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ABSTRACT 

Pharmacological intervention is a primary therapeutic strategy for Osteoarthritis (OA), however, improving the bioavailability of 
therapeutic agents remains a significant challenge. In this study, we developed oxygen-propelled, glutathione (GSH)-responsive 
stomatocyte nanomotors (MTX/MnO2 -GSH-stomatocytes) for osteoarthritis (OA) treatment. First, polymersomes were assembled 
composed of block copolymers containing a GSH-cleavable disulfide linker, which were loaded with the therapeutic agent 
methotrexate (MTX) into their hydrophilic domain. Upon dialysis-induced shape change bowl shaped stomatocytes were 
formed with manganese dioxide (MnO2 ) particles encapsulated into the nanocavity with high loading efficiency. Within the OA 

microenvironment, MnO2 decomposed the inflammatory hydrogen peroxide (H2 O2 ), generating an O2 gradient that propelled 
the nanomotors and enabled chemotactic movement for targeted cargo delivery. Meanwhile, after cellular uptake elevated 
GSH levels cleaved the disulfide linkers, inducing the collapse of the stomatocyte structure and the rapid release of MTX. The 
motility and targeted release behavior of the nanomotors were systematically evaluated both in vitro and in vivo. Experimental 
results demonstrated that these nanomotors effectively alleviated oxidative stress, inflammation, and cartilage degradation, while 
exhibiting negligible adverse effects. Overall, this study presents a promising GSH-responsive, nanomotor-based strategy for 
enhanced osteoarthritis therapy. 
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 Introduction 

he field of synthetic nanomotors has attracted significant
ttention from a biomedical perspective. This is due to their
bility to cross biological barriers through self-propelled
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motion using internal fuels or external energy sources [ 1–3 ].
Over the past decade, a wide range of nanomotors have been
developed, including chemically-driven [ 4–6 ], light-driven
[ 7–9 ], and magnetically-driven nanomotors [ 10–12 ]. Among
these, chemically-driven nanomotors utilize biocompatible and
cense, which permits use, distribution and reproduction in any medium, provided the original 
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ioavailable fuels. These fuels generate local concentration
radients that induce autonomous movement [ 13, 14 ]. Such fuels
re often endogenous by-products of pathological tissues or
iological processes. For instance, tumor and osteoarthritic (OA)
icroenvironments exhibit elevated concentrations of hydrogen
eroxide (H2 O2 ) and glucose, while urea levels in the bladder
an reach up to 300 mM [ 15, 16 ]. Several catalyst-mediated
anomotors have been reported that can autonomously move
n biofuels-rich environments through catalytic reactions. For
xample, Sanchez et al. developed urease-powered nanobots by
symmetrically grafting urease onto mesoporous silica surfaces
 17 ]. This system exhibited strong chemotactic motion within a
umor-mimicking microenvironment and demonstrated efficient
enetration both in vitro and in vivo. Similarly, Tu and coworkers
esigned an enzymatic hollow mesoporous nanomotor that
nhanced diffusion within the joint cavity of a gout mouse
odel, resulting in improved therapeutic efficacy [ 18 ]. While
hese studies have demonstrated the propulsion capability to
mprove tissue accumulation and penetration, efficient release of
herapeutic payloads at the target site remains a major challenge.
his limitation affects overall drug utilization [ 19 ]. In particular,
he therapeutic efficacy of OA treatment is often constrained
y suboptimal drug utilization and inadequate accumulation
t lesion sites. Therefore, the application of nanotechnology
o enhance the bioavailability and targeted delivery of anti-
nflammatory agents represents a promising therapeutic strategy.

