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Background: It is well established that the interaction between osteogenesi 1mpact bone tissue regeneration.

The use of nanoparticles to treat and alleviate inflammation at the he potential to improve the osteogenic

microenvironment and serve as a therapeutic approach.

Methods: We have synthesized new hollow cerium oxide nanopa
novel ,CeO,@CA-074Me NPs. We characterized the surface morph
Macrophage RAW 264.7 was cultured with ,CeO,@C
inflammation. RT-PCR and Western blot analysis was € aluate the effects of ;,CeO,@CA-074Me NPs on macrophage

ith cathepsin B inhibitor (CA-074Me) to create
chemical properties of ,CeO,@CA-074Me NPs.

E1 cells were cultured with Pg-LPS to create 4 enic conditions under inflammation. The cells were then co-cultured
with ;,CeO,@CA-074Me NPs for 7, 14, ang g bility was evaluated using ALP staining, ALP quantitative analysis,

results confirmed that NPs could inhibit inflammation and ameliorate osteogenic microenvironment, thus
promoting the osteo

oparticles, CTSB, NLRP3, inflammation, bone regeneration, osteogenic microenvironment

Introduction
The process of natural bone healing is similar to the process of bone development, involving various physiological events

such as inflammation, vascular regeneration, calcification, and bone remodeling. Additionally, the coordinated action of
inflammatory cells and those involved in bone healing is crucial for the formation, repair, and remodeling of healthy
bones." Bone regeneration is a complex process that involves interactions between the formation of new bone tissue and
the inflammatory response.” The immune system plays a vital role in maintaining bone health by stimulating the
mineralization of bone-forming cells, forming osteoclasts, and participating in the modeling and remodeling phases,
ultimately maintaining overall osseous tissue homeostasis.® Given the established link between inflammation and bone
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resorption, there has been a growing interest in strategies aimed at enhancing the osteogenic microenvironment through
anti-inflammatory approaches.”

Inflammation is crucial in the mineralization of osteoblasts, as it is necessary for osteogenesis to occur. Macrophages,
the first line of defense against pathogen infection during inflammation, can have different functions depending on the
physiological or pathological conditions: they can either have pro-inflammatory macrophage (M1 phenotype) or an anti-
inflammatory macrophage (M2 phenotype).” It has been demonstrated that the enhanced M2 phenotype may limit
inflammation and improve the osteogenic microenvironment. On the other hand, the M1 phenotype has been shown to
exacerbate inflammation and disrupt bone-biomaterial integration. The polarization of macrophage plays a significant
role in bone formation. Activation of inflammatory macrophage can increase local expression of RANKL, thereby
promoting osteoclasts differentiation in bone tissue.® In contrast, anti-inflammatory macrophage aid in resolving

inflammation and regenerating bone tissue by releasing anti-inflammatory mediators.” Additiona macrophages

enhance bone regeneration.
In the study of macrophages regulation of the immune response, researchers disc

and the induction of pyroptosis. The literature likewise indicate

role in the pathology of periodontitis.'*
athepsin B inhibitor (CA-074Me), can
n affect NLRP3 in several ways, including
ivation of NLRP3."”> Additionally, macrophages
stimulated by inflammation have been observedmsa ¥ch levels of CTSB and NLRP3. Therefore, modulating

linked to inflammatory bone destruction and infectious bone dam
Surprisingly, studies have shown that the specific inhibitor of C

suppress the activation of NLRP3 inflammasomes. This (S}
reducing the expression of the NLRP3 gene and inhil§g

Although natural enzymes are hi . d selective, they are easily inactivated and difficult to store.'® CeO,

NPs are a powerful artificial oxi i the activity of catalase (CAT) and superoxide dismutase (SOD) to
attenuate and eliminate ROS p L’ The rev®sible Ce®"/Ce*" redox potentials enables CeO, NPs to emulate the
behaviour of SOD and C sence of a substantial number of surface oxygen vacancies. It has been
suggested that the anti ¢0, NPs is closely related to the presence of Ce**, which contributes to
the formation of oxyg s.'® This indicates that a higher Ce®*/Ce*" ratio on the CeO, NPs surface increases the

concentration of g

mediators, IL=1B. Additionally, due to their Ce*/Ce*" redox potentials, CeO, NPs are considered
effective scav@®® of ROS, which play a critical role in maintaining bone homeostasis. Moreover, it was observed that
a high level of in CeO, NPs promoted the proliferation of osteoblast cells MG63, while a high level of Ce** in CeO,

