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SUMMARY:
This protocol describes the isolation, characterization, and proteomic profiling of extracellular vesicles from human breast cancer cell culture media to enable reproducible identification and comparative analysis of extracellular vesicle protein cargo using mass spectrometry.

ABSTRACT:
Extracellular vesicles (EVs) are mediators of intercellular communication and play important roles in pathological processes such as tumor progression. They are released into the tumor microenvironment and are abundant in biological fluids. They are readily accessible, and characterization of their molecular contents can improve the understanding of breast cancer biology, facilitating the identification of candidate protein biomarkers while minimizing the need for invasive tissue collection. Proteomic analysis of EVs provides a detailed view of EV-associated molecular pathways, revealing protein signatures associated with tumor progression, metastasis, and therapy resistance. This protocol presents a workflow for the isolation and proteomic characterization of EVs derived from breast cancer cells. EVs are produced under controlled culture conditions and enriched using size-exclusion chromatography to separate vesicle-enriched fractions from soluble proteins. The isolated EVs are quantified and characterized by nanoparticle tracking analysis, followed by protein extraction and filter-aided sample preparation-based trypsin digestion. The peptides are analyzed using liquid chromatography coupled with tandem mass spectrometry, providing comprehensive coverage of EV-associated proteins, including proteins potentially derived from vesicular contents and the surface-associated protein corona. By combining optimized isolation procedures, proteomic strategies, and stringent data analysis, this approach supports protein identification from the limited material available in EV preparations. The workflow enables comparative studies between experimental conditions or biological samples, facilitates the identification of candidate protein signatures, and provides insights into EV-mediated modulation of signaling pathways. Although the present protocol was developed using breast cancer cell culture-derived EVs, future work will focus on extending the workflow to clinically relevant biological fluids, for which additional optimization and validation will be required. As demonstrated in this study, comparative analysis of EV-associated proteins identified distinct proteomic profiles between luminal A and triple-negative breast cancer cell lines, providing candidate protein signatures for future biological and clinical validation.

INTRODUCTION:
Extracellular vesicles (EVs) are nanoscale membranous structures released by all cell types that act as key mediators of intercellular communication. EVs are represented by two main populations, ranging from 30 to 150 nm for exosomes and 50 to 1000 nm for microvesicles (Figure 1). Exosomes are formed through the inward budding of the endosomal membrane during maturation, leading to the formation of multivesicular bodies containing intraluminal vesicles. These multivesicular bodies subsequently fuse with the plasma membrane to release exosomes. Microvesicles, also known as ectosomes, originate from the outward budding of the plasma membrane1. EVs serve as important carriers of biological signals by transporting proteins, lipids, and nucleic acids between cells. Their molecular cargo reflects the physiological or pathological state of their cells of origin2, making EVs a valuable resource for mechanistic studies and the identification of candidate biomarkers in cancer3,4. The overarching goal of EV proteomics is to comprehensively characterize the protein composition of these vesicles to identify molecular signatures associated with tumor progression, metastasis, and therapy resistance5–7.

[Place Figure 1 here.]

Compared with conventional tissue or serum proteomics, EV proteomics offers several advantages, including the enrichment of low-abundance signaling molecules and the potential to monitor tumor-associated molecular changes using minimally invasive sampling approaches8,9. EVs can be isolated from a variety of biological fluids, including urine, plasma, saliva, amniotic fluid, cerebrospinal fluid, and cell culture media. They reflect the adaptive responses of cells to changes in the microenvironment, particularly during therapy resistance or cellular stress. In situations where tissue-resident cells are not readily accessible, EVs recovered from biological fluids may provide insight into these dynamic cellular responses through their molecular cargo. In this study, we focus on EVs derived from breast cancer cell culture media, which present additional technical challenges because EV production, collection, and isolation require careful experimental control. Within the broader literature, EV proteomics has emerged as a valuable complement to genomic and transcriptomic approaches by providing functional information at the protein level7.

Due to their small size relative to whole cells, EVs contain limited amounts of protein, presenting challenges for conventional shotgun proteomics workflows. This protocol describes an optimized workflow for the enrichment, physicochemical characterization, and proteomic analysis of EV preparations derived from breast cancer cell culture media, together with stringent data analysis procedures adapted to maximize the identification of EV-associated proteins. The EV protein corona refers to proteins adsorbed onto the EV surface; however, the present total-protein workflow does not experimentally distinguish surface-associated proteins from intravesicular proteins. Size-exclusion chromatography was selected because it enables enrichment of EV populations while reducing contamination from soluble proteins10,11. This workflow is intended for comparative proteomic analyses of EVs generated under controlled experimental conditions and may support future studies investigating EV-associated molecular signatures. 