n recent years, we have developed bowl-shaped polymersomes,
nown as stomatocytes, featuring an open neck and a nanocavity
 20 ]. Polymeric stomatocytes were originally inspired by the cup-
haped morphology of red blood cells observed in hematology
nd were later engineered through controlled self-assembly
rocesses [ 21, 22 ]. Their intrinsic hollow cavity enables the
fficient encapsulation of functional cargo (e.g., catalysts and
nzymes), thereby facilitating the development of nanoreac-
ors and nanomotors [ 23–25 ]. These structures are composed
f biodegradable poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-
DLLA) copolymers or non-biodegradable [ 26 ]. Their asymmet-
ic structure has been exploited to construct nanomotors by
oading enzymes or catalysts into their nanocavities and deposit-
ng functional metal nanoparticles onto their surfaces [ 27–31 ]. To
ulfill the purpose of in-site drug release, some work has been
eported on incorporating responsive linkers into block polymers
o form polymersomes [ 32–35 ]. However, these polymersomes
ere either non-biodegradable, restricted to spherical morpholo-
ies, or limited by lower responsive-copolymer ratios, which
s unsatisfactory for further biomedical applications [ 36–38 ]. In
ddition, biodegradable responsive stomatocytes have predomi-
antly been studied from a fundamental perspective, while in
ivo applications across diverse disease contexts remain limited.
erein, we present glutathione (GSH)-responsive biodegradable
tomatocyte nanomotors designed for active delivery of thera-
eutic cargo to osteoarthritic (OA) sites. The nanomotor was
abricated through three main steps (Figure 1 ): (1) formation of
ure GSH-responsive stomatocytes via disulfide linkers mediated
iodegradable copolymers of PEG-PDLLA; (2) loading of the ther-
peutic agent methotrexate (MTX) [ 39, 40 ] into the hydrophilic
omain of the stomatocytes; and (3) encapsulation of oxygen-
enerating manganese dioxide (MnO2 ) nanoparticles (NPs)
ithin the stomatocyte nanocavity. Unlike conventional GSH-
esponsive polymers with GSH-responsive block copolymers,
of 12
our nanomotors were self-assembled entirely from 100% GSH-
responsive biodegradable block copolymers. This design ensures
uniform responsiveness and improved degradation behavior. 

The self-assembly and GSH-triggered dissociation behavior of the
GSH-stomatocytes were thoroughly characterized using SEM and
cryo-TEM. Controlled release of MTX, mediated by GSH respon-
sive degradation, was demonstrated under simulated inflamma-
tory conditions that mimic the OA microenvironment. To impart
motility, MnO2 NPs were subsequently incorporated into the
stomatocyte’s cavity via an in situ growth method, achieving a
high loading efficiency of up to 80%. Motion studies revealed
that the nanomotors exhibited self-propulsion and chemotactic
behavior under OA-mimicking inflammatory conditions through
decomposition of H2 O2 . Both in vitro and in vivo experiments
demonstrated that MTX/MnO2 -GSH-stomatocyte nanomotors
enhanced MTX bioavailability through GSH-mediated release,
thereby improving therapeutic efficacy in OA. Collectively, this
work introduces a promising strategy to enhance the therapeutic
efficacy of MTX in the treatment of OA. 

2 Results and Discussion 

To construct the nanomotor chassis and enable GSH-responsive
release, biodegradable poly(ethylene glycol)-b-poly(D,L-lactide)
(PEG-SS-PDLLA) block copolymers were synthesized. A disulfide
linker was introduced between the hydrophilic PEG segment
and the hydrophobic PDLLA domain to confer redox respon-
siveness. The disulfide bonds were designed to be cleaved
under the high glutathione (GSH) concentrations typically
found in the cytoplasm, thereby triggering stomatocyte disas-
sembly and cargo release. The GSH-responsive block copoly-
mers were synthesized following previously reported procedures
[ 41, 42 ]. Briefly, 1,1’-carbonyldiimidazole (CDI)-mediated cou-
pling was employed to introduce the disulfide linker onto
PEG. The resulting PEG-CDI intermediate was subsequently
reacted with 2,2-disulfanediyldiethanol to yield the PEG-SS-
OH macroinitiator. The synthesis of these intermediates was
confirmed by proton nuclear magnetic resonance (1 H NMR) spec-
troscopy, gel permeation chromatography (GPC), and matrix-
assisted laser desorption/ionization-time-of-flight mass spec-
trometry (MALDI-ToF MS) (Figures S1–S7 and Table S2 ). The
PEG-SS-PDLLA block copolymers were subsequently synthe-
sized via ring-opening polymerization (ROP) [ 43 ]. The resulting
copolymers were characterized by 1 H NMR and GPC analy-
ses (Figures S6–S9 and Table S2 ). Stomatocytes were obtained
through self-assembly of the PEG-SS-PDLLA block copolymers
into spherical polymersomes, followed by dialysis against 50 mM
NaCl solution to induce an osmotic-driven shape transformation.
The morphology and hydrodynamic size of the stomatocytes
were analyzed using dynamic light scattering (DLS), scanning
electron microscopy (SEM), and cryogenic transmission electron
microscopy (cryo-TEM). The images revealed a well-defined
open-neck structure after shape transformation, with an aver-
age diameter of approximately 430 nm (Figure 2a ), confirming
the successful formation of GSH-responsive stomatocytes. MTX
was subsequently loaded into the hydrophilic domain of the
GSH-stomatocytes during the polymersome assembly process.
UV-vis spectroscopy confirmed successful MTX encapsulation
(Figure S10 ), and no significant morphological changes were
Angewandte Chemie International Edition, 2026



