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SUMMARY:
This protocol describes the isolation of small extracellular vesicles from murine skeletal muscle and bone marrow using enzymatic digestion and size-exclusion chromatography, enabling reproducible recovery of vesicle-enriched fractions from structurally complex, low-yield tissues for downstream molecular analysis.

ABSTRACT:
Small extracellular vesicles (sEVs) are nanosized, lipid-bound particles that mediate intercellular communication through the transfer of proteins, lipids, and ribonucleic acids (RNAs). Isolation of sEVs from solid tissues such as skeletal muscle (SkM) and bone marrow (BM) remains challenging due to low yield and contamination from non-vesicular components. This protocol describes a reproducible workflow for isolating sEVs from mouse SkM and BM. SkM is enzymatically digested, whereas BM is processed directly and subsequently subjected to differential centrifugation and size-exclusion chromatography (SEC). For SkM, the void volume (~2.5 mL) is discarded, and the subsequent ~1.6 mL is collected as EV-enriched fractions, typically subdivided into 170 µL sequential fractions (F1–F4). For BM, a 700 µL void volume is discarded, followed by collection of an ~850 µL EV-enriched fraction, which can be subdivided into ~170 µL sequential fractions and pooled based on EV marker enrichment. Using this approach, sEVs can be isolated from small tissue volumes (approximately 500 µL from a single quadriceps and 150 µL from pooled femur and tibia BM), yielding ~108 particles·mL−1·mg−1 tissue with particle diameters predominantly <200 nm. Vesicle integrity and purity are validated using transmission electron microscopy, nanoparticle tracking analysis, and Western blotting for canonical EV markers, with additional characterization by single-particle interferometric detection to quantify tetraspanin-defined vesicle subpopulations. This method enables reproducible isolation of high-purity sEVs from structurally complex tissues using minimal input material, supporting downstream molecular and functional analyses of tissue-derived vesicles.

INTRODUCTION: 
Small extracellular vesicles (sEVs) are nanosized, lipid-bound particles that mediate intercellular communication through the transfer of proteins, lipids, and nucleic acids1. They are released by all cell types and are present in virtually all biological fluids, where they function as key carriers of bioactive cargo, including peptides and micro ribonucleic acids (RNAs)2. Their cargo is selectively sorted, enabling precise delivery of specific signals3, and their vesicular structure allows them to bypass the typical gradient and dilution constraints of freely secreted factors by delivering concentrated molecular payloads over long distances4. Although EVs from biofluids (e.g., plasma, serum, and saliva) provide a convenient snapshot of systemic signaling, they represent a highly mixed population originating from many tissues5. This makes it challenging to determine which organ is producing a specific biological signal or how EV communication is regulated at the tissue level. Because circulating EVs are pooled together, tissue-specific changes can be diluted or masked, limiting the ability to identify the true source of signals6.

Skeletal muscle (SkM) and bone marrow (BM) are major metabolically and functionally active tissues with distinct cellular compositions and signaling roles7,8. Both tissues may release EV populations enriched with unique, tissue-specific cargo; however, these signals can be easily overshadowed in plasma by EVs from high-turnover tissues such as immune cells8,9. Directly isolating EVs from muscle or BM increases sensitivity and enables detection of subtle, tissue-specific adaptations that may not be observable in circulation. Tissue-derived EVs therefore provide essential complementary information, revealing when a specific organ releases EVs, how long those signals persist, and which adaptations are acute versus chronic. Despite increasing interest in EVs, most established isolation methods have been developed for biofluids (e.g., plasma and serum) or cell culture systems. In these contexts, EVs can be obtained with relatively high yield and minimal structural disruption. However, isolating EVs directly from solid tissues such as SkM and BM presents notable technical challenges. These tissues are structurally complex and heterogeneous, requiring mechanical or enzymatic dissociation steps that can introduce artifacts, including high levels of soluble proteins, organelle fragments, and non-vesicular nanoparticles, making it difficult to achieve high-purity EV preparations.

Another major challenge in tissue-derived EV isolation is the lack of standardized workflows for fraction definition and separation10. Differential centrifugation alone often results in co-isolation of protein aggregates and large vesicles, while ultracentrifugation-based methods, although widely used, can lead to vesicle aggregation, deformation, and variable recovery depending on rotor type and experimental conditions. Density gradient approaches improve purity but are time-intensive, low-throughput, and difficult to standardize across laboratories11. Consequently, there is currently no widely adopted, reproducible method optimized for isolating small EVs from solid tissues with high purity and consistent yield10.

Size-exclusion chromatography (SEC) has emerged as a promising alternative for EV isolation because it separates particles based on size without subjecting vesicles to high centrifugal forces. SEC enables efficient separation of small EVs from soluble proteins and low-molecular-weight contaminants while preserving vesicle integrity and biological function. Importantly, SEC allows for clear definition of elution fractions, enabling reproducible identification of EV-enriched fractions and improved consistency across experiments12. However, SEC workflows require careful optimization for tissue-derived samples, particularly with respect to upstream tissue processing, debris removal, and fraction collection. To address these limitations, we developed a reproducible and standardized protocol for isolating sEVs from SkM and BM. This method integrates controlled enzymatic digestion for fibrous tissues, differential centrifugation for debris removal, and SEC-based purification to isolate high-purity vesicles. The workflow is specifically optimized to minimize contamination from intracellular components while preserving vesicle integrity and enabling consistent recovery from low-yield tissues.

This protocol fills a critical methodological gap by providing a practical and scalable approach for isolating tissue-derived sEVs with defined fractionation and validated purity, achieved through nanoparticle tracking analysis (NTA), Western blotting of canonical EV markers, electron microscopy for morphological assessment, and single-particle EV analysis using antibody capture, interferometric sizing, and multichannel fluorescence imaging. It is particularly well suited for studies requiring tissue-specific EV analysis, where biofluid-derived vesicles are insufficient to resolve the cellular origin of signals. Researchers should use this method when the goal is to obtain high-purity sEVs from solid tissues with minimal contamination and preserved vesicle integrity. In contrast, ultracentrifugation-based methods may be preferred for high-yield applications where purity is less critical, and density gradient approaches may be selected when isolating specific EV subpopulations despite lower throughput. Together, this protocol provides a standardized framework for the isolation and characterization of tissue-derived sEVs, enabling reproducible downstream molecular, biochemical, and functional analyses.

