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ARTICLE INFO ABSTRACT

Keywords: Supraphysiological oxygen is the most conventional method of treating patients with acute respiratory failure,
Hyperoxia-induced lung injury but prolonged exposure to hyperoxia generates large amounts of reactive oxygen species (ROS) in the lungs,
Melanin leading to hyperoxia lung injury (HLI). Nevertheless, there is no safe and effective prevention strategy. Herein,
Oxidative stress . . . - .

Infl " multienzyme active melanin nanodots were developed as an antioxidant-immunomodulatory defense nano-
nilammation

platform for the treatment of HLI. The prepared nanodots are about 4 nm in size and are mainly composed of
carbon, nitrogen and oxygen elements with high stability and multi-enzymatic activity for scavenging various
reactive oxygen and reactive nitrogen radicals. Cellular experiments showed that melanin nanodots increased
cell viability and ameliorated hyperoxia-induced morphological changes, mitochondrial damage and apoptosis.
Meanwhile, by activating the Nrf2/Keapl/HO-1 signaling pathway, the treatment of melanin nanodots signifi-
cantly inhibited the overproduction of ROS, reduced malondialdehyde, and increased the endogenous antioxi-
dant enzyme activity in BEAS-2B cells. Interestingly, the antioxidant properties of melanin nanodots indirectly
promoted the phenotypic shift of macrophages, and reduced hyperoxia-induced inflammatory responses in the
damaged environment. In vivo NIR-II fluorescence imaging confirms the high retention of nanodots in the lungs
and low accumulation in other major organs after inhalation administration, as well as the high biosafety of the
melanin nanodots as they are metabolized out of the body over time via the liver and intestines. In addition, the
melanin nanodots exhibited satisfactory antioxidant protection and inhibition of inflammatory cell infiltration in
the lungs of HLI mouse models. Therefore, the melanin nanodots provide a potential and effective strategy for the
treatment of HLI, showing great promise for application.

Macrophage polarization

1. Introduction

Hyperoxia supplementation therapy gives more survival chances for
severely ill and respiratory failure patients, which could effectively in-
crease the arterial partial pressure of oxygen, further meeting the oxy-
gen demands of tissue and organs [1,2]. However, prolonged exposure
to supraphysiological concentrations of oxygen generates large amounts
of reactive oxygen species (ROS) [3,4], such as highly active superox-
ides, hydrogen peroxide, hydroxyl radical, and other toxic products,
which lead to an imbalance in the oxidative-antioxidant system in the
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lung, causing acute hyperoxia lung injury (HLI) [5-7]. In clinical prac-
tice, HLI occurs in 15-50 % of critically ill patients as a result of
excessive oxygen therapy. Under hyperoxia conditions, excess ROS can
act as direct cytotoxins causing oxidative damage to DNA, proteins, and
cell membranes [8]. Moreover, these ROS can activate
pro-inflammatory macrophages and release a large number of chemo-
kines, rapidly recruiting neutrophils to migrate towards the injured lung
tissues, and at the same time producing a variety of pro-inflammatory
mediators like tumor necrosis factor-alpha (TNF-a), interleukin-6
(IL-6), and interleukin-1beta (IL-1p), which lead to disruption of the
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alveolar-capillary barrier, increased lung permeability, massive tissue
fluid infiltration, and endothelial and epithelial cell death [9,10]. In
addition, the accumulation of inflammatory cells in the injured lung
tissue also produces ROS, which further worsens the lung injury and
even induces acute respiratory distress syndrome, which has a very high
mortality rate [6,10]. Therefore, scavenging excess ROS and controlling
inflammation is a promising therapeutic strategy to alleviate HLI.

Over the last few years, much attention has been devoted to exam-
ining clinical antioxidants, such as N-acetylcysteine (NAC), peroxidase,
and catalase, whereas they may fail to exert satisfactory therapeutic
effects for their nonspecific distribution, poor stability, low concentra-
tion at injured sites, high cost, and antigenicity [11,12]. Hence, it is
necessary and urgent to develop more effective antioxidant therapeutic
strategies for prevention of HLI. In recent years, nano-based antioxidants
have emerged as a novel approach to improve bioavailability, enhance
antioxidant activity, increase targeting capacity, and reduce adverse
side effects in the treatment of acute lung injury [13-16]. In particular,
the development of enzyme-mimicking nanomaterials (nanozymes)
with  broad-spectrum  ROS  scavenging  capacity, robust
anti-inflammatory action, easy production, and good biocompatibility is
a promising strategy for treating acute injury [17-22]. Advances in
nanozymes also provide new strategies for treating acute lung injury.
For example, Li et al. loaded Cu nanoparticles of 2.9 nm in size onto
hollow MnO; with the mesoporous structure to form an apoptotic cell
membrane-coated antioxidant nanozyme with strong ROS scavenging
ability for treating lipopolysaccharide-induced acute lung injury [23].
Yan et al. developed molybdenum nanodots with ultrasmall size and
good ROS scavenging activity to protect lung tissues from acute lung
injury by inhibiting the activation of the Nod-like receptor protein
3-dependent pyroptotic pathway [11]. Liu et al. reported a fluorescence
carbon dot with high superoxide dismutase-like activity, which not only
provided information on its biodistribution in vivo through fluorescence
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imaging, but also ameliorated acute lung injury by eliminating ROS and
decreasing the levels of pro-inflammatory factors [12]. Although some
therapeutic results have been achieved, most of these nanozymes are
inorganic/metal-based nanomaterials, and their biodegradability and
biosafety are major barriers to clinical translation [24]. Alternatively,
polymer nanomaterials with ROS-scavenging capacity have been
developed to alleviate oxidative stress, however, they consume ROS
while degrading themselves [25]. Therefore, the exploration of
polymer-based nanozymes with good biosafety and strong antioxidant
capacity is beneficial in overcoming the limitations of inorganic/metal
nanozymes as well as polymers with simple ROS-scavenging.

