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Introduction: Lung injury, a common complication of sepsis, arises from elevated reactive oxygen species (ROS), mitochondrial
dysfunction, and cell death driven by inflammation. In this study, a novel class of ultrasmall nanoparticles (Cuy sO USNPs) was
developed to address sepsis-induced lung injury (SILI).

Methods: The synthesized nanoparticles were thoroughly characterized to assess their properties. In vitro experiments were
conducted to determine the biologically effective concentration and elucidate the anti-inflammatory mechanism of action. These
findings were further supported by in vivo studies, showcasing the material’s efficacy in mitigating SILI.

Results: The Cuy sO USNPs demonstrated remarkable scavenging capabilities for hydrogen peroxide (H,0,), superoxide anions (O,
), and hydroxyl radicals (-OH), attributed to their catalase (CAT)- and superoxide dismutase (SOD)-like activities. Additionally, the
nanoparticles exhibited strong anti-inflammatory effects, preserved mitochondrial homeostasis through potent ROS scavenging, and
significantly reduced cell death. In vivo studies on mice further validated their protective role against SILI.

The conclusion: This study highlights the therapeutic potential of Cuy 5O USNPs in treating sepsis-induced lung injury by effectively
scavenging ROS and reducing cell death. These findings provide compelling evidence for the future use of copper-based nanoparticles
as antioxidant therapeutics.
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Introduction

Severe sepsis can lead to multiorgan dysfunction, posing a life-threatening condition and imposing a significant global
healthcare burden.' The lungs are particularly vulnerable in sepsis, significantly increasing mortality risk.*”’ The
pathogenesis of sepsis-induced lung injury (SILI) is closely tied to excessive production of reactive oxygen species
(ROS), which upregulate proinflammatory cytokines and trigger an intense inflammatory response in pulmonary tissue.®”
" Additionally, mitochondrial dysfunction, a key consequence of ROS overproduction, leads to reduced intracellular
ATP levels, severely impairing cells’ ability to maintain normal physiological activities.'>'? Previous studies have shown
that various forms of programmed cell death, often occurring simultaneously, are associated with mitochondrial
dysfunction in conditions such as cerebral ischemia/reperfusion injury and glaucoma.'* '® Therefore, finding effective
strategies to protect mitochondria from ROS-induced damage is crucial.
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Nanomaterials offer distinct advantages, including biocompatibility, high targeting capabilities, and low toxicity,'’
making them innovative tools for scavenging ROS and addressing ROS-related diseases. Among them, mixtures of
cuprous oxide (Cu,O) and copper nanoparticles (Cu) have shown strong catalytic activity and ultrasmall dimensions,
making them widely used as antioxidants.'"® ' Moreover, ultrasmall Cu-based nanoparticles can be synthesized in an
eco-friendly manner, demonstrating superior long-term safety and stability compared to traditional bioenzymes,** *
making them promising candidates for therapeutic applications. To date, nanomaterials such as Cus 4O USNPs?° and
Cuy 6O USNPs?! have demonstrated ROS-inhibiting capabilities in models of glycerol-induced acute kidney injury and
acute arterial embolism. However, their efficacy in treating acute systemic infections like sepsis, and the underlying
biological mechanisms driving their effects, remain unclear.

In this study, based on the previously reported synthesis method of Cu and Cu,O hybrid nanoparticles, we improved
the proportion of Cu,O in nanoparticles by making the reaction system in better contact with air to combat the complex
oxidative microenvironment. We hypothesized that it could protect against acute inflammatory injuries caused by ROS in
sepsis and preserve mitochondrial function. We evaluated its ROS-scavenging abilities both in vitro and in vivo, and
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explored its potential to inhibit programmed cell death in lung tissue. Compared to Vitamin C, CuysO USNPs-based
therapy offers greater convenience and more efficacy. We hope this study inspires the application of artificial nanoma-
terials in developing therapies for sepsis.

Materials and Methods

Synthesis and Characterization of the Nanomaterial

CuysO USNPs were synthesized using a green, environmentally friendly hydrothermal redox process.”® All chemicals
used were of at least analytical grade. Briefly, 50 mL of 10 mm anhydrous cupric chloride (CuCl,, J&K Scientific,
Beijing, China) was prepared under magnetic stirring in an open jar at 80 °C oil bath. Subsequently, 50 mL of freshly
prepared 100 mm L-ascorbic acid (AA, J&K Scientific, Beijing, China) aqueous solution was slowly added while
adjusting the pH to 8.0-9.0 using a 1 M NaOH solution (J&K Scientific, Beijing, China). The reaction mixture was
maintained at 80 °C for 12 hours. Afterward, larger aggregates were removed by centrifugation at 7000 x g for
15 minutes. The supernatant was dialyzed against water (Mw: 10,000 Da) for two days to eliminate small molecules
and ions, then lyophilized into a powder and stored at 4 °C.

