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Background: Chondrocyte senescence significantly impairs extracellular matrix (ECM) synthesis and accelerates cartilage degrada-
tion, driving osteoarthritis (OA) progression. Although gene therapies targeting senescent chondrocytes are promising for OA,
developing strategies that simultaneously rejuvenate cartilage function and precisely modulate the inflammatory microenvironment
remains challenging.

Methods: We developed an optimized lipid nanoparticle (LNP)-based delivery platform for the efficient co-delivery of transcription
factors SOXS and SOX9 mRNAs into chondrocytes. The physicochemical properties and biosafety of the formulations were system-
atically characterized. Additionally, the therapeutic efficacy of these formulations was evaluated in senescent chondrocyte cultures and
an ACLT-induced osteoarthritis (OA) rat model.

Results: The synergistic action of SOXS5 and SOX9 markedly enhanced anabolic signaling, promoting synthesis of critical cartilage
ECM components (type II collagen and aggrecan). The combination also reduced inflammation-mediated matrix degradation in vitro
and in vivo. In a rat OA model, this optimized LNP-mediated co-delivery substantially improved cartilage regeneration, suppressed
joint inflammation, and restored joint function compared to single-gene treatment or untreated controls.

Conclusion: This work provides an advanced, synergistic mRNA therapeutic approach employing optimized LNPs to alleviate
chondrocyte senescence and stimulate cartilage regeneration, representing a promising strategy for OA intervention.
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Introduction

Osteoarthritis (OA), a prevalent degenerative joint disorder, affects over 300 million people worldwide and is a primary
cause of chronic disability in the elderly.' > Clinically characterized by persistent joint pain, stiffness, and progressive
loss of mobility, OA pathologically involves articular cartilage degradation, subchondral bone sclerosis, osteophyte
formation, and synovial inflammation.®® With the increasing prevalence of aging and obesity, the economic burden of
OA is escalating. Current therapies primarily provide symptomatic relief without halting disease progression, and OA-
related healthcare expenditures in the United States alone are projected to exceed $100 billion annually by 2040.%'
Although total joint arthroplasty, specifically knee replacement, is still considered the best treatment for end-stage OA, its
invasiveness, high cost, and limited long-term effectiveness make it a less than ideal choice. This is especially true
considering the growing number of younger OA patients.'>'> While pharmacological and intra-articular interventions—
such as nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids, hyaluronic acid, and platelet-rich plasma (PRP)
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—provide temporary symptomatic relief, these modalities fail to halt or reverse underlying cartilage degeneration.'®'®
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Similar concerns have been raised in recent high-impact studies that emphasize the lack of disease-modifying efficacy
among currently available interventions.” To address these limitations, recent research has delved into sophisticated
biomaterial- and nanotechnology-driven strategies. These encompass hydrogel/organoid constructs mimicking cartilage
microenvironments and bone-targeted nanoparticles that modulate subchondral remodeling.'”® Although these
approaches reflect a growing emphasis on disease-modifying and regenerative interventions, truly effective and clinically
translatable therapies that directly address the root mechanisms of OA progression remain urgently needed.*'*

Cellular senescence has emerged as a critical factor underlying the development and progression of osteoarthritis.
Senescent chondrocytes, which accumulate with aging, exhibit hallmark features including elevated senescence-
associated P-galactosidase (SA-B-Gal) activity, increased expression of cell cycle inhibitors (pl6-INK4A, p2l1-
CDKNI1A), and the secretion of inflammatory cytokines (IL-6, IL-8) and matrix-degrading enzymes (MMP-13,
ADAMTS-5) through the senescence-associated secretory phenotype (SASP).>!**2® These senescent cells compromise
the extracellular matrix (ECM) synthesis and integrity. They also propagate tissue degeneration via paracrine signaling,
which adversely affects neighboring healthy chondrocytes and accelerates overall joint deterioration.”>* Therefore, the
selective targeting and functional rejuvenation of senescent chondrocytes constitutes a promising therapeutic approach
for restoring cartilage homeostasis and structural integrity in osteoarthritis.

Recent breakthroughs in mRNA-based therapeutics have revolutionized gene modulation therapies. This is exempli-
fied by the rapid clinical success of mRNA vaccines for COVID-19.° ' Compared to traditional DNA-based gene
delivery methods, mRNA therapeutics offer key advantages including transient and dose-controllable protein expression
without the risk of genomic integration.””*!'* Despite its therapeutic promise, mRNA delivery remains technically
challenging due to rapid enzymatic degradation, limited intracellular uptake, and potential immunogenicity.** To address
these barriers, lipid nanoparticles (LNPs) have emerged as the leading platform for nucleic acid delivery, effectively
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encapsulating and protecting mRNA payloads, enhancing cellular internalization, and promoting efficient cytoplasmic
release.’®>? Leveraging their ability to penetrate dense, avascular tissues like cartilage, optimized LNP formulations hold
immense promise for the targeted, localized treatment of OA.

In cartilage biology, the transcription factor SOX9 plays a central role by orchestrating the expression of key ECM
components such as type II collagen (COL II) and aggrecan (ACAN).***? SOX9 is indispensable for mesenchymal
stem cell commitment to the chondrogenic lineage, as evidenced by severe cartilage malformations upon SOX9
deficiency in both human genetic disorders and animal models.**** Importantly, the transcriptional activity of SOX9
is greatly amplified by the co-expression of SOX5 and SOX6, which together form the so-called “SOX trio”.*®
Although SOX5 and SOX6 lack intrinsic transactivation domains, they synergize with SOX9 at cartilage-specific
enhancers, enhancing gene transcription and stabilizing the chondrocyte phenotype.*”*° Emerging evidence indicates
that SOX5 may independently promote cellular rejuvenation. For example, a genome-wide CRISPR activation screen
identified SOXS5 as a top candidate for reversing cellular senescence in human mesenchymal precursor cells by
reactivating pro-regenerative genes such as HMGB2.”" Furthermore, intra-articular delivery of SOX5 in aged OA
mouse models mitigated cartilage degeneration and improved joint histology, achieving regenerative effects compar-
able to Yamanaka factor-based reprogramming, but without altering cellular identity. These findings strongly support
the rationale for co-delivering SOX5 and SOX9 to osteoarthritic joints. While SOX9 re-establishes core cartilage
matrix synthesis, SOXS5 not only enhances SOX9’s transcriptional efficacy but may also directly reverse senescence-
associated impairments.

In this study, we developed an optimized LNP-mediated mRNA delivery strategy designed specifically to co-deliver
SOX5 and SOX9 into chondrocytes (Scheme 1). Through systematic formulation screening, we identified the most
efficient LNP composition. It is capable of targeting chondrocytes, maximizing intracellular mRNA delivery, and
enhancing gene expression in both in vitro and in vivo contexts. In a surgically induced rat OA model, we further
validated the therapeutic efficacy of our dual-mRNA delivery system, demonstrating significant improvements in
cartilage ECM restoration, reduced joint inflammation, and enhanced functional recovery compared to single-factor
controls and untreated animals. Collectively, this work establishes an innovative, mechanism-driven nanotherapeutic
approach. It leverages optimized LNP technology and transcription factor co-delivery to effectively target chondrocyte
senescence and promote cartilage regeneration in osteoarthritis.