NPs inhibited the gr®th of human mesenchymal stem cells MG63.%°

Some studies suggested that CeO, NPs can promote osteogenic differentiation by stimulating the differentiation of
M2 macrophage and mesenchymal stem cells. Study has shown that the osteogenic differentiation capability of
BMSCs is directly proportional to the Ce**/Ce®" ratio on titanium surfaces. A higher Ce*"/Ce®" ratio also promotes
the polarization of RAW264.7 macrophage toward the M2 phenotype, particularly increasing the proportion of healing-
associated M2 macrophage and the secretion of anti-inflammatory cytokines.?'"*? This suggested that the valence states
of CeO, NPs could effectively modulate both the osteogenic potential of stem cells and the M2 polarization of
macrophage. These effects collectively contribute to improved outcomes in new bone formation and osseointegration.
While CeO, NPs possess antioxidant properties, the cytotoxicity of different types of CeO, NPs varies depending on
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their chemical function, shape, size, aggregation status, and other properties.”> CeO, NPs are expected to garner
increasing interest in future research. It will be essential for investigators to explore the pathology and toxicology of
CeO, NPs from a pathogenesis perspective to identify the most suitable types of CeO, NPs for human applications.
In conclusion, we have developed a new nanosystem, ,CeO,@CA074Me NPs, by loading CTSB specific inhibitors
CA-074Me with hollow CeO, NPs (;,CeO, NPs). Our study aimed to investigate whether ,CeO, NPs could improve the
osteogenic microenvironment under inflammatory conditions by modulating macrophage phenotype and inhibiting the
CTSB-NLRP3 signaling axis (Scheme 1). Our specific experiments included: (1) Development of ,CeO,@CA-074Me
NPs and characterization of its physical and chemical properties. (2) Evaluation of the biocompatibility of ,CeO,@CA-
074Me NPs. (3) Assessment of the inhibitory effect of ,CeO,@CA-074Me NPs on macrophage inflammation factor
secretion and its impact on the CTSB-NLRP3 pathway. (4) Evaluation of the effect of ,CeO,@CA-074Me NPs on

scavenge ROS. Based on these findings, our study may offer a promising ap

damage.

Ce3“‘<—Ce4+ CA- 07\4Me

- _,[lnhlblt the }
CTSB-NLRP3

Osteogenesis

Scheme | The synthesis process of ,CeO,@CA-074Me nanoparticles and their capability to ameliorate the osteogenic microenvironment under inflammatory conditions
by modulating macrophage M2 phenotype polarization and suppressing the CTSB-NLRP3 signaling pathway.
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Materials and Methods

Materials and Reagents

Polyvinylpyrrolidone (PVP) was purchased from Ourchem (Shanghai, China). Tetracthoxysilane (TEOS) and cerium
(IIT) nitrate hexahydrate [Ce(NOs;);-6H,0] were obtained from Macklin (Shanghai, China). Hexamethylenetetramine
(HMTA) and sodium hydroxide (NaOH) were purchased from Hushi (Shanghai, China). Counting Kit-8 and CA-074Me
were obtained from Dalian Meilun. AM/PI Double Staining Kit was purchased from Beyotime Biotechnology (Shanghai,
China). ABclonal (Wuhan, China) supplied ABScript III RT Master Mix and SYBR Green Fast gPCR Mix. CathepsinB
Rabbit mAb was purchased from Cell Signaling Technology (Boston, MA, USA). Beta-actin polyclonal antibody and
goat anti-rabbit IgG were purchased from Elabscience Biotechnology Co.Ltd. (Wuhan, China). Reagent-grade water was
obtained from ultra-pure water system (Ulupure, Chengdu, China) in all experiments. All other reagents were of
analytical grade without further purification.

Preparation of Hollow CeO, (;,,CeO;) NPs

The synthesis of hollow CeO, (,CeO,) NPs was referred to a previous literature.?*

Preparation of Silica (SiO,) NPs as a Template: 30 mL of absolute ethanol, 5
4 mL of deionized water were put into an oil bath and mixed. When the above- s heated to 60°C,
at 60°C for 4 h. After cooling to room temperature, the mixture was w i cthanol and dried under
vacuum at 60°C to obtain silica (SiO,) NPs.

Preparation of SiO,@CeO, Core—Shell (sCeO,) NPs: 0.1 g si
water. When the oil bath was heated to 75°C, 5 mL of 0.5 mmol ¢
in turn. The mixture was stirred at 95°C for 2 h, washed and ce
SiO,@CeO, core—shell (sCeO,) NP precursors. The sC

@ of the surface chemical composition and elemental valence of nanomaterials were determined by
pectroscopy (Smart Lab 3KW, Japan). Functional groups in the nanomaterials were determined by
hred (FTIR, Thermo Fisher) analysis, with spectra recorded in the range of 4000 to 600 cm '. The
resulting FTIR spectrum is a graph of transmittance vs Wavenumber (cm™'). The spectra were analysed using Origin

Fourier transform in

software for the purposes of functional group analysis and peak identification. Nanoparticle Tracking Analysis and
Dynamic Light Scattering (DLS) were carried out in suspensions. The ,CeO, and ,CeO,@CA-074Me NPs were
synthesised in deionised water. Following a 5 min sonication period, 1 mL of a clean, homogeneous, transparent sample
devoid of any precipitation was transferred to a clean square cuvette manufactured from optical translucent disposable
plastic for subsequent DLS and Z-potential measurements. The zeta potentials of nanoparticles were measured by
Zetasizer (Malvern Zetasizer Nano ZS90) DLS method. The zeta potential and average particle size of nanoparticles
were obtained by analysis in triplicate, take the average value.
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SOD, CAT, and T-AOC Enzyme Mimic Activity

In order to evaluate the antioxidant properties of ;,CeO,@CA-074Me NPs, we employed an enzyme calibrator (E1x800,
Bio Tek, USA) to measure their superoxide dismutase (SOD), catalase (CAT), and total antioxidant (T-AOC) capacities.
The SOD, CAT, and T-AOC enzyme mimetic activities of ,CeO, and ,CeO,@CA-074Me NPs were quantified using the
respective assay kits from Solebo (China) for SOD, CAT, and T-AOC.

