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Abstract: Extracellular vesicles (EVs) research has gained a significant amount of attention in recent 

years. EVs are a heterogeneous group of different vesicles that vary in their origin, size, and function. 

The very nature of EVs, from their biogenesis to the contents of their cargo, offers many options for 

exploration. Despite being studied for a few decades now, there has not been an established 

standardized approach to isolation. However, the future use of EVs in clinical practice is conditioned 

by the optimization and standardization of isolation methods. In this study, we systematically 

compared common EV isolation techniques such as ultracentrifugation, precipitation, tangential flow 

filtration, and affinity-based methods using conditioned cell culture media as the source. Isolated EVs 

were analyzed using mass spectrometry to characterize their proteomic profiles, and the shared protein 

content was evaluated across datasets. The gene ontology enrichment was further assessed using three 

bioinformatics platforms. Among the tested methods, ultracentrifugation emerged as the most effective 

isolation method in our analysis, thus underscoring its importance among commonly used techniques. 

Despite its analytical robustness, this method is unsuitable for routine clinical workflows due to its 

complexity and time demands. Our findings highlight the need for a standardized, less strenuous EV 

isolation method for clinical applications. 
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Abbreviations: APOs: apoptotic bodies, BP: biological process, CC: cellular component, CCM: 

conditioned cell culture medium, DAVID: The Database for Annotation, Visualization and Integrated 

Discovery, DAVID Knowledgebase (v2023q4), DLS: Dynamic light scattering, EDS: energy-

dispersive X-ray spectroscopy, EVs: extracellular vesicles, Exo: exosomes, ExoEasy: exoEasy Maxi 

Kit, FBS: fetal bovine serum, FunRich: Functional Enrichment Analysis tool version 3.1.4, GO: Gene 

Ontology knowledgebase version 2024-06-17, HCD: high-energy collision induced dissociation, LC-

MS: liquid chromatography-mass spectrometry, MagCapture: MagCapture™ Exosome Isolation Kit 

PS Ver.2, MF: molecular function, MVs: microvesicles, PDI: polydispersity index, PEG: polyethylene 

glycol, SEC: size exclusion chromatography, TEM: Transmission electron microscopy, TEI: Total 

Exosome Isolation (from cell culture media) isolation kit, TFF: tangential flow filtration, Tim4: T-cell 

immunoglobulin domain and mucin domain-containing protein 4, UC: ultracentrifugation, XBP buffer: 

binding buffer, XE buffer: elution buffer, XWP buffer: wash buffer 

1. Introduction 

Cells release a variety of different extracellular vesicles (EVs) [1]. EVs are particles enclosed by 

a lipid bilayer, with a size of a few nanometers to 10 micrometers in diameter [2]. We recognize three 

main subgroups of EVs: microvesicles (MVs), apoptotic bodies (APOs), and exosomes, which differ 

from each other by their origin, biogenesis, and size [3]. MVs (50–1000 nm) emerge by directly 

budding from the plasma membrane [4], while apoptosis results in the extracellular release of APOs 

(50–2000 nm) [4,5].  

Exosomes are EVs of endosomal origin with a size range of 30–150 nm [6,7]. The formation of 

exosomes occurs via plasma membrane inward budding [8]. Historically, exosomes were first 

identified as “platelet dust” [9]. In 1983, two papers [10,11] laid the foundation for further exosome 

research. Initially, exosomes were considered to collect cellular waste. Continued research has 

uncovered a wide range of biological functions for exosomes, along with a strong potential for 

diagnostic and therapeutic use [12]. 

Molecular composition and function are tightly connected. Even though this area of exosome 

research needs deeper investigations, the main biological functions with the involvement of exosomes 

are known. A frequently mentioned biological role of exosomes is intercellular communication [13]. 

Additionally, exosomes play an important part in cancer. They participate in the advancement of the 

disease on many levels [14], including metastasis [15], angiogenesis [16], gene expression regulation 

[17], and the alteration of immune responses [18]. In addition, they serve as carriers of diverse 

molecular biomarkers [19,20]. 

Exosomal cargo is heterogeneous with various types of proteins, lipids, and nucleic acids [21]. 

The proteome of exosomes is very diverse. Proteomic analyses have identified the presence of 

endosome-associated proteins (to name a few: annexins, flotillin, Rab GTPases, SNAREs, Alix, and 

TSG101) and proteins that belong to the family of tetraspanins. The presence of tetraspanins (CD63, 

CD81, CD9) [22] should be emphasized since they are typically found enriched in exosomes [23]. 

From the lipidomic point of view, exosomes are abundant in cholesterol, sphingomyelin, and 
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ceramides [24,25]. Moreover, the content of nucleic acids is diverse, including RNAs (e.g., mRNAs, 

miRNAs, small noncoding RNAs)[26] and DNA [27]. Additionally, the cargo of exosomes is affected 

by the type of cell that releases exosomes [28] and its physiological state [29]. 

Although EVs have been investigated for some time, the fully standardized process of EVs isolation 

has not been established yet [30]. The isolation process needs to be adjusted to the biological fluid, as its 

chemical and physical properties vary [31]. In the case of conditioned cell culture medium (CCM), 

knowing the detailed conditions in which cells were maintained is essential [32]. Additionally, prior to 

culturing, the use of fetal bovine serum (FBS) needs to be discussed with regard to the future use of 

isolated EVs. Culturing without FBS exposes cells to stress and changes their protein expression [33]. 

