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ABSTRACT: Osteoarthritis (OA) is the most prevalent
degenerative joint disorder, characterized by chronic inflamma-
tion, cartilage degeneration, and the formation of osteophytes,
which leads to serious economic and social challenges. Previous
studies have demonstrated that oxidative stress-driven inflam-
mation plays a crucial role in the pathophysiological progression
of OA. In this study, we presented defective RuO2 (d-RuO2) as
an effective antioxidant for the treatment of OA. Unlike the
crystalline RuO2, the amorphous hydrous RuO2 nanospheres
(composed of self-assembled ultrasmall RuO2) displayed
superior nanozymatic antioxidant activities. In vitro studies
demonstrated that d-RuO2 significantly reduced intracellular
levels of reactive oxygen species (ROS), and decreased the
expression of key inflammatory markers including inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX2), tumor
necrosis factor-α (TNF-α), and interleukin-1β (IL-1β), indicating its anti-inflammatory effects. In vivo experiments showed
that d-RuO2 effectively relieved pain, improved physical activity, and mitigated synovitis, cartilage degeneration, and bone
remodeling induced by destabilization of the medial meniscus (DMM). Furthermore, the mechanistic investigations indicated
that d-RuO2 attenuated the progression of OA by suppressing the ROS/NLRP3/Caspase-1 signaling pathway. In conclusion,
we presented d-RuO2 as an efficient ROS scavenger, providing a potential therapeutic strategy for OA.
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Osteoarthritis (OA) is the most common degenerative joint
condition characterized by synovitis, cartilage degeneration,
and osteophyte formation.1−3 Approximately 7% of the global
population suffers from OA, resulting in great social and
economic burdens.4 Surgery is an effective treatment option
for end-stage osteoarthritis when conservative measures fail to
provide relief. Until now, there is still no effective method to
attenuate the progression of OA. Knee osteoarthritis (KOA) is
the most common form of OA in the lower extremities.5 KOA
can be classified into several stages: pre-KOA, early KOA,
progressive KOA, and end-stage KOA. Progressive KOA can
be further divided into four subtypes: cartilage degradation-
driven, bone remodeling-driven, inflammation-driven, and
pain-driven subtype.6 In inflammation-driven OA, the
production and release of inflammatory factors and matrix
hydrolases, such as interleukin-1β (IL-1β), tumor necrosis
factor-α (TNF-α), and matrix metallopeptidase 13 (MMP13),

can trigger an inflammatory cascade response, further
exacerbating the progression of OA.7 Although the underlying
pathogenesis remains unclear, studies revealed that oxidative
stress-induced inflammation participates in the OA progres-
sion.8 Oxidative stress results from an imbalance between the
generation and clearance of reactive oxygen species (ROS).9

The imbalance often leads to increased expression of
inflammatory cytokines and chemokines, and ultimately leads
to cell damage and apoptosis.10 ROS overproduction activates
NOD-like receptor protein 3 (NLRP3), which mediates
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activation of caspase-1 and the subsequent release of
proinflammatory cytokines IL-1β/IL-18 in response to micro-
bial infections and cellular damage.11−13 Therefore, antioxidant
therapy is essential for reversing the progression of OA.
Nanozymes are nanomaterials with intrinsic enzyme-like

activities.14 Nanozymes offer numerous advantages, including
multienzyme-like activities, simple synthetic protocols, high
stability, and low cost over natural enzymes. They can
effectively catalyze different oxidoreductase substrates while
exhibiting catalytic efficiency and reaction kinetics similar to
those of natural enzymes.15−17 They have been widely
explored in various biomedical applications due to their
favorable biological properties, including detection, imaging,
and therapies.18,19 The levels of ROS in cells are regulated by
superoxide dismutase (SOD) and catalase (CAT) enzymes,
which convert into harmless water and oxygen.7 Certain
nanozymes exhibit SOD-like and CAT-like activities, enabling
them to be used for the elimination of excessive intracellular
ROS,20,21 offering a therapeutic approach for the treatment of
OA. Several metal oxides have been tested as antioxidant
nanozymes, including Mn3O4, MnO2, V2O5, Fe3O4, MoO2,
Cu2O, Fe2O3, etc.

14,22 Given the instability and toxicity of the
previously explored metal oxides, ruthenium dioxide (RuO2) is
an emerging metal oxide-based nanozyme that exhibits
excellent biocatalytic activities and a biosafety profile.23 In
particular, it has been demonstrated that ruthenium-centered
nanomaterials show exceptionally high CAT-like activities
relative to natural antioxidants and recently reported ROS
scavenging nanozymes.23−26 Until now, RuO2 has mostly been
used as individual nanoparticles, which tend to aggregate and

display lower stability. Compared to single nanoparticles or
solid spheres, hollow structures offer unique properties
including low density, functional walls, availability of pores
and cavities, abundant active sites, and easy mass transfer, and
exchange.27−29

In this study, we have thus synthesized hollow-structured
defective RuO2 (d-RuO2) using a template-mediated approach
and explored it in the treatment of OA. Hollow RuO2
nanospheres exhibited significant antioxidant properties in
both in vitro and in vivo studies. In cellular experiments, d-
RuO2 decreased the level of ROS and the expression of
inflammatory markers in macrophages. Hollow d-RuO2
notably attenuated the progression of OA in mouse models
induced by surgical destabilization of the medial meniscus
(DMM), we observed improved mobility and alleviation of OA
pathologic progression in DMM mice. Detailed mechanistic
investigation revealed that RuO2 nanozyme diminished the
progression of OA by suppressing the ROS/NLRP3/Caspase-1
signaling pathway (Figure 1).

RESULTS AND DISCUSSION
Synthesis and Characterization of d-RuO2. The

amorphous RuO2 antioxidant nanozyme was produced using
Cu2O nanospheres as a reactive template. The exposure of
aqueous solution of ruthenium chloride to Cu2O led to the
spontaneous growth of amorphous ultrasmall RuO2 nano-
particles onto the surface of Cu2O nanospheres. Given the
toxicity of copper, the as-synthesized core−shell nanostructure
(Cu2O@d-RuO2) was subsequently treated with aqueous
ammonia solution to etch the Cu2O core. Following the

Figure 1. A schematic diagram demonstrating the synthetic route of defective RuO2 nanospheres and showing the working mechanism to
attenuate osteoarthritis progression by suppressing ROS/NLRP3/Caspase-1 signaling pathway.
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etching treatment, we obtained the required hollow d-RuO2
nanospheres. Different electron microscopic techniques
including scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and high-angle annular dark-field

scanning transmission electron microscopy (HAADF-STEM)
were conducted to determine the morphology, structure,
crystallinity, and elemental compositions of various nanostruc-
tures involved during the synthesis of d-RuO2 nanospheres.