Materials and Methods

Materials and Reagents

DMG-PEG 2000, SM-102, 1,2-Distearoyl-sn-glycero-3-phosphorylcholine and Cholesterol was purchased from
Medchemexpress Inc. (Shanghai, China). Different ratios of LNPs (SM-102) were synthesised and supplied by Biosyn
(Beijing) Biotechnology Co. Calcein/PI Cell Viability/Cytotoxicity Assay Kit and SA-B-Gal staining kit were from
Beyotime Biotechnology Co., Ltd. (Shanghai, China). Cell Counting Kit-8 (CCK-8) was obtained from Biosharp (Anhui,
China). Radio-immunoprecipitation assay (RIPA) buffer and 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI) were from Beyotime Institute of Biotechnology (Shanghai, China). Hydrogen peroxide (H,O,) was purchased
from Sigma-Aldrich Trading Co., Ltd. (Shanghai, China). Anti-Collagen II antibody (#ab307674) and anti-SOX9
antibody (#ab185230) were obtained from Abcam Inc. (Cambridge, MA, USA). CDKN2A/p16INK4a Rabbit mAb
(A11651), CDKN1A/p21 Rabbit mAb (A19094), GAPDH antibody (A19056), Anti-Aggrecan antibody (A11691) and
Anti-SOXS5 antibody (A23127) were from ABclonal Biotechnology Co., Ltd. (Wuhan, China). CoraLite488-conjugated
Goat Anti-Rabbit IgG (H+L) and CoraLite594 — conjugated Goat Anti-Rabbit IgG (H+L) was purchased from
Proteintech (Wuhan, China). Fetal bovine serum (FBS), phosphate buffered saline (PBS) and dulbecco’s modified
eagle medium nutrient mixture F-12 (DMEM/F-12) were provided by Gibco. Paraformaldehyde and ELISA kits
(TNF-a, IL-1B, and IL-6) were purchased from Wuhan servicebio technology CO., Ltd. (Wuhan, China). JC-1 assay
kit and paraformaldehyde (4%), and Triton X-100 (0.1%) were purchased from Beyotime Biotechnology. (Shanghai,
China). Dio were from UElandy Inc. (Soochow, China). Deionized (DI) water with a resistivity of 18.2 Q was used
throughout this project.
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Scheme | Schematic illustration of the synthesis and therapeutic performance of SOX5/9@LNPs. (a) Preparation and optimization of seven distinct LNP formulations. (b)
In vitro and in vivo evaluation of their efficacy in reversing chondrocyte senescence and promoting cartilage regeneration.

Characterization

Seven lipid nanoparticle (LNP) formulations were systematically designed by varying the molar ratios of four compo-
nents: SM-102 (ionizable lipid), cholesterol, DSPC, and DMG-PEG2000, with SM-102 serving as the primary lipid. The
molar ratios of SM-102 ranged from 40% to 60%, while cholesterol, DSPC, and DMG-PEG2000 were adjusted
accordingly to generate distinct compositions. Specifically, Formulation I-VII included combinations such as SM-102:
50-60%, Cholesterol: 28.5-48.5%, DSPC: 10-15%, and DMG-PEG2000: 1.5-2.0%. All lipids were dissolved in ethanol
and mixed with luciferase mRNA dissolved in citrate buffer (pH 4.0) using a microfluidic mixing technique to obtain
uniform mRNA-loaded LNPs. The resulting formulations were purified by dialysis and filtered through 0.22 pm
membranes. The physicochemical characteristics of the formulated LNPs were subsequently evaluated as follows.
Transmission electron microscopy (TEM) images were conducted on a JEM-2100F transmission electron microscope
at an acceleration voltage of 200 kV. Dynamic Light Scattering (DLS), zeta potential examinations and polydispersity
index (PDI) were obtained from the Malvern Nano-ZS90 Zetesizer (Malvern Instrument Ltd., US). Luciferase mRNA-
loaded LNPs (Luciferase@LNPs) were evaluated for intracellular expression efficiency in chondrocytes by measuring

luminescence intensity with a microplate reader (Biotek SynergyNeo2, USA), which reflected the successful delivery and
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translation of luciferase mRNA. Confocal laser scanning microscopy (CLSM) images were captured by high speed
confocal platform (Andor, UK). Tissue sections were observed by Olympus VS120 (Olympus Company, Japan).

Cell Culture

Primary articular chondrocytes and bone marrow-derived mesenchymal stem cells (BMSCs) were isolated from 2-week-
old Sprague-Dawley (SD) rats (purchased from Vital River Laboratory Animal Technology in Beijing) following
standard protocols. Briefly, femoral head cartilage was aseptically dissected and washed three times with sterile
phosphate-buffered saline (PBS). The tissue was minced into ~1 mm?® fragments and sequentially digested with 0.25%
trypsin at 37 °C for 30 min, followed by overnight incubation with 0.025% type II collagenase to release chondrocytes.
Isolated primary chondrocytes were cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemen-
ted with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin. For BMSC isolation, femurs and tibiaec were
harvested from euthanized SD rats. After removing both epiphyses, bone marrow was flushed out with complete medium
until the bones turned pale. The collected marrow suspension was cultured in low-glucose DMEM with 10% FBS and
1% penicillin—streptomycin. Non-adherent cells were removed by changing the medium every 24 h to enrich for adherent
BMSCs. All cells were maintained at 37 °C in a humidified atmosphere containing 5% CO,.

In vitro Evaluation of Luciferase mMRNA—-LNP Expression in Chondrocytes

To assess the transfection efficiency of different LNP formulations in vitro, chondrocytes were seeded into 96-well plates
at a density of 1 x 10* cells per well and allowed to adhere overnight. Seven distinct luciferase mMRNA-LNP formulations
(designated as I~VII) with varying SM-102 compositions were added to the cells and incubated for 12 h under standard
culture conditions. Following treatment, luciferase expression levels were quantified using a microplate reader (Biotek
SynergyNeo2, US) according to the instructions of the luciferase assay kit. Luminescence intensity was recorded and
compared to evaluate the transfection efficiency of each LNP formulation.

In vivo Bioluminescence Imaging of Luciferase mMRNA—-LNP Expression

All animal procedures were conducted using 8-week-old male Sprague-Dawley (SD) rats. To assess in vivo protein
expression of mRNA—LNP formulations, the three luciferase mRNA-LNPs (formulations I, II, and IV) showing the
highest expression in vitro in chondrocytes were selected for further evaluation. Each formulation was administered via
a single intra-articular injection into the knee joint. At 12 and 24 h post-injection, in vivo luciferase expression was
monitored using an IVIS Spectrum imaging system (PerkinElmer, USA). Bioluminescence signals were acquired and
quantified to compare the relative transfection efficiency of the different LNP formulations.

Senescence-Associated -Galactosidase SA-B-Gal Staining

Senescence in chondrocytes was assessed using a commercial SA-B-Gal staining kit (Beyotime, C0602) according to the
manufacturer’s instructions. Chondrocytes were seeded into 24-well plates and fixed with 0.2% glutaraldehyde for
10 min at room temperature. After washing, cells were incubated overnight at 37 °C in X-gal staining solution (pH 6.0) to
detect B-galactosidase activity. Images of stained cells were captured using an Olympus light microscope. The percentage
of SA-B-Gal-positive cells was quantified from at least five randomly selected fields per sample. Data are presented as
mean = SD from three independent experiments (n = 3).

