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Epigallocatechin gallate (EGCG)-loaded tetrahedral DNA
nanostructures (TDNs, EGCG@TDNSs) have been successfully
developed through non-covalent interactions, which
effectively prevented cytotoxicity and apoptosis induced

by lipid peroxidation /n vitro. In addition, /in vivo studies
suggested that EGCG@TDNSs significantly improved low-
frequency hearing function in the noise-induced hearing loss
model and the protective effect of EGCG@TDNSs towards
spiral ganglion neurons.
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Epigallocatechin gallate-loaded tetrahedral DNA
nanostructures as a novel inner ear drug delivery
systemt

Yuming Chen,@ia'b'C Jiayi Gu,®®€ Yan Liu,% Ke Xu,?®< Jie Song, ® e
Xue“ng Wang'*a.b.c Dehong Yu*a,b,c,f ahd HaO Wu*a,b,c

The study of drug delivery systems to the inner ear is a crucial but challenging field. The sensory organ (in
the inner ear) is protected by the petrous bone labyrinth and the membranous labyrinth, both of which
need to be overcome during the drug delivery process. The requirements for such a delivery system
include small size, appropriate flexibility and biodegradability. DNA nanostructures, biomaterials that can
arrange multiple functional components with nanometer precision, exhibit characteristics that are com-
patible with the requirements for inner ear drug delivery. Herein, we report the development of a novel
inner ear drug delivery system based on epigallocatechin gallate (EGCG)-loaded tetrahedral DNA nano-
structures (TDNs, EGCG@TDNs). The TDNs self-assembled via base-pairing of four single-stranded DNA
constructs and EGCG was loaded into the TDNs through non-covalent interactions. Cy5-labeled TDNs
(Cy5-TDNs) were significantly internalized by the House Ear Institute-Organ of Corti 1 cell line, and this
endocytosis was energy-, clathrin-, and micropinocytosis-dependent. Cy5-TDNs penetrated the round
window membrane (RWM) rapidly in vivo. Local application of EGCG@TDNs onto the RWM of guinea pigs
in a single dose continuously released EGCG over 4 hours. Drug concentrations in the perilymph were
significantly elevated compared with the administration of free EGCG at the same dose. EGCG@TDNs
were found to have favorable biocompatibility and strongly affected the RSL3-induced down-regulation
of GPX4 and the generation of reactive oxygen species, on the basis of 2',7'-dichlorodihydrofluorescein
diacetate staining. JC-1 staining suggested that EGCG@TDNs successfully reversed the decrease in mito-
chondrial membrane potential induced by RSL-3 in vitro and rescued cells from apoptosis, as demon-
strated by the analysis of Annexin V-FITC/PI staining. Further functional studies showed that a locally
administered single-dose of EGCG@TDNSs effectively preserved spiral ganglion cells in C57/BL6 mice after
noise-induced hearing loss. Hearing loss at 5.6 and 8 kHz frequencies was significantly attenuated when
compared with the control EGCG formulation. Histological analyses indicated that the administration of
TDNs and EGCG@TDNs did not induce local inflammatory responses. These favorable histological and
functional effects resulting from the delivery of EGCG by TDNs through a local intratympanic injection
suggest potential for therapeutic benefit in clinical applications.
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Introduction

The delivery of sufficient drug concentrations to the sensory
organ in the inner ear is a major unmet clinical need in the
treatment of inner ear diseases such as idiopathic sudden sen-
sorineural hearing loss, Méniére’s disease and drug- or noise-
induced hearing loss (NIHL)."” The blood-brain barrier and
blood-labyrinth barrier severely limit drug concentrations in the
inner ear after intravenous or oral (systemic) administration.?
The alternative to systemic administration is local drug delivery,
which mainly includes intratympanic and intracochlear/intrala-
byrinthine delivery. Intracochlear drug delivery, in which the
drug is directly released into the inner ear field, would give
higher inner ear drug concentrations than either systemic or
intratympanic delivery. However, intracochlear delivery requires
surgery, which may cause secondary trauma in patients.* The
most widely used method for drug delivery to the inner ear is
intratympanic delivery, in which a drug solution is injected
through the tympanic membrane into the middle ear.>®
Intratympanic delivery results in enhanced drug concentrations
and reduces secondary trauma, but frequent administration is
necessary to maintain drug concentrations in the inner ear.*