Figure 2. Electron microscopic characterization to track the synthetic route in the formation of d-RuO2 nanospheres. (a) TEM, HRTEM,
STEM, and EDX elemental mapping images of intermediate Cu2O@d-RuO2 core−shell nanostructures. (b) TEM, HRTEM, STEM, and EDX
elemental mapping images of desired hollow d-RuO2 nanospheres.

Figure 3. Structural characterization and nanozymatic performance of defective and thermally treated RuO2 nanostructures. (a) Powder
XRD patterns of defective and thermally treated RuO2 nanostructures. (b) FTIR spectra of PVP-capped defective and thermally treated
RuO2 nanospheres. (c) TGA thermograms of defective and thermally treated RuO2 nanospheres. (d−f) SOD-like, CAT-like, and hydroxyl
radicals quenching activities of both defective and thermally treated RuO2 nanostructures. Data are shown as mean ± SD (n = 3).
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Figure S1 schematically illustrates the synthetic protocol and
the respective SEM images of the Cu2O template, core−
shelled Cu2O@d-RuO2, and hollow d-RuO2 nanospheres.
SEM analysis indicates monodispersed Cu2O with a spherical
morphology (particle size was ∼250 nm); the subsequently
formed d-RuO2 containing nanostructures also notably
retained the morphology and size, as was found in the parent
Cu2O template. Unlike the surface observed in parent Cu2O,
more roughened and dotted surfaces can be seen in core−
shelled Cu2O@d-RuO2 and hollow d-RuO2 nanostructures.
The low-resolution and HRTEM images reveal the structure
and the polycrystalline nature of Cu2O (Figure S2). The
inspection of Cu2O@d-RuO2 reveals a core−shelled nano-
structure composed of a darker crystalline core of Cu2O and a
porous amorphous RuO2 shell, as shown in Figure 2a. As can
be seen in the HAADF-STEM image, the core−shell
nanostructure consists of two different phases with darker
and lighter contrast: a relatively darker outer contrast indicates
the presence of amorphous RuO2, whereas a lighter inner
contrast shows the crystalline Cu2O core. The energy-
dispersive X-ray (EDX) elemental mapping of the Cu2O@
RuO2 also verified the core−shelled nanostructure. After
etching the superfluous Cu2O core, we obtained the desired d-
RuO2 nanospheres. The low-resolution TEM image in Figure
2b shows the well-defined hollow RuO2 nanostructures, while
the examination at higher resolution indicates that the shell of
the hollow nanospheres was actually formed by self-assembly
of ultrasmall RuO2 (∼2 nm). The absence of lattice fringes in
d-RuO2 corroborated the amorphous nature of ultrasmall
RuO2. The compositional map shows the atomic distribution
of ruthenium and oxygen in d-RuO2. The obtained hollow d-
RuO2 sample was also thermally treated at 500 °C and its
structural transformation was examined by TEM. Figure S3
indicates the aggregation of the d-RuO2 sample following
thermal treatment, and at the same time, a phase trans-
formation was also observed. The disordered RuO2 nano-
sphere was changed into a well-crystalline phase, polycrystal-
line RuO2-500 °C (50−100 nm) can be seen in the HRTEM
image.
The disordered or crystalline nature of RuO2 samples was

analyzed by X-ray powder diffraction (XRD). We did not
observe any well-defined RuO2-associated peaks, the absence
of peaks implied the amorphous/defective nature of the as-
synthesized RuO2 (Figure 3a). On the other hand, thermally
treated RuO2 showed sharp characteristic peaks of rutile-phase
RuO2 (JCPDS file no. 40-1290), suggesting that a phase
transformation occurred in the RuO2-500 °C sample. X-ray
photoelectron spectroscopy (XPS) probed RuO2’s surface
composition, oxidation states, and hydrous nature. Due to the
overlap of the XPS signals of Ru 3d photoelectrons with those
of C 1s, we analyzed the Ru 3p core-line spectrum. As shown
in Figure S4a, the deconvoluted spectrum revealed four peaks:
two peaks at 463.3 and 485.5 eV were linked to tetravalent
ruthenium, whereas the other two less pronounced peaks at
465.2 and 487.3 eV were associated with trivalent ruthenium.
The deconvoluted O 1s spectrum of d-RuO2 showed three
discrete components corresponding to lattice oxygen, hydroxyl
groups, and confined water content, as shown in Figure S4b.30

These findings implied that the as-synthesized d-RuO2
possesses a considerable amount of trivalent hydrated species
(Ru−O−H). Curve fitting of Ru 3p and O 1s core level peaks
was also performed for thermally treated RuO2 sample to
evaluate the concentration of trivalent ruthenium and confined

water content in RuO2-500 °C. Figure S5 indicates a relatively
lower trivalent ruthenium content in the thermally treated
sample than in the hydrous RuO2. Moreover, a more
pronounced lattice oxygen (Ru−O−Ru) component could
also be seen, implying the transformation of amorphous
hydrous RuO2 into a tetravalent crystalline product. The FTIR
absorption spectra of RuO2 samples were obtained to identify
the presence of surface-bound PVP. Figure 3b substantiated
the presence of PVP-associated peaks in as-synthesized RuO2.
Upon thermal treatment at 500 °C, the organic molecules
present on the surface of as-synthesized RuO2 were burnt out,
as indicated by the diminishing of PVP-related peaks. To
determine the water content in the as-synthesized RuO2,
thermogravimetric analysis (TGA) was performed in the air
atmosphere (heating rate 10 °C/min). As shown in Figure 3c,
a more significant weight loss (13.9%) was observed from 100
to 250 °C, then a gradual decomposition (7.9%) from 250 to
440 °C. The initial loss could be ascribed to dehydration, while
the second loss could be associated with chemical dehydration
and decomposition of organic molecules. On the contrary, a
nonsignificant weight loss from 100 to 700 °C in a thermally
treated sample (RuO2-500 °C) was observed, representing the
lack of confined water and the crystalline nature of the sample,
as noticed in the XRD and HRTEM results. Raman
spectroscopy also revealed the defective crystal structure of
as-synthesized RuO2 relative to a thermally treated sample.
The pronounced Raman peaks located at 513, 625, and 695
cm−1 were observed in RuO2-500 °C corresponding to the Eg,
A1g, and B2g modes, respectively. Comparatively, broader and
weaker Raman-active modes were observed in as-synthesized
RuO2, signifying the local lattice defectiveness and short-range
order (Figure S6).
The antioxidant nanozymatic potential of both RuO2

samples was gauged by determining the superoxide dismutase
(SOD)-like, catalase (CAT)-like, and hydroxyl radicals
quenching activities. WST-1 kit was used to evaluate the
quenching of superoxide (O2

•−) species. The different
concentrations of d-RuO2 nanospheres were exposed to in
situ generated O2•−. As low as 25 μg/mL of d-RuO2 scavenged
∼60% of the reactive radicals, as shown in Figure 3d. On the
contrary, very poor SOD-like activity was observed in the
RuO2-500 °C sample, most likely due to the completely
oxidized and crystalline crystal structure. Using an oxygen
meter, we quantified the catalytic decomposition of H2O2 onto
the surface of RuO2 samples. A significantly high CAT-like
activity was witnessed in d-RuO2 nanospheres, which agrees
with our previous report that the CAT-like activity of hydrous
RuO2 is as high as displayed by benchmark Pt.

