dawley rats
were used in this study. We rinsed the pups’ head and
neck parts with 70% ethanol and decapitated using surgi-
cal scissors. After opening the skin, using the tips of Iris
scissors, an incision was made along the midline of the
skull, starting from the brainstem area. The cerebrum
part was lifted toward the brainstem to expose the ven-
tral side of the brain by flipping it over using curved for-
ceps. At this point, we can identify two nerve bundles
connecting the brainstem and the inner ear (Fig. 7a). The
end of the nerve bundles of the brainstem was cut using
micro scissors, and then the inner ear was extracted in
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cold 1x HBSS (14025-092; Gibco). We can distinguish the
vestibular ganglion on the extracted inner ear (Fig. 7a).
The vestibular ganglions were isolated from the inner ear

using fine forceps and collected in a 1.5 ml tube contain-
ing 1x HBSS (Gibco) [28].

Vestibular ganglion dissociation

The vestibular ganglions were transferred to another 1.5 ml
tube containing prewarmed TrypLE™ Express Enzyme
(12604-013; Gibco) and incubated in a 37 °C water bath for
20 min. After incubation, TrypLE™ Express Enzyme was
removed, and the ganglion were washed using 1x HBSS
three times. The ganglion was dissociated using pipette of
1000, 200, and 10 g [. After dissociation, they were sepa-
rated as single cells using 40 pm cell strainer (352340;
Corning). Cell count was performed using Hematocytom-
eter and Trypan Blue (15250-061; Gibco).

Vestibular ganglion organoids plating and differentiation

After dissociation, 3.5x 10* of cells were seeded into a
PrimeSurface 96 M 3D cell culture plate (MS9096UZ;
S-BIO, NH, Hudson, USA). First two days of the culture
are considered as -2 and —1 day, which is for prolifera-
tion under proliferation media. The proliferation medium
consisted of neurobasal medium (21103-049; Gibco)
supplemented with 2% of B27 (17504-044; Gibco), 1% of
GlutaMAX (35050-061; Gibco), and 5,000 U/mL peni-
cillin/5,000 pg/mL streptomycin (Corning) (Table 1). In
the proliferation media, cells begin to aggregate, and at
this time, cells other than ganglia cells are degenerated
due to the characteristic of proliferation media which
allows the limited survival of the other cells [21-23]. In
the primary VGNs culture, decreased number of cells are
also observed at DO compared to D-2 (S5). Once conflu-
ence was achieved or sufficient cells were aggregated,
organoids were transferred to new 3D cell culture plate
containing neural differentiation media (NDM). The
NDM consisted of DMEM/Ham’s F12 (Corning) supple-
mented with 2% of B27 (Gibco), and 1% each of Gluta-
MAX (Gibco) and N2 (17502-048; Gibco). Additionally,
10 ng/mL each of BDNF (BioLegend) and NT-3 (BioLe-
gend) were added for differentiation (Table 2). Medium

Table 1 Media composition of proliferation media

Proliferation Media

Add (50 ml)
Neurobasal 48 ml
2% B27 supplement 1 ml
1% Glutamax 0.5 ml
1% Penicillin / Streptomycin 0.5 ml
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Table 2 Media composition of neural differentiation media

Neural Differentiation Media (NDM)

Add (50 ml)
DMEM/Ham’s F12 47.9 ml
2% B27 supplement 1 ml
1% Glutamax 0.5 ml
1% N2 supplement 0.5 ml
10ng/ml of BDNF (10ug/ml) 50 ul
10ng/ml of NT3 (10ug/ml) 50 ul

change and differential interference contrast imaging
was performed every 3 days. Primary VGNs culture was
also performed. 9 x 10* of cells were seeded into 12-well
plate including proliferation media with 18-mm cover
glass coated by 0.5 p g/ml of Poly-D-Lysine (A3890401;
Gibco).

Cells were fixed on DO, D3, and D21 for immunohis-
tochemical evaluation to confirm the characteristics and
differentiation of vestibular ganglion culture. Whole-cell
patch clamp and vestibular organoid disease modeling
were performed on D21, which was considered the com-
plete differentiation stage in our culture system. Cells
were grown in NDM without BDNF and treated with 1
mM ouabain (Sigma-Aldrich) for vestibular organoid
disease modeling.

