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SUMMARY:
[bookmark: OLE_LINK21]The present protocol describes a cost-effective method to purify, expand, and characterize highly homogeneous bone marrow mesenchymal stem cells (BMSCs) from mice. This approach facilitates the acquisition of large quantities of BMSCs with high proliferation and differentiation potential, supporting mouse models and advancing preclinical research.

[bookmark: OLE_LINK1]ABSTRACT:
[bookmark: OLE_LINK14]Mesenchymal stem cells (MSCs) are a population of stem cells that can self-renew and differentiate into multiple cell lineages. Among them, MSCs found in bone marrow, known as bone marrow mesenchymal stem cells (BMSCs), play a crucial role in osteogenesis, hematopoietic support, homing/migration, and immunosuppression. BMSCs are widely used in cell biology and tissue engineering research due to their potential for cellular therapeutic strategies, as well as their easy availability, genetic stability, and low immunogenicity.
Hematopoietic stem cells (HSCs) and BMSCs coexist in bone marrow but have distinct progenitor cells. When extracting cells from bone marrow, multiple cell types are typically obtained, which can lead to heterogeneity in the cell population, potentially causing bias and not meeting high experimental standards. Therefore, it is crucial to develop effective techniques to improve the homogeneity and yield of BMSCs in vitro.
This study presents a detailed protocol for the purification, expansion, and flow cytometry-based phenotyping of BMSCs obtained from BALB/c mice. The homogeneity and stem cell phenotype of third-passage BMSCs were characterized using flow cytometry, demonstrating positivity for CD29, CD44, and Sca-1, negativity for CD45 and CD31, and confirming their osteogenic and adipogenic differentiation ability. This cost-effective protocol provides an easy and efficient method to obtain a sufficient number of homogeneous BMSCs with high proliferation and differentiation potential, which is essential for advancing research in mouse models and extensive preclinical studies.
INTRODUCTION:
Bone marrow mesenchymal stem cells (BMSCs) are known for their multipotent characteristics and are widely used in the treatment of various diseases due to their self-renewable, differentiation, and immunomodulatory properties1,2. BMSCs are readily obtainable, capable of extensive expansion, exhibit immunosuppressive properties, and do not trigger immediate immune reactions3, making them appealing for tissue engineering applications and effective carriers for cell therapy.

In bone marrow, two main stem cell populations and their progenies, the hematopoietic stem cells and the BMSCs, are the primary residents4. Traditionally, BMSCs are obtained through targeted bone marrow aspiration and identified as plastic-adherent cells in vitro. However, this method is insufficient to differentiate BMSCs from other bone marrow subpopulations, including endothelial cells, pericytes, leukocytes, and hematopoietic stem cells5. Therefore, an easy and effective protocol for isolation of BMSCs is needed. 

[bookmark: _Hlk174555011]The current work details the separation and purification of BMSCs through their physical adherence to plastic cell culture plates. Flow cytometry experiments were conducted on third passage BMSCs using the surface markers CD29, CD44, and Sca-1, as outlined by the International Society for Cell & Gene Therapy (ISCT) Mesenchymal Stromal Cell (MSC) committee6. According to ISCT criteria, mouse MSCs are characterized by positivity for CD29, CD44, and stem cell antigen 1 (Sca-1), and negativity for hematopoietic cell marker CD45 and endothelial cell marker CD31. Additionally, BMSCs should be multipotent, demonstrating trilineage differentiation into osteoblasts, chondrocytes, and adipocytes. In this experiment, osteogenesis was induced in the extracted BMSCs, with ALP staining performed on day 7 and an alizarin red S assay on day 21 to assess differentiation. Adipogenic differentiation of isolated and purified BMSCs was also induced, with Oil Red O staining performed on day 21 to assess adipogenesis.
PROTOCOL:
This protocol outlines the purification, passage, flow cytometry-based phenotyping, osteogenic and adipogenic differentiation of mouse-derived BMSCs.

1. Mice and ethics

The 8-week-old female BALB/c mice (SPF grade, 20±1 g body weight) were provided with specific pathogen-free (SPF) feed and sterile water, and were housed in a single ventilated mouse cage with five mice per cage, under SPF conditions with a 12-hour light/dark cycle. Animal handling followed the Laboratory Animal Ethics (Ethical approval No.: PZSHUTCM2211070009) from Shanghai university of traditional Chinese medicine. Detailed information about all materials, reagents, and instruments used in this protocol is listed in the Table of Materials.