PROTOCOL: 
All animal procedures were approved by the McGill University Animal Care Committee (DOUG10029) and conducted in accordance with the guidelines of the Canadian Council on Animal Care.

1. Sample collection and tissue dissociation

1.1. Tissue harvest and preservation

1.1.1. Snap-freeze SkM tissue immediately after excision by immersing it in prechilled methylbutane. 

NOTE: To prepare prechilled methylbutane, place a container of methylbutane in a dry ice bath and gradually add small pieces of dry ice directly into the liquid. Allow the solution to cool until the methylbutane becomes partially solidified with visible thickening and reduced fluidity. At this stage, the temperature is typically within the range of −150°C to −160°C. Maintain the methylbutane in the dry ice bath during use to preserve temperature. Immerse the tissue for approximately 3–4 s until fully frozen, as indicated by complete tissue hardening and loss of flexibility.

1.1.2. Transfer the tissue to cryovials.

1.1.3. Place the samples on dry ice.

NOTE: Store the samples at −80°C until further processing. Avoid repeated freeze–thaw cycles. Rapid snap-freezing effectively preserves EVs when samples are sealed properly. Dehydration or vesicle damage may occur if tissues are left exposed or undergo multiple freeze–thaw cycles13.

1.2. Tissue dissociation

NOTE: Perform all steps in a biosafety cabinet using sterile instruments and gloves to prevent contamination, which may otherwise compromise EV purity.

1.2.1. Weigh tissue

1.2.1.1. Sterilize tweezers with 70% ethanol and allow them to air-dry.

1.2.1.2. Transfer the frozen tissue onto a pre-weighed suspension culture dish.

1.2.1.3. Weigh the tissue using a milligram balance (typically ~80–120 mg per sample, depending on mouse age and sex). 

NOTE: The protocol is validated for input tissue masses of ~80–120 mg. For samples within this range, use the reagent volumes specified in Steps 1.2.3.1, 1.3.1.3, and 1.3.2.1 without modification. For samples outside this range, scale all reagent volumes proportionally to tissue mass while maintaining the validated ratio of RPMI-1640, collagenase D, and DNase I (1000:40:4 µL per 100 mg tissue). This corresponds to approximately 10 µL RPMI-1640, 0.4 µL collagenase D (100 mg/mL stock), and 0.04 µL DNase I (20,000 U/mL stock) per mg of tissue. Maintain these proportions to preserve the final in-reaction enzyme concentrations. Digestion efficiency and EV yield should be empirically validated when working substantially outside the 80–120 mg range.

1.2.1.4. Return the sample to a pre-chilled tube and keep it on ice.

1.2.2. Prepare enzymes

1.2.2.1. Thaw aliquots of collagenase D (100 mg/mL stock) and DNase I (20,000 U/mL stock) on ice (see Supplementary File 1, Step 1.4 for enzyme stock preparation). These enzymes are added in Step 1.3.2.1 to achieve final in-reaction concentrations of 3.8 mg/mL collagenase D and 77 U/mL DNase I. The final digestion volume is 1.044mL.


1.2.2.2. Mix DNase I gently by inversion. Do not vortex.

1.2.3. Tissue preparation for digestion

1.2.3.1. Add 800 µL RPMI-1640 to a sterile suspension culture dish placed on ice.

1.2.3.2. Transfer the tissue to the dish.

1.2.3.3. Cut the tissue into 6–8 pieces of roughly uniform size (2–3 mm per side) using a sterile disposable scalpel. Stabilize the tissue with sterile forceps during cutting to ensure even fragmentation. Complete this step within 1 min/sample to maintain consistency across samples.

1.2.3.4. Keep the dish on ice throughout the procedure to minimize degradation.

1.3. Tissue transfer and enzymatic digestion

1.3.1. Tissue transfer

1.3.1.1. Trim the end of a sterile P1000 pipette tip using a sterile blade to produce an opening of 2–3 mm in diameter, sufficient to allow free passage of the tissue fragments generated in Step 1.2.3.3.

NOTE: Alternatively, use commercially available wide-bore (wide-orifice) 1 mL pipette tips, which provide a standardized opening (typically ~2–3 mm internal diameter) and eliminate variability associated with manual trimming.

1.3.1.2. Transfer the tissue fragments and RPMI-1640 medium into pre-labeled 1.5 mL tubes using a P1000 pipette fitted with the modified tip. Perform 2–3 successive aspirations to recover residual fragments and medium. Visually inspect the dish and pipette tip after transfer and use sterile forceps to transfer any remaining fragments to ensure no visible tissue remains.

1.3.1.3. Add 200 µL of RPMI-1640 to each tube.

1.3.2. Enzymatic digestion

1.3.2.1. Add 40 µL of collagenase D stock (100 mg/mL) and 4 µL of DNase I stock (20,000 U/mL) to each tube from aliquots thawed on ice. This yields final in-reaction concentrations of 3.8 mg/mL collagenase D and 77 U/mL DNase I. For samples outside the 80–120 mg tissue range, adjust enzyme volumes proportionally as described in the NOTE following Step 1.2.1.3.

NOTE: These volumes are calibrated for tissue masses within the typical 80–120 mg range. For tissue masses outside this range, scale all reagent volumes proportionally as described in the NOTE following Step 1.2.1.3 (0.4 µL collagenase D stock and 0.04 µL DNase I stock per mg of tissue), which preserves the same final in-reaction enzyme concentrations regardless of tissue mass.

1.3.2.2. Add the enzymes to all samples simultaneously when processing multiple samples.

1.3.2.3. Keep the tubes on ice during enzyme addition.

1.3.2.4. Gently invert the tubes to mix. Do not vortex.

1.3.2.5. Incubate the tubes at 37°C for 30 min on a nutating mixer (24 rpm, 20° tilt angle; see Table of Materials). Ensure even mixing during incubation.

NOTE: Digest each sample in a total volume of 1.044 mL (1000 µL RPMI-1640, 40 µL collagenase D, and 4 µL DNase I per sample; equivalent to ~25:1 buffer-to-collagenase ratio).

1.4. Removal of debris

NOTE: Initiate SEC column equilibration at the start of the first centrifugation (Step 1.4.1.1). The SEC column requires 20–25 min for flushing and equilibration. Starting equilibration at this point ensures that the column is ready for sample loading immediately after completion of the filtration step (Step 1.4.3).

