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SUMMARY: 
Here, we present a standard method for efficiently isolating adipose-derived stem cells and adipocytes, characterized by >90% reduction in processing time, high cell viability, and broad compatibility.

ABSTRACT: 
Adipose-derived stem cells (ADSCs) have emerged as ideal seed cells in regenerative medicine due to their abundant sources, minimally invasive harvesting, multi-lineage differentiation potential, and immunomodulatory properties. Their applications span tissue repair, disease modelling, and cell therapy; however, efficient isolation of high-viability ADSCs remains critical for advancing research and clinical translation. Conventional isolation methods, such as enzymatic digestion combined with mechanical dissociation via pipetting, are limited by lengthy processing times (1–3 h), poor cell viability (often <70%), and substantial batch-to-batch variability, compromising downstream experiments.

Here, we present the SoniConvert system (a mechanical wave-based cell separation system), which combines mechanical wave and enzymatic digestion to address these challenges. The system integrates a microprocessor-based control unit that regulates mechanical wave-mediated dissociation via digital feedback, together with a tissue-specific loosening reagent optimized for adipose tissue (5–15 min incubation). This approach enables rapid conversion of tissue to a single-cell suspension, with mechanical dissociation completed in 3–9 s.

The system offers three advantages: (1) ultra-fast processing, with the core isolation process—from enzymatic digestion to initial cell fraction separation—completed in approximately 30 min (>90% reduction compared to conventional methods); (2) high viability preservation, with trypan blue staining confirming cell viability of 80–95%, exceeding traditional protocols; and (3) broad compatibility, as the resulting single-cell suspensions meet requirements for primary cell culture, flow cytometry, cytotoxicity assays, and adipose organoid construction. By reducing processing time, enhancing cell integrity, and limiting variability, this system provides a practical platform for adipose-related research.

INTRODUCTION: 
Adipose-derived stem cells (ADSCs), a critical subset of mesenchymal stem cells (MSCs) isolated from adipose tissue, exhibit substantial therapeutic potential due to their accessibility, minimally invasive harvesting, robust proliferative capacity, multi-lineage differentiation potential, and potent paracrine and immunomodulatory properties1-4. These attributes have positioned ADSCs as promising candidates for regenerative medicine, tissue engineering, and immunotherapy. However, the translational utility of ADSCs hinges on the ability to isolate functionally intact, high-purity populations—a process that remains technically challenging. Adipose tissue’s unique biology introduces two primary hurdles: (1) the high lipid content of adipocytes renders them prone to rupture during mechanical processing, releasing free lipids that contaminate the stromal vascular fraction (SVF) and compromise cell viability and yield5,6; and (2) the tissue’s structural complexity, comprising fascia, endothelial cells, immune cells, and blood components7, complicates the separation of adipose-derived cells. These limitations underscore the urgent need for an efficient, rapid, and viability-preserving method to isolate high-quality ADSCs and adipocytes, which are equally critical for downstream applications such as metabolic disease modeling and cell-based therapies.

Several established methods are currently available for isolating adipose-derived cells, including enzymatic digestion, explant culture, and mechanical separation8-10. Enzymatic digestion, the most widely adopted approach, employs collagenase to degrade extracellular matrix (ECM) components, releasing encapsulated stem cells. This method typically involves tissue mincing, collagenase digestion (37 °C, 1–2 h), SVF isolation via centrifugation, and adherent culture purification. While effective for ECM breakdown, enzymatic digestion suffers from notable drawbacks: prolonged processing time (3–4 h total), reliance on large sample volumes, and risks of enzymatic cytotoxicity or batch-to-batch variability from animal-derived collagenases—all of which hinder clinical translation. Explant culture, which leverages stem cell migration from tissue fragments, yields cells with preserved viability but suffers from low throughput and delayed cell recovery (7–10 days). Mechanical dissociation, which relies on physical disruption (e.g., oscillation, shearing), reduces processing time but often compromises cell integrity, leading to reduced viability and impure populations. Collectively, these methods fail to reconcile efficiency, purity, and viability—critical criteria for clinical-grade cell isolation. Thus, we propose a novel method for isolating adipose-derived cells (adipocytes and ADSCs) that combines enzymatic digestion with mechanical wave-mediated dissociation11. This approach achieves two key advancements: (1) time efficiency: by combining pre-optimized, animal-free enzyme cocktails with low-frequency mechanical waves, total processing time is reduced from 3–4 h to ~30 min (Figure 1); (2) viability preservation: gentle mechanical dispersion minimizes adipocyte rupture and lipid release. Importantly, the 30 min timeframe refers to the core isolation workflow (digestion, mechanical dissociation, filtration, and initial centrifugation) to obtain crude adipocyte and SVF fractions; optional downstream purification steps, such as Red Blood Cell (RBC) lysis, require additional handling time.