PROTOCOL
All experimental procedures involving established cell lines were performed in accordance with the relevant institutional biosafety guidelines and approved laboratory safety practices. This study did not involve human participants, primary human specimens, or live animals; therefore, institutional ethics approval was not required.

1. Enrichment of EVs from Conditioned Media

1.1 Seed 3.5 × 10⁶ cells per T175 flask in complete culture medium supplemented with 10% exosome-free serum, 1% penicillin/streptomycin, and 1% L-glutamine, and culture for 72 h at 37°C and 5% CO₂. Use DMEM for MDA-MB-231 cells and RPMI for MCF-7 cells.

NOTE: Use MDA-MB-231 TGL cells at passage 6 and MCF-7 cells at passage 4. MDA-MB-231 TGL cells were obtained from Memorial Sloan Kettering Cancer Center (MSKCC), USA, and MCF-7 cells were obtained from ATCC (HTB-22). Cell line authentication was not independently performed in our laboratory. MCF-7 cells were provided with an STR profile by ATCC, and an STR profile for MDA-MB-231 cells was available from MSKCC. Both cell lines were routinely tested for mycoplasma contamination by weekly PCR and confirmed negative.

1.2 Collect 25 mL of conditioned medium per T175 flask into a 50 mL tube and centrifuge at 200 × g for 5 min to remove cell debris.

1.3 Filter the supernatant through a 0.45 µm cellulose acetate filter.

1.4 Concentrate the conditioned medium using a 10 kDa centrifugal filter unit at 4,000 × g and 4°C for 30 min. Repeat as necessary until the final volume is approximately 500 µL.

1.5 Filter the concentrated sample through a 0.22 µm cellulose acetate filter.

1.6 Perform SEC according to the manufacturer's instructions using the chromatography column listed in the Table of Materials. Initially elute the column with 2.5 mL of buffer and collect 14 fractions of 400 µL each. Analyze the collected fractions by NTA to identify those with the highest particle concentrations. Further assess particle-enriched fractions by TEM to identify fractions containing vesicle-like structures and select the EV-enriched fraction(s) for downstream analysis. Use shotgun proteomics in combination with bioinformatic comparison against EV-associated databases, including FunRich and Vesiclepedia, to assess the representation of previously reported EV-associated proteins and potential non-EV protein contaminants in the selected fractions.

[bookmark: _GoBack]1.7 Quantify the EVs immediately using NTA.

NOTE: Do not freeze SEC fractions. If NTA cannot be performed immediately, store the fractions at 4°C for no longer than 24 h to maintain EV stability.

2. Quantification by NTA

2.1 Rinse the flow cell with two syringes of filtered water followed by two syringes of filtered phosphate-buffered saline (PBS; 0.22 µm filtered).

2.2 Open the NTA software (version 3.4).

2.3 Set the camera level to 14 and the screen gain to 3. Adjust the focus as needed.

2.4 Dilute each sample 1:50 by mixing 10 µL of sample with 490 µL of freshly filtered PBS. 

NOTE: Use a 1:50 dilution for MDA-MB-231 and MCF-7 samples to maintain the particle concentration within the measurement range of the instrument. Report particle concentrations after accounting for the dilution factor.

2.5 Select the acquisition script and start the analysis.

NOTE 1: Record three consecutive 60 s video captures for each sample, with a 5 s interval between recordings. Analyze the recorded videos using NTA software (version 3.4).

NOTE 2: Rinse the flow cell with filtered PBS between measurements.

NOTE 3: Air bubbles in the nanocapillaries are a major source of measurement error. Remove bubbles by gently injecting filtered PBS repeatedly while avoiding high pressure. Ensure that the laser is switched off and observe the flow cell during injection. If bubbles persist, detach the flow cell from the laser, gently clean it with a lint-free laboratory tissue, and push air through the capillary to dry it.

2.6 After completing the analysis, clean the flow cell with two syringes of PBS, followed by two syringes of ultrapure water and two syringes of air to dry the nanocapillaries.