The rapid development of nano-based drug delivery systems
in recent years may provide an alternative strategy to treat
inner ear diseases.>” Studies have shown significant protective
effects of a dexamethasone sodium phosphate multivesicular
liposome thermosensitive hydrogel and a novel outer hair cell-
targeted/reactive oxygen species (ROS)-responsive nanoparticle
berberine delivery system against noise-induced hearing
impairment.®® Liposomes modified with SS-31 have been
investigated for improving the efficacy of minocycline against
gentamicin-induced hearing loss and optimized phospholipid-
based nanoparticles have been used to alleviate ototoxicity
induced by kanamycin.'®'" A variety of nanocarriers are cur-
rently being investigated for the treatment of inner ear dis-
eases in clinical trials.” These delivery systems, however, still
face challenges including limited round window membrane
(RWM) and oval window membrane (OWM) penetration, long-
term toxicity due to poor biocompatibility and low
biodegradability.”* Consequently, there is an imperative to
develop novel carriers for inner ear drug delivery to meet the
current clinical demand.

With great progress in the past four decades, various DNA
nanostructures have been applied to different fields including
single-molecule analysis, drug delivery, bioimaging, biosensing
and DNA computing.>® There has been a widespread study of
DNA nanostructures for anti-cancer and anti-bacterial therapy
because of their biocompatibility, biodegradability and
versatility.''® More importantly, based on the Watson-Crick
base-pairing principle, homogeneous populations of DNA nano-
structures can be assembled with precisely controlled size and
shape, leading to their unique advantage of penetrating biologi-
cal barriers such as skin.'®*® The application of DNA nano-
structures for the treatment of dermatological diseases has also
attracted great attention in recent years.'>*° Given the similarities
of skin and RWM/OWM as biological barriers, we hypothesized
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that DNA nanostructures of a particular size and shape would be
able to penetrate the RWM/OWM and serve as a new nanoplat-
form for the delivery of therapeutic agents into the inner ear.

Epigallocatechin gallate (EGCG), the most abundant catechin
found in tea, exhibits various biological and pharmacological
activities, including anti-inflammatory, antioxidant, antibacter-
ial, and anti-tumor properties.”’>* Studies have demonstrated
that EGCG improves mitochondrial function, scavenges intra-
cellular ROS and inhibits lipid peroxidation,>*°® which make
EGCG a candidate for the treatment of hearing loss treatment.
Recent studies have demonstrated that EGCG can alleviate
hearing loss induced by aminoglycoside antibiotics or
cisplatin.””"*® However, the low bioavailability, stability and poor
solubility of EGCG greatly limit its use in clinical settings.>**°
The encapsulation of EGCG in nano-sized vehicles has been
considered as an approach to solve these problems.>"**3°

In this study, we aimed to evaluate the potential of DNA
nanostructures with a specific shape and size for inner ear
delivery. Furthermore, these DNA nanostructures could carry
active drugs to alleviate sensorineural hearing loss as a new
inner ear drug delivery system. In particular, tetrahedral DNA
nanostructures (TDNs), which were most efficiently taken up
by auditory hair cell lines of four synthesized DNA nano-
structures, were selected as candidates for inner ear drug deliv-
ery. The cellular uptake and stability of TDNs were investigated
in vitro. The feasibility of penetrating the RWM into the inner
ear by TDNs was validated in vivo. As shown in Scheme 1,
EGCG was loaded into TDNs via non-covalent interactions to
construct a novel delivery system (EGCG@TDNSs). The size,
morphology, drug-loading profile and in vivo drug-release
profile of EGCG@TDNs were investigated. The biological func-
tions and mechanisms of EGCG@TDNs against RSL3-induced
lipid peroxidation were demonstrated in an auditory cell line.
Alleviation of noise-induced hearing loss by single dose intra-
tympanic administration of EGCG@TDNs was investigated
in vivo, which suggested great potential of these DNA nano-
structures for inner ear drug delivery.

