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ABSTRACT: The lack of vascular and neural innervations in cartilage often results in poor drug delivery and
penetration, compromising the efficacy of current therapeutics. To tackle this clinical challenge, we designed
positively charged manganese-doped CeO2 nanozymes that combine reactive oxygen species (ROS)-scavenging
activity with prolonged retention in the joint cavity by taking advantage of the negatively charged cartilage matrix.
Integrating coarse-grained molecular dynamics simulations with experimental validation, we identified chondroitin
sulfate as the key glycosaminoglycan responsible for mediating the retention of these positively charged nanozymes
in the joint cavity. After intra-articular administration, manganese-doped CeO2 promoted cartilage defect repair and
subchondral bone remodeling in a rat model within 4 weeks. In addition, benefiting from the multiple enzyme
mimicking activity of nanozymes, the peroxidase-like activity of manganese-doped CeO2 was explored to develop a
pathological assay to detect the state of cartilage repair. This study establishes an integrated framework combining
theoretical modeling with experimental validation to elucidate intra-articular retention mechanisms. The framework
enables the rational design of theranostic nanozymes that exploit disease-specific pathological features for both
diagnosis and therapy.
KEYWORDS: nanozymes, osteoarthritis, cartilage, pathology diagnosis, molecular dynamics

■ INTRODUCTION
Amid global population aging, approximately 607 million
people are affected by osteoarthritis (OA), and the global
disease burden continues to increase.1 OA is a common joint
disease that causes progressive degeneration of articular
cartilage.2 Cartilage damage results in severe pain and
markedly impairs patients’ daily activities.3 Cartilage injury is
accompanied by inflammation and elevated levels of reactive
oxygen species (ROS). Excessive levels of ROS impair the
growth and function of chondrocytes.4 Existing therapeutic
agents used clinically for cartilage injuries mainly include

corticosteroids and nonsteroidal anti-inflammatory drugs.5 Due
to the lack of vascular structures surrounding articular cartilage,
these drugs cannot accurately reach the peri-cartilage region
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through intravenous injection.6 Intra-articular injections are
often chosen clinically to improve the bioavailability of the
drug in the joint cavity environment.7 However, it remains
difficult to sustain therapeutic concentrations around chon-
drocytes.8 They are rapidly lost through synovial capillaries and
lymphatic drainage with intra-articular residence times of only
1−4 h.9 Meanwhile, cartilage is surrounded by abundant

glycosaminoglycans (GAGs), collagen fibers, and other
proteins.10 The cartilage extracellular matrix (ECM) is densely
negatively charged and contains pores of 60−200 nm.
Consequently, the limited amount of drug retained in the
joint is further hindered by the cartilage extracellular matrix,
restricting its penetration to chondrocytes and compromising
therapeutic efficacy.11 Furthermore, frequent drug injections to

Scheme 1. Schematic Illustration of Positively Charged Mn-Doped CeO2 Nanozyme for Osteoarthritis Treatment and
Cartilage Pathology Detectiona

a(a) Mn-doped CeO2 modulates enzyme-like catalytic activity based on oxygen vacancy content. (b) Molecular dynamics simulation reveals the
effect of charge on the binding strength between nanozymes and GAGs. (c) Nanozyme treats inflammation in macrophages and chondrocytes
within joint cavity, relieving osteoarthritis. (d) Positively charged nanozyme visualizes GAGs in cartilage sections using POD-like activity for
pathology diagnosis.
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maintain effective drug concentrations may result in an
unacceptably high risk of clinical infections and a reduced
quality of life for patients.12

Facing these barriers, cationic agents offer distinct
advantages: in the negatively charged environment of the
joint cavity, they exhibit a longer retention time and achieve

effective penetration. Recently, Chen et al. found that cationic
particles specifically bind to chondroitin sulfate (CS) and
heparan sulfate (HS) in the extracellular matrix through
electrostatic interactions, thereby promoting the aggregation
and retention of GAGs.13 Furthermore, low-dose intra-articular
injection of cationic polymers does not induce inflammatory

Figure 1. Synthesis and characterization of MnxCey nanozymes. (a) Schematic of positively charged MnxCey nanozyme synthesis. AC-
HAADF-STEM images of (b) CeO2 and (c) Mn1Ce2 (scale bar: 5 nm). (d) EDS mapping images of Mn1Ce2. (e) XRD patterns of MnxCey. (f)
XPS survey scan of MnxCey. (g) Contents of Mn and Ce in MnxCey nanozymes measured by ICP−OES. (h) Raman spectra of MnxCey. (i)
Zeta potentials of nanozyme with or without amino group modification. (j) TEM image of phospholipid-modified nanozyme (scale bar: 20
nm).
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responses or systemic toxicity; rather, it improves the
homeostasis of the cartilage matrix. In a related strategy,
researchers designed positively charged nanocarriers to
encapsulate small-molecule drugs, which can similarly prolong
the retention time of these molecules, overcome delivery
barriers, and facilitate their effective penetration.14 In a recent
report, insulin-like growth factor 1 (IGF-1) was encapsulated
in positively charged PEGylated dendrimers, which prolonged
its intra-articular retention 10-fold compared to free IGF-1.15

Similarly, an antioxidant drug, gallic acid, was loaded into
positively charged nanoliposomes, which were subsequently
assembled into adhesive hydrogel microspheres. Following
intra-articular injection, the microspheres effectively penetrated
the cartilage matrix and released gallic acid for therapy.16 In
addition, rapamycin-liposome-incorporating hyaluronic acid−
based hydrogel microspheres improved joint lubrication and
released rapamycin (an autophagy activator)-loaded cationic
liposomes. The cationic liposomes selectively targeted
negatively charged cartilage, which reduced off-target accumu-
lation in other joint tissues.17 Although small-molecule drugs
can scavenge ROS or promote cartilage regeneration, their
efficacy is often constrained by rapid consumption during
therapeutic action, while biological proteins and natural
antioxidant enzymes face additional limitations, including
poor structural stability, susceptibility to degradation, short
biological half-lives, and potential immunogenicity. Therefore,
innovative therapeutic strategies to scavenge ROS, inhibit
inflammation, and promote cartilage regeneration are still
urgently needed.

Recently, nanozymes, nanomaterials with enzyme-like
activities, have been developed and applied in bioanalysis,
diagnosis, and therapeutics due to their advantages over natural
enzymes and conventional enzyme mimics, such as low cost,
high stability, multiple enzyme-like activities under different
conditions, and compositional diversity and tunable catalytic
activities.18−23 In particular, anti-oxidant nanozymes have been
explored for anti-inflammatory therapy, including the treat-
ment of OA.24 Among these, ceria nanozymes (CeO2) have
garnered significant attention owing to their excellent
biocompatibility and their superoxide dismutase (SOD)- and
catalase (CAT)-like activities, which enable them to effectively
eliminate two representative pathological ROS, •O2

− and
H2O2.