1.4.1. First centrifugation

1.4.1.1. Centrifuge the samples at 300 × g for 10 min at 4°C to pellet undigested debris, intact cells, and remaining tissue fragments.

1.4.1.2. Carefully transfer the supernatant to new sterile 1.5 mL microcentrifuge tubes without disturbing the pellet.

1.4.2. Second centrifugation

1.4.2.1. Centrifuge the samples at 2,000 × g for 15 min at 4°C to pellet large debris, dead cells, apoptotic bodies, and large vesicles.

1.4.2.2. Carefully transfer the supernatant to new sterile 1.5 mL microcentrifuge tubes without disturbing the pellet.

NOTE: The second centrifugation is optional and should be included when additional debris removal is required. Perform this step if the supernatant appears visibly turbid or contains residual particulate material after the first centrifugation. This step is also recommended if prior preparations have shown contamination by intracellular markers (e.g., Calnexin or BiP) in EV-enriched SEC fractions or the presence of non-vesicular particles by transmission electron microscopy. The need for this step should be validated during initial protocol optimization for each tissue type.

1.4.3. Filtration

1.4.3.1. Pre-wet sterile 30 µm cell strainers by rinsing them with RPMI-1640 to equilibrate the membrane and minimize sample loss. Discard the rinse.

1.4.3.2. Filter each sample through the pre-wetted 30 µm cell strainer into sterile low-protein-binding 1.5 mL microcentrifuge tubes to remove remaining cellular debris and large particles before SEC.

1.4.3.3. Allow the samples to pass through the filter by gravity.

1.4.3.4. Allow 10–15 min per sample for filtration.

NOTE: Filtration is complete when no visible liquid remains above the filter membrane and the filtrate volume in the collection tube has stabilized. If filtration is slower or stalls, this may indicate clogging due to residual debris; in such cases, consider repeating the clarification step or reducing sample load.

1.4.3.5. Collect 550–600 µL of filtered supernatant for subsequent loading onto the SEC column. For consistency across samples, normalize the loading volume to 500 µL per column (see Step 2.2.1), regardless of the total volume recovered.

2. Size-exclusion chromatography (SEC)

2.1. Equilibrate SEC column

NOTE: Perform this step during centrifugation if possible.

2.1.1. Flush the SEC column with 17 mL of 1× PBS (0.22 µm-filtered).

2.1.2. Allow the entire volume to pass through the column by gravity at an expected flow rate of 0.75 mL/min (20–25 min total for the 17 mL flush volume). Faster or slower flow rates may indicate improper column equilibration or blockage. 

2.1.3. Maintain the column and PBS at room temperature (RT, 21°C ± 2°C) during equilibration to ensure consistent flow rate and optimal column performance.

2.1.4. Prepare low-protein-binding 1.5 mL microcentrifuge tubes for collection of all fractions.

2.1.5. Prepare an additional tube for collection of the void volume if required.

2.2. Sample loading and elution

2.2.1. Load 500 µL of filtered supernatant onto the SEC column.

2.2.2. Allow the sample to fully enter the resin. The endpoint is reached when the liquid meniscus reaches the surface of the resin bed, with no visible liquid remaining above the resin while the resin remains visibly wet.

2.2.3. Do not allow the meniscus to drop below the resin surface or the column to run dry, as this introduces air into the resin bed and disrupts elution. When the liquid meniscus reaches the resin surface (as defined in Step 2.2.2), immediately proceed to Step 2.2.4 without delay.

2.2.4. Immediately add 2 mL PBS to initiate elution.

2.2.5. Collect the void volume (~2.5 mL).

2.2.6. Discard the void volume or retain it as a non-EV fraction.

2.2.7. Begin collecting the EV-enriched fraction immediately after the 2.5 mL void volume has eluted.

2.2.8. Collect a total of 1.6 mL of EV-enriched eluate following the void volume, either as a single continuous fraction in one tube or as sequential fractions that are subsequently pooled.

2.2.9. Alternatively, collect sequential fractions of 0.4 mL to optimize purity versus yield. Smaller fraction volumes are recommended when higher purity is required (e.g., for proteomic analyses or sensitive downstream applications), whereas larger fractions may be used to maximize overall EV yield.

2.2.10. Assess fractions for EV enrichment using characterization methods (e.g., Western blot for EV markers and contaminants, and NTA), and pool EV-enriched fractions as defined in the characterization section.

NOTE: Keep the column flowing continuously. As one fraction is finishing, add PBS to maintain a constant liquid above the resin bed and prevent the column from running dry. Use low-protein-binding, nuclease-free tubes for collection.

2.3. Concentration

2.3.1. Concentrate EV samples using centrifugal filters (100 kDa molecular weight cutoff [MWCO]) for downstream applications (e.g., RNA sequencing, proteomics, or Western blot).

2.3.2. Pre-rinse the filters with PBS before use.

2.3.3. Centrifuge the samples at 4,000 × g at 4°C, checking every 2–3 min until the desired final volume (typically 50–100 µL) is reached. Use lower final volumes (e.g., ~50 µL) for applications requiring higher concentration and higher volumes (e.g., ~100 µL) when maximizing recovery is preferred. 

CAUTION: Avoid over-concentration by stopping centrifugation once the target volume is achieved.

2.3.4. Recover the retentate by gentle pipetting.

2.3.5. Record pre- and post-concentration sample volumes to estimate recovery, if required. NTA may be used to assess particle concentration before and after concentration, if available.

2.4. Storage

2.4.1. Keep EV-enriched fractions on ice or at 4°C for immediate assays (e.g., NTA and transmission electron microscopy [TEM]) and process within 24 h for TEM and within 48 h for NTA.

2.4.2. Aliquot EV samples into low-protein-binding tubes for storage.

2.4.3. Store samples at −80°C for long-term use.

2.4.4. Avoid repeated freeze–thaw cycles.

3. BM-derived sEV (BM-sEV) isolation protocol

3.1. Sample collection and tissue dissociation

3.1.1. Tissue harvest and preservation

3.1.1.1. Do not snap-freeze bones immediately after excision, as this hardens the marrow and complicates extraction using the poked-tube method. Instead, keep bones on ice or at 4°C during short handling periods prior to processing or freezing as described in Step 3.1.1.4 (placement on dry ice prior to −80°C storage).

3.1.1.2. Remove surrounding muscle and connective tissue from dissected bones.

3.1.1.3. Transfer the bones to cryovials.

3.1.1.4. Place the samples on dry ice.

NOTE: Store the samples at −80°C until further processing.