31 However, the
CAT-like activity exhibited by RuO2-500 °C was found to be
negligible (Figure 3e). Hydroxyl radicals (•OH) are the most
toxic reactive entities in the biological domain, •OH
scavenging capacities of d-RuO2 nanospheres were also tested
using Griess reagent. As shown in Figure 3f, RuO2-500 °C
failed to achieve the scavenging of •OH, whereas a dose-
dependent quenching of •OH was noticed in the case of d-
RuO2. The appreciable antioxidant nanozymatic activities of d-
RuO2 inspired us to explore it for the treatment of OA.
Biocompatibility and In Vivo Metabolism of d-RuO2

Nanozyme. First, we explored the biocompatibility of d-RuO2
nanozyme at both cellular and animal levels. In in vitro cellular
experiments, we cocultured RAW264.7 macrophages, SW982
cells, and chondrocytes with d-RuO2 nanozyme at concen-
trations ranging from 0 μg/mL to 100 μg/mL, and
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Figure 4. Defective RuO2 nanozyme inhibits macrophagic inflammation induced by LPS in vitro. (a) Representative Western blot images of
Cox2, iNos, and Gapdh expression in RAW264.7 macrophages after LPS stimulation with or without d-RuO2 nanozyme treatment for 36 h.
(b,c) Quantification of relative protein level of Cox2 (b) and iNos (c). (d−g) qPCR analysis of relative mRNA level of Inos (d), Ptgs2 (e),
Tnf (f), and Il1b (g) in RAW264.7 macrophages after LPS stimulation with or without d-RuO2 nanozyme treatment for 24 h. (h)
Representative images of immunofluorescence staining for Cox2, iNos, Tnf-α, and Il-1β in RAW264.7 macrophages after LPS stimulation
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subsequently assessed the cell viability using a CCK-8 kit. We
observed that d-RuO2, at concentrations ranging from 0 μg/
mL to 25 μg/mL, did not significantly affect the relative cell
viability when compared to the control group (Figure S7). We
then performed calcein-AM/PI staining on RAW264.7 macro-
phages cocultured with d-RuO2 nanozyme at different
concentrations. The results revealed no significant difference
in the percentage of dead cells relative to the control group in
the concentration ranging from 0 μg/mL−25 μg/mL (Figure
S8). Based on the above results, a concentration of 25 μg/mL
of d-RuO2 nanozyme was selected for our subsequent
experiments. We also stimulated RAW264.7 macrophages
with 100 ng/mL lipopolysaccharide (LPS) and treated them
with 25 μg/mL d-RuO2 for 24 h before performing calcein-
AM/PI staining. As shown in Figure S9, the d-RuO2 could
mitigate cell death induced by LPS. In in vivo assessment, H&E
staining was performed on the hearts, livers, spleens, lungs, and
kidneys, using the mice with and without undergoing knee
joint injections of d-RuO2 for 8 weeks. Histological analysis
showed no notable differences in tissue morphology or
inflammatory cell infiltration among the various groups (Figure
S10), indicating that d-RuO2 nanozyme exhibited no
observable toxicity in vivo. Overall, d-RuO2 nanozyme
exhibited good biosafety both in vitro and in vivo within the
appropriate concentration ranges.
To track the in vivo biodistribution and metabolic pathway

of d-RuO2, we labeled the d-RuO2 with the near-infrared
fluorescent dye Cy5. Successful labeling was confirmed by
UV−vis spectroscopy, where a distinct absorption peak at
∼650 nm corresponded to the characteristic wavelength of
Cy5 (Figure S11). Following intra-articular injection of d-
RuO2-Cy5 into knee joints, real-time fluorescence imaging
revealed a pronounced fluorescence signal localized at the
injection site immediately postadministration, which dimin-
ished completely within 6 h (Figure S12). To quantify systemic
biodistribution, tissues (heart, liver, spleen, lungs, kidneys,
joints) and excretions (urine, feces) were harvested at
predetermined time points for ruthenium quantification. As
shown in Figure S13, significant ruthenium accumulation was
detected in the liver and fecal samples. These findings
suggested a predominant hepatic metabolic pathway for d-
RuO2, with subsequent fecal elimination. Notably, urinary
ruthenium remained undetectable throughout the study. This
absence can be attributed to the diameter of d-RuO2 (∼250
nm), which far exceeds the glomerular filtration size cutoff
(∼5.5 nm).
Defective RuO2 Nanozyme Suppresses LPS-Induced

Macrophage Inflammation In Vitro. Macrophage accumu-
lation in the synovial intimal lining of joints is a key
morphological characteristic of synovitis, which significantly
contributes to the progression of OA.32,33 Given the previously
reported antioxidant/anti-inflammatory effects of various
nanozymes,34 we investigated the anti-inflammatory effects of
d-RuO2 nanospheres using an in vitro macrophage inflamma-
tion model induced by LPS. LPS induces M1 macrophage
polarization which exhibits pro-inflammatory properties and
produces numerous inflammatory factors.33,35 RAW264.7

macrophages were stimulated with LPS (100 ng/mL, 36 h),
resulting in a marked increase in the protein expression levels
of inducible nitric oxide synthase (iNos) and cyclooxygenase-2
(Cox2), which are well-established biomarkers of inflammatory
macrophages,36 compared to the control group (Figure 4a−c),
corroborating the successful induction of inflammation in the
macrophages. However, this trend was attenuated in the group
of RAW264.7 macrophages cotreated with 100 ng/mL LPS
and 25 μg/mL d-RuO2 nanozyme for 24 h (Figure 4a−c). We
found that the increased mRNA expression levels of Inos,
prostaglandin-endoperoxide synthase 2 (Ptgs2), tumor necrosis
factor (Tnf), and interleukin-1b (Il1b) observed in the LPS
group were reversed when cotreated with d-RuO2 (Figure 4d−
g). Furthermore, the expression of inflammatory proteins on
individual cells was examined by cell immunofluorescence. As
displayed in Figure 4h−l, the increase of Cox2+ and iNos+
RAW264.7 macrophage percentage and an increasing trend in
the fluorescence intensity of Tnf-α and Il-1β induced by LPS
was observed. When treated with d-RuO2 nanozyme, these
rising trends were reversed. Taken together, d-RuO2 nanozyme
effectively suppressed the LPS-induced macrophage inflamma-
tion in vitro, indicating their appreciable anti-inflammatory
properties.
Defective RuO2 Nanozyme Improves Behavioral