Melanin, a heterogeneous biological polymer, is a ubiquitous natural
pigment present in most living organisms including humans. Recently,
melanin has received widespread attention owing to its multiple ad-
vantages including natural biocompatibility and biodegradability,
strong chelating capability to metal ions, and high near-infrared
absorbance [26,27]. More importantly, melanin has been shown to
have broad-spectrum antioxidant activity due to its multiple reductive
functional groups, such as catechol, amine, and imine [28], which has
been widely applied to oxidative stress-related diseases, such as kidney
injury [29-31], myocardial injury [32,33], inflammatory bowel disease
[34], and acute liver injury [35]. Due to the special anatomy and im-
mune environment of the lungs, it is crucial to develop nanomaterials
with multiple enzymatic activities that are more biologically safe, have
smaller particle sizes, and are more stable in vivo. Herein, we developed
melanin nanodots with multiple ROS scavenging activity and for the first
time revealed their antioxidant-immunomodulatory therapy for lung
injury induced by hyperoxia exposure (Fig. 1), which has not yet been
demonstrated to the best of our knowledge. The results of both in vitro
and in vivo experiments revealed that melanin nanodots could effectively
relieve oxidative stress by scavenging ROS, activating the Nrf2/Keapl
signaling pathway, and promoting phenotypic shift of macrophage,
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Fig. 1. Schematic illustration for the therapeutic process and mechanism of multienzyme active melanin nanodots for the treatment of HLI after intratracheal
administration. The melanin nanodots effectively alleviated oxidative stress, inflammation, and lung damage by synergistic actions of broad-spectrum ROS scav-
enging and immune modulation of macrophage polarization. Meanwhile, the melanin nanodots could be eliminated through liver and intestine channels with

minimal damage to body tissues.
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subsequently inhibiting inflammatory responses in hyperoxia-induced
damaged environments. Notedly, NIR-II fluorescence imaging indi-
cated that the melanin nanodots with a size of about 4 nm could be
eliminated from the body through liver and intestine pathways after
intratracheal administration. We believe the biosafety and therapeutic
effect of melanin nanodots as well as the therapeutic mechanism will
provide a promising candidate for treating HLI.

2. Materials and methods
2.1. Materials

Melanin was acquired from Sigma-Aldrich. Sodium hydroxide
(NaOH) and hydrochloric acid (37 wt% HCl) were purchased from
Sinopharm Chemical Reagent Beijing Co., Ltd (Beijing, China). Amine-
PEGsggp-amine (NH»-PEGsggo-NHo, 5 kDa), ROS detection kit
(H2DCFDA) and mitochondrial membrane potential detection Kit (JC-1)
were obtained from Beijing Solarbio Science & Technology Co., Ltd
(Beijing, China). 2,2'-azino-bis (3-ethylbenzothiazoline 6-sulfonate)
radicals (ABTS) and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) were ac-
quired from Shanghai Beyotime Biotechnology (Shanghai, China). 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) and
dihydroethidium (DHE) were purchased from Sigma Chemical Corpo-
ration (St. Louis, MO, USA). Apoptosis detection kit was obtained from
BD Biosciences (San Jose, CA, USA). TRIzol reagent was acquired from
Invitrogen (Carlsbad, CA, USA). RT reagent Kit and SYBR Green PCR
Master Mix were from Promega (Madison, WI, USA). The assay Kkits of
037, Hy0,, OH-, malondialdehyde (MDA), superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), and wright-giemsa stain were pur-
chased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). The primary antibodies against Nrf2, Keap1l, HO-1, IkBa, p-IxBa,
and f-actin (1:1000) were purchased from the Cell Signaling Technology
Co., Ltd (Danvers, MA, USA). The APC/Cyanine7 anti-mouse F4/80
antibody, PE anti-mouse CD86 antibody, and APC anti-mouse CD206
antibody were purchased from BioLegend Technology Co., Ltd (Beijing,
China). All reagents and solvents were commercially available and used
without further purification.

2.2. Preparation and characterization of melanin nanodots

Melanin nanodots were prepared according to the previous work
with some modifications [36]. Briefly, pristine melanin granule (10 mg)
was dissolved in NaOH aqueous solution (0.1 M) under vigorous stirring
for complete dissolution, and then the right dose of HCl aqueous solution
(0.1 M) was dropped to the above solution to adjust the pH to neutral.
Subsequently, the neutralized solution was centrifuged and washed
three times, and the melanin nanodots were obtained by freeze-drying.

The morphology of melanin nanodots was characterized by trans-
mission electron microscopy (TEM, JEOL, Japan). The average hydro-
dynamic diameters and zeta potential were analyzed using a dynamic
light scattering instrument (DLS, Malvern, UK). Water solubility and
physiological stability of melanin nanodots in different media (PBS,
DMEM, and FBS) were investigated by photography. The composition of
the melanin nanodots was investigated by X-ray photoelectron spec-
troscopy (XPS, Kratos AXIS ULTRA DLD, Japan). Melanin nanodots so-
lutions (12.5, 25, 50, and 100 pg/mL) were mixed with the application
solution according to the instructions of the representative ROS species
(e.g., 057, HyO4, OH-, and ABTS) assay kits for evaluating multienzyme
activity. The reactive nitrogen species-scavenging activity of melanin
nanodots with the same gradient concentrations was tested by the DPPH
assay.

2.3. Cell culture and animals

Human bronchial epithelial cells (BEAS-2B) and mouse leukemia
cells of monocyte-macrophage (RAW264.7 cells) were purchased from
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the Cell Bank of the Chinese Academy of Sciences (Kunming, China).
BEAS-2B cells were cultured in a dedicated culture media and
RAW264.7 cells were grown in a DMEM high medium with conventional
addition of 10 % FBS and 1 % penicillin-streptomycin.

Female BALB/c mice (6-8 weeks) were acquired from the experi-
mental animal center of Shanxi Medical University. All animal experi-
ments were conducted according to the institutional guidelines of
Shanxi Medical University and were approved by the Institutional Ani-
mal Experiment Committee (Approval No. 2022-025, Taiyuan, China).

2.4. Cell viability assay

Cell viability was detected by MTT assay. The BEAS-2B cells were
seeded (10000 cells/well) in 96-well plate overnight and incubated with
different concentrations of melanin nanodots (up to 160 pg/mL) at 37 °C
for 24 h. After adding MTT reagent and incubating with the cells for 20
min, cell viability was assessed using a microplate reader at 490 nm. To
induce a hyperoxia cell model, the BEAS-2B cells were exposed to 90 %
O, and 5 % CO; for 24 h and treated with various concentrations of
melanin nanodots (0, 5, 10, 20, 40, and 80 pg/mL) for 2 h, 4 h, and 6 h.
Finally, the cell viability was calculated by MTT assay.

2.5. Determination of intracellular ROS level

The fluorescence probe DCFH-DA was used to monitor the intracel-
lular ROS level. BEAS-2B cells were seeded in a 6-well plate (3 x 10°
cells/well) overnight and then were exposed to 90 % oxygen in the
incubator. The cells were treated with different concentrations of
melanin nanodots (0, 5, 20, and 80 pg/mL) for 6 h. After incubation with
the DCFH-DA (10 pM) for 30 min, cells in each well were rinsed with PBS
before adding DAPI to stain the nuclei. Finally, stained cells were
imaged by a fluorescence microscope. The morphology of BEAS-2B cells
before and after hyperoxia induction and nanodot treatment was
observed by microscopy.