The crystal structures of the Cuy sO USNPs was confirmed using an X-ray diffractometer (XRD, Rigaku D/max 2500,
Japan) with Cu Ka radiation (A = 0.154598 nm).>> The morphology of the nanoparticles was analyzed using field-
emission transmission electron microscopy (TEM, Tecnai G2, Netherlands). X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Scientific, USA) was used to determine the surface chemical composition of the Cuys
O USNPs.

Hydroxyl Radicals Scavenging Activity

The hydroxyl radical (-OH) scavenging activity of CuysO USNPs was evaluated using an -OH assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).”° The assay generates -OH via the Fenton reaction. When electron
acceptors interact with -OH, a red-colored product forms with Griess reagent, displaying an absorption peak at 550 nm
proportional to the amount of -OH present. The addition of Cu,sO reduced -OH levels, as indicated by decreased
absorption at 550 nm, measured using UV-vis spectroscopy (Spectrum, Shanghai, China).

Superoxide Anions Scavenging Activity

The scavenging activity of CuysO USNPs against superoxide anions (O, ) was determined using an O, assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).”® The absorbance of the Griess chromogenic agent at 550
nm gradually decreased with increasing concentrations of Cuy 5O USNPs, indicating reduced O, levels. The scavenging
ability at various concentrations was quantified based on the color intensity of the reaction system.

Hydrogen Peroxide Scavenging Activity

The hydrogen peroxide (H,O,) scavenging capacity of Cu,ssO USNPs was assessed using the 3,3',5,5'-
tetramethylbenzidine (TMB, Macklin, Shanghai, China) colorimetric method. In this reaction, we used our reported
A-NiB@C-IrOx nanozymesjas peroxidase agents instead of horseradish peroxidase (HRP).?® A 1 mL solution of 2 mm
H,0, (Nanjing Jiancheng Bioengineering Institute, China) was incubated with varying concentrations of Cu, sO USNPs
at 37 °C for 2 hours. Subsequently, a mixture of A-NiB@C-IrOx (1 pg/mL) and TMB (1 mm) was added. The reaction
was incubated at 37 °C for 10 minutes, and the absorbance at 652 nm was recorded using UV-vis spectroscopy.

Radical Scavenging Assay

Radical scavenging activity was evaluated using previously reported methods.?*” Total antioxidant capacity (T-AOC)
was measured using a 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer’s instructions. First, the
ABTS radical solution was prepared. The ABTS (7 mm) was dissolved in water, followed by the addition of 2.45 mm
potassium persulfate. After incubation in the dark for 16 h, the resulting mixture was used to measure the absorbance of
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ABTS at 734 nm. Second, the working solution (the ABTS radical solution mixed with the material at a ratio of 1:1) was
prepared and allowed to react in the dark for 10 min. Finally, the working solutions at different concentrations of Cuy s
O USNPs were added to a multiple plate reader. The absorbance at 405 nm was measured after standing for 10 min via
UV-vis spectroscopy.

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity was assessed by dissolving (DPPH, Macklin,
Shanghai, China) in anhydrous ethanol (500 uL, 100 uM) and mixing it with Cu,sO USNPs in equal volumes.*® The
absorbance was measured at 517 nm.

Enzyme Activity

Catalase (CAT) is an enzyme that facilitates the decomposition of H,O, into H,O and O,. Its activity can be determined
by measuring the O, content.”’ We evaluated the CAT-like activity of Cuy 5O using two methods. In the first method,
CuysO USNPs were mixed with 10 mm H,O,, and the dissolved oxygen (DO) concentration was measured with
a portable dissolved oxygen meter at room temperature. In the second method, various concentrations of Cu, sO USNPs
were incubated with 2 mM H,0, at 37 °C for 2 hours. Titanium sulfate was then added to the reaction solution, which
reacted with the remaining H,O, to form a yellow peroxidation-titanium complex precipitate with a characteristic
absorption peak at 415 nm.