Our optimized adipose cell isolation method demonstrates significant potential for application across multiple research and clinical domains. In fundamental research, the obtained high-viability cells exhibit exceptional performance in adipogenic and osteogenic differentiation studies, providing a reliable cell source for tissue engineering applications. In translational medicine, clinical studies have demonstrated the therapeutic potential of ADSCs in treating conditions such as osteoarthritis12, cardiovascular diseases13, multiple sclerosis14, and inflammatory bowel disease (IBD)/Crohn's disease15. The rapidly isolated ADSCs serve as ideal building blocks for constructing adipose tissue organoids and implementing cell therapy applications, significantly advancing drug screening and disease modeling research. Furthermore, high-quality single-cell suspensions are suitable for single-cell RNA sequencing. In conclusion, this integrated approach establishes a robust technological platform for adipose tissue, supporting both basic research and clinical translation in regenerative medicine.

PROTOCOL:

All animal research was conducted in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals (Ministry of Science and Technology, China, revised in March 2017), and approved by the Animal Ethical and Welfare Committee of Sichuan Agricultural University (Permission number: 20230089). This protocol requires the use of the SoniConvert system, a commercially available device for mechanical wave‑assisted tissue dissociation (hereafter referred to as the mechanical dissociation system). The protocol is optimized for porcine adipose tissue, and its reliance on this specialized equipment is a key limitation.

1. Adipose tissue collection and preparation

1.1. Preoperative disinfection and hair removal

1.1.1. Euthanize the pig by intravenous overdose of pentobarbital sodium (100 mg/kg body weight). Confirm death before tissue collection.

1.1.2. Apply sterile gauze soaked in 2% iodophor for spiral disinfection of the porcine dorsum, extending 15 cm from the midline. Allow drying for 30 s.

1.1.3. Use a sterile razor to shave the hair from a 16 cm × 8 cm area. Ensure all hair is removed from the operative area.

1.1.4. Wipe the back 2x with 75% ethanol using sterile gauze.  

1.2. Adipose tissue collection

1.2.1. Make a 20 cm transverse incision along the dorsal midline with a sterile scalpel.

1.2.2. Lift the incision edge with sterile forceps. Dissect along the natural plane between the adipose tissue and dermis to obtain a complete upper layer of back subcutaneous adipose tissue (ULB) sheet approximately 2–3 mm thick. 

1.2.3. Rinse the ULB once in ice-cold sterile saline and place it in a sterile culture dish (Figure 2). [Place Figure 2 here]

Pause point: The collected adipose tissue can be kept in ice-cold sterile saline or D-Hanks solution at 4 °C for a short period before further dissection.
NOTE: The objective is to collect the ULB. Avoid including the inferior layer of back subcutaneous adipose tissue (ILB) during dissection.

1.3. Adipose tissue dissection and cleaning

1.3.1. Add 10 mL of ice-cold D-Hanks Buffer for every 1.8 g of tissue to the dish and ensure the tissue is fully submerged.

1.3.2. Identify and excise all visible blood vessels from the tissue by using sterile surgical scissors. Remove any connective tissue and fibrotic components. Discard the excised materials into designated biohazard containers.

NOTE: Use extreme caution when handling sharp instruments; always cut away from the body and dispose of used blades and scissors in sharps containers immediately after use.

1.3.3. Rinse the tissue within the D-Hanks Buffer to remove residual blood and debris.

NOTE: For samples with excessive hematoma, replace the buffer 1–3x as required to achieve visual clarity. Maintain all dissection steps on ice to preserve tissue viability.

1.4. Adipose tissue mechanical dissociation

1.4.1. Transfer 1.8 g of the rinsed tissue fragments to a sterile 1.5 mL microcentrifuge tube. Add 800 μL of A Type Tissue Dissociation Buffer (A-Buffer) to the tube.