FIGURE 1 Schematic illustration of the design and fabrication of O2 -powered GSH-stomatocyte nanomotors for OA treatment. Preparation of 
GSH-stomatocytes by introducing disulfide bonds into PEG-PDLLA copolymers, followed by loading of methotrexate (MTX) into the hydrophilic domain 
and in situ creation of MnO2 nanoparticles within the stomatocyte nanocavity. Intra-articular delivery of O2 -powered GSH-stomatocyte nanomotors for 
the treatment of OA. 
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bserved after loading (Figures 2b and S11 ). The loading efficiency
LE) and encapsulation efficiency (EE) of MTX, determined from
he calibration curve (Figure S12 ), were 6.5% and 70%, respectively
Table S3 ). The colloidal stability of MTX-stomatocytes was eval-
ated under biological conditions in phosphate-buffered saline
PBS) and Dulbecco’s Modified Eagle Medium (DMEM) over a 14-
ay period by monitoring changes in hydrodynamic diameter and
olydispersity index (PDI). As shown in Figure S13 , only minimal
ariations in hydrodynamic size and PDI were observed, indi-
ating the good colloidal stability of the GSH-responsive stom-
tocytes. For comparison, MTX-loaded stomatocytes without
SH-responsive linkers were prepared as controls (Figure S14 ).
he assembled GSH-stomatocytes were subsequently loaded with
nO2 NPs using an improved in situ growth method, modified
rom our previously reported procedure [ 29, 44 ]. This strategy
nabled the compartmentalization of MnO2 NPs within the stom-
tocyte cavity, achieving a loading efficiency of 80% (Figure 2c ).
ryo-TEM imaging confirmed the well-defined structure of the
esulting hybrid stomatocytes. To examine the three-dimensional
patial distribution of MnO2 NPs within the stomatocytes, cryo-
lectron tomography (cryo-ET) was performed on several MnO2 -
SH-stomatocytes (Figure 2d and Videos S1 ) [ 28, 29, 45 ] The
ryo-ET analysis revealed that the MnO2 NPs were encapsulated
ithin the internal cavity of the stomatocytes. Additional cryo-ET
atasets and corresponding tomographic reconstructions of other
tomatocytes are provided in the (Figures S15 and S16 ). 

he GSH-stomatocytes exhibited good colloidal stability under
hysiological conditions but rapidly collapsed and aggregated
fter 4 h of incubation with 10 mM GSH at room temperature
ngewandte Chemie International Edition, 2026
(Figure 2e–g ), indicating effective GSH-responsiveness. Cumu-
lative release studies demonstrated that MTX release from the
stomatocytes was markedly accelerated in the presence of 10 mM
GSH (Figure 2h ), compared to GSH-free conditions. This behavior
can be attributed to the GSH-cleavable disulfide linker, which
facilitates reductive de-crosslinking and structural degradation of
the stomatocytes. 

