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Abstract
Isolation of extracellular vesicles (EV) has been developing rapidly in parallel with
the interest in EVs. However, commonly utilized protocols may not suit more chal-
lenging samplematrixes and could potentially yield suboptimal results. Knowing and
assessing the pitfalls of isolation procedure to be used, should be involved to some
extent for EV analytics. EVs in cow milk are of great interest due to their abundancy
and large-scale availability as well as their cross-species bioavailability and possible
use as drug carriers. However, the characteristics of milk EVs overlap with those of
other milk components. This makes it difficult to isolate and study EVs individually.
There exists also a lack of consensus for isolation methods. In this study, we demon-
strated the differences between various differential centrifugation-based approaches
for isolation of large quantities of EVs from cow milk. Samples were further purified
with gradient centrifugation and size exclusion chromatography (SEC) and differ-
enceswere analyzed.Qualitymeasurementswere conducted onmultiple independent
platforms. Particle analysis, electron microscopy and RNA analysis were used, to
comprehensively characterize the isolated samples and to identify the limitations and
possible sources of contamination in the EV isolation protocols. Vesicle concentra-
tion to protein ratio and RNA to protein ratios were observed to increase as samples
were purified, suggesting co-isolation with major milk proteins in direct differential
centrifugation protocols. We demonstrated a novel size assessment of vesicles using a
particle mobility analyzer that matched the sizing using electron microscopy in con-
trast to commonly utilized nanoparticle tracking analysis. Based on the standards
of the International Society for Extracellular Vesicles and the quick checklist of EV-
Track.org for EV isolation, we emphasize the need for complete characterization and
validation of the isolation protocol with all EV-related work to ensure the accuracy
of results and allow further analytics and experiments.

KEYWORDS
bioaerosol, extracellular vesicles, isolation protocol, milk, validation

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original
work is properly cited.
© 2024 The Authors. Journal of Extracellular Biology published by Wiley Periodicals LLC on behalf of International Society for Extracellular Vesicles.

J of Extracellular Bio. 2024;3:e149. wileyonlinelibrary.com/journal/jex2  of 
https://doi.org/10.1002/jex2.149

https://orcid.org/0000-0002-8674-9914
mailto:sirja.viitala@luke.fi
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jex2
https://doi.org/10.1002/jex2.149
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjex2.149&domain=pdf&date_stamp=2024-04-22


 of  KANKAANPÄÄ et al.

 INTRODUCTION

Milk is a complex biofluid, which covers all the energy and nutritional needs of mammalian infants (Andreas et al., 2015; Pereira,
2014). Milk contains nutrients such as carbohydrates, proteins, lipids, minerals and vitamins as well as various biologically active
components and cells, that ensure species-typical post-natal development (Andreas et al., 2015; Pereira, 2014). Milk is also abun-
dant in extracellular vesicles (EVs), that may originate from multiple cellular sources such as milk-secreting epithelial cells and
immune cells, and even bacteria present in milk (Sanwlani et al., 2020). EVs can be roughly classified into three main subtypes,
small EVs including exosomes (sEV; 30–150 nm), microvesicles (100-1000 nm) and apoptotic bodies (50-5000 nm), based on
their size, biogenesis and origin (Kalra et al., 2016). This classification is however incomplete as these EV subtypes are likely to
have many distinct but unknown subpopulations (Willms et al., 2016, 2018). Until we can characterize and phenotype individual
vesicles, we study EVs as heterogenic vesicle populations.
Cow milk sEVs have received a lot of attention because dairy products play an important role in the Western diet from child-

hood to adulthood. Some studies have suggested that milk-derived sEV can mediate sophisticated signals not only between
mother and infant, but also across species (Benmoussa & Provost, 2019; Melnik et al., 2013). Whether these effects are of any
importance for human health and welfare is not yet known. However, there is evidence that milk sEVs tolerate dairy processing
(Benmoussa et al., 2016, 2017; Pieters et al., 2015), survive mammalian digestive conditions without degradation (Benmoussa
et al., 2016; Izumi et al., 2012; Wolf et al., 2015) and can enter the bloodstream from the gut and accumulate in peripheral tis-
sues (Kusuma et al., 2016; Manca et al., 2018; Wolf et al., 2015), and. The durability, potential tissue specificity and low level of
immune responses (Admyre et al., 2007; Manca et al., 2018; Samuel et al., 2017) have made milk sEVs also interesting research
targets for the development of orally administered and tissue-specific carriers of biomolecules and drugs (Zhong et al., 2021). In
addition, milk sEVs could be suitable as biomarkers for monitoring the health and welfare of cows in modern dairy farms apply-
ing automated milking robots and monitoring systems. Understanding the role of milk sEVs and their bioactive components as
inter-organismal mediators of developmental signals from mother to its newborn is an interesting matter itself and may help to
improve the composition of milk formulas (van Herwijnen et al., 2016).
In recent years, several methods have been suggested for milk sEV isolation and purification, but they all have different

advantages and disadvantages (reviewed by Li et al., 2022). Milk is a complex body fluid containing a mixture of macro- and
supramolecular components such as milk fat globules (MFGs), casein micelles and whey proteins, as well as immune and epithe-
lial cells and bacteria. MFGs are considered the main contaminant of milk sEV isolation, because their size range in whole milk
is partly overlapping with the EVs (0.2 μm–15 μm; Martini et al., 2016). In addition, different processing steps of dairy products,
such as separation, pasteurization and homogenization affect the size of MFGs and potentially EVs (Lopez, 2005). MFGs can be
distinguished from EVs by their high triacylglycerol (TAG) content (Mather & Keenan, 1998). Another major source of contam-
ination is the milk proteins, from which the caseins are self-assembled into nanosized colloidal suspension structures in milk
called casein micelles (154–230 nm; de Kruif et al., 2012). Caseins represent about 80% of total proteins of cow milk (Uniacke-
Lowe & Fox, 2011). Also, whey proteins are abundant in milk (18% of the total proteins) and although they do not form a micelle
structure, they tend to co-isolate with other milk components and contaminate sEV isolate (Rahman et al., 2019). Milk proteins
are well characterized and easily identifiable from mass spectrometric (MS) data. Their properties in milk can be influenced by
adjusting pH and ionic properties of the milk sample (Josephson, 1972; Lucey et al., 1996).

Differential ultracentrifugation applied in this study, is the most frequently used method for isolating sEVs from various
sources (Li et al., 2022). It is inexpensive and relatively easy to implement if factors affecting separation efficiency such as centrifu-
gal force, rotor parameters and solution viscosity are carefully determined (Cvjetkovic et al., 2014; Izumi et al., 2015). Although the
method is considered as the “golden standard” of sEV isolation, it is not effective as such in removing many co-isolated compo-
nents of milk (Jeppesen et al., 2019; van Niel et al., 2018). For this reason, the method is often complemented with other methods,
such as density gradient centrifugation (DGC) and size exclusion chromatography (SEC) to remove the unwanted impurities
(Vaswani et al., 2017). DGC enhances separation as the particles move and settle according to the densities within inert density
gradient matrix. Reinhardt et al. (2012) and van Herwijnen et al. (2016) applied successfully sucrose density gradient method to
study the proteome of the milk EV fraction. SEC can also be applied to isolate milk EVs without ultracentrifugation or to remove
protein contaminants from the sEV isolate (Blans et al., 2017).