25−27 Importantly, their enzyme-like activities can be
tuned by doping.28,29 For example, the Zr4+-doped CeO2
enhanced the catalytic performance in scavenging ROS by
controlling the Ce3+ to Ce4+ ratio.30 Additionally, it is
noteworthy that manganese supplementation plays a crucial
role in the development of bones and cartilage.31−34 Mn2+

contributes to cartilage matrix homeostasis by acting as a
cofactor for glycosyltransferases required for GAG biosyn-
thesis, while also modulating cell−matrix adhesion through the
regulation of integrin conformation and ligand-binding
affinity.35−37 Therefore, we hypothesize that CeO2 nanozymes,
through the doping of Mn ions, may achieve enhanced
catalytic activity, exhibit excellent biocompatibility in bone and
cartilage environments, and provide significant benefits for
cartilage regeneration.

In this work, we rationally designed and synthesized Mn-
doped CeO2 nanozymes (MnxCey) via a controlled doping
strategy (Scheme 1). The doping of low-valence Mn ions into
the CeO2 lattice induced a synergistic effect of oxygen
vacancies and electronic modulation, which not only optimized
charge transfer kinetics but also created abundant surface-

active sites. This structural synergy endowed MnxCey with dual
enzyme-mimetic activities (SOD and CAT), enabling robust
scavenging of pathological ROS. We further screened Mn1Ce2,
which exhibited both excellent antioxidant activity and
biocompatibility, and verified the therapeutic effect of
Mn1Ce2 in alleviating cartilage degeneration and OA. To
elucidate the molecular mechanisms governing nanozyme-
cartilage interactions, we performed coarse-grained molecular
dynamics (CGMD) simulations incorporating both cationic
and anionic nanozymes (∼6 nm diameter) within a
physiologically relevant cartilage extracellular matrix model
containing GAGs. Comprehensive trajectory analysis revealed
distinct retention tendencies, binding preferences, and binding
modes, and identified CS as the critical GAG species
responsible for sustained nanozyme retention within the joint
cavity. Importantly, by leveraging the unique physicochemical
properties of Mn1Ce2, including its cationic surface charge for
cartilage-targeted retention and peroxidase (POD)-like activity
for GAGs visualization, we established a facile yet sensitive
diagnostic platform for cartilage pathology detection. This
study highlighted the dual potential of Mn-doped CeO2
nanozymes as both a therapeutic agent for OA and a
diagnostic tool for cartilage defect detection.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Mn-Doped CeO2
Nanozyme

Mn-doped CeO2 nanozymes were synthesized via a non-
hydrolytic sol-gel method by using oleylamine (OAm) as a
capping agent (Figure 1a). They were named MnxCey, where x
and y represent the ratio of the molar amounts of the two
precursors. To demonstrate whether Mn ions were successfully
doped into the CeO2 lattice, aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy
(AC-HAADF-STEM) was used to obtain the lattice spacing
information. The (111) lattice spacing of Mn1Ce2 was
measured to be 0.298 nm, smaller than that of CeO2 (0.312
nm) (Figure 1b,c). This lattice contraction was attributed to
the substitution of Ce ions by Mn ions with smaller ionic
radii.38 Energy dispersive spectra (EDS) showed a uniform
distribution of Ce and Mn elements in Mn1Ce2, indicating that
Mn did not form localized aggregates (Figure 1d). Figure S1
showed the distribution of Ce elements in CeO2. As shown in
Figure 1e, the powder X-ray diffraction (PXRD) patterns of
MnxCey nanozymes were recorded to study their crystalline
properties. The presence of broad diffraction peaks ((111),
(220), and (311) reflections) confirmed the formation of ceria
with a cubic fluorite structure. The absence of additional
reflections indicated that no crystalline Mn or Mn oxide phases
were formed. The peaks of the samples gradually showed a
slight shift towards higher Bragg angles after doping of Mn in
the ceria lattice. Such shift is also indicative of the replacement
of Ce ions in the cubic fluorite structure by Mn ions with
smaller ionic radius.38 In addition, the doping of Mn also leads
to a decrease in the crystallinity of the ceria lattice, resulting in
a gradual decrease in diffraction peak intensity. Besides,
electron paramagnetic resonance (EPR) illustrated the doping
of Mn elements from the perspective of magnetic enhancement
(Figure S2).39 The relative peaks of Ce 3d and Mn 2p in X-ray
photoelectron spectroscopy (XPS) qualitatively confirmed the
content of Ce and Mn elements in the doped samples (Figure
1f). As shown in Figure 1g, we quantified the Ce and Mn
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Figure 2. Measurement of oxygen vacancies and enzyme-like activities of MnxCey nanozymes. (a) Schematic illustration of Mn ion doping
into the ceria lattice. In the fluorite structure, ions at corners/edges/faces are shared by adjacent unit cells (corner: 1/8, edge: 1/4, face: 1/2,
body: 1). (b) Ce 3d of CeO2 and Mn1Ce1. (c) Percentage of Ce3+ and Ce4+ to overall Ce ions of MnxCey. (d) Mn 2p of Mn1Ce8 and Mn1Ce1.
(e) Percentage of Mn2+ and Mn3+ to overall Mn ions of MnxCey. (f) Percentage of Ce3+, Ce4+, Mn2+ and Mn3+ to overall metal cations of
MnxCey. (g) O 1s of CeO2 and Mn1Ce1. (h) Percentage of oxygen vacancies of MnxCey. (i) Rate of dissolved oxygen generation from H2O2
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contents in the doped samples using inductively coupled
plasma optical emission spectrometer (ICP-OES). XPS and
ICP showed that the Mn content increased, whereas the Ce
content decreased with increasing x:y ratios. The measured
percentages of Mn and Ce in several products were in good
agreement with the initial Mn/Ce molar ratios, such as
Mn1Ce8, Mn1Ce4, Mn1Ce2 and Mn1Ce1. However, for
Mn3Ce2, not all of the initially added Mn was successfully
incorporated into the product, indicating that the Mn doping
limit had been reached under these synthesis conditions.
Therefore, Mn3Ce2 was not further included in the subsequent
characterization due to the similar Mn percentage as Mn1Ce1
and its low crystallinity. As shown in the Raman spectra, a
dominant peak F2g centered at 450 cm−1 was observed in
CeO2, which originated from the symmetric stretching
vibration of the O atoms around the Ce atoms.40,41 However,
the F2g peaks in MnxCey were all red-shifted and broadened,
which was attributed to the doping-induced change in lattice
size and increase in crystal structure disorder (Figure 1h).42,43

In addition, there were no vibration peaks related to
manganese oxide in the Raman spectra of the MnxCey.