Results and discussion
Screening for optimal DNA nanostructures

The cellular uptake of a drug delivery system is crucial to
obtain effective concentrations in cells. Since the size and
shape have been identified as determinants for the cellular
uptake of nanocarriers,® four different DNA nanostructures,
including TDNs (7 nm side length), 6H x 73 nt (5.4 x 6 x
24nm), 4 x4 x 64 nt (8 x8x22nm)and 6 x 6 x 64 nt (12 x 12
x 22 nm), were designed and synthesized according to the pre-
vious literature for screening (Table 1, ESL{ Fig. 1A).*>?3
Meanwhile, as shown in Fig. 1A, in order to have the same
molarity of Cy5 fluorophores, S1 and TDNs were tagged with
one Cy5 fluorophore (Cy5-S1, Cy5-TDNs), 6H x 73 nt was
tagged with three Cy5 fluorophores (Cy5-6H x 73 nt), and 4 x 4
x 64 nt and 6 x 6 x 64 nt were tagged with five Cy5 fluoro-
phores (Cy5-4 x 4 x 64 nt, Cy5-6 x 6 x 64 nt). The successful
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Scheme 1 Schematic showing the preparation of EGCG@TDNs and drug delivery to the inner ear for the treatment of noise-induced hearing loss.

synthesis of TDNs was verified by native polyacrylamide gel
electrophoresis (PAGE), which showed that TDNs had the
slowest migration rate compared with the four single strands,
S1 + S2 and S1 + S2 + S3 (Fig. 1B), matching the 300 bp band
from the DNA ladder. Atomic force microscopy (AFM) was
used to examine TDNs and 6H x 73 nt, which showed that
TDNs were tetrahedral and 6H x 73 nt was tubular in struc-
ture (Fig. 1C). Furthermore, transmission electron
microscopy (TEM) showed that 4 x 4 x 64 nt and 6 x 6 x 64 nt
had cubic structures (Fig. 1C). The House Ear Institute-Organ
of Corti 1 (HEI-OC1) cell line, derived from the auditory
organ of the transgenic mouse Immortomouse,** was used to
evaluate the cellular uptake of the four DNA different nano-
structures. Confocal images demonstrated markedly higher
intracellular accumulation of TDNs than S1, 6H x 73 nt, 4 x 4
x 64 nt and 6 x 6 x 64 nt (Fig. 1D). Consequently, TDNs with
a smaller size (7 nm), uniform shape (tetrahedral structure)

8002 | Nanoscale, 2022, 14, 8O00-80T1

and higher intracellular accumulation were selected for sub-
sequent studies.

Cellular uptake profiles and mechanism of TDNs

The cellular uptake of Cy5-TDNs by HEI-OC1 cells was exam-
ined by confocal imaging and flow cytometry. Confocal images
(Fig. S1A%) revealed the rapid uptake of TDNs by HEI-OC1 cells
within 1 h. Moreover, the decreased intracellular fluorescence
after 24 h incubation, according to flow cytometry statistical
analysis, indicated the degradation of the TDNs (Fig. S1Bf).
The greater intracellular fluorescence intensity of Cy5-TDNs
compared with Cy5-S1 after 24 h further suggested that the
three-dimensional structure of TDNs is an important factor for
cellular uptake. It was noted that the cellular uptake of TDNs
after 6 h incubation was concentration-dependent (Fig. S1C
and S1D7). Intracellular fluorescence intensity increased with
increasing concentration of Cy5-TDNs but there was no signifi-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Screening for optimal DNA nanostructures and characterization of TDNs. (A) Schematic illustration of Cy5-labeled TDNs, 6H X 73 nt, 4 X 4 x
64 nt and 6 X 6 x 64 nt nanostructures (Cy5-TDNs, Cy5-6H X 73 nt, Cy5-4 x 4 x 64 nt, Cy5-6 x 6 x 64 nt) (B) 8% Native polyacrylamide gel electro-
phoresis (PAGE) analysis of DNA single strands and TDNs. (C) Atomic force microscopy (AFM) images of TDNs and 6H X 73 nt and transmission elec-
tron microscopy (TEM) images of 4 X 4 X 64 nt and 6 X 6 X 64 nt nanostructures. AFM scale bar = 100 nm; TEM scale bar = 50 nm. (D) Confocal
images of HEI-OC1 cells incubated with 150 nM Cy5-S1, 150 nM Cy5-TDNs, 50 nM Cy5-6H x 73 nt, 30 nM Cy5-4 x 4 x 64 nt and 30 nM Cy5-6 x 6
X 64 nt for 6 h. Scale bar = 10 um. (E) Intracellular mean fluorescence intensity of HEI-OCL1 cells incubated with 150 nM Cy5-TDNs at 4 °C for 6 h or
pre-incubated with 20 puM inhibitors including CPZ, MBCD, EIPA and nocodazole for 1 h, followed by co-incubation with 150 nM Cy5-TDNs and
20 pM inhibitors for a further 6 h. Stability of TDNs in (F) different pH environments, (G) 50% FBS and (H) artificial perilymph for 24 h. Statistical sig-
nificance: **P < 0.01, ***P < 0.001.
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cant difference between the 150 and 300 nM concentrations of
Cy5-TDNs, which demonstrated the involvement of active
transport in the cellular uptake of TDNs.