1.4.2. Using sterile ophthalmic scissors, mince the tissue in the tube into small pieces approximately 1–2 mm³ in size. 

NOTE: If significant lipid leakage is observed during or after mincing, wash the tissue again with 1 mL of precooled D-Hanks solution before proceeding to enzymatic digestion to remove lipids from broken adipocytes. This step preserves adipocyte integrity for downstream analysis.

2. Cell isolation and homogenization

2.1. Enzymatic processing

2.1.1. Add 200 μL of the A Type Tissue Dissociation Agent (A-Type Solution) to a new microcentrifuge tube. Gently rotate and shake the tube by hand 3x to mix the contents and ensure that the adipose fragments are fully immersed in the dissociation solution.

2.1.2. Verify the tube cap is tightly closed. Place the tube in a 37 °C metal bath and incubate for 5–10 min.

NOTE: Monitor the solution until it becomes turbid and the tissue fragments appear partially digested. The A-Type Solution contains collagenase and neutral protease. Wear nitrile gloves, a laboratory coat, and safety goggles when handling. Avoid skin contact; if exposure occurs, rinse immediately with copious water for 15 min. A-Buffer will not be discarded after adding A-Type Solution.

2.2. Ultrasonic-assisted mechanical dissociation

2.2.1. Transfer the partially digested adipose tissue fragments together with the surrounding buffer from the microcentrifuge tube into a sterile 1.5 mL microcentrifuge tube designated for the mechanical dissociation system.

2.2.2. Run the preset program for Adipose Tissue in the mechanical dissociation system to perform mechanical dissociation using a 200 Hz sinusoidal wave.

3. Filtration to obtain a single-cell suspension

3.1. Filtration and centrifugation

3.1.1. Collect the cell suspension and pass it through a 200 μm cell strainer into a new 50 mL centrifuge tube to remove large debris and undigested tissue clumps.

3.1.2. Add 5 mL of precooled (4 °C) D-Hanks solution to the strainer. Rinse the strainer with the D-Hanks solution 2x to maximize cell yield.

3.1.3. Centrifuge the filtered cell suspension at 500 × g for 5 min at 4 °C.

Pause point: After centrifugation, the cell suspension can be processed immediately or kept on ice for a short time before layer separation.

3.1.4. Adipocyte collection: To collect the adipocytes, aspirate and discard the supernatant lipid layer using a sterile pasteur pipette, leaving 1 mL of buffer to protect the adipocyte layer. Collect the second layer for downstream analysis of the adipocytes. Avoid disturbing the third and fourth layers.

3.1.5. SVF (stromal vascular fraction) collection: After removing the upper layers, gently resuspend the bottom pellet containing the stromal vascular fraction (SVF) in 1 mL of D-Hanks/PBS. Resuspend the cell pellet gently in 1 mL of D-Hanks/PBS to achieve a cell concentration of 2–5 × 106 cells/mL.

NOTE: Ideally, four layers can be observed after centrifuging: the lipid layer at the top; the second layer containing adipocytes; the third is the hydrophilic buffer layer; and the bottom layer is the SVF, which contains stem cells (Figure 1).

3.2. RBC lysis

NOTE: If the cell pellet exhibits a significant red color, indicating RBC contamination, perform RBC lysis.

3.2.1. Resuspend the cell pellet in 1–3 mL of Red Blood Cell (RBC) lysis buffer using a P1000 pipette with wide-bore tips. Incubate on ice for 15 min with occasional mixing.

3.2.2. Precool all solutions and centrifuge rotors to 4 °C to minimize metabolic activity during processing.

3.2.3. Centrifuge at 500 × g for 10 min at 4 °C. Aspirate the supernatant completely.

3.2.4. Wash the cells once more by resuspending the pellet in 5 mL of precooled D-Hanks solution and centrifuge at 500 × g for 5 min at 4 °C. Discard the supernatant.

3.3. Final resuspension

3.3.1. Resuspend the final cell pellet in D-Hanks/PBS for downstream applications.

4. Downstream applications and analysis

4.1. SVF cell viability and cell yield assessment
﻿
4.1.1. Prepare the SVF cell suspension obtained in a 1.5 mL microcentrifuge tube. Keep the suspension on ice until use.