The reagents were thoroughly mixed in accordance with the instructions provided and subsequently divided into three
distinct groups: a test group, a control group, and two blank groups. The ,CeO, and ,CeO,@CA-074Me NPs were added
to the test and control groups for 30 min of immersion in a 37°C water bath, after which the absorbance values at 560
nautical miles were recorded as test, control, blank 1 and blank 2, respectively. The inhibition rate and SOD activity were
then calculated based on the aforementioned values.

The working solution for the CAT assay was incubated at 37°C for 10 min, after which th amentioned liquids

was subsequently calculated from the absorbance value.

The total antioxidant capacity of the samples was calculated by determinin , PTZ reduced to
with 180 pL of the
working solution and 18 pL of distilled water. After 10 min of reaction at sorbance value at 593

determine the total antioxidant capacity.

Determination of Intracellular ROS
Reactive oxygen species (ROS) were quantified in 1
assay kit (Beyotime, Shanghai, China). RAW 264.7 inoculated into 6-well plates at a density of 3x10* cells per
well and randomly assigned to one of five groups.

treated with Pg-LPS (1 pg/mL) for 4 h tgd#¥®@sh an
LPS for 4 h, followed by a 24 h treatmg @
de D

served as a blank control. The second group was

vitro inflammatory model.>” The third group was treated with

100 uM). Groups 4 and 5 were treated with LPS for 4 h, after

FBS, 10%@ cmcillin, and 10 mg/mL streptomycin. MC3T3-El cells were purchased from American Type
ion (ATCC, Manassas, VA, USA) and cultured in DMEM containing 10% FBS, 10,000 U/mL penicillin,
eptomycin. Cells were passaged when the density reached 80% - 90%. All cell lines were cultured at
37°C in an incubator with 5% CO,.

Cytotoxicity Assay

Cytocompatibility Test of ,CeO, NPs with L929 and MC3T3-El Cells

The cytotoxicity of the nanoparticles was evaluated by using Cell Counting Kit-8 (Shanghai St Er), and the safe
concentration was screened for subsequent experiments. 1.929 cells and MC3T3-El cells were seeded into 96-well
plates at 5%10° cells per well. After cell adhesion, different concentrations (0, 5, 10, 20, 30, 40, 50, 100, 150 and 200 pg/
mL) of nanoparticles were added to the culture for 24, 48, and 72 h. The medium-containing nanoparticles were removed
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and the cells were washed three times with PBS. Then, 10% CCKS8 reagent was added, and the cells were incubated in an
incubator at 37°C for 1 h in the dark. Absorbance at 450 nm was then determined using a microplate reader (Bio-Tek,
Winooski, VT, USA). Five parallel wells were set up for each group, and the experiment was repeated three times. After
treatment of the nanoparticles, the 1.929 cells were washed three times with PBS and incubated with calcein-AM and PI
for 30 min before being observed under a fluorescence inverted microscope.

Hemolysis Test of ,CeO, NPs
For the hemolysis assay, fresh blood was obtained from three six-week-old male BALB/c mice, and anticoagulant and
saline were added to test the hemolytic potential of ,CeO, NPs in vitro. Blood diluted with distilled water was used as
a positive control, and blood diluted with saline was used as a negative control. The cells were incubated at 37°C for
4 h and centrifuged at 2500 RPM for 10 min, the supernatant was removed, and the absorbance at 545 nm was recorded
using a microplate reader. Hemolysis rates were calculated according to the following formula:

HemOIYSiS rate = (ODexper - ODnegative)/(ODpositive - ODnegative)

Osteogenic Differentiation
MC3T3-El cells were seeded into six-well plajg
was the blank control group. The second g

a positive control group. Four to five Pg-LPS (1 ng/mL) for 4 h followed by the addition of safe
CA-074Me NPs. MC3T3-El cells were cultured in a 6-well plate
with growth medium. When t ¢ confluence, they were cultured in osteogenic induction medium,
which consisted of 10% F, 0.1 uM dexamethasone, 50 uM ascorbic acid-2-phosphate, and 10 mM B-

extracted and quantit 1me-pglymerase chain reaction (RT-PCR) was performed to detect the expression of
osteogenesis-relg ‘

Nanjing, Ch a BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime, Shanghai,
China). A on, alizarin red S staining was used to evaluate cell mineralization in vitro (Beyotime,
Shanghai, Ch his process was repeated three times for each group of samples.

