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Abstract
Background  Human milk (HM) is the first form of communication between mothers and newborns and it is 
implicated in the infant growth and protection. We recently showed a functional characterization of HM, unmasking 
the molecular mechanisms related to EVs signaling and its functional role in prematurity. In that study, we identified 
the need to establish and optimize a standard isolation protocol for human milk extracellular vesicles (mEVs).

Methods  Four mEVs isolation methods were compared: ultracentrifugation (UC), size exclusion chromatography 
(SEC), immunoprecipitation with tetraspanin CD9 (IP_CD9) and ExoGAG. Three pools of human milk (each composed 
of samples from ten donor mothers) were used and isolation of mEVs was performed starting from the same volume 
for each method. The proteomic, transcriptomic and glycomic composition of the extracellular vesicles obtained 
after isolation was then analyzed for each method. The sensitivity, specificity and quality of the results were also 
determined. A comparative analysis of results common across all isolation methods was performed to identify 
potential signaling pathways associated with mEVs.

Results  ExoGAG and UC proved to be the most efficient of the four techniques compared for mEVs isolation. 
However, ExoGAG compared to UC provided a higher concentration of total and vesicle-related proteins and peptides 
and a higher glycoprotein count keeping all the glycan subgroups. Despite ExoGAG and UC show similar vesicle 
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Background
Human milk is an enriched and dynamic fluid which 
changes its composition through the lactation period 
[10]. This biofluid is the first form of communication 
between mothers and newborns and it is implicated in 
the infant growth and protection [18]. Among its com-
position, we can find a wide range of molecules, such 
proteins, lipids and extracellular vesicles (EVs) [4, 10, 
57, 70]. EVs are described as a group of lipid membrane-
bound structures loaded with various bioactive mole-
cules like proteins, lipids and nucleic acids [64] released 
from diverse cells into the extracellular space [27]. At 
first, EVs were thought to serve as an alternative path-
way for getting rid of cellular waste. However, they are 
now known to play a very important role in maintain-
ing cellular homeostasis, acting as packaging, transport 
and delivery devices for molecules between cells [56]. 
EVs are shed by most cell types under physiological and 
pathological conditions, although stress conditions can 
alter both increasing or decreasing its release [40]. They 
also reflect specific characteristics identical to their cells 
of origin, with cell-specific proteins, lipids, non-coding 
RNA and all subtypes of coding RNA, and even reflecting 

same expression levels [49, 66, 28]. These vesicles can be 
isolated by almost all sorts of biological fluids (serum, 
plasma, urine, breast milk, cerebrospinal fluid, saliva, 
among others) [66]. For this reason, the study of extracel-
lular vesicles recently became a topic of interest in bio-
medical research as they are present in a high number of 
biological samples and they reflect the status of the cell 
they are shed from [5].

Glycosylation is a key post-translational modification 
implicated in a wide range of metabolic diseases [68]. 
EVs are heavily glycosylated with a variety of glycosami-
noglycans (GAGs), vital components for EVs biogen-
esis and internalization processes [5, 8, 52]. More than 
70% of human milk proteins are glycosylated, playing 
an important role in cell-cell adhesion and ligand bind-
ing, among other roles [34]. Taking advantage of a cat-
ionic colorant that binds specifically to GAGs, our group 
have developed an isolation method (patent application 
P201531297, PCT/ES2016/070637; product ExoGAG, 
Licenced by Nexothech) that specifically isolates the 
glycosylated fraction bound to GAGs, including glyco-
proteins and vesicular fraction. ExoGAG is an easy-to-
use and highly specific EVs isolation technology for the 

profiles in terms of size, concentration, tetraspanin subpopulations and EVs markers, ExoGAG was the most efficient 
technique in terms of accuracy, consistency and reproducibility for omics studies. Furthermore, results allowed us to 
identify that mEVs components are involved in the signaling pathways of infant biological development, immune 
system maturation and protein metabolism.

Conclusions  This study establishes UC and ExoGAG as reliable methods for mEVs isolation and describes its protocol, 
being ExoGAG the most efficient. Also, the omics analysis show that biomolecules conforming those mEVs are linked 
to the defense system against external agents (specific role in the immune system pathway) and in the correct 
establishment of the neural structure (developmental pathway), while providing all the nutritional requirements for 
the correct growth of the newborn (metabolic pathway).

Keywords  Extracellular vesicles, Human milk, Isolation method, Proteomics, Transcriptomics, Glycomics
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Fig. 1 (See legend on next page.)
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analysis of different cargos, such as EVs-proteome, EVs-
DNA, EVs-RNA, EVs-miRNA sequencing and expression 
detection, from different biofluids like serum, plasma, 
urine and sperm [24–26, 44]. Recently, we have pub-
lished the first study to show a complete functional char-
acterization of human milk using ExoGAG (proteome 
and miRNA derived from the same three initial pools of 
samples with similar starting volume − 2 mL-), unmask-
ing the molecular mechanisms related to EVs and their 
functional role in prematurity [48]. Now, this study aims 
to compare, according to the MISEV2023 guidelines [63], 
the most commonly used techniques with ExoGAG per-
formance for isolation and characterization of the pro-
teome, transcriptome and glycosignature of vesicles from 
human milk samples.

Methods
Human milk samples
Human milk samples (n = 30) were collected from moth-
ers one month after delivery and organized into three 
pools of samples and frozen (POOL1, POOL2, POOL3). 
Mature breast milk was used as breastfeeding was already 
well established in this period. 30 human milk samples 
were collected by manual expression early in the morn-
ing. Mothers aged > 18 years of term children (37–41 
weeks gestational age). Exclusion criteria included mater-
nal illnesses that could potentially modify miRNA pro-
file cancer, hypertension, obesity, autoimmune illnesses, 
toxic consumption, restrictive diets and mothers of chil-
dren with serious pathologies or malformations. Anthro-
pometric data and specific characteristics of the mothers 
and newborns included in the study are described in Sup-
plementary Table 1. Each pool consisted of ten samples 
and had a similar final volume (~ 235 ml). Milk pools were 
thaw on ice and several defatting steps were performed 
prior to EVs isolation. 2 mL of pools were centrifuged at 
300 g for 10 min at 4 °C to remove the fat globule layer. 
A second centrifugation at 3000 g for 10 min at 4 °C was 
performed with the same purpose. Participating mothers 
gave informed consent to participate in this study. Ethics 
committee approval was obtained from Research Ethics 
Committees of Galicia (register code: 2020/243).

Milk extracellular vesicles (mEVs) isolation
EVs from the three pools were isolated from an initial vol-
ume of two milliliters with all the isolation methods. For 
all the techniques further developed (characterization of 

the EVs component and omics) comparisons between 
techniques correspond to EVs from 2 mL of each pool of 
milk isolated by the four methods.

Ultracentrifugation
Minor modifications were performed from an Ultracen-
trifugation (UC) protocol for plasma EVs isolation [6] 
so that we could decrease the required isolation volume 
from ~ 24 mL down to 2 mL. UC was performed in the 
Beckman Coulter OptimaTM-100XP ultracentrifuge with 
the SW41Ti swing-bucket rotor, 13,2 mL tubes (Thinwall 
Polypropylene Tubes, 14 × 89  mm; #331362 Beckman 
Coulter), an acceleration/deceleration brake profile of 9 
and a k-factor of 124. The supernatant was discarded and 
the pellet with the vesicles was resuspended in the corre-
sponding buffer for subsequent experiments. For western 
blot analysis and proteomics, the pellets were resus-
pended in 5% and 1% SDS, and for the rest of the charac-
terization in deionized water or 1X PBS. In addition, TRI 
reagent (Sigma-Aldrich T9424) was used for RNA extrac-
tion (Fig.  1A). For detailed information, please refer to 
Supplementary information section.

Immunoprecipitation with CD9 (IP_CD9)
Two independent immunoprecipitations per sample were 
performed with the supernatant and finally pooled. 1.5 
ug of CD9 antibody (Invitrogen® #10626D) was added to 
each 750 µL of pool in each Eppendorf and incubated on 
a rotating wheel at 4 °C overnight. Next day, 15µL of Sep-
harose spheres (Protein A/G PLUS-Agarose, Santa Cruz 
Biotechnology Inc® #sc-2003) were added and incubated 
for 2  h on a rotating wheel at 4  °C. After this time, the 
samples were washed three times with deionized water, 
centrifugated for 3  min at 2500  g and supernatant was 
discarded (Fig. 1B). Finally, samples were resuspended in 
the corresponding buffer as and centrifugated at 2500 g 
to eliminate the Sepharose spheres. For western blot 
analysis and proteomics, the pellets were resuspended in 
5% and 1% SDS, and for the rest of the characterization 
in deionized water or 1X PBS. In addition, TRI reagent 
(Sigma-Aldrich T9424) was used for RNA extraction. 
For detailed information, please refer to Supplementary 
information section.