The choice of EV isolation method is influenced by the intended use and application of the EV isolates. We are interested
in molecular composition of milk sEVs. For this, we aim for EVs of a certain size class with minimal contaminants from the
milk matrix. To achieve that, we compared multiple differential centrifugation-based isolation processes in terms of yield and
purity of sEVs and analyzed co-isolating and contaminating components in different methodological combinations. For that,
we used nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM), proteomic and lipidomic analysis, and
RNA quantity analysis. We also applied and tested a differential particle mobility sizer (DMPS) as an alternative method for
determining particle size distribution of EV isolates, to improve the accuracy of size estimation compared to the commonly used
NTA.
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 MATERIALS ANDMETHODS

. Isolation of EV fractions

In this study, we used raw dairy milk as a starting material to isolate EVs by differential ultracentrifugation. Milk was obtained
from 80 to 100 Nordic Red cows housed in the Jokioinen research barn of the Natural Resources Institute Finland (Luke). Cold
tank milk (4◦C), pooled together from all cows, was collected, and kept cold prior to vesicle isolation. The milk was processed
on the samemorning, approximately 1 h after collection from the barn. Excess volume of milk (1-2 L) was processed in the initial
centrifugation steps and 18.5 mL of whey was used in the final centrifugation step to pellet the vesicles. The isolation was done
from three biological replicates, that is, milk from three different dates.
First, themilk was centrifuged to remove fat and intact cellular content. The defattedmilk was either directly used for differen-

tial centrifugation followed with ultracentrifugation (resulting in sample UC, Figure 1a) or treated with acetic acid to precipitate
the majority of the free proteins, caseins and peptone protein fraction, followed by ultracentrifugation (resulting to sample AA,
Figure 1b). Ultracentrifugation-enriched EVs were used for DGC with sucrose density gradient (resulting to samples UC GRAD
and AA GRAD, Figure 1c) to separate EVs from the cell organelles and milk components of different density. For further sepa-
ration of EVs from the co-isolating milk proteins and to evaluate the level of free proteins in the samples, SEC was used on the
samples after ultracentrifugation, or ultracentrifugation combined with DGC (resulting to samples UC SEC and AA SEC and
UCGS and AAGS respectfully, Figure 1c). Samples were collected from each step of the isolation processes (Figure 1) for further
analyses. Supplementary Table T1 lists the EV samples, and major control samples and the corresponding analysis performed on
each sample.

2.1.1 Protocol for EV isolation with differential centrifugation

Isolation was conducted as follows (Figure 1). Raw whole milk was centrifuged for 15 min at 300 × g and at 4◦C. Cell pellet and
separated, approximately 0.5 cm thick disk of fat on top were discarded and the middle layer was used in all the subsequent steps.
The middle layer was further centrifuged for 2 × 15 min, 3000 × g, 4◦C, to separate remaining fat and cellular debris. After this
step, pHof the defattedmilkwas adjusted to 3.8with 17.4Mglacial acetic acid (Sigma-Aldrich) in order to precipitate free proteins
and peptone fraction of proteins (AA sample isolation process; Figure 1b). Samples were then centrifuged for 30 min, 21,500 ×
g, 4◦C to pellet caseins. Centrifugation was then repeated (30 min, 21,500 × g, 4◦C) to pellet remaining caseins and cellular
debris. Low-speed centrifugations were conducted with Beckman Coulter rotors JA-14 (bottles 250 mL, polypropylene bottle
with screwcap, Beckman Coulter, 356011) or JA-17 (bottles 50 mL, polycarbonate bottle, screwcap, 357002 Beckman Coulter)
in the 21,500 × g steps depending on the sample volume. In the low-speed centrifugations, excess volume was used to prepare
adequate volume for the final ultracentrifugation steps.
The resulting solution (18.5 mL/tube) was ultracentrifuged for 74 min, 100,000 × g, 10◦C, (Type 50.2 Ti, 26.3 mL polycarbon-

ate bottle with cap assembly, Beckman Coulter 355618) to pellet EVs using an acetic acid precipitated method (AA) method.
The resulting supernatant was ultracentrifuged again with the same settings to pellet EV fraction using the UC method. The
pellets from the previous two ultracentrifugation steps containing EVs were resuspended to 250 μL of phosphate-buffered saline
(137 mMNaCl, 2.7 mM KCl, 10 mMNa2HPO4, 1.8 mM KH2PO4, pH 7.4; (‘Phosphate-buffered saline (PBS)’, 2006) Cold Spring
Harbour Protocols). The supernatant from the second ultracentrifugation was further centrifuged for 17 h, 100,000 × g, 10◦C
(SW 41 Ti, in Ultraclear™ tubes, Beckman Coulter 344085) to pellet the remaining particles from the solution. Centrifugation
times and speeds were calculated using an online calculator (http://vesicles.niifhm.ru/index.php?do=1). EV fractions from the
centrifugation are indicated as UC (without acetic acid treatment, Figure 1a) and AA (with acetic acid treatment, Figure 1b) with
additional purifications described as UC SEC and AA SEC, UC GRAD and AA GRAD (sucrose DGC) or both UC GS and AA
GS; (Figure 1c) in the following analytics. All samples were stored at −80◦C for further purification and analysis.

2.1.2 Gradient centrifugation

Layered gradient of sucrose was pipetted in 2 mL steps, as described by Luthe (1983), with gradient steps of 20%, 30%, 40%, 60%,
and 80% (w/v) of sucrose in PBS in decreasing order inUltraclear™ tubes (BeckmanCoulter) in a SW41 rotor. Gradient fractions
were frozen at−80◦C between each step to prevent mixing in gradient preparation. UC and AA samples (PBS suspended vesicle
pellet) were pipetted onto the top fraction of the gradient tube and centrifuged for 17 h, 100000 × g, 22◦C with SW-41 rotor.
Approximately 1 mL fractions were collected from the tube and refraction of the fractions was measured with a Pocket PAL-1
refractometer (Atago Co. LTD, Japan). Fractions with a calculated density of 1.05−1.2 g/mL were collected and pooled as the EV
fraction and diluted to 20 mL with PBS and pelleted with ultracentrifugation for 90 min, 100000 × g, 10◦C with Type 50.2 Ti
rotor, resulting in UC GRAD and AAGRAD samples. The UC GRAD and AAGRADwere further purified by SEC as described
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F IGURE  Milk small extracellular vesicles (sEV) isolation by differential centrifugation-based protocol (sample UC) (a) combined with acetic acid
(sample AA) (b) and additional purifications with sucrose density gradient (samples UC GRAD and AA GRAD), size exclusion chromatography (samples UC
SEC and AA SEC) or combination of them (UC GS and AA GS) (c).

in 2.1.3. The resulting void peak fractions were pelleted with ultracentrifugation resulting in UCGS and AAGS samples. Samples
were stored at −80◦C for further analysis.