Performance in Mice. Pain of joint and impaired mobility
are common symptoms of OA. To evaluate the therapeutic
efficacy of d-RuO2 nanozyme in vivo, a series of behavioral tests
were conducted to investigate the pain and functional
improvement of mice knees after 8 weeks of treatment (Figure
5a). First, we analyzed gait changes in mice using footprint
experiments. In the sham group, the front and rear footprints
of the mice were relatively overlapping, similar to the walking
habits of normal mice. When the mice had pain and impaired
mobility in their limbs, those footprints were significantly
separated, as shown by the footprints in the DMM group. As
shown in the first image of Figure 5b, we defined several
measurement parameters related to the footprints of mice: the
distance between the neighboring front and rear footprints on
the same side of mice as the front/rear print length; the
distance between two neighboring footprints of the same paw
as the stride length; while the distance between neighboring
front or rear footprints on different sides as the step length.
The results showed that the d-RuO2 nanozyme treatment
reduced the relative front/rear print length, and increased the
relative step length and stride length in the DMM mice (Figure
5b−e), indicating an improvement in pain and joint condition.
To assess the pain status of the knee joint in mice, the von

Frey Fiber test was performed and we found that the pain
threshold of DMM mice treated with knee injection of d-RuO2
nanozyme was significantly higher than that of the untreated
DMM group (Figure 5f), indicating an increased pain
tolerance in the treated mice. Meanwhile, we allowed the
mice to move spontaneously in a 50 cm × 50 cm open field for
3 min and recorded their activity data. Our findings showed
that the mice undergoing DMM surgery exhibited reduced
relative activity, distance, and mean speed compared to the
sham group. Surprisingly, their poor motility was significantly

Figure 4. continued

with or without d-RuO2 nanozyme treatment for 36 h. Scale bar, 50 μm. (i−l) Quantification of Cox2 (i), iNos (j), Tnf-α (k), and Il-1β (l),
respectively. Data are shown as mean ± SD (n = 3) and analyzed using one-way ANOVA with Tukey’s posthoc test. *P < 0.05; **P < 0.01;
***P < 0.001.
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improved with d-RuO2 treatment (Figure 5g−j). In addition,
both the body weight and knee diameter of the mice were
measured, and we observed a significant increase in the DMM

surgery group compared to the sham surgery group. Swollen
knees and increased weight in DMM mice were alleviated
following the treatment of d-RuO2 (Figure 5k,l). We

Figure 5. Defective RuO2 nanozyme improves behavioral performance in DMM mice. (a) Timeline of the animal experiments. (b)
Representative images of the footprints of each group. Scale bars, 1 cm. (c−e) Quantification of mice footprints including relative front/rear
print length (c), relative step length (d), and relative stride length (e). (f) Quantification of thresholds of paw contraction to mechanical
stimulation by von Frey test. (g) Representative trajectories of mice in open field test. Squares and circles indicate the start and end points of
the mice’s locomotion, respectively. Scale bar, 10 cm. (h−j) Quantification of relative activity (h), distance (i), and mean speed (j) of mice in
the open field test. (k,l) Weight (k) and knee diameter (l) of mice treated as indicated. Data are shown as mean ± SD (n = 6) and analyzed
using one-way ANOVA with Tukey’s posthoc test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 6. Defective RuO2 nanozyme attenuates synovitis, cartilage degeneration and abnormal bone remodeling in DMM mice. (a)
Representative images of H&E staining of the mouse knee joints. Arrows indicate synovium of the mouse knee joints. Scale bar, 25 μm. (b)
Quantification of the synovial score in (a). (c) Representative images of safranin-O/fast green staining of the mouse knee joints. Scale bars,
100 μm. (d) Quantification of the OARSI grade in (c). (e) Representative images of IHC staining for Col II, Aggrecan, and Mmp13 in the
articular cartilage of mice. Scale bars, 20 μm. (f−h) Quantification of IHC staining of Col II (f), Aggrecan (g), and Mmp13 (h) in the
articular cartilage. (i) Representative images of Micro-CT three-dimensional reconstruction of the mouse knee joints. Scale bars, 1 mm
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hypothesized that the increased pain and poor joint condition
in DMM mice resulted in reduced physical activity, which
subsequently led to calorie accumulation and weight gain.37

Thus, the above data suggest that d-RuO2 nanozyme can
alleviate knee pain and improve locomotor activity in DMM
mice.
Defective RuO2 Nanozyme Alleviates KOA Progres-

sion. Synovitis, cartilage degeneration, and abnormal bone
remodeling are typical pathological features of OA.3,38 To
investigate the effect of d-RuO2 on the pathological
progression of OA, histological analysis of the knee joints in
mice was performed. First, knee synovitis was assessed using
H&E staining; we noticed lesser inflammatory cell infiltration,
mitigated synovial hyperplasia, and lower synovitis scores in
the treatment group than in the DMM one (Figure 6a,b),
suggesting d-RuO2 could alleviate knee synovitis. Next, knee
cartilage degeneration was evaluated by staining with safranin-
O/fast green and toluidine blue. From the stained images, the
knee articular cartilage in the DMM group exhibited
degenerative changes, including surface fibrillation, thinning,
and even loss of articular cartilage (Figures 6c and S14a).
Surprisingly, when compared to the DMM group, DMM mice
treated with d-RuO2 had a lower OARSI score (Figure 6d),
and thicker uncalcified cartilage thickness (Figure S14b),
indicating reduced cartilage degeneration. Furthermore,
immunohistochemical staining revealed that the expression of
cartilage catabolic metabolism marker (MMP13) was also
reduced and anabolic metabolism markers (Col II and
Aggrecan) were elevated in the treatment group relative to
the DMM group (Figure 6e−h). The above findings suggested
that d-RuO2 promotes chondrocyte anabolism while reducing
catabolism, thereby slowing down cartilage degeneration.
Osteophytes and changes in subchondral bone, including