Size exclusion chromatography (SEC)
Size Exclusion Chromatography was performed with 
SmartSEC™ Single columns (System Biosciences, Cat # 

(See figure on previous page.)
Fig. 1  Scheme of milk extracellular vesicles isolation techniques and brief characterization. (A) Milk EVs isolation by A.1) Ultracentrifugation A.2) Im-
munoprecipitation with CD9, A.3) Size Exclusion Chromatography and A.4) ExoGAG. (B) Size and distribution profiles of B.1) UC, B.2) IP_CD9, B.3) SEC and 
B.4) ExoGAG mEVs with Zetasizer. (C) EVs markers according to MISEV 2023 found in every technique DDA mass spectrometry data. Prior to extracellular 
vesicle isolation, milk samples were organized in three pools (POOL1, POOL2 and POOL3) and went through an initial defatting step with two serial 
centrifugations. Then, every pool went through an isolation process with Ultracentrifugation, Immunoprecipitation, Size Exclusion Chromatography and 
ExoGAG. A brief characterization was developed to determine size, distribution and EVs marker composition of each method
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SSEC200A-1) following manufacturers recommenda-
tions (Fig.  1C). The final volume containing EVs was 
mixed with the corresponding buffer. For western blot 
analysis and proteomics, the pellets were resuspended in 
5% and 1% SDS, and for the rest of the characterization 
in deionized water or 1X PBS. In addition, TRI reagent 
(Sigma-Aldrich T9424) was used for RNA extraction. 
For detailed information, please refer to Supplementary 
information section.

ExoGAG
Sample was incubated in 1:2 ratio with ExoGAG reagent 
for 15 min at 4 °C. After incubation, the mix was centri-
fuged at 16,000 g for 15 min at 4 °C. Next, we discarded 
the supernatant fraction and resuspended the pellet 
in the corresponding buffer for the next experiments 
(Fig. 1D). For western blot analysis and proteomics, the 
pellets were resuspended in 5% and 1% SDS, and for the 
rest of the characterization in deionized water or 1X PBS. 
In addition, TRI reagent (Sigma-Aldrich T9424) was used 
for RNA extraction. For detailed information, please refer 
to Supplementary information section.

Dynamic light scattering (DLS)
Size and distribution of mEVs isolated by the four tech-
niques were assessed by DLS with Zetasizer NanoZS 
(Malvern Instruments, UK). Measurements were 
performed at RT upon 1/100 dilution with PBS 1X. 
ZEN0040 cells were used. Three measurements with no 
delay between them, eleven runs and with a run duration 
of 10 s were performed. The measurement angle was 173° 
Backscatter (NIBS Default) and with an equilibration 
time of 120 s.

Proteomic analysis
Protein extraction and digestion
Proteins contained in mEVs isolated from the four meth-
ods were solubilized in 120 µl SDS 5%. Protein concen-
tration was measured with DC™ Protein Assay Kit II 
(Bio-Rad® #5000112) according to the manufacturing 
protocol. Protein aliquots of 100  µg were concentrated 
loaded on a 10% SDS-PAGE gel for trypsin digestion. 
Once the front penetrated 3  mm into the resolving gel, 
the run was stopped [7, 17, 37, 51]. The protein band was 
visualized, with Sypro-Ruby fluorescent staining (Lonza, 
Porriño, Pontevedra, Spain), excised, and processed for 
in-gel tryptic digestion following the standard protocol of 
Shevchenko et al. [54], with minor modifications. 10 mM 
dithiothreitol (Sigma-Aldrich, St. Louis, MO, USA) in 50 
mM ammonium bicarbonate (Sigma-Aldrich, St. Louis, 
MO, USA) was used for gel pieces reduction and 55 mM 
iodoacetamide (Sigma-Aldrich, St. Louis, MO, USA) in 
50 mM ammonium bicarbonate for alkylation. Pieces 
were washed with 50 mM ammonium bicarbonate in 

50% methanol (HPLC grade, Scharlau, Barcelona, Spain), 
dehydrated by adding acetonitrile (HPLC grade, Schar-
lau, Barcelona, Spain), and dried in a SpeedVac. Modi-
fied porcine trypsin (Promega, Madison, WI, USA) was 
added at a concentration of 20 ng/µL in 20 mM ammo-
nium bicarbonate and incubated overnight at 37 °C. Pep-
tides were extracted by three 20 min incubations in 40 µL 
of 60% acetonitrile in 0.5% HCOOH and stored at −20 °C.

Qualitative LC-MS/MS analysis. Data-dependent acquisition 
(DDA-MS)
To perform protein identification, reverse phase chro-
matography was used to separate digested peptides from 
each sample. The gradient was stablished using a micro 
liquid chromatography system (Eksigent Technologies 
nanoLC 400, Sciex, Redwood City, CA, USA) coupled 
to a high-speed Triple TOF 6600 mass spectrometer 
(Sciex, Redwood Int. J. Mol. Sci. 2021, 22, 226 18 of 22 
City, CA, USA) with a microflow source. We load 4µLof 
peptide solution form each sample in a Chrom XP C18 
silica-based reversed-phase column (150 0.30 mm) with 
a 3 mm particle size and 120Å pore size (Eksigent, Sciex 
Redwood City, CA, USA). The trap column was a YMC-
TRIART C18 (YMC Technologies Teknokroma Analítica, 
Barcelona, Spain), with a 3  mm particle size and 120Å 
pore size. Flow-rate was settled to 5 µl/min under gradi-
ent elution conditions, using 0.1% formic acid in water 
as mobile phase A, and 0.1% formic acid in acetonitrile 
as mobile phase B. Peptides were separated for 90  min 
under gradient ranging from 2 to 90% mobile phase B.

Peptides were separated for 90  min under gradient 
ranging from 2 to 90% mobile phase B with the follow-
ing gradient: 0–90 min: 2%B, 90–90.1 min: 30%B, 90.1–
95 min: 90%B, 95–95.1 min: 90%B, 95.1–100 min: 5%B.

Data acquisition was performed by a TripleTOF 6600 
System (Sciex, Foster City, CA) using a data-dependent 
analysis (DDA-MS) workflow. Source and interface con-
ditions were the following: ionspray voltage floating 
(ISVF) 5500  V, curtain gas (CUR) 25, collision energy 
(CE), 10 and ion source gas 1 (GS1) 25. The instrument 
was operated with Analyst TF 1.7.1 software (Sciex, 
USA). Switching criteria was set to ions greater than mass 
to charge ratio (m/z) 350 and smaller than m/z 1400 with 
charge state of 2–5, mass tolerance of 250 ppm and an 
abundance threshold of more than 200 counts per second 
(cps). Previous target precursor ions were excluded for 
15 s. The fragmentation ions were generated by ion trap 
collision-induced dissociation (CID). The instrument 
was automatically calibrated every 4 h using tryptic pep-
tides from PepCalMix as external calibrant. For detailed 
information, please refer to Supplementary information 
section.
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Data analysis
Data files were processed using ProteinPilot™ 5.0.1 soft-
ware from Sciex, with algorithms ParagonTM and Pro-
groupTM. A Human specific Uniprot database was used 
database (https://www.uniprot.org/) (UniProt release 
2024_01 With 44413 human proteins), specifying iodo-
acetamide at cysteine alkylation as fixed modification 
and methionine oxidation as variable modification. False 
discovery rate was performed using a non-lineal fitting 
method, displaying only those results that reported a 
1% Global false discovery rate or better (Li et al., 2021). 
Reproducibility of biological samples was assesed using 
the stdev scatter plot obtained from Scaffold 5 (Supple-
mentary Fig. 1). The Stdev Scatterplot provides a method 
of estimating the coefficient of variation or variance (CV) 
of the estimates of protein abundance. The figure includes 
a graph that plots the Log10(Mean) and Log10(Standard 
Deviation) for each protein appearing in the protein list 
for the whole data set and categories when no quantita-
tive test is applied [1]. The individual values of DDA-MS 
spectral counts per technique and sample were used to 
perform the blox pots. For detailed information, please 
refer to Supplementary information section.

Quantitative sequential window acquisition of all theoretical 
fragment ion mass spectra (SWATH-MS) analysis
Generation of the reference spectral library  4 µL of 
each pool of each group was analyzed by a shotgun data-
dependent acquisition (DDA-MS) approach, as previ-
ously described but using a 40-minute gradient [35]. For 
detailed information, please refer to Supplementary infor-
mation section.

Quantification by SWATH-MS and data analysis  The 
quantitative proteomic analysis was developed with 
SWATH-MS method in a hybrid quadrupole-TOF mass 
spectrometer, 6600+ (Sciex, Framingham, MA, USA) 
(Sciex) according to the published protocol by our group 
[13, 14] which was modified from [39, 59]. The SWATH–
MS acquisition was performed using DIA (Data Indepen-
dent Acquisition) method. 4 ug of peptides from each 
mEVs preparation was subjected to chromatographic 
separation, as described before. The SWATH-MS method 
is based on repeating a cycle that consisted of the acqui-
sition of 100 TOF MS/MS scans (400 to 1500 m/z, high 
sensitivity mode, 50 ms acquisition time) of overlapping 
sequential precursor isolation windows of variable width 
(1 m/z overlap) covering the 400 to 1250 m/z mass range 
with a previous TOF MS scan (400 to 1500 m/z, 50 ms 
acquisition time) for each cycle. Total cycle time was 6.3 s. 
The fragmentation ions were generated by ion trap colli-
sion-induced dissociation (CID). For each sample set, the 
width of the 100 variable windows was optimized accord-

ing to the ion density found in the DDA-MS runs using a 
SWATH-MS variable window calculator worksheet from 
Sciex.

