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Abstract
BACKGROUND
[bookmark: _Hlk156894937]Knee osteoarthritis (KOA) is a common orthopedic condition with an uncertain etiology, possibly involving genetics and biomechanics. Factors like changes in chondrocyte microenvironment, oxidative stress, inflammation, and immune responses affect KOA development. Early-stage treatment options primarily target symptom relief. Mesenchymal stem cells (MSCs) show promise for treatment, despite challenges. Recent research highlights microRNAs (miRNAs) within MSC-released extracellular vesicles that can potentially promote cartilage regeneration and hinder KOA progression. This suggests exosomes (Exos) as a promising avenue for future treatment. While these findings emphasize the need for effective KOA progression management, further safety and efficacy validation for Exos is essential.

AIM
To explore miR-29a’s role in KOA, we’ll create miR-29a-loaded vesicles, testing for early treatment in rat models.

METHODS
Extraction of bone marrow MSC-derived extracellular vesicles, preparation of engineered vesicles loaded with miR-29a using ultrasonication, and identification using quantitative reverse transcription polymerase chain reaction; after establishing a rat model of KOA, rats were randomly divided into three groups: Blank control group injected with saline, normal extracellular vesicle group injected with normal extracellular vesicle suspension, and engineered extracellular vesicle group injected with engineered extracellular vesicle suspension. The three groups were subjected to general behavioral observation analysis, imaging evaluation, gross histological observation evaluation, histological detection, and immunohistochemical detection to compare and evaluate the progress of various forms of arthritis.

RESULTS
General behavioral observation results showed that the extracellular vesicle group and engineered extracellular vesicle group had better performance in all four indicators of pain, gait, joint mobility, and swelling compared to the blank control group. Additionally, the engineered extracellular vesicle group had better pain relief at 4 wk and better knee joint mobility at 8 wk compared to the normal extracellular vesicle group. Imaging examination results showed that the blank control group had the fastest progression of arthritis, the normal extracellular vesicle group had a relatively slower progression, and the engineered extracellular vesicle group had the slowest progression. Gross histological observation results showed that the blank control group had the most obvious signs of arthritis, the normal extracellular vesicle group showed signs of arthritis, and the engineered extracellular vesicle group showed no significant signs of arthritis. Using the Pelletier gross score evaluation, the engineered extracellular vesicle group had the slowest progression of arthritis. Results from two types of staining showed that the articular cartilage of rats in the normal extracellular vesicle and engineered extracellular vesicle groups was significantly better than that of the blank control group, and the engineered extracellular vesicle group had the best cartilage cell and joint surface condition. Immunohistochemical detection of type II collagen and proteoglycan showed that the extracellular matrix of cartilage cells in the normal extracellular vesicle and engineered extracellular vesicle groups was better than that of the blank control group. Compared to the normal extracellular vesicle group, the engineered extracellular vesicle group had a better regulatory effect on the extracellular matrix of cartilage cells.

CONCLUSION
Engineered Exos loaded with miR-29a can exert anti-inflammatory effects and maintain extracellular matrix stability, thereby protecting articular cartilage, and slowing the progression of KOA.

Key Words: Exosomes; Osteoarthritis; Mesenchymal stem cells; MicroRNA-29a; Intra-articular injection

Yang F, Xiong WQ, Li CZ, Wu MJ, Zhang XZ, Ran CX, Li ZH, Cui Y, Liu BY, Zhao DW. Extracellular vesicles derived from mesenchymal stem cells mediate extracellular matrix remodeling in osteoarthritis through the transport of microRNA-29a. World J Stem Cells 2024; In press

Core Tip: Knee osteoarthritis (KOA) is a common orthopedic condition with an uncertain etiology, involving genetics and biomechanics. Factors like changes in chondrocyte microenvironment, oxidative stress, inflammation, and immune responses affect KOA. Mesenchymal stem cells (MSCs) show promise in treatment. Recent research highlights microRNAs (miRNAs) within MSC-released extracellular vesicles that can potentially promote cartilage regeneration and hinder KOA. Engineered exosomes (Exos) loaded with miR-29a were used in a rat study for early-stage KOA treatment, showing superior pain reduction and joint improvement compared to standard Exos. These findings suggest that miR-29a-loaded Exos could be a novel therapeutic approach for early-stage KOA management.

