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Acute lung injury (ALI) is a critical respiratory disorder with a high mortality rate and is caused by sev-
eral factors. Addressing oxidative stress and inflammation is a pivotal strategy for ALI treatment. In this
study, we introduced a novel nanotherapeutic approach involving a curcumin-loaded ceria nanoenzyme
delivery system tailored to counteract the multifaceted aspects of ALL This system leverages the indi-
vidual and combined effects of the components to provide a comprehensive therapeutic solution. The

Keywords: dual-action capability of this nanosystem was manifested by mitigating mitochondrial oxidative stress
Ceria nanoenzymes in lung epithelial cells and inhibiting the transient receptor potential melanosome-associated protein 2
Curcumin (TRPM2)-NOD-like receptor thermal protein domain associated protein 3 (NLRP3) signaling pathway, of-

Acute lung injury

fering a highly effective therapeutic approach to ALIL Our findings reveal the underlying mechanisms of
Oxidative damage

this innovative nanodelivery system, showcasing its potential as a versatile strategy for ALI treatment and

Inflammation
Nano delivery systems

encouraging further exploration of nanoenzyme-based therapies for ALL
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Acute lung injury (ALI) is a severe pulmonary condition that
poses significant clinical challenges owing to its complex patho-
physiology characterized by intense inflammation and oxidative
stress within lung tissues [1-4]. This condition, which can esca-
late to acute respiratory distress syndrome (ARDS) without prompt
and effective intervention, requires innovative therapeutic strate-
gies capable of addressing both the inflammatory cascade and re-
sultant oxidative damage to pulmonary cells [5]. Despite existing
treatments, such as pharmacological interventions and support-
ive care, the high morbidity and mortality rates associated with
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ALI/ARDS underscore the urgent need for more effective therapeu-
tic approaches [6-8].

To meet this clinical need, the development of nanoenzymes
that act as both drugs and carriers offers a promising avenue for
the treatment of a wide range of diseases [9-15]. Cerium oxide
nanoenzymes (Ce0,-NZs) are recognized for their unique catalytic
properties that mimic natural enzymes such as superoxide dismu-
tase (SOD) and catalase [16]. These nanoenzymes can modulate
reactive oxygen species (ROS) levels, thereby reducing oxidative
stress and inflammation in pulmonary tissues [17-20]. The high
stability, physiological compatibility, and efficient ROS-scavenging
capacity of CeO,-NZs facilitate their application in biomedicine,
making them ideal candidates for addressing the oxidative com-
ponents of ALI [21-23]. Considering the complexity of ALI pathol-
ogy, the therapeutic potential of Ce0,-NZs is greatly enhanced
when combined with bioactive compounds with anti-inflammatory
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Fig. 1. Synthesis and characterization of Cur CeO,-NZs. (A) High-resolution transmission electron micrographs of CeO, and Cur CeO,-NZs. Scale bar: 20 nm. (B) Selected area
electron diffraction. (C) The cubic fluorite structure of CeO,. (D) XPS analysis of Ce 3d showing the binding energy (BE) levels of Ce(Ill) and Ce(IV). (E) High-angle annular
dark-field scanning transmission images and energy dispersive spectrometer (EDS) mapping of Cur CeO,-NZs. Scale bar: 50 nm. (F) Particle sizes and zeta potentials of CeO,
and Cur Ce0,-NZs. (G) Infrared spectra of Cur CeO,-NZs, Cur, and Ce0,-NZs. (H) A schematic diagram of the renewable cycle of CeO, for ROS scavenging. (I) Raman spectra
of CeO, at different time points after reaction with H,0,. (J) A schematic illustration of the ABTS*" radical scavenging process. (K) Ultraviolet-visible spectroscopy (UV-vis)
absorption spectra and quantitative results. (L) For CeO, and ABTS*" after incubation with different concentrations. All data are presented as the mean + SD (n=3).