2.7 Detach the flow cell from the laser and gently wipe it with a lint-free laboratory tissue.

NOTE: Normalize the EV concentration per milliliter between samples before performing comparative analyses.

3. Transmission Electron Microscopy (TEM) Analysis

3.1 Isolate and quantify the EVs as described in Steps 1 and 2.

NOTE: Use only EV-positive SEC fractions for TEM analysis.

3.2 Concentrate the EV-positive SEC fractions using a 50 kDa centrifugal filter unit according to the manufacturer's instructions.

3.3 Resuspend the concentrated EVs in 30 µL of 2% paraformaldehyde (PFA) in PBS.

CAUTION: Paraformaldehyde is toxic. Prepare and handle the solution in a certified chemical fume hood while wearing appropriate personal protective equipment.

3.4 Load 10 µL of the sample onto Formvar-carbon-coated copper grids.

3.5 Incubate the grids for 20 min in a humid chamber.

3.6 Repeat Steps 3.4 and 3.5 to ensure adequate sample adsorption onto the grids.

3.7 Transfer the grids onto a drop of 1% glutaraldehyde in PBS and incubate for 5 min at room temperature.

CAUTION: Glutaraldehyde is toxic and may cause skin and respiratory irritation. Handle it in a certified chemical fume hood while wearing appropriate personal protective equipment.

3.8 Wash the grids several times with ultrapure water.

3.9 Contrast the samples on ice for 10–15 min using a mixture of 4% uranyl acetate and 2% methylcellulose (1:9, v/v).

CAUTION: Uranyl acetate is toxic and radioactive. Handle it in accordance with institutional safety regulations using appropriate personal protective equipment and approved waste disposal procedures.

3.10 Remove excess stain using filter paper.

3.11 Allow the grids to air-dry and observe them using a transmission electron microscope operated at 200 kV.

NOTE: Acquire images using the camera specified in the Table of Materials.

4. Protein Extraction

4.1 Prepare 2× RIPA buffer in advance (300 mM NaCl, 100 mM Tris, 2% NP-40, 2 mM PMSF, 10 mM EGTA, 4 mM EDTA, 200 mM sodium fluoride, and 20 mM sodium pyrophosphate).

CAUTION: Phenylmethylsulfonyl fluoride (PMSF) is toxic and should be prepared and handled in a certified chemical fume hood while wearing appropriate personal protective equipment.

4.2 Add protease inhibitors to the RIPA buffer at a 1:10 (v/v) ratio and vortex briefly to mix.

4.3 Add an equal volume of RIPA buffer to the EV sample.

NOTE: Normalize EV samples across all experimental conditions and biological replicates based on particle number, using the lowest particle yield observed (2.25 × 10⁸ particles for MCF-7-derived EVs). Subject the entire normalized EV sample to FASP-based proteomic preparation and digestion. Following digestion, quantify the resulting peptides using a µDrop spectrophotometer and use 200 ng of peptides per sample for LC–MS/MS analysis.

4.4 Sonicate the sample for 15 s, then place it on ice for 30 s. Repeat this cycle three times.

NOTE: Do not centrifuge the lysate after sonication. In preliminary comparisons performed during protocol optimization, centrifuged and non-centrifuged samples showed no detectable differences in the downstream proteomic analysis.

5. Filter-Aided Sample Preparation (FASP)

5.1 Sample Reduction

5.1.1 Add an equal volume of 0.1 M dithiothreitol (DTT) reduction solution to the sample.

5.1.2 Incubate the sample in a water bath at 56°C for 40 min.

5.2 Sample Loading

5.2.1 Dilute the sample with denaturing buffer (8 M urea, 0.1 M Tris, pH 8.5) and transfer it to a 3 kDa centrifugal filter unit. Before use, verify the chemical compatibility of the sample (e.g., sodium dodecyl sulfate (SDS) ≤ 0.1%).

5.2.2 Centrifuge at 14,000 × g for 30 min.

5.2.3 Add 200 µL of denaturing buffer to the filter unit and centrifuge at 14,000 × g for 30 min.

5.2.4 Discard the filtrate.

5.3 Sample Alkylation

5.3.1 Add 100 µL of alkylation solution (50 mM iodoacetamide [IAA]) to the filter unit and incubate for 20 min at room temperature in the dark.

