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ARTICLE INFO ABSTRACT

Keywords: O, deficiency and excessive reactive oxygen and nitrogen species (RONS) in macrophage mitochondria is a key
Selenium nanoparticles factor causing oxygen imbalance in rheumatoid arthritis microenvironment (RAM). Although nanocatalytic
Nanomotor

therapy that simultaneously produce O and eliminate RONS offer a novel strategy for RA therapy, the thera-
peutic efficacy of nanozymes is limited by the lack of autonomous targeting into mitochondria. Herein, we
constructed a Janus-structured nanomotor (Pd@MSe) with autonomous targeting ability by embedding Pd
single-atom nanozymes into mesoporous selenium (MSe) nanozymes, and obtained a composite nanomotor
(Pd@MSe-TPP) with dual-driven forces by modifying with triphenylphosphine (TPP) in MSe hemisphere. In
RAM, Pd@MSe-TPP nanomotor achieved autonomously target into macrophages mitochondria with the driven
of generation Oy and TPP targeting effect, moreover under the single-atom effect of the Pd nanozymes enhanced
electronic transfer between nanozymes, which significantly boosted GPx catalytic activity further effectively
enhanced the diffusion of PdA@MSe-TPP nanomotor, thus quickly resorted the oxygen balance. Additionally,
while regulating oxygen imbalance, Pd@MSe-TPP nanomotor enable rapidly blocked the inflammatory cascade,
restored mitochondrial function and alleviated inflammation, further prevented cartilage degradation and
effectively inhibited RA progression. Therefore, the exquisitely designed nanoplatform to regulation arthritic
microenvironment provides a new direction for the RA therapy and the clinical translation of nanomedicine.

Nanocatalytic therapy
Oxygen imbalance
Rheumatoid arthritis

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized
by joint degeneration, with a high disability rate and an incidence rate
currently approaching 1 % [1-3]. Although numerous drugs are avail-
able for treating RA, the complex pathological mechanism caused by the
rheumatoid arthritis microenvironment (RAM) leads to the efficiency of
single drug therapy is limited [4-6]. Moreover, this complexity leads to
approximately 20 % of cases develop into refractory rheumatoid
arthritis [7]. Douglas J. Veale and colleagues have further identified the
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oxygen imbalance within the RAM recently that characterized by the
coexistence of hypoxia and excessive reactive oxygen and nitrogen
species (RONS) [8]. As the main source of RONS,
monocyte-macrophages are prone to mitochondrial dysfunction under
inflammatory conditions and lead to hypoxia and production of exces-
sive RONS, which is the main factor of oxygen imbalance in RAM [9,10].
More critically, the progression of oxygen imbalance fosters a
self-amplifying loop between hypoxia, excessive RONS, and the in-
flammatory response, thereby accelerating the advancement of RA.
Notably, Taeghwan Hyeon and Huang.ect. discovered that simultaneously
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Scheme 1. The illustration of synthesis process of Pd@MSe-TPP nanomotors and its targeted autonomous propulsion and regulation of mitochondrial oxygen

imbalance in monocyte-macrophage.

inhibiting the production of RONS and hypoxia within RAM can induce
M2 macrophage polarization and enhance the therapeutic efficacy of
treating RA [11,12]. Therefore, the concurrent inhibition of excessive
RONS and hypoxia in monocyte-macrophage represents an effective
strategy for regulating oxygen imbalance and blocking the inflammatory
cascade in the treatment of RA.

Nanozymes have demonstrated significant potential in disease
therapy through their unique in situ catalytic therapy [13-17,41]. In the
context of oxygen regulation, many researchers have developed various
metal-based nanozymes aimed at eliminating RONS [18-22]. Addi-
tionally, by engineering these nanozymes with modifications have
achieved precise regulation of nanozyme activity [23-26]. However, the
toxicity and poor metabolism have emerged as significant bottlenecks of
metal-based nanozymes limiting the biological application. Selenium
(Se), a biocompatible substance and essential element for the human
body, not only possesses excellent biocompatibility but also plays a
crucial role in maintaining oxidative balance within the body [27-30].
With advancements in nanotechnology, Chen [31-33] and our groups
[34-36] have constructed various selenium-based therapeutic systems,
significantly promoting the research and development of Se-containing
substances. Inspired by the catalytic role of Se in selenoenzymes, we
have developed a variety of Se-centered nanozymes with
glutathione-like catalase activity (GPx) has better stability compared to
natural GPx enzymes, and enhanced the antioxidant effect of those
nanozymes to treat inflammatory diseases such as RA by modifying the
structure and composition [37-40]. However, in RAM, the common
feature of Se nanozymes are immobility and nontargeting, as a result,
the efficiency of regulating oxygen imbalance is limited due to the Se
nanozymes difficulty of actively entering the widely distributed mito-
chondria. Therefore, a critical challenge that urgently needs to be
addressed is how to enhance the autonomous targeting and propulsion
capabilities of Se nanozymes to actively and precisely regulate oxygen
imbalance within the mitochondria of monocyte-macrophages.

Nanomotors are a class of microscopic machines capable of

converting environmental energy into self-propulsion. The self-
generated propulsion effectively overcomes biological barriers and en-
hances active diffusion capabilities [41-43]. Consequently, the auton-
omous propulsion and diffusion properties of nanomotors provide a
valuable strategy for Se nanozymes in precise regulation of oxygen
imbalance. Compared to exogenous fuel of nanomotors, the endogenous
fuel for autonomous movement is more suited to cellular environments.
For example, in tumor and inflammatory microenvironments, based on
excessive the RONS in disease microenvironment, researchers have
developed various Oy and NO-driven nanomotors through the reaction
between nanoparticles with endogenous RONS [44-49]. Through
autonomous propulsion, nanomotors not only enhance the penetration
of nanotherapeutic systems in disease microenvironment, but also
achieving “one stone two birds” effect by reshaping the disease micro-
environment. In addition, researchers have found that nanomotors with
asymmetric structures demonstrate stronger propulsion in endogenous
fuels. Like Wilson designed an asymmetric Pt-based nanomotor capable
of catalyzing the production of Oy from Hy0,, and found that the
asymmetric structure provides enhanced propulsion, which enabling Pt
nanomotor directed movement towards neutrophils secreting HyO2
without additional HyOy [50]. Therefore, constructing asymmetric
nanomotors that utilize excess HyO9 as fuel in RAM can generate
enhanced propulsion, and incorporating targeted agents to create dual
propulsion can be directed nanomotors towards mitochondria. This
strategy not only allows for active and precise regulation of oxygen
imbalance but also promotes the rapid remodeling of the RAM.
Herein, to develop asymmetric nanomotors for efficient synchronous
elimination of hypoxia and RONS in RAM, and as previous reported
[38-40], we utilized MSe nanozymes and Pd nanozymes to construct
Janus asymmetric nanomotors (Pd@MSe) using Pickering emulsion
methods. Under the Cat activity of the Pd single-atom nanozyme,
Pd@MSe rapidly catalyzes HyO; to produce O, which serves as the
driving force to achieve autonomous propulsion. To enable directional
autonomous movement into mitochondria of monocyte-macrophages,
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we modified the MSe hemisphere with the mitochondria-targeting agent
TPP to obtained Pd@MSe-TPP composites nanomotors with dual driving
force and targeted autonomous propulsion capabilities. In RAM,
Pd@MSe-TPP nanomotors autonomously target and enter the mito-
chondria of monocyte-macrophages, not only enhancing mitochondrial
O, generation, but also simultaneously eliminating hypoxia and RONS,
thus quickly resorted the oxygen balance. Additionally, while regulating
oxygen imbalance, the Pd@MSe-TPP nanomotors rapidly inhibit the
inflammatory cascade by upregulating selenoprotein expression,
restoring mitochondrial function, alleviating inflammation in RAM, and
preventing cartilage degradation, thereby effectively inhibiting the
progression of RA (Scheme 1).

2. Materials and method
2.1. Chemicals

L-Cysteine (99 %), (4-Carboxybutyl) triphenylphosphonium bromide
(TPP, 98 %), Paraffin liquid (99 %), Sodium tetrachloropalladate (II)
(NayPdCly, 98 %), Polyvinyl Pyrrolidone (PVP, Mw = 2500), Poly (vinyl
alcohol) (PVA, Mw = 9000-10000), Polyethylene-polypropylene glycol
(F127, Mn = 13000) were purchased from Macklin Regents. Co. China.
Sodium selenite (NaySeOs, 99 %), Lipopolysaccharides (LPS, from
Escherichia coli 055:B5) and other chemicals were purchased from
Sigma-Aldrich Chemical. Co. China, which were reagent grade and used
without further purification, unless otherwise indicated. Reagent grade
water was obtained from a Milli-Q water purification system (Millipore,
Bedford, USA). The RAW 264.7, THP-1 and MH7 A cells were obtained
from ATCC (Department of Rheumatology and Immunology, Guang-
dong Second Provincial General Hospital).