To explore the mechanism of Cy5-TDN internalization into
HEI-OC1 cells, the effect of four different pathway inhibitors,
including chlorpromazine (CPZ clathrin-dependent endocyto-
sis), methyl-p cyclodextrin (MBCD, caveolin-dependent endocy-
tosis), 5-(N-ethyl-n-isopropyl) amiloride (EIPA, pinocytosis),
nocodazole (microtubules) and low temperature (4 °C) were
studied. Intracellular fluorescence intensity was analyzed
using a high content screening system. As shown in Fig. 1E,
there was more than a half reduction (62.76 + 1.84%, p <
0.001) in intracellular fluorescence intensity at 4 °C compared
with 33 °C, indicating that the uptake of TDNs was energy-
dependent. Interestingly, treatment of HEI-OC1 with MBCD or
nocodazole did not markedly reduce the internalization of
TDNSs, with no significant decrease in fluorescence compared
with TDNs at 33 °C. Thus, caveolin-dependent endocytosis and
microtubules may not contribute to the cellular internalization
of TDNs. In contrast, the fluorescence intensity significantly
decreased in the presence of CPZ (8.09% =+ 3.08%, p < 0.01)
and EIPA (24.80% = 2.88%, p < 0.001) compared with TDNs at
33 °C, suggesting that TDNs might be internalized by HEI-OC1
cells via multiple endocytic pathways, including micropinocy-
tosis, and clathrin-mediated endocytosis. These results were
different from previous reports that found the endocytosis of
TDNs was caveolin-dependent in MCF-7, HeLa and COS-7 cell
lines.**?® Since previous studies concluded that cellular recep-
tors mediate the uptake of TDNs,*® a possible explanation is
that the expression levels of these receptors are significantly
different in HEI-OC1 cells compared with those cells. The
design of specific DNA nanostructures tailored to different
organs, tissues and cells may therefore have potential for
improving the efficacy of functional small molecules.

Stability studies

The stability of TDNs under various conditions was evaluated
in vitro because of its importance in ensuring successful drug
delivery. The pH and nuclease stabilities of TDNs were exam-
ined in serum-free medium at pH 5.0-8.0 or 50% fetal bovine
serum (FBS) for 24 h. Native PAGE showed negligible changes
in the TDN band after 24 h incubation at pH 5.0-8.0,
suggesting no obvious disassembly of TDNs (Fig. 1F). This
result demonstrated the strong stability of TDNs under
different pH conditions. By contrast, TDNs were degraded
gradually over time when incubated in 50% FBS, with a com-
plete loss of the TDN band after 24 h incubation (Fig. 1G).
This suggested the susceptibility of TDNs to the presence of
nucleases, which was in good agreement with the previous lit-
erature.’” Before absorption by different types of cells along
the cochlear spiral, nanocarriers would remain in the peri-
lymph of scala tympani and scala vestibuli after penetrating
the RWM and OWM. Consequently, the stability of TDNs in
the perilymph is critical for effective drug delivery. The stabi-
lity of TDNs in artificial perilymph was therefore investigated
in a mimicked physiological environment. The TDNs exhibited

8004 | Nanoscale, 2022, 14, 8O00-801
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great stability in artificial perilymph, with no significant
decrease in band intensity by native PAGE after 24 h incu-
bation (Fig. 1H). This result suggested the minimal impact of
the ion homeostasis microenvironment in the entire scala on
the stability of TDNs, demonstrating another advantage of
TDNs as nanocarriers for inner ear drug delivery.

