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A B S T R A C T

Synovial inflammation plays a crucial role in osteoarthritis (OA) development, leading to chronic inflammation 
and cartilage destruction. Although targeting synovitis can alleviate OA, clinical outcomes have been disap
pointing due to poor drug targeting and joint cavity heterogeneity. This study presents pH-responsive lipid 
nanoparticles (LNPs@UA), loaded with Urolithin A (UA), as a potential OA treatment. LNPs@UA showed uni
form particle size, low zeta potential, and effective mitochondria-targeting and pH-responsive capabilities. In 
vitro, LNPs@UA reduced reactive oxygen species (ROS), pro-inflammatory factors (IL-1β, IL-6, TNF-α), and 
promoted M2 macrophage polarization. It improved mitochondrial structure, enhanced autophagy, and inhibited 
ferroptosis. In vivo, LNPs@UA alleviated OA progression in an ACLT-induced OA mouse model. Transcriptomic 
analysis revealed inhibition of NF-κB signaling and activation of repair pathways. These results suggest 
LNPs@UA could offer a promising therapeutic approach for OA.

1. Background

Osteoarthritis (OA) is a degenerative joint disorder characterized by 
inflammation that affects multiple synovial joints, leading to cartilage 
degradation, joint space narrowing, osteophyte formation, and synovi
tis. Synovial inflammation plays a pivotal role in OA pathogenesis by 
inducing pain and promoting articular cartilage degeneration and 
inflammation [1,2]. Current therapeutic options for OA include 
nonsteroidal anti-inflammatory drugs, intra-articular glucocorticoid and 
hyaluronic acid injections, mesenchymal stem cell therapy, and osteo
chondral transplantation [3]. However, clinical outcomes remain sub
optimal, often necessitating eventual joint replacement owing to 
inadequate joint-specific drug delivery. Fortunately, advancements in 
nanomaterials offer promising avenues for targeted drug delivery and 
enhancing cartilage repair or regeneration through drug-loaded nano
carrier technologies. This innovation holds potential for identifying new 
therapeutic targets and improving treatment outcomes in OA patients.

Urolithin A (UA) is a metabolite derived from ellagic acid (EA) 

following intestinal processing, a process influenced by the gut micro
biota, with only 40 % of individuals being capable of converting pre
cursor molecules into UA [4,5]. As the most potent metabolite of EA, UA 
has notable anti-inflammatory properties [6]. Recent studies have 
highlighted its ability to inhibit inflammation [7], scavenge reactive 
oxygen species (ROS) [8], and enhance antioxidant enzyme activity [9]. 
Despite these beneficial effects, the potential use of UA for OA treatment 
remains unexplored [10], likely due to challenges such as low 
bioavailability and variable metabolic profiles among individuals. 
Encouragingly, advancements in liposome nanoparticles (LNPs) and 
microfluidic techniques offer potential solutions to these challenges. 
LNPs have been indicated as effective as drug carriers in clinical settings 
[11], offering advantages such as sustained release and improved drug 
stability. Moreover, LNPs can be tailored to enhance drug functionality 
through surface modifications [12]. Microfluidic technology, which in
volves precise manipulation of fluids at the micro- and nanoscales [13], 
enables the creation of drug-loaded liposome nanoparticles that are 
targeted, biocompatible, and uniformly sized [14–16]. These 
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advancements hold significant promise for OA treatment because they 
address issues related to drug delivery efficiency and effectiveness in 
targeting inflamed joints.

In this study, we developed novel pH-responsive lipid nanoparticles 
for the delivery of UA to treat OA. We have demonstrated that these 
nanoparticles offer distinct advantages for OA treatment in both in vitro 
and in vivo animal models. In OA, inflammation boosts repair but also 
causes cells to make lactic acid due to low oxygen, which acidifies the 

joint environment. In a healthy joint, synovial fluid has a pH of 7.4. 
However, as OA progresses and cartilage degrades, the pH gradually 
decreases to between 6.6 and 7.2, and can even drop to as low as 6.0 
[17], which impedes effective drug delivery [18]. We designed LNPs 
encapsulating UA, modified with 2-(diisopropylamino) ethylamine 
(2-DIP) for pH-responsive drug release and triphenylphosphine (TPP) to 
target mitochondria. In OA, mitochondrial dysfunction and ROS accu
mulation play key roles in disease progression [19], and targeting 

Fig. 1. Synthesis and characterization of LNPs@UA. (A) Schematic diagram illustrating the LNPs@UA preparation method. (B) Representative TEM images and 
particle sizes of LNPs and LNPs@UA. (C–D) Distribution of the particle size and zeta potential of LNPs and LNPs@UA, as detected by DLS (n = 3). (E) Release profiles 
of UA from LNPs@UA and pure UA solution under different pH conditions (n = 3). (F) Representative TEM image of LNPs@UA during the dissociation and release 
of UA.
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mitochondria can help regulate the ROS-mitophagy-ferroptosis axis [20,
21]. Using microfluidic technology, we created UA-loaded LNPs that 
release UA in the acidic OA environment and selectively target mito
chondria [22]. These nanoparticles reduce ROS levels, promote 
mitophagy, and inhibit ferroptosis, leading to reduced inflammation and 
cartilage damage. Additionally, LNPs@UA suppressed inflammatory 
cytokines and the NF-κB signaling pathway (see Graphical Abstract). 
The significance of this research lies in its potential to offer a new, 
effective strategy for treating OA. The LNPs@UA system holds promise 
for clinical application due to its stable, homogeneous physical prop
erties, excellent biocompatibility, and in vivo safety. Overall, our study 
provides a promising approach to blocking OA progression by targeting 
mitochondria and modulating the OA microenvironment, offering sub
stantial potential for future clinical use in OA treatment.

2. Methods

2.1. Synthesis of Chol-TPP

Chol-TPP is a mitochondrion-targeted liposome ligand that can be 
used in pH and redox reactions [23]. To prepare Chol-TPP (HY-144768, 
MCE), which is mitochondrion-targeted and can be conjugated to lipo
somes, we employed a catalytic synthesis reaction based on the structure 
of triphenylphosphine (TPP), which condenses and connects cholesterol 
molecules (Chol) to the TPP structure, forming the Chol-TPP structure.

2.2. 2-DIP

2-(Diisopropylamino) ethylamine (2-DIP) is a pH-responsive chem
ical group that can be attached to compounds such as polyethylene 
glycol (PEG). PEG is a significant excipient used in the synthesis of li
posomes. Prior to preparing the UA-loaded nanomaterials, we pre- 
prepared PEG excipients containing 2-DIP for the subsequent prepara
tion of LNPs@UA.