2.2. Assessment of human samples

The clinical human samples in this study were authorized by the
Research Ethics Committee of Guangdong Second Provincial General
Hospital and carried out in compliance with the guidelines outlined in
the Declaration of Helsinki (Approval numbers: 2023-KY-KZ-256). Each
patient understood the study protocol and signed written consent. The
peripheral blood mononuclear cells (PBMCs) were obtained from three
RA patients. Control PBMC were obtained from three healthy people.
PBMCs were used for transcriptomic analysis to study the oxygen
imbalance in RA. Total RNA of the samples was isolated by Trizol re-
agent (Invitrogen, Carlsbad, CA, United States), and its quantity and
purity were analyzed by Bioanalyzer 2100 and RNA 1000 Nano LabChip
Kit (Agilent, CA, United States) with a standard of RIN number >7.0,
respectively. After the quality check, messenger RNA was purified from
total RNA using poly-T oligo-attached magnetic beads according to
manufacturer’s instructions of Guangzhou Angte Biotech Co.,Ltd
(Guangzhou, China). The paired-end sequencing was performed on
[llumina Novaseq™ X Plus platform.

2.3. Synthesis of MSe nanozymes

According to our previous reported [38-41], we fore synthesized the
aminated mesoporous silica (MSN) as “hard template”, then we pre-
pared 5 mL MSN solution (2 mg/mL), and added 5 mg/mL sodium
selenite (5 mL) to MSN solution, subsequently added PVA(20 mg) and
F127(30 mg) and stirred with for 30 min, the r-cysteine solution (4
mg/mL) was slowly added to the mixture and reaction for 3 h. After
completion, the nanoparticles were collected by centrifugation (10000
rpm/min, 20 min), And 200 pL of HF was added to the solution and wash
with water three times, finally, the nanoparticles were collected by
centrifugation (10000 rpm/min, 20 min) and lyophilized to obtain MSe
nanozymes.
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2.4. Synthesis of Pd@MSe-TPP nanomotors

Pd@MSe motors were prepared with Pickering emulsions method.
Briefly, weigh the MSe nanozymes and disperse them ultrasonically in
deionized water. Heat the resulting mixture to 80 °C. Subsequently,
incorporate the MSe nanozymes suspension into paraffin liquid at 80 °C,
stirring continuously with a magnetic stirrer for 1 h at 80 °C. Upon
completion of the reaction, filter out the paraffin liquid-encapsulated
MSe nanozymes. Subsequently added PVP (10 mg) and F127(20 mg)
mixed with NayPdCly (1 mg/mL) and stirred with for 10 min, then the
mixture solution was added to the paraffin liquid-encapsulated MSe
nanozymes solution and NayBH4 (1 mM, 1 mL) was slowly added to
obtain the nanocomposites that Pd nanozymes embed into liquid-
encapsulated MSe nanozymes. After centrifugation (10000 rpm/min,
20 min) the precipitation was taken and centrifuged with chloro-
methane for three times, respectively. The resulting Pd@MSe nano-
motors were obtained after dialyze by deionized water for overnight.

Due to there is a mount of ~OH groups on the surface of Pd@MSe
nanomotors, the carboxylated TPP ((4-Carboxybutyl) triphenylphos-
phonium bromide) was use the method of esterification reaction to
connect with MSe nanozymes, the detail as following: (4-Carboxybutyl)
triphenylphosphonium bromide (5 g) dissolved in anhydrous dimethyl
sulfoxide (DMSO) (10 mL), then activated with 1-ethyl-3-(3-dimethyla-
minopropyl)-carbodiimide (EDC, 230 mg) and DMAP (5 mg) for 30 min
under nitrogen, then added 2 g Pd@MSe nanomotors and stirred for 12 h
in nitrogen to obtain the Pd@MSe-TPP nanomotors. As for carboxylated
fluorescein isothiocyanate (FITC) and Cy5 carboxylic acid labeled in
MSe nanozymes, the methods were same as before.

2.5. The character of Pd@MSe-TPP nanomotors

The morphology of Pd@MSe-TPP nanomotors was analyzed by a
JEM-F200 transmission electron microscope with an acceleration
voltage of 200 kV (JEOL, Japan). Element mapping and energy-
dispersive X-ray spectroscopy (EDS) were performed using Scanning
electron microscopy with ultrahigh resolution cold field emission gun
(SEM, Hitachi S-4800, Japan). Single-Atom detection using the scanning
transmission electron microscopy (STEM) (FEI Titan Cubed Themis G2
300). The ultraviolet visible-near infrared (UV-Vis-NIR) spectrometer
(TU-1810PC, China). The Fourier transform infrared (FT-IR) spectrom-
eter (FTIR-8400S, Tokyo, Japan). XRD was measured on a Rigaku D/
MAX-2200 PC XRD system (parameters: Cu Ka, A = 1.54 A, °40 mA,
and 40 kv, D8 DISCOVER, Germany). The Ny adsorption-desorption
isotherm was tested by the Brunauer-Emmett-Teller method to charac-
terize the specific surface area on a Quadraorb Station 4 at 77.3 K
(Autosorb-1Q3, USA). XPS was performed on an ESCAlab250 (Thermal
Scientific, USA).

2.6. The Cat and GPx activity detection of nanomotors

According to our previous reported [37,38], The standard
GR-coupled assay (Beyotime, China) was used to detect the GPx-like
activity of nanozymes and nanomotors, the natural GPx as the control.
According to the instructions, the same concentration of Pd nanozymes,
MSe nanmozymes, Pd@MSe nanomotors, Pd@MSe-TPP nanomotors
(40 pg/mL) and GPx (1 U/mL) were mixed with the reaction mixture
and incubated for 10 min, respectively. Finally, the mixture solutions
were measured the absorbance at 340 nm by automatic microplate
reader (Spark 10 M, Tecan, Switzerland).

The standard Catalase test kit (Beyotime, China) was used to measure
the Cat-like activity of nanozymes and nanomotors, the natural Cat as
the control. According to the instructions, the same concentration of Pd
nanozymes, MSe nanmozymes, Pd@MSe nanomotors, Pd@MSe-TPP
nanomotors (40 pg/mL) and Cat (1 U/mL) were mixed with the reac-
tion mixture and incubated for 15 min, respectively. Finally, the mixture
solutions were measured the absorbance at 520 nm by automatic
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microplate reader (NanoD200C, Thermal Scientific, USA).

Then, the HyO; concentration in after reaction and cells was
measured with a HyO, assay kit (Beyotime, China). And the Oy con-
centration generation in solution after relation with Pd nanozymes, MSe
nanmozymes, PdA@MSe nanomotors, Pd@MSe-TPP nanomotors (40 pg/
mL) using a dissolved oxygen meter oxygen probe (JPBJ-608 portable,
China).

2.7. The movement recording and analysis of nanomotors

A confocal laser scanning microscope (CLSM 800, ZEISS, Germany)
with a high-speed camera (sCMOS) was used to record the motion
behavior of MSe nanozymes, Pd@MSe nanomotors and Pd@MSe-TPP
nanomotors. The motion trajectories of the MSe nanozymes, Pd@MSe
nanomotors and Pd@MSe-TPP nanomotors (40 pg/mL) under different
H30, concentrations (0.5, 1, 2, 4, 8 and 16 mM for PBS and cell sus-
pension for different density cells) were recorded. The motion was
recorded for 15 s and at least 10 nanomotors were analyzed under each
condition. Subsequently, the tracking image sequences and the speed of
the nanomotors were analyzed by ImageJ plugin manual tracking ac-
cording to the previous reports. Mean-square-displacement (MSD)
analysis trough the self-diffusiophoretic model of Golestanian et al. [23].

2.8. The cellular uptake and penetration detection of nanomotors

RAW 264.7 cells (1 x 10°) were inoculated into the glass bottom cell
culture plates (20 mm, NEST). After adherence the LPS (100 ng/mL) was
added to activate RAW 264.7 cells. The activated for 1 h, 20 pL of Cy5-
labeled MSe nanozymes, Pd@MSe nanomotors and Pd@MSe-TPP
nanomotors (40 pg/mL) were added and co-incubated for 6 h, respec-
tively. Then washed three times with PBS and stained with DAPI and
DIO for 30 min, the fluorescence in cells were measured by confocal
laser scanning microscope (CLSM 800, ZEISS, Germany). In addition, the
protocol of mitochondrial colocalization similar to the detection of
cellular uptake.

Then the penetration performance of Cy5-labeled MSe nanozymes,
Pd@MSe nanomotors and PdA@MSe-TPP nanomotors (40 pg/mL) were
further tested by cultivating the cell spheres. The activated RAW 264.7
cells (1 x 10%) were inoculated into the 24 ultra-low adhesion pore
plates (Corning, USA). After 7 days the cells become cell spheres, 20 pL
of Cy5-labeled MSe nanozymes, Pd@MSe nanomotors and Pd@MSe-TPP
nanomotors (40 pg/mL) were added and co-incubated for 6 h, respec-
tively. Then washed three times with PBS and stained with DAPI for 20
min, the fluorescence in cells were measured by confocal laser scanning
microscope with Z-axis scanning (CLSM 800, ZEISS, Germany).