Validating the feasibility of TDNs reaching the inner ear

Penetration of the biological barriers (RWM and OWM)
between the middle and inner ear is a prerequisite for the
application of TDNs for inner ear drug delivery. To determine
whether TDNs could penetrate the RWM into the inner ear,
gelfoam with Cy5-TDNs was placed on the round window
niche using a retroauricular approach. RWM samples were
scanned layer by layer using a confocal laser scanning micro-
scope according to the reported method.*® Confocal images
(Fig. 2A and B) showed that TDNs rapidly penetrated the
RWM, since a clear Cy5 fluorescent signal of TDNs was
detected in the outer epithelium (OE) and connective tissue
layers (CT) of the RWM 0.5 h after administration. Meanwhile,
the fluorescence intensity decreased gradually from the OE
towards the inner epithelium layer (IE), illustrating the pene-
tration of the RWM by Cy5-TDNs. This process is more intui-
tively presented in 3D confocal images (Fig. 2C). Fig. 2D shows
the mean fluorescence intensity in each layer of the RWM
from the middle ear side to the inner ear side. The peak fluo-
rescence intensity shifted from a depth of 7 nm at 0.5 h to
9 nm at 6 h, confirming the migration of Cy5-TDNs from the
middle ear side to inner ear side of the RWM. Fluorescence
was also measured in the cochleae of the Cy5-TDN-adminis-
tered and contralateral sides using an in vivo imaging system
(IVIS, Fig. 2E). The fluorescence intensity in the cochlea on the
Cy5-TDN-administered side was markedly higher than that in
the contralateral ear 0.5 h after administration. Finally, the
perilymph was extracted from the cochleae and the fluo-
rescence intensity was measured (Fig. 2F). As expected, the
fluorescence intensity of the perilymph from the administered
side was significantly higher than that on the contralateral
side 0.5, 2 and 6 h after administration (p < 0.001). Overall,
these results demonstrated the ability of TDNs to penetrate the
RWM into the inner ear.

Characterization of EGCG@TDNSs

To further explore the potential of TDNs for inner ear drug
delivery, EGCG, a double-stranded DNA intercalator with anti-
oxidant activity, was loaded into TDNs.?>*° The morphologies
and zeta potentials of TDNs and EGCG@TDNs were character-
ized. Uniform morphologies of TDNs and EGCG@TDNs, with
minimal size difference, were observed by TEM imaging
(Fig. 3A and S27). The result demonstrated that EGCG loading
did not significantly affect the original structure. As shown in
Fig. 3B, the zeta potentials of TDNs, EGCG and EGCG@TDNs
were —3.5, —9.7 and —4.3 mV, respectively. The successful
intercalation of EGCG into TDNs was determined by UV-visible
absorption measurements and fluorescence spectroscopic
studies. The absorption spectra of TDNs and EGCG@TDNs

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Validating the feasibility of TDNs reaching the inner ear. Confocal images of (A) outer epithelium (OE) layer and (B) connective tissue (CT)
layer of RWM treated with 2.5 pM Cy5-TDNs at different time points (0.5, 2 and 6 h). Scale bar = 20 um. (C) 3D confocal images of RWM treated with
2.5 pM Cy5-TDNs at different time points (0.5, 2 and 6 h). (D) Mean fluorescence intensity of each layer of RWM from the middle ear side to the
inner ear side in 1 pm steps treated with 2.5 pM Cy5-TDNs at different time points (0.5, 2 and 6 h). (E) IVIS images of cochleae treated with (Cy5-
TDNs) or without (contralateral) 2.5 pM Cy5-TDNs for 0.5 h. The dotted circles represent the positions of the cochleae, and the asterisks represent
the locations of the round window niches. (F) Fluorescence intensity of the perilymph extracted from cochleae treated with (Cy5-TDNs) or without
(contralateral) 2.5 pM Cy5-TDNs at different timepoints (0.5, 2 and 6 h). Statistical significance: ***P < 0.001. Abbreviations: IE, inner epithelium.

after purification are shown in Fig. 3C. A notable decrease of
the TDN absorption peak upon the addition of EGCG indi-
cated the intercalation of EGCG into the dsDNA helix of TDNs.
It is worth noting that similar results have been observed in
the binding between flavonoids and quinones with
dsDNA,*"™* suggesting the possibility of loading compounds
with similar structures into DNA nanostructures. The fluo-
rescence spectroscopic studies were conducted based on pre-
viously reported methods.** The emission spectra of GelGreen
bound to DNA in the absence or presence of EGCG are shown
in Fig. 3D. The fluorescence intensity of EGCG@TDNs
approached the baseline at a high concentration of EGCG,
indicating that the intercalation of EGCG into TDNs was close

This journal is © The Royal Society of Chemistry 2022

to maximum loading. The fluorescence intensity of
EGCG@TDNs decreased upon the addition of GelGreen dye,
suggesting that the intercalation of EGCG into dsDNA compe-
titively and partially inhibited the formation of the DNA-
bound GelGreen fluorophore. The entrapment efficiency of
EGCG was calculated according to the standard curve based on
UV-visible absorption measurements at 272 nm (Fig. S3AT).
The entrapment efficiencies were 55.5%, 56.8%, 45.2% and
27.3% under different TDN/EGCG molarity ratios (1:25, 1:50,
1:100, 1:200), respectively (Fig. S3Bf). The optimal TDN/
EGCG molarity ratio (1:100) was used in subsequent experi-
ments considering that it provided almost saturated EGCG
loading and high entrapment efficiency.