The targeted data extraction was performed by Peak-
View (version 2.2) using the SWATH Acquisition Micro-
App (version 2.0). To obtain the peak areas, up to ten 
peptides per protein and seven fragments per peptide 
were selected based on signal intensity. Shared and 
modified peptides were excluded. The integrated peak 
areas (SWATH-MS areas) were directly exported to the 
MarkerView software (Sciex) for relative quantitative 
analysis. Integrated peak areas were normalized using 
MLR normalization [13, 14]. In order to see the repro-
ducibility of the SWATH method across the samples, 
although we used biological samples replicates not tech-
nical replicates a cumulative percentage of analytes ver-
sus the percentage coefficient of variation (CV) were 
plotted. This data likely refers the precision and accuracy 
of laboratory analysis (Supplementary Fig. 2).

Unsupervised multivariate statistical analysis, using 
principal component analysis (PCA), was performed. A 
Student’s t-test analysis using the MarkerView software 
was performed for comparison among the samples. The 
deregulated proteins were selected using p-value < 0.05 
and FC > 1.5 or < 0.6 (or FC > 1.5 or <−1.5) as cut-off. 
For detailed information, please refer to Supplementary 
information section.

Functional analysis and network analysis
The differentially expressed proteins (DEPs) were sub-
jected to functional analysis and interpreted through 
various open access bioinformatics tools for analyzing 
biological information: Scaffold DDA™ version 6.4.1, Bio-
informatics and Evolutionary Genomics (​h​t​t​p​​s​:​/​​/​b​i​o​​i​n​​f​
o​r​​m​a​t​​i​c​s​.​​p​s​​b​.​u​​g​e​n​​t​.​b​e​​/​w​​e​b​t​o​o​l​s​/​V​e​n​n​/), Funrich ​V​e​r​s​i​
o​n 3.1.3, String Tool (https://string-db.org/), Metascape 
Tool (​h​t​t​p​​s​:​/​​/​m​e​t​​a​s​​c​a​p​​e​.​o​​r​g​/​g​​p​/​​i​n​d​​e​x​.​​h​t​m​l​​#​/​​m​a​i​n​/​s​t​e​p​
1), Reactome Pathway Database (https://reactome.org/) 
and SR Plot (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​.​c​o​m​.​c​n​/​e​n).

Glycomic analysis
Glycated peptide detection
Output raw files retrieved from Triple TOF 6600 (Sciex, 
Toronto, Canada) using a DDA-MS method were ana-
lyzed on PEAKS 10 Studio Software [20] (Bioinformat-
ics Solutions Inc., Waterloo, Canada) against a Human 
UniProt database. The peptide mass tolerance was set to 
10 ppm and 0.01 Da for MS/MS. Variable modifications 
selected were those included in the PEAKs PTM Glyco-
sylations database. For high-confidence peptide and pro-
tein identification a FDR (False Discovery Rate) of 1% was 
selected with a minimum of 2 ranked peptides used for 
peptide filtering.

https://www.uniprot.org/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
https://metascape.org/gp/index.html#/main/step1
https://metascape.org/gp/index.html#/main/step1
https://reactome.org/
https://www.bioinformatics.com.cn/en
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Fig. 2 (See legend on next page.)
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DDA-MS results were ran against UNIMOD for PTM 
classification. Clusters of glycan types were generated if 
the PTM field included any of the following UNIMOD 
Interim Names according to the rules described hereaf-
ter: ‘dHex’, ‘Fucose’, ‘Fucosylation’ and ‘Biantennary’ were 
classified as Fucosylations; ‘NeuGc’, ‘NeuAc’, ‘Kdn’ and 
‘Neuraminic acid’ were classified as Syalilations; com-
binations of the two former groups were classified as a 
Fucosyalilations; entries not containing any of the above 
names but the ones ‘HexNAc’ or ‘N-linked glycan’ were 
classified as Oligomannoses; every other entry was clas-
sified as Other.

Data pre-processing
Data was normalized including only peptides present in 
Vesiclepedia to focus on EVs-related proteins [9]. Pre-
processing of the DDA-MS output data was performed 
using Python v3.12.4 in Jupyter Notebook v7.0.8 [30] and 
the following third-party libraries: numpy v1.26.4 [23], 
pandas v2. 2.2, vulture v2.11 tqdm v4.66.4. For detailed 
information, please refer to Supplementary information 
section.

EVs MiRNA analysis
TRI reagent (Sigma-Aldrich T9424) was used for RNA 
extraction following manufacturer’s recommendations. 
Quantity and quality of the extracted RNA was assessed 
using a Qubit® 2.0 fluorometer (Thermo Fisher Scientific, 
Inc.) and an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Inc.). The NanoString nCounter MAX system 
(NanoString Technologies®, Inc., Seattle, WA, USA) was 
used to determine miRNA expression levels in human 
milk EVs. We used 100–6000  µg of total RNA as input 
using the commercial nCounter® miRNA v3 Expres-
sion Panel assay (​h​t​t​p​​s​:​/​​/​n​a​n​​o​s​​t​r​i​​n​g​.​​c​o​m​/​​p​r​​o​d​u​​c​t​s​​/​n​c​
o​​u​n​​t​e​r​​-​a​s​​s​a​y​s​​-​p​​a​n​e​​l​s​/​​i​m​m​u​​n​o​​l​o​g​y​/​m​i​r​n​a​/). Quality ​c​o​
n​t​r​o​l (QC) of the raw data was performed following the 
manufacturer’s recommendations. Data normalization 
was performed using both DESeq2 [38] and RUVSeq 
[50] packages, as previously described by Bhattacharya et 
al. [2]. Genes with counts lower than background levels 
were not included. Differentially expressed miRNAs were 
identified using the DESeq2 [38] package. For detailed 
information, please refer to Supplementary information 
section.

The R package miRNAtap was employed to predict 
gene targets for the miRNAs included in the nCounter® 

miRNA v3 Expression Panel assay. The miRNA target 
prediction was based on five databases: PicTar, DIANA, 
TargetScan, MiRanda, and miRDB. A geometric mean 
score was used to rank each gene, and a gene was 
retained as a target for a given miRNA if it appeared in at 
least three of the five databases. An over-representation 
analysis (ORA) based on Gene Ontology (GO) Biological 
Process terms was conducted for the predicted targets of 
each miRNA > 100 counts overlapping between samples 
isolated by the same technique using the ClusterPro-
filer R package. The Benjamini-Hochberg procedure was 
applied to correct for multiple testing. Both the P-value 
and Q-value thresholds were set to 0.05. Gene sets with 
a maximum size of 550 and a minimum size of 20 were 
included in the analysis.

Electrophoresis and Western blot analysis
Samples were quantified with DC™ Protein Assay Kit II 
(Bio-Rad® #5000112) and the same amount of protein 
(40 µg) was incubated with Laemmli Loading Buffer (25% 
Tris-Base at 0.5 M, 0.4% SDS pH 6.8, 20% glycerol, 0.2% 
2-ß-mercaptoethanol and 0.001% bromophenol blue 
(Merck, Germany)). Samples were boiled at 95  °C for 
5 min and separated in 10% SDS-PAGE gel under reduc-
ing conditions.

Total protein staining was performed incubating the gel 
with Oriole (Bio-Rad® #1610496) for 90 min. The stained 
gels were scanned using a ChemiDoc™ Imaging System 
(Bio-Rad®).

For Western Blot analysis, proteins were transferred 
into nitrocellulose membranes (Bio-Rad® #1620115) in 
wet transfer at 300 mA for two hours. Membranes were 
blocked for 1  h at RT with SuperBlock Blocking Buffer 
(Thermo Fisher® #37515) and incubated overnight at 4 °C 
with primary antibodies. Next day, they were washed 
with 0.3% Tween-20 in PBS and were incubated for 1 h at 
room temperature with the HRP-linked secondary anti-
bodies. SuperSignal™ West Pico PLUS Chemiluminescent 
Substrate kit (Thermo Fisher® #34580) was used prior to 
visualization in the ChemiDocTM Imaging System (Bio-
Rad®). Protein bands were quantified using ImageJ® Lab 
software (v 4.0.1). Protein content from each sample was 
normalized according to total protein content.