2. Harvest femurs and tibias from mouse hind limbs

[bookmark: OLE_LINK53]2.1. mice are terminated by cervical dislocation7. 

[bookmark: OLE_LINK11]2.2. Soak mice in 75% ethanol for 5 minutes (Figure 1A). 

NOTE: Stem cells were harvested within 0.5 hours2 after euthanasia, and the entire process, including marrow flushing, filtration, and seeding into culture plates, was completed within 2 hours to ensure optimal cell viability.

NOTE: Use adult mice (≥8 weeks old) for optimal BMSC yield, 8-12 week old mice are ideal8.

[bookmark: _Hlk172056660]2.3. Make an incision about 1 cm at the hind limb Achilles tendon with sterile dissection scissors (Figure 1B). 

2.4. Make a circular incision around the hind limb Achilles tendon with sterile scissors to expose the tibia (Figure 1C).

[bookmark: OLE_LINK8]2.5. Peel the skin from the incision towards the hip to remove it from both hind limbs (Figure 1D).

[bookmark: OLE_LINK20]2.6. Cut along the iliac bone to separate the femoral head from the hip bone (Figure 2A).

[bookmark: OLE_LINK27][bookmark: OLE_LINK17]NOTE: Avoid damaging the bilateral joints of the femur during dissection to prevent the loss of bone marrow.

[bookmark: _Hlk172057505][bookmark: OLE_LINK28][bookmark: _Hlk174041426][bookmark: OLE_LINK22]2.7.Place the collected femurs and tibias in 60mm dish harbouring sterile pre-cold PBS containing 2% penicillin/streptomycin (Figure 2B). 

[bookmark: OLE_LINK25][bookmark: _Hlk172057387][bookmark: OLE_LINK57]2.8. Cut off as much tendon and muscle as possible from the tibia and fibula using a sterile scalpel to facilitate later flushing (Figure 2C). 

2.9. Return the processed bones to PBS containing 2% penicillin/streptomycin and transfer them to the sterile hood for subsequent isolation steps.

3. [bookmark: _Hlk172061393]Purification and culture of mouse BMSCs

[bookmark: _Hlk174368760]3.1.Prepare complete MEM Alpha Modification (αMEM) medium for BMSC culture by supplement αMEM with 10% Fetal bovine serum and 1% of penicillin/streptomycin.

[bookmark: OLE_LINK29]NOTE: Choose αMEM medium since it contains 1000 mg/L of glucose, which is a relatively low concentration. This helps prevent inhibition of cell proliferation that can occur in high-glucose environments9

3.2. Assemble a 22G syringe needle with a 50 mL syringe.

3.3. Draw 20 mL of αMEM medium into the 50 mL syringe.

NOTE: Use a 22G syringe needle to accommodate the bone size and minimize the cell damage.

NOTE: A 50 mL syringe allows for efficient flushing of the bone marrow with reduced risk of cell damage from repeated insertions.

[bookmark: OLE_LINK31]3.4. Cut both ends of the separated femur or tibia in a sterile hood. 

3.5. Insert the needle into the bone along the cut edge and flush the bone marrow into a 10 cm cell culture dish containing complete αMEM medium (Figure 2D). 

3.6. Flush bone cavities repeatedly until the bone pieces appear pale to ensure that most bone marrow has been extracted (Figure 2E).

3.7. Pipette up and down 40 times gently with a 1mL pipette tip to disperse the aggregated cells as much as possible. 

3.8. Filter the cell suspension through a 40 μm cell strainer into a 50 mL centrifuge tube to remove debris, tissue fragments, and undispersed clumps.

3.9. Transfer the filtered cell suspension to a 100mm cell culture dish and add complete αMEM medium to a final volume of 15 mL per dish.

NOTE: Culture all the bone marrow cells collected from the femurs and tibias of each mouse in one 10 cm culture dish to facilitate the cell growth. 

NOTE: Based on previous experiments, approximately 1 × 10⁷ BMC can be isolated from an 8-week-old mouse (from two femurs and two tibias). These cells are seeded into a 100mm culture dish at a density of 1.8 × 10⁵ cells/cm² for primary culture.

[bookmark: OLE_LINK35]3.10. Hold the dish with both hands and gently swirl it in a circular motion 15 times to ensure even distribution of cells across the dish. 