Nanoscale, 2022, 14, 8000-8011 | 8005
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Fig. 3 Characterization of EGCG@TDNSs and cellular experiments. (A) TEM image of EGCG@TDNSs. The dotted circles represent the locations of
EGCG@TDNSs. Scale bar = 20 nm. (B) Zeta potentials of TDNs, EGCG and EGCG@TDNSs. (C) The UV-visible absorption spectra of TDNs, EGCG and
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cells incubated with a series of RSL3 concentrations (0.5, 1, 2, 3, 4 uM) for 24 h. (G) Viability of HEI-OC1 cells incubated with RSL3 (4 pM), RSL3
(4 pM) + TDNs/ + EGCG/ + EGCG@TDNs (1 pM) for 24 h. (H) Western blot analysis and (I) statistical analysis of GPX4 expression in HEI-OC1 cells
after different treatments as mentioned above. (J) Confocal images and (K) high content screening statistical analysis of mean fluorescence intensity
in HEI-OC1 cells performed by DCFH-DA staining after different treatments as mentioned above. Scale bar = 50 um. (L) Flow cytometry and (M) stat-
istical analysis of MMP depolarization percentages of HEI-OC1 cells performed by JC-1 staining after different treatments as mentioned above. (N)
Flow cytometry and (O) statistical analysis of percentage apoptosis of HEI-OC1 cells performed by Annexin V-FITC/PI double staining after different
treatments as mentioned above. Statistical significance: **P < 0.01 and ***P < 0.001.
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In vitro anti-lipid peroxidation and mechanism studies

Evidence indicates that lipid peroxidation and disruption of
the ROS/antioxidant balance are both involved in NIHL.***?
The release of EGCG from EGCG@TDNs was evaluated in PBS
solution (pH = 6.0), mimicking the acidic environment in
inflamed cells, using a dialysis method.*®*” Approximately
35% of the EGCG was rapidly released within 24 h, followed by
sustained release over 72 h (Fig. 3E). To determine the optimal
treatment concentration, HEI-OC1 cells were exposed to RSL3
(0, 0.5, 1, 2, 3 and 4 pM) for 24 h. Cell viability was 100% +
6.449%, 95.526% = 8.449%, 95.356% =+ 6.978%, 87.542% =+
6.368%, 69.804% + 3.855% and 53.482% =+ 5.421% at each
RSL3 concentration, respectively (Fig. 3F). The RSL3 (4 pM)
24 h treatment was selected for subsequent experiments since
cell viability was closest to 50% under these conditions. The
cytotoxicity of TDNs was examined at a series of concentrations
(25, 50, 100, 250, 500 nM). No significant cytotoxicity was
observed, indicating the good biocompatibility of TDNs as
expected (Fig. S4Aft). The cytotoxicity of free EGCG against
HEI-OC1 cells was also determined. The results suggested that
concentrations of EGCG below 5 uM had minimal impact on
cell viability (Fig. S4BT).

Next, the cytoprotective effects of TDNs, EGCG and
EGCG@TDNs against RSL3 damage were investigated. As
shown in Fig. 3G, a significant increase of cell viability was
only observed in the RSL3 + EGCG@TDN group, indicating
that TDNs enhanced the bioavailability of EGCG. Previous
studies have found that RSL3 induces intracellular accumu-
lation of lipid peroxides by inactivating GPX4. Baicalein, a
natural flavonoid, has been shown to have a protective effect
against lipid peroxidation induced by RSL3, suggesting that
EGCG may behave similarly.’® We therefore examined the
effect of EGCG@TDNs on the expression of GPX4 by western
blot. The results (Fig. 3H and I) revealed that the expression of
GPX4 in the RSL3 + EGCG@TDNs group was more than 3
times than that in the RSL3 group, suggesting that
EGCG@TDNs partially restored GPX4 expression. Recent
studies have indicated that the loss of GPX4 could increase cel-
lular ROS production.*®*® Hence, we determined intracellular
ROS levels by 2',7'-dichlorodihydrofluorescein diacetate stain-
ing. Confocal images (Fig. 3]) suggested that the intracellular
ROS generation caused by RSL3 was remarkably suppressed by
EGCG@TDNSs. Statistical analysis of intracellular fluorescence
intensity by high content screening showed that EGCG@TDNs
reduced intracellular ROS to normal levels, with no significant
difference between intracellular fluorescence in the control
and RSL3 + EGCG@TDNs groups (Fig. 3K). This result further
proved the antioxidant effect of EGCG@TDNs. Given that the
mitochondrion is the main cellular organ that produces ROS,
we next assessed mitochondrial function by analyzing the
mitochondrial membrane potential (MMP) as measured by
JC-1 staining. Flow cytometry and statistical analysis results
showed that EGCG@TDNs significantly decreased the percen-
tage of RSL-3-induced MMP depolarized cells from 19.30% to
5.24%, indicating that EGCG@TDNs improved mitochondrial