2.3. Preparation of LNPs@UA

Drug-loaded liposomes (Fig. 1A) were prepared using a microfluidic 
mixing technique [16]. The components, namely, 1,2-dipalmitoyl-gly
cerol-3-phosphocholine (DPPC), grafted 2-DIP 1,2-dis
tearoyl-glycerol-3-phosphoethanolamine- [amino (polyethylene glycol) 
2000] (DSPE-PEG2000), and Chol-TPP, were dissolved in ethanol at a 
molar ratio of 70/5/25. The concentration of DPPC was set at 20 
mmol/L to ensure complete drug encapsulation. UA and coumarin 6 
(C6) were then dissolved in the lipid solutions at concentrations of 2.0 
and 0.5 mg/mL, respectively. The lipid solution and PBS (0.01 mol L-1, 
pH = 7.4) were injected into the microfluidic mixer using a dual-channel 
syringe pump (LD-P2020II, Shanghai Lande Medical Equipment Co., 
Ltd., China) at a flow rate ratio (FRR) of 5. The lipid/UA/C6 solution was 
introduced through the lipid inlet, while PBS was introduced through 
the buffer inlet. To remove any residual organic solvents and free mol
ecules, the resulting liposomes were dialyzed in PBS for 24 h using a 
dialysis bag with a molecular mass of 14000 Da.

2.4. Material characterization

The particle size, polydispersity index (PDI), and zeta potential of 
both the liposomal LNPs (unmodified liposomes) and LNPs@UA (TTP- 
modified, 2-DIP-linked, and UA-loaded liposomes) were measured using 
a laser particle analyser (BeNano 90 zeta, Bettersize, China) and dy
namic light scattering (DLS). The blank and drug-loaded liposome 
samples were diluted with phosphate-buffered saline (PBS) at a ratio of 
1:50. The reported values represent the average of three measurements. 
The morphology of LNPs@UA was observed using transmission electron 
microscopy (Talos™ F200X S/TEM, Thermo Fisher Scientific, USA). For 
TEM imaging, 20 μL of sample was dropped onto a 200-mesh copper 

grid. After a 30-min interval, 20 μL of a 2 % phosphotungstic acid 
negative staining solution was dropped onto the grid. The excess stain 
was subsequently removed with 30 μL of ultrapure water. Notably, the 
samples were allowed to air dry at room temperature for at least 5 h 
before being subjected to TEM.

2.5. pH response release assay

To evaluate the pH responsiveness of LNPs@UA, release experiments 
were conducted. A total of 10 ml of LNPs@UA was diluted in HEPES 
buffer solutions with pH values of 7.4 and 5.0, mimicking normal sy
novial fluid and OA. The diluted solutions were then placed into dialysis 
bags with a 50 nm pore size and placed in a 37 ◦C shaking incubator. At 
various time points (4 h, 8 h, 16 h, 28 h, and 48 h), 0.5 ml of the solution 
from the dialysis bags was withdrawn and analysed for UA using a multi- 
wavelength meter. Simultaneously, for each sample, an equal volume 
(0.5 ml) of fresh buffer solution was added to the dialysis bag to main
tain a constant volume. The release rate of LNPs@UA at each pH value 
was used to assess its pH responsiveness. To ensure the precision of the 
results, the release analysis was performed three times, and the data 
were subjected to analyses.

2.6. Cell lines and cell culture

C28/I2 human chondrocytes were provided by the University of 
Western Australia [24]. Raw264.7 cells (mouse macrophages) were 
purchased from ATCC (Chinese Academy of Sciences Cell Bank, 
Shanghai, China) and cultured in DMEM supplemented with 10 % foetal 
bovine serum. To establish an in vitro inflammation model, C28/I2 cells 
were stimulated with 5 μg/mL LPS (HY-D1056; MCE; USA) for 12 h [17]. 
Similarly, a macrophage inflammation model was established by stim
ulating Raw264.7 cells with 1 μg/mL LPS for 12 h [18].

2.7. Western blotting analysis

After the cells were cultured, they were washed twice with PBS 
(P1020; Solarbio, Beijing, China). Once the residual PBS was absorbed, 
an appropriate volume of RIPA lysis buffer containing protease in
hibitors (P0013; Beyotime; Shanghai, China) was added to the cells. The 
cells were then lysed on ice for 20 min. The lysate was collected in a new, 
sterile, enzyme-free centrifuge tube using a cell scraper. The tube was 
centrifuged at 4 ◦C and 12000 rpm for 15 min to obtain the cell protein 
supernatant. After BCA protein quantification, an appropriate volume of 
protein supernatant was added to 5 × SDS-PAGE loading buffer (P0280; 
Beyond; Shanghai, China). The proteins were denatured in a metal bath 
at 100 ◦C for 10 min. A total of 30 μg of protein was subsequently 
removed from each group for electrophoresis. After electrophoresis, the 
proteins were transferred to a membrane, which was blocked with 5 % 
skim milk powder at room temperature for 1.5 h. During this time, the 
sections were incubated with the primary antibody overnight. The 
following antibodies were used: MMP-13 (E4W3T) rabbit mAb 
(#69926; CST; USA), COL1A1 (E8F4L) XP® rabbit mAb (#72026; CST; 
USA), SQSTM1/p62 (D1Q5S) rabbit mAb (#39749; CST; USA), Beclin-1 
antibody (#3738; CST; USA), LC3A/B (D3U4C) XP® rabbit mAb 
(#12741; CST; USA), PARK2/Parkin polyclonal antibody (14060-1-AP; 
Proteintech; Wuhan, China), PINK1 polyclonal antibody (23274-1-AP; 
Proteintech; Wuhan, China), iNOS polyclonal antibody (22226-1-AP; 
Proteintech; Wuhan, China), CD206 polyclonal antibody (18704-1-AP; 
Proteintech; Wuhan, China), GPX4 monoclonal antibody (67763-1-Ig; 
Proteintech; Wuhan, China), SLC7A11/xCT rabbit polyclonal (26864-1- 
AP; Proteintech; Wuhan, China), and ACSL4 polyclonal (22401-1-AP; 
Proteintech; Wuhan, China), NRF2 rabbit monoclonal (80593-1-RR; 
Proteintech; Wuhan, China), DHODH polyclonal antibody (14877-1-AP; 
Proteintech; Wuhan, China), HO-1/HMOX1 polyclonal antibody 
(10701-1-AP; Proteintech; Wuhan, China), P53 monoclonal antibody 
(60283-2-Ig; Proteintech; Wuhan, China), Bax Antibody (#2772; CST; 
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USA), Bcl-2 (D17C4) rabbit mAb (#3498; CST; USA), and Cleaved 
Caspase-3 (Asp175) antibody (#9661; CST; USA). On the second day, 
the membrane was washed three times for 5 min each with TBST 
(P1031; Solarbio, Beijing, China). After the membranes were incubated 
with an HRP-conjugated secondary antibody at room temperature for 
1.5 h, they were washed three times for 10 min each with TBST. Lastly, 
the strips were exposed, and the grey value was statistically analysed 
using ImageJ.