properties [24]. Curcumin (Cur) is a polyphenolic compound ex-
tracted from turmeric and has been extensively studied for its
anti-inflammatory and antioxidant properties [25-27]. Despite its
promising therapeutic effects, the clinical application of Cur in
ALl is severely limited because of its poor solubility, low stability,
rapid metabolism, and low absorption, resulting in greatly reduced
bioavailability. To address these limitations, we aimed to develop
a novel nano-delivery system that synergistically combines the ad-
vantages of CeO,-NZs with the therapeutic benefits of Cur. By en-
capsulating Cur within a nanoenzymatic framework of ceria na-
noenzymes, Cur-loaded CeO,-NZs (Cur CeO,-NZs) were produced.
Additionally, we attempted to enhance the solubility, stability, and
cellular uptake of Cur to overcome its inherent pharmacokinetic
limitations. This innovative approach not only enhances the an-
tioxidant and anti-inflammatory efficacy of Cur but also leverages
the ROS-scavenging capabilities of Ce0,-NZs, offering a dual-action
therapeutic strategy for the effective management of ALI (Scheme
S1 in Supporting information).

Ce0,-NZs were synthesized via a complex process, which is
shown in Scheme S1. Initially, hydrophobic ceria was synthesized
via pyrolysis. Subsequent examination using transmission elec-
tron microscopy (TEM) illustrated a uniform dispersion of CeO,
nanoparticles in water, manifesting as ultrasmall nanodots with
a mean diameter (Fig. 1A). The crystal structure was confirmed
through selected-area electron diffraction (SAED) (Fig. 1B) and
X-ray diffraction (XRD) analyses (Fig. 1C), both of which con-
firmed the cubic fluorite structure of the nanoparticles. Further
characterization through X-ray photoelectron spectroscopy (XPS)
(Fig. 1D) verified the synthesis of divalent ceria NZs, with spec-
tra revealing Ce(Ill) oxide peaks at specific energy values along-
side Ce(IV) oxide peaks, indicating a composition of 50.70% Ce(III)
oxide and 49.32% Ce(IV) oxide. This composition underscores
the significant role of Ce(IV) oxide in the cyclic scavenging of
ROS. To enhance biocompatibility, CeO, nanoparticles were func-
tionalized using 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG,qqg). The mod-

ification process employed a thin-film dispersion method, fol-
lowed by purification through dialysis. Concurrently with CeO,-
NZs synthesis, Cur was incorporated, resulting in the formation of
Cur Ce0,-NZs through van der Waals forces and organic macro-
molecule adsorption (Scheme S1 and Fig. S1 in Supporting infor-
mation). TEM analysis of the Cur CeO,-NZs (Fig. 1A) confirmed
their uniform dispersion in water, with an average size of 25nm.
High-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) (Fig. 1E) demonstrated successful surface
modification, which was further evidenced by the coherent over-
lay of Ce signals with the NZs. Physicochemical properties, includ-
ing particle size and surface charge, were assessed using laser par-
ticle sizing and zeta potential measurements (Fig. 1F), which re-
vealed notable changes after Cur and DSPE-PEG;qqo modification.
Infrared spectroscopy analysis provided additional confirmation of
Cur loading onto Ce0,-NZs, highlighted by the appearance of char-
acteristic Cur peaks in the Cur CeO,-NZs spectrum (Fig. 1G). Quan-
titative analysis of Cur loading was performed using the external
standard method, establishing a drug-loading efficiency of 4.8% and
an encapsulation rate of 73.7% (Fig. S2 in Supporting information).
In vitro release studies in phosphate buffered saline (PBS) showed
an initial rapid release of 23% of the loaded Cur within the first 2 h,
followed by a gradual release of 54.67% within 48 h (Fig. S3 in Sup-
porting information). In addition, the modified Cur CeO,-NZs were
found to have good particle size stability (Fig. S4 in Supporting in-
formation), indicating their suitability for biomedical applications.