On the other hand, the use of EV-depleted media will still result in contamination by EVs originating 

in FBS [34].  

Despite the progress in isolation and purification methods, reproducibility, sensitivity, specificity, 

and sample purity remain major issues [35]. Common isolation techniques are based on different 

properties of EVs (e.g., physical characteristics such as size and density or common EV markers). In 

a nutshell, used techniques mainly include ultracentrifugation, size-exclusion chromatography, 

precipitation, filtration, and affinity-based approaches [36,37]. Among all these methods, 

ultracentrifugation (UC) has led for many years, with 81% of scientists reporting using it for their 

isolation needs in 2015 [38]. Later, a similar survey found out that UC is still the most popular. 

Additionally, the survey also revealed the growing significance of size exclusion chromatography 

(SEC) [39]. 

Within this work, we present a comparative analysis of commonly used EV isolation techniques 

with a focus on the protein composition of the resulting vesicle preparations. To ensure that the 

evaluation reflects the major isolation principles applied in EV research, we selected five isolation 

approaches. SEC was not included in the present study, as SEC columns were not available at the time 

the experiments were performed. The protein content was assessed using liquid chromatography-mass 

spectrometry (LC-MS), thus enabling detailed proteomic profiling. Subsequent bioinformatic analyses 

identified a core set of proteins typically associated with EVs, thus providing insight into the 

consistency, specificity, and selectivity of each isolation technique. 

2. Materials and methods 

2.1. Cell cultures and collection of conditioned cell culture medium 

Experiments were conducted using the human ovarian cancer cell line SK-OV-3 obtained from 

ATCC (American Type Culture Collection). For routine maintenance, the cells were cultured in 

McCoy’s Medium (Sigma-Aldrich) containing 10% FBS (Biochrom), 20 mM L-glutamine (Gibco), 

and Penicillin-Streptomycin (10,000 units penicillin and 10 mg streptomycin per mL in 0.9% NaCl, 

Sigma-Aldrich) at 37 ℃ and 5% CO2. The cells were grown to approximately 85–95% confluency 

before further treatment. Due to the natural presence of extracellular vesicles (EVs) in FBS, which 

could interfere with the experiments, the cells were maintained in a medium without FBS for 24 hours 

before medium collection. The samples were prepared in biological triplicates for each isolation 

experiment. 
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2.2. Techniques for EV isolation 

To evaluate the impact of isolation methodology on the extracellular vesicle protein content, we 

applied five commonly used techniques: ultracentrifugation, tangential flow filtration, polymer-based 

precipitation, and two affinity-based methods. Each approach follows a distinct principle and varies in 

complexity, processing time, and specificity. A clear understanding of these differences is essential to 

choose the optimal method depending on the downstream applications. Figure 1 synoptically illustrates 

the step-by-step procedures involved in each protocol, highlighting both shared preprocessing steps 

and method-specific isolation workflows. 

 

Figure 1. Strategies for EV isolation. The flow chart illustrates the procedures for each 

isolation approach used in this study. Samples were prepared in three biological replicates 

by each method (conditioned cell culture medium (CCM), ultracentrifugation (UC), 

tangential flow filtration (TFF), Total exosome isolation (TEI) (from cell culture media), 

exoEasy Maxi Kit (ExoEasy), MagCapture™ Exosome Isolation Kit PS Ver.2 

(MagCapture), exosomes (Exo)). 

2.2.1. Ultracentrifugation 

The collected CCM was centrifuged (224 × g, 5 min) and filtered through a 0.22 μm filter (TPP® 

Techno Plastic Products) to remove cellular debris and large EVs. Next, the CCM was centrifuged at 

100,000 × g for 90 min at 4 ℃ (Beckman Coulter® Ultracentrifuge Optima XPN-80 Beckman Coulter, 

Rotor SW 32 Ti). After ultracentrifugation, the pellets were resuspended in 1× PBS (137 mM NaCl, 

2.68 mM KCl, 1.47 mM KH2PO4, and 7.68 mM Na2HPO4·12H2O, pH 7.4) and stored at −80 ℃. 

 



101 

AIMS Molecular Science  Volume 13, Issue 1, 97–118. 

2.2.2. Tangential flow filtration 

The isolation device tangential flow filtration (TFF)-easy (HansaBioMed Life Sciences, product 

code: HBM-TFF/1) works on a principle of TFF. The cartridge uses polysulfone hollow fibers with pores 

of 20 nm. First, the collected CCM was centrifuged (224 × g, 5 min) and filtered through a 0.22 μm filter 

(TPP® Techno Plastic Products) to remove cellular debris and larger vesicles. The CCM was applied 

onto the cartridge using a syringe. Then, the EVs were concentrated in the retentate, while water and 

small molecules passed through the pores. The process of concentrating EVs is described in the 

protocol provided by the manufacturer. The EVs were recovered from the device using a syringe and 

stored (−80 ℃) for future use. 