2.9. The detection of intracellular ROS

RAW 264.7 cells (1 x 10°) were seeded onto 6-well plates, after
adherence the cells were co-incubated with Pd nanozymes, MSe nan-
mozymes, Pd@MSe nanomotors, PdA@MSe-TPP nanomotors (40 pg/mL)
for 6 h, respectively, then washed with PBS and added LPS (100 ng/mL)
activated 1 h. Subsequently, the cells were cultured for another 6 h in
hypoxia (2 % O3) environment, in addition, the non-activated cells
without treatment were also cultured in hypoxia (2 % O2) environment
or normoxic (21 % O-) for 6 h. After incubation, the cells were washed
three times with PBS and stained with ROS probe (2,7-Dichlorodi-
hydrofluorescein diacetate (DCFH-DA)) for 30 min and measured by
fluorescence microscopy (Axio Observer 3, ZEISS, Germany) with the
excitation wavelength at 495 nm and an emission peak at 525 nm.

2.10. The detection of intracellular oxygen imbalance
The O4 generation efficiency in RAW 264.7 cells by O; sensing probe

([(Ru(dpp)3)] Cly (Sigma-Aldrich, USA)). RAW 264.7 cells (1 x 10°)
were seeded onto 6-well plates, after adherence the cells were co-
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incubated with Pd nanozymes, MSe nanmozymes, Pd@MSe nano-
motors, Pd@MSe-TPP nanomotors (40 pg/mL) for 6 h, respectively, then
washed with PBS and added LPS (100 ng/mL) activated 1 h. Subse-
quently, the cells were cultured for another 6 h in hypoxia (2 % O3)
environment, in addition, the non-activated cells without treatment
were also cultured in hypoxia (2 % O5) environment or normoxic (21 %
0y) for 6 h. Then, the cells were incubated with O5 sensing probe (Ex =
488 nm, Em = 620 nm) for another 4 h and then observed by fluores-
cence microscopy (Axio Observer 3, ZEISS, Germany).

2.11. The detection of pro-inflammatory cytokines in vitro

The RAW 264.7 cells with a density of 1 x 10° cells per well were
seeded onto 6-well plates, after adherence the cells were exposed to the
mediums containing Pd nanozymes, MSe nanmozymes, Pd@MSe
nanomotors, Pd@MSe-TPP nanomotors (40 pg/mL) for 6 h, respectively,
then washed with PBS and added LPS (100 ng/mL) activated 1 h. Sub-
sequently, the cells were cultured for another 6 h in hypoxia (2 % O3)
environment, in addition, the non-activated cells without treatment as
control group were cultured in normoxia (21 % O). After incubation,
then extracted the and centrifugal collection of cell culture medium, the
typical inflammatory cytokines (TNF-a (Tumor necrosis factor-o),
interleukin-6 (IL-6) and interleukin-1f (IL-1p) were detected by ELISA
(4A Biotech, China).

2.12. The immunostaining of hypoxia and mitochondrial function

The detection of hypoxia and mitochondrial function by immuno-
staining. The RAW 264.7 cells and THP-1 cells were seeds in the glass
bottom cell culture plates and after treatments with above experiments,
each group of cells was washed three times with PBS. The cells were then
fixed with 4 % paraformaldehyde for 20 min and washed with PBS.
Subsequently, 1 % Triton X-100 was applied for 15 min. Following this,
the cells were blocked with 5 % BSA for 2 h. After washing with PBS, the
RAW 264.7 cells were incubated with hypoxia-inducible factor-1(HIF-
la, bs-0737R, IF = 1:100, Bioss, China), cyclic GMP-AMP synthase
(cGAS, bs-9537R, WB = 1:100-500, Bioss, China), stimulator of inter-
feron genes (STING, bs-8335R, IF = 1:50-200, Bioss, China) or C-C
Chemokine receptor 2B (CCR2 antibodies, bsm-62473R, WB =
1:1000-2000,IF = 1:100-500, Bioss, China) overnight, respectively,
then stained with Alexa Fluor 488-labeled secondary antibody or Cy 5-
labeled secondary antibody (Bioss, China) and DAPI (Beyotime, China).
The THP-1 cells were incubated with ¢cGAS, STING, CCR2 antibodies,
Recombinant Human Translocase Of Outer Mitochondrial Membrane 20
(TOM 20, #42406, IF = 1:100-400,CST,USA), Transcription Factor A
(TFAM, #42406, IF = 1:100-200,CST,USA) or 8-hydroxy-2'-deoxy-
guanosine (8-oHdG, bs-1278R, IF = 1:500, Bioss, China) overnight,
respectively, then stained with Alexa Fluor 488-labeled secondary
antibody or Cy 5-labeled secondary antibody (Bioss, China) and DAPI
(Beyotime, China). Finally, the cells were observed with confocal laser
scanning microscope (CLSM 800, ZEISS, Germany).

2.13. The western blotting analysis

The proteins expression in RAW 264.7 cells above groups also tested
with western blotting (WB), after treatments, the cells were lysed in 200
pL of PBS with proteinase inhibitor cocktail and collected the proteins by
centrifugation. After measurement of protein concentration by BCA
assay (Beyotime, China) the proteins were mixed with loading buffer
and boiled at 95 °C for 10 min for denaturation, and loaded on sodium
dodecyl sulfate polyacrylamide gel. After 50 min of electrophoresis at
110 V, proteins were transferred to nitrocellulose membrane (BioRad)
using a Trans-Blot SD wet electrophoretic transfer cell (Bio Rad) for 70
min at 120 V. To avoid non-specific binding, membranes were then
blocked with 5 % BSA for 2 h. Next, membranes were probed with
primary antibodies; HIF-la(bs-0737R, WB = 1:1500-2000, Bioss,
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Fig. 1. Oxygen imbalance detection in RAM and Fabrication of Pd@MSe-TPP nanomotors. (A) The illustration of synthesis steps of Pd@MSe-TPP nanomotors. (B)
The gene heatmap (fold change >2 and P < 0.05) of healthy individuals and RA patients related genes in PBMC. For each group, n = 3 biological replications. (C) The
TEM image of Pd@MSe nanomotors. Scale bar = 50 nm. (D) Element mapping of the Pd@MSe nanomotors. Scale bars: 50 nm. (E) HAADF-STEM image of atomic
arrangement at the PdA@MSe nanomotors nanolayer. (F) High-resolution HAADF-STEM image of the amorphous Pd@MSe nanomotors nanolayer; the Pd atoms are
marked by red circles. (G) The element mapping of Pd atoms in Pd@MSe nanolayer by STEM. (H) Nitrogen adsorption desorption isotherms for PdA@MSe nano-
motors. (I) The pore size distributions of PdA@MSe nanomotors derived from desorption isotherm measurements testing with BJH methods. (J) The FTIR spectrum of

TPP, Pd@MSe and Pd@MSe-TPP nanomotors.

China), Glutathione peroxidase 4(GPx4, bs-3884R, WB = 1:500-2000,
Bioss, China), Tumor necrosis factor-oa (TNF-a, bs-2081R, WB =
1:500-2000, Bioss, China), Phospho-NF-kappaB p65 (Ser536) (Pp65
(NF-xB), #3033, WB = 1:1000, CST, USA), CCR2 (bsm-62473R, WB =
1:1000-2000,Bioss, China), TFAM (#42406, WB = 1:1000, CST, USA)
overnight at 4 °C. The next day, membranes were washed with TBST
three times and reacted with HRP-conjugated secondary antibodies for
1 h. After washing, membranes were then developed using chem-
iluminescence detection system (Fluor Chem R).

2.14. Animals and animal models

C57BL/6 mice (male, 7-8 weeks) were purchased from the Guang-
dong Medical Experimental Animal Center and DBA/1 (male, 8-9
weeks) were purchased from the Guangdong GemPharmatech Co., Ltd.
The Animal care was in accordance with the institutional guidelines and
approved by the Animal Care and Use Committee of Guangdong Second
Provincial General Hospital (Approval number:2023-DW-KZ-100-02).

Collagen-induced arthritis (CIA) model was established by injecting
100 pL of emulsified solution (1:1) mixing type 2 collagen (2 mg/mL)
and complete Freund’s Adjuvant (CFA) (1 mg/mL) into C57BL/6 mice
and DBA/1 mice at the base of the tails, and injecting another 100 pL of
emulsified solution (1:1) mixing type 2 collagen (2 mg/mL) and CFA (1
mg/mL) into the tails at 21 days later intradermally. The healthy mice
were applied as the normal control groups.

2.15. Biodistribution analysis of nanomotors

The CIA models C57BL/6 mice were randomly assigned with 3
groups (n = 3), then the Cy5 labeled MSe nanozymes, Pd@MSe nano-
motors and Pd@MSe-TPP nanomotors with were intratracheally

administration. Then fluorescence was detected at 0, 1, 2 h, respectively
by Maestro in vivo optical imaging system (Cambridge Research and
Instrumentation, Inc.). After 2 h, the mice were euthanized and extract
the joints for immunofluorescence analysis to observe the distribution of
MSe nanozymes, PdA@MSe nanomotors and Pd@MSe-TPP nanomotors
within the joints by fluorescence microscopy (Axio imager A2, ZEISS,
Germany).