2.1.3 Size exclusion chromatography

Suspended vesicle pellet (UC; 3.68e11 vesicles based on calculations from NTA and AA; 3.13e11 vesicles, 1.08e11 and 1.83e11 for
UC GRAD and AA GRAD) was diluted to 600 μL with PBS with to final concentration of 20 mM EDTA and filtered through
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TABLE  Comparison of protein concentration, particle concentration (NTA), vesicle/protein and RNA/protein ratios for UC, UC SEC, UC GRAD and
their AA counterparts.

UC AA UC UC SEC AA SEC UC GRAD AA GRAD

EV sample protein (μg/μL)
(per mL of milk)

9.3 (125) 5.9 (79) 0.78 (10.6) 0.63 (8.5) 0.87 (11.7) 1.25 (16.9)

Vesicle concentration
(particles/mL of milk, NTA)

1.47E+12 1.25E+12 2.19E+11 3.01E+11 4.08E+11 5.14E+11

Vesicle/μg protein 2.92E+09 4.47E+09 5.21E+09 8.83E+09 8.68E+09 7.61E+09

RNA (pg)/protein (μg) 1.81 4.19 3.29 7.52 7.25 7.76

RNA (ng/μL) 4.22 6.18 0.64 1.18 1.57 2.42

Note: RNA concentration based on Qubit four fluorometer microRNA assay.

0.13 cm 0.45 μm hydrophilic-PP membrane acrodisc filters (Pall Co.) to remove larger than 0.45 μm protein aggregates and
possible precipitates to prevent system clogging. Filtered sample (500 μL) was injected to Äkta Basic chromatography system
(GEHealthcare). Sample was purified with two successively connected Superose™ 6 columns (300 × 10 mm i.d.; GE Healthcare)
or with one Superdex™ 200 column (300 × 10 mm i.d.; Pharmacia Biotech) with 20 mM EDTA in PBS (Blans et al., 2017). as
running buffer with 0.7 mL/min flow rate in room temperature. EVs were recovered from the void volume of the column; peak
from 7.5 to 8.5 mLwith Superdex™ 200 column and 13–15mLwith two successive Superose™ 6. Resulting fractions were diluted
to 20 mL with PBS and pelleted with ultracentrifugation as with GRAD samples, resulting in UC SEC, and AA SEC samples.
Samples were stored at −80◦C for further purity analysis.

. Analysis of small EV isolates

2.2.1 Protein and peptide concentration

Protein concentrationwasmeasured in three replicates using a BioRad™DC™ protein assay kit (BioRad), following amicroplate
procedure with reagent S in themixture. Bovine serum albumin (Thermo Fisher Scientific) in PBSwas used as a standard. Results
are provided in Supplementary and compiled in Table 1. Peptide concentration was measured with Nanodrop One (Thermo
Fisher Scientific) prior to MS analysis.

2.2.2 Electrophoresis and western blot

The proteins of sEV isolates were separated and analyzed using SDS-PAGE and western blotting (WB). A total of 10 μg of protein
per sample were solubilized in Laemmli sample buffer [138 mM Tris-HCl, pH 6.8 (Sigma-Aldrich), 6 M urea (Sigma-Aldrich),
4.3% w/v SDS (Merck), 22% w/v glycerol (Merck), 5% v/v 𝛽-mercaptoethanol (Sigma-Aldrich) and bromophenol blue (Merck)],
incubated for 30 min at 37◦C and then centrifuged for 5 min at 14000× g. Protein separation was performed using 15% polyacry-
lamide gel [0.192MTris-HCl, pH 8.0 for SDS-PAGE or pH 8.8 forWB (Sigma-Aldrich), 3.35M urea (Sigma-Aldrich), 0.22% SDS
w/v (Merck), 12% w/v acrylamide (19:1 acrylamide/bis-acrylamide 30% solution, BioRad), 0.04% v/v tetraethyl methyl diamine
(TEMED,GE healthcare) and 0.025%w/v ammoniumpersulfate (AmershamBiosciences)] with running buffer (192mMglycine,
25 mM Tris, 3.5 mM SDS). Electrophoresis was run with a BioRad Tetra-cell electrophoresis dock with a current of 15 mA/gel.
Separated proteins were transferred to PVDF membrane (BioRad) or stained with Sypro Ruby (BioRad) according to manu-
facturer’s protocols. Proteins were transferred using SemiDry transfer unit (BioRad) with 25 V and up to 1 mA/cm3 as transfer
conditions. Tris-Glycine buffer (2.5 mM Tris, 19.2 mM glycine, BioRad) with 20% methanol was used as transfer buffer.
For detection of target proteins, membranes were first blocked using 5 % w/v fish gelatin (Thermo Fisher) in Trizma buffered

saline (TBS; 17.5mMTRIS-HCl, pH7.5, 0.5MNaCl) for 1 h. Then themembraneswere incubatedwith primary antibodies [rabbit
anti-ALIX 1:2500 (cell signalling, (E6P9B) Rabbit mAb #92880), mouse anti-CD81 1:1000 (Santa Cruz biotechnologies, (B-11): sc-
166029), rabbit anti-TSG101 1:2500 (Nordic BioSite, ABB-709, ABB-OTVG5L-100) and mouse anti-bovine CD63 1:500 (BioRad,
MCA2042GA)] overnight on mild rocking at 4◦C in 1% Tween-20 -TBS (TTBS) with 1% fish gelatin. Secondary antibodies
(Anti-rabbit, AS 09 602, (Agrisera Sweden) and anti-mouse Sc-516102, (Santa Cruz Biotechnology)) were incubated in 1:2500 for
CD63, 1:5000 for TSG101 and CD81 and 1:10000 for ALIX dilutions at room temperature on a rocking platform in TBS + 0.1%
TWEEN-20 (TTBS, Sigma-Aldrich) for 2 h.Membranes were thenwashed twice with TTBS and once with TBS for 5min prior to
enhanced chemiluminescence reaction (0.1 M Tris-HCl, pH 8.5, 0.198 mM p-coumaric acid (Sigma-Aldrich), 1.25 mM Luminol
(Sigma-Aldrich) and 0.9% hydrogen peroxide (Merck); Membranes and gels were imaged using Chemidoc MP (BioRad).
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2.2.3 Particle size measurements