Excessive ROS production induces mitochondrial dysfunction,
which is a precursor of ALI development. The reversible oxidation
state transitions of CeO, endow it with dynamic and recyclable
ROS neutralization capabilities (Fig. 1H). To elucidate CeO, cat-
alytic efficacy and regeneration during its interaction with hydro-
gen peroxide (H,0,), in situ Raman spectroscopy was performed
using a 532-nm laser excitation source. Remarkably, the Raman
spectral alterations observed in the subsequent cycles upon the
reintroduction of H,O, mirrored the initial observations, under-
scoring the exceptional reusability of CeO, as an antioxidant (Fig.
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Fig. 2. Uptake of Cur CeO,-NZs and their anti-inflammatory and antioxidant effects in cells. (A) Uptake of FITC-labeled Cur CeO,-NZs by A549 and RAW264.7 cells. (B)
Fluorescence imaging of organs after tracheal nebulization administration of nanoparticles loaded with Cy5.5 dye in mice. (C) Representative images of intracellular ROS
levels in A549 cells. (D) Representative images of the mitochondrial membrane potential of A549 cells. (E) Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
double staining evaluation of the reversal of t-BHP-induced apoptosis. (F) Levels of inflammatory factors in the supernatant of RAW264.7 cells. All data are presented as the

mean + SD (n=3). *P <0.05, **P <0.01, ***P < 0.001, ****P < 0.0001. Scale bar: 100 um.

11). Furthermore, the antioxidant potential of CeO, was quanti-
fied using 2,2'-azo-3-ethylbenzothiazole-6-sulfonate (ABTS) assay
across varying concentrations and durations (Fig. 1J). ABTS+ cation
radicals, which are characterized by their blue-green coloration,
are decolorized upon reduction with antioxidants. Dose-dependent
decolorization, as evidenced by the diminished absorption peak
at 734nm with increasing CeO, concentration, indicated a pro-
nounced inhibitory effect on ABTS radical generation (Fig. 1K). At a
concentration of 2pug/mL, CeO, demonstrated significant ABTS rad-
ical scavenging activity, highlighting its potential as an effective an-
tioxidant and ROS scavenger (Fig. 1L). The above results show that
Ce0, is able to scavenge free radicals cyclically, which makes CeO,
characterized by long-lasting and high efficiency. Compared with
traditional antioxidants, CeO, can maintain a higher antioxidant
effect after multiple uses. CeO, can efficiently scavenge free radi-
cals and other harmful oxidizing substances. These properties ren-
der CeO, as a promising candidate for mitigating oxidative stress-
induced damage, particularly in conditions such as ALIL

Following meticulous characterization of Cur CeO,-NZs, a com-
prehensive set of cellular and animal experiments was conducted
to evaluate their biocompatibility, therapeutic efficacy, and safety
profiles. The cellular uptake of these Cur CeO,-NZs was first as-
sessed using fluorescence microscopy after treating A549 lung ep-
ithelial cells and RAW264.7 macrophages with FITC-labeled Cur
Ce0,-NZs at various culturing intervals. A time-dependent increase
in cellular uptake was observed, affirming efficient internalization
of the Cur CeO,-NZs and potential for intracellular therapeutic ac-
tion (Fig. 2A and Fig. S5 in Supporting information). To extend
these observations in vivo, mice were administered Cy5.5-labeled
Cur Ce0,-NZs via tracheal nebulization. All animal procedures per-
formed in this study were in accordance with the ethical guide-