2.16. The therapy of CIA model mice

The male DBA/1 CIA model mice were randomly divided into five
groups (5 mice in each group) and treated on day 1 with PBS, Pd
nanozymes, MSe nanozymes, Pd@MSe nanomotors, and Pd@MSe-TPP
nanomotors (1 mg/kg), respectively. Additionally, normal mice were
used as a control group. During treatments, all the mice of treatments
groups were received injections every three days, and the changes in
weight and joint diameter of each mouse were measured. And the
thickness of each limb of mice were also measured to further evaluate
the joint swelling degree. Arthritis scores of each limb of mice were
obtained from day 1 according to the selling degree, following the
standard evaluation process [21]. The joint was rated as 0 if there was no
sign of erythema or swelling; 1 if the joint had any erythema or mild
swelling; 2 if erythema and mild swelling extended from the ankle to the
tarsus; 3 if erythema and moderate swelling extended from the ankle
joint to the metatarsal joint; 4 if the joint had erythema and severe
swelling including ankles, paws, and stiffness of fingers or limbs. Clinical
scores for four limbs were summed up for a mouse to have an overall
arthritis severity score, with a higher score indicating more severe
arthritis.
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Fig. 2. The conformation and enzyme-like activity of Pd@MSe-TPP nanomotors. (A) The XPS spectrum of Pd, MSe and Pd@MSe nanomotors. (B) The XRD patterns
of Pd, MSe and Pd@MSe nanomotors (The Standard PDF card of PD was: JCPDS NO.87-0637). (C) The GPx-like activity of Pd, GPx, MSe, Pd@MSe and Pd@MSe-TPP
nanomotors, respectively. (D) The Cat-like activity of Pd, Cat, MSe, Pd@MSe and Pd@MSe-TPP nanomotors, respectively. (E) The ERP spectra of detecting -OH
elimination in an aqueous solution of Pd, MSe, Pd@MSe and Pd@MSe-TPP nanomotors after reaction with HyO, under irradiation with UV. (F) The RNS scavenging
activity of Pd, MSe, PdA@MSe and Pd@MSe-TPP nanomotors detecting with DPPH, (n = 3, mean = +SD).

2.17. The inflammation and micro-CT detection of CIA model mice

To evaluate the severity of RA and bone damage, we detected the
cytokines in serum by ELISA and the morphology of bones by micro-CT.
Firstly, the whole blood was collected by the eyeballs, and then clotted
at room temperature for 30 min to obtained the serum samples, subse-
quently, the serum samples were centrifuged at 4000xg for 20 min to
collect the supernatant. And the supernatants were immediately
measured using the TNF-a, IL-6 and IL-1BELISA kits (4A Biotech, China).

Then the four limbs of mice sacrificed at day 30 were fixed in 10 %
buffered formalin, after three days taken the hind leg bones and scanned
at 70 kV and 100 pA with the resolution of 20 pm in micro-CT (Sky-
Scan1276) for 30 min. Then, the dataset was reconstructed using ZKKS-
Micro CT 4.1 workplace to obtain the 3D images of joints and to measure
the ratio between bone surface and bone volume (BS/TV).

2.18. The pathological analysis by pathological sections

After therapy, the four limbs were collected after mice were eutha-
nized, and the hind knee joints of all groups were constructed to path-
ological sections that stained with H&E, immunohistochemistry (CCR2),
immunofluorescence (HIF-a) and Safranin O-Fast Green. The image was
obtained by fluorescence microscopy (Axio imager A2, ZEISS,
Germany).

Statistical analysis: All data were expressed as mean result +
standard deviation (SD) based on at least three independent experi-
ments. A p-value <0.05 was considered statistically significant. Statis-
tical analyses were conducted by Origin 8.5 using the One Sample T-
tests for experiments with multiple groups, while a two-tailed, unpaired
t-test was used for data with two groups.

3. Results and discussion

3.1. The oxygen imbalance detection in RAM and Fabrication of
Pd@MSe-TPP nanomotors

In order to validate the presence of oxygen imbalance in RAM and to
justify the design of our Pd@MSe-TPP nanomotors, we performed a
transcriptomic analysis comparing the RNA expression profiles in
PBMCs, which include monocytes and lymphocytes, from three healthy
individuals and three RA patients. As shown in Fig. 1A, RA patients
showed elevated levels of inflammatory cytokines such as interleukin-8
(CXCL8), interleukin-1(IL-1), NOD-like receptor family pyrin domain
containing 6(NLRP6), and NF-kB, along with a widespread increase in
HIF expression. In contrast, the expression levels of antioxidant-related
genes, including GPx4, TOMM20, and TFAM, were lower than those
observed in healthy individuals. These findings suggested that mito-
chondrial function is compromised that is an oxygen imbalanced state in
the PBMCs of RA patients.

Based on our previous reported [38-40], we developed nanomotors
composed of Pd nanozymes like-Cat activity and MSe nanozymes
like-GPx activity to simultaneously eliminate RONS and address O,
insufficiency, thereby improving the oxygen imbalance in RAM. After
synthesizing the Pd@MSe nanomotors, compared with the seed liquid of
PdCl,, Pd@MSe nanomotors is darker in color, and the spectrum of
UV-vis is also changed, which showed a wide acromion at 260-270 nm
(Figure sl1). The structure of the Pd@MSe nanomotors is shown in
Fig. 1B, TEM images revealed spherical nanoparticles approximately 60
nm with typical Janus structures. The elements mapping images iden-
tified that the asymmetrically distributed elements were primarily Se
and Pd (Fig. 1C). EDS analysis further showed that the Se content was
30.7 % and the Pd content was 4.8 % (Figure s2), confirming the suc-
cessful synthesis of Janus asymmetric Pd@MSe nanomotors. Addition-
ally, the TEM images showed the Pd nanozymes with ultra-small size
(Figure s3), to verify the structure of the Pd nanozymes in Pd@MSe
nanomotors, the AC-HAADF-STEM revealed isolated bright spots
(marked with red circles) within the Pd@MSe structure (Fig. 1D-E). EDS



X. Chen et al.

A

MSe 3

. H,0,
] - - 444
8‘33&333*«!—5A5
1000000000007 NG 00000000

-0.25 eV

Pd@MSe

b e

343838833331

Redox Biology 81 (2025) 103574

GSSG
*r"#j\‘srl}‘
48343333384
484134344
4-t-4-4-0-4-0-4-3-48

-5.17eV

S ey
| ]

1 -1.07evV 3 -2.01eV 4 288 eV
2 ). 1( - D
3.0 ( . } - — MSe
. GPx % =i:; |—Paarse
- 00 1 " —— OH* 4 OH® E >
s 2 T GSHU:OH® N @] =
4 3 ——GS*-H0* GS* - 7
530 4 m—— 3 5
5 56 =t 3
-"‘: GSSG* C‘E =
0] —mse e <
~——Pd@Se '
0 Reaction pathway -0.10 T T T -:HNC\ T T T
E MSe Pd@MSe Pd@MSe 0. .5 10 15 20
90 F G Binding Energy (eV)
— MSe 20
F.IE 75 {——rdaanse Cat [ CB
g 60+ ~o00d — —— D 30\
> % 1\ 5o ! wi " ey
0 W0 —
© 4] 5 i - : (-
o= g A 204V & o L
Z 30 =20 , . S : a 1.
£ A g n T e T Od21ey | 0434eV |
J 3 — — :
= » : ¢ MSe  Pd@MSe
0 14 r.\ ’ Reaction pathway VB

0 1 2 3 4
hv (eV)

Fig. 3. Theoretical calculation of catalytic GPx-like pathways of Pd@MSe nanomotors. (A) Schematic diagrams of the catalytic of GPx-like pathways corresponding
to MSe nanozymes and PdA@MSe nanomotors. (B) Free energy profiles for H,O, reaction through GPx-like pathways on MSe nanozymes and Pd@MSe nanomotors.
(C) Bader charge difference between the adsorption structures of H,O, and H,O in PdA@MSe nanomotors, the positive represents electron injection, while the negative
represents electron depletion. (D) The VB of MSe nanozymes and PdA@MSe nanomotors. (E) The Eg of MSe nanozymes and Pd@MSe nanomotors. (F) Free energy
profiles for H,O, reaction through Cat-like pathways on MSe nanozymes and Pd@MSe nanomotors. (G) The illustration of electron transfer and energy band change

during electron transition in PA@MSe nanomotors.

elemental mapping indicated that these bright spots corresponded to Pd
(Fig. 1F), confirming that the Pd nanozymes are in a single-atom state.
Nitrogen adsorption-desorption analysis demonstrated that PdA@MSe is
a mesoporous structure (Fig. 1G) with a pore size of 3.07 nm (Fig. 1H),
providing a foundation for generating stronger propulsion. To enhance
the autonomous propulsion and mitochondrial targeting of the Pd@MSe
nanomotors, we attached the mitochondria-targeting agent carboxyl-
ated TPP to the MSe hemisphere through ester bonds. Fourier Transform
infrared spectroscopy (FT-IR) of the TPP-functionalized Pd@MSe-TPP
nanomotors showed that the infrared absorption peaks of Pd@MSe were
retained, along with the characteristic absorption peaks of TPP,
including the -C=0 characteristic peak at 1650 cm™' ~1690 cm™,
indicating that TPP was successfully connected via ester bonds (Fig. 11I).
This confirms the successful synthesis of Janus-structured Pd@MSe-TPP
nanomotors.