Real-Time PCR of Inflammation

Cells were grouped and treated as RAW 264.7 cells were seeded into six-well plates at 3x10* cells per well and
divided into five groups: the first group was the blank control group. The second group was treated with Pg-LPS (1 pg/
mL) for 4 h to establish an in vitro inflammation model. The third group was pretreated with Pg-LPS for 4 h and then
treated with CA-074Me (100 uM) for 24 h as a positive control group. Four to five groups were treated with Pg-LPS
(1 pg/mL) for 4 h followed by the addition of safe concentrations of the groups of ,CeO, and ,CeO,@CA-074Me NPs
for 24 h. Then, the expressions of CTSB-NLRP3 pathway-related factors and macrophage phenotype were measured
using quantitative real-time PCR. The total RNA of RAW264.7 cells was extracted using RNA-Easy (Vazyme). The
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Table | Primer Sequences Used for RT-PCR

Gene Forward Sequence (5" to 3") Reserve Sequence (5" to 3°)

B-Actin CATCCGTAAAGACCTCTATGCCAAC | ATGGAGCCACCGATCCACA

OPG GTGGAATAGATGTCACCCTGTGT TTTGGTCCCAGGCAAACTGR
Runx-2 CCTCCAGCATCCCTTTCTT CCTTTTCCCTCCTTGCCT

Col-1 GACATGTTCAGCTTTGTGGACCTC GGGACCCTTAGGCCATTGTGTA
OPN GCAGCTCAGAGGAGAAGAAGC TTCTGTGGCGCAAGGAGATT

IL-1B TCCAGGATGAGGACATGA GCAC GAACGTCACACACCAGCAGGTTA
IL-6 CCACTTCACAAGTCGGAGGCTTA CCAGTTTGGTAGCATCCATCATTTC
IL-10 ATGCTGCCTGCTCTTACTGACTG CCCAAGTAACCCTTAAAGTCCTGC
Arg CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC

ASC AGAGACATGGGCTTACAG GAGC CCACAAAGTGTCCTGTTCT G4
Caspase-1 | TGCCGTGGAGAGAAACAA GGA TGGTGTTGAAGAGCAGAAA

TNF-a ACTCCAGGCGGTGCCTATGT GTGAGGGTCTGGGCCA
TGF-B CTTCAGCCTCCACAGAGAA GAACT | TGTGTCCAGGCTC
CTSB CTTCCCATGTCGGCAATCAG A

NLRP3 CCTGACCCAAACCCACCAGT

and primers under the following conditions: 95°C for 5 s
internal control for gene expression. Data results were an
shown in Table 1.

Real-Time PCR of Osteogenesis-Related Gene
MC3T3-El cells were seeded into six-well plates a

Differentiation. When the cells reached 80% confluence, they
g 10% FBS, 90% DMEM, 0.1 uM dexamethasone, 50 uM

according to the method described in sectig

#Wlocking western (Solarbio, Beijing) for 10 min at room temperature, PVDF membranes were
primary antibodies (CST, 1:1000) overnight at 4°C. B-Actin (Elabscience, 1:1000) was used as an internal
gmbranes were then incubated with the secondary antibody HRP goat anti-rabbit IgG (Elabscience,

incubated W
reference. The
1:5000) for 1 h. Finally, each group of proteins was detected using electrochemiluminescent ECL reagents. The protein
bands were quantified using Image software.

Statistical Analysis

All experiments were repeated three times, and data were analyzed using one-way ANOVA and Tukey’s multiple-
comparison test in GraphPad software, with a single asterisk indicating significant differences between data (p< 0.05) and
two and more asterisks indicating a strong difference between data (p< 0.005). The data in the graphs represent mean +

standard deviation.
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Results and Discussion

Characterization

The TEM images of ,CeO, and ;,CeO,@CA-074Me NPs are shown in Figure 1A and C. It can be seen from Figure 1A
that ,CeO, NPs have a distinct hollow structure with a rough surface. Figure 1A and C also show that the addition of CA-
074Me did not change the hollow morphology of ,CeO, NPs, with dispersed CA-074Me surrounding the ,CeO,
particles. The DLS data (Figure 1B) indicates that the average particle size of ,CeO, NPs is approximately 97.34 nm
and the standard deviation is 19.81 nm. The dynamic light scattering (DLS) data (Figure 1D) indicates that the average
particle size of ,CeO,@CA-074Me NPs is approximately 198.85 nm and the standard deviation is 28.39 nm. The zeta
potentials for ,CeO, and ,CeO,@CA-074Me NPs are measured at 12.74 mV and —1.54 mV respectively (Figure 1E),
which suggest that ,CeO, and ,CeO,@CA-074Me NPs lack stability and are prone to agglomeration. Zeta potential is

closely related to dispersion stability, with larger absolute values indicating better dispersion stabilg geta potential

surface energy, and the occurrence of agglomeration is prone to happen. This trend
nanoparticles in the 1-100 nm range decreases.”* The smaller nanoparticle di