3.11. Place the culture dish at 37°C in a 5% CO2 incubator and culture for 5 days (Figure 3A).

NOTE: Avoid moving the culture dish during this period to ensure uniform cell growth.

[bookmark: _Hlk173972761][bookmark: OLE_LINK39][bookmark: _Hlk173972648]4. Replacement of αMEM medium for BMSC culture

[bookmark: _Hlk172200281]4.1. Observe the cells under a microscope to determine if they have reached 80% confluency. If not, proceed with medium replacement on the 5th day.

[bookmark: OLE_LINK36][bookmark: OLE_LINK18][bookmark: OLE_LINK41]4.2. Draw 3 mL of PBS with a sterile Pasteur pipette and dispense it from a height of 1 cm above the culture dish at different positions. 

[bookmark: OLE_LINK37]NOTE: Avoid dispensing liquid down one side of the dish, as this may remove adherent cells due to excessive impact force and prevent effective removal of unwanted cells.

[bookmark: OLE_LINK38]4.3. After adding 3 mL of PBS, gently shake the culture dish to thoroughly wash the cells, and remove PBS from the dish with a pipette. Repeat the wash process once more to ensure the cells are thoroughly washed.

4.4. Draw 15 mL of complete αMEM medium with a sterile Pasteur pipette and dispense it from 1 cm above the culture dish at different positions. 

[bookmark: OLE_LINK40]4.5. Return the culture dish to the incubator and monitor until cells reach 80% confluency before subculturing (Figure 3B).

5. Passage of BMSCs

[bookmark: OLE_LINK4]5.1. Wash 80% confluent cells twice with PBS (Figure 3C).

[bookmark: OLE_LINK42]NOTE: Washing the cells with PBS before digestion helps remove residual medium and cell secretions and reduces MSC adhesion to the culture dish.

5.2. Digest the cells with 1 mL of 0.25% trypsin by incubating at 37°C in a 5% CO2 incubator for 2-3 minutes.

[bookmark: OLE_LINK44]5.3. Neutralize the trypsin by adding 4 mL of complete αMEM medium to the cell suspension. 

[bookmark: OLE_LINK19][bookmark: OLE_LINK45]5.4. Aspirate the cell suspension from the culture dish using a 1 mL pipette tip, and gently flush the bottom of the dish to detach all adherent cells.

5.5. Transfer the cell suspension to a 15 mL centrifuge tube and centrifuge at 300 ×g for 5 minutes at room temperature. 

5.6. Use a pipette to discard the supernatant and resuspend the cell pellet in 2 mL of complete αMEM medium.

NOTE: For subculturing, a seeding density of approximately 4 × 10⁴ cells/cm² was found to be optimal for continued growth and proliferation.

5.7. Split the cells at a 1:1-1:2 ratio into new 100 mm cell culture dishes (this constitutes the 1st passage, P1) (Figure 3D).

[bookmark: OLE_LINK47]5.8. Split the cells approximately every three days at a 1:1.5 ratio when they reach 80% confluency to generate the second passage (P2) (Figure 3E) and the third passage (P3) (Figure 3F) of BMSCs.

6. Prepare P3 BMSCs for phenotypic identification and osteogenic differentiation

6.1. Discard the cell culture medium.

6.2. Wash the P3 BMSCs with 1 mL of PBS. 

[bookmark: OLE_LINK48]6.3. Digest the P3 BMSCs with 1 mL of 0.25% trypsin by incubating at 37°C in a 5% CO2 incubator for 2-3 minutes when they reach 80% confluency.

6.4. Neutralize the trypsin by adding 4 mL of complete αMEM medium to the cell suspension. 

[bookmark: _Hlk174557443]6.5. Transfer the cell suspension to a 15 mL centrifuge tube, centrifuge at 300 × g for 5 minutes at room temperature and discard the supernatant.

NOTE: The P3 BMSC pellets prepared here will be used for phenotypic identification via flow cytometry and for assessing osteogenic or adipogenic differentiation.

7. Phenotypic identification of BMSCs by flow cytometer

[bookmark: _Hlk174635380]7.1. Resuspend the cell pellets of P3 BMSCs with 1.5 mL of PBS solution containing 2% FBS and adjust the concentration to 5 ×106 cells/mL. 