3.2. The conformation and enzyme-like activity of Pd@MSe-TPP
nanomotors

Due to the enzymatic activity of nanozymes is closely related to their
phase composition, we first analyzed the conformation of Pd@MSe-TPP
nanomotors. As shown in Fig. 2A, X-ray photoelectron spectroscopy
(XPS) analysis revealed the presence of both Pd and Se in Pd@MSe
structure. High-solution XPS spectra of Se(3d) and Pd(3d) further
showed the valent is O that in Pd@MSe nanomotors, and due to the low
content of Pd resulted in a significantly lower absorption intensity
compared to MSe, which corroborated the results of TEM (Figure s4A-
D). X-ray diffraction (XRD) analysis showed the MSe is an amorphous
nanoparticle that consistent with previous reports that red nano-

selenium is an amorphous nanoparticle. However, with the incorpora-
tion of Pd nanocrystalline, the XRD patterns of Pd@MSe display a crystal
structure and similar to that of the Pd nanozymes (PDF#87-0637),
mainly exposed the (001), (111), and (200) crystal planes (Fig. 2B).
Furthermore, the crystal structure of Pd@MSe nanomotors was
confirmed by HRTEM. The results of SAED further showed the exposing
planes mainly are (111) and (200) and interplanar spacing is 0.22 nm of
Pd@MSe nanomotors in identified crystalline regions (Figure s5A),
which also consistent with the Pd nanozymes (Figure s5B).

Based on the phase structure of the Pd@MSe nanomotors, we further
evaluate the enzymatic activity of both Pd@MSe and the TPP-
functionalized Pd@MSe-TPP nanomotors. Initially, we assessed the
GPx-like activity of the individual components within the Pd@MSe-TPP
nanomotors. As shown in Fig. 2C, the Pd nanozymes did not exhibit any
GPx-like activity, whereas MSe nanozymes retained the high GPx ac-
tivity. Similar PdA@MSe and Pd@MSe-TPP nanomotors display strong
GPx-like activity, and it is interestingly that Pd@MSe and Pd@MSe-TPP
nanomotors exhibited higher activity GPx than MSe nanozymes with the
same concentration. Kinetic analysis revealed that the maximum reac-
tion rate (Vmax) of Pd@MSe was 1.2 times that of MSe, with the
Michaelis constant (Km) only 0.8 times that of MSe (Figure s6A). Sub-
sequently, we measured the Cat-like activity of Pd, MSe, PdA@MSe, and
Pd@MSe-TPP nanomotors. As illustrated in Fig. 2D, Pd, PdA@MSe, and
Pd@MSe-TPP nanomotors all enable to produce Oz when mixed with
H,0,, demonstrating they showed significant Cat-like activity. And the
enzyme kinetics detection showed that Vmax of Pd nanozymes was 4.87
mM/min and Km was 0.7253 mM/L, while Vmax of Pd@MSe reached
3.69 mM/min and Km was 1.03047 mM/L (Figure s6B). Due to Se
nanozymes inherently possess the ability to directly scavenge RONS, we
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further investigated the efficiency of Pd, MSe, Pd@MSe, and Pd@MSe-
TPP nanomotors in scavenging RONS. Liquid FT-IR revealed signifi-
cant changes in the 2800 cm '-3000 cm™! for MSe and Pd@MSe
nanomotors before and after reacting with HyOo, further confirming that
both MSe and Pd@MSe nanomotors can react with HoOy (Figure s7A).
Electron Paramagnetic Resonance (ESR) analysis further showed that
the produced -OH with UV-irradiated HyO,, which were significantly
reduced in the presence of Pd, MSe, Pd@MSe, and Pd@MSe-TPP
nanomotors, respectively (Fig. 2E). According to the standard curve
for Hy0, concentration (Figure s7B), the -OH scavenging efficiencies of
Pd, MSe, Pd@MSe, and Pd@MSe-TPP nanomotors were quantitatively
calculated to be 70.1 %, 79.7 %, 94.3 %, and 90.8 %, respectively
(Figure s7C), Pd@MSe and Pd@MSe-TPP nanomotors further showed a
concentration-dependent effect (Figure s7D). However, when assessing
the efficiency of Pd, MSe, Pd@MSe, and Pd@MSe-TPP nanomotors in

scavenging RNS using the 1,1-diphenyl-2-picrylhydrazyl (DPPH), we
found that the inhibition trends were similar to their GPx-like activity.
Pd nanozymes exhibited very weak RNS scavenging efficiency. Conse-
quently, the RNS scavenging efficiency of MSe reached 73.5 %, while the
incorporation of Pd nanozymes in Pd@MSe and Pd@MSe-TPP nano-
motors further increased this efficiency to 96.3 % and 92.2 %, respec-
tively. Thus, those results demonstrate that constructing Janus-
structured Pd@MSe-TPP nanomotors not only endowed MSe with
autonomous targeted driving ability but also significantly enhanced its
reactive activity.

3.3. Theoretical calculation of catalytic pathways of Pd@MSe
nanomotors

In above experiments, Pd@MSe nanomotors exhibited higher GPx
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activity compared to MSe nanozymes. To elucidate the mechanisms and
the differences between the catalytic activity Pd@MSe nanomotors and
MSe nanozymes, we conducted systematic density functional theory
(DFT) calculations to simulate the catalytic GPx-like pathways of both
MSe nanozymes and PdA@MSe nanomotors in their reactions with HyO,.
According to the reaction pathways, the overall GPx-like process by
which MSe and Pd@MSe eliminate HyO, proceeds as follows:

H,0, + 2 GSHSGSSG + 2H,0.

Therefore, under the catalytic action of GPx, H2O reacts with two
molecules of GSH, yielding one molecule of GSSG and two molecules of
H>0. DFT simulations further revealed that the reaction sites for the
substrates during those catalytic reactions are primarily concentrated in
the surface Se atomic layer with seven steps (Fig. 3A). The analysis of the
key intermediates and Gibbs free energy (AG) along the reaction path-
ways of MSe and Pd@MSe indicated that differences between them
begin to emerge at the fifth step in adsorbing the GS*and H,0*. At this
stage, Pd@MSe nanomotors exhibit a lower AG during adsorption, and
the AG for GSSG* adsorption in the seventh step being —6.02 eV, which
lower than that for MSe (Fig. 3B). These results suggest that the Pd@MSe
nanomotors with higher GPx-like activity is due to lower energy barrier
in the catalytic process. Bader charge analysis also confirmed the pre-
vious results, the detection showed that during the reaction process, Pd
atoms lose electrons while Se atoms gain electrons, and there are more
electrons being gained by Se in Pd@MSe nanomotors, thus the abundant
electron flows out from Pd sites injects into Se sites, leading to a higher
GPx-like activity of PdA@MSe nanomotors (Fig. 3C). Valence band (VB)
detection further showed that the transfer of Pd electrons to Se results in
an elevated valence band in PdA@MSe nanomotors. Compared to MSe,
the VB increased from 0.121 eV to 0.434 eV (Fig. 3D). Furthermore, the
incorporation of Pd nanozymes in Pd@MSe nanomotors also narrowed
the energy band gap (Eg), the Eg of Pd@MSe nanomotors decreased by
0.9 eV compared to MSe nanozymes (Fig. 3E), thereby facilitating easier
electron transitions and conferring higher GPx-like activity in Pd@MSe
nanomotors. Additionally, we utilized DFT to simulate the reaction
process of PA@MSe nanomotors with HyO5 through Cat-like activity.
The detailed reaction pathway indicates that the process of Pd@MSe
nanomotors adsorbing Hy05 and subsequently desorbing to produce Oy
is also divided into six steps (Figure s8), and the AG for the O, genera-
tion is only —1.95 eV, which suggests that the catalysis of HyO2 to
produce Oy by PA@MSe nanomotors is an efficient and spontaneous
process. Therefore, with the incorporation of single-atom Pd nanozymes
into PdA@MSe nanomotors, the electron density and electron transfer
efficiency in MSe nanozymes are enhanced (Fig. 3G), which not only
effectively enhances the GPx-like activity of MSe, but also improves the
overall reactivity of Pd@MSe nanomotors.