The constructed MnO2 -GSH-stomatocyte nanomotors exhibited
autonomous motion in a disease-mimicking solution contain-
ing H2 O2 , driven by the MnO2 -mediated decomposition of
H2 O2 and the subsequent release of oxygen from the cav-
ity of the stomatocytes. Nanoparticle tracking analysis (NTA)
was performed to monitor the motion of the nanomotors
and record their trajectories. The mean square displacements
(MSDs) and velocities of the MnO2 -GSH-stomatocytes increased
proportionally with the H2 O2 concentration (Figure 3a ). In
the absence of H2 O2 , the MnO2 -GSH-stomatocyte nanomo-
tors exhibited random Brownian motion, whereas the addition
of H2 O2 induced distinct self-propelled motion. The MnO2 -
GSH-stomatocyte nanomotors exhibited velocities ranging from
2.3 ± 0.5 to 11.2 ± 1.9 µm/s (Figure 3b ). Furthermore, the
trajectory lengths of the MnO2 -GSH-stomatocyte nanomotors
increased markedly with rising H2 O2 concentrations, indicat-
ing that higher oxygen generation enhanced the driving force
(Figure 3c ). Given the presence of an H2 O2 concentration
gradient in the OA microenvironment, we next investigated
if such gradient could be employed to induce chemotactic
behavior into the MnO2 -GSH-stomatocyte nanomotors. A single-
channel slide was used for in vitro chemotaxis analysis. To
3 of 12



FIGURE 2 Preparation and characterization of MTX/MnO2 -loaded GSH-stomatocyte nanomotors (MTX/MnO2 -GSH-stomatocytes). (a) 
Schematic illustration (left) and cryo-TEM image (right) of GSH-stomatocytes. Scale bar = 50 nm. (b) Schematic illustration (left) and cryo-TEM image 
(right) of MTX loaded GSH-stomatocytes (MTX-GSH-stomatocytes). Scale bar = 50 nm. (c) Schematic illustration (left) and cryo-TEM images (right) of 
MnO2 and MTX loaded GSH-stomatocytes (MTX/MnO2 -GSH-stomatocytes). Scale bar = 500 nm (left) / 50 nm (right). (d) Cryo-electron tomography 
(cryo-ET) images of an MTX/MnO2 -GSH-stomatocyte. Cross-sectional slices (i–iii) acquired from different regions reveal that MnO2 nanoparticles are 
encapsulated within the cavity near the opening of the stomatocyte. Additional cryo-ET data are provided in the Supporting Information (Figures S15–
S16 and Video S1 ). (e) Schematic illustration of GSH-induced disulfide bond cleavage. (f) Hydrodynamic diameter of GSH-stomatocytes before and after 
treatment with 10 mM glutathione (GSH). (g) SEM images showing the morphology of GSH-stomatocytes before and after incubation with 10 mM GSH 

for 4 h. (h) MTX release profiles from MTX-stomatocytes and MTX-GSH-stomatocytes in PBS (pH 7.4) at 37◦C, in the presence or absence of 10 mM 

GSH ( n = 3; data are presented as mean ± SD). 
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isualize the directed motion of the nanomotors along the
2 O2 concentration gradient, cyanine5 (Cy5) loaded MnO2 -GSH-
tomatocyte nanomotors were employed. Specifically, 1 mM
2 O2 and the nanomotors were simultaneously introduced into
he two chambers of a pre-filled water channel (Figure 3d ),
llowing an H2 O2 concentration gradient to form through dif-
usion. After 15 min of incubation, fluorescence images were
aptured at the interface region using confocal laser scanning
icroscopy (CLSM). The CLSM images clearly revealed that the
anomotors migrated along the H2 O2 concentration gradient.
n contrast, no significant fluorescence signal was observed in
he negative control groups, confirming the positive chemotactic
of 12
movement capability of the MnO2 -GSH-stomatocyte nanomotors
(Figure 3d ). 