2.2.3. Precipitation 

The Total Exosome Isolation (from cell culture media) isolation kit (Invitrogen, cat. no. 4478359) 

was used to obtain the EVs by applying the precipitation principle. The process was carried out 

according to the manufacturer’s instructions. Briefly, the collected CCM was centrifuged (2,000 × g, 

30 min). Next, 0.5 volumes of the Total Exosome Isolation (from cell culture media) reagent were 

added to the supernatant. The homogenous mixture was incubated at 4 °C overnight. Then, the samples 

were centrifuged (10,000 × g, 60 min, 4 ℃) to prepare a pellet of EVs. The pellet was resuspended in 

1× PBS and stored at −80 ℃. 

2.2.4. Affinity methods 

EV isolation based on the affinity principle was carried out using the exoEasy Maxi Kit (Qiagen, 

cat. no. 76064). The kit contains columns with membranes on which EVs are retained. According to the 

manufacturer’s recommendations, samples of the CCM were filtered (0.22 μm filter). A mixture of 

binding buffer (XBP buffer) and CCM (1:1) was loaded onto the column. After centrifugation (500 × g, 

1 min), the EVs on the membrane were washed using wash buffer (XWP buffer) and again centrifuged 

(3,000 × g, 5 min). In the end, an elution buffer (XE buffer) was used for EV elution. The eluate was 

collected after centrifugation (500 × g, 5 min). The EV samples were stored at −80 ℃. 

EV isolation using the affinity principle was also tested by the MagCapture™ Exosome Isolation 

Kit PS Ver.2 (FUJIFILM Wako Pure Chemical Corporation, cat. no. 290-84103). EVs from the CCM 

were captured on magnetic beads through the interaction of proteins and metal ions with 

phosphatidylserine. After a series of washing steps using the buffer provided by the manufacturer, 

isolated EVs were released with the help of the elution buffer. The elution step was repeated twice, and 

the obtained EVs were stored at −80 ℃. 

2.3. Sample preparation for mass spectrometry 

Samples prepared by various methods using different conditions were heterogenous, especially 

in terms of uneven volumes. In order to unify samples for LC-MS analysis, the samples first underwent 

evaporation using a vacuum concentrator (SpeedVac, Thermo Scientific™). The pellets were 

resuspended in 2× Complete Sample Buffer (13.6 mL distilled H2O, 4 mL glycerol, 2.4 mL 1 M TRIS 

(pH 6.8), 0.8 mL 2% bromophenol blue in 1 M TRIS (pH 6.8), 4 mL 20% SDS, 10% mercaptoethanol), 
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and the volumes were empirically determined depending on the size of the pellet of each sample (30–

300 µL). Short electrophoresis was performed with these samples (4–20% Mini-PROTEAN® TGX™ 

Precast Protein Gels, 120 V, 10 min). Afterwards, the gels were fixed in a solution of methanol and acetic 

acid for 15 min. The gels were incubated with Coomassie brilliant blue R250 for 30 min and then with 

a solution of methanol and acetic acid overnight to visualize the proteins (Appendix, Figure S1). 

The gel pieces were washed with deionized water, cut into smaller pieces to facilitate buffer 

exchange, and decolored with a freshly prepared 200 mM solution of ammonium hydrogen carbonate 

(NH4HCO3, pH 7.8) in 40% (v/v) acetonitrile for 20 min at 30 ℃ and equilibrated in 50 mM NH₄HCO₃ 

(pH 7.8) in 5% (v/v) acetonitrile (equilibration buffer) for 30 min at 30 ℃. The supernatant was 

removed, and the gel pieces were dehydrated with acetonitrile. The supernatant was removed, and the 

samples were reduced with 10 mM DTT for 1 h at 60 ℃, followed by alkylation with 55 mM 

iodoacetamide in the dark for 45 min at room temperature. The supernatant was removed, and the gel 

pieces were washed three times with an equilibration buffer and dehydrated with acetonitrile. Trypsin 

digestion was carried out at 37 ℃ overnight using sequencing-grade trypsin (Promega, Madison, WI, 

USA). The digested peptides were extracted using acetonitrile, vacuum dried, and desalted using C18 

micro spin columns (Harvard Apparatus) according to the manufacturer’s guidelines. Briefly, the 

columns were equilibrated with a solution of acetonitrile and formic acid. The evaporated samples 

were dissolved in formic acid and loaded onto the columns. The follow-up procedure consisted of 

adding solutions of formic acid and acetonitrile. The step was repeated four times while the 

concentration of acetonitrile was increased in each step (20%, 30%, 40%, and finally 50%). Next, the 

samples were evaporated using a vacuum concentrator and dissolved in a solution of trifluoroacetic 

acid and acetonitrile (loading buffer). 