Particle size was measured using NTA with a Nanosight LM14C nanoparticle tracking machine (Malvern Panalytical) for five
replicates at the EV-CORE facility in the University of Helsinki. Results from five 30 s measurements were averaged and mean
particle size was calculated. Camera level was set at 14 with detect threshold at 4. TEM was carried out by the EM Unit at the
University ofHelsinki with JEOL JEM-1400 according to Puhka et al (Puhka et al., 2017). To determine the physical characteristics
of EVs, we performed size classification of aerosolized EVs with differential mobility particle sizer (DMPS; (Aalto et al., 2001) in
the size range from 10 to 300 nm in electrical mobility equivalent diameter. EV samples from acetic acid-treated milk (250 μL)
were thawed in 17 mL of Milli-Q water and further diluted by 1/3 for analysis. The setup for the aerosol generation and size
distribution measurement is shown in supplementary Figure S1. In the first stage, an atomizer aerosol generator (TOPAS) was
employed to produce EVparticles in the aerosol phase. Flow through the atomizer (∼7 L/min) wasmeasured by variable area flow
metre (Kytola A-3BR) and particles were then charged via an 241Am bipolar diffusion charger. No additional diffusion or dryer
etc. was used. An exhaust for overflow with HEPA filter (TSI, USA) was used before the flow metre to avoid any overpressure
building up. Particle number size distribution was classified by electrical mobility with the Vienna-type Mobility particle size
spectrometer (DMA), with a classification length of 30 cm. Linear ramp of the DMA voltage corresponding to particle diameter
range from 10 to 300 nm was produced with the LabView controlled 12.5 kV HV source (Fug HCN 7E-12500). With the current
settings, measurement time per scanwas 10min. Sheath flows in and out weremonitored bymass flowmetres (TSI 4000). Sample
flow rate to sheath flow rate of 1:20 was used with∼20 L/min for the sheath and 1 L/min for the sample. The total concentration of
sample particles was measured by a Condensation Particle Counter (CPC; TSI 3010, USA) connected to the laboratory vacuum
line and sampling 1 L/min via a critical orifice. The cut-off size for the CPC was around 10 nmwith the current settings (TSI 3010
Specifications, 2019; (Mordas et al., 2008). Particle number size distribution for the size range from 20 to 200 nm determined by
DMPS setups is typically within the uncertainty range of ±10% (Wiedensohler et al., 2012).
In order to monitor the instrument performance, reference polystyrene latex spheres (PSL Nanosphere, 100 nm ± 3 nmmean

diameter, Thermo Scientific) were measured prior to the experiments. An average size distribution obtained from separate scans
over the size distribution was used. AA, AA GS and AA GRAD distributions were averaged from three scans, AA SEC sample
from two scans. The flow scheme of the entire setup was isolated from the compressed air and vacuum lines by HEPA filters. AA
samples were chosen for analysis based on their improved purity compared to UC counterparts.

2.2.4 RNA isolation and analysis

Total RNAwas isolated from final PBS-dissolved EV pellets (UC, AA, UC SEC andAA SEC andUCGRAD andAAGRAD) with
total exosome RNA isolation kit (TERI, Invitrogen) using a slightly modified kit protocol. All reagents were prepared according
to manufacturer’s guidelines. Sample was mixed with 1:1 denaturing solution and incubated on ice for 5 min. Equal volume of
acid-phenol-chloroform reagent was added, and the mixture was mixed by inverting the tube for 3 to 5 min. Samples were then
vortexed for 1 min and inverted again 5–10 times. Samples were then centrifuged with a tabletop centrifuge (Eppendorf 5425)
for 5 min at 13,000 × g. Upper aqueous phase was carefully extracted to a new tube and 1.25 × of extracted volume pure ethanol
was added and mixed thoroughly. Resulting mixture was added on the filter provided in the kit and centrifuged for 10,000 × g
for 15 s. This was repeated until the whole sample was passed through the filter. Samples were then washed once with 700 μL of
wash buffer one and twice with 500 μL of wash buffer⅔ with centrifugation in between washes as above. Filters were then spun
dry for 1 min at 10,000 × g and transferred to clean collection tubes. Purified RNA was eluted from the filters twice with 50 μL of
RNAse-free water. All centrifugations were carried out at room temperature. RNA extraction was not done for GS samples due
to limited sample quantity. Resulting RNA was aliquoted and frozen at −80◦C until analysis. RNA concentration was measured
with Qubit 4 (Thermo Fisher Scientific) with microRNA assay kit (Thermo Fisher Scientific), Nanodrop One (Thermo Fisher
Scientific), and purity and peak profile with Bioanalyzer 2100 with RNA 6000 Pico kit according to manufacturer’s instructions
(Agilent).

2.2.5 Proteome analysis

Samples (n = 3) without acetic acid treatment were chosen for proteome analysis, to assess the effects of each of the additional
purification protocols.100 μg of protein was mixed with 8M urea in 10 mMTris-HCl (pH 8) buffer, and sample was loaded to the
3 kDa cut-off centrifugal filter tube (Pall Co.). Sample was centrifuged 10,000 × g for 5 min and 100 μL of urea buffer was added
to the tube followed by centrifugation at 14,000 × g for 30 min (Eppendorf Minispin plus). Proteins were reduced with 10 mM
dithiothreitol (DTT) in the urea buffer, followed by centrifugation at 14,000 × g for 40 min. 30 mM iodoacetamide (IAA) in the
urea buffer was added to the sample and after 15 min incubation in the dark, samples were centrifuged at 14,000 × g for 40 min.
After IAA, the sample was washed twice with urea buffer followed by centrifugation (14,000 × g, 40 min). The centrifugal device
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was transferred to a clean collection Eppendorf tube and 4 μg of trypsin/lysC protease (Promega) was added to top of the sample.
Digestion was done at 37◦C for 14 h. Peptides were centrifuged (14,000× g, 30 min.) through the filter and 0.5MNaCl was added
to the filter followed by a second centrifugation (14,000 × g, 30 min).
Peptides were purified with Sep-Pak C18 50 mg vacuum cartridges (WAT054955, Waters Corp.) according to the manufac-

turer’s protocol on the 20-position extraction manifold (Waters Corp.). In short, peptides were loaded into pre-activated C18
columns and washed with 0.1% formic acid. Peptides were then eluted with 80% acetonitrile, 0.1% formic acid, dried in vacuum
centrifuge (SpeedVac, Thermo Scientific) and stored at −80◦C. Before injection to the LC-MS, dried peptides were suspended
to 1% formic acid in milli-Q water and diluted to achieve suitable peptide concentration for the MS analysis.
The Sep-Pak treated peptide samples were separated with nano-UPLC (Acquity UPLCM-Class, Waters Corp.) equipped with

nanoEase M/Z HSS C18 T3 100Å column (Waters Corp.) and nanoE MZ Sym C18 Trap column (20 mm × 180 μm i.d., 5 μm
particle size; Waters Corp.) with 0.3 μL/min flow of water/acetonitrile and linear gradient of 99:1 (vol/vol) to 40:60 (vol/vol) for
90 min with 5 min trapping. Column temperature was 35◦C. UPLC was coupled to Xevo G2 MS with Zspray nano lockspray
(Waters Corp.). The mass spectrometer was operated with MSe acquisition (data independent acquisition with alternating low-
energy CID and high-energy CID) ramping between 15 and 35 V in positive ion mode. Leucine-enkephalin (556.2771 m/z) was
used as a lock mass calibration compound. Three biological replicates and two separate runs were conducted for one sample.
Data was analyzed with Progenesis QI for proteomics software (Waters Corp.). Data search was done by using Swiss-Prot Bos