INTRODUCTION
Knee osteoarthritis (KOA) is a common orthopedic disease that seriously affects the quality of life of patients and is a common clinical problem. The etiology of KOA is not fully understood, but it might be associated with genetic, biological, and biomechanical factors[1]. Aging and abnormal mechanical stress leading to changes in the microenvironment of chondrocytes are some of the mechanisms underlying KOA[2]. Pathological events, such as oxidative stress, synovial inflammation, and immune responses, also contribute to the development of KOA[3]. However, joint cartilage lacks vascular nutrition and self-repair ability, resulting in the loss of chondrocyte integrity and activity, which in turn accelerates cartilage degradation and damage[4-6]. Research indicates that KOA is one of the most common diseases in orthopedic clinical practice, accounting for approximately 40% of all types of arthritis[1]. Therefore, effective treatments and preventive measures need to be developed for managing KOA. Treatment options for KOA are limited, and the choice of treatment varies with the requirements of the patient. Patients in advanced stages may require surgical intervention, but it has the risk of functional impairment and prosthetic longevity. Non-surgical treatments, such as lifestyle modifications, physical therapy, and pharmacotherapy, are commonly used for treating patients with early-stage KOA[7-9]. However, pharmacotherapy recommended by international guidelines only provides symptomatic relief. It has limited efficacy and shows considerable individual variation. Thus, effective treatment strategies need to be developed to delay the progression of KOA. While researchers seek drugs to treat KOA, their safety and efficacy need further validation[10,11]. Hence, safe and effective treatment methods are required to improve the condition of KOA.
[bookmark: _Hlk156893646]Many researchers have investigated mesenchymal stem cells (MSCs) for their role in tissue repair and regeneration. They can promote chondrocyte matrix regeneration and inhibit inflammatory responses, and thus, may be used for tissue repair and regeneration. MSCs from different sources can inhibit the development of OA (KOA) by improving the cartilage matrix or suppressing related inflammatory factors, thus protecting the joint cartilage[12,13]. Specifically, bone marrow-derived MSCs (BMSCs) are multifunctional cells that have great potential in the treatment of various diseases, including KOA[14]. However, the application of MSCs faces multiple issues, such as ethical concerns, transplant rejection, and risk of tumor formation. Thus, further research is required to address these problems. Some studies have reported that the therapeutic efficacy of treating KOA with BMSCs is closely related to the exosomes (Exos) secreted by BMSCs[15]. Exos are extracellular vesicles released by almost all eukaryotic cells. They carry various substances, such as proteins, lipids, and RNA for cell communication. Many studies have shown that Exos contain various microRNAs (miRNAs), which can promote chondrocyte proliferation, cartilage matrix secretion, anti-inflammatory effects, and cartilage regeneration[16,17]. Through in vitro and in vivo experiments, researchers have demonstrated the potential of Exos in treating KOA and elucidated the mechanisms underlying the delay in the progression of KOA. However, natural Exos have some limitations, such as poor targeting ability, low quantity, and restricted payload capacity[18,19]. To address these issues, researchers have improved the targeting ability and loading capacity of Exos to enhance their therapeutic effects. Engineered Exos offer a new strategy for treating OA[20].
The small non-coding RNA molecule miR-29a is involved in various physiological and pathological processes in the human body, such as cell proliferation, differentiation, apoptosis, fibrosis, and angiogenesis[21]. Studies on miR-29a mainly investigated its function in areas such as tumors, thoracic surgery, obstetrics, and gynecology. Cui et al[22] showed that miR-29a can decrease the level of inflammatory factors, reduce alveolar epithelial cell apoptosis, and improve lung injury in mice with acute lung injury. Dey et al[23] found that miR-29a can inhibit inflammation and fibrosis in acute pancreatitis. Guo et al[24] reported that miR-29a can regulate the secretion of luteinizing hormone, thus affecting ovulation in mice. Some studies have shown that miR-29a is present in Exos released by BMSCs and can significantly inhibit the expression of matrix metalloproteinase (MMP)-13 induced by the pro-inflammatory factor interleukin (IL)-6; it can also suppress cartilage degradation and promote cartilage and bone regeneration[25,26]. Although there are fewer reports on miR-29a in studies related to orthopedic disorders, its role in anti-inflammation, promotion of cell proliferation, and inhibition of cell apoptosis has received much attention. Therefore, further research on the application of miR-29a in the field of orthopedics is extremely important.
[bookmark: _Hlk156893744]In this study, we loaded miR-29a into Exos derived from BMSCs (BMSCs-Exos) and developed a novel engineered Exo (BMSCs-miR-29a-Exos). We assessed the effectiveness of the engineered Exo in cartilage repair and OA treatment. The methods commonly used in published studies for engineering Exos include electroporation, transfection, and ultrasound. Among these, ultrasound is easy to operate and has high loading efficiency. Therefore, we used ultrasound to engineer Exos and conducted experiments using a KOA rat model. Through intra-articular injection, the progression of KOA was compared and analyzed among different rat groups from various aspects, such as general behavior, imaging, gross histology, and pathology, to evaluate the effectiveness of BMSCs-miR-29a-Exos in the treatment of KOA. Due to the unique structure of cartilage, we investigated the regulatory effect of BMSCs-miR-29a-Exos on the extracellular matrix of chondrocytes to provide new insights into and options for cartilage repair and regeneration and early-stage OA treatment.

MATERIALS AND METHODS
Recovery and culturing of BMSCs
Thawed primary human BMSCs were centrifuged and resuspended in a complete culture medium. Then, they were cultured in an incubator at 37 °C and 5% CO2 for 72-96 h. After incubation, the culture medium was replaced every three days until the cells reached around 90% confluence. To conduct cell passage, they were briefly treated with trypsin, and the digestion was stopped with a complete culture medium. Finally, cell passage was conducted at a 1:2 ratio for further growth and observation.