2.4. Mass spectrometry 

The LC–MS/MS analysis was carried out using an Orbitrap FusionTM mass spectrometer 

(Thermo Fisher Scientific) with a New Objective digital PicoView 565 nanospray source (Scientific 

Instrument Services, Palmer, MA, USA) coupled to a DionexTM UltiMateTM 3000 RSLC Nanoliquid 

chromatograph. Each sample injection contained approximately 200 ng per measurement, and the 

sample concentrations were determined using a NanoDrop spectrophotometer (Denovix DS-11+). The 

peptides were loaded into an Acclaim PepMapTM 100 nano trap column (nanoViperTM C18, 0.3 × 5 

mm, 5 µm particle size, 100 Å pore size; Thermo Fisher Scientific) with a loading buffer (2% ACN 

with 0.05% aqueous TFA (v/v)) for 5 min desalting at a flow rate of 5 µL/min. Next, the peptides were 

eluted onto an Acclaim PepMapTM RSLC C18 (nanoViperTM 75 µm × 25 cm, 2 µm particle size, 100 

Å pore size; Thermo Fisher Scientific) kept at 50 ℃ and separated by a linear gradient elution over 

36-min from 2% to 25% B and a 5-min gradient from 25% to 60% B, followed by a 6-min wash step 

with 98% B, and 27 min of equilibration with 2% B. Mobile phase A was composed of LC–MS grade 

water and 0.1% formic acid (FA), while mobile phase B was 80% acetonitrile with 0.1% aqueous FA (v/v). 

The flow rate was 300 nL/min. The Orbitrap mass analyzer was operated in positive ion mode, with 

the static positive ion spray voltage set to 2.7 kV and the ion transfer tube temperature set to 275 ℃. 

The master scan was acquired at resolving power settings of 120,000 (FWHM at m/z 200); the 

precursor mass range was 350–1400 m/z. The MS/MS spectra of multiply charged ions were collected 

in data-dependent mode (fragment and measure most intensive precursors for 2 s). Dynamic exclusion 

was set to 30 s. The peptides were fragmented using higher-energy collision induced dissociation 
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(HCD) with the normalized collision energy setting at 30% and the isolation window of 4 Da. The 

peptide fragments generated via HCD were detected in an ion trap (rapid scan rate). The mass spectra 

were analyzed using the Thermo Scientific™ Proteome Discoverer software, in which the MS 

PepSearch algorithm was employed to evaluate the spectra against the Consensus Human HCD Library 

(NIST). Spectra that were not assigned were subsequently processed using the Sequest HT search 

engine. For peptide identification and protein assignment, the UniProtKB/Swiss-Prot reviewed 

reference proteome (canonical sequences only; UniProt release 2023_05) was used; isoforms were 

excluded. To estimate and filter out false positive identifications, the Percolator algorithm was applied, 

maintaining the false discovery rate (FDR) below 1% at the peptide level. Some identified proteins 

were further annotated as contaminants based on their presence in the cRAP database 

(https://thegpm.org/crap/). 

2.5. Data processing 

Mass spectrometry provided lists of identified proteins for each sample. The samples were 

prepared in biological triplicates, so for each method there were three lists of proteins. First, proteins 

labeled as contaminants (by the software Thermo Scientific™ Proteome Discoverer) were eliminated, 

and the significant proteins were selected. A new dataset was prepared for every method consisting of 

proteins identified in all three samples for that method. Ergo, as a result, a total of five different datasets 

were analyzed. 

A comparison of the datasets was facilitated by the Venn diagram generator (available on 

https://www.biotools.fr/misc/venny/). The next steps of analysis were carried out using three different 

databases: The Database for Annotation, Visualization and Integrated Discovery, DAVID 

Knowledgebase (v2023q4) [40,41], Gene Ontology knowledgebase version 2024-06-17, 

10.5281/zenodo.12173881 [42–44], and the FunRich Functional Enrichment Analysis tool version 

3.1.4 [45]. Bioinformatic tools facilitated the term analysis to find terms linked to cellular components, 

molecular functions, and biological processes specific to our analyzed samples. Only terms with a p-

value < 0.05 were considered relevant. 

2.6. Characterization techniques 

2.6.1. Western blot analysis 

The EV samples were lysed in RIPA buffer (10 mM Tris-HCl (pH 7.4), 0.1% SDS, 1% sodium 

deoxycholate, 1% NP-40, and 152 mM NaCl) with added Halt™ Protease and Phosphatase Inhibitor 

Cocktail (100X) (Thermo Scientific™) (10 µL per 1 mL of RIPA) and shortly sonicated. Samples 

diluted with 4× Complete Sample Buffer (30% glycerol, 240 mM Tris-HCl (pH 6.8), 0.4% 

bromophenol blue, and 8% SDS) were loaded onto a 10% polyacrylamide gel. Equal volumes of EV 

samples with 4× Complete Sample Buffer (22 µL) from three biological triplicates were loaded per 

lane, while 15 µg of protein per lane was used for the SK-OV-3 cell lysate samples. The protein 

concentration of the cell lysate was determined using the Bradford assay. The protein concentration of 

the EV samples was not measured, as the objective was EV characterization rather than quantitative 

comparison, and the sensitivity of the Bradford assay was insufficient for the EV samples. 