2.6. Mitochondrial membrane potential analysis

BEAS-2B cells were seeded in 6-well plate (3 x 10> cells/well) one
day in advance. After exposed to 90 % Oy and 5 % CO; for 24 h, the
BEAS-2B cells were treated with various concentrations of melanin
nanodots (5, 20, and 80 pg/mL) for 6 h. Subsequently, cells were
collected, washed with PBS, and incubated with JC-1 dye for 30 min.
Ultimately, cell fluorescence was determined by flow cytometer (BD
LSRFortessa).

2.7. Cell apoptosis assay

BEAS-2B cells were seeded onto 6-well plate (4 x 10° cells/well) and
cultured overnight. After exposed to 90 % O3 and 5 % CO for 24 h, the
BEAS-2B cells were treated with various concentrations of melanin
nanodots (5, 20, and 80 pg/mL) for 6 h. Then, the cells were collected
and suspended in 500 pL PBS. Apoptotic cells were rapidly analyzed by
flow cytometry after propidium iodide/annexin V-FITC staining.

2.8. Immunomodulatory assay in vitro

RAW264.7 cells were seeded in 6 well plates (5 x 10° cells/well) and
exposed to 90 % oxygen for 24 h. Then, the cells were treated with
different concentrations of melanin nanodots (5, 20, and 80 pg/mL) for
6 h. For exploring the macrophage phenotypes after melanin nanodot
formulation treatment, cells were stained with anti-mouse F4/80, anti-
mouse CD86, and anti-mouse CD206 for 30 min. Subsequently, the
above cells were washed with PBS for three times and collected in 500 pL
PBS for flow cytometry analysis (Beckman, Navios, United States).
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2.9. Hyperoxia-induced mice model and nanodots treatment

The BALB/c mice were randomly divided into four groups (n = 8):
(1) Control group (50 pL, Saline), (2) Hyperoxia-induced group (50 pL,
Saline), (3) Hyperoxia-induced + melanin nanodots group (1 mg/mL,
50 pL), and (4) Hyperoxia-induced + NAC group (1 g/kg). The mice
were exposed to 90 % O, in a sealed plexiglass chamber for 72 h and
treated intratracheally with melanin nanodots or normal saline with the
same administration or intraperitoneally injected with NAC. The
different therapeutic agents were injected at 2 h before modelling and at
24 h and 48 h after modelling for 3 days. Finally, the mice were
euthanatized after 72 h to collect bronchoalveolar lavage fluid (BALF)
and lung tissues for further analysis. During the experiment, mice were
allowed food and water ad libitum, with a 12 h day/12 h night cycle.

2.10. Measurement of cell counts and protein concentration in BALF

BALF experiment was performed on the left lung, while right lungs
were harvested and preserved at —80 °C for further analysis. After
centrifugation, the supernatants were preserved at —80 °C, and the cell
pellets were suspended in PBS for cell counting though Wright-Giemsa
staining with a hemocytometer. The protein concentrations in BALF
were determined by the BCA protein assay kit (Seven, Beijing, China).

2.11. Pulmonary histopathological and immunomodulatory assay in vivo

Lung tissues were fixed in 4 % paraformaldehyde and embedded in
paraffin, then cut into 5 pm slices for Hematoxylin & eosin (H&E)
staining. The lung myeloperoxidase (MPO) levels were determined using
immunohistochemistry staining. DHE and immunomodulatory assay
were performed by immunofluorescence staining. Frozen fresh lung
tissue was cut into sections of 8 pm thickness and stained with DHE. The
primary (anti-mouse F4/80, anti-mouse CD86, anti-mouse CD206) an-
tibodies, and secondary antibodies, the nuclei were labelled with DAPI.
Finally, the sections were observed using fluorescence microscopy.

2.12. Measurement of biomarkers in BEAS-2B cells, BALF, and lung
homogenates

Lung wet/dry ratio indicates the ratio of fresh lung tissue to dried
lung tissue. The contents of oxidative products MDA, SOD, and GSH-Px
in BEAS-2B cells and lung homogenates were detected using the relevant
kits (Nanjing Jiancheng, China). Cell culture medium supernatant and
BALF were used for the analyses of tumor necrosis factor-alpha (TNF-a),
interleukin-1beta (IL-1f), and interleukin-6 (IL-6) by ELISA kits (Cloud-
Clone, Wuhan, China).

2.13. Western blot analysis and quantitative real-time PCR

Cells or lung tissues were lysed by RIPA buffer. Total protein was
quantified by BCA method. Protein samples were resolved by electro-
phoresis in 10 % SDS-PAGE gel and transferred to polyvinylidene
difluoride membranes. After blocking by 5 % skimmed milk for 1 h, the
membranes were incubated with anti-Nrf2 (1:1000), anti-Keapl
(1:1000), anti-HO-1 (1:1000), anti-IkBa (1:1000), anti-p-IxBa
(1:1000), and p-actin (1:1000) antibodies at 4 °C overnight. After further
incubation with secondary antibody for 2 h and washing, proteins were
visualized with Odyssey (Licor, USA). The quantitative analysis was
performed using the Image J software (National Institute of Mental
Health, Bethesda, MD, USA).

Total RNA in the lung tissue was extracted and reverse-transcribed using
Prime Script RT Reagent Kit (Madison, WI, USA). The obtained cDNA was
then amplified with SYBR® Premix ExTaqTM Kit (Madison, WI, USA) with
primer pairs specific to each gene: IL-6-Forward Primer: CCTGAACCTTC-
CAAAGATGGC, IL-6-Reverse Primer: TTCACCAGGCAAGTCTCCTCA, IL-
1p-Forward Primer: ATGATGGCTT-ATTACAGTGGCAA, IL-1p-Reverse
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Primer: GTCGGAGATTCGTAGCTGGA, TNF-a-Forward Primer: GAGGC-
CAAGCCCTGGTATG, TNF-a-Reverse Primer: CGGGCCGATTGATCT-
CAGC, Bcl-2-Forward Primer: GTCGCTACCGTCGTGAC.

-TTC, Bcl-2-Reverse Primer: CAGACATGCACCTACCCAGC, Bax-
Forward Primer: TGAAGACAGGGGCCTTTTTG, Bax-Reverse Primer:
AATTCGCCGGAGACAC-

TCG, GAPDH-Forward Primer: AGGTCGGTGTGAACGGATTTG, and
GAPDH- Reverse Primer: GGGGTCGTTGATGGCAACA. Results were
normalized against the RNA level of p-actin (as internal control).