3.1.2. BM processing

NOTE: Perform all steps in a biosafety cabinet using sterile instruments and gloves to prevent contamination, which may otherwise compromise EV purity.

3.1.2.1. Pre-weigh and label 1.5 mL centrifuge tubes before adding any material. Calculate BM mass by comparing tube weights before and after extraction.

3.1.2.2. Prepare the poked-tube setup by inserting a 0.2 mL PCR tube (cap intact) into a 1.5 mL centrifuge tube with a snug fit. Puncture the bottom of the 0.2 mL tube once with a sterile 16 G needle held perpendicular to the base, producing a single uniform perforation of ~1.6 mm diameter. Prepare one setup per leg per mouse.

3.1.2.3. Place the leg, cleaned of all muscles and surrounding tissue, in a sterile Petri dish.

3.1.2.4. Separate the femur and tibia by cutting through the joint space.

3.1.2.5. Cut both ends of the femur and tibia to expose the red marrow. Place the bones into the punctured PCR tube positioned inside the 1.5 mL tube and seal the assembly with parafilm to ensure a secure setup during centrifugation.

3.1.2.6. Centrifuge the samples for 10 s in a benchtop microcentrifuge at approximately 8,000 × g, or the closest achievable setting on the instrument used, at room temperature.

3.1.2.7. Verify successful marrow extraction by three criteria: (i) the bones appear visibly white with no residual red marrow, (ii) the pellet in the lower tube appears dark red and compact, typically filling the conical tip of the 1.5 mL tube, and (iii) the measured marrow mass (Step 3.1.2.9) falls within the expected range of ~15–30 mg per mouse.

3.1.2.8. Reposition or recut the bones and repeat the brief spin if visible red marrow remains within the bone.

3.1.2.9. Weigh the tubes again to determine the mass of extracted marrow (typically ~15–30 mg per sample, depending on mouse age, sex, and extraction efficiency).

NOTE: The protocol is validated for marrow yields of ~15–30 mg per sample. Because the RPMI-1640 resuspension volume is held constant at 250 µL regardless of marrow mass (Step 3.1.2.10), EV yield is normalized to the measured starting marrow mass during downstream analysis (particles·mL−1·mg−1 tissue). For samples substantially below 15 mg, pool marrow from matched mice (same age, sex, and bone) prior to resuspension to maintain sufficient input for downstream characterization. For samples substantially above 30 mg, either split the marrow across two separate resuspensions of 250 µL each or scale the RPMI-1640 volume proportionally (~12.5 µL per mg of marrow) to prevent incomplete resuspension; in either case, apply the same per-mass normalization during analysis.

3.1.2.10. Add 250 µL RPMI-1640 to each tube. Maintain a constant volume across samples regardless of marrow mass to allow normalization of EV yield to starting marrow mass. Keep the samples on ice.

3.1.2.11. Resuspend the marrow by gently pipetting up and down 10–15 times using a P1000 pipette until the suspension appears visually homogeneous, with no visible clumps or intact tissue fragments remaining. Avoid forceful pipetting or bubble formation, which may disrupt vesicle integrity.

3.2. Removal of debris

3.2.1. First centrifugation

3.2.1.1. Centrifuge the samples at 300 × g for 10 min at 4°C to pellet undigested debris, intact cells, and remaining tissue fragments.

3.2.1.2. Carefully transfer the supernatant to new sterile 1.5 mL microcentrifuge tubes without disturbing the pellet.

3.2.2. Second centrifugation

3.2.2.1. Centrifuge the samples at 2,000 × g for 15 min at 4°C to remove large debris.

3.2.2.2. Carefully transfer the supernatant to new sterile 1.5 mL microcentrifuge tubes without disturbing the pellet.

3.2.3. Third centrifugation

3.2.3.1. Centrifuge the samples at 10,000 × g for 30 min at 4°C to remove apoptotic bodies and large vesicles.

3.2.3.2. Carefully transfer the supernatant to new sterile 1.5 mL microcentrifuge tubes without disturbing the pellet.

3.2.3.3. Ensure a final volume of 200 µL supernatant is obtained.

3.3. Size-exclusion chromatography (SEC)

3.3.1. Column preparation

3.3.1.1. Equilibrate the SEC column by flushing with 6 mL of 1× PBS (0.22 µm-filtered).

NOTE: The equilibration volume is column-specific and should match the column type listed in the Table of Materials. This column requires a 6 mL equilibration volume, which differs from the column used for SkM samples. 

3.3.1.2. Allow the entire volume to pass through by gravity.

3.3.1.3. Maintain the column and PBS at RT during equilibration to ensure optimal flow rate and column performance.

3.3.2. Sample loading and elution

3.3.2.1. Load 150 µL of filtered supernatant onto the SEC column.

3.3.2.2. Allow the sample to fully enter the resin. The endpoint is reached when the liquid meniscus reaches the surface of the resin bed with no visible liquid remaining above the resin while the resin remains wet (as described in Step 2.2.2).

3.3.2.3. Do not allow the meniscus to drop below the resin surface or the column to run dry (see endpoint defined in Step 3.3.2.2), as this introduces air into the resin bed and disrupts elution. When the liquid meniscus reaches the resin surface, immediately proceed to Step 3.3.2.4 without delay.

3.3.2.4. Immediately add 550 µL PBS to initiate elution.

3.3.2.5. Collect the void volume (700 µL).

3.3.2.6. Discard the void volume or retain it as a non-EV fraction.

3.3.2.7. Begin collecting the EV-enriched fraction immediately after the 700 µL void volume has eluted.

3.3.2.8. Collect 850 µL of EV-enriched eluate following the 700 µL void volume.

3.3.2.9. Alternatively, collect sequential fractions of approximately 170 µL to optimize purity versus yield.

NOTE: Smaller fraction volumes are recommended when higher purity is required (e.g., for proteomic analyses or sensitive downstream applications), whereas larger fractions may be used to maximize overall EV yield.

3.3.2.10. Assess fractions for EV markers and pool EV-enriched fractions as required.

NOTE: Keep the column flowing continuously. As one fraction is finishing, add PBS to maintain a constant liquid above the resin bed and prevent the column from running dry.