Electrophoresis was performed in MOPS buffer (1 M MOPS; 1 M TRIS base; 70 mM SDS; 20 mM 

https://thegpm.org/crap/
https://www.biotools.fr/misc/venny/
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EDTA) at 120 V for 1 h. The proteins were transferred from gels onto nitrocellulose membranes 

(0.2 µm pore size, BioTrace™) at 100 V for 90 min. The membranes were blocked in 5% skimmed 

milk at room temperature for an hour. The primary antibodies diluted in 3% BSA anti-CD9 (1:1000) 

(clone Ts9, ThermoFisher Scientific), anti-CD63 (1:1000) (clone Ts63, ThermoFisher Scientific, anti-

CD81 (1:1000) (clone M38, ThermoFisher Scientific), and anti-calnexin (clone C5C9, Cell Signaling) 

were applied on membranes overnight at 4 ℃. The membranes were washed four times in 1× PBS 

with 0.1% Tween and incubated with either goat or swine secondary antibodies conjugated with 

horseradish peroxidase diluted in 5% skimmed milk (1:1000) for 1 h at room temperature. The 

membranes were washed in the same manner as the day before. The enhanced chemiluminescence 

(ECL) detection reagent was prepared by mixing solutions A (200 mM TRIS, pH 9.4; 10 mM luminol, 

405 mM p-coumaric acid; 0.5 mM EDTA, pH 8.0) and B (0.5 mM EDTA, 8 mM sodium perborate 

tetrahydrate, 50 mM sodium acetate, pH 5.0) in a 1:1 ratio immediately prior to use. The solution was 

applied to the membranes for 5 minutes. The chemiluminescent signals were detected using a G:BOX 

Chem XX6 imaging system (Syngene). 

2.6.2. Dynamic light scattering (DLS) 

The size measurement of the particles was performed by dynamic light scattering (DLS). The 

samples were loaded into a 2 Microlitre Quartz Cuvette (ZMV1002, Malvern Pananalytical Ltd). The 

particles were analyzed by Zetasizer µV (Malvern Pananalytical Ltd) under a 90° angle. The 

temperature was maintained at 25 ℃ during all measurements. Data acquisition was performed using 

the Zetasizer software, v7.11 (Malvern Panalytical Ltd). All samples were measured in technical 

triplicates. The analysis provided particle size distributions expressed as hydrodynamic diameter and 

polydispersity index (PDI) values. 

2.6.3. Transmission electron microscopy 

Imaging was performed using a low-voltage transmission electron microscope (LVEM25E; 

Delong Instruments, Czech Republic). The microscope operates at an accelerating voltage of 25 kV, 

which provides enhanced image contrast due to the increased interaction between the electron beam 

and the specimen at low energies. This higher image contrast makes the LVEM25E particularly 

advantageous to image specimens composed of light elements, such as the EVs examined in this study. 

The low-voltage operating conditions of the LVEM25E enable the efficient visualization of 

nanoscale biological structures, thereby providing sufficient contrast and structural detail of EVs. First, 

carbon-coated 300-mesh copper grids were coated by approximately 6–8 nm carbon film and glow-

discharged for 10 seconds immediately prior to use. 10 µL of the sample was applied onto the grid and 

incubated for 30 seconds. The extra liquid was blotted off with filter paper. The grids were washed 

with double distilled water and blot dried with filter paper. Next, the EV samples were negatively 

stained using UA Zero, a uranyl acetate substitute that provides strong contrast while minimizing 

toxicity and handling concerns —10 µL of UAzero was applied onto the grid and incubated for 30 sec. 

The excess stain was blotted off with filter paper. The grids were let to completely air-dry before 

imaging. 
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3. Results 

3.1. Protein counts 

The analysis of isolated EVs by LC-MS/MS showed a different number of proteins for each 

sample. First, proteins labeled as contaminants by the Thermo Scientific™ Proteome Discoverer 

software were eliminated from the given dataset. The remaining proteins were termed ‘significant,’ as 

all subsequent analyses were based on this subset. 

Figure 2 shows a comparison of the tested isolation methods, indicating that UC was the most 

efficient method, as it yielded the highest average number of identified proteins (543 proteins). In 

contrast, the lowest protein yield was observed in samples isolated by the MagCapture™ Exosome 

Isolation Kit PS Ver.2, with an average of 277 proteins. The analysis of contaminants revealed the poor 

performance of the TFF method, where samples processed with the hollow fiber cartridge contained 

the highest number of contaminants (average: 119). The ExoEasy kit produced samples with the lowest 

number of contaminants (average: 62 contaminants), narrowly outperforming the MagCapture kit 

(average: 67 contaminants). 

If we were to assort the methods depending on the ratio of ‘significant proteins (average) vs. 

contaminants (average),’ the order of methods from highest to lowest would be as follows: UC (5.3) > 

ExoEasy (4.6) > MagCapture (4.1) > Total Exosome Isolation (from cell culture media) (3.9) > TFF-

easy (2.8). According to this comparison, UC brought the best results. 

 

Figure 2. Evaluation of isolation methods. Comparison was based on (a) a number of 

detected significant proteins and (b) a number of detected contaminants (exoEasy Maxi 

Kit (ExoEasy), Total exosome isolation (TEI) (from cell culture media), MagCapture™ 

Exosome Isolation Kit PS Ver.2 (MagCapture), tangential flow filtration (TFF), 

ultracentrifugation (UC)). 
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3.2. Identification of common proteins 

To identify proteins shared across all isolation methods, a selection of significant proteins was 

performed. Due to the variability in protein presence in each individual sample of a triplicate, only 

proteins consistently detected in all three replicates for each method were included in the analysis. 