4.1.2. Mix 10 μL of the SVF cell suspension with 10 μL of 0.4% Trypan Blue solution in a sterile 0.5 mL microcentrifuge tube. Gently pipette up and down 3x to ensure uniform mixing.

NOTE: The final concentration of Trypan Blue in the mixture is 0.2%. Avoid introducing air bubbles during mixing, as they may interfere with automated cell counting.

4.1.3. Transfer 10 μL of the stained cell mixture to a counting slide appropriate for the Automated Cell Counter. Ensure the sample fills the chamber completely without overflow.
﻿
4.1.4. Insert the counting slide into the Cell Counter. Select the Trypan Blue assay type and adjust the cell concentration range if necessary.

4.1.5. Press the Count button to initiate automated cell counting. The instrument will capture images of the counting chamber and automatically distinguish live cells from dead cells.

4.1.6. Record the cell viability percentage and count the total number of viable cells displayed on the instrument screen. Perform three independent measurements for each sample and calculate the mean viability and the cell yield per gram of adipose tissue.

NOTE: Clean the counting slide and the instrument loading port with 70% ethanol after each use to prevent cross-contamination between samples.

4.2. Observation of adipocyte morphology

4.2.1. Stain the isolated adipocytes with 5 μg/mL Hoechst for nuclei and 1 μM BODIPY for lipids in D-Hanks/PBS for 15 min at 37 °C. 

Pause point: After staining, samples should be imaged promptly; if required, they can be kept protected from light at 4 °C for a short time before microscopy.

4.2.2. Use a self-made adipocyte-friendly slide-cover glass system for slide preparation to avoid compressing the cells.

4.2.3. Observe the nuclei (stained with Hoechst) and lipid droplets (stained with BODIPY) under a fluorescence microscope.

NOTE: Due to the large size (20–300 μm) and high lipid content, adipocytes are fragile, tend to float, and stack into multiple layers, rendering conventional mounting methods unsuitable for clear microscopic observation (Figure 3A). To address this, a homemade adipocyte-friendly mounting system using standard slides and coverslips was developed (Figure 3B).

4.3. Purification of stromal vascular components and morphological observation of ADSCs

4.3.1. Seed the freshly isolated SVF in a T25 cell culture flask containing 5 mL of DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. Incubate at 37 °C with 5% CO₂.

4.3.2. After 48 h, gently wash the flask 2x with prewarmed PBS to remove non-adherent cells. Add fresh culture medium and continue incubation.

4.3.3. Replace the culture medium every 2–3 days. Monitor cell morphology and confluence under an inverted microscope.

4.3.4. When the cells reach 80–90% confluence (typically after 7–10 days), detach the cells using 0.25% trypsin-EDTA for 3–5 min at 37 °C. Neutralize with culture medium and collect the cell suspension.

4.3.5. Perform Trypan Blue staining to detect the cell viability before FACS detection and sorting.

4.3.6. Observe the morphology of the purified cultured ADSCs under an optical microscope. 

4.3.7. Filter the collected cell suspension through a 70 μm cell sieve to remove any remaining aggregates. Resuspend the cells in PBS containing 2% FBS for FACS analysis.

4.3.8. Stain the cells with fluorochrome-conjugated antibodies against CD73, CD90, CD11b, and CD45 for 30 min at 4 °C in the dark.

4.3.9. Wash the cells 2x with staining buffer and resuspend in PBS containing 2% FBS.

4.3.10. Perform flow cytometric analysis using a 70 μm nozzle at 20 psi and a flow rate below 3.0.

4.3.11. Exclude cell debris by gating on the main population using forward-scatter area (FSC-A) and side-scatter area (SSC-A) parameters.

4.3.12. Remove doublets by FSC-A versus FSC-H gating and select the viable singlet population for downstream analysis.

4.3.13. Analyze gated cells based on surface marker expression. Use CD73 and CD90 as positive markers and CD11b and CD45 as negative markers to verify the ADSC phenotype.

4.3.14. Observe the morphology of the enriched and cultured ADSCs under an optical microscope. Characteristic spindle-shaped, fibroblast-like morphology indicates successful ADSC enrichment.