RESULTS:
To assess the effectiveness of this protocol for isolating tissue-derived sEVs, representative results from SkM and BM samples are presented. Successful isolation was defined by (i) enrichment of canonical EV markers (TSG101, CD63, CD81, and CD9) in early SEC fractions, (ii) minimal detection of intracellular contaminants (e.g., Calnexin and BiP), (iii) a unimodal particle size distribution with the majority of particles <200 nm, (iv) visualization of intact, membrane-bound vesicles by TEM, and (v) higher particle concentration in EV-enriched fractions compared to later protein-rich fractions. Additional characterization included single-particle tetraspanin analysis. In contrast, suboptimal or failed isolations were characterized by weak or absent EV marker enrichment in early fractions, substantial presence of intracellular contaminants, broad or multimodal particle size distributions, or lack of clearly defined vesicular structures by electron microscopy. These criteria are consistent with established sEV characterization guidelines.

SkM-derived sEVs (SkM-sEVs)
Following enzymatic dissociation, filtration, and size-exclusion chromatography of SkM tissue (Figure 1A), EV-enriched fractions were consistently detected in early SEC fractions (F1–F4, ~1.6 mL immediately following the 2.5 mL void volume). Individual SEC fractions (F1–F8) were analyzed by Western blotting, while EV-enriched fractions (F1–F4) and later protein-rich fractions (F5–F8) were pooled separately for TEM and NTA.

[Place Figure 1 here]

Successful preparations showed strong enrichment of canonical EV markers (TSG101, FLOT-1, CD9, CD63, and CD81) and minimal presence of non-sEV markers (Calnexin and BIP) in F1–F4, confirming that the isolation workflow effectively separated EVs from larger cellular organelles and debris in accordance with MISEV 2023 guidelines. ATP2A1 and Caveolin-3, which have been previously reported in SkM-sEVs14, were included in the Western blot analysis to evaluate their association with sEVs. Both proteins were enriched in EV-containing SEC fractions (F1–F3), consistent with their presence in muscle-derived vesicles rather than residual cellular contamination (Figure 1B). Equal volumes of each SEC fraction were loaded for Western blot analysis rather than equal total protein amounts. This approach was chosen because SEC separates vesicles from soluble proteins, resulting in substantial differences in protein concentration across fractions. Normalizing to total protein would artificially overrepresent late, protein-rich fractions and underrepresent early, vesicle-rich fractions. Loading equal volumes therefore preserves the true distribution of vesicles across SEC fractions and allows accurate assessment of vesicle-associated markers relative to non-vesicular protein contaminants.

For TEM and NTA, early EV-enriched fractions (F1–F4) and later protein-rich fractions (F5–F8) were pooled to enable robust vesicle visualization and quantitative comparison across SEC elution profiles. TEM revealed intact, round vesicles with clearly defined membranes and sizes consistent with sEVs (<200 nm). The cup-shaped appearance observed is consistent with negative-staining preparation artifacts commonly reported for sEVs (Figure 1C).

NTA demonstrated a unimodal size distribution centered below 200 nm (median = 172.9 nm) (Figure 1D). Particle concentration normalized to tissue mass was highest in EV-enriched fractions (F1–F4; 1.07 × 10⁸ particles·mL⁻1·mg⁻1 tissue) and decreased in later fractions (F5–F8; 1.36 × 10⁷ particles·mL⁻1·mg⁻1 tissue) (Figure 1E), where increased soluble protein contamination was observed by BCA assay (Supplementary Table 1). Fractions F5–F8 therefore contained fewer intact sEVs despite higher total protein levels, a pattern expected for SEC as free proteins and small protein complexes elute after sEVs. This distinction confirms that early SEC fractions represent vesicle-rich, high-purity sEV preparations, whereas later fractions are increasingly enriched in non-vesicular proteins. Figure 1F displays the relationship between particle size and absolute particle concentration (particles·mL⁻1), measured by NS300, illustrating the size–concentration distribution of vesicles independent of tissue normalization.

BM-derived sEVs (BM-sEVs)
Following BM harvest, debris removal, and size-exclusion chromatography (Figure 2A), EV-enriched fractions were consistently detected in early SEC fractions (F1–F5, ~850 µL immediately following the 700 µL void volume). Individual SEC fractions (F1–F8) were analyzed by Western blotting, while EV-enriched fractions (F1–F5) were pooled for TEM and NTA.

[Place Figure 2 here]

Western blot analysis showed enrichment of canonical EV markers (TSG101, FLOT-1, CD9, CD63, and CD81), with the strongest signals observed in fractions F3–F5. However, fractions F1–F5 were pooled for downstream analyses in accordance with IZON recommendations, as EV-associated proteins in earlier fractions may be present below the detection limit of Western blotting and therefore not readily visualized. Pooling these fractions also increased overall vesicle yield for downstream analyses while maintaining minimal signal for non-EV markers.

Calnexin and BIP were assessed in individual SEC fractions rather than pooled samples to sensitively evaluate fraction-specific contamination from intracellular membranes and endoplasmic reticulum components (Figure 2B). CD73, which has been reported in subsets of BM-sEVs15,16, was included in the Western blot analysis to assess its potential association with BM-sEVs. However, it was not enriched in EV-containing SEC fractions under the conditions used in this study, suggesting that this protein was either absent, present at levels below the detection limit, or not robustly represented in the isolated vesicle populations. Marker-based analyses in this study were restricted to a small set of well-established antibodies; however, future application of proteomic approaches such as mass spectrometry will be important to further resolve vesicle composition and cellular origin across SEC fractions. The same normalization and loading strategy used for SkM samples was applied here to ensure consistency across tissues. TEM of EV-enriched fractions (F1–F5) revealed intact, round vesicles with clearly defined membrane bilayers and diameters below 200 nm, consistent with sEV morphology (Figure 2C). Minor differences in vesicle morphology were observed between SkM-sEVs (Figure 1C) and BM-sEVs (Figure 2C), likely reflecting tissue-specific vesicle composition and negative-staining preparation artifacts.

NTA demonstrated a unimodal size distribution centered below 200 nm, with a median particle diameter of 147.8 nm (Figure 2D). Particle concentration normalized to tissue mass was highest in EV-enriched fractions (F1–F5; 3.70 × 10⁸ particles·mL⁻1·mg⁻1 tissue) and remained elevated but slightly reduced in later fractions (F6–F8; 3.60 × 10⁸ particles·mL⁻1·mg⁻1 tissue) (Figure 2E). Consistent with SEC behavior, later fractions exhibited increased soluble protein content despite lower enrichment of intact vesicles (Supplementary Table 2). Figure 2F depicts the relationship between particle size and absolute particle concentration (particles·mL⁻1), illustrating the size–concentration distribution of BM-sEVs independent of tissue normalization.