2.8. RNA extraction and qRT-PCR

Total RNA was isolated and extracted from cultured cells using 
TRIzol reagent (Absin, Shanghai, China). A PrimeScript RT Reagent Kit 
(Takara, Japan) was used for reverse transcription. SYBR Green qPCR 
Master Mix (MCE; USA) was used for qPCR on an ABI Prism 7900HT 
(Applied Biosystems, CA, USA). The normalization of mRNA expression 
was performed using the GAPDH gene as a target gene with the 2− ΔΔ 

method used to calculate the Ct value.Table 1.

2.9. ELISA assay

After the cells were cultivated under different conditions, the cell 
culture supernatant was collected and centrifuged at 4000 r/min for 5 
min, transferred to a new sterile, enzyme-free centrifuge tube, and 
stored at − 80 ◦C for future use. Then, the expression of TNF-α, IL-6 and 
IL-1β was detected in accordance with the operating instructions of the 
corresponding commercial reagent kits. Human TNF-α ELISA kits (Item 
No. SEKH-0047; Manufacturer: Solarbio Life Sciences); Human IL-6 
ELISA kits (Item No. SEKH-0013; Manufacturer: Solarbio Life Sci
ences); Human IL-1β ELISA kits (Item No. SEKH-0002; Manufacturer: 
Solarbio Life Sciences) were used.

2.10. Mitochondria-targeting ability

C28/I2 cells were inoculated into a confocal dish at a suitable density 
and grown until the second day. Then, LNPs@UA-C6 and LNPs@C6 
were added to the cells for more than 12 h and the original medium was 
discarded. Precooled PBS was added to wash the cells three times, and 
the medium was prepared as a mixture with a mitochondrial far-infrared 
fluorescent probe (Mito-Tracker Deep Red FM; Beyotime; Shanghai, 
China) at a ratio of 5000:1. The mixture was subsequently added to the 
cultured C28/I2 cells, which were then incubated for 30 min. After that, 
the medium was discarded, and the cells were washed with precooled 
PBS three times before they were photographed with PBS under a laser 
confocal microscope.

2.11. Cellular viability

After the C28/I2 cells were cultured for 24 h, different concentra
tions of LNPs@UA and LPS were added and processed, and then 10 μL of 
CCK-8 operating solution was added for 2 h of cultivation. The OD value 
was detected at a wavelength of 450 nm by an enzyme marker to 
calculate the corresponding proliferative activity level.

2.12. Cell apoptosis analysis

Following the different cultivation treatments, the corresponding 
reaction reagents were added to the cells in each group according to the 
instructions for the kits. C28/I2 cells were incubated with annexin V- 
FITC/PI for 15–30 min, after which the apoptosis rate of each group of 
cells was analysed with an apoptosis detection kit (Becton Dickinson 
Biosciences, San Jose, CA, USA).

2.13. ROS assay

After the different cultivation treatments, the corresponding reaction 
reagents were added to each group of cells as required by the in
structions of the reagent kit. The ROS levels of the cells were analysed 
with a flow cytometer (Becton Dickinson Biosciences). The Reactive 
Oxygen Species Detection Kit (Beyotime; item number: S0033S) was 
purchased from Beyotime.

2.14. Detection of the Fe2+ content

After the different cultivation treatments, the corresponding lysate 
was added to each group of cells according to the instructions for the 
reagent kit. After that, the OD values of each group of samples were 
detected by ELISA (Solebao, BC5310).

2.15. SOD, GSH and ATP assay

After the different cultivation treatments, the corresponding 
extracting solution was added to each group of cells according to the 
instructions for the kits. The reaction reagents were subsequently added 
to the cells whose OD values were detected by ELISA (Beyotime, S0101S; 
Beyotime, S0053; Beyotime, S0026).

2.16. RNA sequencing and bioinformatic analysis

Following the cultivation treatments, the C28/I2 cells were washed 
twice with precooled PBS and treated with an appropriate amount of the 
RNA extraction reagent TRIzol (Absin, Shanghai, China). The total RNA 
was extracted according to the experimental procedures specified by the 
gene-sequencing company to establish an RNA library for subsequent 
transcriptome sequencing. The sequenced data were analysed using 
bioinformatic techniques such as differential gene expression analysis, 
in GO/KEGG, and GSEA.

2.17. ACLT-induced OA mouse model

The University of South China Ethics Committee for Animal Exper
iments authorized all the animal handling reported here as being 
morally appropriate and ensured that it complied with any regulations 
(Approved number: 2023-253). The OA mouse model was constructed 
by ACLT. The mice were anaesthetized with isoflurane gas and placed in 
a supine position after the surgical area was prepared for skinning. Each 
right knee joint, which served as the surgical site, was thoroughly dis
infected. A microblade was used to incise the skin, exposing the patellar 
ligament. The joint cavity was then opened along the medial edge of the 
patellar ligament, and the adipose tissue surrounding the joint cavity 
was gently separated. The tibial end of the anterior cruciate ligament is 
located along the anterior medial edge of the tibia and is subsequently 

Table 1 
The primers are listed in Table 1.