2.14. Bio-distribution of fluorescence dye-labelled melanin nanodots in
normal and HLI mice

Small molecular fluorescence dye IR-1061-NHS was successfully
labelled on the surface of melanin nanodots. Briefly, melanin nanodots
(1 mg/mL) were modified with NH,-PEGs000-NH2 molecules at the pH
= 9.5. After vigorous stirring overnight, the mixed solution was centri-
fuged and washed several times with deionized water to remove the free
molecules. Then IR-1061-NHS was added to the PEGylated melanin
nanodot solution and stirred for 2 h. After washing and centrifugation
two times, near-infrared-II (NIR-II) fluorescence labelled nanodots were
obtained for further application.

Healthy and hyperoxia-induced model mice (n = 4) were pretreated
by intratracheal instillation of NIR-II fluorescence dye 1061-labelled
nanodots. At the selected time point after administration, the mice
were anesthetized and imaged by the small animal living imaging sys-
tem (Suzhou Yingrui Optical Technology Co., Ltd). Furthermore, the
vital organs were immediately collected and ex vivo imaged at 0.5, 3, 6,
12, 24, 36, 48, and 120 h after post-administration.

2.15. Biosafety evaluation in vivo

To assess the in vivo biosafety of melanin nanodots, healthy mice (n
= 4) were injected intratracheally with PBS (50 pL) and a high dose of
melanin nanodots (2 mg/mL, 50 pL) and euthanized at 2 days and 10
days. Blood cells were detected for routine blood tests. The serum was
harvested to evaluate liver and kidney function, including serum alanine
aminotransferase (ALT), aspartate aminotransferase (AST), urea nitro-
gen (BUN), and creatinine (Cre). Major organs, including heart, liver,
spleen, lung, and kidneys, were collected for H&E staining analysis.

2.16. Statistical analyses

All the statistical analysis was conducted using Graph Pad Prism 9.0
and the data is expressed as mean =+ standard deviation (SD). One-way
analysis of variance (ANOVA) was performed. P values less than 0.05
were considered statistically significant. Ns represents no significant
difference, * represents P < 0.05, ** represents P < 0.01, and *** rep-
resents P < 0.001.

3. Results and discussion
3.1. Preparation and characterization of melanin nanodots

In this study, homogeneous and water-soluble melanin nanodots
were fabricated using an ultrasonication procedure [29,37]. Represen-
tative TEM image is shown in Fig. 2a. It could be observed well
dispersion and uniform morphology with a size of about 4.2 nm. The
as-prepared nanodots were easily dispersed in an aqueous solution
(Fig. Sla) and maintained superior stability with no precipitation or
residue observed in different biological media (PBS, DMEM, and FBS)
for 7 days (Fig. S1b). The average dynamic size measured by DLS was
about 4.9 nm (Fig. S1c), which is similar to that measured by TEM. The
zeta potential of nanodots was —36.5 mV (Fig. S1d). The full spectrum
survey of XPS showed three major components, C, N, and O from the
melanin nanodots (Fig. S1e). The C 1s spectrum could be deconvoluted
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Fig. 2. Characterizations of melanin nanodots. (a) Representative TEM image of melanin nanodots. Scale bar, 100 nm. XPS spectra of C 1s (b), O 1s (C), and N 1s (d)
of melanin nanodots, respectively. O3~ (e), H20» (f), «OH (g), ABTS (h), and DPPH (i) scavenging activity of melanin nanodots at different concentrations.

Quantitative data are expressed as the means + SD (n = 4).

into four main components including C-C (sp>-C peak at 284.5 eV and
sp3-C peak at 285.2 eV), C-O/C-N (peak at 286.1 eV), and C=0 (peak at
288 eV) (Fig. 2b) [38]. Accordingly, the O 1s spectrum could also be
deconvoluted into two binding energies at 531 eV and 532.8 eV, which
can be assigned to C-O and C=O (Fig. 2c). Notably, the C-N-C at 399.8
eV was observed in the peak of N 1s, demonstrating the existence of
pyridinic N (Fig. 2d) [39]. Given the natural antioxidant properties of
melanin, the in vitro ROS scavenging activity of the nanodots was
evaluated at different concentrations. As depicted in Fig. 2e-g, the
nanodots exhibited excellent scavenging ability for 03", HO,, and OH-
in a concentration-dependent manner. About 76.7 + 1.5 % of O3, 66.9
+ 1.6 % of HyO5 and 83.6 & 1.8 % OH- were eliminated at a concen-
tration of 100 pg/mL, indicating the robust scavenging ability of
melanin nanodots. ABTS assay and DPPH assay, which are considered
universal methods for the biomaterial’s antioxidant capacity, were used
to assess the total antioxidant activity and reactive nitrogen radical
scavenging capacity of melanin nanodots. More than 90 % ABTS- was
eliminated when the nanodots concentration was 50 pg/mL (Fig. 2h)
and 2i showed a good concentration dependence of melanin nanodots on

DPPH clearance, further confirming that the nanodots had excellent
antioxidant activity. To sum up, these results proved that the melanin
nanodots had a highly efficient and broad-spectrum ROS scavenging
capacity, which laid a foundation for subsequent experiments on
hyperoxia-induced lung injury in vivo.

3.2. Invitro cytotoxicity, cytoprotective, and immunomodulatory effects
of melanin nanodots

Encouraged by the broad-spectrum ROS scavenging activity of
melanin nanodots, we next constructed cellular hyperoxia models and
investigated whether they could exert a cytoprotective effect on BEAS-2B
cells exposed to 90 % O for 24 h (Fig. 3a). First, we assessed the cyto-
toxicity of melanin nanodots using the standard MTT assay. As shown in
Fig. 3b, incubating BEAS-2B cells with various concentrations (5, 10, 20,
40, 80, and 160 pg/mL) of melanin nanodots for 24 h did not significantly
decrease cell viability, even at the nanodots concentration up to 160 pg/
mlL, indicating the low cytotoxicity and superior biocompatibility. Sub-
sequently, BEAS-2B cells were pretreated with different concentrations of
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Fig. 3. The protective effects of melanin nanodots on hyperoxia-induced BEAS-2B cells in vitro. (a) Establishment of hyperoxia-induced BEAS-2B cells model and its
treatment with different concentrations of melanin nanodots. (b) Cell viability of BEAS-2B cells incubated with different concentrations of nanodots for 24 h. (c) Cell
viability of hyperoxia-induced BEAS-2B cells incubated with different concentrations of nanodots for 2, 4, and 6 h. (d) Quantitative analysis of intracellular ROS
levels of hyperoxia-induced BEAS-2B cells treated with different concentrations of nanodots for 6 h. (e¢) Morphology analysis of normal and hyperoxia-induced BEAS-
2B cells before and after treated with 80 pg/mL of melanin nanodots for 6 h, scale bar, 100 pm. Quantitative data are expressed as the means + SD (n = 4). Significant
differences (*p < 0.01; **p < 0.05; ***p < 0.001; and ns = no significant) compared with control group.