7.2. Aliquot 100 μL of the cell suspension into each of 11 tubes to achieve 5 × 105 cells per tube. Prepare the following groups: label blank, CD29 isotype control, CD29, CD44 isotype control, CD44, Sca-1 isotype control, Sca-1, CD31 isotype control, CD31, CD45 isotype control, and CD45.

Note: In the current study, the following fluorochromes were used: CD29-FITC, CD29 isotype-FITC, CD44-APC, CD44 isotype-APC, Sca-1-PECy7, Sca-1 isotype-PECy7, CD45-PerCPcy5.5, CD45 isotype-PerCPcy5.5, CD31-PE, and CD31 isotype-PE (as shown in the table of materials). These fluorochromes can be modified based on the configurations of different flow cytometers.

7.3. For each group, add the following reagents: 2 μL of PBS to the label blank group, 2 μL of CD29 isotype to the CD29 isotype control group (1:50 dilution), 2 μL of CD29 to the CD29 group (1:50 dilution), 0.5 μL of CD44 isotype to the CD44 isotype control group (1:200 dilution), 0.5 μL of CD44 to the CD44 group (1:200 dilution), 0.5 μL of Sca-1 isotype to the Sca-1 isotype control group (1:200 dilution), 0.5 μL of Sca-1 to the Sca-1 group (1:200 dilution), 2 μL of CD31 isotype to the CD31 isotype control group (1:50 dilution), 2 μL of CD31 to the CD31 group (1:50 dilution), 2 μL of CD45 isotype to the CD45 isotype control group (1:50 dilution), and 2 μL of CD45 to the CD45 group (1:50 dilution). 
[bookmark: _Hlk180747754]Note: Antibodies were used according to the manufacturer’s optimized recommendations for flow cytometry. Preliminary experiments confirmed optimal staining and specificity for target cells. Refer to the manufacturer’s dosage guidelines and conduct titer pre-tests as needed.

7.4. Mix gently, centrifuge using a palm centrifuge, and incubate for 30 minutes at 4°C in the dark.

7.5. Add 900 μL of PBS to each tube, mix by inverting, and centrifuge at 300 × g for 5 minutes at 4°C. Discard the supernatant to remove excess antibodies.

7.6. Resuspend the cell pellet in each tube with 300 μL of PBS and analyze using a flow cytometer.

[bookmark: _Hlk174366514][bookmark: _Hlk174561766]NOTE: Cells do not need to be fixed with 2.5% neutral formaldehyde if the flow cytometer assay can be completed within 1-2 hours.

NOTE:If analysis cannot be performed within 1-2 hours, fix cells with 2.5% neutral formaldehyde (prepared by mixing 10% neutral formaldehyde with PBS in a 1:3 ratio) and store at 4°C in the dark overnight for later flow cytometer assay.

7.7.Adjust the flow cytometer voltage using the label blank group to ensure cell autofluorescence is within approximately 1/4-1/3 of the coordinate axis. Sequentially load the cells from the CD29 isotype, CD29, CD44 isotype, CD44, Sca-1 isotype, Sca-1, CD31 isotype, CD31, CD45 isotype, and CD45 groups. Set the P1 gate (as defined in the FSC/SSC plot) to capture 10,000 cells, running at medium speed.

NOTE: Ensure that the flow cytometer is equipped with the appropriate channels, such as those commonly used in the experiments: FITC, PE, PerCp-Cy5.5, PE-Cy7, and APC, or other channels that correspond to antibody-coupled fluoresceins.
[bookmark: OLE_LINK50]
[bookmark: _Hlk174519101][bookmark: _Hlk174633473][bookmark: OLE_LINK51][bookmark: _Hlk180439600][bookmark: _Hlk174519160]8. Osteogenic differentiation of BMSCs

[bookmark: OLE_LINK5]8.1. Resuspend P3 BMSC pellets in complete αMEM medium, adjusting the concentration to 1 ×105 cells/mL.

8.2. Seed P3 BMSCs into a 24-well cell culture plate by adding 1 mL of complete αMEM medium containing 1 ×105 cells to each well.

8.3. Culture the P3 BMSCs at 37°C in a 5% CO2 incubator for 3 to 5 days, until they reach over 90% confluency. Replace the complete αMEM medium with fresh medium every 2 days.