The nanozymes were then coated with DSPE-PEG-NH2, a
phospholipid derivative selected because its amphiphilic
phospholipid structure enables effective surface coating, while
the PEG segment improves aqueous dispersibility and colloidal
stability. In addition, the terminal amino groups confer a
positively charged surface, which facilitates electrostatic
interactions with negatively charged GAGs in the cartilage
extracellular matrix. Dynamic light scattering (DLS) showed
that the nanozymes exhibited a more positive surface potential
after coating with phospholipids, which was attributed to the
introduction of amino groups (Figure 1i). The zeta potentials
of the other MnxCey were all around +30 mV (Figure S3).
TEM image showed that the particle sizes of Mn1Ce2 after
phospholipid modification are similar, at approximately 5 nm
(Figure 1j). Photographs of the aqueous nanozyme dispersions
are shown in Figure S4. With increasing Mn doping, the color
of the nanozyme dispersion gradually darkened. In summary,
we synthesized a Mn-doped CeO2 nanozyme with good water
dispersibility and uniform particle size.
Measurement of Oxygen Vacancies and Enzyme-like
Activities of Mn-Doped CeO2 Nanozyme

We constructed a possible structural model in which Mn ions
were incorporated into the ceria lattice (Figure 2a). As lower-
valence Mn ions substitute for Ce ions, the average metal
valence decreases, leading to the formation of additional
oxygen vacancies to maintain charge neutrality. As the amount
of Mn doping increases, the percentage of Ce3+ decreases while
Ce4+ increases (Figures 2b,c and S5). The increase of the
valence state of Ce ions may arise from partial electron transfer
from Ce3+ to Mn3+, generating more Ce4+ and Mn2+. For Mn
ions, the percentage of Mn2+ decreases and Mn3+ increases
(Figures 2d,e and S6). The manganese acetylacetonate
precursor used here contains Mn3+, so the Mn2+ in the
product is created by gaining electrons from the Ce ion. With
increasing amounts of the Mn3+ precursor, the electron-

donating capacity of Ce3+ becomes insufficient to fully reduce
the precursor, resulting in a gradual increase in the proportion
of Mn3+ in the product. We calculated the overall metal ion
distribution based on the elemental occupancy results obtained
by ICP and the ion valence occupancy results obtained by XPS
(Figure 2f). The percentage of tetravalent cations decreases,
while the percentage of trivalent and divalent cations increases.
The calculated average valence of the total metal cations (Ce
and Mn) decreased from +3.68 to +3.26 (Figure S7). As
shown in Figures 2g,2h, and S8, the oxygen vacancy ratio
derived from the O 1s spectra gradually increased, which was
consistent with the structural model proposed in Figure 2a.

To verify whether oxygen vacancies can optimize the
electronic structure and enhance the catalytic performance of
the nanozymes, we selected two representative ROS, H2O2 and
•O2

−, to investigate the CAT- and SOD-like activities. CAT-
like activity was measured using the rate of O2 production from
H2O2 catalyzed by nanozymes (Figure 2i). The corresponding
dissolved oxygen profiles are shown in Figure S9. In addition,
we used the dopamine method to determine the absolute
CAT-like activity of the nanozyme (Figure S10). SOD-like
activity of MnxCey nanozymes was studied by monitoring the
•O2

− elimination with a SOD assay kit (Figure 2j). Our
measurements at multiple concentrations demonstrated a
consistent trend in oxygen vacancy occupancy and enzyme-
like activity. Mn1Ce1, which exhibited the highest oxygen-
vacancy percentage, showed about 3-fold enhancement of
SOD-like activity and nearly 100-fold enhancement of CAT-
like activity compared with CeO2. Furthermore, the bio-
compatibility of MnxCey nanozymes was evaluated, which is
also crucial for biomedical applications. We performed a cell
viability assay with RAW 264.7 cells to investigate the
cytocompatibility of MnxCey nanozymes. As shown in Figure
2k, cell viability remained above 100% after 24 h of incubation
with 0−50 μg/mL CeO2, Mn1Ce8, Mn1Ce4, and Mn1Ce2.
However, for Mn1Ce1, cell viability decreased across the tested
concentration range, which could be attributed to an abnormal
cellular immune response induced by excess Mn ions.44

Meanwhile, we performed live−dead staining on RAW 264.7
cells under identical conditions, demonstrating that CeO2 and
Mn1Ce2 exhibited no significant cytotoxicity, whereas Mn1Ce1
caused visible cell death (Figure S11). Considering the above
three indicators, we selected Mn1Ce2 for subsequent
therapeutic studies due to its strong ROS scavenging activity
and excellent biocompatibility (Figure 2l). To comprehen-
sively assess the ROS scavenging capacity of Mn1Ce2, we
further investigated its hydroxyl radical (•OH) elimination
capability. The results revealed that Mn1Ce2 scavenged 23.29%
of •OH within 3 min, whereas CeO2 showed only 6.18%
scavenging activity (Figure S12). In addition, nitrogen radical
scavenging assays with DPPH• and ABTS+• are frequently
used to evaluate the reactive nitrogen species (RNS)
scavenging activity of nanozymes. We found that the
Mn1Ce2 also possessed superior RNS scavenging activity
than CeO2, which also contributes to the elimination of
inflammatory reactions in organisms (Figure S13).

Figure 2. continued

catalyzed by MnxCey nanozymes. (j) Measurement of •O2
− elimination of MnxCey nanozymes. (k) Cell viability of RAW 264.7 cells after

incubation with different concentrations of nanozymes. (l) Schematic of performance evaluation of MnxCey nanozymes. Data are presented
as mean ± standard error of the mean (n = 3).
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Figure 3. In vitro OA treatment effect of Mn-doped CeO2 nanozyme. ROS level of RAW 264.7 cells monitored by (a) laser scanning confocal
microscopy (scale bar: 100 μm) and (b) flow cytometer in the presence or absence of nanozymes. Quantification of ROS levels detected by
(c) laser scanning confocal microscopy and (d) flow cytometer in differently treated macrophages. (e) Relative gene expression of pro-
inflammatory cytokines (TNFα, IL-1β, and IL-6) from macrophages. (f) Flow cytometric analysis of the expression levels of M1
macrophages (CD86+/ SSC) and (g) quantitative analysis of the average optical density of CD86+/ SSC. (h) Staining of live and dead cells in
different culture conditions (scale bar: 500 μm). (i) Quantification of live−dead cell staining. (j) Bright-field image of cell migration after 24
h of scratching (scale bar: 800 μm). (k) Migration ratio quantified from scratch test. (l) Relative mRNA expression levels of cartilage matrix
metabolism (MMP13, ADAMTS5, ADAMTS1, and SOX9) in chondrocytes. (m) Staining of cartilage matrix by Alcian Blue (scale bar: 200
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In Vitro OA Treatment Effect of Mn-Doped CeO2
Nanozyme