sclerosis, capsulitis, and marrow edema, are characteristic of
abnormal bone remodeling that occurs during the progression
of OA pathogenesis.38 To further evaluate the effect of
nanozyme on abnormal bone remodeling during OA
pathology, Micro-CT scans as well as three-dimensional
reconstructions were performed on the mouse knee joints
(Figure 6i). By analyzing the CT data, we observed anomalous
bone remodeling in the joints of the DMM group. The
remodeling included roughening of the articular surfaces,
narrowing of the joint space, formation of fatty bone, and
sclerosis of the subchondral bone (Figure 6i). These changes
were quantified by measuring several parameters: increased
knee bone volume (BV) (Figure S14c), the number of
osteophytes, the ratio of subchondral bone volume to tissue
volume (BV/TV), bone mineral density (BMD), subchondral
bone plate (SBP) thickness, and trabecular thickness (Tb.Th)
(Figure 6j−n). However, these pathological alterations were
remarkably reversed after treatment with d-RuO2, substantiat-
ing the efficacy of d-RuO2 in the improvement of bone
remodeling during OA pathology. Our observations demon-
strated that d-RuO2 nanozyme significantly alleviated the
pathological progression of KOA, including relieving synovitis,
delaying articular cartilage damage, and reducing abnormal

bone remodeling, such as osteophyte formation and sub-
chondral osteosclerosis.
Defective RuO2 Nanozyme Alleviates Oxidative

Stress by Inhibiting the ROS/NLRP3/Caspase-1 Signal-
ing Pathway. To further explore the potential mechanism by
which d-RuO2 nanozyme alleviates OA, we assessed their
ability to scavenge ROS. Intracellular ROS levels in RAW264.7
macrophages were measured using a DCFH-DA assay kit after
24 h of LPS stimulation, with or without treatment with d-
RuO2 nanozyme. The results indicated that d-RuO2 signifi-
cantly diminished the LPS-induced elevation in ROS levels
(Figure 7a,b), indicating their potent ROS scavenging ability.
Oxidative stress is caused by an imbalance between the
production and elimination of ROS in the cell; with increased
ROS quenching, oxidative stress is alleviated accordingly.9

The NLRP3 inflammasome, consisting of the sensor
NLRP3, the bipartite adaptor ASC, and the effector enzyme
pro-caspase-1,12 plays an important role in various diseases
related to microbial and sterile inflammation, including
autoinflammatory disorders and resisting host immune
defenses against bacterial, fungal, and viral infections.39−42

ROS serve as activators that promote the assembly of the
NLRP3 inflammasome, leading to the recruitment of macro-
phages and neutrophils, which in turn results in the production
of more ROS, exacerbating inflammation and creating a
feedback loop.12 More specifically, upon activation, NLRP3
oligomerizes interact with ASC, which promotes the recruit-
ment of pro-caspase-1 to NLRP3 inflammasome, leading to the
assembly of NLRP3 inflammasome.43,44 Following this, pro-
caspase-1 is activated into cleaved-caspase-1 and promotes the
maturation of the pro-inflammatory cytokines, further
enhancing the inflammatory response.13,45,46 Given their
crucial roles, we examined the expression of key proteins in
the ROS/NLRP3/Caspase-1 signaling pathway in RAW264.7
macrophages after LPS stimulation, with or without d-RuO2
nanozyme treatment, by immunofluorescence staining (Figure
7c) and Western blot (Figure 7d). We found that the increased
expression levels of Nlrp3, Pro-caspase-1, Cleaved-caspase-1,
and Asc, after being stimulated by LPS, were reversed by
treatment with nanozyme (Figure 7c,d,f−l). Next, we
performed tissue immunofluorescence staining to macrophage
markers (F4/80) costained with Nlrp3, Caspase-1, and Asc in
the mouse knee synovium.47 Nnrp3, Caspase-1, and Asc
colocalized with macrophages (F4/80+) were markedly
increased in the DMM group compared to the sham group.
However, the observed trends were notably reduced in the
treatment group (Figure 7e,m−o). These results implied that
d-RuO2 nanozyme attenuated LPS-induced priming and
activation of the ROS/NLRP3/Caspase-1 signaling pathway.

CONCLUSIONS
We presented defective RuO2 nanospheres as a ROS scavenger
to attenuate OA progression. It was shown that compared to
the crystalline RuO2, the d-RuO2 hollow nanospheres exhibited
greater antioxidant capacity; cellular experiments revealed that
d-RuO2 reduced the expression of the biomarkers of

Figure 6. continued

(upper panel), 0.5 mm (lower panel). (j−n) Quantitative analysis of the number of osteophytes (j), the ratio of subchondral bone volume to
tissue volume (BV/TV) (k), subchondral bone mineral density (BMD) (l), SBP thickness (m), and trabecular thickness (Tb. Th) (n) in the
knee joints of mice. Data are shown as mean ± SD (n = 6) and analyzed using one-way ANOVA with Tukey’s posthoc test (f−h, j−n) or the
Kruska−Wallis test (b,d). *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 7. Defective RuO2 nanozyme inhibits the ROS/NLRP3/Caspase-1 signaling pathway. (a) Representative images of ROS detection in
RAW264.7 macrophages after LPS stimulation with or without d-RuO2 nanozyme treatment for 24 h. Scale bar, 100 μm. (b) Quantification
of the ROS levels in (a). Data are shown as mean ± SD (n = 3) and analyzed using one-way ANOVA with Tukey’s posthoc test. **P < 0.01.
(c) Representative images of immunofluorescence staining for Nlrp3, Caspase-1, and Asc in RAW264.7 macrophages after LPS stimulation
with or without d-RuO2 nanozyme treatment for 36 h. Scale bar, 50 μm. (d) Representative Western blot images of Nlrp3, Pro-caspase-1,
Cleaved-caspase-1, and Asc expression in RAW264.7 macrophages after LPS stimulation with or without d-RuO2 nanozyme treatment for 36
h. (e) Representative images of F4/80 coimmunofluorescence with Nlrp3, Caspase-1, and Asc in the synovium of mouse knee joints by sham
or DMM surgery treated as indicated. Scale bar, 25 μm. (f−i) Quantification of relative protein expression of Nlrp3 (f), Pro-caspase-1 (g),
Cleaved-caspase-1 (h), and Asc (i) in (d). Data are shown as mean ± SD (n = 3) and analyzed using one-way ANOVA with Tukey’s posthoc
test. *P < 0.05; **P < 0.01; ***P < 0.001. (j−l) Quantification of relative expression levels of Nlrp3 (j), Caspase-1 (k), and Asc (l) in
immunofluorescence staining of cells in (c). Data are shown as mean ± SD (n = 3) and analyzed using one-way ANOVA with Tukey’s
posthoc test. *P < 0.05; **P < 0.01; ***P < 0.001. (m−o) Quantification of relative expression levels of Nlrp3 (m), Caspase-1 (n), and Asc
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inflammatory macrophages and eliminated the ROS to alleviate
oxidative stress. Significant improvements in pain and physical
activity, along with the alleviation of synovitis, cartilage
degeneration, and abnormal bone remodeling in the DMM
mice were observed following the treatment with d-RuO2.
Additionally, the mechanistic study revealed that d-RuO2
reduced the expression levels of NLRP3, a key protein in the
process of inflammation, implying that d-RuO2 delayed the
progression of OA via suppressing the ROS/NLRP3/Caspase-
1 signaling pathway. This study provides a potential
therapeutic strategy for OA.