Encouraged by the motility of the nanomotors, we next investi-
gated their cargo delivery efficiency and therapeutic performance
in vitro. The cytotoxicity of MnO2 -GSH-stomatocytes was first
evaluated using a standard Cell Counting Kit-8 (CCK-8) assay
prior to cellular studies. RAW 264.7 macrophage cells were used
as the model system. As shown in Figure S17 , the MnO2 -GSH-
stomatocytes exhibited negligible cytotoxicity, maintaining over
90% cell viability even at concentrations up to 400 µg/mL. The
cellular uptake of MnO2 -GSH-stomatocytes was then examined
Angewandte Chemie International Edition, 2026



FIGURE 3 Motion behavior of MnO2 -GSH-stomatocytes. (a) Mean square displacement (MSD) curves of MnO2 -GSH-stomatocytes as a function 
of H2 O2 concentration (0, 0.4, 0.6, 0.8, and 1 mM). (b) Velocities of MnO2 -GSH-stomatocytes as a function of H2 O2 concentration. Velocities were 
theoretically calculated by fitting the MSD curves according to the equation MSD = (4D) Δt + (V2 )( Δt2 ) and are presented as mean ± SD [ 29 ]. (c) 
Representative motion trajectories of MnO2 -GSH-stomatocytes under varying H2 O2 concentrations. (d) Schematic illustration of the experimental setup 
for chemotactic motion analysis in a single microfluidic channel, achieved by the simultaneous introduction of fuel (H2 O2 ) and nanomotors (MnO2 
loaded Cy5 labeled GSH-stomatocytes). Corresponding fluorescence images show the chemotactic migration behavior of MnO2 -GSH-stomatocytes. 
Scale bar = 100 µm. 
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A

n both non-activated and lipopolysaccharide (LPS)-activated
AW 264.7 cells using Cy5-labeled stomatocytes and CLSM.
o establish an in vitro inflammatory macrophage model that
imics the osteoarthritic microenvironment, LPS was employed,
s it activates Toll-like receptors in RAW 264.7 cells, thereby
riggering downstream signaling pathways, specifically NF- κB
nd MAPKs (ERK, JNK, and p38). This activation leads to a robust
elease of pro-inflammatory cytokines, including TNF- α, IL-6,
nd IL-1 β. Furthermore, it induces an inflammatory response,
nhances phagocytic activity, and results in characteristic mor-
hological changes in macrophages. As shown in Figure 4a , a
ignificantly stronger red fluorescence signal was observed in
PS-activated RAW264.7 cells compared to the non-activated
ontrol group. This enhanced uptake is attributed to the self-
ngewandte Chemie International Edition, 2026
propelled motion of the MnO2 -GSH-stomatocyte nanomotors
in the H2 O2 -enriched inflammatory environment (Figure S18 ).
Quantitative fluorescence analysis further confirmed that the
intracellular fluorescence intensity of nanomotor-treated LPS-
activated cells was 1.7-fold and 2.6-fold higher than that of
empty stomatocytes-treated LPS-activated cells and nanomotor-
treated non-activated cells, respectively (Figure 4c ). These results
demonstrate that the active motion of MnO2 -GSH-stomatocyte
nanomotors significantly enhances their cellular uptake, suggest-
ing improved therapeutic potential in inflammatory conditions. 

Reactive oxygen species (ROS) play a critical role in cartilage
degradation and chondrocyte apoptosis, which are key effects of
OA. Excessive accumulation of H O can cause severe cellular
5 of 12