5.3.2 Centrifuge at 14,000 × g for 30 min.

5.3.3 Add 100 µL of denaturing buffer to the filter unit and centrifuge at 14,000 × g for 30 min.

5.3.4 Repeat Step 5.3.3 by adding 100 µL of denaturing buffer to the filter unit and centrifuging at 14,000 × g for 30 min. 

NOTE: Prepare the reduction and alkylation solutions immediately before use.

5.4 Protein Digestion with Trypsin

5.4.1 Add 100 µL of 50 mM ammonium bicarbonate (AB) buffer to the filter unit and centrifuge at 14,000 × g for 30 min.

5.4.2 Repeat Step 5.4.1 two additional times.

5.4.3 Transfer the filter unit to a new collection tube.

5.4.4 Add 40 µL of trypsin enzyme solution (40 ng/µL) to the filter unit.

5.4.5 Incubate the sample at 37°C overnight.

5.5 Peptide Extraction

5.5.1 Centrifuge at 14,000 × g for 30 min.

5.5.2 Add 50 µL of 50 mM NaCl solution to the filter unit and centrifuge at 14,000 × g for 30 min.

5.5.3 Add 10 µL of 5% trifluoroacetic acid (TFA) to the collection tube.

CAUTION: Trifluoroacetic acid is corrosive. Handle it in a certified chemical fume hood while wearing appropriate personal protective equipment.

5.5.4 Transfer the sample to a 0.5 mL tube and dry it using a vacuum concentrator.

6. Liquid Chromatography–Tandem Mass Spectrometry (LC–MS/MS) Analysis

6.1 Sample Preparation

6.1.1 Reconstitute the lyophilized peptides in 20 µL of 0.1% formic acid (FA).

6.1.2 Desalt the sample using the desalting tips listed in the Table of Materials according to the manufacturer's instructions.

NOTE: Measure the peptide concentration at 220–340 nm using a spectrophotometer, and load 200 ng of peptides per LC–MS/MS injection. 

6.2 LC–MS/MS System Setup

6.2.1 Set up the liquid chromatography system with the C18 analytical column listed in the Table of Materials and maintain the column temperature at 40°C.

6.2.2 Connect the column to a 10 µm internal diameter fused-silica emitter integrated into the electrospray ion source.

6.2.3 Prepare mobile phase A (0.1% FA in water) and mobile phase B (0.1% FA in acetonitrile).

6.2.4 Program the liquid chromatography method for 60 samples per day (60 SPD).

6.3 Sample Injection and Data Acquisition

6.3.1 Load the desalted sample onto the liquid chromatography system.

6.3.2 Acquire LC–MS/MS data in diaPASEF mode using the mass spectrometer listed in the Table of Materials.

6.3.3 Set MS1 scans to m/z 100–1700 and the ion mobility range to 1/K0 = 0.6–1.6 V·s/cm².

6.3.4 Divide the precursor m/z range (400–1000) into 24 diagonal diaPASEF isolation windows (3 × 8 windows; 25 m/z each) spanning the full ion mobility range.

6.3.5 Set the ramp and accumulation time to 100 ms, resulting in a total cycle time of approximately 1.2 s.

6.3.6 Ramp the collision energy linearly according to ion mobility (approximately 20–59 eV).

6.4 DIA Data Processing and Protein Identification

6.4.1 Load the raw diaPASEF files into DIA-NN (version 2.1).

6.4.2 Generate a project-specific spectral library using the library-free (directDIA) workflow.

6.4.3 Search the data against the UniProt Homo sapiens reference proteome (release 2024_12) with common contaminants included.

6.4.4 Set the enzyme specificity to trypsin/P and allow up to two missed cleavages.

6.4.5 Specify carbamidomethylation of cysteine as a fixed modification and methionine oxidation and protein N-terminal acetylation as variable modifications.

6.4.6 Set the precursor and fragment ion mass tolerances to 20 ppm.

6.4.7 Accept protein identifications at a 1% false discovery rate (FDR) at both the precursor and protein-group levels.

6.4.8 Quantify proteins using MS2 fragment ion intensities.

6.4.9 Enable interference correction.

6.4.10 Activate cross-run normalization in robust LC mode.

6.5 Downstream Statistical Analysis and Visualization

6.5.1 Import the DIA-NN output tables into Perseus (version 1.6.10.43).

6.5.2 Log₂-transform the protein intensities.

6.5.3 Retain proteins identified in at least two biological replicates per condition.

NOTE: Three biological replicates were analyzed per condition (n = 3).