MATERIALS AND METHODS
Materials. Hydrous ruthenium chloride (RuCl3·xH2O), ethylene

glycol (EG), copper nitrate trihydrate (Cu(NO3)2·3H2O), poly-
vinylpyrrolidone (PVP, MW ∼ 40,000), ammonium hydroxide (25%
NH4OH), and sodium hydroxide (NaOH) were obtained from
Aladdin Chemical Co. Ltd. (Shanghai, China). The SOD assay kit was
purchased from Dojindo Laboratories, Japan. Hydroxyl radical
quenching measurement was carried out using a kit obtained from
Nanjing Jiancheng Bioengineering Institute. All the other reagents and
chemicals were bought from commercial sources and used as received.
Deionized water (18.2 MΩ·cm, Millipore) and absolute ethanol were
used during all the experiments.
Characterizations. The material characterization was conducted

using various analytical techniques. A scanning electron microscope
(Ultra 55, Zeiss, Germany) and transmission electron microscopes
(FEI TECNAI G2 F20 and JEOL JEM-2100F, 200 kV) provided the
structural and morphological information. The aberration-corrected
high-angle annular dark-field scanning transmission electron micro-
scope (HAADF-STEM) images were collected by a FEI Themis Z
device (Thermo Fisher Scientific), and the accelerating voltage was
300 kV. The elemental compositions were evaluated using an
inductively coupled plasma optical emission spectrometer (Avio 220
Max, PerkinElmer). The powder XRD patterns were obtained using a
diffractometer (Rigaku Ultima III, Japan) with Cu Kα radiation. X-ray
photoelectron spectroscopic (XPS) studies were carried out on a
Thermo Scientific K-Alpha spectrometer (Al Kα (1486 eV)) having a
hemispherical energy analyzer (C 1s calibrated the binding energy at
284.8 eV). UV−visible absorption analysis was performed on a
microplate reader (SpectraMax M2e, Molecular Devices Co. Ltd.,
Shanghai, China). The catalase-like activity was assessed through a
dissolved oxygen meter (SevenExcellence Multiparameter, Mettler
Toledo Co. Ltd.) presented in milligrams per liter. A Thermo
Scientific Nicolet iS 5 FTIR Spectrometer (USA) was employed for
FTIR analysis. Raman characterization was done using a Renishaw
inVia Raman microscope with a 633 nm laser. Thermogravimetric
analysis (TGA) was carried out using a Mettler Toledo TGA-2 with a
heating rate of 10 °C/min under air.
Synthesis of d-RuO2 Nanospheres. Cuprous oxide (Cu2O) was

used as a nanotemplate to synthesize d-RuO2 nanospheres. Following
our previously reported method, 300 mg of PVP and 480 mg of
Cu(NO3)2·3H2O were first dissolved in 50 mL of water-free EG.30

The transparent solution was heated to 185 °C in an oil bath while
being vigorously stirred. This temperature was maintained for 60 min
to obtain the orange-colored Cu2O. The product was separated by
centrifugation (10,000 rpm, 30 min) and washed with ethanol and
distilled water twice. To grow hydrous d-RuO2 onto the surface of
Cu2O, the nanospheres were exposed to an aqueous solution of
RuCl3: the water-dispersed Cu2O (100 mg, 5 mg/mL) was treated
with an aqueous solution of RuCl3·xH2O (150 mg, 2 mL) under
vigorous stirring (30 min) at room temperature. Later, the solution

was centrifuged to remove any unreacted or released salts. In the next
step, the obtained Cu2O@d-RuO2 core−shell nanostructure was
redispersed in 20 mL of water and the pH of the solution was tuned
to 10 along with the addition of 100 μL of (30%) H2O2 under stirring.
To improve the quality of the d-RuO2, the solution was also heated at
80 °C for 30 min and the Cu2O@d-RuO2 product was recovered via
centrifugation and washed with water. In the final step, the undesired
Cu2O core was completely etched using NH4OH (25%): the Cu2O@
d-RuO2 nanospheres (30 mg) were dispersed in 5 mL of deionized
water and then 1 mL of 25% NH4OH was slowly added under
stirring. After 1 h of incubation in an ammonia solution, the final
PVP-capped hollow-structured d-RuO2 nanospheres were collected
and washed with water and ethanol.
Superoxide Dismutase-like Activity Measurements. The

SOD-like activity of d-RuO2 and thermally treated RuO2 was
evaluated using a WST-1 assay kit. The RuO2 samples with a specific
concentration were combined with 200 μL of the working solution in
a microplate well. Then, 20 μL of the enzyme working solution was
added, and the mixture was incubated for 20 min at 37 °C. The
absorbance (450 nm) was evaluated by a multiple plate reader. The
amount of superoxide radical scavenging was calculated by measuring
the inhibition in formazan color development. The analysis was
performed in triplicate (n = 3).
Catalase-like Activity Measurements. We evaluated the CAT-

like activity of d-RuO2 and thermally treated RuO2 by monitoring the
amount of catalytically generated dissolved oxygen with an oxygen
meter. The RuO2 samples with a concentration of 1 μg/mL were
added to 6 mL of water. The concentration of H2O2 during the testing
was kept at 5 mM, and the amount of nanozyme-triggered generation
of oxygen (milligram per liter) was monitored for 10 min.
Hydroxyl Radicals Scavenging Measurements. The capacity