8.4.Divide the different wells equally into two groups: the negative control group (without osteogenic differentiation induction) and the osteogenic differentiation group

[bookmark: OLE_LINK6]8.5. Prepare the osteogenic differentiation induction medium by supplementing complete αMEM medium with 10 mmol/L β-glycerophosphate, 50 mg/L L-ascorbic acid, and 10-8 mol/L dexamethasone.

8.6. Discard the cell culture medium and wash the P3 BMSCs with 1 mL of PBS.

[bookmark: OLE_LINK3]8.7. Add the osteogenic differentiation induction medium to the wells of the osteogenic differentiation group for the osteogenic differentiation induction (1 mL/well).

8.8. Add the complete αMEM medium to the wells of the control group (1 mL/well).

8.9. Culture the P3 BMSCs at 37°C in a 5% CO2 incubator for 7 or 21 days, replacing the osteogenic differentiation induction medium or the complete αMEM medium with same fresh medium every three days. 

[bookmark: _Hlk174536401][bookmark: _Hlk174530966]NOTE: Cells with a 7-day induction are used for the alkaline phosphatase (ALP) staining. Cells with a-21-day induction are used for the alizarin red S assay.

[bookmark: _Hlk174521625]9. Identification of differentiated osteogenic cells with ALP staining 

[bookmark: _Hlk174522873]9.1. Wash the cells in each well of the 24-well plate with 1 mL of PBS once.

9.2. Fix the cells by adding 0.5 mL of 10% formaldehyde solution and incubating for 20 minutes. 

[bookmark: _Hlk174521816]9.3. Wash the cells in each well again with 1 mL of PBS once.

[bookmark: _Hlk174522451][bookmark: OLE_LINK12]9.4. Add 0.5mL of alkaline phosphatase staining reagent 1-Step NBT/BCIP to each well, and incubate at 37°C for 30 minutes with aluminum foil wrapping to protect from light.

[bookmark: _Hlk174523922]9.5. Discard the solution, and wash the cells in each well with 1mL of distilled water once，and allow the plate to dry. 

[bookmark: _Hlk174524054][bookmark: _Hlk174531688]9.6. Observe and acquire images of stained colonies using a camera to identify ALP-positive cells with black-purple precipitate.

NOTE: The alkaline phosphatase (ALP) staining reagent 1-Step NBT/BCIP produces a strong, insoluble black-purple precipitate upon reaction with ALP, which can be easily visualized.

10. Identification of differentiated osteogenic cells by alizarin red S assay

[bookmark: _Hlk174523107]10.1. Wash the cells in each well of the 24-well plate with 1 mL of PBS once.

10.2. Fix the cells by adding 0.5 mL of 10% formaldehyde solution and incubating for 20 minutes. 

10.3. Wash the cells in each well of the 24-well plate with 1 mL of PBS once.

[bookmark: OLE_LINK15][bookmark: _Hlk174536288]10.4. Add 0.5 mL of 0.1% alizarin red S in 0.1 mol/L Tris-HCl (pH 8.3) to each well, and incubate at 37°C for 30-60 minutes. 

10.5. Discard the solution, wash the cells in each well with 1 mL of distilled water once, and allow the plate to dry. 

10.6. Observe and acquire images of stained colonies using a camera to identify alizarin red S-positive cells.
 
NOTE: The alizarin red S assay for MSC differentiation into mature mineralized bone cells results in the formation of an alizarin red S-calcium complex, which produces a bright red stain that can be visually observed.

11. Preparation of Adipogenic Induction Differentiation Media A for BMSCs

[bookmark: OLE_LINK9]NOTE: For adipocyte differentiation of BMSCs, a Mouse Bone Marrow Mesenchymal Stem Cells Adipogenic Differentiation Kit (see Table of Materials) is often used according to the guidelines.

11.1. Place the Fetal Bovine Serum (component of the Kit, referred to as serum) in the 4°C refrigerator for at least 6 hours before preparation to fully thaw.

11.2. Place Supplement A-I (component of the Kit) in the 4°C refrigerator at least 30 minutes before preparation; place Supplement A-II (component of the Kit) at room temperature until fully thawed.

11.3. Invert or gently tap the reagent tube to mix the contents.

11.4. Centrifuge the Supplement A-II reagent tube at 300 × g for 30 seconds at room temperature to ensure the reagent collects at the bottom for easy retrieval.

11.5. Clean the outer packaging of all components thoroughly with 75% medical alcohol and open them in a biosafety cabinet.