The following primary antibodies were used for West-
ern Blot: anti-CD9 (1:500, Invitrogen® #10626D), anti-
CD81 (1:250, Santa Cruz Biotechnology Inc® #sc-166029), 
anti-MFGE8 (1:1500, Invitrogen ® #PA5-109955), 

(See figure on previous page.)
Fig. 2  DDA-MS recovery analysis. (A) PCA analysis of DDA-MS data from mEVs isolated by the four methods. (B) Venn Diagram of peptide recovery 
between methods. (C) Venn Diagram of protein recovery between methods. (D) Total protein count in comparison to Vesiclepedia database. (D.1) Venn 
Diagram and (D.2) correlation matrix. Samples are properly clustered in the PCA analysis, which explains more than 75% of the differences between 
groups with only the first two components (PC1 and PC2). Total peptide and protein count show protein abundance and similarities found between 
groups. ExoGAG stands out in both cases, also reaching statistical significance in comparison to IP_CD9. Despite not finding significant differences with 
the other techniques, we can see a tendence where UC and SEC have less power recovery than ExoGAG. Again, in comparison to Vesiclepedia database 
the greater yield corresponds to ExoGAG

https://nanostring.com/products/ncounter-assays-panels/immunology/mirna/
https://nanostring.com/products/ncounter-assays-panels/immunology/mirna/
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Fig. 3 (See legend on next page.)
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anti-TSG101 (1:1500, Invitrogen® #PA5-31260), anti-
ALIX (1:1000, Santa Cruz Biotechnology Inc® #sc-53540) 
and anti- beta Casein (1:10000, Abcam # ab205301). Sec-
ondary antibodies Goat anti-Rabbit IgG HRP (1:10000, 
Thermo Fisher® #31460) or Goat anti-Mouse IgG HRP 
(1:5000, Thermo Fisher® #31430) were used when appro-
priated. For detailed information, please refer to Supple-
mentary information section.

Transmission electron microscopy (TEM)
TEM was carried out in the Microscopy Service of the 
University of Santiago de Compostela (USC). 5 µL of 
the sample were spotted on carbon film-coated electron 
microscopy grids (Formvar, Gilder-Grids) and contrasted 
with a phosphotungstic acid solution. Images were 
acquired at 200 kV on a JEOL 2010 microscope.

Single-particle interferometric reflectance imaging sensor 
(SP-IRIS)
We performed the analysis in ExoView R200 (Unchained 
labs, USA) and Leprechaun Exosome Human Tet-
raspanin Kit (#NAV251-1044, Unchained labs, USA)). 
The protocol was followed according to the manufac-
turer’s instructions. Chips were pre-scanned to mea-
sure the background signal. 50 µL of diluted samples 
(raw milk and mEVs UC 1:2000, mEVs ExoGAG 1:1000) 
were added to the chips and incubated overnight with-
out shaking. Chips were washed using ExoView® CW100 
plate washer and the fluorophore-labelled antibodies 
(CF488-anti-CD9, CF647-anti-CD63 and CF555-anti-
CD81) were added. Then, chips were washed again with 
Washing Solution A, B and deionized water and dried at 
RT. Once dried, they were scanned for interferometric 
and fluorescence imaging. Results were analyzed with the 
ExoView® Software Suite, adjusting the fluorescence cut-
offs individually to restrict the number of detected par-
ticles on MIgG capture spots. For detailed information, 
please refer to Supplementary information section.

Lipid measurements
Cholesterol and triglycerides were both measured in 
milk samples and mEVs isolated by UC and ExoGAG to 
determine its removal after isolation procedure. Concen-
trations were determined by standard procedures using 
an ADVIA-2400 Analyzer (Siemens Diagnostic Systems, 
Germany) in Clinical Analysis Unit from Hospital Clínico 
Universitario of Santiago de Compostela (CHUS).

Statistical analysis
Data are presented as mean ± SEM in all cases (bar or 
point plots). For deep characterization, normal distribu-
tion was confirmed by the Shapiro-Wilk test.

In case data was not normally distributed, the Kruskal-
Wallis test was performed, followed by pairwise Dunn’s 
post-hoc tests with Benjamini-Hochberg correction for 
multiple testing. For normally distributed data, one-way 
ANOVA was used for multiple comparisons. All statis-
tical analyses and figure plotting were carried out using 
GraphPad Prism® Software (version 9.0) and R v4.4.0 in 
RStudio v2024.04.0 along with the following external 
packages: dplyr v1.1.4, rstatix v0.7.2, envalysis v0.7.0, 
ggplot2 v3.5.1 [22], ggbreak v0.1.2 [65], ggpubr v0.6.0, 
gt v0.11.0 and gridExtra v2. P-values less than 0.05 were 
considered statistically significant (*). Furthermore, ** 
corresponds to p-values < 0.01, *** to p-values < 0.001, 
and **** corresponds to p-values < 0,0001. For detailed 
information, please refer to Supplementary information 
section.

Results
Characterization of the human milk EVs fraction
Two milliliters of three different pools of milk were pre-
processed in similar conditions and then EVs isolation 
was performed by four different methods: ExoGAG, 
IP_CD9, SEC and UC (Fig. 1A). Characterization of the 
vesicular component was initially measured by Zetasizer 
NanoZS to determine size and distribution of the sam-
ples (Fig. 1B). EVs distribution was similar in 3 indepen-
dent measurements showing a specific profile for each 
isolation method. EVs sizes were the expected, ranging 
between 40 and 1000 nm [69]. EVs markers detected by 
mass spectrometry (MS) indicate that all methods met 
the stablished criteria required by MISEV 2023 guide-
lines for EVs studies [63] (Fig. 1C).

Proteomic analysis of the human milk EVs fraction
Qualitative LC-MS/MS with Data-Dependent Acquisi-
tion (DDA-MS) and quantitative SWATH-MS analysis 
were performed for further functional EVs character-
ization of all tested methods. PCA analysis reveals that 
more than 75% of the differences can be explained only 
with the first two components. All four methods are 
well differentiated from one another, although there is a 
slight overlap between UC and SEC. ExoGAG has bet-
ter dataset clustering among all techniques, especially 

(See figure on previous page.)
Fig. 3  Tables of TOP15 protein spectral counts detected in each isolation technique. Proteins found in ExoGAG TOP 15 are coincident to most enriched 
proteins in the rest of the methods, meaning that includes almost the same recovery as the other three techniques all together. Data are ordered from 
higher to lower spectral counts according to the color code described. Proteins found in more than one method are highlighted in dark red. The abun-
dance of the protein in the technique is compared to its abundance in the rest of the methods in the right column of each table. ↑ means upregulated. 
↓ means downregulated. None means the protein abundance is included in the same group. Colors correspond to: dark blue > 4000 counts, light blue 
4000 − 2000, light pink 2000 − 1000, violet 1000 − 500, dark violet 500 − 250, pink 250-1, white 0
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in comparison to SEC and UC, which are more dis-
persed (Fig. 2A). In addition, DDA-MS analysis indicates 
that ExoGAG also recovers more total count, as well as 
specific peptides and proteins detected by the method 
(Fig.  2B-C) with statistical significance (Supplementary 
Fig. 3A-B). Interestingly, the vast majority of the detected 
proteins are shared between ExoGAG and UC (≈ 75%, 
Fig.  1D), whereas IP_CD9 has poor recovery among all 
methods. Comparing the results with Vesiclepedia data-
base [9], we can see that ExoGAG isolates more EVs 
proteins than the rest of the techniques. In addition, we 
observe that ExoGAG recovers more specific EVs pro-
teins (n = 30; 6,6% of recovered proteins) than UC (n = 12; 
6%), IP_CD9 (n = 2; 1%) and SEC (n = 0; 0%), respectively 
(Fig.  1C). Further analysis by SWATH-MS indicates all 
methods have comparable recovery, with ExoGAG and 
UC being the most similar in isolating total and EVs pro-
tein (Supplementary Fig. 3 C).

Selecting the TOP 15 proteins identified by each 
technique in the DDA-MS we observed differences in 
recovery and abundance (Fig.  3). Interestingly, all TOP 
15 proteins found in ExoGAG are coincidental to most 
enriched proteins in the rest of the methods. Also, all four 
methods heavily isolate different types of caseins, which 
are considered contaminants in milk EVs preparations. In 
addition, the same analysis of TOP10 proteins using areas 
under the curve (AUC) obtained with SWATH-MS anal-
ysis, showed similar recovery between techniques except 
for IP_CD9, which had a minority of shared proteins with 
the other methods (Supplementary Fig. 4).

The DDA-MS analyses indicate that the proteins iden-
tified by the different techniques are related to similar 
biological processes (Fig.  4), with the immune system, 
metabolism and cellular processes being more repre-
sented. Also, the main enriched terms correspond to 
these three biological processes, especially the immune 
system, with neutrophil degranulation and humoral 
response being highlighted. Although the functional 
profiles among all techniques are similar, the p-values 
increase with ExoGAG and UC. SWATH-MS analy-
ses of molecular function, biological processes involved 
and enriched terms are similar to those of the DDA-MS 
results (Supplementary Fig. 5). However, protein metab-
olism and signal transduction become more relevant 
biological processes than those observed by DDA-MS 
(Supplementary Fig.  5B), as well as extracellular matrix 
organization and neutrophil degranulation are the mostly 
observed related enriched terms (Supplementary Fig. 
5 C).