FIGURE 4 In vitro cellular uptake, ROS scavenging, macrophage M2 phenotype polarization, and anti-inflammatory cytokine secretion. (a) 
Confocal laser scanning microscopy (CLSM) single slice images of LPS-activated or non-activated RAW 264.7 cells after 8 h incubation with Cy5- 
nanomotor (Cy5-MnO2 -GSH-stomatocytes) and Cy5-stomatocytes, respectively. Scale bar = 25 µm. (b) Intracellular ROS levels in RAW 264.7 cells 
following 12 h treatment with MTX/MnO2 -GSH-stomatocytes and MTX-stomatocytes. Scale bar = 50 µm. (c) Quantitative analysis of Cy5 mean 
fluorescence intensity measured using ImageJ ( n = 3; data presented as mean ± SD). (d) Quantitative analysis of ROS mean fluorescence intensity 
measured using ImageJ ( n = 3; data presented as mean ± SD). (e) Representative flow cytometry plots showing CD86 and CD206 expression in LPS- 
activated RAW 264.7 cells after 24 h treatment with different stomatocyte formulations. (f) Quantification of M2/M1 macrophage ratios in RAW 264.7 
cells from different treatment groups determined by flow cytometry ( n = 3; data presented as mean ± SD). (g-i) ELISA analysis of TNF- α (g), IL-1 β (h), 
and IL-10 (i) secretion from LPS-activated RAW 264.7 cells after 24 h treatment with MTX-stomatocytes, MTX-GSH-stomatocytes, or MTX/MnO2 -GSH- 
stomatocytes ( n = 3; data presented as mean ± SD). Statistical significance in (c-d) and (f-i) was determined by one-way analysis of variance (ANOVA) 
using IBM SPSS Statistic 25 software. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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nd tissue damage, thereby amplifying oxidative stress and
nflammation. To evaluate intracellular ROS levels, ROS probe
f 2’,7’-dichlorofluorescein diacetate (DCFH-DA) was employed
s a ROS-sensitive probe and its fluorescence after oxidation was
isualized by CLSM. As shown in Figure 4b–d , the LPS-activated
roup exhibited a markedly increased fluorescent signal, indi-
ating elevated ROS production. In contrast, cells treated with
he nanomotors displayed the lowest ROS levels, which can
e attributed to the synergistic action of MTX-mediated anti-
of 12
inflammatory activity and H2 O2 decomposition by MnO2 NPs,
thereby alleviating the local hypoxic environment. 

Macrophage polarization from the pro-inflammatory M1 phe-
notype to the anti-inflammatory M2 phenotype serves as an
important indicator of therapeutic efficacy. To examine this effect,
the polarization ability of the MTX/MnO2 -GSH-stomatocyte
nanomotors was assessed by flow cytometry, analyzing the
expression levels of CD86 (M1 marker) and CD206 (M2 marker).
Angewandte Chemie International Edition, 2026



FIGURE 5 In vivo therapeutic evaluation of the MTX/MnO2 -GSH-stomatocyte nanomotors. (a) Schematic illustration of the treatment plan for 
the OA mouse model. (b) Representative thermographic images of healthy and arthritic knees following different treatments ( n = 5). (c) Quantification 
of knee temperature in healthy and OA mice after various treatments ( n = 5; data presented as mean ± SD). (d) Representative in vivo fluorescence 
images showing ROS scavenging effects of free MTX, MTX-stomatocytes, MTX-GSH-stomatocytes, and MTX/MnO2 -GSH-stomatocytes ( n = 5). (e) 
Corresponding quantification of fluorescence intensity ( n = 5; data presented as mean ± SD). (f) Representative micro-CT images of knee joints in 
healthy and OA mice after different treatments ( n = 5). (g) Quantitative analyses of trabecular number (Tb.N). (h) Quantitative analyses of bone volume 
fraction (BV/TV). (i) Quantitative analyses of trabecular separation (Tb.Sp) in subchondral bone across different groups ( n = 5; data presented as mean 
± SD). Statistical significance in (c, e, and g-i) were calculated via a one-way analysis of variance (ANOVA) with IBM SPSS Statistic 25 software. * p < 

0.05; ** p < 0.01; *** p < 0.001. 
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s shown in Figure 4e , macrophages treated with the nanomotors
xhibited higher CD206 and lower CD86 expression compared
ith the control groups, demonstrating a pronounced shift
oward the M2 phenotype. This effect is primarily ascribed to
he enhanced cellular uptake and rapid MTX release enabled
y the self-propelled nanomotors. Consistently, the M2/M1
atio for the nanomotor-treated group was significantly higher
ngewandte Chemie International Edition, 2026
than that of the MnO2 /MTX-stomatocytes and MTX-GSH-
stomatocytes groups (Figure 4f ). Furthermore, the expression
levels of pro-inflammatory cytokines (TNF- α and IL-1 β) and anti-
inflammatory cytokines (IL-10) were quantified using ELISA
(Figure 4g–i ). Cells treated with MTX/MnO2 -GSH-stomatocyte
nanomotors showed markedly decreased TNF- α and IL-1 β secre-
tion [ 46 ], accompanied by elevated IL-10 expression, compared
7 of 12