taurus library with search parameters set to two missed cleavages, precursor mass tolerance 10 ppm, fragment mass tolerance
0.02 Da. Fixed modification was set for carbamidomethylation of cysteine and variable modifications were oxidation of methio-
nine and acetylation of protein N-terminus. False discovery rate was set to 1 %. Three peptides per protein (where one unique)
were required for the identification. Label-free quantification was done by using a between-subject design (ANOVA) and nor-
malized to all proteins. Relative quantitation using non-conflicting peptides was utilized. Minimum of three peptide per protein
were used and peptides were manually reviewed. Hits were filtered to proteins showing a significant 2-fold or greater change.
Comparison between treatments was done by following changes to UC-treated samples. Quantification was done according to
“Progenesis QI for proteomics user guide version 4,2”—Waters manual.

2.2.6 Lipidome analysis

Acetic acid-treated EV samples AA, AA GRAD, AA SEC, and AA GS were aliquoted and stored in MQ-water and analyzed
for lipidome as three biological replicates. Acetic acid-treated samples were chosen for lipidomic analysis based on their out-
performance of UC samples in every other analysis. Lipids were extracted with a liquid-liquid extraction method using methyl
tert-butyl ether (MTBE) and methanol by first adding 75 μL LC-MS grade water to a 25 μL thawed concentrated nanovesi-
cle sample. Next, 25 μL of labelled internal standard mixture (prepared as per SCIEX LIPIDYZER manual’s instructions) was
added and allowed to equilibrate with the samples. To each tube, 575 μL MTBE and 160 μL of methanol were added followed
by vortexing and shaking in the monophase at room temperature for 30 min. Subsequently, 200 μL water was added and sam-
ples were centrifuged 3 min at 14,000 × g at room temperature and the upper layer of MTBE was collected in borosilicate glass
tubes. Extraction was repeated by adding 300 μL MTBE, 100 μL methanol, and 100 μL water to PCR tubes, and the upper layer
was combined with previous MTBE extract and dried under N2. Finally, the dried samples were reconstituted with 250 μL of
mobile phase [dichloromethane:methanol (50:50, vol/vol) containing 10 mM ammonium acetate] for injection. Lipid separation
and quantitation were performed on the SCIEX Lipidyzer™ platform using a SCIEX 5500 QTRAP® MS (SCIEX, Washington,
D.C.) with SelexION® Differential ion mobility (DMS) technology, by directly infusing 50 μL of extracted samples with a mobile
phase at a flow rate of 70 μL/min. Two acquisition methods, with and without SelexION® technology, were used to cover 13 lipid
classes using flow injection analysis. The lipid molecular species were measured using MRM strategy in both positive and nega-
tive polarities. Positive ion mode was used for the detection of the following lipid classes: sphingomyelins (SM), diacylglycerols
(DAG), cholesteryl esters (CE), ceramides (CER), dihydroceramides (DCER), hexosylceramides (HexCER), lactosylceramides
(LacCER), and TAG. Negative ion mode was used for the detection of lysophosphatidylethanolamines (LPE), lysophosphatidyl-
cholines (LPC), phosphatidylcholines (PC), phosphatidylethanolamines (PE), ether-linked PE (PE-P, PE-O), and free fatty acids
(FFA). Lipidomics Workfow Manager software was used for acquisition of samples, automated data processing, signal detection
and lipid species concentration calculations (Ghorasaini et al., 2021).

 RESULTS

. Acetic acid treatment improved yield and purity of EVs

According to SDS-PAGE results, the pH adjustment to 3.8 using acetic acid after removal of cell debris (Figure 2a,b) precipitated
large fraction of milk proteins in differential centrifugation protocol (Figure 2b lane 3). Without acetic acid precipitation, caseins
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 of  KANKAANPÄÄ et al.

F IGURE  SDS-PAGE (panel a and b) and western blot (panel c and d) of fractions from EV-enrichment process. (a) and (c) sEV protein composition
throughout centrifugation process, the lane numbers indicated the same samples. (b and d) EV composition throughout ultracentrifugation process with
additional acetic acid treatment, the lane numbers indicate the same samples between western blot and SDS-PAGE.

with size range of 20−30 kDa, remain as a significant contaminant throughout the isolation (Figures 2a and 3; SEC UC). Acetic
acid treatment also showed improved vesicle/protein and RNA/protein ratios, indicating better EV yield and purity (Table 1 and
Figures 4c and 5a, supplementary Table T2 and supplementary FiguresS2 and S3). Acetic acid treatment affected antibody affinity
(CD63) where sharper bands were observed inWB profiles (Figure 2c,d). No distinctive differences between AA andUC samples
were seen in TEMs (Figure 5 and supplementary Figures S16-S25) but small change in NTA size distribution was seen (Figure 5,
UC vs. AA).

. SEC improves separation efficiency of sEV from soluble milk proteins

Utilization of commercially available SEC columns provide a quick and easymethod to separate particles larger than the columns
exclusion limit. Suitable running buffer for SECwas required for separation of EVs from soluble proteins, but the removal of milk
caseins requires chelating agent such as EDTA to dissociate the caseinmicelle structures which otherwise would elute in the same
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F IGURE  Size exclusion chromatograms of UC, AA, UC GRAD, and AA GRAD separated on two successive Superose™ six columns.

void volume as EVs (data not shown). SEC was effective in separating soluble proteins including dissociated milk caseins from
EVs (Figure 3). The observation is supported by the detection of sEV markers (CD81, TSG101 and ALIX; Figure 4c) in WB and
the improvement of the vesicle/protein and RNA/protein -ratios after SEC (Table 1). The enrichment of EV-associated proteins
and the reduced amount of milk proteins (caseins, whey proteins) was also observed in proteomics data of SEC-isolated sEVs
(Figures 3 and 6). Similarly, as with gradient centrifugation, decrease of TAG was also observed after SEC purification indicating
that the SEC or additional ultracentrifugation step separates someMFGs from EVs as well (Figure 7). In this study, SEC was also
used to detect the purity of EV isolates after each isolation process. As expected, UC-isolated EV sample contained a considerable
amount ofmilk proteins. Although the othermethods (AA,UCGRAD,AAGRAD) improved the purity of EVs in somemeasure,
still soluble milk proteins were detectable in all isolates (Figure 3, supplementary Figure S5).