As a result, the aggregation reduces the effective surface charge density,

As shown in Figure 1F, the XRD test of the synthesized ,CeO, N
(JSPDS-34-0394), confirming its cubic fluorite structure. It is wort est of ,CeO, @CA-074Me NPs
dispersed or doped into the lattice of

also matches the spectrum of ,CeO, NPs, indicating that CA-
1nCeO, NPs or its relative concentration mixed into the product i has three distinct characteristic peaks

were observed at 1515, 1345, and 900 cm™'. The backgga » NPs contains bands corresponding to

6 80 100 120 140 160180200 140 160 180 200 220 240 260
Size(nm) Size(nm)

..
' 1Ce0,@CA-074Me - s
S P 5 X\ o
CeO2@CA-074Me e /%" /)

e 1082%

L \ 1Ce0; cetanten
hCeOy B M

20 30 20 50 80 70 s 4000 3500 3000 2500 2000 1500 1000 500 880 890 900 910 92
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'l1
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I
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Figure | Characterization of ,CeO, and ,CeO,@CA-074Me NPs. (A) TEM image of ,CeO, NPs. (B) Particle size distribution of ,CeO, NPs. (C) TEM image of
1CeO,@CA-074Me NPs. (D) Particle size distribution of ,CeO,@CA-074Me NPs. (E) Zeta potential analysis of ,CeO,@CA-074Me NPs. (F) XRD analysis of
hCeO,@CA-074Me NPs. (G) FTIR analysis of ,CeO,@CA-074Me NPs. (H) XPS analysis of ,CeO,@CA-074Me NPs.
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in Figure 1H XPS analysis reveals peaks at 885.0 and 903.5 eV belonging to Ce®" in ,CeO, NPs, along with peaks at the
peaks at 882.1, 888.1, 898.5, 900.9, 906.4, and 916.4 eV were in Ce4+, indicating its potential for mimicking peroxidase
and superoxide dismutase activities and the coexistence of the two indicates that it has peroxidase-mimicking activity and
superoxide dismutase mimetic activity potential. In addition, after quantitative calculations, the percentage of Ce®" in
1nCeO, NPs was 10.82%, and the percentages of Ce*" in 1CeO,@CA-074Me NPs, were 18.38%. The content of Ce*"
showed an increasing tendency with the increase of CA-074Me incorporation.

Evaluation of the Enzyme Mimetic Activity and ROS Scavenging Capacity of
hCeO,@CA-074Me NPs

ROS are a natural by-product of cellular metabolism and include chemicals such as superoxidegaion (O, -), hydroxyl

radical (-OH), and hydrogen peroxide (H,O,). These chemicals play a crucial role in reg s physiological
functions in organisms and are involved in many biological processes.”’ The intrinsic b i rties of ROS

form the basis of the necessary mechanisms for organismal development. However, of ROS can

lead to oxidative stress, which is closely associated with macrophage polarization bone diseases.>*
It is known that excessive ROS production can affect the differentiation of mac em towards the M1
phenotype, resulting in the secretion of inflammatory cytokines, exai ation, and damaging
tissues.®> At the same time, chronic or long-term generation of ROS j ogression of inflammatory

diseases.”® Research has shown that ROS activate the NF-kB pathWay. A upstream signaling molecule, NF-kB

pathway stimulates the release of CTSB and the activation o

has received much attention.”® Excessive and sustained lev
suppress the expression of bone formation markers,
induce the death of osteoblasts and bone cells whil entiation of osteogenic cells from bone marrow
progenitor cells.>* In conclusion, ROS plays a criti oting inflammation by inducing oxidative stress,
facilitating macrophage polarization towarg ype, increasing lysosomal membrane permeability to promote
CTSB release and activating NLRP3 i . o inhibits osteoblasts differentiation through oxidative stress.

ammatory osteogenic microenvironment.

WOry responses by scavenging excessive ROS and inhibiting the NF-kB pathway, which is
regulating inflammation.**** Meanwhile, CeO, NPs can eliminate ROS, promote cell proliferation,
induce differen®rion into osteogenic cells and protect osteogenic cells from damage.*®

As shown in Figure 2A—C, the data clearly demonstrate that both ,CeO, and ,CeO,@CA-074Me NPs exhibit
enhanced SOD, CAT, and total antioxidant properties. Additionally, there is no statistically significant difference in
their abilities when doped with CA-074Me. From the above discussion, it can be seen that ,CeO,@CA-074Me NPs
exhibited superior enzyme mimicry activity may due to the enhanced Ce*>*/Ce*" ratio resulting from doping CA-074Me
(Figure 1H). The antioxidant properties of ;,CeO, and ,CeO,@CA-074Me NPs were investigated during ROS scaven-
ging. The ROS levels were confirmed using inverted fluorescence microscopy, as illustrated in Figure 2D. This revealed
a reduction in the fluorescence intensity of both ,CeO, and ,CeO,@CA-074Me NPs compared to the positive control

group. Further analysis indicates that the conversion between Ce®" and Ce*" within ,CeO, NPs may contribute to this
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Figure 2 The enzyme simulated activity of ,CeO, and ,CeO,@CA-074Me NI
1CeO,@CA-074Me NPs. (B) Catalase (CAT) activity of ,CeO, and ,CeO,@C
074Me NPs. (D) Intracellular ROS levels in RAW 264.7 cells treated with Pg-LP