In vitro Cytotoxicity Evaluation

The chondrocytes / rBMSCs were incubated with mRNA@LNP at gradient concentrations (0, 0.01, 0.05, 0.1, 0.5 and 1
pg mL 1) for 24 h. Cell viability was tested by microplate reader (Infinite m nano 2022657S, Tecan spark) using the Cell
Counting Kit-8 (CCKS8) assay. Cell viability was calculated according to the Equation (1):

Cell viability (%) = % 100% (1)
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where A represents the optical density (OD) at 450 nm of cell with LNPs at different concentrations co-incubation,
and C represents OD values of cells treated without LNPs. For live/dead staining assay, rBMSCs were cultured in
confocal dishes and incubated with LNPs at different concentrations (0, 0.01, 0.05, 0.1, 0.5 and 1 pg mL ") separately
after washed with PBS for two times. Next, the dishes were placed in the cell incubator for another 6 h. Then the cells
were stained with Calcein-AM/PI for 20 min before washed with PBS for two times. The ultimate images were observed
through CLSM.

To further assess potential immunotoxicity, rat bone marrow—derived macrophages (BMDMs) were isolated from
femurs and tibias of Sprague-Dawley rats and cultured in DMEM supplemented with 10% FBS and 1% penicillin—
streptomycin. Cells were seeded into 96-well plates at a density of 1 x 10* cells per well and allowed to adhere overnight.
BMDMs were then incubated with LNPs (control group, SOXS5@LNP, SOX9@LNP and SOX5/9@LNP) at
a concentration equivalent to 1 pg-mL ' mRNA for 24 h, while untreated cells served as the control. Cell viability
was determined using the CCK-8 assay following the manufacturer’s protocol. Briefly, 10 pL of CCK-8 solution was
added into each well, incubated for 2 h at 37 °C, and absorbance was measured at 450 nm with a microplate reader. For
cytokine secretion analysis, culture supernatants were collected after 24 h of treatment, centrifuged at 1500 rpm for
10 min to remove debris, and stored at —80 °C until use. ELISA kits were used to quantify TNF-a, IL-1f, and IL-6 levels.
Briefly, 100 pL of standards or samples was added to pre-coated wells, incubated for 2 h, followed by sequential
incubation with biotinylated antibodies and HRP-conjugated streptavidin. After TMB substrate reaction, absorbance was
measured at 450 nm using a microplate reader. Cytokine concentrations were calculated from standard curves and
expressed as pg-mL .

Intracellular ROS Dictation

Chondrocytes (1.0 x 10* cells per well) were seeded onto confocal dishes and incubated for 24 h. After washing twice
with PBS, cells were subjected to the following treatments: (1) control group, (2) SOX5@LNP, (3) SOX9@LNP, (4)
SOXS5/9@LNP. After 4 h of treatment, cells were washed twice with PBS and incubated with DCFH-DA working
solution for 30 min to assess intracellular reactive oxygen species (ROS) levels. Following staining, cells were washed
again with PBS and visualized under a confocal laser scanning microscope (CLSM). For flow cytometry analysis,
chondrocytes were seeded in 6-well plates and treated using the same procedure described above. Fluorescence intensity
was measured using a spectrophotometer.

Real-Time Quantitative Polymerase Chain Reaction RT-qPCR Analysis

The mRNA expression levels of target genes were evaluated by real-time quantitative reverse transcription polymerase
chain reaction (RT-qPCR). To assess gene expression changes in chondrocytes under different treatments, the expression
levels of key cartilage-related markers and senescence-associated genes—including collagen type II (COL II), aggrecan
(ACAN), and the cell cycle inhibitor p21—were analyzed. Chondrocytes were subjected to one of the following
treatments for 7 days: (1) control, (2) SOXS5@LNP, (3) SOX9@LNP, or (4) SOX5/9@LNP. Total RNA was extracted
using TRIzol reagent (Invitrogen, USA), and purified RNA was reverse-transcribed into complementary DNA (cDNA)
using the PrimeScript™ RT Master Mix (Takara, Japan) according to the manufacturer’s protocol. RT-qPCR was
performed using the StepOnePlus™ Real-Time PCR System (Applied Biosystems, USA) and the SYBR Green RT-
PCR kit (Takara, Japan) to quantify the expression levels of target genes. Each reaction was carried out in triplicate, and
relative gene expression was calculated using the 27T method.

Western Blot Analysis

Chondrocytes subjected to different treatments (0, 0.01, 0.05, 0.1, 0.5 and 1 pg mL ) for 1, 4, and 7 days were harvested
on ice and washed twice with ice-cold phosphate-buffered saline (PBS). Total protein was extracted using RIPA lysis
buffer supplemented with protease inhibitors, followed by incubation on ice for 30 min. Lysates were clarified by
centrifugation at 10,000 rpm for 10 min at 4 °C, and protein concentrations were quantified using a BCA protein assay
kit. Equal amounts of protein were mixed with loading buffer, denatured, and separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), then transferred onto polyvinylidene difluoride (PVDF) membranes.
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Membranes were blocked in 5% non-fat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBST) for 1 h at room
temperature, followed by incubation with primary antibodies overnight at 4 °C. The primary antibodies used were as
follows: anti-GAPDH (1:1000), anti-SOX9 (1:1000), anti-SOXS5 (1:1000), anti-collagen type II (COL II, 1:1000), and
anti-p21 (1:1000). After three washes with TBST, membranes were incubated with appropriate secondary antibodies for
1 h at room temperature. The PVDF membranes were then washed three times with Tris-buffered saline containing 0.1%
Tween-20 (TBST) and incubated with the appropriate secondary antibodies for 1 h at room temperature. Finally, protein
bands were visualized using an enhanced chemiluminescence (ECL) detection kit (Solarbio, China). Protein bands were
visualized using a chemiluminescence imaging system (MiniChemi610, Beijing, China). GAPDH was used as an internal
control to ensure equal protein loading across samples.

Scratch Test

Senescent chondrocytes were seeded into 6-well Transwell plates (Corning, USA) and cultured to full confluence.
A sterile 200 pL pipette tip was used to create a linear scratch across the cell monolayer. After scratching, the cells were
washed to remove debris and incubated in serum-free medium under different treatment conditions: (1) control, (2)
SOX5@LNP, (3) SOX9@LNP, and (4) SOX5/9@LNP. Images of chondrocyte migration were captured at 0 and
24 h using a phase-contrast microscope. The wound area was measured at each time point, and the migration rate was
calculated using the following formula: Migration rate (%) = (Ao — A,) / Ao X 100%, where Ao represents the initial
scratch area at O h and A, represents the remaining scratch area at the indicated time point.

Fluorescence Imaging of Chondrocytes and rBMSCs

Chondrocytes/rBMSCs (1.0 x 10* cells per well) were cultured in 24-well plates and fixed with 4% paraformaldehyde for
15 min. After fixation, cells were washed three times with PBS and permeabilized using 0.2% Triton X-100 in PBS for
15 min. Non-specific binding was blocked with 5% bovine serum albumin (BSA) for 30 min at room temperature. Cells
were then incubated overnight at 4 °C with primary antibodies against collagen type II (COL II), aggrecan (ACAN), P16
and P21. After washing, fluorescently labeled secondary antibodies were applied for 1 h at room temperature. Nuclei were
counterstained with DAPI, and fluorescence images were acquired using a confocal laser scanning microscope (CLSM).