The superoxide dismutase (SOD)-like activity of Cuy 50 USNPs was determined by assessing formazan formation
using a SOD assay kit (WST-1 method; Nanjing Jiancheng Bioengineering Institute, Nanjing, China).*° Briefly, O, was
generated by the oxidation of xanthine catalyzed by xanthine oxidase (XO), which converts WST-1 into WST-1
formazan, displaying a characteristic absorption at 450 nm. Formazan concentration was quantified at 450 nm using
a multi-plate reader.

Animal Studies

C57BL/6J wild-type male mice (6—8 weeks old, weighing 20 + 2 g) were obtained from the Animal Centre at Guangxi
Medical University in Nanning, China. At the start of the experiment, the mice were randomly divided into three groups:
control, LPS, and LPS + Cu, 50O USNPs group. Sepsis was induced by intraperitoneal injection of 20 mg/kg lipopoly-
saccharide (LPS; Sigma, USA).*! To determine the optimal concentration of Cuy sO USNPs, the LPS + Cuy sO USNPs
group received intratracheal administration of Cu, sO USNPs following LPS injection (n = 3). Subsequently, additional
mice were divided into four groups: control, Cuy sO USNPs, LPS, and LPS + Cuy 50O USNPs, and monitored twice daily
for 10 days to assess survival rates (n = 10). Serum samples were collected 24 hours post-LPS injection or Cuy 5O USNPs
treatment to evaluate ALT, AST, BUN, and CRE levels.

Enzyme-Linked Immunosorbent Assay and Hematoxylin & Eosin Staining

Proinflammatory mediators, including tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6), were quantified in
lung tissue and serum samples using enzyme-linked immunosorbent assay (ELISA) kits (NeoBioscience Technology Co.,
Ltd., Shenzhen, China; n = 6). Lung tissues were fixed in 4% paraformaldehyde (Biosharp, Beijing, China) overnight and
subsequently embedded in paraffin for sectioning. The sections were stained with a Hematoxylin and Eosin Staining Kit
(Beyotime, Shanghai, China; n = 3), and images were captured using a light microscope (EVOS FL AutoLife
Technologies, USA). The films were independently reviewed by two hospital pathologists using a double-blind
methodology, and histopathological changes were assessed through random observation of three fields of view.

Western Blotting

Protein was extracted from lung tissue samples after treatment (n = 3). Equal amounts of protein were loaded onto
a 12.5% SDS-polyacrylamide gel (YAMAY BIOTECH, Shanghai, China) for electrophoresis, followed by transfer to
a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, USA). The PVDF membrane was blocked with 5% milk for
1 hour and incubated overnight with primary antibodies against GSDMD-N (1:1000; ReXin Biotech, Quanzhou, China),
P-MLKL (1:1000; ReXin Biotech, Quanzhou, China), and B-actin (1:10000; Affinity Biosciences, Australia).32 The
membrane was washed three times for 10 minutes each with TBST (Tris-buffered saline with Tween-20), then incubated
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with fluorescently labeled anti-rabbit secondary antibodies (1:10000; Abcam, UK) at room temperature in the dark for
1 hour. Following five washes of 5 minutes each, protein detection was performed using the Image Studio system, and
quantitative analysis was conducted using ImageJ software.

TUNEL Staining

Paraffin-embedded tissue sections were deparaffinized in xylene and ethanol at room temperature, followed by incubation
with proteinase K at 37 °C for 20 minutes to enhance tissue permeability. Next, equilibration buffer was added dropwise
to cover the sample area entirely, and the sections were equilibrated for 10 minutes at room temperature. TdT incubation
buffer was then applied, and the samples were incubated at 37 °C for 1 hour. Finally, DAPI staining was performed on
the nuclei, and the sections were sealed with an anti-fluorescence quenching sealer. Fluorescence microscopy was used
for observation.*® All reagents were procured from Servicebio, Wuhan, China.

Hemolysis Rate

The hemolysis assay was adapted with minor modifications from previously established methods.** Fresh whole blood
was obtained from the orbital veins of healthy C57BL/6J mice (n=3). After collection, the blood was centrifuged at
3000 rpm for 15 minutes to isolate red blood cells, which were then gently washed three times with PBS and diluted
tenfold with PBS. Cu, sO USNP concentrations of the various were adjusted to 5, 50, 500, and 5000 pg/mL using PBS as
the diluent. A mixture of 0.2 mL of Cuy 5O USNP solution and 20 uL of red blood cell suspension was incubated for
3 hours at room temperature, followed by centrifugation. PBS and H,O served as negative and positive controls,
respectively. The supernatant (100 uL) from each mixture was transferred to a 96-well plate, and absorbance at 570
nm was measured spectrophotometrically to calculate the hemolysis rate.