To evaluate the storage stability of Mn1Ce2, we monitored its
hydrodynamic diameter and zeta potential during storage in
deionized water at 25 °C. The hydrodynamic diameters were
52.7, 84.5, and 156.4 nm on days 0, 14, and 60, respectively,
while the corresponding zeta potentials were +33.8, +30.4, and
+26.3 mV (Figure S14). Although the gradual increase in
hydrodynamic diameter suggested some degree of particle
association during prolonged storage, Mn1Ce2 retained a
positively charged surface throughout the 60-day observation
period, with a relatively small change in zeta potential during
the first 14 days. To further assess the stability of Mn1Ce2 and
the potential toxicity associated with excessive Mn ion release,
we monitored Mn ion release over 48 h (Figure S15). The
results showed that 5 mg of Mn1Ce2 (containing 500 μg of
Mn) released 14.43 μg of Mn at 24 h and 15.34 μg at 48 h,
corresponding to approximately 3% of the total Mn content.
The initial release within 24 h may be attributed to the
dissolution of a small amount of surface-associated Mn ions.
Low concentrations of Mn ions in the joint synovial fluid may
be beneficial for bone and cartilage regeneration.31,36 Notably,
only a small additional amount of Mn was released between 24
and 48 h, suggesting that the release profile had approached a
plateau and that most of the Mn remained stably incorporated
within the Mn1Ce2 nanozyme. Taken together, these results
indicate that Mn1Ce2 maintains its positively charged surface
during storage and exhibits limited Mn ion release, supporting
its physicochemical stability for subsequent biological
applications.

The osteoarthritic environment is accompanied by macro-
phage M1 phenotypic polarization and excess ROS production,
which affects normal chondrocyte function.45,46 A vicious cycle
develops between increased inflammation and cartilage matrix
breakdown, leading to progressive OA severity.47 To assess
whether Mn1Ce2 could interrupt this vicious cycle, we
validated its ability to scavenge ROS and induce macrophage
polarization. Macrophage ROS levels were measured by the
ROS fluorescent probe 2’,7’-dichlorodihydrofluorescein diac-
etate (DCFH-DA). As shown in Figure 3a,3c, H2O2 treatment
of RAW 264.7 cells resulted in a significant enhancement of
the green fluorescence level of the cells, indicating that the
intracellular ROS level was elevated. Treatment with CeO2 and
Mn1Ce2 down-regulated the ROS level. We further validated
this result using flow cytometry (Figure 3b,d). To validate the
ability of the nanozyme to inhibit macrophage M1 polarization,
the mRNA expression levels of pro-inflammatory cytokines in
different groups were quantitatively assessed by reverse
transcription-polymerase chain reaction (RT-PCR) (Figure
3e). After lipopolysaccharide (LPS) stimulation, mRNA
expression of TNFα, Interleukin-6 (IL-6), and IL-1β was
significantly up-regulated 21-fold, 105-fold, and 4532-fold,
respectively. Both CeO2 and Mn1Ce2 nanozymes resulted in a
significant decrease in M1 markers. Notably, Mn1Ce2 produced
a more pronounced downregulation, indicating a superior anti-
inflammatory effect, which is consistent with the results of our

evaluation for enzyme-like activities. Furthermore, LPS-
stimulated RAW 264.7 cells were co-incubated with the
nanozyme, and M1 macrophages were identified by staining
with an anti-CD86 antibody (Figure 3f,g). Flow cytometry
analysis showed that LPS markedly promoted macrophage
polarization toward the M1 phenotype, whereas Mn1Ce2
significantly suppressed M1 polarization.

We further explored whether Mn-doped CeO2 nanozyme
can restore chondrocyte function under oxidative stress. The
cytotoxicity of nanozymes on rat chondrocytes was evaluated
by cell counting kit-8 (CCK-8) assay. After co-incubation with
CeO2 and Mn1Ce2 for 24 h, there was no decrease in cell
viability of chondrocytes, which indicated the potential for
biological application in the joint environment (Figure S16).
We then investigated the cytoprotective effects of these two
nanozymes through live−dead staining of chondrocytes
(Figure 3h). No red fluorescence reflecting cell death was
observed in the blank group. In the group with H2O2, there
was a decrease in green fluorescence of living cells and an
increase in red fluorescence. Compared with CeO2, Mn1Ce2
nanozymes significantly alleviated the oxidative stress-induced
cell death. As shown in Figure 3i, the ratio of fluorescence
intensity of living cells to that of dead cells in different groups
quantitatively confirmed the superior cytoprotective effect of
Mn1Ce2. In addition, we found that the nanozyme could
restore the migration function of chondrocytes under OA. The
restoration of the migration function of chondrocytes
contributes to the repair of cartilage defects.48,49 We created
in vitro wounds by scratching the cell monolayer with a
standardized pipette tip under different incubation conditions.
IL-1β is widely used to construct experimental OA models of
chondrocytes.50 Figures 3j and S17 showed the bright field
images of the cell distribution of different groups at 0 h (at the
time of wounding) and after 24 h. Among them, the IL-1β-
induced group showed the weakest migratory ability, while the
Mn1Ce2 and control groups almost reached confluence. The
results of the migration rate calculated using the area of the
cell-free region were consistent with these observations (Figure
3k).

Anabolism and catabolism of the cartilage matrix maintain
the balance of the physiological environment in the joint.51

The progression of OA is closely related to the overactive
catabolism of the cartilage matrix. A disintegrin and metal-
loproteinase with thrombospondin motifs (ADAMTS)1,
ADAMTS5, and matrix metalloproteinase (MMP)13 are
involved in proteoglycan degradation, which further leads to
progressive destruction of the cartilage matrix.52 The results of
RT-PCR showed that IL-1β stimulation activated catabolic
processes in cartilage and induced the up-regulation of
ADAMTS5, ADAMTS1 and MMP13 in chondrocytes (Figure
3l). Both CeO2 and Mn1Ce2 reversed these changes, with
Mn1Ce2 being more effective. SRY-related protein 9 (SOX9) is
a key factor regulating the process of cartilage degeneration in
OA.53 In the Mn1Ce2-treated group, SOX9 expression was best
preserved, suggesting retained capacity for cartilage matrix
synthesis (Figure 3l). We stained chondrocytes cultured under
different conditions for 24 h using Alcian Blue to assess the

Figure 3. continued

μm) and (n) its quantitative analysis. (o) Immunofluorescence staining of COL2A1 (scale bar: 50 μm) and (p) its quantitative analysis. (q)
Immunofluorescence staining of MMP13 (scale bar: 50 μm) and (r) its quantitative analysis. Data are presented as mean ± standard error of
the mean (n = 3). Statistical analysis was performed using one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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synthesis of GAGs by chondrocytes.54 As observed from the
percentage of blue area of the staining, Mn1Ce2 restored the
ability of chondrocytes to synthesize GAGs (Figure 3m,n). In
addition, by using immunofluorescence we evaluated the
expression of collagen type II α 1 (COL2A1), the main
component of articular hyaline cartilage, and MMP13 in

chondrocytes (Figure 3o,q).55 Mn1Ce2 significantly enhanced
the expression of COL2A1 and reduced the expression of
MMP13 (Figure 3p,r).

