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ABSTRACT
Human milk serves the sole nutritional role for the developing infant. During lactation, nano-sized extracellular vesicles (EVs)
in milk containing a multitude of biologically active components are transferred from mother to offspring. Infant formula (IF)
based on cow milk-derived ingredients has been reported to contain reduced levels of EVs as compared to human milk. There is
therefore an unmet need to produce large-scale volumes of milk EVs to improve IF composition.
Here, we report a scalable industrial production protocol for a bovine whey-derived ingredient that is highly enriched in EV
material using a large-scale sequential ceramic membrane filtration setup. Furthermore, we demonstrate a robust and generally
applicable analytical approach to determine the relative contributions of EVs andmilk fat globulemembrane (MFGM) usingmolar
ratios of themembrane-bound proteins butyrophilin (BTN) and CD9 as surrogatemarkers forMFGMand EVs, respectively. Taken
together, our findings provide a basis for comparing bovine milk-containing foods and aid in developing specialized ingredients
that can minimize the compositional difference between infant formula and human milk.

1 Introduction

Exclusive breast feeding for the first 6 months of life is recom-
mended by theWorldHealthOrganization (WorldHealthAssem-
bly 55 2002), highlighting that milk is comprised of everything
necessary for optimal infant growth and development (Ballard
and Morrow 2013; Harzer et al. 1983; Claumarchirant et al. 2016).
Even though substantial efforts have been made to mimic breast
milk composition (Martin et al. 2016), formula-fed infants still
show considerable differences in gut microbiota composition,
growth patterns, and prevalence of infections compared to breast-
fed infants (Quigley et al. 2016; Forbes et al. 2018; Lönnerdal
2010). Advantages in cognitive function have also been observed
in breastfed infants compared to formula fed infants (Anderson
et al. 1999), suggesting that infant formulas can be improved for
optimal neuronal and cognitive development (Timby et al. 2014).
Polar lipids, especially sphingomyelin (SM), have often been

associated with optimal infant neurodevelopment (Schneider
et al. 2019), and supplementing infant formula with polar lipids
from themembrane envelopingmilk fat globules (milk fat globule
membrane—MFGM) shows well documented health benefits in
infants, including improved neuro- and cognitive development
(Timby et al. 2014, 2021; Li, Hock, et al. 2019; Li, Wu, et al. 2019),
fewer incidences of diarrhoea (Zavaleta et al. 2011), protective
immunological and metabolic effects (Lee et al. 2018; Timby
et al. 2015), and a microbiome closer to resembling breastfed
infants (Demmelmair et al. 2017; Bhinder et al. 2017). Taken
together, there is still a need to develop formulas and their lipid
containing ingredients further in an effort to eliminate these
differences. Here we focus on a subcomponent of milk, namely
the extracellular vesicles (EVs) (Admyre et al. 2007).

The phospholipids in bovine milk are generally described to be
constituted of 60% MFGM, while the remaining 40% belongs to
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the skim milk phase (Patton and Keenan 1971)—suggesting up
to 40% EV material. The phospholipids in the skim milk phase
are likely a mixture of small MFGs, MFG-detached MFGM, and
EVs, including sub-EVpopulations of both small EVs (30–150 nm)
and large EVs (100–1000 nm) (Admyre et al. 2007). These vesicle-
type particles are secreted into the milk by mechanisms distinct
fromMFG biogenesis and secretion (see Figure 1 for a biogenesis
overview) with a small contribution likely originating from the
lymphocytes and macrophages found in milk (Van Herwijnen
et al. 2016; Buratta et al. 2023). While the core of the milk
fat globules (MFGs) is primarily comprised of triacylglycerols
(TAG), the lumen of EVs contains ribonucleic acid (RNA) and
cytosolic proteins. The MFGs are coated with a triple-layer of
phospholipids, with the inner monolayer originating from the
endoplasmic reticulum and the outer bilayer originating from
the plasma membrane (Cavaletto et al. 2008). The phospholipid
bilayer surrounding exosomes originates from the endosomal
system,whereasmicrovesicles are enveloped by the plasmamem-
brane during secretion. EVs are actively secreted into the milk,
where they are involved in cell communication by transporting
signalling molecules between cells, tissues, and between mother
and child (Hata et al. 2010; Sanwlani et al. 2020; Chen et al.
2016). In general, the EV content reflects the parent cell, but cargo
sorting and packaging of specific components into EVs appear
to be a regulated process with various mechanisms involved
(reviewed here: Chen et al. 2021; Anand et al. 2019). Thus,
bovine EVs comprise a potential source of essential bioactive
phospholipids, which in infant formula can supplement MFGM
to more closely match the dynamic composition of milk lipids
during a feeding (van Sadelhoff et al. 2018; Takumi et al. 2022)
and over the lactation (Harzer et al. 1983; Claumarchirant et al.
2016). The aspect of adjusting the MFGM and EV ratio is largely
overlooked in modern formula manufacturing due to the lack
of available ingredients and analytical knowledge (Santoro et al.
2023).