Then, we carried out the protein interaction analy-
sis for DDA-MS proteins recovered in the four methods 
(Supplementary Fig. 6). There are some constant clusters 
corresponding to the same family of proteins, similar 
functions and similar location in the cell. Standing out 

among the different locations we can see ribosome pro-
teins in green, cytoplasmic proteins in dark and light red 
and nuclear in light blue. Also, the are some conserved 
family proteins between methods such as family of pro-
teins which mediate signal transduction by binding to 
phosphoserine-containing proteins in yellow and kera-
tins in light pink. Regarding function, the three proteins 
in grey common between the four groups seem to be 
involved in the milk fat globule (MFG) interactions with 
the cytoplasmatic membrane. Surprisingly, in all the ana-
lyzed methods except for IP_CD9, we can find the family 
protein of chromatin-modifying protein/charged multi-
vesicular body protein family.

However, this similarity does not hold when analyz-
ing the SWATH-MS data (Fig. 5). Apart from ribosomal 
and cytoplasmic proteins, hardly any protein groups or 
families are found in common between the comparisons 
between techniques.

In addition we compared the DDA-MS data with those 
from SWATH-MS in order to give more accuracy to 
our study, we also wanted to contrast the results from 
FunRich and Metascape with those from the Reactome 
Pathway Database (Fig. 6). First, we selected the groups 
with the highest number of proteins involved. We then 
checked the common biological processes associated 
with the proteins that were differentially expressed in 
ExoGAG vs. all the techniques individually. Once again, 
we found the immune system (Fig.  6A) and protein 
metabolism (Fig.  6B) as the most important processes, 
this time also accompanied by the metabolism pathway 
(Fig.  6D). The results again correspond to those found 
with SWATH-MS, adding only the developmental biol-
ogy pathway (Fig. 6C) to those mentioned above.

Glycomics of the human milk EVs fraction
We also characterized the glycosignature of each method 
after isolating and characterizing milk EVs in relation 
to their protein and peptide components (Fig. 7). To do 
so, we initially selected only EVs proteins according to 
the Vesiclepedia database. ExoGAG was the most effi-
cient method isolating total EVs proteins and peptides, 
although there were only statistically significant dif-
ferences compared to raw milk (Fig.  7A.1 and 7B.1). 
Regarding the glycosylated fraction, once again, the best 
performance for glycoproteins was obtained by ExoGAG, 
being statistically significant with respect to IP_CD9 and 
raw milk (Fig. 7A.2). However, for glycopeptides, UC was 
the technique that stood out, although no statistical dif-
ferences were observed between techniques (Fig.  7B.2). 
Interestingly, for both measurements, the ExoGAG sam-
ples showed a lower scattering index (Fig. 7A.2-B.2).

The main part of the glycated proteins in milk are 
N-glycans [62]. Among them, we find four main sub-
groups: fucosylated, fucosiallylated, sialylated and 
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oligomannose. The rest and the O-glycans are grouped in 
the “others” category. As we can see, depending on the 
isolation method we obtain different glycosignatures that 
can be more or less related to that of raw milk (Fig. 7A.3 

and 7B.3). If we compare the N-glycoproteins (Fig. 7A.3) 
we can see that IP_CD9 completely lacks one of the sub-
populations, fucosialylated proteins. These are preferably 
kept after isolation with ExoGAG and SEC, although they 

Fig. 4  Functional analysis of biological processes and enriched terms of DDA-MS data with Metascape tool. Both biological processes and enriched terms 
of proteins found in DDA-MS analysis after isolation with (A) ExoGAG, (B) IP_CD9, (C) SEC and (D) UC were described. All methods showed coincidental 
biological processes although specific terms were more variable
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are also detected by UC but in a lower proportion. It is 
common for all methods that fucosylated, sialylated and 
oligomannose proteins comprise approximately 20% of 
the total N-glycans, except in UC which seems to prefer-
entially isolate fucosylated proteins.

Regarding N-glycopeptides, the proportions vary 
both in raw milk and after EVs isolation (Fig.  7B.3). In 
this case, we find again that IP_CD9 lacks fucosialylated 

peptides, although it enriches the sialylated ones, which 
are a minor population in raw milk. Unlike IP_CD9, the 
predominant subpopulation in the other methods is 
fucosylated peptides (similarly as in raw milk), followed 
by sialylated and oligomannoses. Although fucosylated 
peptides remain the smallest subpopulation, ExoGAG 
and SEC are the techniques that adequately maintain this 
group.

Fig. 5  Interactions between proteins found in the SWATH-MS analysis after isolation with the four methods. Comparisons between proteins yielded in 
(A) ExoGAG vs. IP_CD9, (B) ExoGAG vs. SEC and (C) ExoGAG vs. UC were performed. The main part of the clusters are only represented in each one of the 
comparisons, except for the ribosomal cluster in light green and cytoplasmatic proteins in dark red
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Transcriptomic analysis of human milk EVs
In order to determine the optimal procedure to isolate 
EVs from milk to perform transcriptomic studies on the 
same samples used for the proteomic study, we also com-
pared the same four different isolation methods (UC, 
SEC and IP_CD9, ExoGAG) analyzing their total RNA 
recovery potential and miRNA expression profiles. UC 
and ExoGAG achieved very high total RNA concentra-
tions with much better yield (Fig. 8A) and purity (Fig. 8B) 
than SEC and IP_CD9. For both purity ratios (A260/280 
and A260/230) UC and ExoGAG met the minimum qual-
ity standards [16], while IP_CD9 and SEC had lower 
values.

We also determined miRNA expression profiles using 
the nCounter® Human v3 miRNA Assay CSO Panel 
(Nanostring) that includes a panel of 827 biologically 
relevant miRNAs (Fig.  8C) to compare the number of 
miRNAs detected between the different techniques. The 
highest number of miRNAs with less dispersion was 

obtained with ExoGAG, being similar to those of UC 
but with lower sensitivity in each of the counting ranges, 
even in the most rigorous one (> 100 counts). SEC and 
IP_CD9 resulted in insufficient performance and quality 
values.

Then, we carried out a Gene Ontology (GO) analy-
sis selecting those miRNAs > 100 counts which over-
lapped between the three pools isolated by each of the 
four methods (Fig.  8D). SEC samples were not suitable 
for the analysis as no miRNAs were common between 
the three pools isolated with the method. IP_CD9 analy-
sis detected only two miRNAs (Supplementary Fig.  7) 
with an extremely low gene ratio. In contrast, ExoGAG 
(Fig. 8D.1) and UC (Fig. 8D.2) analysis were more sensi-
tive, finding 15 and 10 deregulated miRNAs with lower 
adjusted p-values and higher gene ratios. In addition, 
ExoGAG detected almost the same miRNAs as UC 
except for two of them (miR-30b-5p and miR-499a-5p) 

Fig. 6  Functional analysis of DEPs detected by SWATH-MS after the EVs isolation techniques analyzed with Reactome. Analysis of DEPs revealed that (A) 
immune system, (B) protein metabolism, (C) developmental biology, and (D) metabolism are central processes to which human milk may be contributing 
during infant growth. Among these identified biological processes the immune system is mainly represented by the innate immune system being neu-
trophil degranulation, the complement cascade and the antimicrobial effect detected with lower FDRs than the rest of the paths. Metabolism of proteins 
seems to be highly affected by post-translational modifications, outstanding phosphorylation among the others. Similarly, the nervous system appears 
as central in developmental biology processes, with a key role in axon guidance. Finally, metabolism of amino acids and derivates stands out from the 
pathways includes in metabolism, gaining higher importance the metabolism of selenoamino acids. FDR was calculated as the average of FDRs for each 
pool of milk for the exact same process for its up and down regulated proteins in ExoGAG vs. the other three techniques individually. Red circles belong 
to upregulation; green circles belong to downregulation
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Fig. 7 (See legend on next page.)
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while identified seven (miR-15a-5p, miR-15b-5p, 
miR181a-5p, miR-200c-3p, miR-21-5p, miR-29c-3p and 
miR-30e-5p) unique miRNAs. In conclusion, ExoGAG 
and UC were the most suitable techniques for miRNA 
analysis and proteomic studies in the same samples.

Deeper extracellular vesicle characterization following 
MISEV guidelines
Since UC and ExoGAG have proven to be the most effi-
cient techniques for proteomic and transcriptomic stud-
ies of breast milk EVs isolated in the same samples, the 
vesicular profile was further studied through the identi-
fication of possible differences between both methods 
based on contaminants carried over and EVs markers, 
shape, size and composition of the vesicles extracted by 
both methods.

Lipid profile of Raw milk and mEVs
Milk contains colloidal structures such as casein micelles 
(100–200  nm) and fat globules (0.1–15  μm) that match 
in size and density with EVs, making its analysis difficult 
([42, 43, 53]. The lipid core of milk fat globules (MFG) is 
made up of neutral lipids (such as cholesterol) or triglyc-
erides, characteristics that differentiate them from mEVs 
[3].