melanin nanodots for different periods (2, 4, and 6 h), and then exposed to
90 % Oy for 24 h. The cell viability showed a dependence on melanin
concentration and incubation time (Fig. 3c), with the highest cell viability
achieved at 80 pg/mL melanin nanodots incubated with BEAS-2B cells for
6 h. Intracellular ROS levels were observed in hyperoxia-exposed BEAS-
2B cells pre-treated with different concentrations of melanin nanodots
using 2',7'dichlorodihydrofluorescein diacetate (DCFH-DA) as the ROS
indicator, which can convert from a non-fluorescence compound to green
fluorescence 2',7-dichlorofluorescein upon when react with ROS [40].
DAPI was used as the nucleus indicator. As depicted in Fig. S2, intense
green fluorescence signals were seen in hyperoxia-exposed cells, indi-
cating elevated ROS levels. Nevertheless, pre-treatment of BEAS-2B cells
with melanin nanodots led to a moderate reduction in ROS fluorescence
signals. When the concentration of nanodots was 80 yug/mL, no remark-
able green fluorescence was detected and the intensity of blue fluores-
cence did not change significantly, confirming the strong ROS scavenging
activity of nanodots within living cells. Quantitative fluorescence in-
tensity data presents a similar trend to the fluorescence images, and the
ROS level of 80 pg/mL of melanin pre-treatment was close to that of
native cells (Fig. 3d). To further confirm the cytoprotective effect of
melanin nanodots, the morphology of hyperoxia-induced BEAS-2B cells
before and after nanodot pretreatment was examined and shown in
Fig. 3e. Normal BEAS-2B cells have a long spindle shape, whereas

hyperoxia treatment significantly disrupts the morphology of the cells.
The morphology of BEAS-2B cells was significantly restored after melanin
nanodot pretreatment, indicating that the nanodots had a good protective
effect on the cells induced by hyperoxia.

Excessive ROS produced under hyperoxia conditions are a key cause
of lung injury. Large amounts of ROS in cells attack mitochondria,
causing a decrease in mitochondrial membrane potential (MMP), which
triggers apoptosis [41,42]. Therefore, the effect of melanin nanodots on
hyperoxia-induced mitochondrial dysfunction and apoptosis was eval-
uated. It was found that MMP was reduced in 24 h hyperoxia-treated
cells, and melanin nanodots significantly inhibited the formation of
JC-1 monomers in hyperoxia-induced BEAS-2B cells. Better inhibitory
effects were obtained with increasing concentrations of nanodots
(Fig. 4a). It is well known that decreased MMP is a hallmark of early cell
apoptosis. The percentage of apoptosis cells increased to 28.59 % after
exposure to hyperoxia as compared to the apoptosis rate of 8.91 % in the
control group (Fig. 4b). It was found that the percentage of apoptotic
cells decreased gradually with increasing concentration of melanin
nanodots. 80 pg/mL of melanin nanodots significantly inhibited
hyperoxia-induced apoptosis of BEAS-2B cells. These results suggest that
melanin nanodot pretreatment significantly reverses hyperoxia-induced
MMP changes and apoptosis in BEAS-2B cells.

Macrophages are the first responders to injury and one of the crucial
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of components the natural immune system. In the inflammatory
microenvironment, macrophages are known for their polarization be-
haviors toward the proinflammatory (M1 phenotype macrophages) and
anti-inflammatory (M2 phenotype macrophages) phenotype. M1
phenotype macrophages release abundant proinflammatory mediators
and chemokines that recruit neutrophils and monocytes, while M2
phenotype macrophages promote tissue repair by accelerating inflam-
mation resolution [15,43]. Here, the influence of melanin nanodots on
immunomodulatory therapy was analyzed by flow cytometry. Normally,
we utilized F4/807CD86™ to label M1 phenotype macrophages (Fig. 4c)
and F4/807CD206" to label M2 phenotype macrophages (Fig. 4d). As
shown in Fig. 4c and d, hyperoxia exposure significantly increased the
level of CD86 in macrophages (39.1 %) from 27.8 % of untreated RAW
264.7 cells, and the level of CD206 in macrophages also increased (20.8

%), as compared to that the group with untreated macrophages (14.0
%), indicating the M1 phenotypic activation of RAW 264.7 cells because
of the secret of excess proinflammatory mediators with a lot of ROS
generation. As the concentration of co-incubated melanin nanodots
increased, the level of CD86 gradually decreased. When incubated with
80 pg/mL melanin nanodots, the number of M1-type macrophages was
significantly reduced to 28.7 %, which is close to normal. In contrast,
population expression of M2 phenotypic macrophages continued to be
upregulated until 43.9 %. Therefore, melanin nanodots played a sig-
nificant role in exerting the immunomodulatory effect by promoting the
transition of RAW 264.7 cells from the M1 phenotype to the M2
phenotype, thereby effectively inhibiting hyperoxia-induced lung
injury.
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3.3. In vitro cytoprotective mechanism of melanin nanodots

It is generally believed that hyperoxia-induced lung injury produces
a large number of ROS, leading to the development of lipid peroxidation
[9]. MDA is one of the products formed by the reaction between lipids
and oxygen free radicals, which represents the degree of lipid peroxi-
dation [44]. On the contrary, SOD and GSH-Px could alleviate the
damage caused by oxidative stress [45]. As shown in Fig. 5a-c, after
hyperoxia exposure, MDA levels in the cells increased dramatically,
while SOD and GSH-Px activities were significantly reduced. Excitingly,
pretreatment with different concentrations of melanin nanodots resulted
in a significant fall in MDA levels and a distinct increase in SOD and
GSH-Px levels, all in a concentration-dependent manner. When the
concentration of melanin nanodots was 80 pg/mL, the activities of these
three factors almost returned to normal levels. These results suggest that
melanin nanodot pretreatment successfully reduced the level of
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oxidative stress in BEAS-2B cells under hyperoxia exposure.