Cell Culture and Cytotoxicity Assay

Mouse-derived mononuclear macrophages (RAW264.7 cells, obtained from Procell, Wuhan, China), pulmonary
microvascular endothelial cells (MPVECs, Wuhan Fine Biotech Co., Ltd, China), lung epithelial cells (MLE12,
BIOSPECIES, Guangzhou, China), and human myeloid leukemia mononuclear cells (THP-1, Procell, Wuhan,
China) were utilized. RAW264.7 and MPVECs were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific, USA), THP-1 cells in Roswell Park Memorial Institute 1640 medium (RPMI, Servicebio,
Wuhan, China), and MLE12 cells in endothelial cell medium (ScienCell, USA). All media were supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich) and 1% penicillin-streptomycin (Thermo Fisher Scientific, USA) and
incubated at 37 °C under 5% CO,.

RAW264.7, MPVECs, and MLE12 cells were seeded at 1x10* cells/well in 96-well plates, while THP-1 cells were
seeded at 1x10° cells/well. After overnight incubation, cells were treated with varying concentrations of Cuy sO USNPs
for 24 hours. Subsequently, 10 pL of CCK-8 reagent (Vazyme Biotech Co., Ltd, Nanjing, China) was added to each well,
followed by incubation at 37 °C for 1 hour. Absorbance at 450 nm was measured to assess cell viability.*

Calcein Acetoxymethyl Ester/Propidium lodide Staining Assay and Apoptosis Flow

Cytometry

RAW264.7 cells were seeded at 1x10° cells/well in 24-well plates and cultured overnight. The cells were then treated
with LPS (1 pg/mL) or Cuy sO USNPs for 24 hours.>® Calcium green AM and propidium iodide (PI, Servicebio, Wuhan,
China) were sequentially added, and the cells were incubated for 30 minutes. Fluorescence microscopy was used to
capture images, assessing cell viability.?”

For apoptosis analysis, RAW264.7 cells were seeded at 2x10° cells/well in 6-well plates and cultured overnight. After
treatment with LPS or Cu,sO USNPs for 24 hours, cells and supernatants were collected. Annexin V-APC (5 pL,
BioLegend, USA) and 7-AAD (10 pL, BioLegend, USA) were added to the cell suspension and incubated in the dark at
room temperature for 5 minutes. Apoptotic cells were analyzed using a CytoFLEX flow cytometer (Beckman
Coulter, USA).
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Intracellular Reactive Oxygen Species Scavenging Activity

RAW264.7 cells were seeded in 24-well plates at a density of 5x10* cells per well and cultured overnight. The cells were
stimulated with LPS (1 pg/mL) for 24 hours, followed by treatment with Cuy sO USNPs for an additional 24 hours. Next,
the cells were incubated with 5 pM of the fluorescent probe 2.7-dichlorodihydrofluorescein diacetate (DCFH-DA) to
detect ROS (Beyotime Biotechnology, Shanghai, China) and with O27 and O76 probes (Baiao Laibo, Beijing, China)
diluted at 1:1000 to detect -OH and O, ", respectively. Incubation was carried out at 37 °C for 30 minutes.>® Hoechst
staining was used to label nuclei at 37 °C for an additional 15 minutes. The levels of intracellular ROS, -OH, and O,
were observed using fluorescence microscopy. For quantitative ROS analysis, cells were seeded in 6-well plates under the
same treatment conditions, then collected and analyzed via flow cytometry.

Measurement of Mitochondrial Superoxide

To measure mitochondrial superoxide levels, RAW264.7 cells were cultured overnight in 24-well plates at a density of
5x10* cells per well. After completing the specified treatments, cells were exposed to 1 uM MitoSOX reagent (Thermo
Fisher, USA) and incubated at 37 °C for 30 minutes. Nuclei were subsequently stained with Hoechst.>* Mitochondrial
superoxide levels were visualized using a fluorescence microscope and quantified through flow cytometry.