Therefore, we measured triglycerides and cholesterol to 
check the level of contaminant removal after mEVs isola-
tion compared to raw milk (Supplementary Fig. 8). Both 
techniques are able to remove almost all triglycerides and 
a large part of cholesterol (Supplementary Fig. 8 A), with 
ExoGAG being 20% ​​more efficient than UC (Supplemen-
tary Fig. 8B).

EVs markers
Total protein stain shows a constant fingerprint between 
the three pools in raw milk and after mEVs isolation with 
both techniques, with small variations in the intensity 
of the bands (Fig. 9A). Next, we detected five of the EVs 
markers included in three of the categories established 
by the MISEV2023 guideline [63]: (1) CD9 and CD81 as 
transmembrane or GPI-anchored proteins associated 
with the plasma membrane and/or endosomes (category 
1, Fig.  9B), (2) ALIX and TSG101 which are included 
in the cytosolic proteins recovered in EVs (category 2, 
Fig.  9C) and (3) MFGE8 (milk fat globule epidermal 
growth factor 8) also known as lactadherin and consid-
ered as a secreted protein recovered with EVs (category 5, 
Fig. 9D). In addition, the presence of β-casein (Category 

3, NVEPs) was also studied, observing a significant 
decrease in both techniques compared to raw milk. In 
contrast, TGBFI was only properly detected in raw milk 
and in UC mEVs, being hardly detected in ExoGAG 
mEVs, indicating the absence of interferers after their 
isolation (Fig.  9E). In general, both techniques preserve 
the required markers for the characterization of milk 
EVs, although after normalizing their detection based 
on total protein, it is observed a tendance for ExoGAG 
to recover the markers better than UC, except for CD81, 
with no significant differences between both while lack-
ing vesicular contaminants.

Single-vesicle characterization
MISEV2023 guidelines suggest the characterization of 
individual vesicles by two different but complemen-
tary techniques. We used TEM for high-resolution 
imaging of EVs shape and size (Fig.  10A). Interestingly, 
TEM highlights the isolation method, densely label-
ling two types of vesicular populations. On one hand, 
vesicles that range from 50 to 200  nm contained in the 
ExoGAG-GAG-Vesicle complex due to the aggregation 
method (precipitated). On the other hand, vesicles of 
approximately ~ 200  nm in size that are not part of the 
ExoGAG-GAG-Vesicle complex (Free). Furthermore, we 
characterized EVs subpopulations using SP-IRIS tech-
nology, based on tetraspanin interferometry and immu-
nofluorescence labelling (Fig.  10B). We developed an 
analysis of tetraspanin subpopulation proportion and 
abundance (CD63, CD81 and CD9, Fig.  10C) and total 
EVs concentration in raw milk and mEVs isolated by 
ExoGAG and UC (Fig. 10D). It is observed that the tet-
raspanin subpopulation profiles of ExoGAG and UC were 
almost identical, where CD81 was the main component, 
followed by CD63 and CD9 respectively. Regarding total 
vesicle count, a higher concentration of mEVs isolated by 
UC was obtained, although both remained in the same 
order of magnitude (Fig. 10D).

Discussion
Currently, studies involving extracellular vesicles had 
increased enormously promoting an urge to set some 
specific requirements to accept conclusions on the 
involvement of EVs, which are included in MISEV2023 
guidelines [63]. Thus, we have followed those recommen-
dations for the experimental design of all the experiments 
included in the manuscript.

(See figure on previous page.)
Fig. 7  Glycomic analysis of the vesicle-related fraction of raw milk and after isolation with ExoGAG, IP_CD9, SEC and UC. (A) Protein and (B) peptide 
recovery before and after the isolation with the four methods. We first selected only vesicle-related (A.1) proteins and (B.1) peptides and then compared 
only the glycated fraction of both (A.2) proteins and (B.2) peptides. Sectors diagram of (A.3) glycoproteins and (B.3) glycopeptides detected by each 
technique. Bars represent means ± SEM. Kruskal-Wallis omnibus test and pairwise Dunn’s post-hoc tests applying Benjamini-Hochberg correction was 
used. p < 0.05 was considered significant. Only significative comparisons are shown: * p < 0.05



Page 17 of 26Pereira-Hernández et al. Cell Communication and Signaling          (2025) 23:412 

For this study, we started by establishing a group 
of centrifugation steps prior to EVs isolation so as to 
remove interferers that could influence the outcome of 
the experiments. On top of that, we optimized the vol-
ume required for mEVs isolation by UC, so that all the 
experiments could be developed. In previously published 
literature, UC required at least 25 mL [3, 29, 45], which is 
an extremely high amount of milk considering the exper-
imental design of this study, where we perform various 
omics analysis and a deep characterization of the vesicu-
lar fraction. We managed to decrease the required vol-
ume from more than 25 mL down to 2 mL, making the 
method comparison possible.

In research, reliability (precision, consistency and 
reproducibility) corresponds to a psychometric property 
characterized by the lack of measurement error, or the 
degree of consistency and stability of the values obtained 
throughout successive measurements with the same 
method [41]. For this reason, we have used the same EVs 
isolation methods on the same samples used for pro-
teomic, transcriptomic and glycomic studies, so that we 
could compare conclusions obtained from the results and 
interpretation of both approaches.

After the mEVs isolation by the four methods, we could 
conclude that all of them were successful as the charac-
terization showed the appropriate sizes and EVs-related 
markers confirming vesicular entities were enriched 
after the isolation, although there is a better marker yield 
detection by ExoGAG and UC, in comparison to SEC and 
IP_CD9 (Fig. 1).

The rapid innovations of omics technologies have revo-
lutionized the field of biomedical research, enabling the 
profiling of various biological layers such as the genome, 
epigenome, transcriptome, proteome, and metabolome. 
These technologies generate vast amounts of data, which, 
when integrated, provide a comprehensive understand-
ing of biological systems and their interactions gaining 
a holistic understanding of biological systems [19, 12]. 
In consequence, we have performed for the first time a 
study integrating mEVs proteomics, transcriptomics and 
glycomics achieving a deeper and more comprehensive 
view of their implications and improving the predictive 
value of our findings.

The proteomic analyses showed that ExoGAG stands 
out as the technique with improved performance 
among the four. The PCA suggests that EVs studies with 
ExoGAG tend to be more uniform and reproducible than 
those obtained by the other standard techniques in equal 
conditions, as the samples are clustered without over-
lapping with other techniques and with low dispersion. 
Furthermore, both protein and peptide abundance were 
higher in comparison with the other techniques, and 
similarly, this was also true for vesicle-related proteins 
and peptides (Fig. 2).

It has been shown that recovery and abundance of pro-
teins are technique dependent [11, 71]. We confirmed 
that as the abundance of the spectral counts identified 
by DDA-MS, ExoGAG seems likely to include the same 
recovery as all of the other techniques all together, as 
TOP15 proteins present in ExoGAG were coincident 
with those isolated by all the other methods (common 
proteins in red, Fig. 3). Furthermore, we also obtained an 
elevated concentration of caseins, which are considered 
contaminants, indicating the need for further purifica-
tion steps in case of functional studies being performed 
to ensure purity [3, 63]. If we had included a precipitation 
step prior to EVs isolation with EDTA or via acidification 
as MISEV2023 suggests, we could have potentially been 
able to remove the contaminants from the final sample 
but we would also have been likely to eliminate a lot of 
valuable information from our samples, as depletion 
steps are not specific to only the target protein, eliminat-
ing as well some relevant others from the sample. Fur-
thermore, although depletion is recommended in MISEV 
there is no standard protocol to this methodology and 
published literature shows different procedures depend-
ing on the author. In this scenario, we have prioritized 
recovery among all for omics studies, as we can after pro-
cess our data taking only into account EVs proteins. Even 
though we cannot ensure a complete lack of interfer-
ence with our approach we sustain that this was the best 
option considering our final goal and the possibilities that 
the omics analysis gave us to overcome this issue.

Furthermore, DDA-MS interaction between proteins 
analysis detected a group of common clusters between 
techniques, such as ribosomal or nuclear. However, 
in all the analyzed methods except for IP_CD9, we can 
find the family protein of chromatin-modifying protein/
charged multivesicular body protein family which is 
involved in degradation of surface receptor proteins and 
formation of endocytic multivesicular bodies (MVBs) in 
dark pink. These MVBs are involved in the biogenesis of 
exosomes, as once they bind to the cytoplasmatic mem-
brane they shed them into the extracellular space. This 
finding suggests a lower capacity of IP_CD9 technique 
to properly isolate the vesicular fraction in comparison 
to the other methods (Supplementary Fig. 5). In contrast, 
SWATH-MS interaction analysis showed that mainly all 
the clusters found are different, except for the ribosomal 
proteins, meaning that all the represented proteins are 
detected by ExoGAG while the rest of the methods only 
identified some of the common ones. This statement 
again supports the idea that ExoGAG robustly encom-
passes the recovery of all the other techniques together 
(Fig. 5).