Antibody-based single particle interferometric SkM-sEV and BM-sEV detection
To further characterize tissue-derived sEV populations at the single-particle level, antibody-based interferometric EV detection was performed using the Leprechaun Mouse Exosome Detection platform. EV-enriched fractions isolated from BM (F1–F5) and SkM (F1–F4) were loaded at equal particle concentrations (5 × 10⁸ particles·mL⁻1). According to the manufacturer’s instructions, 50 µL of sample was applied per capture chip. EV-enriched fractions were captured using CD81- or CD9-coated chips and detected by fluorescence labeling of CD63, CD81, and CD9. Representative interferometric images demonstrate successful capture of discrete, diffraction-limited particles within the defined detection area for SkM-sEVs and BM-sEVs (Figure 3A and Figure 4A). Minimal signal was observed in IgG control conditions, confirming low nonspecific binding and assay specificity (Supplementary Figures 1–4).

[Place Figure 3 here]

[Place Figure 4 here]

Single-particle tetraspanin composition analysis revealed that BM-sEV- and SkM-sEV-enriched preparations were enriched for CD9-positive particles, with CD81- and CD63-positive vesicles also consistently detected (Figure 3B and Figure 4B). BM-sEVs exhibited higher overall particle capture compared to SkM-sEVs, consistent with independent NTA measurements. Across biological replicates, CD9 represented the dominant single-positive population, while smaller subsets of double- and triple-positive vesicles (CD63/CD81, CD81/CD9, and CD63/CD81/CD9) were reproducibly detected, indicating molecular heterogeneity within the sEV populations.

Quantification of particle counts across replicates showed strong reproducibility within each tissue type (Figure 5A and Figure 5B). Heatmap-based summaries of mean particle counts highlight clear differences in capture efficiency and tetraspanin composition between BM-sEVs and SkM-sEVs (Figure 5C). Repeating the experiment with increased input particle concentrations yielded proportionally higher capture counts while preserving the same relative tetraspanin distribution, confirming that lower particle recovery in SkM samples reflects a true biological difference rather than a technical limitation of the assay (Supplementary Figures 5 and 6). This distinction is consistent with the higher cellular density and continuous hematopoietic activity of BM compared with SkM under basal conditions and is not related to exercise-induced effects.

[Place Figure 5 here]
An overview of the workflow linking tissue input, SEC fractionation, and downstream analyses is shown in Figure 6.

[Place Figure 6 here]

Together, these results confirm successful isolation of intact sEVs, validate the specificity and sensitivity of the single-particle detection workflow, and demonstrate its utility for resolving tissue-specific EV surface marker profiles.

FIGURE AND TABLE LEGENDS: 

Figure 1. Isolation and characterization of skeletal muscle–derived small extracellular vesicles (SkM-sEVs). (A) Schematic overview of the workflow for SkM-sEV isolation, including SkM collection, tissue dissociation, enzymatic digestion, debris removal, and size-exclusion chromatography (SEC). (B) Western blot analysis of individual SEC fractions (Void, F1–F8) showing enrichment of EV markers (TSG101, FLOT-1, CD81, CD9, and CD63), depletion of non-EV contaminants (Calnexin and BiP), and detection of SkM-associated proteins (ATP2A1 and Caveolin-3). (C) Transmission electron microscopy of pooled sEV-enriched fractions (F1–F4) revealing intact vesicles with characteristic morphology. Scale bar: 200 nm. (D) Nanoparticle tracking analysis (NTA)–derived size distribution of pooled EV-enriched fractions. (E) EV concentration normalized to tissue mass (particles·mL⁻¹·mg⁻¹ tissue) across SEC fractions. (F) EV size versus particle concentration profile (particles·mL⁻¹) without tissue normalization. Data are presented as mean ± SEM. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test.

Figure 2. Isolation and characterization of bone marrow–derived sEVs (BM-sEVs). (A) Schematic overview of the workflow for BM-sEV isolation, including BM collection, mechanical dissociation, debris removal, and SEC. (B) Western blot analysis of individual SEC fractions (Void, F1–F8) showing enrichment of EV markers (TSG101, FLOT-1, CD81, CD9, CD63) and depletion of non-EV contaminants (Calnexin and BiP). (C) Transmission electron microscopy of pooled sEV-enriched fractions (F1–F5) revealing intact vesicles with characteristic morphology. Scale bar: 200 nm. (D) NTA-derived size distribution of pooled EV-enriched fractions (F1–F5). (E) EV concentration normalized to tissue mass (particles·mL⁻¹·mg⁻¹ tissue) across SEC fractions. (F) EV size versus particle concentration profile (particles·mL⁻¹) without tissue normalization. Data are presented as mean ± SEM. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test.

Figure 3. Antibody-based single-particle interferometric detection reveals tetraspanin profiles of BM-sEVs. (A) Representative single-particle interferometric images of BM-sEVs captured on CD81- or CD9-coated chips. Individual vesicles appear as discrete punctate signals within the defined detection area and are fluorescently labeled for CD63 (red), CD81 (blue), and CD9 (green). Scale bar: 10 µm. (B) Heatmap showing the average single-particle tetraspanin composition of BM-sEVs captured via CD81 or CD9. Values represent the percentage of total detected particles positive for individual or combinatorial tetraspanin markers, averaged across biological replicates (n = 3).

Figure 4. Antibody-based single-particle interferometric detection reveals tetraspanin profiles of SkM-sEVs. (A) Representative single-particle interferometric images of SkM-sEVs captured on CD81- or CD9-coated chips and fluorescently labeled for CD63, CD81, and CD9. Discrete, diffraction-limited puncta indicate successful single-vesicle capture. Scale bar: 10 µm. (B) Heatmap showing the average single-particle tetraspanin composition of SkM-sEVs captured via CD81 or CD9. Percentages represent the proportion of total detected particles positive for each tetraspanin or tetraspanin combination (n = 3).