Measurement of Mitochondrial Membrane Potential

RAW264.7 cells were treated as described previously. The JC-1 probe (Beijing Solarbio Science & Technology Co., Ltd.,
China) was diluted at a ratio of 1:100, and cells were incubated at 37 °C for 20 minutes.*’ Mitochondrial membrane
potential (MMP) changes were visualized using fluorescence microscopy. In cells with high MMP, JC-1 forms aggregates
within the mitochondrial matrix, emitting red fluorescence, whereas in cells with low MMP, the dye exists as monomers
and emits green fluorescence.

ATP Assay

Following treatment, RAW264.7 cells were harvested, and intracellular ATP content was quantified using an ATP
detection kit (Beyotime Biotechnology, Shanghai, China).*' Cells were lysed using the provided lysis buffer, and
100 pL of ATP detection working solution was added to assay wells. After a 3—5 minute incubation at room temperature,
20 pL of either the sample or standard was added to the wells. Intracellular ATP levels were assessed by measuring
relative light units (RLUs) using a luminometer.

Ultrastructure Under Transmission Electron Microscopy

The morphology and size of the Cuy 5O USNPs were characterized using a transmission electron microscope (TEM,
H7560, Tokyo, Japan). For RAW264.7 cells, prefixation was performed by adding precooled 2.5% glutaraldehyde
(Servicebio, Wuhan, China), followed by incubation for 1 hour. Cells were then collected, washed, and resuspended in
1 mL of fresh precooled 2.5% glutaraldehyde added carefully along the tube wall. After embedding in resin, ultrathin
sections were prepared using an ultramicrotome and examined under TEM.*

Statistical Analysis

Experimental data were analyzed statistically using one-way analysis of variance (ANOVA) with GraphPad Prism 10
software. Quantitative results are presented as the mean + standard error (SEM). The calculated probabilities (P) are
represented as * P < 0.05, ** 0.001 < P < 0.01, *** 0.0001 < P < 0.001, **** P < 0.0001, and ns for not significant.

Results

In this study, we first synthesized the nanomaterials using previously established methods and analyzed their structural
characteristics. The resulting nanomaterial exhibited a homogeneous, ultrafine nanoparticle structure with an average
diameter of 2.8 nm (Figure 1A). As shown in Figure 1B, distinct peaks at 20 = 41.6°, 50.7°, and 77.5° correspond to the
(111), (200), and (220) lattice planes of face-centered cubic copper, respectively.”’ Additionally, peaks at 20 = 29.6°,
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Figure | Structural characterization and ability of CussO USNPs. (A) Transmission electron microscopy images, with magnification scale bars of 100 nm and 5 nm. (B)
Crystal structure under powder X-ray diffraction. Surface chemical composition under X-ray photoelectron spectroscopy in the Cu (C) LM2 spectrum and (D)
2p spectrum. (E-l) Reactive oxygen species scavenging activities of CuysO USNPs: (E) ‘OH, (F) O, , (G) H,0,, (H) ABTS, and (I) DPPH.

36.4°, and 60.1° were attributed to the (110), (111), and (220) lattice planes of Cu,0.**° These results confirmed that
the nanomaterial consisted of a mixture of Cu and Cu,O nanoparticles. XPS survey spectra further validated the presence
of Cu, C, and O in the nanoparticles (Figure S1). In the Cu LM2 spectrum, peaks at 571.8 and 568.6 eV were attributed
to Cu+ and CuO, respectively (Figure 1C).***” Similarly, the Cu 2p spectrum revealed peaks at 932.73 and 934.43 eV,
corresponding to CuO and Cu+, respectively, based on the fitting results of Cu 2p 3/2 (Figure 1D).2>*® Analysis of the
Cu 2p peak areas indicated a Cu,0O to Cu ratio of 0.4:1 in the nanoparticles, leading to their designation as Cuy sO. Next,
we conducted a series of experiments to verify the ROS scavenging activity and catalytic properties of Cuy 5O USNPs.
The scavenging activity was evaluated for -OH, O, and H,O,. The results showed that scavenging efficiency increased
with material concentration. A reduction in the absorption peak was observed as the concentration of -OH decreased
(Figure 1E). At a CuysO USNP concentration of 2550 ng/mL, the O, scavenging rate exceeded 50% (Figure 1F).
Furthermore, H,O, was nearly completely consumed at a concentration of 1275 ng/mL (Figure 1G). The absorbance of
ABTS probes was negatively correlated with Cus sO USNP concentration (Figure 1H), consistent with findings from the
T-AOC assay kit (ABTS method) (Figure S2A). After 3 hours of incubation with Cuy sO USNPs, the DPPH probes were
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effectively cleared, with the scavenging percentage increasing in a concentration-dependent manner (Figures 11 and
S2B). The observed antioxidative properties of CuysO USNPs were attributed to their enzyme-mimetic abilities. The
CAT-like activity, which promotes the decomposition of H,O, into H,O and O,, was evaluated using titanium sulfate. As
Cuy 5O USNP concentrations increased, both CAT-like activity (Figure S3A) and DO levels significantly rose (Figure
S3B). Additionally, Cus ;O USNPs demonstrated significant concentration-dependent SOD activity (Figure S3C). These
results confirmed the stable ROS and free radical scavenging capabilities of Cuy 50 USNPs, highlighting their potential
as effective antioxidant enzymes.