To unravel the molecular mechanisms by which melanin nanodots
alleviate hyperoxia-induced oxidative stress in cells, we assessed
changes in key signaling molecules in the ROS regulatory network. It is
known that the nuclear factor-related factor 2 (Nrf2) Kelch-like ECh-
associated protein 1 (Keapl) signaling pathway is involved in various
types of oxidative damage [46,47]. Nrf2 is a key regulator of the
endogenous antioxidant response, and Nrf2-activated release of Keap1 is
a key negative regulator that induces the expression of many antioxidant
genes. Evidence has shown that Nrf2 activation induces the expression
of multiple classical antioxidant genes and enhances survival in lung
injury models of hyperoxia exposure [48,49]. Some studies have
confirmed that induction of Nrf2 is an important strategy to relieve
oxidative stress [50]. Except for those two factors, heme oxygenase 1
(HO-1) is also one of the antioxidant genes and can reduce the pro-
duction of intracellular ROS [51]. Although the Nrf2/Keapl signaling
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Fig. 5. Cytokine levels and molecular mechanisms of melanin nanodot therapy. The levels of MDA (a), SOD (b), and GSH-Px (c) in hyperoxia-induced BEAS-2B cells
treated with different concentrations of melanin nanodots. (d) The expression of Nrf2, Keap-1, and HO-1 in hyperoxia-induced BEAS-2B cells under various treat-
ments were evaluated by western blot analysis. Changes in the levels of representative inflammatory factors TNF-« (e), IL-1p (f), and IL-6 (g) in hyperoxia-induced
BEAS-2B cells under different treatments. (h) The expression of p-IkBa and IkBa in hyperoxia-induced BEAS-2B cells under different treatments were evaluated by

western blot assay. Quantitative data are expressed as the means + SD (n = 4). Significant differences (*p < 0.01; **p < 0.05;

compared with control group.
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pathway plays an important role in the regulation of oxidative stress, it
is unclear whether it is involved in the changes of hyperoxia injury
intervened by melanin nanodots. For this reason, we used Western blot
analysis to examine the levels of Nrf2 and its associated proteins (HO-1
and Keapl). As shown in Fig. 5d, the results revealed that the expression
of Nrf2 and HO-1 slightly increased, while the main repressor targeted
Keapl markedly increased after hyperoxia treatment. Interestingly, the
expressions of Nrf2 and HO-1 were significantly increased and the
expression of Keapl was reduced by the treatment of melanin nanodots.
It was speculated that the melanin nanodots inhibited
hyperoxia-induced oxidative stress in a dose-dependent manner, which
may be associated with the upregulation of the Nrf2/Keapl pathway.

Considering that hyperoxia-induced lung injury is usually accom-
panied by an inflammatory response, then the effects of melanin nano-
dots on the expression of pro-inflammatory cytokines and inflammation-
related proteins were explored. The levels of pro-inflammatory cyto-
kines were significantly increased in the hyperoxia group. On the con-
trary, the contents of TNF-a (Fig. 5e), IL-1p (Fig. 5f), and IL-6 (Fig. 5g)
decreased in a dose-dependent manner with the increase of melanin
nanodots, reflecting that the nanodots could reduce the rise of
hyperoxia-induced inflammatory factors. Since the suppressive effects of
nanodots on inflammation usually depend on the downregulation of
proinflammatory signaling, we focused on the role of the nuclear factor
kappa B (NF-xB) signaling pathway. The suppressor protein (IxB) is an
important member of the NF-«xB signaling pathway, regulating the
activation and transcription of NF-xB. As shown in Fig. 5h-j, the
expression of p-IkBa was slightly increased, while the expression of IxBa
was slightly decreased in the hyperoxia group compared with the con-
trol group. After melanin treatment, the expressions of p-IxkBa and IxkBa
were both slightly changed, which was inconsistent with the changes of
nanodots to pro-inflammatory cytokines. From the above results, we can
speculate that melanin nanodots alleviate oxidative stress and inhibit
inflammation mainly through antioxidant effects, which leads to the
reduction of intracellular lipid peroxidation factor and inflammatory
factor levels, indirectly decreasing the cellular inflammatory response,
rather than directly down-regulating anti-inflammatory signaling
pathways.

3.4. Biodistribution and metabolism of melanin nanodots in HLI mice
models

To investigate the feasibility of melanin nanodots in the treatment of
HLI in vivo, we first studied their biodistribution and metabolism in
hyperoxia-induced mice models. Mice were endotracheally injected
with IR-1061-labelled melanin nanodots and subsequently established
the model of HLI by hyperoxia exposure, and then the NIR-II fluores-
cence imaging was performed to track the distribution of melanin
nanodots at designated time points. As depicted in Fig. 6a and b,
compared to the un-injected mice, a significant fluorescence signal
appeared in the lung at 0.5 h after injection, indicating that the nanodots
had successfully entered the lungs. Meanwhile, there was a slight
enhancement of the fluorescence signal with time extension until 12 h
due to the diffusion of melanin nanodots in lung tissue. Subsequently,
the fluorescence signals in the lungs weakened, and obvious fluores-
cence signals appeared in the liver, spleen, and intestine at 24 h. The
results showed that a large number of melanin nanodots in the lungs
were metabolized by the liver and intestines and excreted from the body
at 24 h, suggesting that our optimal dosing time is 24 h. With the pro-
longation of time, the fluorescence signals of each organ in the mice
weakened or even disappeared. After 120 h of melanin nanodot injec-
tion, only weak fluorescence signals were observed in the lungs, indi-
cating that most of the melanin nanodots had been metabolized and
excreted from the body. In addition, we used non-hyperoxia-exposed
mice as a control to study the metabolic behavior of melanin nanodots
in mice under normal and hyperoxia conditions (Fig. S3). After intra-
tracheal injection of melanin nanodots in mice in the non-hyperoxia-
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exposed group, the fluorescence signals in the lungs of mice were first
enhanced and then gradually weakened with the extension of time,
showing a similar trend of change as that of the hyperoxia group.
Differently, in the non-hyperoxia group, strong fluorescence signals
were observed in the liver and intestine 6 h after injection and negligible
fluorescence signals were observed in the lungs after 48 h, while in the
hyperoxia-exposed group, fluorescence signals were observed in the
liver and intestine only at 24 h and weak fluorescence signals were still
detected in the lungs at 120 h after injection. The results showed that
melanin nanodots were metabolized faster in normal mice with shorter
retention time in the lungs, whereas they showed high accumulation and
retention in the lungs of the hyperoxia group, which was mainly
attributed to the destruction of endothelial structure of the pulmonary
vasculature and the increase in permeability due to the complex
microenvironment under hyperoxia, which led to the passive retention
of the nanodots [16].