Gene Forward 5′-3′ Reverse 5′-3′

TNF-α TGTTCCTCAGCCTCTTCT GGACCTGGGAGTAGATGA
IL-6 AAGTCCTGATCCAGTTCCT GCAGAATGAGATGAGTTGTC
IL-1β ATCTCCGACCACCACTAC CACCACTTGTTGCTCCAT
NRF2 ATTCCTTCAGCAGCATCC GTGTTGACTGTGGCATCT
ASCL4 TGCGTGAACGAGGGCTAT GCAGGTGCTTGATGTAGTC
SLC7A11 TTCAAGGTGCCACTGTTC TGATGACGAAGCCAATCC
DHODH GGAAGAACAAGACCTCAGT GGACACATTCACCACCAG
GPX4 GCTGTGGAAGTGGATGAA GATGAGGAACTGTGGAGAG
HO-1 TGACACCAAGGACCAGAG AAGGACCCATCGGAGAAG
GAPDH TATGACAACAGCCTCAAGAT AGTCCTTCCACGATACCA
Tnf-α GTGGAACTGGCAGAAGAG GCTACAGGCTTGTCACTC
Il-1β CTTCAGGCAGGCAGTATC CAGCAGGTTATCATCATCATC
Il-6 TTCCATCCAGTTGCCTTC AATTAAGCCTCCGACTTGT
Inos CAGGAGATGTTGAACTATGTC TTGGTGTTGAAGGCGTAG
Cox-2 CCTTCTCCAACCTCTCCTA CTCCACCAATGACCTGATAT
Gapdh TCTCCTGCGACTTCAACA TGTAGCCGTATTCATTGTCA
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cut off to induce instability in the knee joint. The wound was cleaned 
using iodophor antiseptic solution, and the tissue and skin were closed 
using continuous 7–0 surgical sutures. To prevent wound infection, 
penicillin was locally injected. Fifty 8-week-old male C57BL/6 mice 
were obtained from Vital River Laboratory Animal Technology Co. Ltd. 
(Beijing, China). The mice were randomly divided into 5 groups, with 
each group consisting of 10 mice. Group 1 served as the negative control 
group and underwent sham surgery in which only the joint capsule was 
dissected, and the skin was sutured layer by layer. These mice were 
injected with saline. The mice in groups 2–5 underwent ACLT surgery 
for OA modelling. In group 2, all the mice were injected with saline after 
3 days of ACLT construction to establish the OA model. In contrast, the 
mice in groups 3–5 received injections of 10 μL of different drugs 
(namely, LNPs, UA, or LNPs@UA) into the joint cavity every 3 days for a 
period of 6 weeks after 3 days of ACLT construction. The mice were 
housed in a controlled environment with SPF-grade standards, in which 
a temperature of approximately 25 ◦C was maintained. They were also 
provided with an adequate supply of food, water, and new wood shav
ings every 3 days.

2.18. Histological and immunohistochemical analyses

Six weeks after the surgery, the knee joints of the mice were isolated 
after the animals were euthanized. These isolated joints were fixed with 
paraformaldehyde and cut into 5 μm-thick slices after they were decal
cified and embedded in paraffin. The slices were stained with H&E and 
Safranin O-Fast Green for histological analysis. For immunohistochem
ical staining, the slices were incubated with the corresponding primary 
antibodies (e.g., against MMP13, Col-II, IL-1β, PINK1, Parkin, p62, 
Beclin1, ASCL4 and GPX4) overnight at 4 ◦C, followed by incubation 
with secondary antibodies for 1 h. The paraffin slices were stained with 
3,3′-diaminobenzidine (DAB) substrate. Lastly, the relative expression of 
these genes was quantified using ImageJ software.

2.19. Statistical analysis

The data are presented as the means of at least three biological 
replicates with standard deviations. For normally distributed data, the 
differences between the two groups were assessed by bilateral t-test. p <
0.05 was considered significant. All the statistical analyses were con
ducted using GraphPad Prism 9.

3. Results

3.1. Synthesis and characterization of LNPs@UA

Both LNPs and LNPs@UA were synthesized and prepared using 
microfluidic technique, as shown in Fig. 1A. To study the physico
chemical properties of LNPs@UA, transmission electron microscopy 
(TEM) and dynamic light scattering (DLS) were employed, and the re
sults revealed that the LNPs and LNPs@UA were uniformly complete 
spheroids measuring ≈ 127.3 ± 1.35 and 125.6 ± 12.51 nm, respec
tively (Fig. 1B and C). Moreover, the polydispersity indices (PDIs) of the 
LNPs and LNPs@UA were approximately 0.2136 ± 0.02223 and 0.1723 
± 0.03995, respectively (Fig. 1B). As shown in Fig. 1D, the zeta potential 
values for LNPs and LNPs@UA were approximately − 16.9033 ± 0.7877 
mV and − 11.2166 ± 2.378 mV, respectively. The release behavior of UA 
wrapped in LNP@UA in solutions with different pH values was subse
quently detected. The results revealed that approximately 48.2 % of the 
UA was released when LNP@UA was added to an environment at pH 5.0 
at 28 h, however, when the environment at pH 7.4, only 15.2 % of the 
UA was released within the same time frame (Fig. 1E). Notably, the 
release rate of pure UA solution showed no significant change at pH 5.0 
and pH 7.4, reaching approximately 80 % after 16 h with no further 
notable increase thereafter (Fig. 1E). The TEM images further confirmed 
that, following 24 h of treatment in a pH 5.0 solution, LNPs@UA 

experienced substantial dissociation. As shown in Fig. 1F, the previously 
homogeneous spherical structure of LNPs@UA transitioned into an 
irregular morphology. Collectively, these results indicate that LNPs and 
LNPs@UA have uniform particle sizes, relatively low potential energies, 
good stabilities, and equally distributed molecular weights.

3.2. Biocompatibility and mitochondrion-targeted behaviors of 
LNPs@UA

To investigate the effect of LNPs@UA on cell viability, a CCK8 assay 
was performed after the administration of LNPs@UA for 24 h in C28/I2 
chondrocytes and RAW264.7 macrophages. As shown in Fig. 2A, 
LNPs@UA had no significant toxic effect on C28/I2 chondrocytes at 
different concentrations (1, 5, 10, 20, 50, 100 and 250 μM). Interest
ingly, at a concentration of 20 μM, LNPs@UA somewhat enhanced the 
activity of C28/I2 cells. Similar results were observed in RAW264.7 
cells, and LNP@UA significantly increased the activity of RAW264.7 
cells at a concentration of 20 μM (Fig. 2B). These results suggest the 
satisfactory biocompatibility of LNPs@UA at a dose of 20 μM or less in 
C28/I2 chondrocytes or RAW264.7 macrophages, which could be used 
for follow-up studies without compromising cell activity.

After determining the safe concentration range, we sought to test 
whether LNPs@UA could efficiently target mitochondria. The fluores
cent dye coumarin 6 (C6) was loaded onto LNPs@UA and LNPs, and 
MitoTracker was used to track the intracellular transportation of 
LNPs@UA and LNPs. A confocal laser scanning microscope (CLSM) was 
then used to observe the result. As shown in Fig. 2C, compared with the 
LNPs, LNPs@UA displayed highly efficient accumulation in the mito
chondrial structure, which was also confirmed by qualitative colocali
zation analysis (Fig. 2D), suggesting that LNPs@UA exhibited 
exceptional mitochondrial targeting in chondrocytes.