Extraction and identification of BMSCs-Exos
[bookmark: _Hlk139096840][bookmark: _Hlk11932385]Extraction of BMSCs-Exos: The cell culture supernatant was collected in a centrifuge tube and centrifuged for 10 min at 4 °C and 500 × g to remove non-adherent cells and impurities. The resulting supernatant was further centrifuged for 30 min at 4 °C and 2,000 × g, and then, for 60 min at 4 °C and 10000 × g. The supernatant was filtered through a 0.22 μm filter membrane, followed by ultracentrifugation for 70 min at 4 °C and 120000 × g to remove the supernatant. The remaining pellet was resuspended in sterile phosphate buffered saline (PBS) to obtain the BMSCs-Exos suspension.

[bookmark: _Hlk156893776]Identification of BMSCs-Exos: Transmission electron microscopy (TEM): BMSCs-Exos solution (10 μL), pre-fixed with 2.5% glutaraldehyde, was dropped onto a copper grid and left at room temperature for 10 min. Excess liquid was removed with filter paper, and then 10 μL of 2% phosphotungstic acid solution (pH = 6.5) was added to the copper grid. After staining for 2 min at room temperature, excess liquid was removed again with filter paper, and the grid was air-dried. TEM was performed to observe and capture images. Nanoparticle tracking analysis (NTA): The BMSCs-Exos were diluted in sterile PBS, filtered through a 0.22 μm filter membrane, and analyzed using a particle size analyzer. Western blotting (WB) assay: Surface marker proteins of BMSCs-Exos were mixed with a sample buffer, heated in a water bath at 100 °C for 5 min, and then thoroughly centrifuged (20min, 4 °C, 12000 rpm) and placed on ice. A separation gel solution was prepared, and after loading the gel cassette, the separating gel was added. Then, isopropanol was used to seal the top. Once the lower gel solidified, isopropanol was removed, and double-distilled water was used for rinsing. A concentration gel was prepared, and care was taken to avoid bubble formation. A comb was inserted at the appropriate time and removed after gel solidification. The gel cassette was placed on ice, the electrophoresis buffer was poured in, the samples were loaded (about 25 μL per well), and electrophoresis was performed first on the upper gel (60 V, 30 min) and then on the lower gel (110 V, 120 min). Finally, the gels were rinsed with PBS for 2 min. Next, the gel was equilibrated in a transfer buffer. The polyvinylidene fluoride (PVDF) membrane was soaked in methanol (2 min) and double-distilled water (2 min). It was then soaked along with filter paper in the transfer buffer (15 min). The assembly was set up as follows (black plate-fiber pad-filter paper-gel-PVDF membrane-filter paper-fiber pad-white plate) and clamped in a transfer unit (back to back). After filling with the transfer buffer, membrane transfer was performed on ice (100 V and 50 min), followed by soaking in PBS (5 min). The membrane was cut and blocked with 5% skim milk (0.75 g milk powder + 15 mL PBS) (37 °C, 1 h). The blocked membrane was washed thrice with PBS-T (1000 mL 1 × PBS + 1 mL Tween-20) (8 min per wash). The primary antibodies were diluted to 1:2000, and the membrane was incubated overnight in a dish with the primary antibodies at 4 °C on a shaker. The membrane was washed thrice with PBS-T (8 min per wash). Finally, the membrane was placed on a flat surface, developed, and exposed, and the band images were obtained.

Preparation and identification of BMSCs-miR-29a-Exos
[bookmark: _Hlk106196928]Preparation of BMSCs-miR-29a-Exos: The miR-29a powder was reconstituted in ddH2O to prepare a 100 μmol/L solution. Subsequently, 300 μg of Exos was mixed with 121.6 μL of the aforementioned solution, vortexed, and placed on ice. Ultrasonication was performed at 20% amplitude (on for 30 s and off for 3 min) for six cycles. After ultrasonication, the mixture was incubated at 37 °C for 60 min to restore the Exo membranes. The mixture was then subjected to high-speed centrifugation at 4 °C for 70 min at 120000 × g, after which the supernatant was removed. The pellet was resuspended in sterile PBS to obtain the BMSCs-miR-29a-Exo suspension.

Identification of BMSCs-miR-29a-Exos: NTA: BMSCs-miR-29a-Exos were diluted in sterile PBS, filtered through a 0.22 μm membrane, and analyzed using a particle size detection instrument. Quantitative reverse transcription polymerase chain reaction (qRT-PCR): RNA extraction: First, 250 μL of Exos was mixed with 750 μL of RNAiso plus and lysed for 5 min. Then, 5 μL of 25 fmol cel-miR-39 external reference was added, followed by the addition of 200 μL of chloroform. After vigorous mixing, the mixture was incubated at room temperature for 5 min and then centrifuged for 15 min at 4 °C at 12000 × g. The upper aqueous phase was transferred to another centrifuge tube, and 1/100 volume of Dr. GenTLE Precipitation Carrier (precipitation enhancer) and 1/10 volume of 3 M sodium acetate (pH = 5.2) solution were added and mixed; then, 2.5 times the volume of anhydrous ethanol was added. The mixture was mixed thoroughly and centrifuged for 15 min at 4 °C at 12000 × g. The supernatant was discarded, and 1 mL of 70% ethanol (prepared with DEPC water) was added to wash the precipitate. The precipitate was inverted and mixed 6-8 times and centrifuged for 5 min at 4 °C and 8000 × g. The supernatant was discarded, and the precipitate was air-dried at room temperature. RNA was dissolved in 20 μL of DEPC H2O; DEPC H2O was also used as a blank control. Finally, 2 μL of RNA solution was used for analyzing the purity and concentration of RNA via spectrophotometry.
Reverse transcription of miRNA: A denaturation solution was prepared following the instructions provided with the kit. An adequate quantity of the above solution was placed in a PCR tube, and RNA was mixed with the denaturation solution for 5 min at 65 °C, followed by rapid cooling on ice. Next, 10 μL of the prepared reverse transcription reaction mixture was added to the PCR tube, mixed, and incubated at 42 °C for 60 min, followed by incubation at 95 °C for 5 min. The reaction mixture was then stored on ice.
Fluorescent quantitative PCR amplification: We prepared a PCR amplification reaction system and performed real-time PCR using a fluorescence quantitative PCR instrument. The PCR cycling consisted of stage 1 (95 °C, 10 min), stage 2 (95 °C, 15 s; 60 °C, 60 s) for 46 cycles, and a dissociation stage to detect the CT value.