This journal is © The Royal Society of Chemistry 2022
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function in RSL3-damaged cells (Fig. 3L and M). Considering
that cell apoptosis could be triggered by the disruption of the
oxidant/antioxidant balance, we finally investigated the anti-
apoptotic properties of EGCG@TDNs by staining cells with
Annexin V-FITC/P1. Unlike TDNs or EGCG, EGCG@TDNSs sig-
nificantly reduced the proportion of apoptotic cells (Fig. 3N
and O). In particular, RSL3, RSL3 + TDNs and RSL3 + EGCG
induced apoptosis in 13.11% + 1.28%, 12.33% + 1.40% and
11.28% + 0.43% of cells, respectively, while RSL3 +
EGCG@TDNSs only induced apoptosis in 6.59% + 0.53% of
cells. Taken together, these results revealed the significant
anti-lipid peroxidation activity of EGCG@TDNs as a conse-
quence of improved mitochondrial function and antioxidant
properties.

In vivo drug release profile and anti-noise-induced hearing
loss (NIHL) studies

The increased lipid peroxidation and ROS could cause contin-
ued cochlear damage after the noise exposure.”> We hypoth-
esized that the high antioxidant activity of EGCG could allevi-
ate hearing loss from noise trauma. As we mentioned earlier,
sufficient drug concentration in the inner ear is crucial for
treating NIHL. We first determined the in vivo release profiles
of EGCG and EGCG@TDNs by measuring EGCG concen-
trations in the perilymph at different time points via LC-MS/
MS analysis. The results, shown in Fig. 44, indicated enhanced
EGCG concentrations following a single intratympanic dose of
EGCG@TDNs compared with free EGCG, suggesting the
improvement of EGCG bioavailability and stability by TDNs.
To study the antioxidant activity of EGCG@TDNs against
NIHL, a mouse NIHL model was established by exposure to
106 dB sound pressure level noise with a bandpass of 8-16
kHz for 2 h. Auditory functions of the animals were evaluated
on do, d1, d7 and d14 (Fig. 4B). As shown in Fig. 4C, signifi-
cant auditory brainstem response (ABR) threshold shifts were
observed at all tested frequencies (4-32 kHz) on di1 and
hearing function was partially restored at low frequencies (4-8
kHz) on d7. Furthermore, no significant differences were
observed in mean ABR thresholds at the tested frequencies
(4-32 kHz) between d7 and d14, suggesting the successful
establishment of the NIHL model with a permanent threshold
shift. The hearing function of NIHL mice after the intratympa-
nic administration of TDNs, EGCG and EGCG@TDNSs, was
evaluated on do0, d1, and d14 (Fig. 4D-F). Compared with the
contralateral ear, EGCG@TDN treatment produced a signifi-
cant decline of mean ABR thresholds at 5.6 kHz (p < 0.01) and
8 kHz (p < 0.001) on d14, indicating a protective effect for low-
frequency hearing. An obvious downward shift of mean ABR
thresholds (no statistical difference) was also observed at rest
frequencies (4 kHz (p = 0.0664), 11.3 kHz (p = 0.0664), 16 kHz
(p > 0.9999), 22.3 kHz (p = 0.1478) and 32 kHz (p = 0.2145)).
However, neither TDNs nor free EGCG improved auditory func-
tion in the treated ear compared to the contralateral ear, which
indicated that EGCG@TDNs enhanced the bioavailability of
EGCG. These results indicated that EGCG@TDNs gave better
protection of low-frequency hearing in the NIHL model. This