3.3. Anti-inflammatory effects of LNP@UA

Previous studies have shown that UA has extremely potent anti- 
inflammatory effects [6]. Based on the anti-inflammatory effect of UA, 
we conducted experiments on C28/I2 chondrocytes and RAW264.7 
macrophages to analyse the in vitro anti-inflammatory effects of 
LNPs@UA. C28/I2 cells were stimulated with 5 μg/ml LPS for 12 h to 
establish a cellular inflammation model, after which 20 μM LNPs@UA or 
20 μM UA was added. As shown in Fig. 3A–C, the RT-qPCR results 
revealed that the mRNA levels of proinflammatory genes, including 
TNF-α, IL-1β and IL-6, were increased when the cells were stimulated 
with LPS but significantly decreased after treatment with LNPs@UA. 
Consistent with the RT-qPCR results, the ELISA results revealed that the 
levels of TNF-α, IL-6, and IL-1β significantly increased by approximately 
4-fold in C28/I2 cells induced by LPS. However, the expression of TNF-α, 
IL-6, and IL-1β decreased by approximately half after treatment with 
LNPs@UA and UA, with LNPs@UA resulting in a more pronounced 
reduction than UA did (Supporting Information Figure S1). Moreover, 
the Western blotting results indicated that LNPs@UA promoted the 
expression of COL-II while suppressing MMP-13 protein expression 
(Fig. 3D–F). M1 macrophages can secrete inflammatory cytokines such 
as TNF-α, IL-6, and IL-1β, which act on C28/I2 chondrocytes and lead to 
cell destruction, while M2 macrophages can protect against it (Fig. 3G). 
To verify the anti-inflammatory effect of LNPs@UA, we applied 1 μg/ml 
LPS to stimulate RAW264.7 mouse macrophages for 12 h before estab
lishing an inflammatory model. LNPs@UA or UA was added to the 
cultures, and the cells were treated. Previous studies revealed that the 
repolarization of M1 macrophages into M2 macrophages has been 
shown to block the development of OA successfully [25]. The RT-qPCR 
results revealed that, compared with the control group, LPS significantly 
increased the expression of the inflammatory factors Tnf-α, Il6, Il1β, 
Cox2, and Inos (increased of approximately four-fold), and decreased the 
expression of Cd206, which is a marker gene of M2 macrophages. 
However, LNPs@UA effectively suppressed the expression levels of 
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these genes, and elevated the expression levels of Cd206 in RAW264.7 
mouse macrophages, resulting in a more significant anti-inflammatory 
effect than UA did (Fig. 3H–I and Supporting Information Figure S2). 
The protein level of RAW264.7 mouse macrophages was detected by 
Western blotting to evaluate the effect of LNPs@UA on its repolariza
tion. As shown in Figure J–L, LNPs@UA significantly inhibited the 
protein expression of the LPS-induced M1 macrophage-polarizing 
molecule iNOS and increased the protein expression of the M2 
macrophage-polarizing molecule CD206, suggesting that LNPs@UA 
significantly inhibited M1 macrophage polarization and promoted M2 
macrophage repolarization.

3.4. In vitro scavenging of ROS and the mitophagy-enhancing effect of 
LNPs@UA

To confirm the protective effect of LNPs@UA on chondrocytes in 
vitro, we assessed the antioxidative effects of LNPs@UA on LPS-treated 
C28/I2 cells by flow cytometry (FCM). The results demonstrated that the 
ROS level significantly decreased with UA and LNP@UA treatment in 
C28/I2 chondrocytes stimulated with LPS (Fig. 4A). Moreover, FCM was 
used for quantitative analysis. As shown in Fig. 4B, the percentage of 
DCFH-DA-positive cells was 60.6 % in the LPS-treated group but was 
reduced to 43.3 % and 23.0 % in the UA- and LNP@UA-treated groups, 
respectively.

Fig. 2. Biocompatibility and mitochondrion-targeted behaviors of LNPs@UA. (A–B) The viability of C28/I2 (n = 5) and RAW264.7 (n = 3) cells treated with 
different concentrations of LNPs@UA was detected by CCK-8 assay. (C) Mitochondrial targeting ability of LNPs and LNPs@UA (green: C6; red: MitoTracker). (D) 
Qualitative analysis of mitochondrial colocalization by imaging software. ns indicates no significance, **p < 0.01, ns indicates not significance.
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Fig. 3. Anti-inflammatory effects of LNPs@UA. (A–C) The mRNA expression of Il-1β, Il-6 and Tnf-α was measured by qRT-PCR in C28/I2 cells treated with different 
drugs (n = 4). (D–F) Western blotting showing the expression of COL-II and MMP-13 in C28/I2 cells treated with different drugs (n = 3). (G) Schematic diagram 
showing that RAW264.7 cells act on C28/I2 cells by secreting cytokines. (H–I) The mRNA expression of Cd206 and Inos in RAW264.7 cells in different groups were 
detected by RT-PCR (n = 4). (J–L) Western blotting was used to measure the expression of CD206 and iNOS in RAW264.7 cells treated with different drugs, which 
were then quantified (n = 3). *p < 0.05, **p < 0.01.
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Fig. 4. In vitro scavenging of ROS and mitophagy-enhancing effects of LNP@UA. (A–B) ROS levels in C28/I2 cells treated with different drugs were measured and 
quantified using FCM (n = 3). (C) Western blot analysis of the expression of PINK1, p62, Parkin, Beclin1 and LC3-II/LC-I in C28/I2 cells treated with different drugs. 
(D–H) Quantification of PINK1, p62, Parkin, Beclin1 and LC3-II/LC-I (n = 3). (I) GSH levels in C28/I2 cells in different groups were detected (n = 5). (J) ATP levels in 
C28/I2 cells in different groups were detected (n = 5). (K) Mitochondrial morphology of C28/I2 cells treated with different drugs was observed via bio-TEM. **p 
< 0.01.
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During mitophagy, the serine/threonine kinase PINK1 works with 
PRKN/parkin to label damaged mitochondria for degradation in lyso
somes [26]. Moreover, Beclin1 and LC3-II orchestrate the formation of 
autophagosomes, which envelop damaged mitochondria, while 
SQSTM1/p62 serves as a bridge, linking ubiquitinated cargo to the 
autophagosomal membrane [27]. Based on the excellent ROS scav
enging effects of LNPs@UA, mitochondria might be identified as the key 
organelles involved in this action. To investigate the effects of LNPs@UA 
on mitophagy and mitochondrial structure, we first examined the 
changes in mitophagy markers by Western blotting. LPS exposure 
significantly reduced mitophagy in C28/I2 cells, as shown by the 
decreased expression levels of PINK1, Parkin, Beclin1 and LC3-II and 
increased expression levels of SQSTM1/p62, whereas LNPs@UA and UA 
increased the expression levels of PINK1, Parkin, Beclin1, and LC3-II and 
decreased the expression of SQSTM1/p62 (Fig. 4C–H). Additionally, the 
level of intracellular GSH can be used to measure an organism’s ability 
to resist oxidative stress [28]. A GSH assay kit was used to determine the 
amount of GSH present in the C28/I2 cells. As shown in Fig. 4I, UA and 