11.6. Add serum, Supplement A-I, and Supplement A-II into the Medium.

NOTE: To ensure proper dissolution, preheat the Basal Medium (component of the Kit) to 37°C, or Supplement A-II may precipitate due to cold exposure.

11.7. Use a small amount of Basal Medium to rinse each bottle and tube, making sure to transfer all components into the Basal Medium.

11.8. Secure the cap on the Basal Medium bottle and shake gently to mix thoroughly.

11.9. Seal the bottle with parafilm, wrap it in aluminum foil, and label it with the name, preparation date, and other details.

12. Preparation of Adipogenic Induction Differentiation Media B for BMSCs

12.1. Place the Fetal Bovine Serum in the 4°C refrigerator for at least 6 hours before preparation to fully thaw.

12.2. Place Supplement B (component of the Kit) in a 4°C refrigerator until it is completely thawed，at least 30 minutes before preparation.

12.3. Invert or gently tap the reagent tube to mix the contents.

12.4. Centrifuge the Supplement B tube to concentrate the reagent at the bottom for easier collection.

12.5. Clean the outer packaging of all components thoroughly with 75% medical alcohol and open them in a biosafety cabinet.

12.6. Add serum and Supplement B into the Basal Medium.

12.7. Use a small portion of the Basal Medium to wash each bottle and tube, ensuring all components are fully transferred to the medium.

12.8. Secure the cap on the Basal Medium bottle and shake gently to mix thoroughly.

12.9. Seal the bottle with parafilm, wrap it in aluminum foil, and label it with the name, preparation date, and other details.

13. Adipocytes differentiation of BMSCs

13.1. Add 1 mL of 0.1% gelatin to a six-well plate, shaking it to evenly coat the bottom of each well.

13.2. Place the six-well plate coated with 0.1% gelatin in a sterile hood or CO2 incubator for at least 30 minutes.

13.3. Aspirate the gelatin and the plate is ready for cell seeding, or wait for the wells to dry before seeding after thirty minutes.

13.4. Seed the P3 BMSCs at a density of 4×10⁴ cells/cm² in each well of the six-well plate, adding 2 mL of complete medium to each well.

13.5. Incubate the cells at 37℃ in a CO2 incubator with 5% CO2 and saturated humidity.

13.6. Aspirate the medium carefully and add 2 mL of adipogenic differentiation induction medium A to each well when the cells reach 100% confluence.

13.7. Aspirate medium A from the wells after 3 days of induction, and add 2 mL of adipogenic differentiation medium B.

13.8. Aspirate medium B after 1 day, and switch back to medium A for further induction.

13.9. Alternate between medium A and B, and observe the cells daily. If cell contraction or death occurs during induction with medium A, switch to medium B promptly.

13.10. Repeat the induction and maintenance process until a sufficient number of lipid droplets of appropriate size appear, and then prepare for staining.

14. Oil Red O (ORO) staining

NOTE: Perform all procedures as gently as possible to avoid detachment of the lipid droplets.

14.1. Aspirate the adipogenic induction differentiation medium from the six-well plate after the adipogenic induction differentiation is completed, and gently wash with 1×PBS 2-3 times.

14.2. Add 2 mL of 4% paraformaldehyde solution (or 10% formalin) per well, and fix for 30 minutes at room temperature.

14.3. Prepare Oil Red O working solution by mixing Oil Red O stock with distilled water in a 3:2 ratio. After mixing, centrifuge at 250×g for 4 minutes and use the supernatant.

14.4. Aspirate the fixative, gently wash with 1×PBS 2-3 times, ensuring thorough removal of the fixative.

14.5. Add 2 mL of 1×PBS to each well and observe the adipogenic staining results under a microscope.

14.6. Seal the stained six-well plate with parafilm and store at 4°C, but do not store for more than 1 week. The lipid droplets may fuse, losing the staining state.

REPRESENTATIVE RESULTS
Mouse-derived BMSCs were isolated and cultured for approximately 2 weeks to generate the third passage (P3) BMSCs (Figure 3). As shown in Figure 3A, cells freshly extracted from the bone marrow remained mononuclear with visible fat droplets. Spindle-shaped cells appeared in the culture dish, reaching a 60-80% confluency on the 5th culture day (Figure 3B-3C). From the P1-P3(Figure 3D-3F), the BMSCs exhibited a long spindle or fusiform shape, growing as a monolayer and forming a network of cell colonies. The cells typically maintained appropriate spacing, with clear cytoplasm and no noticeable signs of apoptosis, and the nuclei showed no abnormal fragments. 