3.4. The self-propelled targeting motion of Pd@MSe-TPP nanomotors

After confirming the Cat-like activities of Pd@MSe and Pd@MSe-TPP
nanomotors, we systematically explored the autonomous movement of
Pd@MSe and Pd@MSe-TPP nanomotors in aqueous solutions and in
monocyte-macrophage systems. We first examined the Oy generation
capacity of PdA@MSe and Pd@MSe-TPP nanomotors in different con-
centrations of HoO5 aqueous solutions. As shown in Fig. 4A, due to the
strong Cat activity of PdA@MSe and Pd@MSe-TPP nanomotors, bubble
formation was observed even at concentration of 500 pM, and the
generation of O, after reaction with PdA@MSe and Pd@MSe-TPP nano-
motors reached 5.86 mg/L and 2.35 mg/mlL, respectively, showing a
concentration-dependent behavior. Then we used the RAW 264.7 cell
model to measure the H,O, concentration in the culture medium and
within the cells after LPS activation. The results indicated a significant
increase in HyOy concentration in RAW 264.7 cells following LPS acti-
vation, which increased further with cell density, reaching 301 pM at a
density of 107 cells (Figure s9). Next, we recorded the movement of MSe
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nanozymes, Pd@MSe, and Pd@MSe-TPP nanomotors using LSCM and
analyzed their trajectories with Image J. In aqueous solutions with
varying concentrations of HyO5, MSe nanozymes exhibited only low-
speed Brownian motion due to the lack of autonomous propulsion. In
contrast, PdA@MSe and Pd@MSe-TPP nanomotors displayed autono-
mous movement driven by O,, with significantly increased movement
speed in a concentration-dependent manner. In 1 mM H50; solution, the
self-propelled movement speeds of PdA@MSe and Pd@MSe-TPP nano-
motors reached 2.7 pm/s and 1.8 pum/s, respectively (Fig. 4B). The
corresponding images and videos further corroborated the movement
speed of PA@MSe is faster can be attributed to its stronger catalase ac-
tivity (Fig. 4E-s10, Movie 1-9). The mean square displacements (MSDs)
of Pd@MSe-TPP nanomotors, calculated according to Golestanian
et al.’s self-diffusiophoretic model [51], further demonstrated that the
MSDs of Pd@MSe-TPP nanomotors increased with higher fuel concen-
trations (Fig. 4D). This enhanced motion behavior is expected to greatly
improve the diffusion efficiency in the HyOo-rich of RAM.

We then observed and analyzed the movement of MSe nanozymes,
Pd@MSe, and Pd@MSe-TPP nanomotors under cellular conditions.
Before examining their intracellular movement, we assessed the cyto-
toxic effects of the components in Pd@MSe-TPP nanomotors. RAW
264.7 and MH7A cells were incubated with varying concentrations of Pd
nanozymes, MSe nanozymes, Pd@MSe, and Pd@MSe-TPP nanomotors
for 24 h. It was found that MSe nanozymes, Pd@MSe and Pd@MSe-TPP
nanomotors showed good biocompatibility even at 160 pg/mL
(Figure s11A-B). There are also showing no significant hemolytic ac-
tivity in MSe nanozymes, PdA@MSe and Pd@MSe-TPP nanomotors after
co-incubation with red blood cells (Figure s11C). Subsequently, we
introduced MSe nanozymes, Pd@MSe, and Pd@MSe-TPP nanomotors
into LPS-activated RAW 264.7 cell suspensions at different densities.
The results were similar to those observed in the H,O5 solution. MSe
nanozymes exhibited only slight Brownian motion, while Pd@MSe and
Pd@MSe-TPP nanomotors exhibited clear autonomous diffusion move-
ment, with movement speed increasing with cell density. At 1107 cells
density, due to the increased HyO» concentration in the cell suspension,
the movement speeds of Pd@MSe and Pd@MSe-TPP nanomotors
reached 1.8 pm/s and 1.9 pm/s, respectively (Fig. 4C). The observation
of movement images and videos of MSe nanozymes, Pd@MSe, and
Pd@MSe-TPP nanomotors within RAW 264.7 cells further confirmed
that Pd@MSe and Pd@MSe-TPP nanomotors generate propulsion to
achieve autonomous diffusion movement within cells. The autonomous
movement of PA@MSe-TPP nanomotors was more pronounced under
the driven by O3 and the targeting agent (Fig. 4F-Movie 10-12). Sub-
sequently, we evaluated the targeting functionality of Pd@MSe-TPP
nanomotors through cellular uptake and mitochondrial co-localization
experiments. After co-incubating with RAW 264.7 cells for 6 h, we
observed that mitochondria are widely distributed in cells. In addition,
Pd@MSe-TPP nanomotors exhibited significantly better cellular uptake
compared to MSe nanozymes and PdA@MSe nanomotors, particularly in
their autonomous diffusion targeting mitochondria (Fig. 4G). Addi-
tionally, a greater number of Pd@MSe-TPP nanomotors entered the
mitochondria with (Fig. 4H). Under dual propulsion, Pd@MSe-TPP
nanomotors also demonstrated enhanced motility and penetration in
3D spheroids of RAW 264.7 cells, with a penetration depth nearly 20 pm
greater than that of PdA@MSe nanomotors (Fig. 4J). Collectively, these
findings suggest that dual-powered Pd@MSe-TPP nanomotors provide a
promising therapeutic strategy for modulating mitochondrial dynamics
within monocyte-macrophage cells.

3.5. The activity of Pd@MSe-TPP nanomotors targeted regulate oxygen
imbalance

Monocyte-macrophage dysfunction in mitochondrial function plays
a crucial role in the development of RONS imbalance and the progres-
sion of RA [52,53]. Therefore, regulating the mitochondrial oxygen
imbalance to restore their function is a key step in addressing ROS
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imbalance. Based on this, RAW 264.7 cells and human monocytes THP-1
were used as research models. To further activate the
monocyte-macrophage and enhance the diffusion of Pd@MSe-TPP
nanomotors, a cell density of 1 x 10° cells and 250 pM H0, were
used as additional activators and fuel in the following experiments.
During the simultaneous elimination of ROS and hypoxia, we first
assessed the activity of Pd@MSe-TPP nanomotors in ROS elimination.
As shown in Fig. 5A, fluorescence detection using the ROS probe
DCFH-DA revealed low fluorescence intensity under normoxic condi-
tions, indicating low ROS levels in non-activated RAW 264.7 cells.
However, under hypoxic conditions or the hypoxia combination with
LPS (100 mg/mL) condition, the intracellular ROS concentration sharply
increased, consistent with our previous transcriptomic analysis results.
Subsequently, under hypoxic conditions with LPS, we pre-incubated the
cells with Pd nanozymes, MSe nanozymes, Pd@MSe, and Pd@MSe-TPP
nanomotors. The results showed that all of these had ROS-eliminating
activity. Specifically, Pd nanozymes decomposed H0, to produce Oy
through Cat activity, inhibiting the generation of eOH, while MSe

10

nanozymes effectively suppressed ROS through GPx activity. The find-
ings further demonstrated that Pd@MSe and Pd@MSe-TPP nanomotors
had enhanced ROS elimination efficiency due to the autonomous mo-
tion. The PA@MSe-TPP nanomotors, with their targeted autonomous
motion, exhibited a better ROS elimination. Quantitative analysis
revealed that the intracellular H,O- concentration after treatment with
Pd@MSe-TPP nanomotors was only 40.4 pM, close to the normal
cellular level of 36.5 pM (Fig. 5F). Immunofluorescence detection of
HIF-« clearly showed that under hypoxic conditions and LPS stimula-
tion, HIF-a levels in RAW 264.7 cells rapidly increased, but after ROS
elimination by Pd nanozymes, MSe nanozymes, Pd@MSe, and
Pd@MSe-TPP nanomotors, HIF-« levels were also suppressed, exhibiting
the same trend (Fig. 5B). Correspondingly, following the alleviation of
hypoxia in RAW 264.7 cells, fluorescence signals from the [Ru(dpp)s]Cls
probe indicated a reduction in fluorescence after treatment with Pd
nanozymes, MSe nanozymes, Pd@MSe, and Pd@MSe-TPP nanomotors,
suggesting an improvement in intracellular O, levels. Notably, the Oq
supply in cells treated with Pd@MSe-TPP nanomotors approached
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mean £ SD, *p < 0.05, **p < 0.01, ***p < 0.001).

normal levels (Fig. 5C). This demonstrates that the catalytic therapy
with Pd@MSe-TPP nanomotors achieved efficient and simultaneous
elimination of ROS and hypoxia in inflammatory
monocyte-macrophages, thereby improving oxygen imbalance.