In summary, Mn1Ce2 possessed the ability to eliminate ROS
and inhibit macrophage M1 polarization. Moreover, it could
protect chondrocytes under inflammatory conditions, restore

Figure 4. In vivo effect of positive charge on retention time of nanozyme in joint. (a) Schematic for measuring the retention time of
nanozymes in the rat knee joint. (b) IVIS images for rats after intra-articular injection with nanozymes with the progress of time. (c) Radiant
efficiency and (d) radiant remaining ratio of the samples after intra-articular injection calculated from panel b. (e) Retention tendency of
nanozymes by CGMD simulations in cartilage across superficial, middle, and deep layers. Data are presented as mean ± standard error of
the mean (n = 3). Statistical analysis was performed using one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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their anabolism and inhibit their catabolism. The overall effect
was better than that of undoped CeO2.
In Vivo Effect of Positive Charge on Retention Time of
Nanozyme in the Joint Cavity

To evaluate the retention time of Cy5.5-labeled nanozyme in
rat joint cavities, the in vivo imaging system (IVIS) was used to
detect changes in fluorescence intensity over time (Figure 4a).
The fluorescence excitation spectrum of the nanozyme was
measured using a microplate reader to confirm its successful
functionalization with Cy5.5 (Figure S18). Mn1Ce2 modified
with amino groups was designated as the positively charged
nanozyme, whereas Mn1Ce2 modified with carboxyl groups
was designated as the negatively charged nanozyme (Figure
S19). After intra-articular injection, the fluorescence signals
generated by nanozymes decreased with time. However, the
decrease of the fluorescence signal of positively charged
nanozyme was significantly slower than that of negatively
charged nanozyme. The negatively charged nanozyme was no
longer detectable by day 6, whereas the positively charged
nanozyme exhibited prolonged retention for more than 14
days (Figure 4b). We quantified the radiant efficiency and the

percentage of the initial radiant efficiency retained over time
based on the IVIS results (Figure 4c,d). After 2 days, the
radiant efficiency of the negatively charged nanozyme group
had been reduced to less than half, with 29.31% of the initial
signal remaining. For the positively charged nanozyme group,
the radiant efficiency remained at approximately 1 × 1010 on
day 10, with 49.48% of the initial signal remaining. As a result,
the retention half-life of the positively charged nanozyme was
5−10-fold longer than that of the negatively charged
counterpart. Based on the administered dose, the Mn loading,
and the cumulative Mn ions release, the joint-volume-
normalized Mn ion exposure was roughly estimated to be
0.4−0.6 μg/mL (Figure S15). Notably, this range encompasses
the previously reported 0.5 μg/mL Mn ions concentration
associated with favorable chondrocyte viability and enhanced
expression of chondrogenic markers, including SOX9 and
collagen II.56 These results suggest that the prolonged intra-
articular retention of the positively charged nanozyme may
enable sustained Mn ion exposure within a range favorable for
cartilage regeneration.

To elucidate the molecular mechanism underlying the
surface charge-dependent retention of nanozymes in cartilage,

Figure 5. CGMD simulations of interactions between nanozymes and GAGs. (a) Representative snapshots of nanozymes, showing DSPE
(yellow), PEG (gray), −COOH (red), and −NH2 (blue). (b) In system composed of the nano-NH2 and deep layer, CS (light brown) binds
to nanozyme surface, HA (purple) spans across the PEG layer, and KS (green) embeds within PEG layer. (c) Conformational distribution of
nanozymes, with Rg (radius of gyration) and SASA (solvent-accessible surface area) extracted from trajectories spanning 100−200 ns and
subjected to min-max normalization. (d) Density distribution of GAG-based cartilage model, comprising superficial, middle, and deep layers.
(e) Binding preference analysis showing preferential interactions of simulated nanozymes with HA, CS, and KS in deep layer, along with (f)
complementary binding ratio experiment. (g) Binding modes between GAGs and nanozymes, derived from trajectories of mixed systems
containing nanozymes and individual GAG types during 200−300 ns. Dmin represents the minimum radial distance from GAG to nanozyme
center, while Dmax denotes the maximum radial distance.
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we constructed nanozyme models with diameters of approx-
imately 6 nm based on the experimental characterization
(Figure 1j) for CGMD simulations, namely Nano-COOH and
Nano-NH2, representing carboxyl-functionalized negatively

charged and amino-functionalized positively charged nano-
zymes, respectively (Figures 5a, S20, and S21). Articular
cartilage models representing the superficial, middle, and deep
layers were also established according to their respective GAG

Figure 6. In vivo OA treatment with Mn-doped CeO2 nanozyme. (a) Schematic of in vivo OA treatment. (b) Digital photos of cartilage after 4
weeks with different treatments. The red circles show the location of the original cartilage defects. (c) Reconstruction of the bone on femurs
using μ-CT. The red circles show the location of the original defects. (d) H&E staining, (e) Toluidine blue staining, (f) Safranin O/fast
green staining and (g) collagen II staining to evaluate the articular cartilage regeneration (scale bar: 200 μm). (h) ICRS macroscopic
evaluation. (i) ICRS histological evaluation. (j) Quantitative results of collagen II expression. Data are presented as mean ± standard error
of the mean (n = 5). Statistical analysis was performed using one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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densities (Figures S22 and S25; Tables S3 and S4).57 The
Nano-COOH has a slightly larger diameter (≈5.99 nm)
compared to Nano-NH2 (≈5.96 nm), and the cartilage density
follows the trend: superficial < middle < deep (Figure 5c,d).
Subsequently, we performed CGMD simulations on 12 hybrid
systems, combining Nano-NH2 and Nano-COOH with HA,
KS, CS, and the three GAG density layers. CGMD simulation
results indicate that, compared with Nano-COOH, Nano-NH2
exhibits a stronger retention tendency within cartilage, and this
tendency increases with cartilage density (Figure 4e).