Studies have shown that
cells, such as cell deat
cells. Figure 3A an
compatibility at
cytotoxicity ig
of ,CeO,d
significant d1 ICes (FiguTe 3B). In terms of blood compatibility, the hemolysis results (Figure 3C) show that the
1nCeO, NPs havcS@icellent blood compatibility. In summary, the nanoparticles synthesized in this study exhibit good
biocompatibility at ®€oncentration of 50 pg/mL, which is considered safe for subsequent experiments.

In other studies, doses exceeding 50 pg/mL have also been demonstrated to induce cytotoxicity. For example, Cheng
et al observed that concentrations exceeding 50 pg/mL induced morphological damage, apoptosis and reduced viability in
human hepatocellular carcinoma SMMC-7721 cells following incubation with hexahedral CeO, NPs concentrations
ranging from 0 to 200 pg/mL for 24, 48, and 72 h.** Another study about the impact of three distinct CeO, NPs forms on
HepG2 cells demonstrated that significant alterations in cellular morphology were evident at doses of 50 and 100 pg/
mL.* These findings were corroborated by experimental data obtained in our laboratory. In conclusion, the ;CeO,@CA-
074Me NPs we synthesized have good biocompatibility at 50 pg/mL. In subsequent experiments, the safe concentration

of the ,CeO,@CA-074Me NPs is also set at 50 pg/mL.
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Figure 3 Biocompatibility of ,CeO, and ,CeO,@CA-074Me NPs. (A) The 24,
72 h cytocompatibility of ,CeO,@CA-074Me NPs respectively. (C) Blood compatibili
respectively. (D) Live/dead fluorescence staining images of L929 treated with ,CeO,

and 72 h cytocgmpatibility of ,CeO, NPs respectively. (B) The 24, 48, and
Me NPs. (+) and (-) represent positive and negative controls,
h. Scale bar: 100 pm. Data represent mean * SD (n = 5; *

applications. This is likely attributable tg burden associated with maintaining animal models and the
constrained scope for long-term mon ials. The number of studies is insufficient to allow for any
definitive conclusions to be drawn. O ggested that CeO, NPs do not exhibit toxicity in vitro nor in
healthy rodents under standard oses.!” They remain in the liver for an extended period following admin-

istration, at least several CeO, NPs degrade into innocuous Ce*", which are expelled via the
kidney. Additionally, it

old female Wistar rats). The results demonstrated that CeO, NPs did not induce notable genotoxicity in the alkaline

comet assay and micronucleus test.>” Consequently, the biokinetics of CeO, NPs is contingent upon their intrinsic
characteristics, their evolution within the physiological milieu, the dosage employed, and the route of exposure.
Toxicological studies have revealed a variety of potential effects of CeO, NPs, including pulmonary inflammation,
cytotoxicity, genotoxicity, hepatotoxicity, and neurotoxicity. However, these effects have not yet been fully characterized.
Epidemiological studies have demonstrated that CeO, NPs have deleterious effects on the respiratory tract, including
sensory irritation and airflow limitation. It is therefore recommended that further in-depth studies be conducted in order
to establish a safe therapeutic window for the drug, prior to incorporating CeO, NPs into therapeutic regimens for human
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diseases. It is anticipated that CeO, NPs will become a subject of growing interest in future research. In order to identify
the CeO, NPs most suitable for human applications, it will be necessary for researchers to study the pathology and
toxicology of CeO, NPs from the perspective of pathogenesis.

hCeO,@CA-074Me NPs Could Inhibit Inflammation and Improve the Osteogenic

Inflammatory Microenvironment

Promote Macrophage Polarization from M| Phenotype to M2 Phenotype

Nanoparticles with different physicochemical properties (such as chemical composition, size and surface modification)
have been shown to induce macrophage polarization.”®>! Therefore, macrophages serve as a target for nanoparticle
therapy and can be regulated in the treatment of inflammation-related diseases by differentiating into anti-inflammatory

primary driving signal for the activation of M1 polarization in macrophage. If excessivg
prolonged activation of M1 macrophage, a significant number of inflammatory facto

from M2 to M1. This shift can impede the osteogenic differentiation of endogen . gonally, ROS have
PS can upregulate
bone remodeling and

ROS induction, the expression of osteoclasts markers such as
elevated levels of ROS and the shift towards M1 phenotype macr
microenvironment.