After regulating the oxygen imbalance, we proceeded to assess the
changes in mitochondrial function in inflammatory monocyte-
macrophages. First, JC-1 staining revealed that under hypoxia and
combined hypoxia with LPS stimulation, JC-1 predominantly existed in
the monomer form in RAW 264.7 cells. This indicates that the mito-
chondrial membrane potential in RAW 264.7 cells significantly
decreased under inflammatory conditions (Fig. 5D). Moreover, the cell
morphology underwent noticeable changes that RAW 264.7 cells
exhibited inflammatory polarization with more filopodia under com-
bined hypoxia and LPS stimulation. However, after treatment with Pd
nanozymes, MSe nanozymes, Pd@MSe, and Pd@MSe-TPP nanomotors
provided significant protection to the mitochondria. The levels of JC-1
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monomers decreased, and the levels of JC-1 aggregates increased.
Notably, under the therapy of Pd@MSe-TPP nanomotors, there was
almost no decrease in mitochondrial membrane potential in RAW 264.7
cells, and the mitochondria remained undamaged. Consequently, the
cell morphology was relatively intact, and the level of inflammatory
polarization was low (Figure s12). Subsequent analyses of mitochondrial
lesions and mitochondrial respiratory capacity in RAW 264.7 cells
further validated these findings. Compared to the intact mitochondria
observed in normal cells, mitochondrial swelling, fragmentation,
disruption of membrane integrity, and damaged or absent cristae were
observed under the combined stimulation of hypoxia and LPS (Fig. 5E).
Moreover, with the mitochondrial damage, its respiratory function is
also seriously affected, which can be clearly observed by mitochondrial
oxygen consumption ratio (OCR), the overall mitochondrial respiratory
capacity of RAW 264.7 cells in effect of hypoxia and LPS was inhibited
(Fig. 5G). However, with treatments of Pd@MSe-TPP nanomotors, the
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Pd@MSe
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Fig. 7. In vivo imaging and distribution of Pd@MSe-TPP nanomotors in CIA model. (A) The bioluminescence images in the CIA mice after treated with MSe
nanozymes, PdA@MSe nanomotors, and Pd@MSe-TPP nanomotors at 0,1 h and 2 h. (B) The distribution of MSe nanozymes, Pd@MSe nanomotors, and Pd@MSe-TPP
nanomotors in CIA mice joints through the fluorescent section. (C) Histological sections of major organs extracted 24 h after treatment Pd@MSe nanomotors and
Pd@MSe-TPP nanomotors. Images were acquired at 200 x magnification, (n = 3, mean + SD).

synchronous inhibition of ROS and hypoxia effectively prevented
mitochondrial damage. Furthermore, WB analysis showed that
Pd@MSe-TPP nanomotors inhibited HIF-a expression in RAW 264.7
cells and protected mitochondria from RONS damage by increasing the
levels of GPx4 and TFAM (Fig. 5H). Similarly, in THP-1 cells, the same
trend was observed. Following the improvement of oxygen imbalance by
Pd@MSe-TPP nanomotors, the levels of TFAM and the human-specific
antibody TOM20 were effectively increased, while the expression of
the human-specific marker 8-OHdG was inhibited, indicating a similar
restoration of mitochondrial dysfunction. Therefore, based on the above
experiments and previous reports, we infer that the autonomous tar-
geted diffusion of Pd@MSe-TPP nanomotors effectively enhanced their
catalytic therapeutic efficiency within cellular mitochondria, improved
the oxygen imbalance in inflammatory monocyte-macrophages, and
protected mitochondria from inflammatory damage by elevating the
levels of selenoproteins and other antioxidant proteins. This study
demonstrates the potential of constructing nanomotors to enhance the
antioxidative and anti-inflammatory levels of MSe nanozymes within
inflammatory monocytes.

3.6. The activity of Pd@MSe-TPP nanomotors targeted inhibited
inflammatory response

Based on the excellent performance of PdA@MSe-TPP nanomotors in
modulating mitochondrial oxygen imbalance in monocytes-macrophage
cells, we subsequently assessed the inflammatory response within these
cells after the correction of oxygen imbalance. First, we measured the
levels of three pro-inflammatory factors (TNF-a, IL-1f and IL-6) in the
culture medium of each group. The results indicated these pro-
inflammatory factors showed a rapid increase in RAW 264.7 cells
under the combined effect of hypoxia and LPS, which is indicative of a
severe inflammatory response. However, treatment with Pd nanozymes,
MSe nanozymes, Pd@MSe, and Pd@MSe-TPP nanomotors led to varying
degrees of reduction in these factors, showing a trend consistent with the
regulation of oxygen imbalance. This suggests that Pd@MSe-TPP
nanomotors effectively suppressed the inflammatory response by
modulating mitochondrial oxygen imbalance within RAW 264.7 cells
(Fig. 6A-C).

We further examined the changes in immune responses associated
with inflammation following the application of Pd nanozymes, MSe
nanozymes, Pd@MSe, and Pd@MSe-TPP nanomotors, to elucidate their
role in blocking the inflammatory cascade. The cGAS-STING pathway is
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an intrinsic factor and signaling pathway responsible for inflammation
triggered by mitochondrial dysfunction [54], while CCR2, a key recep-
tor for chemokines, plays a significant role in the development and
spread of the inflammatory response and the infiltration of inflamma-
tory cells in mononuclear-macrophages [55]. NF-kB, a nuclear tran-
scription factor, acts as a switch in regulating inflammation and plays a
crucial role in the initiation and progression of the inflammatory
response [56]. Therefore, we primarily assessed cGAS-STING, CCR2 and
NF-«kB to demonstrate their blockade in the inflammatory cascade.
Immunofluorescence analysis of cGAS-STING (Fig. 6D and E) and CCR2
(Fig. 6F) revealed a significant increase in their expression in RAW
264.7 cells under the combined influence of hypoxia and LPS. This in-
dicates the cGAS-STING pathway is activated with the inflammatory
response increasing, and with the expression of CCR2 increasing further
promoted the inflammatory response overflow. Due to the varying de-
grees of protection offered by Pd nanozymes, MSe nanozymes, Pd@MSe,
and Pd@MSe-TPP nanomotors, the expression of cGAS-STING and CCR2
was inhibited to different extents. Among them, Pd@MSe-TPP nano-
motors exhibited the strongest protective effect due to their autonomous
targeting motion, resulting in the best inhibition of ¢cGAS-STING and
CCR2, approaching normal cell levels. Then we further found that Pd
nanozymes, MSe nanozymes, Pd@MSe, and Pd@MSe-TPP nanomotors
produced similar therapeutic effects in human
mononuclear-macrophage THP-1 cells, with Pd@MSe-TPP nanomotors
almost completely suppressing the expression of cGAS-STING and CCR2
(Figure s14). Subsequently, we further detected the expression of related
proteins in RAW 264.7 cells by WB, the WB results showed that
compared with the group of Hypoxia + LPS, treatment with Pd@MSe
and Pd@MSe-TPP nanomotors not only inhibited the expression of
NF-kB and CCR2 but also suppressed the expression of the
pro-inflammatory factor TNF-a within cells (Fig. 6G). Additionally,
using the Transwell co-culture system, we observed that the migration
and infiltration of macrophages were significantly inhibited following
treatment with Pd@MSe-TPP nanomotors, further corroborating the
aforementioned results (Fig. 6H). After 24 h of co-incubation, only 26
RAW 264.7 cells had migrated to the lower layer, a number close to that
of the normal cell group (Figure s15). Therefore, these experiments
demonstrate that Pd@MSe-TPP nanomotors, by effectively modulating
mitochondrial oxygen imbalance in mononuclear-macrophages, not
only rapidly suppress the inflammatory response within cells but also
effectively inhibit the inflammatory cascade by blocking key factors at
various stages of the inflammatory process, thereby preventing further
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Fig. 8. In vivo regulates oxygen imbalance and inhibits inflammation. (A) The illustration of CIA model mice construction and treatment process. (B) The photo-
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CCR2 expression in articular cartilage on 30th day after various treatments by immunohistochemistry, (n = 5, mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001).

progression and spread of inflammation.