Then, these refined datasets were compared. The analysis unveiled 61 common proteins (i.e., proteins 

that were identified by all methods in all samples). The result of the analysis is demonstrated in Figure 3. 

The simplified list of common proteins is provided in Appendix, Table S1. Comprehensive LC-MS/MS 

results for the 61 commonly identified proteins, including quantitative abundance information, are 

presented in Appendix. 

The list of common proteins was compared with the top 100 proteins commonly identified in EVs, 

as listed in Vesiclepedia [46] using the FunRich Functional Enrichment Analysis tool version 3.1.4 [45]. 

Interestingly, the outcome showed 16 proteins in common (Table 1 and Appendix, Figure S2). This 

analysis confirmed that our significant proteins are associated with the EV cargo, as evidenced by 

Vesiclepedia. However, these findings suggest a potential contamination of the isolated EVs by 

lipoproteins and, possibly, cellular debris. 

 

Figure 3. Overlaps of proteins identified by individual methods. The diagram was created 

using the Venn diagram tool available at https://www.biotools.fr/misc/venny/. 

 

 

 

https://www.biotools.fr/misc/venny/
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Table 1. Overlapping proteins identified both in Vesiclepedia's Top 100 list and among 

the 61 common proteins detected in our study. 

Gene symbol Protein name 

ANXA2 Annexin A2  

ENO1 Alpha-enolase 

HSPA8 Heat shock cognate 71 kDa protein 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

LDHA L-lactate dehydrogenase A chain  

EEF1A1 Elongation factor 1-alpha 1  

A2M Alpha-2-macroglobulin  

CFL1 Cofilin-1  

PKM Pyruvate kinase PKM 

ALDOA Fructose-bisphosphate aldolase A  

HSPA5 Endoplasmic reticulum chaperone BiP  

FN1 Fibronectin 

YWHAZ 14-3-3 protein zeta/delta  

HSP90AB1 Heat shock protein HSP 90-beta  

HSP90AA1 Heat shock protein HSP 90-alpha 

MFGE8 Lactadherin 

3.3. Comparative functional analysis across databases 

The Database for Annotation, Visualization and Integrated Discovery, DAVID Knowledgebase 

(v2023q4) [40,41], Gene Ontology knowledgebase version 2024-06-17, 10.5281/zenodo.12173881 [42–

44], and FunRich Functional Enrichment Analysis tool version 3.1.4 [45] were used to analyze the 

dataset of 61 common proteins. The main interest of this search was to recognize roles of identified 

proteins in biological processes and molecular functions, plus to reveal the relation of proteins to 

cellular components. Since there are differences between databases, we wanted to examine the terms 

on which they agree. Information was retrieved from each database and filtered by p-values. Only 

terms with a p-value < 0.05 were kept. Selected groups of terms (Cellular Component (CC), Biological 

Process (BP), and Molecular Function (MF)) from each database were compared using FunRich [45]. 

In other words, the most relevant terms for our set of proteins were gathered by each database, and 

then the relevancy was confirmed by comparing databases. 

A comparison of the data acquired by the analysis focused on CCs confirmed the EV origin of 

given proteins. Results of all three databases included terms such as ‘extracellular exosome,’ ‘extracellular 

region,’ and ‘extracellular space,’ to name a few. The total number of common terms was 32. Similarly, 

the analysis of BPs revealed 46 common terms, including entries such as ‘cell adhesion,’ ‘protein 

folding,’ and ‘angiogenesis’. The MF analysis showed the involvement of proteins in various protein 

binding activities. Results of the comparison are summarized in Figure 4. The top ten results of a term 

analysis for each database are listed in Appendix, Figure S3. Overall, we conducted a term analysis 

focused on CCs, BPs, and MFs of identified common proteins. The outcome showed a link to EVs and 

components of a cell, while also enriching the analysis with insights into the specific functions of the 

proteins. 

https://doi.org/10.5281/zenodo.12173881
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Figure 4. Visualization of a comparison of gene ontology data from Gene Ontology, 

FunRich, and DAVID databases. Data were compared using a Venn diagram generator 

(https://www.biotools.fr/misc/venny/). Mutual terms identified by all databases are listed 

in Appendix, Table S2. 

3.4. Characterization of EVs 

Since UC was identified as the most effective isolation method, EV samples isolated using UC 

were selected for further characterization. A Western blot analysis confirmed the presence of CD9, 

CD63, and CD81 (Figure 5a). The chosen markers belong to the family of tetraspanins and are 

commonly used as EV markers. Calnexin, serving as the negative marker of EVs, was not detected in 

the EV samples, thus confirming the absence of cellular contamination. The size distribution of 

particles was determined by DLS measurement (Figure 5b). The average size of particles was 181.7 

nm with a standard deviation (SD) value of 11.8 nm. The polydispersity of a sample is demonstrated 

as a polydispersity index (PDI). EVs are naturally heterogeneous in size; therefore, samples are usually 

polydisperse. In our case, the PDI was 0.214 with an SD of 0.047, indicating that we managed to isolate 

a fairly monodisperse population of EVs. A quantitative analysis of transmission electron microscopy 