Figure 5. Single-particle tetraspanin profiling of EV-enriched preparations from BM and SkM. (A) Quantification of total particle counts and tetraspanin-positive subsets for BM-sEVs and SkM-sEVs captured on CD81-coated chips. Bars represent mean ± SEM calculated from three capture spots per chip. (B) Quantification of total particle counts and tetraspanin-positive subsets for BM-sEVs and SkM-sEVs captured on CD9-coated chips. Bars represent mean ± SEM calculated from three capture spots per chip. (C) Summary heatmap displaying mean absolute particle counts for BM-sEVs and SkM-sEVs captured via CD81 or CD9, with detection of single and combinatorial tetraspanin markers. Values represent averaged counts across biological replicates (n = 3).

Figure 6. Workflow for tissue-derived EV isolation and downstream analysis. Schematic overview of the workflow for isolation and characterization of tissue-derived EVs. SkM and BM samples are processed by tissue dissociation, centrifugation, and SEC. Early SEC fractions (F1–F4 for SkM; F1–F5 for BM) are defined as EV-enriched and used for downstream analyses, including Western blotting, NTA, and transmission electron microscopy, whereas later fractions are enriched in soluble proteins and used as controls.

Supplementary File 1. Reagent setup and supporting methods for sEV isolation and characterization. This supplementary file contains reagent lists and buffer preparation details for SkM-sEV and BM-sEV isolation, including HEPES buffer and enzyme stock preparation for SkM digestion. It also provides supporting methodological details for NTA, Western blotting, and transmission electron microscopy used for sEV characterization.

Supplementary Table 1. Protein quantification across SEC fractions from SkM-sEVs. Protein concentration (µg/mL) measured by bicinchoninic acid (BCA) assay across sequential SEC fractions obtained from SkM–sEVs. The void volume represents early-eluting components, while subsequent fractions (F1–F4) correspond to EV-enriched fractions based on downstream characterization.

Supplementary Table 2. Protein quantification across SEC fractions from BM-sEVs. Protein concentration (µg/mL) measured by BCA assay across sequential SEC fractions obtained from BM-sEVs. The void volume represents early-eluting components, while subsequent fractions (F1–F5) correspond to EV-enriched fractions based on downstream characterization.

Supplementary Figure 1. Single-particle detection of BM-sEVs on tetraspanin-coated and control surfaces. Representative interferometric fluorescence images showing single-particle detection of BM-sEVs captured on CD81- and CD9-coated surfaces, compared with hamster IgG and rat IgG negative control surfaces. Each panel represents independent biological replicates (BM3). Tetraspanin-coated surfaces show high particle density, whereas minimal signal is observed on IgG controls, confirming antibody-specific capture. Scale bar: 10 µm.

Supplementary Figure 2. Single-particle detection of SkM-sEVs on tetraspanin-coated and control surfaces. Representative interferometric fluorescence images showing single-particle detection of SkM-sEVs captured on CD81- and CD9-coated surfaces, compared with hamster IgG and rat IgG negative control surfaces. Each panel represents independent technical replicates from SkM sample M3. Tetraspanin-coated surfaces show high particle density, whereas minimal signal is observed on IgG controls, confirming antibody-specific capture. Scale bar: 10 µm.

Supplementary Figure 3. Quantification of single-particle tetraspanin counts in SkM-sEVs. Heatmap representation of single-particle counts detected for tetraspanin markers in SkM-sEVs. Each row represents an individual field of view, and each column corresponds to a capture condition (CD81, CD9, and IgG controls). Numerical values indicate the number of detected particles per field. Color intensity reflects particle abundance, with darker shading indicating higher counts. The bottom row shows total particle counts across all fields for each condition.

Supplementary Figure 4. Quantification of single-particle tetraspanin counts in BM-sEVs. Heatmap representation of single-particle counts detected for tetraspanin markers in BM-sEVs. Each row represents an individual field of view, and each column corresponds to a capture condition (CD81, CD9, and IgG controls). Numerical values indicate the number of detected particles per field. Color intensity reflects particle abundance, with darker shading indicating higher counts. The bottom row shows total particle counts across all fields for each condition.

Supplementary Figure 5. Quantification of tetraspanin-positive particle counts across BM-sEVs and SkM-sEVs. Bar graph showing particle counts detected across BM-sEVs (BM1–BM3) and SkM-sEVs (M1–M3) samples using single-particle analysis. Total particle counts and counts for CD63-, CD81-, and CD9-positive particles are shown for each sample. Error bars represent variability across replicate measurements. The ratio above each group indicates the number of technical replicates analyzed per sample.

Supplementary Figure 6. Quantification of tetraspanin-positive particle counts across BM-sEVs and SkM-sEVs using CD9 capture. Bar graph showing particle counts detected across BM-sEVs (BM1–BM3) and SkM-sEVs (M1–M3) sEV samples using single-particle analysis with CD9 as the capture probe. Total particle counts and counts for CD63-, CD81-, and CD9-positive particles are shown for each sample. Error bars represent variability across replicate measurements. The ratio above each group indicates the number of technical replicates analyzed per sample.

DISCUSSION:
This protocol describes a robust and reproducible approach for isolating sEV-enriched preparations directly from SkM and BM, two low-yield and highly heterogeneous tissues. While EV isolation is well established for biofluids and cell culture systems, standardized methods for tissue-derived EVs remain limited due to challenges associated with tissue dissociation, contamination from intracellular material, and variability in yield. Here, we outline critical steps, troubleshooting strategies, and limitations that influence EV purity, yield, and reproducibility, with specific considerations for SkM and BM preparations. EV-enriched fractions in this study were operationally defined based on multiple complementary criteria, including enrichment of canonical EV markers, minimal detection of intracellular contaminants, and consistency with expected SEC elution profiles10. Early fractions (F1–F4 for SkM and F1–F5 for BM) were therefore selected for downstream analyses, while later fractions showed continued presence of EV markers but were also associated with increased protein content and higher levels of intracellular contaminants, indicating reduced vesicle purity (Supplementary Tables 1 and 2). These findings highlight the importance of combining marker-based and protein-based assessments when interpreting SEC fractions, as size-based separation alone does not distinguish vesicular from non-vesicular particles10. Given that SEC separates particles based on size rather than identity, fraction profiles may vary depending on sample type and column behavior and should therefore be empirically validated for each experimental system. While characterization in this study was limited to a small set of literature-supported markers, more comprehensive approaches such as proteomic profiling would further refine the molecular composition and potential cellular origin of vesicle populations across fractions. Additional validation approaches, such as detergent sensitivity assays, may further distinguish membrane-bound vesicles from non-vesicular particles17.