3.7. Invivo imaging and distribution of Pd@MSe-TPP nanomotors in CIA
model mouse

Based on the previous experiments where Pd@MSe-TPP nanomotors
demonstrated excellent diffusive motion and permeability through
autonomous targeted driving, we further evaluated their distribution
and penetration into joints in CIA model mice using an in vivo imaging
system. First, we assessed the distribution of 40 pg/mL Cy5-labeled MSe
nanozymes, Pd@MSe nanomotors, and Pd@MSe-TPP nanomotors in
CIA mice at different time points following tail vein injection. As shown
in Fig. 7A, due to the lack of autonomous diffusion and targeting
capability, only a small amount of MSe nanozymes reached the lesion
sites in CIA mice 2 h after injection. However, the Pd@MSe nanomotors,
driven by autonomous motion, effectively diffused and penetrated into
the joints of CIA mice. Notably, fluorescence from Pd@MSe nanomotors
was observed at the lesion sites as early as 1 h post-injection, indicating
effective entry into the affected areas. Nonetheless, the fluorescence
intensity of PdA@MSe nanomotors in CIA joints did not increase over
time. In contrast, Pd@MSe-TPP nanomotors, under the influence of dual
driving forces, improved accumulation in the lesion sites of CIA mice
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through the targeting effect of TPP. This not only enabled effective
diffusion and entry into the joints but also led to enhanced accumulation
over time. Subsequent joint tissue sections provided clearer evidence
that, at 2 h, the accumulation of Pd@MSe-TPP nanomotors in the mouse
ankle joints was significantly higher than that of MSe nanozymes and
Pd@MSe nanomotors (Fig. 7B), with fluorescence intensity reaching
1419, which is 2.8 times that of MSe nanozymes (Figure s16). Therefore,
in vivo imaging further demonstrated that the construction of dual-
driven Pd@MSe-TPP nanomotors not only effectively enhanced the
diffusion of MSe nanozymes within mononuclear-macrophages but also
improved their accumulation in the lesion areas of CIA model mice.
Furthermore, to determine whether a concentration of 40 pg/mL
Pd@MSe-TPP nanomotors is suitable for further in vivo studies, we
conducted H&E pathological examinations of major organs to assess
potential toxic side effects, along with toxicity evaluations for each
group. As shown in Fig. 7C and Figure s17, after 24 h of administration,
the same nanoparticles did not induce toxic side effects in the major
organs, indicating good biocompatibility. This suggests that Pd@MSe-
TPP nanomotors and their components are appropriate for in vivo
studies.
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Fig. 9. The therapeutic effect of PdA@MSe-TPP nanomotors in inhibiting cartilage erosion. (A-B) The Micro-CT images of toe joints and ankle joints changes after
various treatments. (C) The pathological sections of synovium and cartilage stained with H&E after various treatments. (D) The pathological sections of synovium and
cartilage stained with Safranin O-Fast Green after various treatments(Saffranine O stains the cartilage, Fast Green stain bone tissue), (n = 5, mean + SD).

3.8. The performances of nanomotors inhibits inflammation in vivo by
regulating oxygen imbalance

The inflammatory response in RA plays a decisive role in immune
regulation and changes in articular cartilage [57,58]. Therefore, to
further evaluate the regulation of RA by Pd@MSe-TPP nanomotors, we
first assessed the effectiveness of PA@MSe-TPP nanomotors in sup-
pressing the inflammatory response by modulating oxidative imbalance
in CIA mice. We used male DBA/1 mice to establish the CIA model by
injecting inducer with two immunizations over 21 days. Then we used
the mean clinical scores to assess the severity of the inflammatory
response in the CIA mice, and the end of the immune activation defined
as day 0. Subsequently, the CIA mice were randomly divided into five
groups (5 mice per group) and treated on day 1 with PBS, Pd nanozymes,
MSe nanozymes, PdA@MSe nanomotors, and Pd@MSe-TPP nanomotors,
respectively. Additionally, normal mice were used as a control group.
The treatment groups received injections every two days, and the
changes in clinical scores were recorded. On 30 days with a significant
reduction of the mean clinical scores the mice were euthanized (Fig. 8A).

Initially, based on the changes in clinical scores, we observed that the
CIA mice in the PBS group exhibited a persistent inflammatory response,
leading to an increase in clinical scores over time, reaching a score of 16
at euthanasia on day 30 (Figure s18). This score indicated severe
inflammation and limb swelling in the joints of the limbs, which was
further confirmed by post-mortem images (Fig. 8B). In contrast, treat-
ment with Pd nanozymes, MSe nanozymes, Pd@MSe nanomotors, and
Pd@MSe-TPP nanomotors led to varying degrees of relief from hind
limb swelling. Among these, Pd nanozymes had the least anti-
inflammatory effect, as indicated by the relatively high clinical scores
and severe joint swelling. The MSe nanozymes group showed noticeable
redness and swelling, with clinical scores dropping to 8. The CIA mice
treated with Pd@MSe nanomotors showed substantial improvement,
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with clinical scores dropping to 6, accompanied by only mild redness
and swelling. The best results were observed in the group treated with
Pd@MSe-TPP nanomotors, where the hind limbs exhibited no notice-
able redness or swelling and clinical scores dropped to 3, approaching
those of normal mice. These results suggest that Pd@MSe-TPP nano-
motors effectively suppressed the inflammatory response in the limb
joints of CIA mice. Subsequent analyses of peripheral blood for inflam-
matory cytokines (TNF-a, IL-1f, and IL-6), as well as the size of lymph
nodes in the hind limbs, further revealed that treatment with Pd@MSe-
TPP nanomotors significantly reduced pro-inflammatory cytokine levels
(Fig. 8C-E), and prevented noticeable lymph node hyperplasia in the
hind limbs (Figure s19). These findings indicate that Pd@MSe-TPP
nanomotors not only suppress the inflammatory response but also
reduce systemic chronic inflammation by blocking the inflammatory
cascade. Additionally, histopathological analysis of the hind limbs
across the different treatment groups confirmed these findings, showing
that the expression of hypoxia-inducible factor HIF-a (Fig. 8F) and
chemokine receptor CCR2 (Fig. 8G) in the joint cavities of CIA mice
decreased to varying extents after varying treatment. Notably, treatment
with Pd@MSe-TPP nanomotors brought these markers to levels close to
those of normal mice, indicating that Pd@MSe-TPP nanomotors effec-
tively ameliorated oxidative imbalance and inhibited chemotaxis, pre-
venting the spread of the inflammatory response.

3.9. The therapeutic effect of PA@MSe-TPP nanomotors in inhibiting
cartilage erosion

Based on the articular cartilage as the final affected tissue in RA, it is
also crucial to evaluate the progression of RA. Therefore, we further
assessed the structural and pathological changes in the joints of mice in
each group. Firstly, we utilized Micro-CT to observe the changes in the
toe and ankle joints of mice in each group, as shown in Fig. 9A-B. In the
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PBS group, under the severe erosion caused by the intense inflammatory
cascade, the entire hind limb of the mice exhibited significant defor-
mation, with nearly all toe joints showing marked erosion and degra-
dation, and the ankle joints also suffering severe damage, resulting in a
collapse of the entire structure. In contrast, the joint changes in the
treatment groups were consistent with the expected trend in terms of the
activity of the inflammatory response. Although the Pd nanozymes
group showed some improvement in ankle joint degradation compared
to the PBS group, all the toe joints still suffered severe damage. And the
MSe nanozymes group, with a stronger ability to eliminate RONS,
showed further improvement in joint degradation. The Pd@MSe nano-
motors group demonstrated better therapeutic effects, with only partial
joint degradation observed in CIA mice. Correspondingly, the Pd@MSe-
TPP nanomotors group exhibited the best therapeutic effect, as the CT
results not only revealed clear joint structures with only minor degra-
dation in a few joints but also showed a bone surface-to-bone volume
ratio approaching that of the normal group (Figure s20). These findings
further confirm that the PdA@MSe-TPP nanomotors effectively protected
the articular cartilage from inflammatory damage by regulating oxygen
imbalance in RA. The histopathological analysis of H&E staining and
Safranin O-Fast Green staining further corroborated these results. H&E
staining clearly revealed severe cellular infiltration (red arrows), syno-
vial hyperplasia (blue arrows), and bone tissue erosion (black arrows) in
the joint cavity of CIA mice in the PBS group (Fig. 9C). Safranin O-Fast
Green staining further demonstrated that the Safranin O staining was
highly uneven in the PBS group (blue arrows), with only Fast Green
staining visible (yellow arrows), indicating that the cartilage had almost
completely degraded (Fig. 9D). However, after treatment with Pd
nanozymes, MSe nanozymes, PdA@MSe nanomotors, and Pd@MSe-TPP
nanomotors, varying degrees of improvement were observed, with the
Pd@MSe-TPP nanomotors group showing only mild synovial hyper-
plasia and no cartilage erosion. Overall, the Pd@MSe-TPP nanomotors
exhibit excellent in vivo and in vitro regulation of oxygen imbalance,
anti-inflammatory effects, and inhibition of RA progression, providing
an effective therapeutic strategy for treating RA.

4. Conclusion

Based on the oxygen imbalance in clinical RA patients, and the
excessive RONS and oxygen deficiency in mononuclear macrophages are
important causes of RAM oxygen imbalance, the regulation of oxygen
imbalance is particularly critical for RA treatment. To achieve actively
target the regulation oxygen imbalance in RAM and improve RA ther-
apy, this study synthesis of an asymmetrically structured composite
nanozyme motor (Pd@MSe-TPP nanomotors) that using endogenous
H,03 to generate oxygen and TPP forming a dual-drive power that al-
lows the selenium nanozyme motors to autonomously diffuse into the
mitochondria of monocytes-macrophages, and achieved synchronously
inhibits excessive RONS and hypoxia. Following the rapid regulation of
oxygen imbalance, Pd@MSe-TPP nanomotors not only effectively sup-
pressed inflammatory response, but effectively blocking the inflamma-
tory cascade reaction. Consequently, with the therapy of the Pd@MSe-
TPP nanomotors, after restoring the oxygen balance, the spread of
inflammation and the erosion of cartilage were significantly inhibited in
CIA mice, thereby suppressing the progression of RA. This study pro-
vides significant scientific value and practical implications for reshaping
RAM and improving RA treatment.
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