Fluorescence images and intensity quantification of isolated major
organs in the HLI mouse model were shown in Fig. 6¢c-e. In all isolated
tissues, the fluorescence signal is barely detectable in the heart, kidneys,
muscles, and blood, whereas significant fluorescence signals were
detected in the liver, spleen, and intestine, and peaked at 24 h and then
decreased to near normal values over time. The results show that a large
number of melanin nanodots are mainly excreted through hepatic and
intestinal metabolism, which further ensures their biosafety in vivo. NIR-
II fluorescence imaging results show that melanin nanodots can reach
the lungs and achieve prolonged retention, facilitating timely clearance
of ROS to play a role. Moreover, these ultra-small-sized nanodots can
penetrate the barrier to enter the liver and intestinal system for excre-
tion from the body without metastatic deposition in the lungs, ensuring
better biosafety. In addition, the in vivo distribution revealed by NIR-II
imaging also helped us to determine the optimal dosing time to
enhance the precision of treatment.

3.5. Therapeutic effect of melanin nanodots in HLI mice

Inspired by strong ROS scavenging ability in vitro and NIR-II fluo-
rescence imaging results, we investigated the therapeutic efficacy of
melanin nanodots in the HLI mice model. At 2 h pre-hyperoxia stimu-
lation, melanin nanodots were given to mice for the first time. During
the process of treatment, nanodots were given every 24 h. At 72 h post-
endotracheal administration, BALF and lung tissues in each group were
carefully collected for further analysis (Fig. 7a). The clinical manifes-
tations of HLI are mainly the influx of protein-rich oedema fluid into the
alveoli due to impaired capillary endothelium-alveolar epithelial barrier
and increased permeability [52]. To determine whether melanin nano-
dots could alleviate the HLI, the microscopic features of the lung tissue
were compared among the control group, hyperoxia-exposed group,
melanin-treated group, and NAC-treated group. As depicted in the
representative H&E images of Fig. 7b, the control mice had normal lung
histology and no pathological changes were observed. Hyperoxia
exposure caused pulmonary histopathological changes, including that
the alveolar space was ruptured, red blood cells were noticeably
observed in some alveolar spaces, and inflammatory cell infiltration was
observed. There was a slight alleviation in the lung tissue of NAC-treated
mice. In contrast, hyperoxia-induced lung inflammation and oedema
were significantly suppressed after melanin nanodots were administered
during continuous inhalation of highly concentrated oxygen. The
dry-to-wet (W/D) ratio of the lungs is crucial in determining the severity
of pulmonary oedema [53]. In this experiment, the highest dry-to-wet
ratio was found in the hyperoxia-exposed group, indicating severe pul-
monary oedema (Fig. 7c). NAC could reduce the severity of pulmonary
oedema to some extent. However, injection of melanin nanodots
dramatically reduced hyperoxia-induced pulmonary oedema. Inspired
by these data, we further measured protein concentrations and identi-
fied different infiltrating cells in BALF. The protein concentrations and
total cell counts in BALF were highly increased in mice with hyperoxia
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differences (**p < 0.05; ***p < 0.001; and ns = no significant) compared with control group.

exposure (Fig. 7d and e). Following the therapy with NAC, there was
some decrease in the protein concentrations and total cell counts. As
expected, pre-treated with melanin nanodots significantly relieved the
hyperoxia-induced elevation of BALF total cell counts. Then, we
analyzed the sub-populations of the infiltrated cells in BALF. After the
treatment of melanin, the number of macrophages (Fig. 7f), neutrophils
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(Fig. 7g), and lymphocytes (Fig. 7h) decreased significantly as compared
with other groups, demonstrating that melanin nanodots pretreatment
suppressed inflammatory cell infiltration in the lung of HLI.

Then, the analysis of lung homogenate was used to reveal important
antioxidant protective effects of melanin nanodots on hyperoxia-
induced mice. Fig. 8a-c shows the changes in oxidative stress
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parameters (MDA) and antioxidant enzyme levels (SOD and GSH-Px) in
lung tissues, respectively. Among them, MDA levels were significantly
higher in the hyperoxia group, indicating that lipid peroxidation
occurred in lung tissue after hyperoxia induction. The MDA level
evidently decreased after melanin nanodot treatment (Fig. 8a). The NAC
had some effectiveness as well, although not as much as the nanodots.
Meanwhile, it was also observed that the levels of antioxidant enzymes
(SOD and GSH-Px) in lung tissues were both significantly decreased by
hyperoxia exposure (Fig. 8b and c), whereas SOD and GSH-Px activities
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were restored to normal range after melanin nanodot treatment. Free
NAC group remains less effective than melanin nanodot-treated group.
We further assessed ROS levels in the lung tissue of mice by dihy-
droethidium (DHE) staining (Fig. 8d and Fig. S5a) [40,54]. Compared
with the normal group, ROS production was significantly increased in
the lung tissues of mice in the hyperoxia-exposed group, and after
treatment with melanin nanodots, the bright red fluorescence was
dramatically attenuated, indicating a significant decrease in the level of
ROS, which reconfirmed the powerful ROS-scavenging ability of
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melanin nanodots. Bright red fluorescence still appeared in the NAC
group, indicating that a certain amount of ROS still existed, mainly due
to the faster metabolism of small molecule drugs and the short retention
time at the site of lung injury, thus limiting the efficacy. Myeloperox-
idase (MPO) is also a unique marker associated with oxidative stress that
catalyzes the production of reactive oxygen intermediates [11]. Exces-
sive MPO was observed in lung tissues after hyperoxia exposure as
shown in Fig. 8e. Treatment with NAC resulted in a moderate decrease in
MPO levels. MPO expression was significantly reduced in the
nanodot-treated group, which had a distinct effect. All these results
revealed that the melanin nanodots could effectively inhibit oxidative
stress in HLI model.

Pro-inflammatory cytokines are strongly associated with HLI devel-
opment and progression [55]. Fig. 9a-c presented the change in
expression levels of representative inflammatory factors including IL-1p,
IL-6, and TNF-a in the BALF of the HLI mouse model. The expression
levels of these inflammatory factors in BALF were considerably higher in
the hyperoxia group compared to the control group. After treatment
with NAC, small reductions were observed in the levels of these in-
flammatory factors. Surprisingly, the expression of these
pro-inflammatory cytokines in nanodots-treated group decreased
significantly and almost returned to normal levels. Interestingly, the
mRNA levels of IL-1p (Fig. S4a), IL-6 (Fig. S4b), and TNF-a (Fig. S4c) in
the lung tissue exhibited similar trends to those in the BALF. As a result,
melanin nanodots significantly inhibit the expression of inflammatory
cytokines and reverse the lung inflammatory environmental imbalance
under hyperoxia exposure.