We have identified by different techniques and tools 
several important proteins related to the immune system 
and metabolism (Fig.  6A-B). Immune-related proteins 
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Fig. 8 (See legend on next page.)
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are directly involved in neutrophil degranulation, the 
complement cascade and the antimicrobial effect, all of 
which are directly involved in the innate immune system. 
These results confirm that mEVs have implications in 
the infant with its first form of immunity by containing a 
large amount of proteins involved in the defense against 
external organisms and which will contribute to the 
proper functioning and development of its immune sys-
teorm of immunity by containing a largeamount of pro-
teins involved in the defense against external organisms 
and wm, in agreement with what has been previously 
described in the literature [21, 57, 60, 72]. In addition, 
the proteins identified also show great involvement in 
protein metabolism. Post-translational modifications are 
responsible for the regulation of proteins through their 
structure, localization function and activity [32, 67, 69, 
70]. Phosphorylation stands out above the rest of the 
processes in our analysis. Phosphorylated peptides have 
been described to be instrumental in increasing the bio-
availability of essential minerals involved in multiple 
physiological processes, containing antioxidant and anti-
inflammatory properties [55]. This implies that milk is a 
nutritional source par excellence, providing the necessary 
requirements for newborns.

Interestingly, we observed that developmental biology 
and metabolism pathways are also one of the main com-
ponents of human milk EVs. The developmental biology 
process is the main category involved in the development 
of the nervous system (Fig. 6C), responsible for the cor-
rect neuronal structuring and synaptic connections that 
determine brain chemistry in adulthood [61]. This role is 
mediated by oligosaccharides present in milk, which have 
been described to mediate several neuronal processes 
such as axon guidance [33]. In our analysis, axon guid-
ance is found to have very low FDR values, supporting 
previously published results and consolidating the fact 
that mEVs, especially glycosylated proteins contained 
on them, might play a crucial role in neurodevelopment. 
Metabolism is also dysregulated both up and down, but it 
is more represented in downregulated proteins (Fig. 6D). 

Finally, another identified mechanism is the metabolic 
pathway of amino acids and derivatives, highlighting 
the metabolism of selenoamino acids, regulators of the 
function of effector and regulatory T cells and, therefore, 
influencing the correct functioning of immune cells [36]. 
Amino acids are essential for the correct preimplanta-
tion and development of the foetus and, although their 
function in the fully formed organism has not yet been 
described, it is postulated that both essential and non-
essential amino acids could be beneficial for development 
[58]. All this data supports our previous findings where 
immune system and developmental biology pathways are 
central processes to which human milk EVs may be con-
tributing during infant growth [48], and identify as rele-
vant new pathways, protein metabolism and metabolism.

Regarding glycopatterns found, we could identify 
that ExoGAG maintains fucosialylated proteins (lost 
with IP_CD9) and also enriches the fucosylated frac-
tion (highly recovered with UC), while keeping all the 
other subgroups. Thus, we could obtain a pattern more 
similar to that of raw milk than with the other methods, 
even though there is a clear loss of the subgroup of oth-
ers. This would probably be a consequence of a greater 
enrichment of O-glycans in raw milk, while EVs are 
mainly N-glycated. In contrast, glycopeptides included 
in others have a more constant proportion before and 
after the isolation and fucosialylated peptides behave the 
same way as proteins. In this case, the main variations are 
shown in oligomannoses, whose proportion is decreased 
after the isolation with all the methods compared to raw 
milk but have a similar abundance between techniques. 
All in all, ExoGAG seems to provide a glycopattern that 
results from the combination of that found in SEC and 
UC, maintaining both the fucosialylated and fucosylated 
subpopulations and that behaves more closely to raw 
milk (Fig. 7).

Furthermore, GO analysis of enriched terms (Fig. 8D) 
showed that ExoGAG detected a higher miRNA count 
which included almost the same recovery as UC but 
including seven additional miRNAs. Strikingly among 

(See figure on previous page.)
Fig. 8  RNA extraction, miRNA expression and Gene Ontology (GO) analysis of mEVs isolated by ExoGAG, IP-CD9, SEC and UC. (A) Quantity of miRNAs de-
tected after milk EVs isolation by the four techniques. The quality of the miRNAs obtained was determined by measurements in Agilent 2100 Bioanalyzer 
considering (B) A260/280 ratio and A260/230 ratio. (C) Expression levels detected after performing nCounter® Human v3 miRNA Assay CSO Panel Assay 
to mVEs isolated by ExoGAG, IP_CD9, SEC and UC. (D) Bubble plot showing the statistically significant terms from GO database, grouped by miRNAs > 100 
counts common for pools isolated with the same method. Concentration and quality criteria were met after ExoGAG and UC isolation with high levels 
of statistical significance. miRNA expression was significantly enhanced with ExoGAG and UC compared to the other techniques, although the first 
presented higher values and less dispersion in every category. It should be noted that the number of miRNAs detected > 100 counts, representing the 
detection of the highest expressed miRNAs, constitutes the most robust and valuable result. The average detection in this category was 72 and 43 counts 
in ExoGAG and UC respectively. Furthermore, GO analysis showed a good recovery for UC and ExoGAG, improving the detection with the last. One of the 
samples from the SEC and IP_CD9 groups had to be removed due to poor quality derived from the extraction. RNA extraction was developed twice to 
avoid technical bias. Values close to 2.0 means RNA purity for A260/280. Values between 1.8 and 2.2 means RNA purity for A260/230 ratio. The size of each 
point in bubble plots is proportional to the gene ratio, defined as the number of genes in the input list annotated to the corresponding term divided by 
the total number of genes in the input list. The color of the points represents the –log₁₀ adjusted P-value from the enrichment analysis. Two-way ANOVA 
with multiple comparisons was used and a value of p < 0.05 was considered significant. ns represents not significative, * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001
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them was miR-29c-3p, which forms part of the family 
of proteins found with higher significance in both tech-
niques and whose role is associated to fibrosis suppres-
sion as well as glucose metabolism [15], both molecular 
processes included in metabolic pathways. Similarly, as 
we saw in the proteomic data, the principal enriched 
terms are associated with metabolism at a high extent 
(extracellular matrix organization), developmental biol-
ogy (regulation of trans-synaptic signaling and axo-
nogenesis), protein metabolism (post-translational 
modifications and protein catabolism) as well as immune 
response (cellular responses to external agents). All in 
all, this data supports the previously identified biological 
processes and its specific enriched pathways as central 
in human mEVs, highlighting its main target roles in the 
infant.

As recently described by [48] after isolation of EVs 
from human milk and colostrum with ExoGAG in both 
preterm and terms mothers, gene ontology analysis 
unmasked a correlation between upregulated miRNAs 
and their implications in the infant growth and devel-
opment. This finding supports the previously described 
pathways found in the proteomic functional analysis, 
where human milk is stated as the ultimate nutritional 
and developmental source for the newborn.

In light of the previous results, we determined that 
ExoGAG and UC were the best techniques to develop 
omics studies in the same samples. It should be noted 
that IP_CD9, has a limited detection power as it is only 
isolating CD9 positive vesicles, recovering only a subpop-
ulation among the EVs contained in the sample, which 
could explain its poor performance.

When analyzing contaminants present in the EVs prep-
arations, which are structures of similar size and density 
as EVs such as cholesterol and triglycerides, we concluded 
that almost all the triglycerides were removed, and more 
than half of the cholesterol as well was depleted after 
the initial centrifugation steps (Supplementary Fig.  7). 
The fact that cholesterol is not completely removed can 
be explained as it is a structural component of biologi-
cal membranes, so these values ​​are also related to high 
purity in EVs isolation.

Furthermore, we identified a group of EVs markers clas-
sified according to MISEV2023; CD9 and CD81 (category 
1), ALIX and TSG101 (category 2) and MFGE8 (category 
5) (Fig. 9). MFGE8 or lactadherin is a tissue-specific pro-
tein highly expressed in lactating mammary glands and 

secreted in association with milk fat globules (MFG). 
Therefore, its presence on the surface of mEVs supports 
their presence in the mammary epithelium, since MFGE8 
is enriched in milk-producing cells [46]. Furthermore, 
TGFBI (category 3) absence in ExoGAG mEVs confirmed 
that NVEPs are removed from the EVs fraction, despite 
being detected both in raw milk and UC mEVs.

Finally, single-vesicle characterization included the 
acquisition of TEM images of vesicles isolated by both 
techniques, confirming their adequate size and form. It 
should be noted as well, the limited power of Zetasizer 
technology, which may seem controversial to the size 
found by TEM and by SP-IRIS. In consequence of Zeta-
sizer being unable to identify individual vesicles the range 
is overestimated. In this case, bigger sizes detected by 
ExoGAG method showed the expected GAGs and EVs 
aggregation complex, as the method creates a big entrap-
ment of vesicles as shown in TEM images in Fig.  10A. 
Moreover, SP-IRIS let us identify that there is no bias 
in the tetraspanin subpopulation profile after isolation 
either by ExoGAG and UC, as both profiles are almost 
identical (Fig.  10C). Surprisingly, total EVs concentra-
tions were higher in UC in comparison to ExoGAG, 
although both were highly enriched (Fig.  10D). Previ-
ously, we saw that proteins and peptides validated by Ves-
iclepedia were enriched after isolation with ExoGAG and 
the same occurred for glycoproteins. These differences 
in the recovery between techniques can be explained as 
with SP-IRIS we are analyzing only tetraspanin-marked 
subpopulations. It should be noted that different popula-
tions among the studied methods that may not express 
these markers could justify the greater efficiency in 
the transcriptomic, proteomic and glycomic results of 
ExoGAG.