Several critical steps in the protocol strongly influence the quality and reproducibility of sEV isolation. Clean SkM excision is essential, as contamination from adipose tissue or residual blood introduces EVs from non-muscle sources and compromises EV purity. Accurate quantification of starting material is particularly important for BM samples, where variability in marrow volume directly affects EV yield and requires normalization across samples. For SkM, normalization of sEV yield to tissue mass or pre-extraction protein content is necessary to enable meaningful comparisons across samples. Careful collection of SEC fractions immediately following the void volume is required to isolate EV-enriched fractions, and fraction resolution may be further optimized by adjusting collection volumes and pooling adjacent fractions to balance purity and detection sensitivity. The use of freshly prepared PBS and properly equilibrated SEC columns is essential to maintain EV integrity and prevent loss due to adsorption. Avoiding air bubbles during SEC loading ensures consistent flow and reproducible fractionation. Enzymatic digestion must be synchronized across samples, as prolonged exposure to collagenase can increase cellular disruption and contamination. Finally, repeated freeze–thaw cycles must be avoided, as they compromise vesicle integrity, alter size distribution, and reduce functional activity13.

Several modifications and troubleshooting strategies can be applied depending on sample quality and downstream requirements. Additional clarification steps, such as intermediate centrifugation at 2,000–12,000 × g, may reduce contamination from cellular debris in SkM preparations, although these steps require optimization to avoid excessive loss of vesicles. For BM extraction, the poked-tube method may be replaced with flushing; however, this approach can introduce variability and should be carefully standardized. Alternative EV isolation strategies, including ultracentrifugation or density gradient separation, may also be employed. Ultracentrifugation allows processing of larger volumes but may introduce aggregation, deformation, or protein contamination depending on rotor type and centrifugation conditions18, whereas density gradient approaches can improve purity but are time-intensive, lower throughput, and more difficult to standardize across experiments18. In contrast, SEC provides a reproducible, low-shear method that preserves vesicle integrity and enables clear fraction definition, although it typically yields lower total EV recovery. Each alternative requires dedicated optimization for tissue-derived samples to balance purity and yield. If ultracentrifugation is used, parameters such as rotor type, g-force, spin time, and resuspension volume should be systematically adjusted and EV enrichment confirmed by standard characterization assays (NTA, Western blot, and TEM). General troubleshooting includes addressing low yield by optimizing tissue dissociation and centrifugation conditions, reducing protein contamination through additional clarification or fraction refinement, and improving detection sensitivity in Western blotting through optimization of antibody performance or signal amplification strategies. Issues such as column clogging can be mitigated by thorough pre-clearing and filtration of samples prior to SEC loading.

Despite its strengths, this method has several limitations. Because SEC is a size-based separation technique, non-vesicular particles such as protein aggregates and lipoproteins may co-elute with EVs19. High purity is achieved at the cost of lower yield, requiring larger amounts of starting material for applications that demand high EV quantities. Sample throughput is limited by column capacity, and multiple columns or automated systems may be required for large studies. Proper column cleaning is essential to prevent cross-contamination between samples. Fraction boundaries can shift depending on sample viscosity and loading conditions, necessitating empirical validation for each experimental setup. Enzymatic digestion steps may introduce variability if not carefully controlled; however, under the defined conditions used here, nanoparticle tracking analysis showed a unimodal size distribution (median 172.9 nm; majority <200 nm), EV-enriched SEC fractions exhibited strong enrichment of canonical EV markers (TSG101, CD63, CD81, and CD9) with minimal detection of intracellular contaminants (Calnexin and BiP), and transmission electron microscopy confirmed intact vesicles with characteristic morphology, supporting preservation of EV integrity and minimal digestion-induced artifacts. The use of a constant resuspension volume for BM samples introduces variability in input concentration, which was addressed through normalization to starting material. Ultrafiltration-based concentration may also result in partial loss of vesicles, although consistent processing conditions allow reliable relative comparisons.

The significance of this method lies in its ability to isolate EVs directly from SkM and BM, two structurally complex and low-yield tissues for which standardized EV isolation protocols remain limited. Most alternative approaches rely on cell-culture–derived EVs or ultracentrifugation-based methods that introduce variability, protein contamination, and vesicle damage18. In contrast, this protocol standardizes EV extraction from small volumes of solid tissue while preserving vesicle integrity and minimizing contamination. Representative results demonstrate consistent enrichment of canonical EV markers in early SEC fractions, depletion of intracellular contaminants, unimodal size distributions below 200 nm, and reproducible particle concentration profiles across preparations. Additional validation approaches such as detergent sensitivity assays (e.g., Triton X-100 treatment) could further distinguish membrane-bound vesicles from non-vesicular particles, particularly in later SEC fractions. The higher particle concentration observed in early SEC fractions despite lower total protein content is consistent with expected SEC behavior and provides an internal quality-control metric for successful isolation. Increased protein content in later SEC fractions is consistent with expected SEC behavior, where soluble proteins elute after vesicle-rich fractions. The inverse relationship between particle enrichment and protein content across fractions provides an internal quality-control metric supporting effective separation of EV-enriched and protein-rich fractions (Supplementary Tables 1 and 2). By combining size-exclusion chromatography with gentle ultrafiltration-based concentration, this protocol preserves vesicle integrity while achieving reproducible recovery from SkM and BM. Importantly, EV enrichment and consistency with EV characteristics are validated using multiple orthogonal approaches, including NTA, TEM, BCA, marker-based Western blotting, and single-particle interferometric EV analysis10.

This standardized tissue-EV isolation protocol provides a reproducible framework that can be readily adopted across laboratories, enabling consistent methodology for SkM- and BM-derived EV studies. Its workflow is practical and scalable, allowing processing of up to approximately 12 muscle samples and 20 BM samples per day, depending on operator speed and the availability of automated SEC systems. The method is particularly well suited for studies examining how exercise modulates tissue-specific EV release, including changes in vesicle concentration, size distribution, and surface marker composition. The incorporation of single-particle EV analysis enables assessment of tetraspanin-defined EV subpopulations, providing an additional layer of validation and sensitivity beyond bulk measurements. Isolated EVs can also be used for downstream in vivo applications, such as fluorescent or lipid-dye labeling for biodistribution and tracking studies. Beyond exercise biology, this protocol offers a versatile platform for investigating how diverse physiological or pathological states influence tissue-derived EV populations and their potential roles in inter-organ communication20.
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