of hydroxyl radicals (•OH) scavenging was determined using the
•OH-assay kit. Following the instructions of the kit, different
concentrations (6.25, 12.5, 25, 50, and 100 μg/mL) of both d-
RuO2 and thermally treated RuO2 were mixed with the preprepared
reagent solution and chromogenic agent, followed by a 20 min
incubation at room temperature. The absorbance (550 nm) was then
measured using a microplate reader to quantify the amount of
hydroxyl radicals. The detection of •OH was based on the classical
Fenton reaction principle, where the Griess reagent was used for the
visualization of hydroxyl radical production. To guarantee the
accuracy, the analysis was performed in triplicate (n = 3).
Cell Culture. RAW264.7 macrophages and SW982 cells were

purchased from the Chinese Academy of Science’s Cell Bank of Type
Culture Collection (Shanghai, China). The mouse primary chon-
drocytes were collected from the ribs of 3 day-old C57BL/6 mice.
RAW264.7 macrophages were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) containing 10% fetal bovine
serum (FBS, Gibco), 1% penicillin and streptomycin (Gibco) at 37
°C and 5% CO2. SW982 cells and chondrocytes were cultured in
DMEM/F12-Dulbecco’s modified Eagle’s medium (Gibco) with 10%
FBS and 1% penicillin and streptomycin at 37 °C and 5% CO2.
Macrophages were stimulated into an inflammatory state using 100
ng/mL lipopolysaccharide (LPS, #L2630, Sigma-Aldrich, St. Louis,
MO, USA).
Cell Counting Kit-8 (CCK8) Assay. RAW264.7 macrophages,

SW982 cells, and chondrocytes were seeded into 96-well cell culture
plates and cultured until the cell density reached 80%, then d-RuO2
nanozyme was added at different concentrations (0, 1, 5, 10, 25, 50,
and 100 μg/mL). Cell activity was evaluated using a CCK-8 assay kit
(Dojindo, Japan) after 24 h. After washed by phosphate-buffered
saline (PBS), 100 μL 10% CCK-8 solution was added to each well
and incubated for 1 h at 37 °C in a temperature chamber (Senxin,

Figure 7. continued

(o) in immunofluorescence staining of tissues in (e). Data are shown as mean ± SD (n = 6) and analyzed using one-way ANOVA with
Tukey’s posthoc test. **P < 0.01; ***P < 0.001.
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China). Then the optical density value was measured at 450 nm using
a spectrophotometer (Thermo Scientific, USA).
Calcein-AM/PI Double Staining. RAW264.7 macrophages were

seeded into 24-well cell culture plates and cultured until the cell
density reached 50%, then d-RuO2 nanozyme was added to the
culture medium at different concentrations (0, 1, 5, 10, 25, 50, 75, and
100 μg/mL). After 24 h of incubation, cells were stained for live and
dead cells using a calcein AM/PI Cell staining kit (Beyotime, China)
according to the manufacturer’s instructions. Then the staining of the
cells was observed using a fluorescence microscope (Zeiss, Germany)
to count the number of live and dead cells.
Measurement of Intracellular ROS Levels. When the density

of RAW264.7 macrophages seeded in 24-well plates reached 50%,
LPS and d-RuO2 were added according to the grouping. Twelve hours
later, intracellular ROS levels were detected using a DCFH-DA assay
kit (Beyotime, China) at 37 °C for 30 min. Fluorescence images were
then obtained using a fluorescence microscope (Zeiss, Germany), and
the fluorescence intensity was measured by ImageJ software (version
1.8.0, USA).
Quantitative Real Time-PCR (qPCR). All cellular mRNA from

RAW264.7 macrophages was extracted using the RNA quick
Purification Kit (ES Science, China) and then reverse transcribed to
obtain cDNA using reverse transcription reagents (Vazyme, China)
according to the instructions. The qPCR analysis was performed using
the ChamQ Universal SYBR qPCR Master Mix (Vazyme, China) on a
Light Cycler 480 PCR System (Roche, Switzerland). The primer
sequences used are listed in Table S1.
Western Blot. Total cellular proteins of RAW264.7 macrophages

were extracted using RIPA Lysis Buffer (Solarbio, China) containing
protease and phosphatase inhibitor cocktail (Solarbio, China) for 15
min at 4 °C. Protein concentration was determined using a Quick
Start Bradford 1× Dye Reagent (Bio-Rad, USA) after protein lysates
were centrifuged at 1500 rpm for 15 min at 4 °C. Proteins were
separated using SDS-PAGE (Epizyme, China) and then transferred to
a PVDF membrane (Sigma-Aldrich, USA). Then the membrane was
immersed in a 5% milk (Biofroxx, Germany) solution for 1 h. After
washed three times with Tris-buffered saline/Tween (TBST), the
membrane was incubated with 1:1000 primary antibodies for 8 h at 4
°C. The membrane was then incubated with a 1:10,000 dilution of
secondary antibodies, HRP-anti-IgG (Biosharp, China) for 1 h at
room temperature after washed by TBST. The ChemiDocXRS and
Imaging System (Tanon, China) was used to detect all images.
Finally, proteins were analyzed quantitatively using ImageJ software
(version 1.8.0, USA).
Animal Study. The experimental animals were 12 week-old male

C57BL/6 mice (22−24 g) purchased from Gempharmatech
(Nanjing, China). All mice were fed in a specific pathogen-free
(SPF) environment with free access to food and water. The mice
underwent a destabilization of the medial meniscus (DMM) surgery
on the right knee to induce the KOA model. Intra-articular injections
into the right knee joints were initiated one-week postsurgery and
performed weekly for 8 weeks. Then mice were harvested, and
specimens of hearts, livers, spleens, lungs, kidneys, and knee joints
were collected. The animal protocols were approved by the Use
Committee of Nanjing Drum Tower Hospital, Nanjing University
Medical School (2024AE01035).
The mice were randomly divided into four groups: (1) Sham

surgery; (2) Sham surgery with d-RuO2 treatment (25 μg/mL, 8 μL,
once a week); (3) DMM surgery; (4) DMM surgery with d-RuO2
treatment (25 μg/mL, 8 μL, once a week). The mice in the sham
surgery and DMM surgery groups were injected with normal saline at
the same dose and frequency as the treatment groups.
DMM-Induced KOA Model. Inhalation anesthesia was adminis-

trated using isoflurane in 12 week-old C57BL/6 male mice, and then
the right knee joint was prepared and disinfected routinely. A medial
parapatellar incision was made, followed by blunt dissection of the fat
pad to expose the medial meniscotibial ligament (MMTL) under a
stereoscopic microscope. The MMTL between the anterior horn of
the medial meniscus and the intercondylar ridge of the tibial plateau
was cut, resulting in complete destabilization of the medial meniscus.