6.5.4 Perform differential expression analysis using a two-sample t-test.

6.5.5 Impute missing values using a low-abundance normal distribution with a width of 0.3 and a downshift of 1.8.

6.5.6 Apply the Benjamini-Hochberg correction for multiple testing and consider FDR < 0.05 statistically significant.

6.5.7 Report unadjusted p-values for exploratory comparisons.

6.5.8 Generate Venn diagrams illustrating protein overlap and proteins unique to each condition using InteractiVenn.

6.5.9 Perform functional enrichment analysis using PRISM Profiler (version 1.2) as previously described12.

6.5.10 Compare the identified protein list with the Vesiclepedia dataset (version 5.1), downloaded from the official Vesiclepedia website. Use the identified protein list as the input dataset and the Vesiclepedia dataset without additional filtering. Consider a protein shared when a corresponding entry is present in the Vesiclepedia dataset.

6.5.11 Perform Gene Ontology (GO) cellular component enrichment analysis using FunRich (version 3.1.3). Use the identified protein list as the input dataset and the default human background/reference dataset provided in FunRich for comparison. Consider GO terms significantly enriched at p < 0.05.

6.5.12 Perform molecular-network analysis using STRING (version 12.0). Use the identified protein list as the input dataset and Homo sapiens as the organism. Set the minimum required interaction score to high confidence (0.700) and include Experiments and Databases as the interaction sources.

RESULTS:
Enrichment of EVs Derived from the Triple-Negative Breast Cancer Cell Line MDA-MB-231 and the Luminal A Breast Cancer Cell Line MCF-7
EVs were enriched using the workflow described in the Protocol, with EV characterization guided by the MISEV recommendations13. The enrichment procedure was subsequently assessed by nanoparticle tracking analysis (NTA) and TEM. EVs isolated from the MDA-MB-231 and MCF-7 cell lines were enriched by size-exclusion chromatography (Figure 2, line 1). The collected fractions were then analyzed by NTA to evaluate particle concentration and size distribution and to identify particle-enriched SEC fractions (Figure 2, line 2; Supplementary Figure 1).

[Place Figure 2 here.]

The results revealed fractions 5 (MDA-MB-231) and 6 (MCF-7) as the EV-enriched fractions selected for downstream analyses. Indeed, the histogram of particle concentration for each SEC fraction showed that fraction 5 for MDA-MB-231 contained the highest particle concentration, reaching 2.8 × 108 particles/mL, which was substantially higher than that of the other fractions. The remaining fractions exhibited lower particle concentrations, ranging from 0.8 × 10⁸ to 1.6 × 10⁸ particles/mL. Similarly, fraction 6 for MCF-7 contained the highest particle concentration, reaching 2.25 × 10⁸ particles/mL, and was selected as the EV-containing fraction. Analysis of particle size distribution demonstrated heterogeneous EV populations with predominant particle populations between 73 and 208 nm for EVs derived from the MDA-MB-231 cell line and between 48 and 203 nm for EVs derived from the MCF-7 cell line (Figure 2, line 2, Supplementary Figure 1). TEM further demonstrated vesicle-like structures in the selected fractions with sizes consistent with the ranges determined by NTA, whereas no EV-like structures were detected in the adjacent fractions examined (data not shown).

Characterization of the EV Proteome
Shotgun proteomic analysis identified 206 and 219 proteins in EVs derived from the MCF-7 and MDA-MB-231 cell lines, respectively (Figure 3A). The identified EV-associated proteins were compared with the Vesiclepedia database, which compiles proteins previously reported in association with EVs. Approximately 90% of the proteins identified in both EV preparations were also reported in the Vesiclepedia database (data not shown). In addition, Gene Ontology cellular component analysis performed using FunRich (version 3.1.3) on the complete protein dataset identified in MDA-MB-231-derived EVs showed that approximately 85% of the analyzed proteins were associated with the “extracellular vesicle” cellular component, whereas fewer than 5% were associated with intracellular compartments (Figure 3B). The same analysis was independently performed using the complete protein dataset identified in MCF-7-derived EVs and yielded similar enrichment patterns (data not shown). These findings were consistent with enrichment of EV-associated proteins and a relatively low representation of proteins annotated to intracellular compartments.

[Place Figure 3 here.]