LNPs@UA considerably improved the intracellular GSH level, providing 
further evidence of the ability of LNPs@UA to suppress the respon
siveness of chondrocytes to oxidative stress. Moreover, the regulatory 
effect of LNPs@UA on energy metabolism was assessed in chondrocytes 
using the adenosine triphosphatase (ATP) assay. As shown in Fig. 4J, 
LNPs@UA greatly increased intracellular ATP synthesis, suggesting that 
it could restore mitochondrial function in chondrocytes. The structure of 
the mitochondria was further studied by biological TEM. As shown in 
Fig. 4K, LNPs@UA significantly restored the mitochondrial structure 
and cristae in the LPS-induced chondrocytes. Consequently, LNPs@UA 
could suppress the level of ROS by enhancing mitophagy in C28/I2 
chondrocytes, thereby strengthening mitochondrial function.

3.5. In vitro inhibition of the ferroptosis effects of LNPs@UA

Excess mitochondrial damage-induced ROS release may lead to 
protein lipid peroxidation and subsequent ferroptosis, which we hy
pothesized could be mitigated by LNPs@UA. GPX4 is an important 

Fig. 5. In vitro inhibited ferroptosis effects of LNPs@UA. (A–G) Western blot analysis of Nrf-2, ASCL4, SLC7A11, DHODH, HO-1 and GPX4 in each group (n = 3). (H) 
The Fe2+ contents of each group were detected (n = 5). **p < 0.01.
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marker of ferroptosis, and its downregulation can increase the sensi
tivity of chondrocytes to oxidative stress and aggravate ECM degrada
tion [29]. In addition, icariin can attenuate chondrocyte ferroptosis and 
articular cartilage damage by enhancing the SLC7A11/GPX4 axis in OA 

[30]. A recent study revealed that quercetin could modulate ferroptosis 
through the SIRT1/Nrf-2/HO-1 pathway and alleviate cartilage 
destruction in OA [31]. To obtain further insights into how LNPs@UA 
inhibited the intracellular inflammatory response, the molecular 

Fig. 6. Transcriptomic sequencing analysis of LNPs@UA. (A) Volcano plot showing that the gene expression of C28/I2 cells was regulated by LNP@UA treatment. (B) 
Heat map analysis of DEGs between the LPS group and the LPS + LNPs@UA group. (C) GO and KEGG enrichment analyses of differentially expressed genes. (D) GSEA 
results between the LPS group and the LPS + LNPs@UA group. (E–F) Western blotting analysis of p-NF-κB and NF-κB and p-IκκB and IκκB. **p < 0.01, n = 3.
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mechanism of ferroptosis was investigated by Western blotting. The 
results demonstrated that the expression of ACSL4 increased with LPS 
stimulation but was greatly reduced in the LNP@UA treatment groups. 
Moreover, LNPs@UA greatly increased the expression of SLC7A11, 
GPX4, HO-1, DHODH, and Nrf-2 in C28/I2 cells stimulated with LPS 
(Fig. 5A–G). In particular, compared with that in the control group, the 
expression level of GPX4 was reduced by 56.1 % in the LPS treatment 
group, but the expression level of LNPs@UA increased by 25.7 % in the 
LPS treatment groups. Moreover, in LPS-treated C28/I2 cells, LNPs@UA 
and UA were evaluated for their ability to modulate the release and 
content of ferrous ions (Fe2+), with assays showing that LNPs@UA and 
UA effectively decreased LPS-augmented Fe2+ levels (Fig. 5H). Overall, 
LNPs@UA inhibited the ferroptosis of C28/I2 chondrocytes induced by 
LPS, thereby enhancing their mitophagy function and suppressing the 
inflammatory response.

3.6. Transcriptomic sequencing analysis of LNPs@UA and validation of 
the NF-κB signaling pathway

To gain further insight into the anti-inflammatory mechanism of 
LNPs@UA, RNA sequencing was performed on LPS-activated chon
drocytes treated with LNPs@UA. As shown in Fig. 6A, the volcano plots 
revealed that 1695 genes were significantly upregulated, whereas 1969 
genes were downregulated after LNPs@UA treatment. The heat map 
shows that LNPs@UA treatment had a similar suppressive effect on the 
expression of various proinflammatory genes (Fig. 6B). To investigate 
the effects of LNP@UA treatment on potential signaling pathways, 
KEGG and GO enrichment analyses were conducted to identify the top 
20 enriched pathways (with the smallest Q values). The TNF signaling 
pathway and the IL-17 signaling pathway are closely related to the anti- 
inflammatory effects of LNPs@UA (Fig. 6C). Moreover, gene set 
enrichment analysis (GSEA) confirmed that the NF-κB signaling 
pathway, the IL-17 signaling pathway and the TNF signaling pathway 
were significantly suppressed after LNP@UA treatment and that DNA 
replication, base excision repair and ribosome biogenesis in eukaryotes 
were markedly increased after LNP@UA treatment (Fig. 6D).

To validate the effects of LNPs@UA on the NF-κB signaling pathway, 
we performed Western blotting with the NF-κB inhibitor IMD-0354 
(IKK2 inhibitor V) and the agonist phorbol 12-myristate 13-acetate 
(PMA) to analyse the NF-κB signaling pathway. As shown in Fig. 6E, 
compared with those in the PMA treatment group, the expression of p- 
NF-κB and p-IκκB significantly decreased after LNP@UA treatment, 
which was almost the same as that in the control group, suggesting that 
LNPs@UA and IMD-0354 have similar functions, both of which signif
icantly inhibit the activation of the NF-κB signaling pathway (Fig. 6E 
and F).