In vivo animal studies
Rat surgical procedure for establishing the OA model: All animal studies were approved by the Animal Welfare and Ethics Committee of the Affiliated Zhongshan Hospital of Dalian University (No. 2022011010). The rat OA model was established using the Hulth method[27]. Eight-week-old female Sprague Dawley (SD) rats (400-450 g) were continuously anesthetized with 4% isoflurane using a small animal anesthesia machine. Then, the knee was disinfected, and the region above the inner tibia was incised. The patellar ligament was exposed and incised, following which, the joint capsule was opened. The anterior cruciate ligament was cut and confirmed with an anterior drawer test. Then, the partial medial meniscus was removed, and hemostasis, joint cavity irrigation, and layered closure were performed. The date of the surgery was recorded. Animals assigned to experimental groups were managed following husbandry protocols. The 36 rats were divided into three groups (n = 6), which included the EXO group, the E-Exo group, and the NC group (without any scaffold).

Knee joint cavity injection in rats: The rats were anesthetized with isoflurane, and the knee joint space was identified and marked. The area was disinfected following standard disinfection procedures. Using a 1 mL syringe, 100 μL of a specific liquid was injected into the joint space on the medial side of the patellar ligament, depending on the groups that the rats were assigned to. In the NC group, the liquid injected was physiological saline; in the Exo group, it was a suspension of BMSCs-Exos (109/mL); in the E-Exo group, the liquid injected was a suspension of BMSCs-miR-29a-Exos (109/mL). The liquid was injected into the right knee joint space of the rats, with slow injection after confirming no occurrence of blood backflow. The syringe was held steady after injection, and the knee joint was gently moved to ensure even distribution of the liquid. The needle was slowly withdrawn to prevent leakage of the liquid. The rats were sacrificed four weeks and eight weeks after surgery. The whole cranium plus scaffold was harvested and fixed in 4% paraformaldehyde for histological analysis.

General behavioral observations in rats: The general behavioral performance of the rats was recorded postoperatively and graded according to the Lequesne MG criteria[28] for comparing the behavioral performance of the rats.

Micro-computed tomography scans: After the rats were sacrificed by the cervical dislocation method, the right lower limb was intercepted and the soft tissues around the joint were removed as much as possible while keeping the knee joint intact. The tissues were sterilized and placed on a carbon fiber specimen plate of the micro-computed tomography (CT) machine, fixed firmly with tape. Scanning was performed according to the operating procedure.

Gross observation of articular cartilage: The joint surface of the right knee joint of the rats was exposed, observed, compared among the groups, and photographed. The joint surfaces of the rats were scored according to the Pelletier gross scoring criteria[24] (Table 1).

[bookmark: _Hlk156894251]Histology and immunohistochemistry: All samples were decalcified in 15% ethylenediaminetetraacetic acid (pH = 7.2) and refreshed every three days for four weeks. After the samples were dehydrated using a tissue processor, they were embedded in paraffin, and cut into serial 4-μm sections (Leica, Germany) for staining. The pathological sections of each group were evaluated by hematoxylin and eosin staining (H&E; Solarbio, China) and Red O-solid green (Solarbio, China) staining. All images were captured using a light optical microscope (Olympus, Japan).
The tissues were blocked and sealed by washing them with PBS thrice (5 min per wash), marking them with an immunohistochemistry pen, blocking with 3% hydrogen peroxide for 18 min, washing again with PBS for 5 min, and sealing with goat serum for 15 min. The tissues were incubated with primary antibodies (1:300 dilution) overnight at 4 °C. After incubation, the tissues were washed with PBS for 5 min and brought to room temperature (5 min). These tissues were labeled with secondary antibodies for 15 min at room temperature and then washed again with PBS for 5 min. DAB staining was performed by evenly applying a light-protected DAB solution to the tissues, incubating for 5 min at room temperature, monitoring color changes, and terminating the reaction with distilled water. Next, the samples were stained with hematoxylin for 30 s and rinsed thrice with distilled water (5 min per wash). The tissues were dehydrated and cleaned in graded ethanol and xylene (3 min per step in 75%, 85%, 95% ethanol, and two xylene steps). Finally, the tissues were mounted in neutral resin and observed under a microscope.