4.4. ADSC adipogenic differentiation

4.4.1. Seed the third generation of ADSCs at a density of 1 × 104 cells/cm2. When cell confluence reaches approximately 90%, initiate adipogenic induction.

4.4.2. Prepare the adipogenic induction medium using high-glucose Dulbecco's modified Eagle's medium (DMEM) that contains 10% fetal bovine serum (FBS), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 μM dexamethasone, 10 μg/mL insulin, and 1 μM rosiglitazone. 

4.4.3. After 3 days of induction, replace the medium with maintenance medium and change the solution every 2 days.

4.4.4. After 14 days of induction, stain the cells with Oil Red O and observe the lipid droplets under an inverted microscope.

4.5. ADSC osteogenic differentiation

4.5.1. When cell confluence reaches 80–90%, commence osteogenic induction. Formulate the osteogenic induction medium with high-glucose DMEM that contains 10% FBS, 10 mM β-glycerophosphate, 50 μg/mL ascorbic acid, 10 μM calcitriol, and 1 μM dexamethasone.

4.5.2. Change the medium every 2–3 days and continue the induction process for approximately 14 days.

4.5.3. Stain the cells with 2% Alizarin Red S (pH 5.2) and observe them under an inverted microscope.

4.6. Organoid construction and identification

4.6.1. Prepare a single-cell suspension of ADSCs in complete culture medium and adjust the cell concentration to 2 × 104 cells/20 μL.

4.6.2. Invert the lid of a 100 mm culture dish and dispense 20 μL drops of the cell suspension onto the inner surface of the lid.

4.6.3. Add sterile PBS to the bottom of the dish to maintain humidity, cover the lid carefully, and incubate the hanging drops under standard culture conditions.

4.6.4. Observe the drops daily and allow the cells to aggregate and form spheroids for 6 days.

4.6.5. Collect the spheroids gently using a pipette and transfer them into prechilled Matrigel on ice.

4.6.6. Embed the spheroids in Matrigel and plate the mixture into culture plates before incubating it under standard culture conditions.

4.6.7. Replace the medium regularly and monitor organoid growth until days 18–28, when the structures become compact and mature.

4.6.8. Fix the organoids with 4% paraformaldehyde, permeabilize them with 0.1% Triton X-100, and block nonspecific binding with 5% BSA.

4.6.9. Incubate the samples with primary antibodies against CD73, CD90, CD11b, and CD45, and then incubate them with the corresponding fluorescent secondary antibodies.

4.6.10. Stain the organoids with Hoechst and BODIPY to visualize nuclei and lipid droplets, respectively, and observe the stained samples under a fluorescence microscope.

NOTE: Perform cell sorting and all manipulations involving open cultures, including seeding, feeding, and staining preparation, under strict aseptic conditions in a biosafety cabinet.

REPRESENTATIVE RESULTS:
 [Place Figure 1 here]
Adipocytes were successfully isolated from porcine ULB AT, as shown in Figure 1. Their integrity and morphology were assessed by staining with Hoechst and BODIPY to label nuclei and lipids, respectively. With the homemade adipocyte-friendly mounting system, adipocytes were homogeneously distributed without breakage, enabling clear imaging, unlike the crowded, multi-layered arrangement seen with traditional methods (Figure 3C-D). As shown in Figure 3D, the structure of the extracted adipocytes using this method is intact, and the morphology is normal, indicating that the new method can obtain adipocytes with high viability.
 [Place Figure 3 here]

ADSCs were isolated from the SVF of porcine subcutaneous adipose tissue using fluorescence-activated cell sorting (FACS). The purified and cultured ADSCs exhibited a uniform fibroblast-like morphology with elongated spindle-shaped cells arranged in an orderly manner, consistent with the typical characteristics of mesenchymal stem cells (Figure 4A). To further evaluate the viability of the isolated cells, trypan blue staining was performed. As shown in Figure 4B, most cells remained unstained, indicating that the majority were viable and metabolically active, whereas only a small proportion stained blue, representing dead cells. These results demonstrate that the isolation and culture process effectively yielded highly viable ADSCs. In terms of cell yield, our method achieved approximately 10 × 10⁶ cells per gram of adipose tissue. 
 [Place Figure 4 here]