After establishing the antioxidant properties of Cu4 5O USNPs, we investigated their intracellular performance. Cytotoxicity
tests showed no significant changes in RAW264.7 cell viability, even at concentrations as high as 8500 ng/mL (Figure 2A), nor in
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Figure 2 Cytotoxicity and therapeutic potential of Cus sO USNPs to the RAW 264.7 cell. (A) Cell viability of RAW264.7 cells cultured with various concentrations of Cuys
O USNPs. (B) Therapeutic potential of CussO USNPs to LPS induced injury. (C) Calcein Acetoxymethyl Ester/Propidium lodide staining of cells under an immunofluor-
escence microscope. The scale bar is 200 um. (D) Flow cytometry results showing the percentage of apoptotic cells after different treatments and (E) Statistical analysis. (F)
Bright-field image of RAW264.7 cells. The scale bar is 20 um. (G and H) Inflammatory cytokine changes in cells treated with Cus sO USNPs at a concentration of 850 ng/mL.
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Abbreviations: LPS, Lipopolysaccharide; ns, no significant difference between groups.
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THP-1, MPVECs, or MLEI2 cells (Figure S4A—C). Subsequently, cells were exposed to LPS and varying concentrations of Cuy s
O USNPs. At a concentration of 850 ng/mL, the nanoparticles demonstrated notable therapeutic effects (Figures 2B and SSA-C).
Macrophages, due to their pivotal roles in immune responses, are significant contributors to organ injury*® and are prone to
programmed cell death.>>*° Therefore, intracellular experiments primarily focused on RAW264.7 cells. Fluorescence microscopy
revealed bright green fluorescence in both the control and Cu,sO USNP-treated groups, indicating no cellular damage.
Conversely, the LPS group displayed a higher proportion of dead cells, which was significantly reduced in the LPS + Cuy s
O USNP-treated group, showcasing the cytoprotective properties of the nanoparticles (Figure 2C). The percentage of apoptotic
cells in the LPS + Cuy sO USNP group was 15.66%, significantly lower than the 83.70% observed in the LPS-only group (p <
0.01; Figure 2D and E). RAW264.7 cells exposed to LPS for 24 hours exhibited morphological changes indicative of inflamma-
tion, including pseudopodia growth, fusiform shapes, and increased cell size. Treatment with Cuy sO USNPs effectively mitigated
these changes (Figures 2F and S6), likely due to reduced inflammation in the LPS + Cu4 5O USNP group (Figure 2G and H).
Notably, regulating the inflammatory cytokine response is critical in the pathophysiology of sepsis.>'>* It has been reported
that the overproduction of reactive oxygen species (ROS) contributes significantly to the progression of sepsis-induced
inflammation.>® In this study, we initially assessed intracellular ROS levels due to their strong correlation with sepsis. Using
DCFH-DA staining, where green fluorescence indicates ROS presence, we observed that LPS stimulation induced excessive ROS

generation. However, co-incubation with varying concentrations of Cuy sO USNPs significantly reduced ROS levels (Figure 3A).
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Figure 3 Combinations of fluorescence micrographs, flow cytometry intensity quantification and statistical analysis to demonstrate scavenging activity of CussO USNPs
in vitro. Scale bar is 100 pm in all fluorescence micrographs. (A—C) ROS. (D-F) O,-. (G-I) -OH. “*” = P < 0.05, “**” = 0.001 <P < 0.0l, “**” =0.0001 <P < 0.001, “**" =
P < 0.0001.