Next, we evaluated the levels of M1 and M2 macrophages in the lung
tissue by immunofluorescence staining. Immunostaining images
demonstrated that lung tissues from hyperoxia-induced mice displayed
high expression levels of the M1 macrophage marker CD86 (Fig. 8d and
Fig. S5b) and low expression levels of the M2 macrophage marker
CD206 (Fig. 8e and Fig. S5c), suggesting the presence of a pro-
inflammatory lung microenvironment. Interestingly, melanin nanodot
treatment increased the number of CD206-labelled M2-type macro-
phages, and reduced the number of CD86-labelled M1-type macro-
phages, compared with saline and NAC groups. This finding reaffirms
that melanin nanodots can reverse the inflammatory immune microen-
vironment by promoting a shift from the M1 macrophage to the M2
phenotype, which is consistent with our cellular-level observations. In
addition, we examined the expression levels of Nrf2/Keapl/HO-1 in
lung tissues of mice (Fig. 9f). Compared with the normal group, Keap-1
protein expression was increased and Nrf2 and HO-1 were not signifi-
cantly altered in lung tissues of mice in the hyperoxia-exposed group.
After different treatments, free NAC slightly decreased Keap-1 expres-
sion and elevated Nrf2 and HO-1 expression. In contrast, melanin
nanodots had the strongest ability to inhibit Keap-1 expression and
substantially elevate Nrf2 and HO-1 expression.

Hyperoxia supplementation therapy provides a greater chance of
survival for critically ill patients and those with respiratory failure by
providing adequate oxygen to organs and tissues in the short term.
However, prolonged exposure to oxygen above physiological concen-
trations can lead to HLI and ultimately to acute respiratory distress
syndrome, which has a high fatality rate. However, there are no effective
treatments available. Small molecule drugs with antioxidant and anti-
inflammatory effects have not achieved the expected therapeutic ef-
fects in clinical trials. Here, NAC was chosen as a positive drug and its
therapeutic effect on HLI was investigated. The results showed that NAC
had some alleviating effect on HLI, but the efficacy was limited, which is
consistent with the results reported in the literature [11,53,56]. The
main reason is that, on the one hand, NAC has limited ability to scavenge
free radicals, especially for the superoxide anions that are abundant in
lung tissue after HLI occurs, it has almost no scavenging effect [53,57].
On the other hand, NAC is a small molecule drug with a short half-life
and low bioavailability. The rapid development of nanomedicines in
recent years has brought new hope for HLI treatment. However, the
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potential biosafety of nanomaterials, complex synthesis processes, and
unclear in vivo therapeutic mechanisms limit their clinical translation.
Melanin nanodots in this work not only have ultra-small size, good water
solubility and high environmental stability, but also have strong scav-
enging ability for a variety of free radicals. In vivo and in vitro results
showed that melanin nanodots could regulate the Nrf2/Keapl/HO-1
signaling pathway by scavenging reactive free radicals to significantly
alleviate oxidative damage, inhibit apoptosis, and reverse macrophage
polarization to reduce inflammation. In addition, melanin nanodots can
be retained for a long period of time in the lung tissue of
hyperoxia-induced mice and subsequently metabolized out of the body.
Hematology and histology also demonstrated the high biosafety of the
nanodots. Therefore, melanin nanodots can be used as a potential agent
for the treatment of HLI and show promising clinical applications.

3.6. In vivo biosafety of melanin nanodots

Lastly, the in vivo biosafety of high-dose melanin nanodots was
evaluated. As shown in Fig. S6a, the routine blood results of mice in both
PBS and melanin nanodot groups reached normal levels at 2 and 10 days
after intratracheal injection. Furthermore, representative biomarkers of
liver and kidney function, such as ALT, AST, BUN, and Cre were
assessed. There were no significant differences in these biomarkers be-
tween mice treated with PBS and those receiving the melanin nanodots
at 2 or 10 days. Additionally, H&E staining of the heart, liver, spleen,
lung, and kidney of mice also showed no visible damage (Fig. S6b).
These results demonstrated that melanin nanodots exhibited good
biosafety even at high injection doses in mice.

4. Conclusion

In summary, we have successfully prepared the melanin nanodots for
the treatment of hyperoxia-induced lung injury, which possess potent
antioxidant, anti-inflammatory, and immunoregulation abilities. These
ultra-small nanodots are not only easy to synthesize, highly water-
soluble and stable, but also scavenge a wide range of free radicals
(037, Hy03, eOH, ABTS, and DPPH). In vitro cellular experiments
revealed that melanin nanodots had negligible cytotoxicity, effectively
scavenging intracellular ROS and protecting cell morphology. Moreover,
the nanodots treatment significantly restored mitochondrial membrane
potential, inhibited apoptosis and reversed macrophage polarization,
thereby effectively reducing oxidative and inflammatory factor levels
(MDA, IL-1p, IL-6, and TNF-a). In vivo imaging results demonstrated that
melanin nanodots could remain in lung tissue for 24 h after endotracheal
injection, and can be completely metabolized and excreted with time,
without producing metastatic deposits in the lung, which is highly
biosafe. In a hyperoxia-exposed mouse model, melanin nanodot treat-
ment significantly reduced lung inflammation and oedema, alleviated
lung histological changes, inhibited oxidative damage and reduced ROS
levels compared to saline and NAC-treated groups. More importantly,
both in vivo and in vitro experiments confirmed that melanin nanodots
exert therapeutic effects by modulating the Nrf2/Keapl/HO-1 signaling
pathway. Therefore, our findings will provide a new promising strategy
for the efficient treatment of HLI and further facilitate its clinical
application in future biomedical treatments and research.
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Fig. 9. The levels of IL-1p (a), IL-6 (b), and TNF-« (c) in BALF under different treatments. (d, €) Immunofluorescence images of the lung tissues stained with F4/80
(green), CD86 (M1 marker, red), and CD206 (M2 marker, red). The nuclei of lung tissues were stained by DAPI. Scale bar, 100 pm. (f) The expression of Nrf2, Keap-1,
and HO-1 in the lung tissues under different treatments were evaluated by western blot analysis. Quantitative data are expressed as the means + SD (n = 6).
Significant differences (*p < 0.01; **p < 0.05; ***p < 0.001; and ns = no significant) compared with control group. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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