. Sucrose density gradient alone is not a sufficient method to separate EVs from non-vesicular
particles of milk

DGC improves separation of vesicles from some of the milk proteins, such as β-lactoglobulin (Figure 3, GRAD samples,
Figure 4a). Lactadherin, a membrane-bound protein also shown to be present in milk sEV proteome as well as in MFG, local-
ized mostly in the density fractions corresponding to the EV density confirming the expected placement of EVs in the density
fractions determined by refractometer (1.05-1.15 g/mL; Figure 4a). WB with anti-ALIX revealed expected signal in fractions of
the same density (Figure 4b). From other investigated EV marker proteins TSG101 and CD81, but not CD63, were identified on
UC GRAD and AA GRAD samples (Figure 4c). Increased vesicle/protein ratio, as well as RNA/protein ratio of GRAD samples,
indicated improved sample purity compared to UC samples (Table 1). Reduction of milk proteins was also observed in SEC chro-
matograms (Figure 3, UCGRAD andAAGRAD samples) as well as in proteomics data, where sEV-associated proteins enriched,
andmilk proteins decreased compared toUC samples (Figure 6). Decrease of TAGs characteristics forMFGs indicated that DGC
reduces also contaminating MFGs in the sample (Figure 7). Localization of EVs in density gradient was visually distinguishable
after DGC (Supplementary Figure S4).

. Sizing and characteristics of EV samples: DMPS, TEM, and NTA

Size and characteristics of particles/vesicles of final isolates were analyzed for each isolation process and controls with NTA and
TEM. In NTA, the majority of the particles were in the size range of 100–200 nm (Figure 5a,c). Particle concentration ranged
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 of  KANKAANPÄÄ et al.

F IGURE  Sucrose density gradient centrifugation impact on the sEV protein composition. (a) SDS-PAGE of fractions from UC purification, (b) Western
blot of fractions from AA purification by anti-ALIX. (c) Western blot of EV-associated sEV-fractions (UC, AA) and purified EV fractions (UC GRAD and AA
GRAD and UC SEC and AA SEC).

from 1.47e12 (UC) to 2.19e11 (UC SEC) in 1 mL of rawmilk (Table 1). Acetic acid treatment narrowed the particle size distribution
in UC samples (UC vs. AA UC, Figure 5a) by decreasing the amount of >200 nm particles (Figure 5a).
TEM reveals vesicles, that correspond to EVs, based on their appearance and size. Most vesicles were less than 100 nm in

size, but also smaller ≤50 nm aggregating particles were observed (UC GS; Supplementary Figure S19). In addition, MFGs were
identified by their characteristic crystallization of fat in TEM (Figure 5, *MFG). No distinctive visual differences were observed
between different isolation processes. Size assessment with DMPS narrows the particle size distribution (<150 nm) compared to
NTA, better corresponding observation in TEM.

. Biomolecules reveal differences in sEV isolation methods

To study the influence of DGC and SEC techniques separately and combined on the enrichment of EV-associated proteins, the
relative abundance of LS-MS-detected proteins from UC GRAD, UC SEC, and UC GS were compared to UC (Figure 6). Using
GRAD and SEC or their combination, the proportion of sEV-associated proteins (e.g., CD14 and Rav-8B) increased, while the
proportion of milk proteins (e.g., β-lactoglobulin and caseins) decreased. Increasing trend was also observed in several other
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F IGURE  (a) NTA results from EV samples and controls. (b) DMPS results and size distribution of AA-process samples; 100 nm bead control provided
in figure PSL reference). (c) TEMmicrograph close-up of EVs and MFG obtained from UC GRAD sample. Wide angle TEMs are provided in supplemental file
S1 Figure S16-S24 from all EV samples.

EV markers and associated proteins such as CD9 and annexin 5, and RAB-8B, RAB-15 and CD14 respectively (Supplementary
Figure 6). Based on our data, SEC andDGCwere efficient in removingmilk proteins from the isolated samples. SEC favoured the
removal of soluble proteins, such as caseins, and DGCwasmore efficient in the removal of MFGs based on GlyCAM1 abundance
(Figure 6), which is heavily enriched in MFGs, but also secreted in soluble form.

Caseins (β-casein, α-caseins, κ-casein) and whey proteins (lactotransferrin, calmodulin, β-lactoglobulin, α-lactalbumin) were
successfully removed especially with SEC. Complete list of all proteins identified is found in supplemental file S2.
Lipidomics was used in verifying the purity of the AA GRAD, AA SEC and AA GS isolates compared with AA samples (i.e.,

only UC-purified AA-treated samples). Lipid class analysis showed isolation protocol-specific changes for themajority of classes.
Based on the lipid class analysis, the most purified sample, AA GS, contained the highest proportion (mole fraction) of FFA
(50.9 ± 1.90%; data not shown) compared with AA, AA GRAD, and AA SEC (18.2 ± 2.01, 18.8 ± 2.64, and 23.3 ± 5.45%, respec-
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F IGURE  Comparison of the relative protein amounts of the 10 most decreased and the 10 most enriched proteins in LC-MS proteomics. Comparison is
presented between ultracentrifuge isolated (UC, set at 0) sEVs and sEV samples prepared by sucrose gradient centrifugation (UC GRAD), size exclusion
chromatography (UC SEC) and successive use of both methods (UC GS). All statistically different proteins are seen in supplementary Figure S6.

tively) when FFA were considered as part of the total lipids studied. However, further examination of the results was conducted
without FFA (Figure 7 and supplementary Figure S7 and S8).
Lipidomic results supported data from proteomics and SDS-PAGE/WB. The lower proportion of CE and TAG as well as DAG

in EV isolates AA GRAD, AA SEC, and AA GS indicates lower quantity of MFGs compared with the AA isolate, which was only
purified by UC (Figure 7). On the contrary, the mole fractions of SMwere higher in the AAGRAD, AA SEC, and AAGS isolates
than in AA. Themole fractions of PE, PC, LacCER, andHexCER seemed to be the lowest in AAGS isolates, while the differences
in PE-P and PE-O were minor between isolates. The structural compositions of some of the lipid classes also changed during the
purification process as presented in the Supplementary Figure S7–S15.
RNAprofile was utilized as an indicator of EVs in the sample assuming thatmost ofmilk RNAwas encased in EVs. Bioanalyzer

data showed that the majority of the isolated RNA was small RNA (Figure 8) and that the isolation methods had no impact on
RNA profile. However, the RNA yield decreased with further isolations with GRAD and SEC (Figure 8, Table 1). Analysis of
isolated pellets from 17 h ultracentrifugation revealed little to no RNA, suggesting that the supernatant after sEV isolation (UC
and AA samples) did not contain intact EVs.

 DISCUSSION

Extraction of EVs from complex matrices such as milk (D’Alessandro et al., 2011; Singh & Gallier, 2017) requires understanding
of the pitfalls of the isolation method to be used. In our experiment, we focused on differential centrifugation-based protocols
to isolate sEVs from milk, and identified and characterized the possible contaminants and assessed the suitable method for the
follow-up analyses. We also implemented novel particle size analysis to better measure the size distribution of isolated EVs. Our
data reveals the isolation protocol-specific changes in proteome, lipidome and RNA yield, which were used to evaluate the purity
of the isolates.