The denser three-dimensional network structure of the deep
layer of cartilage provides a more favorable environment for
nanozyme retention. Therefore, positively charged nanozymes
are likely to achieve better therapeutic efficacy in the deep
cartilage layer. These CGMD results provide a mechanistic
basis for the experimentally observed prolonged retention of
positively charged nanozymes, suggesting that enhanced
electrostatic interactions with the negatively charged cartilage
extracellular matrix contribute to their sustained retention
within the joint cavity.
Molecular Mechanism of Nanozyme Retention in Cartilage

To elucidate how surface charge regulates nanozyme retention
within cartilage at the molecular level, we performed CGMD
simulations and systematically analyzed the binding prefer-
ences and binding modes of Nano-NH2 and Nano-COOH
with different GAGs (Figure 5b,5e−g). Under deep layer
conditions, Nano-NH2 exhibited significantly higher binding
preference for GAGs compared to Nano-COOH, with the CS
showing markedly greater enhancement than HA and KS
(Figure 5e). To validate the binding preferences of the
nanozyme toward the three types of GAGs observed in the
simulations, we developed a magnetically-based sorting system.
Specifically, after co-incubating magnetic oxide nanozymes
with fluorescently labeled GAGs, we used a magnetic field to
enrich the nanozymes bound to the GAGs and calculated the
binding ratios of each GAG to the nanozymes based on the
fluorescence ratio. The GAG binding ratios observed in the
experimental results are consistent with the simulated trends
(Figure 5f). These results suggested that CS served as the key
GAG type mediating the prolonged retention of Nano-NH2
within cartilage.

Additionally, the binding preference was not consistently
higher for Nano-NH2 compared to Nano-COOH across each
type of GAG in the superficial and middle layers (Figure S36).
This phenomenon may be attributed to the potential
competitive binding between HA and CS with nanozymes,
which is collectively regulated by electrostatic interactions,
steric hindrance of GAGs (CS > KS > HA), and their density.
For example, an inverse correlation was observed between the
binding preferences of HA and CS toward nanozymes, wherein
enhanced binding preference of HA toward nanozymes was
accompanied by reduced binding preference of CS toward
nanozymes (Figure S36), indicative of competitive binding
dynamics between these two GAGs. In contrast, the binding
preference of KS toward nanozymes appears to be predom-
inantly governed by electrostatic interactions and cartilage
density. Specifically, KS exhibits higher binding preference for
Nano-NH2 than for Nano-COOH, following the trend:
superficial < middle < deep layer (Figures 5e, and S36).
Binding ratio experiments of GAGs with nanozymes further
indicate a potential competitive binding between HA and CS
(Figure S46). Nevertheless, considering the overall trend,

Nano-NH2 still demonstrated greater binding preference for
GAGs than Nano-COOH.

To elucidate the interplay among these contributions,
electrostatic interactions, van der Waals forces, and steric
effects, we further analyzed the interaction modes between
nanozymes and GAGs. The binding modes of GAGs with
nanozymes include traversing the PEG region, embedding into
the PEG region, surface contact, and no binding (Figure 5b,g,
and Table S5). Simulation results show that both HA and KS
can bind to Nano-COOH, primarily by traversing and
embedding into the PEG region; in the Nano-NH2 system,
this binding mode is further enhanced due to electrostatic
attraction (Figure 5g). In contrast, the interaction between CS
and Nano-COOH was typically limited to surface contact with
the PEG region, or even no binding at all. This phenomenon,
in addition to electrostatic repulsion, may also arise from the
greater molecular weight of CS, which creates a steric
hindrance effect. Notably, our simulations demonstrate that
CS embeds within the PEG region of Nano-NH2 via a
mechanism in which strong electrostatic attraction effectively
overcomes steric hindrance to establish a robust and stable
binding configuration. This finding further indicates that CS is
a critical GAG molecule in regulating the retention behavior of
positively charged nanozymes in cartilage.
In Vivo OA Treatment with Mn-Doped CeO2 Nanozyme

Based on the therapeutic effects of nanozymes at the cellular
level and the beneficial impact of positive charge modification
on their retention within the joint cavity, we further
investigated the therapeutic effects of nanozymes in OA. A
cartilage defect model was established by producing a defect
(diameter: 2 mm, depth: 3 mm) at the femoral trochlear
groove of the left knee of SD rats (Figure S47). Then, after 1
week, 15 rats with cartilage injury were randomly divided into
three groups (n = 5) and intra-articularly injected with saline
(Defect only group) or an equal volume of saline containing
nanozymes. In addition, a sham operation was performed on
five rats (Sham group) for comparison. Based on the above
study of retention time, we scheduled two drug injections
during the 4-week treatment period to ensure that the
nanozyme concentration was maintained at therapeutically
effective levels. At week 5 after surgery, the left femur tissues of
20 rats were harvested and analyzed with different methods
(Figure 6a). These methods include macroscopic evaluation,
subchondral bone evaluation and histological evaluation.

As shown in the macroscopic view, markedly incomplete
repair of the cartilage defect was observed in the Defect only
group (Figure 6b). Intra-articular administration of both
nanozymes promoted filling of the cartilage defect. In
particular, more intact cartilage in the defect area was observed
in the Mn1Ce2 nanozyme treatment group, whose color and
texture were similar to those of the Sham group. We further
assessed the health of knee cartilage based on International
Cartilage Repair Society (ICRS) macroscopic evaluation
(Table S6).58 Compared to the CeO2 treated group and the
Defect only group, the Mn1Ce2 treated group showed
significant higher macroscopic repair scores (Figures 6h and
S48).

The subchondral bone in the joint cavity provides support
and elasticity, reducing the impact on the cartilage during joint
loading.59 According to the μ-CT images, Mn1Ce2 nanozyme
treatment led to more intact reconstruction of subchondral
bone in the defect area than Defect only group (Figure 6c). In

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.6c15540
ACS Nano XXXX, XXX, XXX−XXX

L

D
ow

nloaded from
 pubs.​acs.​org/​ancac3/​article-pdf/​doi/​10.​1021/​acsnano.​6c15540/​68497208/​acsnano.​6c15540.​pdf by N

AN
JIN

G
 U

N
IV user on 15 Septem

ber 2026

https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c15540/suppl_file/nn6c15540_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c15540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


addition, we observed significant bone remodeling and bone
erosion in the subchondral bone of the Defect only group,
likely resulting from the osteoarthritic microenvironment
induced by the cartilage defect. Both nanozyme treatments
led to a reduction in bone erosion, but the effects were more
significant in the Mn1Ce2 group.