Statistical analysis
Statistical analysis was performed using the SPSS 23.0 software. The differences between any two groups were evaluated by t-tests, and the differences among multiple groups were evaluated by a one-way analysis of variance (ANOVA). All differences among and between groups were considered to be statistically significant at P < 0.05; P < 0.01 indicated a significant difference, P < 0.001 indicated a highly significant difference, and P > 0.05 indicated that the differences were not statistically significant.

RESULTS
Extraction and identification of BMSCs-Exos
By day 7, almost all BMSCs were spindle-shaped. When the cells grew to 80% confluence, Exos were extracted (Figure 1A). The Exos were observed via TEM; they had a circular appearance. The appearance and diameter were consistent with Exos reported in other studies (Figure 1B). The Exos samples were diluted eight times with PBS and then injected into the sample for detection. The NTA results showed that the concentration of BMSC-Exos was 3.43 × 109/mL, with a mean particle size of 131.9 nm and a concentrated distribution (Figure 1C). The results of the WB assay of Exos surface markers showed a positive expression of CD9, heat shock protein 70, and tumor necrosis factor-alpha-stimulated gene 101 (Figure 1D). These results confirmed that they were BMSCs-Exos.

Identification of BMSCs-miR-29a-Exos
NTA: After the BMSCs-miR-29a-Exos were prepared by ultrasonication, the BMSCs-miR-29a-Exos samples were diluted 2.3 times with PBS and the results of NTA detection showed that the concentration of the obtained BMSCs-miR-29a-Exos was 1.62 × 109/mL, the average particle size was 173.7 nm, and the particles were concentrated (Figure 2). The mean particle size of BMSCs-miR-29a-Exos was significantly greater than that of BMSCs-Exos.

qRT-PCR: The results of the qRT-PCR assay showed that the expression of miR-29a was significantly upregulated in BMSCs-miR-29a-Exos compared to its expression in BMSCs-Exos (Figure 3).

Assessment of the ability of BMSCs-miR-29a-Exos injected in the knee to delay the progression of OA
Postoperative rat survival rate and general behavioral observations: All 36 rats in the three groups recovered after surgery. The incision healed adequately, and no mortal injuries or infections from other diseases were recorded. The Lequesne MG grading was used to compare pain, gait condition, knee range of motion, and swelling at two time points (Table 2). The results showed that rats in the Exo and E-Exo groups had lesser OA than those in the NC group. At four weeks, the rats in the E-Exo group had lesser pain than those in the Exo group. At eight weeks, the rats in the E-Exo group had better knee range of motion than those in the Exo group (Table 3). The differences in the other parameters between these two groups were not statistically significant.

Micro-CT of the rat knee joint: Four weeks: Most specimens in the NC group showed bone redundancy, damage to the articular surface, and subchondral bone fractures. Some specimens in the Exo group showed a small amount of bone redundancy, uneven articular surface, and sclerotic band formation. However, no significant bone redundancy was recorded in the E-Exo group, and no significant damage to the articular surface was found in this group. Eight weeks: Most specimens in the NC group had severe joint damage and a significantly reduced joint space. The samples in the Exo group showed more damage to the joint surface and reduced joint space. The samples in the E-Exo group had visible bone formation, visible joint surface damage, sclerotic band formation, and fair joint space (Figure 4).

Gross observation of the knee joint in rats: Four weeks: The samples in the NC group had slightly uneven articular surfaces, as seen by the naked eye. Scattered hemorrhages were found on the articular surfaces, and the cartilage surfaces were worn. The samples in the Exo group did not show any signs of hemorrhage; slight synovial hyperplasia was found, and some specimens had slightly uneven cartilage surfaces. The samples in the E-Exo group did not show any signs of OA. Eight weeks: Yellowish and viscous joint fluid was found in the samples of the NC group; these samples also showed marked synovial hyperplasia, considerable wear and tear, or even breakdown of the cartilage surface, and loss of luster on the articular surface. The samples in the Exo group showed slightly turbid joint fluid, mild synovial hyperplasia, uneven articular cartilage surface, slight wear and tear on some cartilage surfaces, and uneven articular surface. The samples in the E-Exo group showed a clear and transparent joint fluid, mild synovial hyperplasia (visible in some specimens), and no marked wear and tear on the articular cartilage surface. No significant wear was found on the articular cartilage surfaces (Figure 5).
The results of Pelletier’s gross scores showed that at four weeks, the scores of the NC group were greater than those of the Exo and E-Exo groups; the scores of the Exo and E-Exo groups were not significantly different. At eight weeks, the scores of the NC group were significantly greater than those of the Exo and E-Exo groups (P < 0.05); also, the scores of the Exo group were significantly greater than those of the E-Exo group (P < 0.05) (Figure 6A).