Flow cytometry analysis revealed the average positive expression rates of 92.23%, 96.93%, and 92.03% for the BMSC surface markers CD29 (Figure 4A&F), CD44 (Figure 4B&F), and Sca-1 (Figure 4C&F), respectively; While the negative expressions of endothelial cell marker CD31 (Figure 4D&F) and hematopoietic cell marker CD45 (Figure 4E&F). 

In addition, the osteogenic differentiation assay further confirmed the differentiation potential of P3 BMSCs (Figure 5). ALP, an enzyme closely linked to the initial differentiation of osteoblasts, was used as a marker in the assay. The expression of ALP increases significantly during the initial phase of osteoblast differentiation, making it a valuable technique for evaluating early osteogenic activity10. When the cells were stained with ALP after 7 days of osteogenic differentiation induction, there was a noticeable increase in black-purple precipitates (Figure 5A, left well), while the control group without osteogenic differentiation induction showed low staining (Figure 5A, right well). This suggests that the BMSCs were transitioning to an osteogenic phenotype during the initial stages of differentiation. Alizarin red S is widely recognized as the gold standard for identifying and measuring calcium salt deposition, which is a key indicator of the transformation of osteoblasts into mature mineralized bone cells. This anthraquinone derivative is able to specifically react with calcium cations through a chelation process, making it an effective tool for this purpose. Typically, the significant increase in calcium salt deposition occurs during the later stages of osteoblast differentiation. Therefore, a 21-day induction with the Alizarin red S assay can be used to assess the mineralization of osteoblasts, providing valuable insights into the maturity of the cells and their potential for bone formation11. In this study, the Alizarin red S assay of a 21-day induction revealed numerous bright red granules following staining (Figure 5B, left well), while the control group without osteogenic differentiation induction showed negative staining (Figure 5B, right well). This indicates the successful mineralization of mature osteoblasts induced from the BMSCs.

Adipocytes are characterized by their round shape and multiple lipid droplets, which can be stained red using Oil Red O (ORO) (Figure 6A&B). Regardless of the cell population used-mixed or separated-only a subset of cells exhibits adipogenic potential, similar to observations in osteoblast differentiation12.

Taken together, the data showed the successful extraction and expansion of functional BMSCs. 

FIGURE LEGENDS:

[bookmark: OLE_LINK55]Figure 1: Illustration of mouse hind limb handling. (A) Soak euthanized mouse in 75% ethanol for 5 minutes. (B) Make an incision about 1 cm at the hind limb Achilles tendon with sterile dissection scissors. (C) Make a circular incision around the hind limb Achilles tendon with sterile scissors to expose the tibia. (D) Peel the skin from the incision towards the hip to remove it from both hind limbs. 

[bookmark: _Hlk172552302][bookmark: _Hlk174011237]Figure 2:Illustration of mouse bone marrow cell collection procedures.(A) Cut along the iliac bone to separate the femoral head from the hip bone. (B) Place the collected femurs and tibias in sterile pre- chilled PBS containing 2% penicillin/streptomycin. (C) Remove as much tendon and muscle as possible from the tibia and fibula using a sterile scalpel to facilitate later flushing. (D) Flush out the bone marrow with complete αMEM medium into a 10cm cell culture dish. (E) Bone pieces before and after flushing.

[bookmark: _Hlk172582194][bookmark: _Hlk172582252][bookmark: _Hlk172582349][bookmark: _Hlk174010051]Figure 3:Morphological features of the cultured mouse BMSCs. (A) Freshly extracted bone marrow cells. (B) Bone marrow cells after the first medium replacement on the 5th culture day. (C) Bone marrow cells at 80% confluency on the 7th culture day. (D) First passage (P1) BMSCs. (E) Second passage (P2) BMSCs. (F) Third passage (P3) BMSCs.

[bookmark: _Hlk174375141]Figure 4:Illustration of flow cytometry results for BMSC phenotypic identification. (A) High expression of the MSC marker CD29. (B) High expression of the MSC marker CD44. (C) High expression of the MSC marker Sca-1. (D) Negative expression of the endothelial cell marker CD31. (E) Negative expression of the hematopoietic cell marker CD45. The blue peak represented the IgG isotype negative control, while the black peak represented the marker being tested. (F) Percentage of the above tested markers. 