lines approved by the Animal Care and Use Committee of Naval
Medical University (approval No. 20210310013). Subsequent organ
harvesting and imaging demonstrated pronounced fluorescence in
lung tissues immediately after administration, with detectable flu-
orescence persisting for up to 48h. This indicates the sustained
bioavailability and effectiveness of Cur CeO,-NZs when adminis-
tered through nebulization, showing prolonged engagement with
the lung tissue (Fig. 2B and Fig. S6 in Supporting information). The
biocompatibility of Cur CeO,-NZs was further explored by eval-
uating their cytotoxicity in A549 cells at varying concentrations
over a 24h period using a cell counting kit-8 (CCK-8) assay. Re-
sults indicated negligible cytotoxicity, even at concentrations as
high as 100 ug/mL, with cell viabilities exceeding 80%. Similar non-
toxic profiles were observed in RAW264.7 cells, suggesting that Cur
Ce0,-NZs do not interfere with cellular growth (Fig. S7 in Sup-
porting information). Animal studies were conducted to assess the
in vivo safety of Cur CeO,-NZs administered via tracheal nebuliza-
tion. Subsequent pathological analyses of vital organs at 48 h and
14 d post-administration revealed no abnormal histopathological
changes, confirming the safety profile of Cur CeO,-NZs (Figs. S8
and S9 in Supporting information). In the cell, the site of ROS gen-
eration is the mitochondria, and the nanoenzymes enter the cell;
according to the nature of CeO,, they can be targeted toward the
mitochondria to scavenge ROS (Fig. S10 in Supporting information).
The protective efficacy of the Cur CeO,-NZs against oxidative stress
was investigated using a t-BHP-induced oxidative damage model in
A549 cells. The half maximal inhibitory concentration (ICsqy) value
of t-BHP was used as the concentration (Fig. S11 in Supporting in-
formation). Treatment with Cur CeO,-NZs significantly mitigated
intracellular ROS levels, outperforming Cur and CeO,-NZs alone,
indicating their superior antioxidant properties (Fig. 2C and Fig.
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Fig. 3. Cur Ce0,-NZs provide protection against LPS-induced acute lung injury. (A) Hematoxylin and eosin staining of the lung tissues of mice. (B) Statistical graph of the
scores of hematoxylin and eosin staining of mouse lung tissues. (C) Wet-to-dry weight ratio of lung tissues. (D) MDA and SOD contents in the lung tissue homogenates of
mice. (E) DCFH-DA staining of mouse lung tissues. DAPI, 4’,6-diamidino-2-phenylindole. (F) TUNEL staining of mouse lung tissues. (G) Inflammatory factor levels in alveolar
lavage fluid. All data are presented as the mean £ SD (n=3). *P<0.05, **P <0.01, ***P < 0.001, ****P < 0.0001. Scale bar: 100 um.

$12 in Supporting information). Additionally, Cur CeO,-NZs effec-
tively preserved the mitochondrial membrane potential under ox-
idative stress, demonstrating enhanced protective effects on mi-
tochondrial integrity compared with those of the control treat-
ments (Fig. 2D and Fig. S13 in Supporting information). Further-
more, Cur Ce0,-NZs significantly reduced t-BHP-induced apopto-
sis, demonstrating their potential to prevent cell death (Fig. 2E
and Fig. S14 in Supporting information). In an in vitro inflamma-
tion model using lipopolysaccharides (LPS)-stimulated RAW264.7
cells, Cur CeO,-NZs markedly downregulated pro-inflammatory cy-
tokines (tumor necrosis factor-alpha (TNF-«), interleukin-6 (IL-6),
IL-18) and upregulated anti-inflammatory cytokines IL-10 com-
pared with controls, highlighting their anti-inflammatory capabil-
ities (Fig. 2F). Collectively, these findings suggest that Cur CeO,-
NZs not only exhibit promising biocompatibility and safety both in
vitro and in vivo but also demonstrate significant protective effects
against oxidative stress and inflammation, positioning them as po-
tent therapeutic agents for lung epithelial protection and inflam-
mation mitigation.

In a comprehensive study aimed at exploring the therapeutic
potential of Cur Ce0,-NZs in ALIl, an LPS-induced C57BL/6 mouse
model was established (Fig. S15 in Supporting information). His-
tological assessment of lung sections using hematoxylin and eosin
(HE) staining revealed significant structural damage in LPS-exposed
mice, characterized by diffuse interstitial edema, reduced alveo-
lar space, thickened alveolar walls, and extensive infiltration by
inflammatory cells. This damage indicated a compromised pul-
monary blood-air barrier, further highlighted by the presence of
red blood cells within the alveoli. In this study, we used the lung
injury score derived from the scoring system (Table S1 in Support-
ing information). Notably, treatment with Cur CeO,-NZs profoundly