Immunofluorescence staining

Cells were fixed in 100% methanol or 4% paraformal-
dehyde and permeabilized with 0.3% or 0.1% Triton
X-100 (T8787; Sigma—Aldrich) in 1 x PBS. After block-
ing in 10% or 3% BSA (ALBO001; BioShop), cells were
treated with anti-Nestin (NBP1-92717; Novus Biologi-
cals, Centennial, CO, USA), anti-neuronal nuclei (NeulN;
ab177487; Abcam), anti-glial fibrillary acidic protein
(GFAP; MAB360; EMD Millipore, Burlington, MA,
USA), ionized calcium-binding adapter moleculel (Ibal;
ab178846; Abcam), anti-calbindin (ab1778; Abcam), cal-
retinin (MAB1568; EMD Millipore), anti-insulin gene
enhancer protein (isletl; ab20670; Abcam), and class
II B-tubulin (Tujl; 801201; BioLegend) and incubated
overnight at 4 °C. One day after primary antibody treat-
ment, cells were washed with 1 x PBS, incubated with
Alexa Fluor 488 and 555, and goat anti-mouse or -rab-
bit conjugated secondary antibodies (Invitrogen) for
1.5 h at RT. Then, cells were washed three times with 1x
PBS for 5 min each and mounted with DAPI-containing
VECTASHIELD anti-fade mounting medium (H-1200;
Vector Laboratories, Burlingame, CA, USA). Single-cav-
ity microscope slides (76 x26 mm? with ground edges;
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1042001; Heinz Herenz, Hamburg, Germany) were
used to mount vestibular ganglion organoids. Cells were
observed with a confocal microscope (FV31-S; Olympus,
Tokyo, Japan) to obtain representative images. The Nes-
tin- and NeuN-positive cells were manually counted, and
Nestin lengths were measured using Image]. The length
of Nestin-expressing cells was obtained by measuring
from the soma to the edge of Nestin-positive cells. Cell
population analysis was carried out in more than four
randomly selected regions of interest from three batches
of samples.

Electrophysiology
Whole-cell currents were recorded from cultured ves-
tibular ganglion cells differentiated for up to 21 days
(D21). All experiments were performed at RT using an
EPC-8 amplifier (HEKA, Lambrecht, Germany). Elec-
trodes (3—5 MQ) were filled with a solution containing
Cs-methanesulfonate (140 mM; Sigma—Aldrich), EGTA
(0.1 mM; Merck, Darmstadt, Germany), HEPES (20
mM; Gibco), Mg-ATP (1 mM; Sigma—Aldrich), Na,GTP
(1 mM; Merck), sucrose (10 mM; Sigma—Aldrich), and
TEA-Cl (10 mM; Tocris Bioscience, Toronto, Canada).
The internal solution was titrated with CsOH (Merck).
The data were filtered at 5 kHz (EPC-8; HEKA), digitized
at 10 kHz, and stored in the computer via WinWCP soft-
ware (ver. 5.7.0; University of Strathclyde, Glasgow, UK)
for offline analysis. The stored data were analyzed using
Clampfit 11.2 (Molecular Devices, San Jose, CA, USA).
More detailed information related to organoids’ whole
cell patch clamp technique was described in results 2.7.

Statistical analysis

Data were analyzed using GraphPad Prism version 10.1.2
(GraphPad Software Inc., San Diego, CA, USA) and one-
way ANOVA with Tukey’s post hoc test used for multi-
ple comparisons unless stated otherwise. P-values <0.05
were considered significant.

Conclusion

This study presents a novel approach to treating vestib-
ular neuropathies using NIR laser-induced PCNs with
BDNE. The synthesized amphiphilic polymer, PEGOD-
EA-LMB, demonstrated successful self-assembly into
nanoparticles capable of encapsulating BDNF, offering
a promising delivery system for growth factors in the
inner ear. The photocleavable nature of these nanopar-
ticles enabled the precise and controlled release of BDNF
upon NIR laser irradiation that significantly influenced
the growth and differentiation of hNPCs, indicating
the efficacy of this delivery system in promoting neural
development. Moreover, the study successfully generated
vestibular ganglion organoids that closely mimic vestibu-
lar neurons, providing a valuable model for vestibular
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neuropathies. The regenerative effects of PCNs loaded
with BDNF were successfully evaluated in a vestibular
organoid disease model induced by ouabain. The results
demonstrated that PCNs, when irradiated with NIR laser,
which is non-cytotoxic at appropriate energy densities,
effectively delivered BDNF and promoted regeneration of
damaged vestibular neurons.

Overall, this research highlights the potential of NIR
laser-induced PCNs as a promising therapeutic tool
for treating inner ear dysfunction, particularly vestibu-
lar neuropathies, by providing a precise and controlled
delivery system for growth factors and safety. While this
study confirms the biocompatibility of PCNs in neu-
ral progenitor cells and vestibular organoids, potential
immune responses and toxicity in complex in vivo envi-
ronments remain to be fully explored. Although PEG-
based nanoparticles are generally associated with low
immunogenicity, further studies are needed to assess
systemic effects, biodistribution, and long-term safety.
These investigations will be essential for validating the
clinical feasibility and translational potential of PCNs for
sustained therapeutic applications. Further studies and
clinical trials are also warranted to validate the efficacy
of this approach for clinical applications, with the ulti-
mate goal of improving the quality of life for individuals
affected by inner ear disorders. The innovative utilization
of nanoparticles, particularly photoresponsive nanopar-
ticles, presents a groundbreaking frontier in addressing
inner ear neuropathies. These nanoscale carriers offer
unparalleled advantages in targeted drug delivery, pro-
viding precise control over therapeutic release while min-
imizing systemic exposure and maximizing efficacy. The
broader range of potential treatment strategies, such as
using the PCN as gene or cell delivery tool, is considered
the next step.
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