In vivo Biocompatibility Evaluation

Twenty SD rats (8 weeks old, male, 200 g in weight) were bought from Vital River Laboratory Animal Technology in
Beijing. All experimental protocols were approved by the Ethics Committee on animal experiments of the National
Center for Nanoscience and Technology (Approval number: NCNST21-2312-0602) and conducted in strict compliance
with China’s national standard GB/T 35892-2018 (Guidelines for Ethical Review of Laboratory Animal Welfare) as well
as the ARRIVE guidelines. Twenty rats were randomly divided into four groups: the control group was administrated
with 100 pL of physiological saline through tail vein injection and the other group was treated with 100 pL of
SOX5@LNPs, SOX9@LNPs and SOX5/9@LNPs for 7 days of observation. After 7 days, the rats were euthanized
and major tissues (heart, liver, spleen, lung and kidney) along with blood samples were obtained for subsequent H&E
staining for pathological evaluation. Blood routine and biochemical tests (RBC, MCH, HGB, MCHC, MCV, HCT, PLT,
WBC, Lymph, Mon, Gran, ALT, AST, ALP, BUN, and CREA) were carried out through automatic blood cell analyzers
(BC-2800vet, Maydeal and Chemray 240, Rayto).

In vivo OA Model with mRNA-LNP Infection

The Sprague Dawley rats (6 weeks old, male, 200 g in weight) were provided by Beijing Vital River Laboratory Animal
Technology Co., Ltd. To investigate the therapeutic effects of SOXS5/9@LNP in osteoarthritis (OA), an anterior cruciate
ligament transection (ACLT) model was established in Sprague—Dawley (SD) rats to induce knee joint OA. The construction
of OA model was confirmed through 3D micro-CT in the pre-experiment (Figure S7). Rats were randomly assigned into five
groups: normal group, OA model control group, SOX5@LNP group, SOX9@LNP group, and SOX5/9@LNP group. Under
isoflurane anesthesia, the right anterior cruciate ligament was carefully exposed and transected under direct vision in all groups
except the normal group. Two weeks after surgery, intra-articular injections were performed based on group assignments. Rats
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in the SOX5@LNP, SOX9@LNP, and SOX5/9@LNP groups received the corresponding formulations via intra-articular
injection twice per week for two consecutive weeks. Control and normal groups received equivalent volumes of physiological
saline at the same time points. To assess the effectiveness of the treatment, five groups of rats were sacrificed at the fourth and
eighth postoperative weeks respectively, and the femur was removed to observe the condition of the bone tissue under micro-
CT (SCANCO, Switzerland) and the bone tissue was excised for further histological analysis with H&E, Masson, SO/FG,
Toluidine Blue and COL II. In addition, the major organs (heart, liver, spleen, lung, and kidney) were collected for H&E
staining evaluation (Figures S13 and S14). Images of tissue slices were captured by the panoramic digital section scanning
microscope Olympus VS120 (Olympus Company, Japan).

Transcriptome Sequencing

Senescent rat chondrocytes were treated with SOX5/9@LNP or left untreated (control group) for transcriptomic comparison.
Total RNA was extracted using TRIzol reagent (Invitrogen, USA) and quantified with NanoDrop 2000 (Thermo Fisher
Scientific). RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, USA), and samples with
RIN > 7.0 were selected for further processing. RNA sequencing was performed by technical staff at Beijing Qingke
Biotechnology Co., Ltd. Sequencing was carried out on an Illumina NovaSeq 6000® platform (Illumina Inc., USA) with paired-
end 150 bp reads. Raw reads were filtered and trimmed using fastp (https://github.com/OpenGene/fastp), and clean reads were

aligned to the Rattus norvegicus reference genome (mRatBN7.2) using HISAT2. Transcript abundance was estimated with
StringTie (https://github.com/gpertea/stringtie). Genes with |log2 fold change| > 1 and adjusted p-value (FDR) < 0.05 were
considered differentially expressed genes (DEGs). Functional enrichment analysis, including Gene Ontology (GO) and KEGG

pathway enrichment, was performed using the clusterProfiler package in R.

Statistical Analysis

All experimental data are presented as mean =+ standard deviation (SD) from at least three independent replicates.
Statistical significance was evaluated using two-tailed Student’s t-tests or two-way analysis of variance (ANOVA), as
appropriate, performed with GraphPad Prism 9.3 (GraphPad Software Inc., USA). The tests were regarded as statistically
significant with signs of *p < 0.05, **p < 0.01, and ***p < 0.001.

Results and Discussion

LNP Formulation and Characterization

To establish an efficient mRNA delivery platform tailored for chondrocytes, a panel of seven lipid nanoparticle (LNP)
formulations (I-VII) based on SM-102 were systematically designed and evaluated. These LNPs were thoroughly character-
ized with respect to their morphology, size distribution, surface charge, colloidal stability, and transfection capacity in
chondrocytes. Transmission electron microscopy (TEM) revealed that all LNPs exhibited uniform spherical morphology
with smooth surfaces and monodisperse appearance. This indicates favorable structural integrity and suitability for cellular
uptake (Figures 1a and b, S1 in the ESM). This morphology is known to enhance endocytosis, particularly in non-phagocytic
cells such as chondrocytes, where particle shape and uniformity significantly influence uptake dynamics.’'* Dynamic light
scattering (DLS) analysis revealed that the hydrodynamic diameters of all seven LNP formulations ranged between 100 and
200 nm (Figures 1c and S2 in the ESM). This size range is optimal for clathrin- and caveolae-mediated endocytosis and
additionally facilitates intra-cartilaginous diffusion.”® Zeta potential analysis showed near-neutral surface charges across the
formulations (Figure 1d), which is advantageous for minimizing nonspecific protein adsorption and prolonging circulation
time by evading rapid clearance via the mononuclear phagocyte system. Furthermore, all LNPs exhibited low polydispersity
index (PDI <0.3) (Figure le), indicating narrow particle size distribution and excellent colloidal stability. A low PDI is crucial
for ensuring consistent pharmacokinetics, cellular uptake, and reproducible biological responses—especially important in
therapeutic applications where dosing precision is required. Collectively, these physicochemical characterizations confirmed
that the synthesized LNPs possessed ideal properties for nucleic acid delivery, prompting further evaluation of their mRNA
transfection performance in chondrocytes.
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Figure | Physicochemical characterization of seven SM-102-based LNP formulations (I-VII). (a and b) Transmission electron microscopy (TEM) images of formulation Il. (c)
DLS results demonstrating the hydrodynamic size distribution of LNP formulation Il. (d) Zeta potential measurements indicating near-neutral surface charges, favorable for
biocompatibility. (e) PDI values for all formulations. (f) Luminescence intensity at 12 h post-transfection in primary chondrocytes treated with seven different luciferase
mRNA-loaded LNP formulations (I-VII). (g) In vivo bioluminescence imaging of rat knee joints following intra-articular injection of formulations |, Il, and IV, performed at 12
and 24 h post-injection. (h) Quantitative analysis of in vivo luminescence intensity demonstrated that formulation Il yielded the highest signal, indicating superior delivery
efficiency and joint retention (*p < 0.05, **p < 0.01, and ***p < 0.001).