For histological evaluation, Hematoxylin and Eosin (H&E)
was used to assess tissue morphology, inflammatory infiltra-
tion, and cell death. As shown in Figure 6d, cartilage defect
induction resulted in cartilage disruption and surface
irregularity, which subsequently led to OA progression and
extensive cell death. Nanozyme treatment alleviated this
process. The location of the defect after 4 weeks of treatment

showed tissue filling. Toluidine blue staining and Safranin O/
fast green staining were used to assess the status of hyaline
cartilage between different groups (Figure 6e,f).60,61 The tissue
regenerated in the CeO2 treatment group was GAG-poor and
resembled fibrotic scar tissue (Figure S49). In the Mn1Ce2
nanozyme treatment group, the regenerated tissue in the defect
area integrated well with the surrounding native cartilage.
Additionally, the regenerated tissue was rich in GAGs and
contained abundant rounded, chondrocyte-like cells. Based on
the μ-CT and tissue section results, we assessed cartilage
regeneration using the ICRS visual histological assessment
scale (Table S7).62 In particular, the score of the Mn1Ce2
nanozyme treatment group was closest to that of the Sham

Figure 7. In vitro diagnostic performance of Mn-doped CeO2 nanozyme. (a) Schematic illustration of GAGs staining via the POD-like
activity of nanozyme. (b) Images of chondrocytes after adsorption of fluorescently labeled nanozyme (scale bar: 100 μm). (c) Images of
chondrocytes after DAB reaction catalyzed by nanozyme (scale bar: 200 μm). (d) Quantitative results of Mn1Ce2-Cy5.5 corresponding to
panel b (n = 4). (e) Quantitative results of brown precipitate formed by DAB reaction corresponding to panel c (n = 4). (f) Images of
cartilage after staining with nanozyme and DAB (scale bars: 200 μm and 50 μm). (g) Quantitative results of brown-positive areas
corresponding to panel f (n = 5). Data are presented as mean ± standard error of the mean. Statistical analysis was performed using one-way
ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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group (Figures 6i and S50). Its results of μ-CT showed less
subchondral bone remodeling and cartilage calcification. Its
results of tissue sections showed better surface smoothness,
more hyaline cartilage regeneration tissue, and more cellular
distribution. On the other hand, collagen is the most abundant
component of the cartilage extracellular matrix, accounting for
approximately two-thirds of its dry weight.63 We used
immunohistochemical staining to assess collagen II content
of cartilage tissue in the sections (Figure 6g). Quantitative
results showed that collagen II in cartilage matrix was
significantly increased after Mn1Ce2 nanozyme treatment
(Figure 6j). Together, these results demonstrated the capacity
of Mn1Ce2 nanozyme for cartilage and bone regeneration.

Meanwhile, after treatment, H&E staining of major organs
(heart, liver, spleen, lung, and kidney) revealed no obvious
histological changes or inflammatory damage, indicating good
in vivo biocompatibility of CeO2 and Mn1Ce2 nanozymes
(Figure S51). In addition, the biodistribution and clearance of
the Mn1Ce2 in major organs was evaluated within 28 days after
intra-articular knee injection (Figure S52). The results showed
that Mn1Ce2 is primarily metabolized by the liver. Within 28
days, the liver accounted for the clearance of approximately
60% of Mn1Ce2, further demonstrating its overall safety.
In Vitro Diagnostic Performance of Mn-Doped CeO2
Nanozyme

The pathological diagnosis remains the gold standard for many
diseases and is critical to evaluate the efficacy of therapeutics.
While nanozymes have been widely used for bioanalysis, their
use in pathological diagnosis has been much less explored.
Previously, an iron oxide nanozyme with peroxidase (POD)-
like activity was developed for in vitro cancer diagnosis.64 In
this study, the Mn1Ce2 nanozyme exhibited high POD-like
activity as well (Figure S53). Enzyme kinetic analysis showed
that the Vmax of POD-like activity of Mn1Ce2 increased 20.5-
fold compared with that of CeO2 (Figure S54). Meanwhile,
abundant negatively charged GAGs in cartilage correlate with
the disease state of cartilage.65 Detecting changes in the GAG
content of cartilage is key to diagnosing cartilage regeneration.
We have demonstrated that positively charged-modified
nanozymes can effectively bind to the three major
glycosaminoglycans in cartilage. By taking advantage of the
positively charged property of Mn1Ce2 nanozyme, we reasoned
that the nanozyme could accumulate at negatively charged
GAGs and visualize the content of GAGs in cells or cartilage
matrix. The staining process is shown in Figure 7a. The
nanozyme catalyzed the 3,3’-diaminobenzidine tetrahydro-
chloride (DAB) to produce an insoluble brown product
through POD-like activity (Figure S55).

To verify whether Mn1Ce2 can effectively bind to negatively
charged GAGs and further catalyze the staining reaction, at the
cellular level, we co-incubated Mn1Ce2 with chondrocytes
containing different levels of GAGs (Figure 7b,d). The results
showed that the Blank group, which contained a higher
concentration of negatively charged GAGs, accumulated more
Mn1Ce2, exhibited stronger red fluorescence, and demon-
strated partial colocalization with the cells. In contrast, the
H2O2 group exhibited weaker fluorescence signals. Further-
more, we co-incubated DAB with this system (Figure 7c,e).
The results showed that the Blank group produced a more
significant brown precipitate, proving that Mn1Ce2 bound to
the cells effectively exerted its POD-like activity and

successfully visualized the differences in GAG content among
the groups.

At the level of the cartilage matrix, we used Mn1Ce2 to stain
tissue sections obtained from in vivo experiments. As shown in
Figure 7f, a large number of strongly positive cells were
observed in the Sham group. In contrast, in the Defect only
group, there were almost no chondrocytes at the defect site,
and the surrounding chondrocytes showed almost little brown
staining, indicating low GAG content. The CeO2 treated and
Mn1Ce2 treated groups alleviated the loss of GAGs, showing
positively stained chondrocytes. In particular, a small amount
of highly positive staining was also present in the Mn1Ce2-
treated group, suggesting its regenerative potential. We
evaluated the percentage of brown-positive areas using a
quantitative method similar to immunohistochemistry, show-
ing similar trends (Figure 7g). Similarly, 3-Amino-9-ethyl-
carbazole (AEC) was used to produce the visual red precipitate
(Figure S56). As shown in Figure S57, the red precipitate
possessed a more pronounced contrast to visualize the cartilage
layer. The uneven staining of the cartilage layer was observed
in the Defect only group, which could be attributed to the
overall effect of the inflammatory environment on the cartilage
matrix. Among the approaches for evaluating the health status
of cartilage, visualization of collagen II using immunohisto-
chemistry is costly and time-consuming. GAGs staining with
Safranin O is difficult to quantify (Figure S58). In contrast,
GAGs staining using Mn-doped CeO2 nanozyme is cost-
effective, time-saving, and quantitative. In summary, Mn-doped
CeO2 nanozyme also shows considerable potential for
assessing the disease state of cartilage injury.

■ CONCLUSIONS
Our study established a rational design strategy for oxygen
vacancy modulation in nanozymes through controlled
elemental doping, offering mechanistic insights into enhanced
therapeutic performance. The Mn1Ce2 nanozyme, engineered
with high oxygen vacancy content, exhibited a synergistic
combination of superior SOD- and CAT-like activities and
exceptional biocompatibility, effectively protecting macro-
phages and chondrocytes from inflammatory damage. This
structure-activity relationship arises from low-valence Mn
doping, which tailors the electronic configuration and surface
reactivity of CeO2 nanozymes to amplify ROS scavenging
activities. Importantly, the cationic surface functionality
enabled sustained intra-articular retention, reducing dosing
frequency while potentiating cartilage regeneration. Further-
more, we developed a pathological assay with Mn-doped CeO2
to evaluate the healthy state of cartilage after therapy. In
comparison with existing research on nanozyme-based
diagnostic and therapeutic approaches, our study is one of
the first to reveal an integrated model for the treatment and
diagnosis of OA, positioning Mn-doped CeO2 nanozymes as a
versatile theranostic toolkit for OA management (Table S8).
This work not only advances defect engineering principles in
nanozyme design but also provides a basis for the development
of next-generation theranostic platforms in regenerative
medicine.