In our experiments, the mRNA expression of po
macrophage decreased upon addition of ,CeO,@CA-07 igure 4A and B). These pro-inflammatory mediators
have the ability to induce local or systemic inflammatio

markers Arg, IL-10, and TGF-f in M2 p mac age significantly increased with statistical significance
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Figure 4 The effect of ,CeO,@CA-074Me NPs on the polarization phenotype of macrophages. (A) The schematic diagram of ,CeO,@CA-074Me NPs on the polarization
phenotype of macrophages. (B) The mRNA expression of IL-6, TNF-a and IL- | that polarizing markers of M| phenotype macrophage. (C) The mRNA expression of IL-10,
Arg, and TGF-p that polarizing markers of M2 phenotype macrophage. (n=3; * represent significant differences. *P < 0.05, **P < 0.005, ****P < 0.0001).
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(Figure 4C). These findings indicate that ,CeO,@CA-074Me NPs can modulate the immune microenvironment by
promoting macrophage polarization from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype.

Studies have shown that CeO, NPs with a higher Ce*"/Ce*" ratio, deposited on titanium substrates by magnetron
sputtering and vacuum annealing, increase polarization towards the M2 phenotype in mouse macrophages.’!
Additionally, research has demonstrated that coating implant surfaces with CeO, NPs with a high Ce*"/Ce*" ratio can
reduce M1 macrophages polarization and suppress inflammation, while promoting active M2 macrophages to regulate
periodontal tissue regeneration.” Furthermore, previous literature suggested that CA-074Me can reduce lipid peroxida-
tion and mitochondrial dysfunction in macrophages, leading to M2 macrophage polarization.”* The significant inhibitory
effect of ;,CeO,@CA-074Me NPs on the expression of M1 markers can be attributed to the predominant simulating
activity of SOD and CAT, which effectively eliminates ROS generated by LPS stimulation. This mechanism plays
a crucial role in the nanoparticles’ antioxidant and anti-inflammatory effects.

hCeO,@CA-074Me NPs Could Inhibit the CTSB-NLRP3 Signali

the Inflammatory Osteogenic Environment

As illustrated in Figure SA—C, the results of RT-PCR and Western blot analysi
levels following LPS stimulation. However, co-culturing with ,CeO, NP
resulted in a significant decrease in CTSB levels, with the most signific
NPs. Figure 5C further demonstrates that LPS treatment led to an i
which was subsequently reduced upon addition of CA-074Me. This suggests t e decrease in CTSB levels resulted in
inhibited the assembly of NLRP3

3 inflammasome expression by inhibiting

a decrease in NLRP3 inflammasome expression. The additio naliomaterials

inflammasome components, indicating that nanomaterials c

CTSB anfd subsequently decreasing the release of inflamm: factors, Mereby reducing the inflammatory response.

The most significant reduction in this trend was obgggved with -074Me NPs, highlighting its superior anti-
inflammatory effect. Upon activation of the NLRP3 e, pro-1L-18, and pro-IL-1p are cleaved into mature IL-

18 and IL-1p.>> As depicted in Figure 5C, the mRN. S vels of inflammatory factors IL-18 and IL-1p were
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Figure 5 ,CeO,@CA-074Me NPs could Inhibit the CTSB-NLRP3 signaling pathway in a Pg-LPS stimulated inflammation model in RAW264.7 cells. (A) The schematic
diagram of ,CeO,@CA-074Me NPs on the CTSB-NLRP3 signaling pathway. (B) Western blot analysis of CTSB protein expression upon RAW264.7 cells treated with | pg/
mL Pg-LPS for 4 h and ,CeO,@CA-074Me NPs for 24 h. (C)The mRNA expression of CTSB, NLRP3, ASC, Caspase |, IL-18 and IL-1f3 in RAW264.7 cells treated with P
g-LPS for 4 h and ,CeO,@CA-074Me NPs for 24 h. (n = 3; * represent significant differences. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.).
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increased in the LPS-treated group, but decreased upon addition of CA-074Me. These results demonstrate the involve-
ment of CTSB in the LPS-induced inflammatory response. Furthermore, the addition of ,CeO,@CA-074Me NPs resulted
in a decrease in CTSB, IL-18, and IL-1P expression levels, indicating its ability to alleviate inflammation by inhibiting
CTSB.

The dual-signaling model is currently the most widely accepted hypothesis in the field. Firstly, LPS or other microbial
molecules, as previously described, act as an initial signal to upregulate the expression of NLRP3. The second signal can
enable the activation of NLRP3 by a number of different stimuli, including ATP, ROS, and CTSB. Of these, CTSB,
a lysosomal enzyme that is widely expressed in mammalian cells, serves as a marker for lysosomal damage.’® It is
noteworthy that an increase in ROS and CTSB has been observed in the context of inflammatory conditions, which can
further exacerbate the activation of NLRP3 and serve to exacerbate the inflammatory environment, ultlmately resulting in
apopt051s 57 The NLRP3 mﬂammasome can be activated by a variety of st1mu11 resulting in thg erization of

osteogenesis.”® Concurrently, studies have demonstrated that the inhibition of NL,
markedly influence macrophage plasticity, thereby regulating chronic inflammati
facilitating bone formation within the body.” To gain further insight into t
NLRP3 signaling pathway, cells were treated with nanoparticles for 24 h.
074Me, and ,CeO,@CA-074Me NPs exhibited notable inhibitory effects

explanations for this phenomenon are as follows: (1) An increaglin ROS cap, facilitate lysosomal membrane permea-
0O, @ CA-074Me NPs are capable of
nhibiting the release of CTSB. (2) CA-
effect on CTSB. Consequently, this dual
mation.