ameliorated these pathological alterations, highlighting their su-
perior therapeutic efficacy (Figs. 3A and B). Analysis of the body
weights revealed a reversal of LPS-induced weight loss in mice,
especially in those treated with Cur CeO,-NZs, suggesting an en-
hanced recovery (Fig. S16 in Supporting information). Morphome-
tric analysis of the lung tissue further supported the therapeutic
benefits of Cur CeO,-NZs, showing improved alveolar structural in-
tegrity, as evidenced by decreased alveolar septal thickness and in-
creased alveolar count per high-power field, compared with the
PBS group (Fig. S17 in Supporting information). We measured the
wet-to-dry weight ratio (W/D) of lung tissue to assess pulmonary
edema and found a significant reduction in the W/D ratio among
treated mice, particularly with Cur CeO,-NZs (Fig. 3C). Moreover,
analysis of lung tissue homogenates indicated a notable decrease
in malondialdehyde (MDA) levels and an increase in SOD activ-
ity in mice treated with Cur CeO,-NZs, indicating reduced oxida-
tive stress and enhanced antioxidative defense (Fig. 3D). Further-
more, 2/,7'-dichlorodihydrofluorescein diacetate (DCFH-DA) stain-
ing for quantifying ROS levels showed a significant reduction in
ROS in the Cur CeO,-NZs-treated group than in the PBS group, in-
dicating effective ROS mitigation (Fig. 3E and Fig. S18 in Support-
ing information). Terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) staining revealed a decrease
in LPS-induced apoptosis in pulmonary tissues following Cur CeO,-
NZs treatment, which was consistent with earlier cellular find-
ings (Fig. 3F and Fig. S19 in Supporting information). Immunohis-
tochemical analysis using 8-hydroxy-2’-deoxyguanosine (8-OHdG)
highlighted reduced oxidative DNA damage following Cur CeO,-
NZs treatment (Fig. S20 in Supporting information). Lastly, analy-
sis of bronchoalveolar lavage fluid (BALF) demonstrated that Cur
Ce0,-NZs treatment significantly attenuated pro-inflammatory cy-
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tokine levels (TNF-«, IL-6, IL-18) and increased anti-inflammatory
cytokine IL-10 levels, indicating an effective anti-inflammatory re-
sponse and improved alveolar-capillary barrier function (Fig. 3G
and Fig. S21 in Supporting information). Collectively, these find-
ings delineate the multifaceted therapeutic efficacy of Cur CeO,-
NZs in mitigating oxidative stress, reducing inflammation, and pro-
moting lung tissue recovery in ALI, demonstrating their potential
as a novel treatment strategy.

To elucidate the therapeutic mechanisms of Cur CeO,-NZs in
ALl we conducted a transcriptome sequencing analysis of lung tis-
sue samples from mice before and after treatment with Cur CeO,-
NZs. Understanding the type, amount, and expression levels of
RNA in the cell is crucial to reveal the function and regulatory
mechanism of genes. Principal component analysis plots of the se-
quencing results confirmed good reproducibility of samples within
groups, significant differences between samples between groups,
and the usability of sequencing data (Fig. S22 in Supporting infor-
mation). Kyoto encyclopedia of genes and genomes (KEGG) enrich-
ment analysis revealed that the differentially expressed genes were
significantly enriched in the nucleotide-binding oligomerization
domain (NOD)-like receptor signaling pathway (Fig. 4A), a pathway
closely associated with inflammation and oxidative damage, pri-
marily involving the NOD-like receptor pyrin domain-containing 3
(NLRP3) inflammasome. The results of hierarchical clustering anal-
ysis revealed that the differential expression of these genes was
more pronounced in the Cur CeQ,-NZs-treated group and that
there were significant differences in the mRNA profiles obtained
for the lung tissues of the Cur CeO,-NZs- and LPS-treated mice
with ALI (Fig. S23 in Supporting information). Based on the volcano
plot analysis of the transcriptome data, we identified 22,183 genes
in both the ALI and Cur Ce0O,-NZs groups. Genes with a log2 (fold

change) expression > 1.0 and < 1.0 were considered to be signifi-
cantly up- and down-regulated, respectively (treatment vs. control)
(Fig. 4B). Notably, genes with pronounced expression differences in
the NOD-like receptor signaling pathway included those encoding
the transient receptor potential melanosome-associated protein 2
(TRPM2), NLRP3, cysteinyl aspartate specific proteinase 1 (CASP1),
and IL-18 proteins (Fig. S24 in Supporting information). The pro-
tein expression of these genes was validated using western blot
analysis, and the findings were consistent with the transcriptome
sequencing results (Fig. 4C).