Abbreviations: ROS, Reactive Oxygen Species; LPS, lipopolysaccharide; ns, no significant difference between groups.
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Flow cytometry further confirmed the stable ROS-scavenging activity of the nanoparticles (Figure 3B and C). Subsequent
experiments focused on the scavenging capacity of ‘OH and O, using O27 and O76 probes. Both the fluorescence and flow
cytometry results demonstrated significant scavenging activity against O, (Figure 3D-F) and -OH (Figure 3G-I). The results
indicated that Cuy sO USNPs had a concentration-dependent ability to scavenge ROS in cell.

Previous studies have shown that metal nanoparticles can protect cellular structures against inflammatory diseases.>*~
37 Therefore, we further evaluated the protective effect of Cuy sO USNPs on mitochondrial function by validating their
ROS-scavenging activity and ability to restore ATP production. CuysO USNPs preserved the normal structure of
mitochondrial cristae (Figure 4A). Since mitochondrial membrane potential (MMP) decreases with mitochondrial
damage, we assessed its status. LPS stimulation significantly reduced the MMP, whereas Cu, sO USNPs effectively
prevented this damage (Figures 4B and S7). Moreover, while LPS-induced mitochondrial instability caused a reduction
in ATP production, treatment with CuysO USNPs reversed this decline (Figure 4C). Fluorescence imaging further
revealed that mitochondrial superoxide production induced by LPS was substantially suppressed by CuysO USNPs
(Figure 4D), a finding corroborated by flow cytometry (Figure 4E and F).

In animal studies, we evaluated the therapeutic potential of Cus sO USNPs in male C57BL/6J mice, as outlined in
Figure 5A. Different concentrations of Cu, sO USNPs were administered to septic mice, and treatment with 850 pg/kg
Cuy 5O USNPs significantly mitigated lung damage (Figures 5B and S8). Hence, subsequent experiments utilized this
concentration. Over ten days, no mortality was observed in the control or Cuy sO USNPs groups. In contrast, the LPS
group exhibited an 80% mortality rate. However, septic mice treated with CuysO USNPs showed a significant
improvement in survival, with a 60% increase compared to the LPS group, representing a twofold increase
(Figure 5C). As shown in Figure 5D and E, the LPS group exhibited thickened alveolar walls, damaged alveolar
structures, and significant inflammatory cell infiltration compared to the control and CussO groups. In contrast, septic
mice treated with Cuy sO USNPs showed reduced alveolar wall thickening and inflammatory cell infiltration, further
demonstrating their protective effect against SILI. TNF-a and IL-6 were lower in lung tissue and serum samples from
SILI mice treated with Cuy sO USNPs (Figure SF-I). Cu, sO USNPs effectively counteracted the increase of superoxide
levels caused by inflammation (Figure 6A). Apoptosis occurs as one phenomenon of programmed cell death.’®>® The
results exhibited a significant apoptosis of the LPS group, which was reversed by adding Cu, sO USNPs (Figure 6B).
Also, GSDMD-N and P-MLKL were significantly down-expressed provided the inhibited effect of CuysO USNPs
(Figure 6C—F).

There are different kinds of administration methods for nanoparticles.®® Due to their unique properties, tracheal admin-
istration of Cuy sO USNPs not only protected the lungs but also alleviated damage to other vulnerable organs from sepsis-
induced injury. Histological analysis confirmed that the advanced administration of Cuy sO USNPs ameliorated organ damage
caused by sepsis (Figure 7A—H). Encouraged by these findings, we further examined liver and kidney function. Treatment
with 850 pg/kg Cuy sO USNPs significantly reduced key markers of organ dysfunction (Figure 7I-L). Intravenous adminis-
tration was also assessed to evaluate safety and efficacy. Cu, sO USNP injection did not cause significant organ damage and
effectively mitigated multi-organ injury induced by LPS (Figure S9A-J). The hemolysis rate attributed to Cuy sO USNPs was
below 5%, demonstrating their biocompatibility (Figure S10). Lastly, we compared the therapeutic effects of Cuy 5O USNPs to
Vitamin C for sepsis treatment. Results showed that a single intravenous dose of Cuy sO USNPs (850 ng/kg) outperformed
Vitamin C (50 mg/kg, administered every 6 hours) in preserving pathological features and reducing pulmonary edema

(Figure S11).