In vitro and in vivo Luciferase mRNA LNP Delivery

To evaluate the mRNA delivery efficacy and joint-specific tropism of the SM-102-based LNP formulations, we
encapsulated luciferase-encoding mRNA into seven candidate LNPs (formulations I-VII) and assessed their transfection
efficiency using primary chondrocytes. Equal doses of mRNA were delivered to cultured chondrocytes in vitro, followed
by quantification of intracellular luciferase activity after 12 h incubation. The resulting luminescence signals varied
significantly among the different formulations, with formulations I, II, and I'V exhibiting substantially elevated transgene
expression (Figure 1f). Among them, formulation II showed the highest luminescence intensity, indicating its superior
mRNA delivery efficiency in chondrocytes. These in vitro findings were consistent with the favorable physicochemical
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characteristics of formulation II, including its optimal particle size, surface charge, and low polydispersity. To determine
whether the superior transfection observed in vitro would translate to the in vivo joint environment, we next evaluated the
three top-performing formulations (I, I, and IV) in a rat model. Each LNP was administered via a single intra-articular
injection into the knee joints of SD rats, followed by in vivo bioluminescence imaging using an IVIS Spectrum system at
12 and 24 h post-injection. The imaging results demonstrated that all three formulations were able to deliver luciferase
mRNA and mediate protein expression in vivo, but formulation II consistently yielded the strongest bioluminescence
signal at both time points (Figure 1g and h). Notably, the expression from formulation II was not only the most intense
but also showed more sustained signal retention over time, indicating enhanced intracellular delivery and expression
efficiency within the joint cavity.

These findings collectively support formulation I (SM-102: 60%, Cholesterol: 28.5%, DSPC: 10%, DMG-PEG2000:
1.5%) as the optimal LNP composition for chondrocyte-targeted mRNA delivery. Its superior performance across both
in vitro and in vivo contexts provides a compelling rationale for its use as the delivery vehicle in subsequent therapeutic
experiments involving SOX5 and SOX9 mRNA co-delivery for cartilage regeneration.

Establishment and Validation of a Senescent Chondrocyte Model

To recapitulate the senescent phenotype observed in osteoarthritic cartilage, an in vitro model of chondrocyte senescence
was established using hydrogen peroxide (H,O,)-induced oxidative stress. Primary rat chondrocytes were initially
exposed to 40 umol L' H,O, for 24 h to induce acute oxidative injury, followed by sustained exposure to 10 umol L™
H,0, for an additional 72 h to maintain the senescent state. Successful induction of senescence was confirmed by
senescence-associated (-galactosidase (SA-B-Gal) staining, which revealed a substantial increase in SA-B-Gal—positive
cells compared to untreated controls (Figure 2a and b). Concurrently, Western blot analysis demonstrated a pronounced
decline in the expression of key chondrogenic markers (SOXS5, SOX9, and COL II), accompanied by upregulation of the
cell cycle inhibitor p21 (Figure 2¢), a hallmark of senescence. Together, these results confirm the successful establish-
ment of a senescent chondrocyte model, providing a reliable platform for subsequent evaluation of SOXS5/9@LNP-
mediated rejuvenation and cartilage regenerative therapies.

In vitro And in vivo Biocompatibility of the SOX5/9@LNPs

A thorough evaluation of the biocompatibility of SOX5/9@LNPs was conducted to ensure their safety for potential
clinical translation. In vitro cytotoxicity was first assessed in primary rat articular chondrocytes and rat bone marrow-
derived mesenchymal stem cells (rBMSCs). Cells were incubated with increasing concentrations of SOX5/9@LNPs (0,
0.01, 0.05, 0.1, 0.5, and 1 pg-mL ") for 24 h, and cell viability was measured using the Cell Counting Kit-8 (CCK-8)
assay. Across all concentrations, SOX5/9@LNPs exhibited minimal cytotoxicity, maintaining cell viability above 90%
even at the highest dose (Figures 2d and S3 in the ESM), indicating a broad therapeutic window and favorable dose
tolerance.

To further visualize cellular responses, live/dead staining was performed using a Calcein-AM/PI Cell Viability/
Cytotoxicity Assay Kit. Confocal microscopy imaging revealed a predominance of green fluorescence (Calcein-AM,
viable cells) with minimal red fluorescence (PI, dead cells) in SOX5/9@LNP-treated chondrocytes, corroborating the
high cell viability observed in the CCK-8 assay (Figure 2¢). To further evaluate the immunotoxicity of the LNP
formulations, we first incubated rat bone marrow—derived macrophages (BMDMs) with LNPs for 24 h. CCK-8 assay
results showed no significant reduction in cell viability, indicating good in vitro biocompatibility (Figure S4a in the
ESM). In addition, ELISA analysis revealed that the secretion levels of pro-inflammatory cytokines, including TNF-a,
IL-1B, and IL-6, did not differ significantly between the groups treated with SOX5@LNP, SOX9@LNP, SOX5/9@LNP
and the control group, indicating that LNPs did not elicit an inflammatory response (Figure S4b in the ESM). These
results collectively demonstrate excellent in vitro cytocompatibility, supporting the safe application of SOX5/9@LNPs in
cartilage-targeted gene delivery.

In vivo biosafety was further validated in Sprague-Dawley rats following systemic administration of SOX5@LNP,
SOX9@LNP, or SOX5/9@LNP (100 pL, 1 pg-mL ™) via tail vein injection. Histopathological evaluation of major organs
—including the heart, liver, spleen, lungs, and kidneys—was conducted by hematoxylin and eosin (H&E) staining. No
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Figure 2 In vitro evaluation of SOX5/9@LNPs for reversing chondrocyte senescence and promoting cartilage regeneration. (a) Representative images of SA-B-Gal staining of
chondrocytes after H,O,-induced senescence and control treatment. (b) Quantitative analysis of SA-B-Gal-positive cells. (c) Western blot analysis of SOXS5, SOX9, COL I, P21, and
GAPDH expression in normal and senescent chondrocytes. (d) Viability of chondrocytes after incubation with different concentrations of SOX5/9@LNPs, as assessed by CCK-8
assay (n = 3 for each group). () CLSM images of Calcein-AM/PI staining in chondrocytes treated with SOX5/9@LNPs at various concentrations. (f) CLSM images of intracellular
ROS in chondrocytes under different treatment conditions. (g) Flow cytometry analysis of intracellular ROS levels in four treatment groups (control, SOX5@LNP, SOX9@LNP,
SOX5/9@LNP). (h) Quantification of ROS levels, showing a significant decrease in the co-delivery group. (i) Representative Western blots showing time-dependent expression
(days 1, 4, and 7) of COL II, SOX5, SOX9, and P21 after different treatments. (j) Relative mRNA levels of COL Il, ACAN, and P21 at day 7 in chondrocytes treated with different
LNPs, as determined by RT-qPCR. (k and ) Scratch wound healing assay and quantitative analysis of chondrocyte migration following treatment with Control, SOX5@LNP,
SOXI@LNP, and SOX5/9@LNP. Yellow dashed lines indicate the wound edges at the initial and subsequent time points. Data are presented as mean + SD, and statistical significance
was determined by two-tailed t-test or ANOVA. Significance levels are indicated as follows: ns, not significant (p > 0.05); p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.
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signs of tissue damage, necrosis, inflammation, or abnormal histological architecture were observed across all groups
(Figure S5 in the ESM), further confirming the excellent in vivo biosafety of SOXS5/9@LNPs. Importantly, no
histological evidence of immune-related tissue injury or inflammatory cell infiltration was observed, further supporting
the absence of immunotoxic effects in vivo. Routine hematological analysis revealed no significant alterations in red
blood cell count (RBC), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), hematocrit (HCT),
hemoglobin (HGB), platelet count (PLT), or white blood cell (WBC), lymphocyte (Lymph), monocyte (Mon) and
granulocytes (Gran) parameters compared to the control group. Similarly, biochemical assessments of liver and kidney
function, including alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), blood urea
nitrogen (BUN), and creatinine (CREA) levels, remained within normal ranges with no evidence of systemic toxicity
(Figure S6 in the ESM). The stability of WBC counts, and differential subpopulations further indicates that systemic
immune activation was not triggered by LNP administration.