[bookmark: _Hlk198037296][bookmark: _Hlk174011781]Figure 5:Images of wells with BMSC culture being differentiated into osteoblasts. (A) ALP staining of osteoblasts induced for 7 days from BMSCs. (B) Alizarin Red staining of osteoblasts induced for 21 days from BMSCs. Left wells: osteogenic differentiation induction; Right wells: no osteogenic differentiation induction (negative control).

[bookmark: OLE_LINK13]Figure 6: Images of BMSCs being differentiated into adipocytes. (A) Oil Red O staining of mouse-derived BMSCs after 21 days of adipogenic induction. Red lipid droplets indicate successful adipogenic differentiation (magnification ×100). (B) Control group of mouse-derived BMSCs without adipogenic induction, showing no formation of lipid droplets.(These images are from our previous study12)

DISCUSSION:
[bookmark: _Hlk174643503]Stem cell therapy has garnered considerable interest due to its potential to revolutionize regenerative medicine. Preclinical studies have provided substantial evidence supporting the clinical application of stem cells, particularly BMSCs13. However, challenges such as low cell yield, contamination, and slow growth have impeded their clinical application. Therefore, there is an urgent need for research focusing on the standardization of BMSC preparation processes to enhance cell yield and functionality, thereby broadening their clinical use2. 

[bookmark: _Hlk180420119][bookmark: _Hlk180420184][bookmark: OLE_LINK16]This method presents several significant advantages in the isolation and culture of BMSCs. First, disturbances of freshly isolated bone marrow cells were minimized by maintaining continuous culture for 5 days without any manipulation, allowing hematopoietic cells to support BMSCs' nutrition and maintenance. Additionally, techniques such as medium changes and serial passaging were implemented to purify BMSCs, and a slow passaging method with low ratios (1:1-1:2) was adopted, which promotes both the proliferation and purification of BMSCs. Second, the technique with simplicity and minimal disturbance maintains MSCs in their native niche, preserving essential stromal cells, extracellular matrix components, and secreted factors14. This preservation supports MSC self-renewal and differentiation, which is critical for their functionality. Third, the culture medium omits exogenous growth factors, which have been shown to alter MSC protein synthesis and intracellular trafficking, potentially affecting their proliferation and differentiation capabilities15. Any modifications and troubleshooting of the technique can be made as needed.

[bookmark: _Hlk180420601]In contrast, positive and negative selection methods, such as magnetic bead antibody selection16, are effective for isolating purified BMSCs but come with a significantly higher economic cost. Moreover, these methods remove blood cells too early in the process, depriving BMSCs of the nutritional and supportive role that blood cells play during the critical early stages of culture.

In terms of modifications and troubleshooting, it is essential to carefully monitor the culture environment to avoid contamination. Adjustments may be necessary depending on the specific characteristics of the mouse strain or the health status of the animals used for isolation. Additionally, optimizing cell plating density and medium composition can significantly impact cell growth and differentiation outcomes.

Future research should prioritize the optimization of culture conditions to further enhance BMSC yield and functionality. In addition, single-cell sequencing technologies provide unparalleled resolution in characterizing bone marrow cell populations, enabling the identification of specific markers and gene expression profiles unique to BMSCs. Such advancements can refine isolation strategies, ultimately improving the yield and purity of BMSCs for applications in both research and clinical settings17.

The approach requires more time, involving an initial five-day continuous culture of primary bone marrow cells, followed by media changes and passaging, repeated three times, extending the process to at least two weeks. However, the method prioritizes the consistency and quality of the isolated cells. Magnetic bead sorting, while faster, may not yield the same level of cell viability or growth condition optimization, particularly when dealing with heterogeneous cell populations or smaller initial samples. If time is the primary concern and there is sufficient starting material for immediate BMSC selection, magnetic bead sorting is more efficient. However, the method is better suited for situations where cell consistency, viability, and functional stability are crucial to the experimental outcomes.
Consequently, the method offers a straightforward, reliable, and efficient alternative for culturing MSCs from mouse bone marrow, highlighting their potential for regenerative medicine and tissue engineering applications. Future research should focus on optimizing culture conditions to further boost BMSC yield and functionality, as well as exploring the molecular mechanisms that could expand their potential applications.
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