Discussion

This study affirmed that CuysO USNPs can effectively scavenge ROS, including -‘OH, O, , and H,O,, while also
mimicking the activities of multiple enzymes such as CAT and SOD. Our findings demonstrate that Cuy sO USNPs
alleviate SILI in mice by preserving mitochondrial structure and function, maintaining mitochondrial membrane
potential, and ensuring cellular energy supply. Furthermore, we revealed that CuysO inhibit multi-programmed cell
death pathways by downregulating key proteins. These results suggest that Cuy sO USNPs hold significant promise as
a therapeutic agent for treating sepsis-induced lung injury, highlighting their potential for combating acute systemic
infections.
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Cus 4O USNPs are the latest development in a series of copper-based ultrasmall nanoparticles known for their distinct
aggregation profiles, stable properties, excellent biocompatibility, and water solubility. They effectively scavenge ROS,
as demonstrated in prior studies on glycerinum-induced acute kidney injury.”’ These nanoparticles can absorb and
neutralize free radicals due to their specialized surface, with copper ions further enhancing their antioxidant properties.
Inspired by Liu et al** we synthesized Cu, sO USNPs following their methodology but achieved higher Cu,O ratio, better
coverage the scavenging spectrum of -OH.

ROS are a class of highly reactive oxygen free radicals involved in a variety of cellular metabolic pathways, which
can lead to oxidative stress and cause detrimental effects on cell structure and function.®' It has been reported that the
overproduction of ROS contributes to lung injury and facilitates its progression.” In the context of ROS generation,
mitochondria undergo severe impairment, leading to diminished ATP synthesis, compromised mitochondrial membrane
potential, and alterations in mitochondrial membrane permeability.®> We verified that Cu,sO USNPs effectively
preserved the structure and functionality of mitochondria, facilitating the maintenance of mitochondrial membrane
potential and ensuring cellular energy supply. More importantly, we demonstrated the protective role of copper-based
ultrasmall nanoparticles on subcellular organelles in LPS-induced sepsis, which is characterized by severe ROS stress.

PANoptosis is a coordinated cell death pathway.’® Samir et al revealed that components of the PANoptosome,
including Z-DNA-binding protein 1 (ZBP1), Gasdermin D (GSDMD), caspase-3, caspase-8, and the mixed lineage
kinase domain-like pseudokinase (MLKL), are essential molecules for the activation of multi-programmed cell death.>”
In this study, we only tested the expression of key proteins in pyroptosis and necroptosis and observed apoptosis through
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Abbreviations: LPS, Lipopolysaccharide; ALT, Alanine transaminase; AST, Aspartate aminotransferase; CRE, Creatinine; BUN, Blood Urea Nitrogen; ns, no significant
difference between groups.
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immunofluorescence. We discussed that Cuy 5O USNPs could attenuate pyroptosis and necroptosis, possibly because they
effectively eliminate ROS, mitigate mitochondrial damage, and ultimately confer additional protection against pro-
grammed cell death.

In our study, tracheal administration was employed for the treatment of sepsis-induced lung injury. This approach
reduces the total dose required and minimizes systemic exposure.®”®® The results confirm that tracheal administra-
tion of CuysO USNPs attenuates SILI, demonstrating significant potential for treating oxidative stress-related
disorders. Currently, the primary treatments for sepsis involve anti-inflammatory drugs and antioxidants, such as
Vitamin C.°*®° However, these medications have limitations, including low bioavailability, poor stability, and
limited efficacy in sepsis.®® When using Vitamin C to alleviate lung injury, it is important to maintain therapeutic
blood concentrations to sustain its antioxidative effects.®” In contrast, our experimental results demonstrate that
a single intravenous injection of CussO USNPs exhibits significantly stronger and more stable antioxidative
capabilities within the effective range of Vitamin C. This highlights a key advantage of Cu, sO USNPs for potential
clinical applications.

This study has certain limitations. Our investigation primarily focused on mice, necessitating further studies to ensure
the human safety of Cu, sO USNPs. Additionally, it would be beneficial to design experiments comparing the efficacy of
Cuy 5O USNPs with other nanomaterials previously reported for sepsis treatment. Finally, more detailed experiments are
needed to elucidate how CuysO attenuate PANoptosis. Nevertheless, our findings provide innovative insights for the
research and development of optimized nanomedical materials targeting sepsis-induced lung injury.

Conclusion

This study validates that copper nanoparticles, Cuy sO USNPs, possess remarkable ROS scavenging capabilities, which
can be used to mitigate lung injury in sepsis. Importantly, we identified the pivotal role of Cuss0 USNPs in
maintaining mitochondrial homeostasis and inhibiting acute inflammation-induced cell death. Future research could
explore biological distribution, metabolic dynamics, and comparisons with other nanomaterials or clinically effective
drugs.
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