FIGURE 6 Evaluation of pathological features following different treatments. Representative images of aggrecan, collagen II (Col-2), hematoxylin- 
eosin (H&E), and safranin O staining of knee joints from healthy and osteoarthritic (OA) mice after various treatments. Scale bar = 100 µm. 
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8

ith control groups. These results confirm that the MTX/MnO2 -
SH-stomatocyte nanomotors effectively suppress inflammatory
esponses, owing to their self-propelled motion that enhances
argeted cellular interaction, and responsive MTX release which
mproves therapeutic efficacy. 

aving demonstrated enhanced cellular uptake efficiency and in
itro therapeutic effect of the nanomotors, we further conducted
n vivo experiments using a monoiodoacetate (MIA)-induced
steoarthritis (OA) mouse model. First, the in vivo biosafety
f the MTX/MnO2 -GSH-stomatocyte nanomotors was evalu-
ted through serum biochemical analysis ( n = 5 per group).
omprehensive blood biochemical assessments revealed that all
easured parameters in mice treated with MTX/MnO2 -GSH-
tomatocyte nanomotors remained within normal safety ranges
Figure S19 ), confirming the absence of significant adverse effects.
o construct an OA mouse model, eight-week-old mice were
nesthetized and injected with MIA into the knee joint to
nduce OA over an 8-day period. Subsequently, OA mice were
ntra-articularly injected into the knee joints every 4 days with
BS, free MTX, MTX-stomatocytes, MTX-GSH-stomatocytes, and
TX/MnO2 -GSH-stomatocytes, while healthy mice injected with
BS served as controls (Figures 5a and S20 ) ( n = 5 per group). A
haracteristic feature of inflammation is elevated joint tempera-
ure caused by synovitis-induced hyperthermia [ 47 ]. Therefore,
nee joint temperature changes were recorded using a FLIR
nfrared thermal camera following the various treatments ( n = 5
er group). As shown in Figure 5b,c , the knee joint temperatures
n all treated groups were lower than those in the untreated
A group, indicating effective suppression of inflammation.
otably, the temperature in the nanomotor-treated group was
arkedly lower than that of the other treatment groups and
omparable to that of healthy mice, suggesting improved ther-
peutic efficacy of the nanomotors. To further elucidate the
herapeutic effect of MTX/MnO2 -GSH-stomatocyte nanomotors
n OA mice, we examined the in vivo ROS levels. A reduc-
ion in ROS levels within OA joints alleviates oxidative stress
of 12
and inflammation, thereby supporting the enhanced therapeutic
efficacy of the treatment. The luminescence probe L-012 was
administered into the joints of mice, and the distribution of
ROS was monitored using an in vivo imaging system ( n = 5 per
group). As shown in Figure 5d,e , compared with the PBS, free
MTX, MTX-stomatocytes, and MTX-GSH-stomatocytes groups,
the MTX/MnO2 -GSH-stomatocyte nanomotors group exhibited
the weakest joint luminescence and lowest luminescence inten-
sity, indicating its superior ability to scavenge ROS. To further
investigate potential organ toxicity, resulting from stomatocyte
accumulation, hematoxylin-eosin (H&E) staining was performed
on slices of major organs, including the heart, liver, spleen,
lungs, and kidneys ( n = 5 per group). As shown in Figure S21 ,
histopathological examination revealed no apparent abnormal-
ities or lesions in any of these organs following treatment with
the various nanoparticle formulations, confirming that the devel-
oped nanomaterials do not induce organ toxicity. Collectively,
these findings demonstrate that MTX/MnO2 -GSH-stomatocyte
nanomotors exhibit a good biosafety profile after intra-articular
administration. 