Histological staining analysis: H&E staining: At four weeks, the cartilage surface of all groups was smooth, the cartilage layer of the NC group was thin, the cartilage surface was flat, the cartilage matrix staining was light, and the samples showed prominent degeneration. The cartilage layer of the Exo group was thicker than NC group, and the number of chondrocytes was slightly lower. The cartilage layer of the E-Exo group was thicker than that of the other two groups, and the number of cells was higher. At eight weeks, the cartilage layer of the NC group was severely eroded, the number of chondrocytes was substantially lower, and the joint surface was severely damaged. The cartilage layer was thicker in the E-Exo group than in the Exo group; the chondrocytes were still neatly arranged, and the number of cells was higher in the E-Exo group than in the Exo group (Figure 7A).
Fuchsin O-solid green staining: At four weeks, cartilage staining in the NC group was reduced, sclerotic bone was formed on the cartilage surface, and the articular cartilage surface was uneven. In the Exo group, cartilage staining was slightly reduced, and the articular surface was still flat. The cartilage layer was significantly thicker in the E-Exo group than in the other two groups; the staining was uniform, and the cells were well-arranged in the E-Exo group. At eight weeks, cartilage staining in the NC group was severely reduced, some cartilage cells were clustered, and the articular cartilage surface was severely damaged. In the Exo group, cartilage staining was reduced, and the articular cartilage surface was damaged. In the E-Exo group, cartilage staining was more uniform, and the articular cartilage surface was still flat (Figure 7B).
The results of the modified Mankin score showed that at four weeks, the score of the NC group was greater than that of the Exo and E-Exo groups; however, no significant difference between the scores of the Exo and E-Exo groups was recorded. At eight weeks, the score of the NC group was significantly higher than that of the Exo and E-Exo groups (P < 0.05), and the score of the Exo group was significantly higher than that of the E-Exo group (P < 0.05) (Figure 6B).

Immunohistochemical staining analysis: Type II collagen expression: At four weeks, the NC group showed less positive expression of type II collagen in the cytoplasm of chondrocytes. Only some chondrocytes showed a positive expression and a lighter yellow color. The Exo group showed more positive expression with a darker yellow color than the NC group. The E-Exo group showed positive expression (yellow color) in the cytoplasm of a large number of chondrocytes, and the color was darker in this group than that recorded in the other two groups; this indicated that the expression of collagen was the strongest in the E-Exo group. In the Exo group, the articular surface was not smooth, and some chondrocytes were clustered; positive expression was found in the cytoplasm, which was lighter in color. In the E-Exo group, the articular surface was poor, and the chondrocytes were more evenly distributed, although a few chondrocytes were clustered. A more positive and stronger expression was recorded in the E-Exo group than in the other two groups (Figure 8A).
Proteoglycan expression: At four weeks, the NC group had a less positive expression of proteoglycans in the cytoplasm of chondrocytes. Only a few chondrocytes were positive, and they had a very light yellow color. The Exo group showed more positive expression and a darker yellow color than the NC group. The E-Exo group showed a prominent yellow color, indicating a positive expression of proteoglycans in the cytoplasm of many chondrocytes; the color was darker than that observed in the other two groups, which indicated that the expression of proteoglycans was the strongest in the E-Exo group. In the E-Exo group, the articular cartilage surface was not well-developed, and the chondrocytes were more evenly distributed, although a few chondrocytes were found in clusters (Figure 8B).