3.7. LNPs@UA protect against articular cartilage injury and enhance 
anti-inflammatory effects in OA mice

Based on the excellent anti-inflammatory effects of LNPs@UA in 
vitro, we further explored their therapeutic potential in ameliorating OA 
using an anterior cruciate ligament transection (ACLT)-induced OA 
mouse model. As previously reported, the pathology of OA typically 
involves progressive cartilage defects, the loss of extracellular matrix 
(ECM) and subchondral bone remodeling [32]. The knee joint sections 
were stained with hematoxylin‒eosin (H&E) to assess cartilage surface 
injury. As shown in Fig. 7A, the saline group maintained a smooth 
cartilage surface, orderly chondrocyte arrangement and unaltered joint 
space, whereas severe cartilage erosion and disordered chondrocytes 
were observed in the ACLT-induced OA group. In comparison, in 
LNP@UA-treated ACLT mice, the erosion and degeneration of the 
cartilage layer were significantly reduced. Furthermore, the safranin 
O-fast green (S&F) staining results were consistent with the results of the 
H&E staining, which revealed increased proteoglycan content and even 
matrix distribution in ACLT-induced OA mice after LNPs@UA treatment 

(Fig. 7B). Moreover, immunohistochemistry (IHC) analysis demon
strated that LNPs@UA significantly attenuated matrix metal
loproteinase (MMP)-13 expression and enhanced collagen type II 
(COL-II) expression, indicating an important role for LNPs@UA in cur
tailing articular matrix degradation (Fig. 7C–D, F-G). Overall, LNPs@UA 
significantly protected against articular cartilage injury and ECM loss in 
ACLT-induced OA mice.

In addition, to validate the anti-inflammatory effect of LNPs@UA in 
vivo, the IHC staining of proinflammatory cytokines such as IL-1β was 
performed in knee synovial tissues. Compared with those in the ACLT- 
induced OA group, the IL-1β levels in synovial tissues were signifi
cantly lower after treatment with LNPs@UA, indicating that LNPs@UA 
effectively reduced the levels of proinflammatory factors in the syno
vium and thus alleviated synovitis and articular cartilage injury in OA 
patients (Fig. S3, Supporting Information). Moreover, to study the effect 
of LNPs@UA on the polarization of synovial macrophages in ACLT- 
induced OA mice, the relative fluorescence intensities of iNOS and 
CD206 in synovial tissues were determined by immunofluorescence (IF) 
staining. The results revealed that the relative fluorescence intensity of 
iNOS in the ACLT-induced OA group was significantly greater than that 
in the saline group, whereas the relative fluorescence intensity of CD206 
was not significantly different. In contrast, following treatment with UA 
or LNPs@UA, the relative fluorescence intensity of iNOS was signifi
cantly reduced, whereas that of CD206 was significantly increased 
(Fig. 7E–H-I). These results collectively indicate that LNPs@UA can 
reduce the population of M1 macrophages and increase the polarization 
of M2 macrophages, thereby suppressing synovial inflammation in OA 
model mice.

To verify the biosafety of LNPs@UA, we explored the main organs of 
the mice by histopathological analysis. The results revealed no signifi
cant changes in the H&E-stained heart, liver, spleen, lungs or kidneys 
after treatment with LNPs, UA or LNPs@UA (Fig. S4, Supporting Infor
mation). Consequently, LNP@UA is a highly safe treatment for OA.

3.8. In vivo LNP@UA inhibits ferroptosis by enhancing mitophagy

The in vitro results demonstrated that LNPs@UA could increase the 
level of mitophagy in C28/I2 chondrocytes, but the effect of LNPs@UA 
in vivo is unclear. To this end, we tested the mitophagy markers Beclin-1 
and p62 by using IHC staining. Compared with those in the ACLT- 
induced OA group, the number of Beclin-1-positive cells significantly 
increased after LNP@UA treatment. Moreover, the number of p62- 
positive cells was significantly decreased in ACLT-induced OA mice 
after LNP@UA treatment (Fig. 8A–B, F-G). These results are consistent 
with the results of the in vitro experiments, suggesting that LNPs@UA 
can significantly increase the level of mitochondrial autophagy in OA 
mice.

To verify the ferroptosis-inhibiting effects of LNPs@UA, we tested 
the expression of the ferroptosis markers GPX4, ASCL4 and SLC7A11 
using IHC staining. Compared with those in the ACLT-induced OA 
group, the number of GPX4-and SLC7A11-positive cells in the articular 
cartilage of OA patients significantly increased after LNP@UA treat
ment, and the number of ASCL4-positive cells significantly decreased, 
indicating that LNP@UA significantly inhibited ferroptosis in the artic
ular cartilage of OA mice (Fig. 8C–E, H-J). In summary, these results 
suggest that LNPs@UA significantly improve ferroptosis in OA and that 
the ability of LNPs@UA to inhibit ferroptosis is greater than that of UA.

4. Discussion

Chronic inflammation of synovial tissue is a hallmark feature of OA, 
contributing significantly to disease progression and articular cartilage 
degeneration. Numerous researchers have attempted to attenuate OA 
progression by targeting chronic synovial inflammation, yet the out
comes have been largely unsatisfactory. Challenges in previous research 
include difficulties in specific synovial tissue targeting and 
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Fig. 7. LNP@UA improved articular cartilage injury and enhanced anti-inflammatory effects in OA model mice. (A) Medial compartment cartilage and subchondral 
bone of knee joints were stained with H&E and (B) S&F. (C–D) Col-II and MMP-13 immunohistochemistry of knee joint medial compartment cartilage. (E) CD206 and 
iNOS immunofluorescence in knee joint synovial tissue. Quantitative analysis of (F) Col-II, (G) MMP-13, (H) CD206 and (I) iNOS expression. NS indicates no sig
nificance, *p < 0.05, **p < 0.01, and ****p < 0.0001, n = 3.
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individualized variations in joint cavity microenvironments influenced 
by synovitis, hindering the achievement of consistent therapeutic out
comes within a single treatment modality. Drawing on the mildly acidic 
microenvironment present in osteoarthritic joint cavities and the role of 
mitochondria-derived ROS in initiating chronic joint inflammation, we 
developed nanoparticles using microfluidic technology. Although the 
field of pH-responsive nanomaterials has been well explored, these 
nanomaterials have some limitations, such as poor targeting ability. In 
this study, we developed a pH-responsive and mitochondrion-targeting 
nanocarrier system with improved targeting ability and enhanced 
bioavailability. These nanoparticles encapsulate anti-inflammatory 
agents such as UA within LNPs, which are modified with 2-DIP and 

TPP. The former enables pH-responsive drug release within the mildly 
acidic joint environment, whereas the latter facilitates precise mito
chondrial targeting of our LNP@UA constructs. In this study, we used in 
vitro cellular and in vivo animal experiments to demonstrate that 
LNPs@UA effectively suppress macrophage and chondrocyte inflam
mation, scavenge ROS, promote mitochondrial autophagy, and mitigate 
ferroptosis. The results of transcriptomic sequencing indicated that 
LNPs@UA primarily modulates the NF-κB signaling pathway, thereby 
exerting a chondroprotective effect. This research underscores the po
tential use of LNPs@UA as a targeted therapeutic approach for OA, 
addressing key inflammatory pathways and offering promise for future 
clinical applications.