After treatments, the knee joints were harvested, and the bone
morphology and microstructural characteristics of the subchon-
dral bone were analyzed by micro-CT imaging to further evaluate
the therapeutic outcomes (Figure 5f ). Histomorphometry analysis
of CT images was performed to evaluate bone structure indices,
including trabecular number (Tb.N), trabecular separation
(Tb.Sp), and bone volume fraction (BV/TV). The control group
exhibited severe bone and cartilage erosion, characterized by
a significant increase in Tb.Sp. and a decrease in BV/TV and
Tb.N, confirming suppressed osteosynthesis (Figure 5g–i ). In
contrast, the treatment groups—free MTX, MTX-stomatocytes,
MTX-GSH-stomatocytes, and MTX/MnO2 -GSH-stomatocytes—
showed attenuated articular cartilage degeneration. Notably, the
MTX/MnO2 -GSH-stomatocytes group displayed no pathological
alterations in the articular cartilage and demonstrated lower
Tb.Sp alongside higher BV/TV and Tb.N compared to the
Angewandte Chemie International Edition, 2026



FIGURE 7 Immunofluorescence staining of protein markers CD206 and iNOS in the synovial region (a), and the corresponding fluorescence 
intensities of CD206 (b), and iNOS (c) quantified using ImageJ ( n = 5, data are presented as mean ± SD). Scale bar = 100 µm. 
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assive stomatocytes groups, confirming its enhanced efficacy in
reventing bone degradation. 

xtracellular matrix (ECM) degradation in mouse joints is a
ey factor contributing to articular cartilage destruction, char-
cterized by the loss of proteoglycans, collagen type X, and
ggrecan. To assess the therapeutic efficacy of MTX/MnO2 -GSH-
tomatocyte nanomotors, immunohistochemical analyses were
erformed to evaluate ECM integrity. H&E, safranin O, and
ggrecan stainings were used for the histological assessment
ngewandte Chemie International Edition, 2026
of cartilage sections after treatment. As shown in Figure 6 ,
compared with the healthy group, the untreated OA group exhib-
ited pronounced degenerative changes in cartilage. In contrast,
the treatment groups (free MTX, MTX-stomatocytes, MTX-GSH-
stomatocytes, and MTX/MnO2 -GSH-stomatocytes nanomotors)
yielded varying degrees of therapeutic improvement. Among
them, the MTX/MnO2 -GSH-stomatocytes nanomotors group
displayed a significantly improved therapeutic outcome, with
smooth and ordered cartilage surface, and aggrecan (immunoflu-
orescence staining) and proteoglycans (safranin O staining)
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trongly distributed in the articular cartilage, quite similar to
he healthy group. The M2 macrophage polarization capacity of
TX/MnO2 -GSH-stomatocyte nanomotors was further proven
y immunofluorescence staining (typical markers of macrophage
henotype: iNOS and CD206 protein) of synovium macrophage
fter OA treatment. As shown in Figure 7a–c , in comparison to
he control groups, the lowest red fluorescence signals of iNOS
nd highest green fluorescence signals of CD206 were monitored
n the group of MTX/MnO2 -GSH-stomatocyte nanomotors, sug-
esting that they could induce M2 macrophage polarization to
xert their treatment effect on synovitis. 

 Conclusion 

n summary, we have successfully developed a chemically
riven GSH-responsive stomatocyte nanomotor by incorporat-
ng a disulfide linker into the stomatocyte framework and by
n situ encapsulating MnO2 NPs within its nanocavity. Under
nflammatory microenvironmental conditions, these nanomotors
xhibited excellent self-propelled motion driven by concentration
radients generated through O2 release from the nanocavity and
he concurrent consumption of H2 O2 in OA tissue. The generated
2 not only powered the nanomotor’s motion but also helped
lleviate the hypoxic and inflammatory environment associated
ith OA. Moreover, the GSH levels in OA triggered the sustained
elease of MTX. Both in vitro (2D cell models, established via
PS-induced pro-inflammatory cytokine release in RAW 264.7
ells) and in vivo (tumor-bearing mice) evaluations confirmed
nhanced nanomotor accumulation and therapeutic efficacy,
ith no significant side effects observed. 
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