DISCUSSION
OA is a complex disease caused by various factors, which results in joint pain, restricted movement, and swelling[1,29]. The prevalence of OA is high, and with the general trend of increase in life expectancy and body mass index, the incidence of OA is increasing year-on-year; KOA is responsible for more than 80% of the total cases of OA[30]. Due to the special structure of articular cartilage, its blood supply is insufficient, which makes self-repair of damaged cartilage difficult. Therefore, an effective method is required to repair cartilage. Depending on the situation and requirements of the patient, KOA treatment is divided into surgical and non-surgical treatments. Arthroplasty is the best option for patients with end-stage KOA, which can relieve pain and correct deformity at the source, but the function of the joint and the life of the prosthesis are uncertain after arthroplasty[31]. Current treatment for patients with early KOA is mostly non-curative and symptomatic. No known drugs approved for regulatory use can substantially improve KOA[32]. Therefore, in this study, we investigated a drug that can be used to treat KOA through knee injections to provide a new strategy for the treatment of cartilage injury and OA.
Animal models are often used to test the effectiveness of interventions before clinical trials are conducted; the selection of an appropriate animal model is crucial to the effectiveness of the study. Knee KOA can be modeled in various ways[33]. First, we calculated the number of animals required according to the number of treatment groups needed in the study and assessed the cost, feeding period, resistance to infection, and cartilage condition of the commonly used animals. Based on our criteria, SD rats were the most suitable to build the model. After an extensive literature survey, we found that there are many methods to construct the KOA rat model, including the anterior cruciate ligament dissection method[34], the anterior cruciate ligament dissection + partial medial meniscectomy method[35,36], the medial collateral ligament dissection + medial meniscectomy method[37], and the mono-iodoacetic acid joint injection method[38]. In this study, we stimulated the development of KOA and investigated whether BMSCs-miR-29a-Exos intra-articular injection can modulate the extracellular matrix to delay the progression of KOA. The modeling period of anterior cruciate dissection + partial medial meniscectomy was found to be more compatible with the design of this study and could better simulate the development of KOA. Hence, the method involving anterior cruciate dissection + partial medial meniscectomy was selected to establish the rat KOA model. During the pre-experimental and experimental phases, the rats in the NC group showed pain and uneasy movement of the knee joint after modeling, and the symptoms worsened over time.
Many researchers have investigated the treatment of KOA using treatment methods involving BMSCs. Many studies have found that BMSCs are promising for the treatment of KOA, as they can be stimulated to differentiate into cartilage and repair cartilage tissue. They can also inhibit the inflammatory response during the development of KOA, and thus, they can facilitate the treatment of KOA in multiple ways[39,40]. Some researchers used BMSCs in the clinical treatment of traumatic articular cartilage defects and reported relatively positive results[41]. The discovery and study of BMSCs-Exos has provided new opportunities for researchers to explore the treatment of KOA. As BMSCs-Exos can regulate the extracellular matrix, they might be able to repair cartilage and treat KOA[42]. Following extensive research on BMSCs, researchers have also obtained valuable results by studying Exos; several studies have found that the proteins, lipids, and nucleic acids associated with Exos have important functions[43]. For example, miR-29a in BMSCs-Exos can significantly inhibit the expression of MMP-13 induced by the pro-inflammatory factor IL-6; through this change, they can inhibit the degeneration of articular cartilage and promote the regeneration of articular cartilage and bone[25,26]. Researchers needed natural Exos to carry larger quantities of relevant functional small molecules; thus, they modified natural Exos using various modalities. Some researchers developed E-Exos, following which research on E-Exos progressed rapidly with some promising results. Due to the effectiveness of E-Exos, our group conducted this study. We first prepared BMSCs-miR-29a-Exos using ultrasound. Then, we designed animal experiments to establish a rat KOA model and investigated the effect of knee injection of BMSCs-miR-29a-Exos on the progression of KOA in a rat model of KOA. We set up a suitable control group to compare it with the BMSCs-Exos and saline groups. We found that after injecting BMSCs-Exos/BMSCs-miR-29a-Exos in the knees, the progression of KOA was slower in the above two groups of rats compared to KOA progression in the NC group. The effect of BMSCs-miR-29a-Exos was greater than that of BMSCs-Exos. The results of the general behavioral tests, imaging examinations, gross histological observations, and pathological staining showed that both BMSCs-Exos and BMSCs-miR-29a-Exos delayed the progression of KOA in rats, with BMSCs-miR-29a-Exos being more effective. Immunohistochemical staining results showed that BMSCs-Exos and BMSCs-miR-29a-Exos upregulated the expression of type II collagen and proteoglycans in rat knee joints, and the effect of BMSCs-miR-29a-Exos was more significant, which indicated that BMSCs-Exos and BMSCs-miR-29a-Exos improved the condition of the extracellular matrix of cartilage. The effect of BMSCs-miR-29a-Exos was more significant than that of BMSCs-Exos, which matched our pre-experimental hypothesis.

CONCLUSION
In this study, we found that BMSCs-miR-29a-Exos protected articular cartilage by regulating the extracellular matrix of the cartilage, effectively reducing articular cartilage damage in KOA rats and delaying the progression of KOA. However, we did not further investigate the molecular mechanisms of the upstream signaling molecules. Therefore, we aim to investigate the molecular mechanisms of the upstream signaling molecules in subsequent studies and also use blood and joint tissues to test the relevant inflammatory indices in the future to evaluate their effect on inflammation and elucidate the relevant mechanisms.

ARTICLE HIGHLIGHTS
Research background
The main focus is understanding knee osteoarthritis (KOA), exploring genetic and biomechanical factors, and investigating the potential of mesenchymal stem cell (MSC)-derived extracellular vesicles (exosomes) containing miR-29a for early treatment. Key issues include validating safety and efficacy, with resolving these challenges holding significance for advancing effective KOA progression management and future research in the field.

Research motivation
The primary goal of the study is to investigate miR-29a’s role in KOA by creating miR-29a-loaded vesicles and testing their impact in rat models. Achieving this aims to provide insights into early-stage KOA treatment and highlights the potential of extracellular vesicles for future therapeutic interventions in KOA. The significance lies in advancing our understanding of miRNA-based interventions, particularly miR-29a, and paving the way for innovative strategies in the management of KOA progression.

Research objectives
The study involved extracting extracellular vesicles from bone marrow MSCs, engineering vesicles loaded with miR-29a using ultrasonication, and confirming their content through quantitative reverse transcription polymerase chain reaction. In a rat model of KOA, three groups were established and assessed through various analyses, such as behavioral observation, imaging, histological observation, and immunohistochemical detection, offering a comprehensive approach to evaluating arthritis progression. The unique aspect lies in the application of engineered extracellular vesicles for targeted miR-29a delivery in the context of OA treatment.

Research methods
The article explores the multifactorial etiology of KOA, emphasizing the potential of MSC-released extracellular vesicles (exosomes) and microRNAs for cartilage regeneration, signaling a promising avenue for future KOA treatment pending further validation.

Research results
General behavioral observation results showed that the extracellular vesicle group and engineered extracellular vesicle group had better performance in all four indicators of pain, gait, joint mobility, and swelling compared to the blank control group. Imaging examination results showed that the blank control group had the fastest progression of arthritis, the normal extracellular vesicle group had a relatively slower progression, and the engineered extracellular vesicle group had the slowest progression. Gross histological observation results showed that the blank control group had the most obvious signs of arthritis, the normal extracellular vesicle group showed signs of arthritis, and the engineered extracellular vesicle group showed no significant signs of arthritis.