bilization (LMP), resulting in the excessive release of CTSB.
reducing Ce*" to Ce**, thereby enabling them to clear ROS and, ¢

074Me has been demonstrated to exert a direct and\@D® i
mechanism effectively suppresses NLRP3 activation and @

hCeO,@CA-074Me NPs Havg

Conditions
The results of the study showed incorpord@ag nanoparticles greatly improved the ability of MC3T3-E1 cells to

»g-LPS (1pg/mL) for 4 h. Specifically, when co-cultured with
1CeO,@CA-074Me NPs, t i ant increase in alkaline phosphatase expression, as shown by ALP staining

strated increased calc 1on in MC3T3-E1 cells (Figure 6D). These findings suggest that ,CeO,@CA-074Me
NPs is an effectiya i i

ring them with ,CeO, NPs, CA-074Me, and ;,CeO,@CA-074Me NPs for 7, 14, and 21 d,
avels of OPN, OPG, and Col-1 were significantly higher in the ,CeO,@CA-074Me NPs group
W, NPs or CA-074Me groups at days 7, 14, and 21. Study has demonstrated that LPS stimulation
can effectively enhance the osteogenic differentiation of EMSCs.%° In our experimental results, the osteogenic effect

respectively. Thd
compared to the

observed in the MC3T3-E1 cells group treated with LPS alone was more pronounced than that of the control group. This
effect may be attributed to inflammatory adaptive mechanisms that enhance the paracrine capacity of MC3T3-E1 cells.

Inflammation is a defensive response to external and/or internal signals, where inflammatory mediators such as ROS,
pro-inflammatory cytokines, and chemokines directly or indirectly regulate the osteogenic microenvironment.®' The
macrophage is the main cellular mediator of cytokine production in bone metabolism and can switch between M1
(inflammatory) and M2 (repair) phenotype in response to environmental stimuli.®* This behavior enables the accumula-
tion of a greater number of anti-inflammatory macrophages during the initial phases of bone defect repair. This
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Figure 6 Osteogenic differentiation properties of MC3T3-El cells in a Pg-LPS stimulated inflammation model: (.
074Me NPs. (B) ALP staining images at 7 and 14 d. (C) ALP activity of cells cultured for 7 and 14 d. (D)
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coordinated\@eulation of the immune microenvironment facilitates the mitigation of excessive inflammation and its
6364 Evidence suggested that osteoporotic mice have an elevated ratio of M1/M2 macrophages in their
bone marrow, indicating a potential link between this ratio and bone loss. Therefore, targeting this ratio may be
a potential therapeutic approach for osteoporosis.®® Increased inflammation leads to higher levels of pro-inflammatory
mediators, such as cytokines and chemokines, which negatively affect the function of bone cells and create an
unfavorable microenvironment for osteoblasts. Studies have shown that TNF-a and IL-1B can downregulate the
expression of OPG, inhibiting bone remodeling. Additionally, IL-1B can impede the activation of Runx2, hindering
osteogenesis and osteoblast differentiation.®® The NLRP3 inflammasome, when abnormally activated, plays a significant
role in the pathogenesis of osteoporosis. It activates caspase-1, leading to the conversion of pro-IL-1B and pro-IL-18 into
their mature forms, and upregulates bone resorption, hindering bone tissue generation.®’ Concurrently, the NLRP3

detrimental eff
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inflammasome can stimulate the production of pro-inflammatory cytokines, such as IL-1p and IL-18.°® The compound
1CeO,@CA-074Me NPs can reduce the release of CTSB, alleviate ROS, and inhibit the activation of the NLRP3
inflammasome. This promotes the polarization of macrophages from the M1 phenotype to the M2 phenotype, creating
a more favorable environment for osteogenesis under inflammatory conditions.

Conclusion

In this study, a novel hybrid material, ,CeO,@CA-074Me NPs, was developed by incorporating CA-074Me into
1nCeO, NPs. This material demonstrates the ability to simultaneously promote osteogenesis while improving the
inflammatory microenvironment. Specifically, ,CeO,@CA-074Me NPs were found to regulate inflammation through
a potential molecular mechanism primarily mediated by the inhibition of the CTSB-NLRP3 signaling pathway,

available in vitro data and theoretical analyses, the risk of toxicity

properties and exposure time. Under reasonable dose control, ,CeO,@CA-074 Ps may exhibit high biocompat-

ibility. However, their long-term safety must be thoroughly evalu, ough subs nt experiments to ensure their

potential benefits can be realized safely for use.

The hemolysis experiments were performed using thre ALB/c mice approved by the Institutional
Animal Ethics Committee of Qingdao University Labor entre (20231118BALB/C0320231126090) and

T35892-2018).
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