Conclusions
In this study, we made a comparison between four EVs 
isolation methods from human milk (ExoGAG, IP_CD9, 
SEC and UC) and characterized the quantity and quality 
of proteins, RNA and miRNAs, and their potential appli-
cations in the field of proteomics, transcriptomics and 
glycomics.

We observed that ExoGAG improved, compared to 
the other techniques, the yield of total proteins and pep-
tides, EVs-proteins and EVs-peptides, and glycosylated 
proteins. When developing proteomic functional analy-
sis, we observed that ExoGAG and UC performed better 

(See figure on previous page.)
Fig. 9  Total protein and vesicle-related markers in raw milk and mEVs isolated by Ultracentrifugation and ExoGAG. (A) Protein fingerprint in raw milk 
(MILK), extracellular vesicles isolated by Ultracentrifugation (mEVs UC) and extracellular vesicles isolated by ExoGAG (mEVs ExoGAG) stained with Oriole 
(BioRad®). The protein abundance of the markers under the three conditions was determined by Western Blot. Furthermore, the densitometry analysis 
was performed for each of them making use of ImageJ. The detected EVs markers included; (B) Category 1: CD9 and CD81, (C) Category 2: ALIX and 
TSG101, (D) Category 5: MFGE8, (E) Category 3: βcasein and TGFBI. All markers were detected at least twice in independent experiments. P1, P2 and P3 
means POOL1, POOL2 and POOL3 respectively. Total protein stain was used as a housekeeping. Ordinary One-way ANOVA with multiple comparisons was 
used and a value of p < 0.05 was considered significant: ns represents not significative, * p < 0.05, ** p < 0.01
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(more sensitive), although the biological processes and 
enriched terms identified by all methods were similar 
(similar specificity). Regarding the functional mecha-
nisms identified, we observed that human milk EVs con-
tain proteins which are involved in the development of 
the infant, the maturation of the immune system and 
general and protein metabolism. ExoGAG also improves, 
with respect to the other techniques, the protein and 

peptide N-glycopatterns. IP_CD9 and UC lose the 
fucosialylated fraction and SEC and IP_CD9 isolate a 
lower proportion of fucosylated proteins, compared to 
UC and ExoGAG. Overall, ExoGAG appears to provide 
a more complete EVs-glycofingerprint than that provided 
by other methods being as well more similar to that of 
raw milk.

Fig. 10  Single-vesicle profile of raw milk and mEVs isolated by ExoGAG and Ultracentrifugation by TEM and SP-IRIS. (A) TEM images of mEVs derived 
from ExoGAG isolation method. We can see two types of EVs, precipitated forming part of the ExoGAG-GAG-Vesicle complex (the dye responsible for the 
complex would appear as a black background showing a dense image acquisition) or free, whereas UC mEVs only appear individually. (B) Immunofluores-
cence representative images of each condition showing vesicles captured and stained by CD63, CD81 and CD9. (C) Sectors graph and bar graph showing 
tetraspanin subpopulation profile (CD63 in red, CD81 in green and CD9 in blue) of raw milk, UC and ExoGAG mEVs. (D) Heatmap and bar graph represent-
ing differences between raw milk, ExoGAG and Ultracentrifugation isolation vesicle count. Bars represent means ± SEM. Ordinary One-way ANOVA was 
used for multiple comparisons and a value of P < 0.05 was considered significant. ns represents not significative, * p < 0.05, ** p < 0.01
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The mEVs isolation methods IP_CD9 and SEC were 
substantially less efficient for RNA analysis, with purity 
ratios that did not meet quality requirements, than 
ExoGAG and UC, which showed higher concentrations 
and less inter-sample variability. As expected, the levels 
and expression profiles of miRNAs detected by IP_CD9 
and SEC were significantly worse than UC and ExoGAG, 
with the last being the technique with higher miRNA 
detection and lower inter-sample variability. More-
over, the GO analysis showed a better miRNA enrich-
ment with more sensitivity after ExoGAG isolation and 
unmasked the exact same specific biological processes 
and enriched terms as the proteomic analysis (metabo-
lism, developmental biology, protein metabolism and 
immune response), corroborating the previous findings.

Since the results obtained by UC and ExoGAG show 
greater consistency and reproducibility in proteomic 
and transcriptomic studies on the same sample, we 
tested their accuracy and reliability in the specific iso-
lation of the vesicular component. First, we identified 
five EVs markers by Western Blot (CD9, CD81, ALIX, 
TSG101 and MFGE8) included in three different catego-
ries according to MISEV2023 classification and tested 
the removal of possible contaminants associated with the 
nature of the sample. Both techniques were equally com-
parable in the profile of characteristic NVEPs of raw milk 
(β-casein), results that can be significantly improved by 
using specific pretreatment methods for their removal if 
necessary. In contrast, NVEPs such as TGFBI were not 
detected in ExoGAG mEVs but were present in raw milk 
and UC mEVs, proving that ExoGAG unlike UC does 
not precipitate interferers. We also tested their removal 
capacity for other potential milk-specific contaminants, 
such as the lipid components of milk fat globules (MFG), 
like triglycerides and cholesterol [3]. In comparison to 
raw milk, both EVs isolation techniques were able to 
remove practically all triglycerides, and between 40% 
(UC) and 60% (ExoGAG) of cholesterol (also present in 
EVs surface). Both results together sustain that, with no 
previous chemical treatment, we were able to remove 
essentially all the fat globule from the samples only with 
the initial centrifugation steps.

Second, transmission electron microscopy images 
confirmed size and shape associated to vesicles, which 
must be between 30 nm and 1000 nm and have a circu-
lar form [31]. TEM images showed that ExoGAG is able 
to isolate two vesicular groups, forming a network-like 
complex between vesicles of different sizes associated 
with Glycosaminoglycans, and a second group formed by 
mostly large, individualized vesicles. In contrast, UC was 
able to isolate individualized vesicles mostly of small to 
medium size, which led us to think that it is more likely 
that this method is isolating a vesicular subpopulation, 
while ExoGAG is isolating a more complete vesicular 

profile, close to that of raw milk. SP-IRIS analysis was 
also developed to determine tetraspanin concentration 
and subpopulation profile. Both technologies showed 
a yield in the same order of magnitude, being better for 
UC tetraspanin interferometry, although not comparable 
with concentrations observed in the same raw milk used 
for isolation, as expected. The tetraspanin subpopula-
tion profiles provided by both methods were practically 
equal, despite small differences in their concentration, 
indicating that the isolation methods do not introduce 
population biases based on the CD9, CD81 and CD63 
markers. All conditions showed the same tendance where 
the major component was CD81, followed by CD63 
and CD9. It should be noted also that different popula-
tions among the studied methods that may not express 
CD9, CD81 or CD63, could justify the greater efficiency 
in the transcriptomic, proteomic and glycomic results of 
ExoGAG.

So far, UC is the most used technique in the study of 
EVs, whose advantage is the consistency of the result but 
with the limitation of high sample volumes, time-con-
suming protocols and the requirement of expensive and 
specific equipment. ExoGAG is an EVs-specific aggrega-
tion isolation method that is just as efficient as UC for 
small sample volumes, with fast and easy-handling pro-
tocols and that requires the infrastructure commonly 
used in any laboratory. To conclude, both ExoGAG and 
UC exhibited a similar and high-quality ability to isolate 
EVs from human milk samples far superior to other stan-
dard techniques such as IP_CD9 or SEC. Moreover, the 
performance of ExoGAG was shown to be more efficient 
in terms of accuracy, consistency and reproducibility 
for proteomic, transcriptomic and glycomic studies on 
the same sample. This relies on ExoGAG improved iso-
lation recovery of proteins and peptides, glycoproteins 
and RNA as well as miRNA expression related to vesicle 
complexes compared to UC. This study is the first to 
compare the reliability of four of the most commonly-
used techniques for the isolation of extracellular vesicles 
in different omics with the same samples and in light of 
the results, proposes ExoGAG method for the isolation of 
vesicles in raw human milk for omics studies. Moreover, 
this comparative approach of four different EVs enrich-
ment methods unanimously confirms that vesicular pro-
teins in breast milk have implications in the infant in the 
defense system against external agents (specific role in 
the immune system pathway) and in the correct estab-
lishment of the neural structure (developmental path-
way), while providing all the nutritional requirements for 
the correct growth of the newborn (metabolic pathway).
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