Transient receptor potential (TRP) ion channels are a class of
widely distributed channel proteins, and there is ample evidence to
indicate that these channels play a key role in regulating intracel-
lular Ca2* concentrations [28]. As calcium ions are a major trigger
for NLRP3 inflammasome activation [29]. In response to the acti-
vation of inflammasomes, CASP1 is cleaved, thereby indirectly pro-
moting the synthesis and release of inflammatory factors such as
IL-18 and IL-18. CASP1 also facilitates GSDMD synthesis, leading to
cell pyroptosis [30-32]. We hypothesized that Cur CeO2-NZs regu-
late TRP levels by modulating the expression or activity of TRPM2,
thereby influencing the NLRP3 inflammatory signaling pathway.

To establish whether the therapeutic effects of Cur CeO,-NZs
are mediated via modulation of the TRPM2-NLRP3 signaling path-
way, we performed immunofluorescence staining of mouse lung
tissues. The results showed that Cur CeO,-NZs were able to reduce
the expression of TRPM2 in lung tissues (Fig. S25 in Supporting
information). Furthermore, we co-administered the TRPM2 protein
activator adenosine 5'-diphosphoribose sodium (ADP) and the in-
hibitor rosiglitazone maleate (RSGT) with Cur CeO,-NZs. Initially,
we assessed the effects on inflammatory factors in RAW264.7 cells
and found that the TRPM2 activator suppressed the inhibitory ef-
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fects of Cur Ce0,-NZs on pro-inflammatory factors, thereby lead-
ing to enhanced inflammation. Conversely, the TRPM2 inhibitor
synergistically enhanced the inhibitory effect of Cur CeO,-NZs
on the pro-inflammatory factors (Fig. S26 in Supporting informa-
tion). Analysis of the effects on the protein components of the
TRPM2-NLRP3 signaling pathway revealed that the TRPM2 acti-
vator disrupted the inhibitory effect of Cur CeO,-NZs on this
pathway, whereas the TRPM2 inhibitor synergistically enhanced
this inhibitory effect (Fig. 4D). A Fluo-4AM calcium ion detection
probe was used to monitor the intracellular calcium ion levels in
RAW264.7 cells, which revealed a significant enhancement of cal-
cium ion fluorescence in the activator group, whereas fluorescence
was markedly reduced in the inhibitor group (Fig. 4E and Fig. S27
in Supporting information).

Based on these findings, we established an in vitro co-culture
model using RAW264.7 and A549 cells to simulate the damag-
ing effects of in vivo inflammation on pulmonary epithelial cells
(Fig. 4F). After initial stimulation of RAW264.7 cells with LPS, fol-
lowed by treatment with Cur CeO,-NZs, we separately adminis-
tered the TRPM2 protein activator and inhibitor to assess their ef-
fects on A549 cell ROS levels and mitochondrial damage. Treatment
with Cur Ce0,-NZs inhibited the inflammation-induced generation
of ROS and the decline in mitochondrial membrane potential in
A549 cells. However, while the TRPM2 activator disrupted these ef-
fects, the TRPM2 inhibitor synergistically enhanced the inhibitory
effects of Cur CeO,-NZs against oxidative damage (Figs. 4G and H,
Figs. S28 and S29 in Supporting information). These findings fur-
ther confirmed that the therapeutic effects of Cur CeO,-NZs were
mediated via the inhibition of the TRPM2-NLRP3 signaling path-
way.

Conclusively, we designed and synthesized a novel drug de-
livery system consisting of ceria nanoenzymes as carriers, which
were loaded with the anti-inflammatory drug Cur to obtain Cur
Ce0,-NZs. This innovative design offers several notable advantages,
including enhanced biocompatibility, a low metabolic rate, high
utilization, mitochondrial targeting, and cyclic scavenging of free
radicals. Our results revealed that treatment with this system ef-
fectively regulated the mitochondrial membrane potential, restored
mitochondrial function, reduced intracellular ROS generation, re-
duced inflammasome formation, regulated the release of inflam-
matory factors, and synergistically promoted anti-inflammatory
and antioxidant effects. Therefore, we believe that this novel nan-
odrug delivery system has considerable therapeutic potential in the
treatment of ALIL
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