(TEM) images showed that the particles had an average diameter of 72.8 nm, while the SD was 58.4 

nm (n = 37). Larger sizes measured by DLS are due to differences in the characterization techniques’ 

working principles. DLS values (i.e., hydrodynamic radii of particles) are determined using the Stokes-

Einstein equation [47]. These values are presented as either a Z-average or cumulants mean. However, 

the results of DLS analysis are skewed towards larger particles. This is because the scattering intensity 

scales with the sixth power of the particle diameter, so larger particles disproportionately dominate the 

signal [47]. TEM revealed the characteristic cup-shaped morphology of EVs (Figure 5c). 

https://www.biotools.fr/misc/venny/
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Figure 5. Characterization of EVs isolated by UC. (a) Results of Western blot analysis. (b) 

DLS analysis revealed the average size of EVs as 181.7 nm, the minimum size as 168.3 

nm, and the maximum size as 195.9 nm. The graph visualizes measurements for each 

sample from the biological triplicate; the table summarizes the values for the overall 

measurement. The average PDI of the samples was 0.214. The detailed information for 

each measurement is shown in the Appendix, Figure S4a. (c) TEM micrographs show 

typical cup-shaped EVs: the average size of vesicles (n = 37) was determined to be 72.8 nm, 

the minimum size was 15.0 nm, and the maximum size was 238.8 nm (scale bar, 200 nm). 

The size distribution of EVs from the TEM is summarized in the Appendix, Figure S4b.  

4. Discussion 

In this study, we presented a comparison of several techniques for the isolation of EVs. Because 

the principles that underlie the isolation methods differ, the resulting EV protein profiles varied across 

the isolation techniques. The additional value of our work lies in the comprehensive report on the EV 

proteome of the SK-OV-3 cell line. To the best of our knowledge, no study has reported the EV 

proteome of the SK-OV-3 cell line isolated in parallel using five different methods. 

UC proved to be the best method, as the number of isolated proteins was the highest and the ratio 

of significant proteins to contaminants was the most favorable. The proposed general outline of 

differential UC consists of multiple centrifugal steps with increasing rotational speeds for the 

subsequent removal of cells, cell debris, and large EVs [48]. An alternative approach may involve a 

filtration step [49]. In its core, the UC protocol is simple, and it allows for the handling of large volumes 

of samples. On the other hand, it is quite laborious and might even have damaging effects on EVs [50]. 

Usual obstacles are aggregated proteins in the resulting sample, lipoprotein contamination, or a low 
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EV count [51]. In accordance with MISEV2023 guidelines, the emphasis is on the diligent reporting 

of conditions in which UC was carried out since the type of rotor, centrifugal force, and time affect the 

overall result [52]. 

Ultrafiltration is easy to perform; however, it often results in clogged pores [53]. TFF, as described 

by Busatto et al., utilizes a mechanism that overcomes this issue [53]. In general, TFF often performs 

better than UC [54]. Our study showed the opposite result. The reason behind this might be the device 

itself. The device must be unique on the market, as even after a thorough literature search, there is no 

publication specifically dedicated to this product. The manufacturer’s recommendation mentions 

multiple applications. It would probably perform better if it were used to concentrate the CCM, and 

the isolation step would be carried out by a different method. 

Precipitation is a popular approach [55]. EV separation is usually facilitated by polyethylene 

glycol (PEG) [56]. The attractiveness of precipitation lies in its simplicity, low cost, high yields, and 

intact EVs. In contrast, the sample purity is poor due to coprecipitated protein and leftover precipitation 

agent [57].  

Affinity-based approaches rely on the presence of specific biomarkers located on the surface of 

EVs [58]. This principle provides EVs of a high purity [59] at the cost of leaving many EVs in the mixture, 

as they do not contain the specific marker used for isolation [60]. Noteworthy results brought the idea of 

utilizing T-cell immunoglobulin domain and mucin domain-containing protein 4 (Tim4) to bind 

phosphatidylserine, a molecule abundantly present on the surface of EVs [61]. Nakai et al. found this 

technique superior to UC and TEI, while our results favor UC, possibly due to uneven initial CCM volumes. 

We excluded the wash step due to a significant EV loss, a concern also noted by Nakai et al [61]. 

The exoEasy Maxi kit is based on the membrane-affinity principle. The spin-column technique should 

not enable the co-isolation of contaminants such as plasma proteins, lipoproteins, or RNP complexes. 

However, the significant presence of albumin in the isolated samples suggests otherwise [62].  

Briefly, every method has its advantages and limitations, as also illustrated in Table 2. Individual 

approaches offer different qualities. Thus, the isolation method should be selected based on the specific 

needs of the downstream application. 

Our comparison identified UC as the most effective isolation method since UC yielded the highest 

number of identified proteins in our experimental setup; however, the difference may partly reflect the 

input volume and sample handling. Especially for certain methods (TEI, MagCapture), the starting 

volume was only 1 ml, which only contains a small number of EVs. Therefore, the detection of a large 

variety of proteins is much harder. Volumes of the collected CCM varied due to differences among 

methods and isolation kits, since different protocols require different amounts of the CCM to isolate 

the EVs. The starting volumes of the CCM are listed in Table 3. 