Furthermore, CGMD simulations indicated that cationic
surface modification of nanozymes could enhance therapeutic
efficacy in deeper cartilage layers, with CS emerging as the
predominant GAG species mediating sustained intra-cartilagi-
nous retention of cationic nanozymes. Beyond electrostatic
differences, our findings suggest that the size of nanozymes
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may also play a critical role in modulating their retention
behavior, thereby influencing the overall intra-articular
retention efficacy. As an initial step, we performed exploratory
simulations and experiments using smaller nanozymes to
investigate the potential influence of particle size on retention
behavior (Figures S35, S59, and Table S5). Future work will be
directed toward systematically expanding this line of inquiry to
optimize nanozyme design for enhanced OA treatment.

However, we acknowledge several current limitations: the
diagnosis is restricted to ex vivo tissues and has not yet been
translated to in vivo imaging (e.g., MRI, photoacoustic, or
fluorescence imaging); real-time monitoring of therapeutic
responses remains lacking; and the current readout is solely
colorimetric without multimodal imaging integration. Given
that OA progression involves both molecular alterations in the
cartilage matrix and structural changes in cartilage and
subchondral bone, combining molecularly sensitive imaging
with structural imaging could provide complementary
information for more comprehensive pathological assessment
and longitudinal monitoring of therapeutic responses.
Although fluorescence imaging offers high sensitivity and the
potential for real-time visualization, its limited tissue
penetration may constrain its application to deep joints,
particularly in humans. Near-infrared, especially NIR-II,
fluorescence imaging may partially overcome this limitation
by improving tissue penetration and reducing background
autofluorescence. Nevertheless, integration with complemen-
tary modalities such as MRI or photoacoustic imaging may be
required to achieve more reliable anatomical localization and in
vivo diagnostic assessment. Addressing these issues�partic-
ularly by engineering imageable nanozyme variants and
establishing feedback between diagnostic signals and ther-
apeutic outcomes�will be a major focus of our future work
and may ultimately help realize the full theranostic potential of
nanozymes in OA management.

■ METHODS

Synthesis of MnxCey Nanozymes
The synthesis of MnxCey nanozymes (x:y = 3:2, 1:1, 1:2, 1:4, 1:8, and
0:1) was synthesized as shown below. Briefly, different ratios of
cerium(III) acetylacetonate hydrate to manganese(III) acetylaceto-
nate hydrate (the total mass was 0.5 g) were added to 15 mL of
oleylamine. The mixture was heated to 110 °C, which started at 30 °C
with a heating rate of 2 °C/min. Then, the mixture was maintained at
110 °C for 24 h. After obtaining a colloidal solution and cooling to
room temperature, the MnxCey nanozymes were washed with acetone
and collected by centrifugation. The six MnxCey nanozymes were
named Mn3Ce2, Mn1Ce1, Mn1Ce2, Mn1Ce4, Mn1Ce8, and CeO2,
respectively. Next, 2 mL of the sample in chloroform (10 mg/mL)
was mixed with 2 mL of DSPE-PEG-NH2 in chloroform (20 mg/mL).
The chloroform was removed by vacuum. Then, the nanozymes were
dispersed in water.
Measurement of CAT-like Activity
The CAT-like activity of MnxCey nanozymes was measured by
monitoring the amount of O2 generated with a dissolved oxygen
meter (SevenExcellence Multiparameter, Mettler Toledo Co. Ltd.).
The nanozyme sample was mixed with H2O2 (final concentration: 50
mM). Immediately, the amount of O2 was recorded by using a
dissolved oxygen meter every 30 seconds.
Measurement of SOD-like Activity
The SOD-like activity of MnxCey nanozymes was assessed by using a
SOD assay kit. First, 20 μL of the sample was mixed with 200 μL of 2-
(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4- disulfophenyl)-2H-tetrazo-
lium, monosodium salt. Next, 20 μL of the enzyme working solution

was added to the mixture and cocultured at 37 °C for 20 min. Finally,
the absorbance at 450 nm was recorded by using a microplate reader.
Measurement of POD-like Activity
The POD-like activity of MnxCey nanozymes was assessed based on
the reaction of nanozyme catalyzing the oxidation of TMB to colored
products by H2O2. The nanozyme sample was mixed with H2O2 (final
concentration: 5 mM) and TMB (final concentration: 0.1 mM) in 0.2
M acetate buffer (pH = 4.0). The absorption changes of the reaction
solutions at 652 nm were monitored by a spectrophotometer for 1
min.
In Vivo Retention of Nanozyme in Arthrography
Six SD rats (weighing 240-260 g) were randomly divided into two
groups (n = 3). Solutions of amino- and carboxyl-coated nanozymes
labeled Cy5.5 were prepared. Specifically, DSPE-PEG-Cy5.5 was
modified on the surface of the nanozyme based on hydrophilic
interaction. Each solution was injected intra-articularly in rats. At the
set time point, the rats were imaged by an IVIS at the excitation
wavelength of 680 nm and emission wavelength of 710 nm to
determine the retention of injected materials.
Osteochondral Defect Surgical Procedure
The animal studies were approved by the Institutional Animal Care
and Use Committee (IACUC) of Nanjing University (IACUC-
2403011). Twenty SD rats (weighing 240-260 g) were randomly
divided into four groups (Sham, Defect only, Defect+CeO2 and
Defect+Mn1Ce2) for in vivo experiments. Osteochondral defect
surgery was performed on left knee of the animals. The knee joint
of the rats was revealed by medial parapatellar arthrotomy, and the
patella was displaced. In the trochlear groove of the femur, a
osteochondral defect was drilled with a 2 mm diameter and 3 mm
depth. Rats were anesthetized and injected with CeO2 and Mn1Ce2
nanozymes in their joints after 1 and 3 weeks, respectively. After 5
weeks, the rats were dissected and tissue samples were collected.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.6c15540.

Experimental procedures for nanozyme characterization,
in vitro and in vivo evaluation, molecular dynamics
simulations, histological analysis, and statistical analysis;
additional data on physicochemical properties, biological
activity, cartilage targeting and repair, biodistribution
and safety, and nanozyme−GAG interactions; primer
sequences and simulation parameters (Figures S1−S59,
and Tables S1−S8) (PDF)
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