Overall, these results clearly demonstrate that the SOX5/9@LNPs possess excellent biocompatibility both in vitro and
in vivo. The absence of cytotoxicity, hematological abnormalities, biochemical disturbances, or histological damage
strongly supports their translational potential as a safe and effective platform for mRNA-based therapy targeting
osteoarthritic cartilage degeneration. Beyond these findings, our results are also consistent with the general advantages
of ionizable lipid—based LNPs over conventional polymeric or non-ionizable lipid carriers. lonizable LNPs promote
efficient endosomal escape and transient cytoplasmic delivery of mRNA through pH-triggered protonation, which
destabilizes endosomal membranes and induces non-lamellar phase transitions. This mechanism leads to higher and
more predictable protein expression in vitro and in vivo, in line with previous studies showing that optimized ionizable

LNPs achieve an excellent balance between efficacy and systemic tolerability.?*->*

In vitro Evaluation of SOX5/9@LNP-Mediated Cartilage Regeneration and Senescence

Alleviation

To examine the antioxidant and senescence-reversing potential of SOXS5/9@LNPs, we first measured intracellular ROS
levels in H,O,-induced senescent chondrocytes. Fluorescence imaging showed markedly reduced ROS accumulation in
SOXS5@LNP- and SOX5/9@LNP-treated cells, with the latter exhibiting the weakest signal, indicating the most effective
suppression of oxidative stress (Figure 2f). Notably, cells treated with SOX5/9@LNP showed the weakest fluorescence
signal among all groups, suggesting the most pronounced suppression of oxidative stress. To further substantiate these
observations, flow cytometry analysis was performed to quantitatively assess intracellular ROS levels (Figure 2g).
Subsequent statistical analysis (Figure 2h) demonstrated a significant reduction in ROS levels in the SOX5@LNP and
SOXS5/9@LNP groups, with the SOX5/9@LNP group achieving the most substantial decrease. In contrast, ROS levels in
the SOX9@LNP group remained similar to those in the control. These results suggest that SOXS, particularly in
combination with SOX9, plays a key role in alleviating oxidative stress in senescent chondrocytes, potentially contribut-
ing to the reversal of the senescence-associated phenotype.

To comprehensively evaluate the chondrogenic and anti-senescent effects of SOX5/9@LNPs, we performed a series
of molecular and functional assays using hydrogen peroxide-induced senescent chondrocytes. These cells were treated
with SOX5@LNP, SOX9@LNP, or a combination of both (SOX5/9@LNP) for 1, 4, and 7 days. Western blot analysis
revealed dynamic temporal changes in protein expression (Figure 2i). Over the course of treatment, expression levels of
cartilage-specific markers—including SOXS5, SOX9, and type II collagen (COL II)—gradually increased, particularly in
the SOX5/9@LNP group. In contrast, the senescence-associated protein p21 showed a progressive decrease in expres-
sion, with the most significant downregulation observed on day 7. Delivering SOXS5 or SOX9 individually resulted in
only slight increases in marker expression. However, when both were delivered together using LNPs, a much more
significant effect was observed. This indicates a synergistic reversal of the senescent phenotype and a restoration of
chondrocyte function. To further confirm these findings at the transcriptional level, RT-qPCR was performed to assess
mRNA expression of COLII, aggrecan (ACAN), and p21 (Figure 2j). The results were in strong agreement with the
protein data: COL II and ACAN mRNA levels were significantly upregulated following SOX5/9@LNP treatment, while
p21 expression was markedly reduced. Notably, at all-time points the dual-treatment group outperformed the single-gene

12794 ‘e International Journal of Nanomedicine 2025:20


https://www.dovepress.com/article/supplementary_file/544168/544168%20Revised%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/544168/544168%20Revised%20Supplementary%20Material.docx

Yu et al

groups, confirming that co-delivery of SOXS5 and SOX9 more effectively stimulates the chondrogenic program while
suppressing cellular aging signals. Mechanistically, the dual-TF configuration overcomes two failure modes of single-
factor gene delivery—insufficient anabolic drive and incomplete senescence reversal—providing a rationale for the
superior in-vivo protection observed subsequently. To evaluate the impact of SOX5/9@LNPs on chondrocyte motility,
a scratch assay was conducted using senescent chondrocytes. As shown in Figure 2k, uniform scratches were introduced
at O h across all groups. After 24 h, notable wound closure was observed in the SOX5/9@LNP-treated group, whereas
wider gaps remained in the control, SOX5@LNP, and SOX9@LNP groups, indicating impaired migration. Quantitative
analysis revealed that the average migration rate in the SOX5/9@LNP group reached nearly 60%, which was signifi-
cantly higher than in all other groups (Figure 2L). These findings suggest that co-delivery of SOXS5 and SOX9 can
substantially enhance the migration capacity of senescent chondrocytes, facilitating functional recovery relevant to
cartilage repair.

To further validate the rejuvenating effects of SOX5/9@LNPs on senescent chondrocytes, we conducted immuno-
fluorescence analyses targeting extracellular matrix production, senescence markers, and mitochondrial function
(Figure 3). Cells treated with SOX5/9@LNPs exhibited significantly elevated expression of cartilage-specific matrix
proteins, COL II and aggrecan (ACAN), compared to both untreated and single-gene treated groups (Figure 3a and b).
Consistently, JC-1 staining revealed a higher red-to-green fluorescence ratio in the SOX5/9@LNP group, indicating
improved mitochondrial membrane potential and enhanced cellular metabolic activity (Figure 3c). In parallel, fluores-
cence signals of p21 and pl6, two canonical senescence markers, were markedly diminished, indicating effective
suppression of cellular aging pathways (Figure 3d and e). Given that mitochondrial dysfunction is a hallmark of
senescence, this finding further substantiates the anti-aging efficacy of SOX5/9@LNP treatment at the organelle level.
Collectively, these findings demonstrate that SOX5/9@LNP treatment rejuvenates senescent chondrocytes by restoring
cartilage matrix production, dampening senescence-related signals, and improving mitochondrial function. This multi-
faceted approach underscores the high therapeutic potential of co-delivering SOX5 and SOXO9 for cartilage regeneration
in osteoarthritis. Following the demonstration of senescence alleviation in chondrocytes, the ability of SOX5/9@LNPs to
drive chondrogenic differentiation in progenitor cells was further evaluated (Figure 3f). Rat bone marrow-derived
mesenchymal stem cells (tBMSCs), known for their multilineage plasticity and relevance to cartilage tissue
engineering,°, were treated with SOX5/9@LNPs and evaluated at days 0, 1, 4, and 7 via Western blotting
(Figure 3g) and immunofluorescence staining for type II collagen (COL II) expression (Figure 3h). Both analyses
revealed a time-dependent upregulation of COL II protein, indicating successful activation of the chondrogenic
transcriptional program and enhanced extracellular matrix synthesis.