Research conclusions
The engineered exosomes loaded with miR-29a attenuate the progression of KOA.

Research perspectives
In future studies, we plan to explore the molecular mechanisms of upstream signaling molecules. We aim to use blood and joint tissue assays to detect inflammation markers, evaluating their influence and elucidating associated mechanisms.
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Figure Legends
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Figure 1 Morphological observation of bone marrow-derived mesenchymal stem cells and identification of bone marrow-derived mesenchymal stem cells-exosomes. A: The bone marrow-derived mesenchymal stem cells (BMSCs) had a homogeneous spindle morphology; B: The BMSC-exosomes (Exos) were approximately 60–160 nm in diameter and had a sub-circular, typical teatoid appearance; C: The nanoparticle tracking analysis results showed that the concentration of BMSC-Exos was 3.43 × 109/mL and their average particle size was 131.9 nm; D: The results of the western blotting assays showed that the expression of CD9, heat shock protein 70, and tumor necrosis factor-alpha-stimulated gene 101 was positive. Exo: Exosomes; HSP: Heat shock protein; TSG: Tumor necrosis factor-alpha-stimulated gene.
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Figure 2 The results of nanoparticle tracking analysis of bone marrow-derived mesenchymal stem cells-miR-29a-Exos.
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Figure 3 The results of the quantitative reverse transcription polymerase chain reaction assay. aP < 0.001. Exo: Exosomes.
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Figure 4 Micro-computed tomography and three-dimensional reconstruction of the knee joint of rats. Micro-computed tomography images of the knee joint and the 3D reconstructed images of the corresponding specimens for each group of rats at four weeks and eight weeks are presented. Exo: Exosomes; NC: Negative control.
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Figure 5 Photographs of gross specimens of rat knee joints. Exo: Exosomes; NC: Negative control.
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[bookmark: _Hlk156852607]Figure 6 Pelletier gross scores and the modified Mankin score. A: Pelletier gross scores; B: The modified Mankin score. bP < 0.01, cP < 0.05, dP > 0.01. Exo: Exosomes; NC: Negative control.
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[bookmark: _Hlk156852438]Figure 7 Images of the condyles of femur of rats stained with hematoxylin and eosin and Safranin O-fast green. A: Images of the condyles of femur of rats stained with hematoxylin and eosin. We have re-uploaded the images; all of them depict cross-sectional staining of the femoral condyle; B: Images of condyles of femur of rats stained with Safranin O-fast green. Exo: Exosomes; NC: Negative control.
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Figure 8 The expression of type II collagen and proteoglycans. A: The expression of type II collagen; B: The expression of proteoglycans. Exo: Exosomes; NC: Negative control.

[bookmark: OLE_LINK13]Table 1 The Pelletier gross scoring criteria
	Articular surface conditions
	Rating

	The articular surfaces are intact and of normal color
	0

	The articular surface is slightly rough, with small fissures visible and loss of luster
	1

	Mild damage to the articular surface, with cartilage damage reaching the superficial or middle cartilage layer
	2

	The articular surface is heavily damaged, with the defect reaching deep into the cartilage but not yet exposing the subchondral bone
	3

	The cartilage defect is severe, and the subchondral bone is exposed or even damaged
	4




Table 2 The Lequesne MG rating criteria
	
	Level 1
	Level 2
	Level 3
	Level 4

	Pain conditions
	No significant reaction
	Avoidance contraction of the affected limb following compression
	Avoided contraction of the affected limb and turn back, body out present tremor
	Violent contraction of the affected limb, violent shaking and struggling of the body

	Gait
	Normal gait
	Mild limp but strong stirring of the affected limb
	The limp is pronounced, and the strength of the affected limb to stir on the ground is reduced
	The affected limb is afraid to walk on the ground

	Knee range of motion
	> 90°
	45°-90°
	15°-45°
	< 15°

	Swelling
	No swelling and clear bony markings
	Mild swelling with superficial bony markings
	Significant swelling and loss of bony markings
	




Table 3 Comparison of Lequesne MG grades at three different time points
	Group
	Localized pain assessment
	Gait assessment
	Knee joint range of motion assessment
	Swelling condition assessment

	
	Level 1
	Level 2
	Level 3
	Level 4
	Level 1
	Level 2
	Level 3
	Level 4
	Level 1
	Level 2
	Level 3
	Level 4
	Level 1
	Level 2
	Level 3

	4-wk NC group
	2
	6
	4
	0
	1
	7
	4
	0
	0
	8
	3
	1
	0
	8
	4

	4-wk Exo group
	8
	3
	1
	0
	3
	8
	1
	0
	6
	5
	1
	0
	9
	3
	0

	4-wk E-Exo group
	11
	1
	0
	0
	4
	6
	2
	0
	7
	5
	0
	0
	10
	2
	0

	8-wk NC group
	0
	1
	3
	2
	0
	2
	3
	1
	0
	1
	3
	2
	0
	2
	4

	8-wk Exo group
	3
	2
	1
	0
	2
	3
	1
	0
	0
	4
	2
	0
	3
	3
	0

	8-wk E-Exo group
	4
	2
	0
	0
	1
	4
	1
	0
	2
	3
	1
	0
	4
	2
	0


Exo: Exosomes; NC: Negative control.
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