. Assessment of EV isolation methods

In this study, we showed the importance of extensive validation of the isolation procedures for EVs. The guidelines presented
by ISEV (Lötvall et al., 2014; Théry et al., 2018) and easy-to-follow 9-point validation of EV-TRACK (EV-TRACK; Consortium
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F IGURE  Relative mole fractions of lipid classes (n/n ± SD) in acetic acid-treated ultracentrifuged sample (AA) and samples purified with gradient
centrifugation (AA GRAD), size exclusion chromatography (AA SEC), and with both methods (AA GS) with three biological replicates. CE, cholesteryl ester;
CER, ceramide; DAG, diacylglycerol; DCER, dihydroceramide; FFA, free fatty acid; HexCER, hexosylceramide; LacCER, lactosylceramide; LPC,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE-O, ether-linked PE; and PE-P vinyl ether-linked PE; PE,
phosphatidylethanolamine; SM, sphingomyelins; TAG, triacylglycerol.

et al., 2017) provide a good framework to work with. However, to further improve the isolation procedures, extensive validation
with more than one method should generally be incorporated in the studies to characterize the fraction nominated as sEVs.
Our results showed that, based on WB analysis only, the most valid milk sEV or exosome-enriched fraction would be the pellet
after 17 h ultracentrifugation. However, RNA yield, electron microscopy images and the calculations of the pelleting efficiency
of centrifugations suggest otherwise. The results also indicated that antibody testing alone is not sufficient for identification of
the fractions of interest. Based on a single validation method and without the characterization of all the fractions, it could be
possible to end up discarding the target of analysis as an unwanted fraction or either use the unintended fraction or overlook
the possible contaminants. In the present study, the contaminants are quite easily identified as general milk proteins which are
in abundance in milk.
Isolation method based on differential centrifugation is effective to enrich large quantities of EVs from bovine milk. Removal

of milk fat and casein micelles is, however, required for improved yield and purity and this can be achieved by acidification
(Rahman et al., 2019; Tan et al., 2021; Yamauchi et al., 2019) or micelle disruption by EDTA or sodium citrate (Benmoussa et al.,
2016; Vaswani et al., 2017). Our data supports that by adjusting pH of defattedmilk to 3.8, the yield and the purity of sEV isolation
improves as also previously reported (Li et al., 2022; Morozumi et al., 2021; Tong et al., 2020; Yamauchi et al., 2019). The effect of
acidification is based on the isoelectric precipitation of casein micelles (Dalgleish & Corredig, 2012; Yamauchi et al., 2019).

The separation of sEVs frommilk proteins can be further improved with SEC, which is effective in separating soluble proteins
from the EV fractions. In our experiment, caseins were co-isolating with EVs when a chelating agent was not present in the
running buffer to disrupt the micelle formation similarly as in Blans et al. (2017). However, results with effective removal of
caseins with SEC without casein micelle disruption have also been published recently (del Pozo-Acebo et al., 2021).
Based on our data it is possible to select isolation processes to work with specific fractions of the cow milk sEVs. Extensive

purification of milk EVs is not necessarily required for small RNA-related workflows, since more extensive purifications reduce
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F IGURE  RNA profiles of different EV
isolates. EV-enrichment was conducted with
ultracentrifugation without (UC) or with acetic
acid (AA) continued either by size exclusion
chromatography (UC SEC and AA SEC) clean-up
or sucrose gradient centrifugation (UC GRAD and
AA GRAD). 17-h UC samples were carried out to
analyze “left-over” fraction after the vesicle pellet
was removed from ultracentrifugation steps. The
size of the RNA fragments calculated by
nucleotides (nt) are estimated using size standard.
Each sample contains 25 nt internal standards. The
internal standard was normalized to fluorescent
value 1 in all samples.
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the yield. If the origin of the small RNA pool is of consideration, additional purification would be required to exclude possible
non-EV sources of RNA, such as of ribosomal origin (Hansen et al., 2022). Sequencing of the different sEV pools from different
isolation processes would reveal if these populations differ from one another. However, if the follow-up analyses are sensitive to
protein contamination, additional purifications could be beneficial to remove co-isolating proteins. Casein removal by adjusting
pH or using enzymes could also be suitable provided that the morphology and surface structures of native milk EVs is not
required for follow-up analyses (Rahman et al., 2019; Tong et al., 2020).The effects of acidification remain under discussion,
with some contradictory interpretation of data presented whether the acidification results in changes in membrane integrity and
morphology (Rahman et al., 2019; Yamauchi et al., 2019).

. EV size

The size range of EV isolates in the present study was similar to previously reported data (Benmoussa et al., 2017). When com-
paring the TEM images to the NTA results, a roughly 30−80 nm shift in the size of the vesicles can be observed. This could
originate from the conditions, the settings used in the NTAmeasurement or from a hydrodynamic size effect. In addition, in the
DMPSmeasurements, the maximum EV concentration was obtained in the size range from ∼20 to 50 nm (samples AA SEC and
AA GRAD). This was in agreement with the previous studies reporting sa imilar diameter range for exosome-like vesicles that
were collected from human breast milk by differential centrifugation and analyzed by electron microscopy as well as EVs from
bovine milk (Admyre et al., 2007; Samuel et al., 2021). The accurate resolution of the NTA system is limited to 30 nm in protein
analytics and 60–70 nm for particles. It is also heavily dependent on the concentration of particles (Bachurski et al., 2019; Filipe
et al., 2010; Maas et al., 2015). Vesicles below the analysis threshold will be ignored. NTA is also shown to overestimate particle
sizes biological materials (Bachurski et al., 2019). DMPS offers more accurate measurement of sEV size which agrees with size
estimation from TEM.
It should also be noted that, in DMPS, each sample in aerosol flow with the given electrical mobility always contains some

particles with different sizes (if the sample is not completely monodispersed) and different charges due to multiple charging phe-
nomena (Wiedensohler, 1988). In the differential mobility analyzer (DMA), the particles are classified by their electrical mobility
and particles in the lower size range remain mainly singly charged, thus producing correct size values in the measurement. Dou-
ble charging becomesmore significant in particles with a size range≥200 nm (> 10% charging probability). Even then the doubly
charged particles would not be in the maximum concentration size range for EVs (∼20-50 nm). For the triply charged particles,
the charging probability is already less than 2% at <150 nm (Wiedensohler, 1988). We, therefore, conclude that the multiple
charging phenomena did not considerably interfere with DMPS measurements in this study.
Hydrodynamic size of EVs obtained, for instance in the NTA analysis, is larger than the geometric size. Previously, it has been

observed that geometric size of hydrated and desiccated EVs of ∼40-70 nm shows corresponding hydrodynamic diameters in
the range from ∼120 to 180 nm (Chernyshev et al., 2015). This was explained partly due to macromolecular surface conjugated
compounds, which could include proteins, lipids and other compounds present in biological fluids. Similar results have also been
obtained in the NTA measurements of current EV samples. NTA analysis for AA SEC samples shows ∼135 nm mean diameter.
This also corresponds to the results obtained from DMPS measurements as the particle size distribution measured in aerosol
phase closely resembles the EVs’ geometric size.