Fig. 8. In vivo, LNPs@UA inhibited ferroptosis by enhancing mitophagy. (A–E) Beclin-1, p62, GPX4, ASCL4 and SLC7A11 immunohistochemistry of knee joint 
medial compartment cartilage. (F–I) Quantitative analysis of Beclin-1, p62, GPX4, ASCL4 and SLC7A11 expression. NS indicates no significance, *p < 0.05, ***p <
0.001, and ****p < 0.0001, n = 3.
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The chronic inflammatory milieu of OA is influenced by diverse 
factors. Recent research has highlighted the dysregulation of the M1/M2 
macrophage ratio within synovial tissue, particularly the pivotal role of 
proinflammatory M1-type macrophages in driving the development of 
synovitis. While studies have demonstrated the anti-inflammatory 
properties of UA, its specific mechanism remains incompletely under
stood. In our investigation, we confirmed that LNPs@UA effectively 
inhibited M1-type macrophage polarization, attenuated inflammatory 
cytokine secretion, and concurrently promoted the differentiation of 
anti-inflammatory M2-type macrophages. This discovery provides a 
novel theoretical foundation for translating UA into clinical applica
tions. The intra-articular inflammatory microenvironment accelerates 
chondrocyte damage and senescence. Increasing evidence underscores 
the critical role of mitophagy in protecting cartilage from OA-related 
degeneration [33]. Dysfunctional mitophagy significantly contributes 
to OA pathology [34], exacerbating ROS accumulation in chondrocytes 
during mitochondrial metabolism and thereby intensifying inflamma
tion [20,21]. While ROS function as essential second messengers, their 
excess poses risks of oxidative damage. ROS accumulation in mito
chondria disrupts mitochondrial structure and integrity, exacerbating 
cellular dysfunction [35]. Lin et al. demonstrated the potent ability of 
nitidine chloride to scavenge ROS effectively, thereby halting cellular 
senescence and alleviating inflammatory responses in OA [36]. Our 
study confirmed that LNPs@UA markedly reduce ROS levels in C28/I2 
cells and demonstrate targeted affinity towards mitochondria, effec
tively mitigating LPS-induced structural damage. This targeted 
approach significantly decreases ROS release and enhances mitophagy 
levels, crucially mitigating mitochondrial dysfunction and associated 
pathologies. Furthermore, transcriptome sequencing analysis revealed 
that LNP@UA administration not only suppressed the NF-κB, TNF, and 
IL-17 signaling pathways but also activated pathways integral to 
eukaryotic ribosome biogenesis, base excision repair, DNA replication, 
nucleocytoplasmic transport, and other vital cellular processes. These 
findings suggest that LNP@UA exerts its anti-inflammatory effects by 
concurrently suppressing inflammatory signaling and enhancing 
cellular proliferation and repair mechanisms. The multifaceted protec
tive actions of LNPs@UA highlight its potential application as a thera
peutic candidate for addressing the complex pathophysiology of OA.

Furthermore, mitophagy plays a pivotal role as a trigger for cellular 
ferroptosis, a regulated form of cell death [37], with a dynamic interplay 
being observed between mitophagy and cellular ferroptosis [38]. 
Notably, Guo et al. demonstrated that deferoxamine, a chelating agent, 
inhibits ROS release and activates the Nrf2 signaling pathway, thereby 
suppressing cellular ferroptosis and suggesting a therapeutic approach 
for mitigating OA [39]. The capacity of mitochondrial autophagy to 
inhibit cellular iron death and related inflammatory responses has also 
been documented in studies of other inflammation-related diseases 
[40–42]. UA, which is recognized for its anti-inflammatory and anti
oxidant properties, has been shown to mitigate ferroptosis in 
LPS-induced acute lung injury in mice by enhancing the 
Keap1-Nrf2/HO-1 signaling cascade [43]. Our cutting-edge research 
demonstrated that LNPs@UA, a targeted delivery system harnessing the 
therapeutic potential of UA, effectively inhibited ferroptosis in both a 
murine osteoarthritis model and LPS-challenged chondrocytes. In vitro 
studies revealed that LNPs@UA upregulate key proteins (e.g., PINK1, 
Beclin1, Parkin, LC3-II, Nrf-2, SLC7A11, DHODH, HO-1, and GPX4) 
while concurrently suppressing ASCL4 and p62 levels and decreasing 
Fe2+ levels. This targeted modulation remodels the mitochondrial ar
chitecture, reduces ROS generation, and exerts potent antioxidant ef
fects that attenuate ferroptosis. Therefore, we propose that LNPs@UA 
exert their effects on OA through multiple interconnected pathways, 
with complex interactions between them. We hypothesize that 
LNPs@UA targeting mitochondria may play a pivotal role in maintain
ing mitochondrial homeostasis, reducing ferroptosis by scavenging ROS 
[44], and potentially modulating macrophage polarization through 
these mechanisms [45,46]. However, the precise mechanisms involved 

remain to be fully elucidated, which represents a limitation of the cur
rent study. Further research will be needed to explore these interactions 
in greater detail in subsequent investigations. Compared with UA alone, 
LNPs@UA demonstrated enhanced antioxidant and anti-inflammatory 
capabilities, effectively suppressing ferroptosis through the modula
tion of the ROS/GPX4/HO-1 oxidation-antioxidation system. In vivo, 
LNPs@UA significantly reduced cartilage erosion and degeneration, 
increased COL-II expression, and decreased MMP-13 expression, high
lighting their excellent chondroprotective effects. Further experiments 
confirmed that LNP@UA enhances mitophagy and inhibits ferroptosis in 
OA model mice. This innovative approach holds substantial promise for 
developing targeted therapies against conditions associated with 
ferroptosis.

In summary, advancements in drug delivery systems aim to optimize 
precision targeting, bioavailability, biosafety, manufacturing efficiency, 
and immunogenicity reduction. Our study leveraged microfluidic tech
nology to synthesize LNPs@UA, incorporating Chol-TPP and 2-DIP-PEG 
as excipients in a one-step process. LNPs@UA exhibited low cytotox
icity, robust mitochondrial targeting efficiency in both cellular and an
imal models, and pH-responsive UA release within the acidic OA 
microenvironment. These nanoparticles effectively restored the mito
chondrial ultrastructure, enhanced mitophagy, reduced ROS levels, and 
suppressed ferroptosis. Notably, LNPs@UA outperformed UA alone by 
promoting M2 macrophage polarization and inhibiting the NF-κB 
signaling pathway, thus mitigating inflammatory responses.

5. Conclusions

Collectively, our findings highlight the therapeutic potential use of 
LNPs@UA for managing OA, identifying it as a promising candidate for 
future clinical applications in treating this debilitating condition.
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