Nanoscale, 2022, 14, 8000-80T1 | 8007
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Fig. 4 In vivo anti-noise-induced hearing loss (NIHL) studies. (A) EGCG concentrations in the perilymph during 4 h after the intratympanic injection

of 100 uM EGCG and EGCG@TDNs (n =

6). (B) Diagrammatic showing time course after the intratympanic injection of TDNs, EGCG and

EGCG@TDN:Ss. (C) Auditory function of mice subjected to noise exposure (106 dB, 8—16 kHz, 2 h) on d0, d1, d7 and d14 (n = 5). ABR recordings of (D)
noise + TDNs (n = 5), (E) noise + EGCG (n = 6) and (F) noise + EGCG@TDNSs (n = 6) on d0, d1, d14. (G) H&E staining images of SGNs and (H) SGN den-
sities in different groups. Scale bar = 20 pm (n = 5). (I) 4-HNE expression in SGNs performed by DAB staining and (J) integrated optical density (IOD)/
area in different groups (n = 5). Scale bar = 20 pym. *P < 0.05, **P < 0.01 and ***P < 0.001.

could be because noise-induced damage is relatively less in
the low-frequency range than that in the high-frequency
area,”’ or because noise-induced vibration of the RWM and
OWM may promote the distribution of EGCG@TDNs towards
the apical turn (low frequency area).>>

No obvious loss of outer hair cells was observed in our
NIHL model (106 dB, 8-16 kHz, 2 h). However, hematoxylin
and eosin (H&E) staining demonstrated that acute noise
exposure resulted in the loss of spiral ganglion neurons
(SGNs, Fig. 4G), which was consistent with previous
studies.”>* Intriguingly, histology and the corresponding
quantitative data revealed that SGN density was significantly
enhanced in the (4-8 kHz)

low-frequency area after

8008 | Nanoscale, 2022, 14, 8000-8011

EGCG@TDNs treatment, indicating the prevention of SGN
apoptosis by EGCG@TDNs (Fig. 4H). To evaluate lipid peroxi-
dation levels in the cochleae, 4-hydroxynonenal, a specific
biomarker of lipid peroxidation, was stained using a 3,3'-dia-
minobenzidine (DAB) kit. The DAB staining images (Fig. 4I)
indicated the increased accumulation of lipid peroxides in
the cochlea after noise exposure. Integrated optical density
(IOD) values were collected and used to calculate the average
density (IOD/area). The results of statistical analysis showed
that treatment with EGCG@TDNs effectively reduced lipid
peroxidation levels in SGNs (Fig. 4]), in accordance with our
in vitro results. These results demonstrated that
EGCG@TDNs prevent low-frequency hearing loss in the NIHL

This journal is © The Royal Society of Chemistry 2022
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model by reducing lipid peroxide accumulation in the
cochlea and preserving SGNs.

Safety evaluation

The safety of the novel EGCG@TDNs drug delivery system was
evaluated by ABR measurements and histological studies. As
shown in Fig. 5A, the mean ABR thresholds of sham, TDN,
EGCG and EGCG@TDN treated animals were not significantly
different compared with the control on d14, indicating the
negligible impact of animal surgery or the above agents on
hearing function. Furthermore, no obvious infection or
effusion was observed in the middle ear cavity of any animals
before they were sacrificed. The H&E staining of a cochlear
section also demonstrated that during the surgical procedure,
TDNs, EGCG and EGCG@TDNSs did not induce obvious mor-
phological changes of SGNs or the OWM (Fig. 5B and C). All of
these findings demonstrate the excellent biocompatibility of
EGCG®@TDNSs, which is crucial for clinical application.

Conclusion

In summary, we have demonstrated that TDNs readily pene-
trate the RWM into the inner ear. The EGCG@TDN formu-
lation was successfully synthesized via non-covalent inter-
actions and effectively prevented cytotoxicity and apoptosis
induced by lipid peroxidation in vitro. Experimental data
suggested that EGCG@TDNSs reversed the decrease in GPX4
expression, improved mitochondrial function and reduced
levels of intracellular ROS induced by RSL3. In addition, ABR
recordings suggested that EGCG@TDNSs significantly improved

This journal is © The Royal Society of Chemistry 2022

low-frequency hearing function in the NIHL model. The pro-
tective effect of EGCG@TDNs towards SGNs and the down-
regulation of lipid peroxidation accumulation were demon-
strated by histological assessment. This is, to the best of our
knowledge, the first study demonstrating the potential of
DNA nanostructures for drug delivery in inner ear therapy.
We believe that our results provide new insights into the
design and development of novel carriers for inner ear drug
delivery.
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