The operation of the sham group was the same as that of the DMM
group except that the MMTL was not cut.
Footprint Experiment. Mice were marked with red ink on their

front paws and blue ink on their hind paws, then placed on a white
paper-lined track (70 cm × 20 cm) to walk freely, leaving ink blots
that recorded their trajectories. Each mouse completed the test three
times. Relative step length, stride length, and front/rear print length
were measured to evaluate their activity levels and pain during natural
walking. This experiment was conducted in a relatively dark and quiet
environment, and the mice were acclimatized in this environment for
1 week before the experiment.
Open Field Test (OFT).Mice were placed in an open field (50 cm

× 50 cm) and allowed to move freely for 3 min. Their spontaneous
activity trajectories were recorded using a tracking system equipped
with an infrared camera (Zhenghua Technology, China). Relative
activity, total distance traveled, and mean speed were analyzed to
evaluate their spontaneous activity and exploratory behavior. The
experiment was performed in a quiet, dark environment to minimize
external disturbances.
von Frey Fiber Test. Mechanical pain sensitivity in mice was

assessed using an electronic von Frey device (IITC, Woodland Hills,
USA). Mice were placed in a cage (4 cm × 3 cm × 7 cm) with a metal
mesh bottom, and the von Frey fiber was applied to the plantar
surface of the mouse’s right hind paw foot from the bottom of the
cage, gradually increasing the force until the mouse retracted its right
hind foot, at which point the threshold of the peak detector was
recorded. The numerical magnitude of the threshold was negatively
correlated with pain sensitivity in mice.
Microcomputed Tomography (Micro-CT) Analysis. Mouse

knee joints were evaluated by a Micro-CT scanner (VivaCT80,
Scanco Medical AG, Switzerland) at 70 kV, 114 μA. Three-
dimensional images of knee joints were reconstructed using Scanco
Medical software (Scanco threshold: 220). We analyzed the
cancellous bone and 3D-reconstructed images to quantify parameters
related to osteophytes, trabeculae, and subchondral bone using
Scanco Medical software.
Histological Analysis. After Micro-CT scanning, mouse knee

joints were immersed in 10% EDTA solution (Biofroxx, Germany) for
decalcification. After paraffin embedding of the knee joints, the tissues
were sliced into 5 mm thick sections using a microtome (Thermo,
Germany). Then we assessed synovitis as well as cartilage
degeneration in the knee joint by the synovitis score (0−3) and
Osteoarthritis Research Society International (OARSI) scoring
system (0−6) after hematoxylin and eosin (H&E) (#C0105S,
Beyotime), Safranin-O/fast green (S.O.) (#G1371, Solarbio) and
Toluidine Blue (#G2543, Solarbio) staining.
Immunohistochemical Staining. Mouse knee joint slides were

soaked in 3% H2O2 for 15 min to inactivate endogenous oxidase after
being dewaxed and hydrated in xylene and graded alcohol. After 3
washes by PBS, the slides were treated with 0.2% pepsin (Sigma-
Aldrich, USA) for antigen repair for 1 h at 37 °C. Then the slides
were blocked with 5% bovine serum albumin (BSA) for 1 h and then
incubated with 1:200 primary antibodies for 8 h at 4 °C. After being
washed with TBST 3 times, the slides were incubated with 1:10,000
secondary antibodies of HRP-anti-IgG (Biosharp, China) for 1 h at
room temperature. Color development was then performed using a
DAB Kit (Typing, China). The nucleus was stained with hematoxylin
and then sealed with resin.
Immunofluorescence Staining. In tissue immunofluorescence

experiments, mouse knee joint slides were incubated with 0.2% pepsin
for 1 h at 37 °C after dewaxing and hydration. After 3 washes with
PBS, slides were blocked with 5% BSA for 1 h and then incubated
with 1:200 primary antibodies for 8 h at 4 °C. The sections were
rewarmed and washed 3 times with TBST and then incubated with
1:200 fluorescein isothiocyanate (FITC)-coupled secondary antibody
at 37 °C for 1 h. The nucleus was stained with 2-(4-amidinophenyl)−
6-indolecarbamidine dihydrochloride (DAPI). The sections were
sealed and observed under a fluorescence microscope (Zeiss,
Germany). In immunofluorescence experiments of RAW264.7
macrophages, after being fixed with 4% paraformaldehyde for 15
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min, 0.1% Triton-X-100 was used to perforate the cell membrane for
15 min. The next steps are the same as the immunofluorescence steps
for tissues above.
Biodistribution and Metabolism. Eight-week-old C57BL/6

mice were anesthetized and administered a 50 μL intra-articular
injection of d-RuO2-Cy5 into the right knee joint. At 0, 6, 12, and 24
h postinjection, Cy5 fluorescence signals (Ex/Em: 640/670 nm) were
acquired using a small animal in vivo imaging system (PerkinElmer
IVIS) to analyze local retention in the knee joint and systemic
biodistribution. Fecal and urine samples were collected at designated
time intervals. Following imaging, mice were sacrificed and major
organs (heart, liver, spleen, lungs, kidneys) along with joint tissues
were harvested. All biological samples (excreta and tissues) were
subjected to microwave-assisted digestion with aqua regia (200 °C, 30
min) for subsequent quantification of ruthenium content by
inductively coupled plasma optical emission spectrometry (ICP-
OES).
Antibodies. The primary antibodies used in this study included:

rabbit anti-Gapdh (#8884, Cell Signaling Technology, USA); rabbit
anti-Cox2 (#12282, Cell Signaling Technology, USA); rabbit anti-
iNos (#13120, Cell Signaling Technology, USA); rabbit anti-Nlrp3
(#13158, Cell Signaling Technology, USA); rabbit anti-Caspase-1
(#22915-1-AP, Proteintech, China); rabbit anti-Asc (#10500-1-AP,
Proteintech, China); rabbit anti-Col II (#BA0533, Boster, China),
rabbit anti-Aggrecan (#A12045, ABclonal Biotechnology, China);
rabbit anti-Mmp13 (#18165-1-AP, Proteintech, China); mouse anti-
F4/80 (#sc-377009, Santa Cruz, CA, USA).
Statistical Analysis. Quantitative data represents at least three

independent experiments. All data processing and statistical analysis
were performed using GraphPad Prism software (version 9.5). The
data were subjected to the Shapiro−Wilk normality test and Levene’s
homogeneity of variance test. A paired two-tailed Student’s t-test was
used to compare the mean values between the two groups, and for
more than two groups, one-way ANOVA followed by Tukey’s
posthoc tests was used. A Kruska Wallis test was used for the
comparison of the OARSI score and synovitis score. Data were
presented as mean values ± SD. P < 0.05 was considered statistically
significant (*P < 0.05, **P < 0.01, ***P < 0.001), and ns represents
no significance.
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