Collectively, these data underscore that SOX5/9@LNPs not only reverse chondrocyte senescence but also effectively
direct the lineage commitment of undifferentiated mesenchymal stem cells toward chondrogenesis. This dual function-
ality highlights the versatility of SOX5/9@LNPs as a cartilage-specific mRNA-based nanoplatform, capable of addres-
sing key pathological features of osteoarthritis, including diminished cellular function, matrix loss, and impaired
endogenous regeneration. These findings support the application of SOX5/9@LNPs as a promising disease-modifying
therapeutic strategy for OA.

In vivo Evaluation of Cartilage Regeneration with SOX5/9@LNP Injection
To comprehensively assess the therapeutic efficacy of SOX5/9@LNPs in vivo, we employed a widely accepted anterior
cruciate ligament transection (ACLT) model in Sprague-Dawley rats to simulate the progressive cartilage degradation
characteristic of human OA (Figure 4). This model has been extensively used to mimic mechanical instability-induced
OA-like changes, including cartilage erosion, synovial inflammation, and subchondral bone remodeling.>”*° Two weeks
post-surgery, intra-articular administration of SOX5@LNP, SOX9@LNP, or SOX5/9@LNP (1 pg mL ") was performed
twice weekly for two consecutive weeks (Figure 4a). The sham-operated group, which did not undergo ACLT, served as
the normal control, while the ACLT-only group (receiving intra-articular saline injections) was designated as the OA
model control.

Animals were euthanized at the fourth and eighth postoperative weeks for comprehensive joint analysis. Micro-
computed tomography (micro-CT) was utilized then to non-invasively assess structural changes in the subchondral bone
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Figure 4 In vivo evaluation of SOX5/9@LNPs for cartilage regeneration in an ACLT-induced OA rat model. (a) Schematic illustration of the ACLT-induced osteoarthritis model and
intra-articular LNP administration protocol. (b) Representative 3D micro-CT images in different groups after 8 weeks of treatment and red arrowheads indicate areas of cartilage erosion
and osteophyte formation. Red arrowheads indicate areas of cartilage erosion and osteophyte formation. (c—i) Quantitative micro-CT assessments of structural parameters including
bone volume fraction (BV/TV), bone surface—to—bone volume ratio (BS/BV), bone surface—to—tissue volume ratio (BS/TV), connectivity density (Conn.D), trabecular number (Tb.N),
trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) across different treatment groups. (j) Quantitative OARSI histological scores in different groups after 8 weeks of
treatment. (k) H&E staining images in different groups after treatment for 8 weeks. The statistical significance was calculated using a two-tailed t test. ns: not significant (p > 0.05); *p <
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of the medial tibial plateau (Figures 4b, S7 and 8 in the ESM). In ACLT-induced osteoarthritic joints, typical pathological
remodeling was evident, characterized by trabecular bone loss, reduced connectivity, and increased porosity. Quantitative
analyses showed that the OA control group exhibited a significant reduction in bone volume fraction (BV/TV), tissue
volume ratio (BS/TV) and connectivity density (Conn.D), accompanied by increases in bone volume ratio (BS/BV) and
trabecular separation (Tb.Sp), as well as modest decreases in trabecular number (Tb.N) and thickness (Tb.Th). These
changes are consistent with OA-associated bone resorption patterns (Figure 4c—i). In contrast, SOX5/9@LNP treatment
effectively preserved subchondral bone microarchitecture. Three-dimensional reconstructions revealed denser and better-
organized trabecular structures in the SOX5/9@LNP group, with significant increases in BV/TV, BS/TV, and Conn.D, as
well as decreases in BS/BV and Tb.Sp. Modest increases in Tb.Th and Tb.N were also observed, whereas the reduction in
Tb.Sp was statistically significant compared to both the OA control and the single-factor groups at 8 weeks (p < 0.01)
(Figures 4c—i and S9 in the ESM). Importantly, while improvements at 4 weeks were already detectable, the differences
became much more pronounced by 8 weeks, underscoring the time-dependent benefits of the dual-transcription factor
therapy. In addition to summarizing time-dependent gains, these data indicate a mechanistic advantage over symptomatic
intra-articular agents like glucocorticoids and hyaluronic acid, which seldom preserve subchondral microarchitecture.
SOXS5/9@LNPs not only maintained trabecular connectivity and reduced Tb.Sp alongside cartilage protection but also
showed potential for modifying structure.®’ To further corroborate these observations, quantitative OARSI histological
scoring was performed.®> Consistent with the micro-CT findings, SOX5/9@LNP treatment resulted in significant
reductions in cartilage degeneration scores by 8 weeks (p < 0.001), clearly outperforming both the OA control and single-
gene treatment groups (Figures 4j and S9 in the ESM). Histological assessments paralleled these micro-CT findings. At
4 weeks, H&E staining demonstrated that SOX5/9@LNP-treated joints exhibited relatively smoother cartilage surfaces
and improved cellular organization compared to the OA controls, albeit with some residual surface irregularities (Figure
S10 in the ESM). The initial, albeit modest improvements observed at 4 weeks are likely due to the rapid transcriptional
reprogramming of senescent chondrocytes. In contrast, the more significant gains seen at 8 weeks are consistent with the
accumulation of newly synthesized extracellular matrix driven by the SOX5/SOX9 axis. By 8 weeks, these protective
effects became markedly accentuated: the SOXS5/9@LNP group maintained an intact cartilage surface, organized
chondrocyte columns, and robust matrix integrity, whereas severe erosion and matrix loss dominated the OA control
joints (Figure 4k). Masson’s trichrome staining confirmed better collagen fiber continuity (Figure 5a), and Safranin O/
Fast Green and Toluidine Blue staining revealed more pronounced retention of glycosaminoglycans (GAGs) in the
SOX5/9@LNP group (Figure 5b and c). Immunohistochemical staining for type II collagen (COL II) further demon-
strated uniform and strong matrix protein expression, consistent with active chondrogenic remodeling (Figure 5d).
Notably, staining at 4 weeks (Figure S11 in the ESM) also showed trends of improvement, though the differences
were less pronounced than those observed at 8 weeks. Preservation of GAGs (Safranin O) alongside uniform type II
collagen deposition is considered indicative of hyaline-like cartilage matrix according to ICRS histologic criteria.®**
Novel approaches, such as hydrogel/organoid constructs and bone-targeted nanoparticles, have been investigated for
reconstructing cartilage microenvironments or regulating subchondral remodeling, but these methods typically rely on
scaffolds or chemical targeting.'®**% In contrast, our SOX5/9@LNPs work by reprogramming chondrocytes in situ
through transient mRNA delivery, which results in the restoration of matrix synthesis without the need for external
implants or permanent modifications. Current intra-articular glucocorticoids and hyaluronic acid, on the other hand, are
primarily used for symptom relief rather than structural modification. Zonal restoration is usually pursued using
engineered multizonal scaffolds or organoid/hydrogel systems.®® Taken together, these results suggest that while early
therapeutic benefits were detectable, the dual-transcription factor strategy mediated progressively enhanced cartilage
protection and regeneration with prolonged treatment duration. Consistently, the transient co-expression of two master
transcription factors through mRNA leads to better functional rescue compared to delivering a single factor alone. This
approach also avoids genomic integration, which aligns with the superior histology and micro-CT results seen in this
study.