Beyond validating the enrichment procedure, comparison of the EV proteomes identified 32 proteins unique to MCF-7-derived EVs and 45 proteins unique to MDA-MB-231-derived EVs, together with 174 proteins common to both EV preparations (Figure 3A). Among the shared proteins, differences in relative abundance between EVs derived from the MCF-7 and MDA-MB-231 cell lines were observed (Figure 3C). These differences were identified using an unadjusted p < 0.05 threshold and are therefore considered exploratory. Protein clusters with higher relative abundance were observed in EVs derived from either the MDA-MB-231 or MCF-7 cell line (Figure 3C). These results demonstrate differences in the protein profiles of EV preparations derived from the two breast cancer cell lines. 

To further characterize the identified protein signatures, a bioinformatic workflow incorporating protein interaction network analysis using STRING and functional pathway analysis using PRISM Profiler was applied (Figure 3D). The machine-learning and clinical components illustrated in Figure 3D represent proposed future translational applications and were not performed in the present study. EVs derived from the MDA-MB-231 cell line exhibited higher abundance of proteins annotated in the bioinformatic analysis to metabolic pathways, including phosphoglycerate kinase 1, isocitrate dehydrogenase, and succinate dehydrogenase, together with galectin-1, cathepsin B, follistatin-like protein 1, nidogen-1, aldehyde dehydrogenase 1A1, gasdermin A, caspase-14, keratinocyte proline-rich protein, keratin 77, and keratin 78. In contrast, EVs derived from the MCF-7 cell line exhibited higher abundance of keratin 18, keratin 7, mucin-like protein 1, apolipoprotein D, L-lactate dehydrogenase B chain, cytochrome b-c1 complex subunit 1, and malate dehydrogenase 2. 

FIGURE LEGENDS:
Figure 1. Biogenesis and structure of extracellular vesicles (EVs). Membrane invagination of the early endosome (EE) generates a multivesicular endosome (MVE) containing intraluminal vesicles (ILVs). Fusion of the MVE with the plasma membrane releases ILVs into the extracellular space as exosomes (30–150 nm). Microvesicles (50–1000 nm) are generated by outward budding of the plasma membrane. The schematic also illustrates the general structure of EVs, including membrane-associated proteins, lipids, and intravesicular cargo composed of nucleic acids, proteins, and lipids.

Figure 2. Workflow for extracellular vesicle (EV) enrichment, characterization, and proteomic analysis. (1) Conditioned cell culture medium is collected, clarified by centrifugation and filtration, concentrated using a 10 kDa centrifugal filter unit, and subjected to size-exclusion chromatography (SEC) to enrich EVs. (2) Individual SEC fractions are analyzed by nanoparticle tracking analysis (NTA) to determine particle concentration (A) and size distribution (B). Particle-enriched fractions selected for EV analysis are further characterized by transmission electron microscopy (TEM) to assess vesicle morphology and integrity (C). (3) Selected fractions are processed for protein extraction, filter-aided sample preparation (FASP), liquid chromatography–tandem mass spectrometry (LC–MS/MS), and downstream bioinformatic analyses.

Figure 3. Comparative proteomic analysis of extracellular vesicles (EVs) derived from the MCF-7 and MDA-MB-231 breast cancer cell lines. (A) Venn diagram showing proteins identified exclusively in EV preparations from each cell line and proteins common to both EV proteomes. (B) Gene Ontology cellular component (GO-CC) analysis of the complete protein dataset identified in MDA-MB-231-derived EVs, showing extracellular vesicle-associated proteins together with proteins annotated to other cellular components. The same analysis was performed using the complete protein dataset identified in MCF-7-derived EVs (not shown). (C) Heat map showing differences in relative protein abundance between MCF-7- and MDA-MB-231-derived EV preparations among proteins identified in both preparations. Proteins shown were selected using an unadjusted p < 0.05 threshold as an exploratory analysis. (D) Schematic overview of downstream bioinformatic analyses of the EV proteomic dataset, including protein interaction network analysis using STRING and functional pathway analysis using PRISM Profiler. The machine-learning and breast cancer subtype-classification components represent proposed future translational applications and were not performed in the present study.

SUPPLEMENTARY FILE:
Supplementary Figure 1. Characterization of extracellular vesicle (EV) enrichment from MCF-7 cell culture medium. Individual size-exclusion chromatography (SEC) fractions were analyzed by nanoparticle tracking analysis (NTA) to determine particle concentration (A) and particle-size distribution (B). EV-positive fractions were further characterized by transmission electron microscopy (TEM) to assess vesicle morphology (C).