Another possible improvement would be to allow cells to produce EVs for a longer time than 24 

hours in media without FBS. However, this would expose cells to stress for a longer time, which would 

be reflected in the EV protein cargo. 
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Table 2. Comparison of isolation techniques. 

Method EVs size Purity Advantages Disadvantages 

Differential 

ultracentrifugation  

30–150 nm 

[56] 

Medium 

[63] 

suitable for large-volume 

samples, simple operation, low 

cost, high yield [64] 

time-consuming, low recovery rate, poor 

repeatability [65], structural damage of 

EVs [66], co-isolation of other non-EV 

components [67] 

Tangential flow filtration 123 ± 11.3 nm 

[68] 

TFF > UC 

[53] 

high yield, time-efficient, 

scalable [53] 

higher cost if using disposable filters 

[53], contamination with debris and 

protein [68] 

Precipitation (TEI) 52.5–100 nm 

[69] 

Low 

[70] 

simple to perform, neutral pH, 

unharmful to EVs [71] 

co-isolation of other non-EV 

components, presence of polymer in the 

final sample (+ problems with 

downstream analyses) [71] 

Affinity-based (ExoEasy) 186 nm 

[72] 

Medium 

[72] 

easy to perform, purity [73] lipoprotein contamination [73] 

Affinity-based 

(MagCapture) 

106 ± 4.1 nm 

[61] 

High 

[61] 

purity, EVs of higher quality, 

reproducibility [61] 

cost, cannot distinguish between 

exosomes and microvesicles [61] 
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Table 3. Starting volumes of CCM for EV isolation. 

Isolation method Principle Starting volume of CCM 

UC sedimentation 16 mL 

TFF tangential flow filtration 20 mL 

TEI precipitation 1 mL 

ExoEasy affinity 8 mL 

MagCapture affinity 1 mL 

Then, our interest shifted to the characteristics of the identified common proteins. For this purpose, 

we used three different bioinformatic tools. The term analysis confirmed the high probability that the 

identified proteins originated in the EVs. According to the overlapping results from the databases, these 

proteins are linked to several binding activities such as ‘protein binding,’ ‘cadherin binding,’ ‘heparin 

binding,’ etc. The analysis of biological processes revealed a wide range of biological functions in 

which these proteins may be involved. Both ‘cell adhesion’ and ‘cell migration’ appeared in the 

common data set. Such findings may point to the changing nature of a malignant cell that undergoes 

the EMT process. Terms such as ‘angiogenesis’ or ‘negative regulation of apoptotic process’ may also 

be present due to the malignant nature of cells that the EVs were isolated from. 

Each technique has its own perks and flaws. The question of how to obtain the best features and 

eliminate imperfections of a certain method could be solved by combining different techniques [23]. 

However, several issues arise even with this approach. Naturally, such a protocol would take longer. 

The more steps the procedure has, the bigger loss of material is going to occur. Therefore, larger input 

volumes are required. Additionally, the cost of material and equipment is not negligible [66]. 

Even though many techniques have been investigated for EV isolation, novel approaches are 

being explored to achieve a higher purity, yield, and reproducibility. Hydrogels present one of the many 

examples. They have been tested not only for EV isolation but also for detection and EV delivery. The 

porous structure of hydrogels allows for the accurate and non-destructive isolation of EVs from 

biological fluids [74]. Noteworthy results were reported by Tang et al., who succeeded in isolating EVs 

using a DNA-based hydrogel. The isolated EVs remained intact and were further analyzed for the 

diagnosis of breast cancer in serum [75]. Numerous advances in EV isolation, detection, and 

engineering have been made in the field of microfluidics. Microfluidic platforms manipulate particles 

with a high precision, thus allowing for label-free isolation with a high purity and yield. [76] 

This study is only focused on EV isolation from the CCM. However, the techniques described are 

widely used among EV researchers and can be applied to the isolation of EVs from different sources. 

In addition to the CCM or blood, UC, precipitation, TFF, or affinity-based methods have been used to 

isolate plant or bacterial EVs. Plant EVs recently emerged as promising candidates for therapeutic 

developments and, in the future, may play a crucial role in the cosmetic industry and drug 

supplements [77]. UC is commonly used to isolate bacterial EVs. Due to the problems with purity, 

other approaches have been used, such as density gradient UC or SEC. Bacterial EVs are being 

investigated as potential alternatives to antibiotics to combat bacterial infections and for wound healing 

applications [78]. Even though the source of EVs may differ, so far, no standardized isolation protocol 

has been established. The issues with high purity and reproducibility require further investigation and 

development. 
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5. Conclusions 

The isolation of EVs is still a topic with no definitive answer. The choice of a suitable isolation 

method depends on various factors, such as the type of biological fluid and the required input volume. 

One must take the working principle of a chosen technique into consideration, since different methods 

may produce different subtypes of EVs. Our study observation points out the importance of UC. UC 

has its rightful place among isolation methods; however, more and more researchers opt for different 

and easier approaches, such as SEC. Clinical practice requires techniques that are easy to handle and 

relatively quick. UC provides the best results, but the process is laborious and time-consuming. 

Nonetheless, it remains the gold standard. 
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