After confirming high cell viability, we used flow cytometric analysis to further characterize the immunophenotype of the isolated ADSC population (Figure 5). After gating on the main viable cell population (P1) based on FSC-A and SSC-A parameters (Figure 5A-D), the analysis showed that CD11b⁺ and CD45⁺ immune cells accounted for only 0.05% and 0.24%, respectively, indicating minimal immune contamination. In contrast, CD73⁺ and CD90⁺ cells represented 92.1% and 92.8% of the population, respectively, confirming successful enrichment of mesenchymal stem cells (Figure 5E-H). Scatter plots displayed uniform fluorescence intensity distributions without distinct high-signal subpopulations, supporting the homogeneity and purity of the isolated ADSCs (Figure 5I-L). Collectively, these findings indicate that the isolated SVF-derived cell population was largely homogeneous and free of immune or hematopoietic contamination, consistent with the characteristics of mesenchymal stem-cell-like populations.
 [Place Figure 5 here]

The stemness of the isolated ADSCs was validated through adipogenic and osteogenic differentiation assays. Following adipogenic induction, cells isolated from both ULB and ILB exhibited similar morphological changes, transforming from an elongated spindle shape to a quasi-circular morphology, with intracellular lipid droplets occupying approximately 80% of the cell volume and a concomitant decrease in nuclear size. Oil Red O staining confirmed the presence of red-stained lipid droplets in both ULB- and ILB-derived ADSCs, demonstrating successful adipogenic differentiation (Figure 6A-B). For osteogenic differentiation, both ULB- and ILB-derived ADSCs formed mineralized calcium nodules in cytoplasmic and extracellular regions, as confirmed by Alizarin Red S staining (Figure 6C-D).
 [Place Figure 6 here]

FIGURE AND TABLE LEGENDS:
Figure 1: Schematic illustration of the adipose-derived cell isolation process. The diagram depicts the traditional method and the present method as illustrative workflows. Three main steps are involved in isolating adipose-derived cells: the first is pretreatment; the second is dissociating adipose tissue to release the cells; and the last is separating the cells by filtration and centrifugation. 

Figure 2: Collection of pig ULB for cell isolation. (A) Illustration of the structure of pig back adipose tissue; (B) Cutting site of Bama minipig; (C) Presentation of back adipose tissue, pig back subcutaneous adipose contains two layers, the upper layer (ULB) and the inner layer (ILB); (D) Collected ULB. Abbreviation: ULB = upper layer of back; ILB = inner layer of back. 

Figure 3: Isolated mature adipocytes from pigs. (A) An illustration of the droplet contains adipocytes on the slide; (B) A homemade adipocyte-friendly vector for microscopy; Microscopic observation of isolated adipocytes showing optimal (C, 88% integrity) and poor (D, 76% integrity) results using the homemade vector, and (E) a result using the traditional method; scale bar = 100 µm; (F) The impact of different extraction methods on cell survival rate. The data are represented as mean ± SD (n = 3). The survival rate of the mechanical dissociation method group was 89% ± 4.58%, while that of the traditional enzymatic hydrolysis method group was 70% ± 4.36%. There is a significant difference between the two groups (p <0.05).

Figure 4: Morphological observation of ADSCs isolated from porcine SVF. (A) Purified and cultured ADSCs display a fibroblast-like spindle morphology with aligned growth and distinct cell borders. (B) Stain adipose stem cells with Trypan blue dye to assess their viability. Scale bar = 100 µm. 

Figure 5: Flow cytometric analysis of immunophenotypic markers in porcine SVF-derived adipose stem cells (ADSCs). Data shown are representative of three independent biological replicates (n = 3 animals), with consistent results obtained across all replicates. (A-D) The FSC-A vs. SSC-A scatter plots show cell size on the x-axis (FSC-A) and internal structural complexity on the y-axis (SSC-A); the red-gated region (P1) represents the main population analyzed. (E) Histogram of PE-A fluorescence for CD73, showing positive expression in ADSCs. (F) Histogram of FITC-A fluorescence for CD90, indicating positive expression. (G) Histogram of PE-A fluorescence for CD11b, indicating negative expression. (H) Histogram of PE-A fluorescence for CD45, indicating negative expression. (I) SSC-A vs. PE-A scatter plot for CD73, confirming surface marker expression. (J) SSC-A vs. FITC-A scatter plot for CD90. (K) SSC-A vs. PE-A scatter plot for CD11b; gating shows minimal positive cells. (L) SSC-A vs. PE-A scatter plot for CD45; gating shows minimal positive cells.