. Proteomics

MS analysis of EV proteome was carried out to evaluate the effect of different isolation methods on the purity of the sample
and to identify suitable candidates for EV marker proteins for bovine milk. Overall, the majority of the proteins were associated
with EVs. As expected, a relative decrease of non-EV proteins and an increase of EV-associated proteins, such as CD14 (Gebraad
et al., 2018), was seen when isolates were further purified. The comparison also showed contaminating co-isolating proteins in
UC samples, such as GlyCAM1, which is secreted by epithelial cells to milk (Dowbenko et al., 1993). Enriched proteins from the
UCGS sample could potentially be used as EVmarkers, such as tetraspaninCD9which associates with CD81 (Charrin et al., 2001)
and ras-related protein RAB-8B (Gangoda et al., 2017). The origin of EVs analyzed in our experiment remains still a question.
CD14-positive EVs could potentially be originating from immune cells (Gebraad et al., 2018) while as CD9-positive vesicles could
be derived directly from plasma membrane (Mathieu et al., 2021).
In this study, relative amounts of FKBP1 and CD81 decreased along the purification process. This reduction could indicate that

these proteins are not associated with the milk EV fraction but are part of the MFG (Hettinga et al., 2011) or belong to the vesicle
subpopulation lost during purification. Some EV-associated proteins, such as CD63, were detected with WB but not with MS.
This could be explained by technical reasons: firstly, comparison was only made to proteins with ≥3 peptides identified from
each sample and proteins with less than 3 identified peptides from each sample were excluded, and secondly the sensitivity of the
MS instrument set limitations to the analysis.
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 of  KANKAANPÄÄ et al.

A common problemwith the purification is that EVs andMFGs are difficult to separate from each other due to the overlapping
size and density (Singh & Gallier, 2017). In the present study a decrease in the relative amounts of knownMFG proteins, such as
xanthine dehydrogenase/oxidase (Farkye, 2002), were observed inGS-purified samples, whereas those same proteins were higher
when the sample was purified only with SEC or gradient centrifugation. The proteome analyses suggest that DGC followed by
SEC results in more purified EV fraction with less MFG contamination.
In the present study, EV proteome was more limited than the first published bovine milk EV proteome of 2107 proteins (Rein-

hardt et al., 2012). However, more recent studies with more advanced methods and MS instruments reported a more compact
EV proteome, suggesting significant technical differences in EV isolation methods and possibly a higher rate of false positives or
contaminants in previous analyses (Rahman et al., 2021; Reinhardt et al., 2012; Somiya et al., 2018; Tan et al., 2021). The actual
physical limitations of EV size could also limit the proteome size and randomly occurring singular proteins would drop below
the limit of detection (Sverdlov, 2012).

. Lipidome profile of milk

Weused lipidome analysis as an additionalmethod to verify the purification process steps fromultracentrifuged samples onwards
and to characterize the lipidome profile of bovinemilk EV isolates. Milk contains fat globules of different sizes and changes in the
lipidome profile along the purification steps were hypothesized to reflect their presence. Lipidomic results of the present study
support data from proteomics and SDS-PAGE/WB analyses.
The fat in the lipid droplets contains high levels of TAG and CE (Skotland et al., 2019). The lower proportion of CE and TAG

in EV isolates AA GRAD, AA SEC, and AAGS compared to AA isolate indicates higher purity of those isolates and the presence
of MFGs in the AA isolate. In addition, the fatty acid profile of TAG and DAG changed during the purification process. We were
not able to quantify the abundance of cholesterol or phosphatidyl serine, which has been shown to be enriched in EVs (Blans
et al., 2017).

EVs are abundant in SM (Skotland et al., 2019). In addition, in a previous report (Blans et al., 2017), SMwas reported to bemore
abundant in bovine milk EV preparations compared with the MFG membrane. The higher proportion of this lipid class in AA
GRAD, AA SEC and especially AA GS isolates compared to AA indicates a higher density of EVs in those samples. In contrast,
milk processing was shown to slightly decrease the SM percentage inmilk EV samples in parallel with increase in TAG:chol ratio,
indicating co-isolation of other lipids due to milk processing (Hansen et al., 2022).
Bovine MFG membrane has been reported to be more enriched in PC than bovine milk EV preparations (Blans et al., 2017).

In the present study, the molar proportion of PC decreased moderately in the purification process fromAA to AAGS, indicating
that the purity of EV isolates also increased. Blans et al. (2017) reported a slightly higher proportion of PE in milk EVs compared
with MFG membrane, although the differences were minor. However, in the present study, the molar fraction of PE was the
lowest in the most purified AAGS isolate. Contrary to Hansen et al. (2022), who reported similar proportions of PC and PE, and
(Grossen et al., 2021), who reported higher proportions of PC than PE in EVs isolated from raw milk, our studies and the results
by Blans et al. (2017) showed lower proportions of PC compared to PE.

In previous reports, ether lipids have been shown to be enriched in EVs released from different cell types and they may be
important components contributing to membrane stability and fusion of EVs with other membranes (Skotland et al., 2019).
However, in the present study, the differences in the molar fractions of PE-P and PE-O were rather minor between the isolates.
Nevertheless, the differences in the composition of PE-P species between AA GS and other isolates indicated changes in the
membrane PE-P along the purification process and thus in the EV composition. In addition, EVs are supposed to be rich in
glycosphingolipids (HexCER, LacCER) compared with cells (Skotland et al., 2019) but, in the present study, the most purified
isolate AA GS seemed to contain the lowest molar fraction of HexCER and LacCER.
The reason for the highest molar proportion of FFA in the most purified EV isolates AA GS could be a result of the extensive

and long purification process, which might have affected the lipids in the samples. Nevertheless, this observation as well as the
difference in the FFA composition between SEC purified samples (AA SEC and AA GS) compared with AA and AA GRAD
remains to be studied. This may have implications for the further utilization of EV isolates.

. Final remarks

We emphasize the importance of validating the used EV isolation protocol with more than one metric regardless of the isolation
protocol. Based solely on a single analysis method, we would have discarded the majority of our sample and considered the 17-h
fractions as the most promising ones based on WB analytics.
We observed increased purity of sample with additional purification steps. This was observed across all analyses conducted.

EVs showed limited protein and RNA profiles. Thus, the EV population is quite homologous in nature. Proteome was changed
with additional purifications that removed co-isolating proteins. The lipidome profiles indicated the lowest purity for the AA
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isolate and the highest purity for AA GS samples, although the FFA content for AA GS was the highest. Overall, there were
differences between isolates within lipid classes, but AA GS was notably different from other EV isolates. This demonstrates
the efficiency of our isolation protocol, producing reproducible results and high-quality data to be used in further studies. We
also described the limitations of the isolation procedure and characterized the impurities in detail, which can be difficult to
differentiate from broad data.
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