DISCUSSION:
The present protocol provides a robust and reproducible workflow for the enrichment and proteomic characterization of EVs derived from cell culture media. Critical steps include culturing breast cancer cells in EV-depleted serum, selecting an EV enrichment strategy that minimizes the co-isolation of non-EV contaminants, and optimizing the downstream proteomic workflow. In accordance with the MISEV guidelines13, combining complementary separation approaches can improve EV enrichment by taking advantage of different separation principles while reducing contaminants. In this workflow, sequential filtration is first used to remove cells, cellular debris, and large particles, whereas SEC subsequently enriches EVs while reducing the presence of soluble proteins and other small contaminants based on particle size10,11. The combination of filtration and SEC therefore provides an approach compatible with EV recovery and downstream LC–MS/MS analysis10,11,13.

One major limitation of this protocol is the inherently low amount of protein recovered from EV preparations8,9. Owing to the nanoscale size of EVs and the resulting limited protein yield, conventional shotgun proteomics may have reduced sensitivity for detecting low-abundance proteins. Scaling up EV production also remains technically challenging, as maintaining vesicle integrity and reproducibility at larger culture volumes requires careful optimization of cell culture conditions and isolation procedures. Consequently, the sensitivity and proteomic depth achievable with this workflow are constrained by the amount of starting material. In addition, the performance of the proteomic workflow depends not only on EV isolation and sample preparation but also on the sensitivity of the mass spectrometer and the selected acquisition strategy.

Molecular markers have historically been used as one component of EV characterization. However, single-EV studies have demonstrated heterogeneous distributions of commonly assessed EV-associated markers, with individual EVs expressing different markers or combinations of markers14. Moreover, MISEV202313 emphasizes that no universal molecular marker identifies all EVs irrespective of source or subtype. In the present study, Western blotting or another orthogonal molecular assay for canonical EV-associated proteins and negative/non-EV markers was not performed, which represents a limitation of the molecular characterization of the EV preparations. Accordingly, EV enrichment was assessed using complementary NTA, TEM, untargeted mass spectrometry, and comparison with EV databases. The proteomic and database analyses provided a global assessment of the protein composition of the EV preparations and the representation of previously reported EV-associated proteins; however, these analyses do not independently establish EV identity or demonstrate the absence of all non-EV contaminants.

The choice of EV enrichment method can influence sample purity and downstream proteomic analyses. In the present study, SEC was selected as the EV enrichment method; however, a direct experimental comparison between SEC and ultracentrifugation was not performed. Previous studies have reported that SEC can preserve EV integrity while reducing the co-isolation of soluble proteins, supporting its use for downstream proteomic analysis10,11. Therefore, the relative performance of SEC and ultracentrifugation was not evaluated in the present study.

Given these methodological considerations, this protocol provides a practical workflow for investigating EV-associated proteins. Because the present total-protein workflow does not experimentally distinguish intravesicular proteins from proteins associated with the EV surface or protein corona, the subvesicular localization of individual identified proteins cannot be determined from these data alone. Further refinement of the workflow could incorporate approaches specifically designed to distinguish surface-associated from intravesicular proteins, together with complementary bioinformatic analyses. The present method facilitates the identification of candidate EV-associated protein signatures that may support studies of tumor biology and EV-mediated intercellular communication. The present study was limited to two breast cancer cell lines. Therefore, the observed differences should be interpreted as candidate EV-associated protein signatures rather than validated breast cancer subtype-specific biomarkers. Additional studies involving a broader panel of breast cancer cell lines and validation in clinically relevant patient-derived biofluids will be required to establish their subtype specificity and translational relevance. EVs present in biofluids may reflect the physiological or pathological states of their cells of origin; therefore, this workflow could potentially be extended to biological fluids following appropriate sample-specific optimization, pre-clearing, and validation.

In conclusion, although further improvements in EV yield, sample purity, and proteomic depth may enhance the workflow, the present protocol provides a reliable and adaptable approach for EV enrichment and proteomic analysis. Continued advances in EV isolation technologies, sample preparation strategies, and mass spectrometry instrumentation are expected to further improve the analytical performance and broader applicability of EV proteomics in biomedical research.
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