Figure 6: Multidirectional induction and differentiation of SVF. (A) Oil red O staining of lipid-induced SVFs isolated from ULB (left) and SVFs without lipid induction (right); (B) Oil red O staining of lipid-induced SVFs isolated from ILB and SVFs without lipid induction; (C) Alizarin Red S staining of osteogenic-induced SVFs isolated from ULB and non-osteogenic-induced SVFs; (D) Alizarin Red S staining of osteogenic-induced SVFs isolated from ILB and non-osteogenic-induced SVFs. Scale bar = 100 µm.

DISCUSSION: 
The present study introduces a novel integrated approach for isolating adipose-derived cells (mainly adipocytes and ADSCs) that addresses critical limitations of conventional methods. By combining tissue-specific enzymatic loosening with precision mechanical wave dissociation, this system achieves rapid (total processing time ~30 min), high-viability (80–95%), and reproducible cell isolation.

Conventional enzymatic digestion, while widely used, relies on prolonged collagenase incubation (1–3 h) and harsh mechanical pipetting, leading to lipid release from ruptured adipocytes, oxidative stress, and subsequent viability loss (often <70%)16,17. In contrast, our approach employs a dual-action mechanism: (1) a short-incubation (5–15 min) adipose-specific loosening reagent that gently disrupts ECM crosslinks without compromising cell membranes, and (2) microprocessor-controlled mechanical waves that enable precise, low-amplitude tissue dissociation. This synergy minimizes lipid contamination and oxidative damage, as evidenced by the 80–95% viability rate—consistently exceeding traditional methods by 10–25%18,19. Our method achieved approximately 10 × 10⁶ cells per gram of adipose tissue, representing a fivefold increase compared to conventional collagenase digestion methods, which typically yield approximately 2 × 10⁶ cells per gram of tissue20.

High-viability ADSCs isolated via our method exhibited robust differentiation potential. After 14 days of adipogenic induction, Oil Red O staining revealed lipid droplet accumulation. Similarly, osteogenic differentiation assays showed mineralized nodule formation. These results align with previous reports linking cell viability to differentiation competency, as apoptotic or stressed cells exhibit impaired metabolic activity and lineage commitment21,22.

To ensure the reproducibility and high performance of this integrated isolation method, attention to procedural details is important. Key steps that warrant strict standardization include: the precise specification of all reagents (e.g., buffers, media), quantities, and established conditions; pre-warming media to 37 °C for 20 min prior to the procedure to maintain optimal enzymatic activity; and performing all SVF isolation and differentiation steps within a BSL-2 cabinet to ensure asepsis. Should issues arise, the protocol provides a systematic approach to troubleshooting. For instance, low cell yields are frequently attributable to incomplete digestion or inadequate tissue mincing. This can be addressed by ensuring uniform tissue fragmentation, verifying collagenase activity, and, if necessary, slightly extending the digestion time. Conversely, low differentiation efficiency, characterized by few lipid droplets, is often caused by initiating induction at suboptimal cell confluency. The recommended solution is to differentiate at approximately 90% confluency using fresh, properly aliquoted induction cocktails (containing agents such as IBMX, dexamethasone, insulin, and rosiglitazone).

A significant limitation of the current protocol is its reliance on a commercially available dissociation kit and the SoniConvert system. Nevertheless, both the instrument and the kit are commercially available and have been validated in a recent study. Application to other mammalian species may require empirical re-optimization of both the digestion parameters and subsequent flow cytometry gating strategies. This requirement for customization, however, does not diminish the method's significance relative to existing alternatives.

Given the high anatomical and physiological similarity of adipose tissue between pigs and humans, this method is expected to be readily adaptable for human applications. The method represents a paradigm shift in adipose cell isolation, offering a fast, reliable, and clinically compatible alternative to conventional methods. Its ability to preserve cell viability, functionality, and batch consistency not only enhances the rigor of basic research but also provides a robust technical platform for downstream applications such as differentiation studies and cell-based assays. By addressing longstanding technical bottlenecks, this approach supports future advances in tissue engineering, disease modeling, and translational research.
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