In summary, intra-articular administration of SOX5/9@LNPs significantly enhanced cartilage integrity, preserved
subchondral bone architecture, and attenuated osteoarthritic degeneration during both early and intermediate stages
following joint injury. The integrated molecular and histological findings underscore the therapeutic efficacy of SOXS5
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Figure 5 Histological and immunohistochemical evaluation of cartilage repair. (a) Masson’s trichrome staining showing collagen fiber distribution and organization in
cartilage tissues. (b) SO-FG staining demonstrating proteoglycan content in the extracellular matrix. (c) Toluidine blue staining showing sulfated glycosaminoglycan
distribution. (d) Immunohistochemical staining of collagen type Il (COL Il) indicating the extent of cartilage matrix restoration. The SOX5/9@LNP group showed superior
ECM restoration and cartilage regeneration compared to other treatment groups.

and SOX9 mRNA co-delivery and highlight this strategy as a compelling and disease-modifying approach for in vivo
cartilage regeneration in osteoarthritis. Moving forward, our translational efforts will prioritize the definition of dosing
intervals and the evaluation of sustained benefits beyond 8 weeks in load-bearing large-animal joints. This will be
complemented by a thorough analysis of long-term biodistribution, immunogenicity, and potential off-target effects. To
enhance intra-articular retention and tissue penetration, we will explore the use of cartilage-affinity or matrix-binding
ligands. Moreover, we will carry out repeat-dose studies with gait and functional assessments, while advancing the
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development of Good Manufacturing Practice (GMP)-consistent formulation and release testing to facilitate clinical
translation.

RNA Sequence Analysis

To assess the therapeutic potential of SOX5/9@LNPs in OA, RNA sequencing was performed on chondrocytes from
treated and untreated OA groups. Differential expression analysis revealed a substantial transcriptomic shift, with 487
genes significantly upregulated (Jlog,FC| > 1, p-adjusted < 0.05). Notably, several stress- and metabolism-associated
genes, including Sod2, Gbel, Car9, and Pgkl, were highly upregulated under IL1B stimulation but substantially
downregulated upon SOX5/9@LNP treatment, suggesting that the intervention mitigated the inflammatory and oxidative
stress responses rather than simply activating these pathways (Figure 6a and b). Among these, Sod2, a mitochondrial
superoxide dismutase, is pivotal in neutralizing reactive oxygen species (ROS), thereby mitigating oxidative stress-
induced senescence.®”*® In parallel, the upregulation of Mmp3, a key matrix metalloproteinase, suggests active initiation
of ECM remodeling processes.®” Functional enrichment analysis further demonstrated that these differentially expressed
genes were significantly associated with pathways related to extracellular matrix organization, angiogenesis, ECM-
receptor interaction, and MAPK signaling—all of which are critical for cartilage homeostasis and repair. These findings
suggest that SOX5/9@LNP exerts a dual mechanism of action: on one hand, reversing chondrocyte senescence by
reactivating antioxidant and metabolic pathways; on the other hand, promoting cartilage regeneration by stimulating
ECM synthesis and activating reparative signaling. Enrichment of GO and KEGG terms related to developmental and
stress-responsive processes reinforces the hypothesis that SOX5/9 mRNA delivery reprograms senescent chondrocytes
toward a regenerative phenotype (Figure 6¢ and d).

To further elucidate the underlying regulatory networks, a protein—protein interaction (PPI) analysis based on the
STRING database was conducted. A total of 116 high-confidence interaction pairs (score > 700) were identified,
involving cartilage-specific and aging-related genes such as SOX9, SOX5, COL2A1, ACAN, MMP3, P21, and SOD2.
Dense network clustering around SOX9 and COL2A1 highlighted their central role in matrix synthesis, while stress-
related nodes including SOD2 and P21 were closely linked with inflammatory mediators such as NOS3, C3, and CXCLS5,
underscoring the interplay between senescence, inflammation, and cartilage degeneration (Figure 6e). To validate the
activation of key signaling pathways at the protein level, we conducted Western blot analysis of core components of the
MAPK pathway, including ERK, JNK, and p38, along with their phosphorylated forms. The results revealed significantly
increased levels of p-ERK, p-JNK, and p-p38 in the SOX5/9@LNP-treated group, indicating activation of MAPK
signaling cascades (Figure 6f). These findings are consistent with the KEGG enrichment results and provide further
mechanistic support for the involvement of MAPK-driven stress response and regenerative signaling in SOX5/9@LNP-
mediated cartilage repair.

Finally, to further validate the transcriptomic impact of SOX5/9@LNP treatment, we compared gene expression
profiles between the SOXS5/9@LNP- treated group and normal group (Figure S12 in the ESM). Only moderate
transcriptomic alterations were observed, with few significantly differentially expressed genes. Clustering analyses
revealed normalization of inflammation- and senescence-related transcripts (eg, Cdknla, Nos2, Ccl5), while GO enrich-
ment highlighted restoration of pathways associated with cell cycle and mitotic spindle organization. These data suggest
that SOX5/9@LNPs partially reprogram OA chondrocytes toward a more proliferative, regenerative state without
inducing off-target or global transcriptional dysregulation.

Conclusions

In summary, we developed a dual-functional mRNA nanotherapeutic platform for osteoarthritis (OA) by co-delivering
SOX5 and SOX9 via rationally optimized SM-102-based lipid nanoparticles (SOXS5/9@LNP). This system simulta-
neously targets cartilage regeneration and subchondral bone preservation. In vitro, SOX5/9@LNP effectively reversed
chondrocyte senescence, enhanced extracellular matrix synthesis, and promoted chondrogenic differentiation of bone
marrow-derived mesenchymal stem cells, outperforming single-factor delivery. In vivo, intra-articular administration of
SOX5/9@LNPs in an ACLT-induced OA rat model significantly preserved cartilage architecture and subchondral bone
integrity, as evidenced by micro-CT analysis, histological staining, and OARSI scoring. With excellent biosafety and
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Figure 6 Transcriptomic analysis of SOX5/9@LNP treatment on senescent chondrocytes. (a) Heatmap of differentially expressed genes between the control and SOX5/
9@LNP-treated groups, showing distinct expression profiles. (b) Volcano plot displaying significantly upregulated (red) and downregulated (blue) genes (|log,FC| > |,
p-adjusted < 0.05). (c) Gene Ontology (GO) enrichment analysis of upregulated genes after SOX5/9@LNP treatment. (d) KEGG pathway enrichment analysis showing the
most enriched signaling pathways, including MAPK and PI3K-Akt signaling. (e) Protein—protein interaction (PPl) network of differentially expressed genes highlighting key
nodes associated with cartilage homeostasis and senescence. (f) Western blot analysis of MAPK signaling pathway components (ERK1/2, JNKI/2, and p38) and their

phosphorylated forms, validating transcriptomic findings.
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potent regenerative effects, this strategy represents a promising disease-modifying approach for OA. Beyond offering
mechanistic insights into senescence reversal and matrix restoration, our study also expands the therapeutic scope of
mRNA-loaded lipid nanocarriers in orthopedic regenerative medicine.
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