EVs have been isolated from a variety of milk sources, includ-
ing human, bovine, pig and sheep milk (Admyre et al. 2007;
Reinhardt et al. 2012; Gu et al. 2012; Wooding 1974; Mecocci
et al. 2020, 2021), and the most abundant miRNAs in milk EVs
appear to be conserved between species with implications on
immunological cell responses (van Herwijnen et al. 2018; Izumi
et al. 2015; Sun et al. 2013). Due to the complex milk matrix,
with components overlapping EV size and density, isolation
methods often include several number of steps starting with an
initial crude separation of colloidal structures such as MFGs,
cell debris and casein micelles, for example, by centrifugation
(Blans et al. 2017) or acidification (Rahman et al. 2019; Morozumi
et al. 2021). Further separation of EVs can be obtained by
applying precipitation, ultracentrifugation, or density gradients
(Wadenpohl et al. 2024; Lane et al. 2017; Yuan et al. 2023).
These purification protocols have been optimized to include
methods easily applied in small-scale isolations. However, with
an increasing interest inmilk-derivedEVs for infant nutrition and
natural delivery vehicles for therapeutic drugs, there is a need
to investigate the potential of industrial scale dairy streams as
a source of EVs (Paolini et al. 2022). Membrane filtrations are
efficiently utilized at an industrial scale to separate molecules
according to sizes, and sequential filtration has been used on a
small scale to gently obtain an enriched EV fraction (Heinemann
and Vykoukal 2017). It is well-known that the choice of isolation

method and pre-processing of raw material is crucial to preserve
EV integrity (Théry et al. 2018). This is of particular importance
for the infant formula manufacturers, where research shows that
EVs exist in infant formulas but are compromised compared to
native skim milk EVs (Mukhopadhya et al. 2021). Thus, as also
highlighted by the International Society of Extracellular Vesicles
(Paolini et al. 2022), there is a need for an optimized, large-scale
isolation method to obtain an EV-enriched fraction from bovine
milk.

In the present study, an industrially relevant method to enrich
EVs from acid whey by serial filtration is presented. The enriched
isolate is assessed for the relative content of EV and MFGM
material by introducing a ratio of the two membrane protein
markers, CD9 and butyrophilin (BTN), respectively. By three
complementary analytical approaches, the ratio of BTN/CD9 is
successfully used to describe the relative distribution of MFGM
and EV material in different industrial milk fractions, including
the presented EV-enriched fraction from acid whey. To the best
of our knowledge, this study is the first to introduce an industrial
large-scale isolation and characterization of milk-derived EVs for
utilization in infant nutrition.

2 Materials andMethods

2.1 Parallel Filtration

Bovine skim milk was first concentrated to 4.5% protein and
0.08%–0.11% fat by a combination of filtration and evaporation.
Acidwheywas produced bymineral acidification of the skimmilk
using HCl, according to published protocols (Bylund n.d.). The
majority of theminerals, non-protein-nitrogen (NPN) and lactose
were removed from the thin whey by filtration to 82% protein of
total solids.

Before further processing, the acid whey was diluted from
27% total solids (TS) to a concentration of 9% TS before pH
adjustment to pH 6.5 using a mix of 2/3 NaOH and 1/3 KOH.
A parallel filtration was performed using a trisampler, which
enables running three membranes in parallel. Two runs were
performed. One with TAMI ISOFLUX 23 channel membranes
(1.4, 1.2 and 0.8 µm, respectively), and one with TAMI ISOFLUX
23 channel membranes (0.45, 0.20, and 0.14 µm, respectively). In
each case, the membranes were mounted in the trisampler.

The two filtrations were performed at a feed pressure of 2 bar
and a permeate pressure of 2.4 bar. Both the retentates and
the permeates were directed back to the feed tank to ensure a
stable feed during the experiments, and the system was left to
equilibrate for 3 h before samples were collected for analysis.
After equilibration, permeate samples were taken for analysis.
An overview of the setup and composition of feed and permeate
samples of the differentmembranes can be found in Figure S1 and
Table S1.

2.2 Serial Filtration

Bovine acid whey was used as starting material for the serial
filtration setup. The acid whey was produced according to the
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FIGURE 1 Milk EV and MFG biogenesis from mammary epithelial cells and composition. (A) Exosomes are formed by invaginations of the
endosomal membrane creating intraluminal vesicles kept in multivesicular bodies, which upon fusion with the plasma membrane release the vesicles
to the milk matrix as exosomes. Microvesicles are released into milk by direct outward membrane budding from the plasma membrane. TAGs are
synthesized and released from the endoplasmic reticulum as small droplets enveloped by a single phospholipid layer. These fuse and grow in size during
transportation towards the apical plasma membrane. Here, the lipid droplets are further enveloped by the apical cell membrane, resulting in a tripartite
membrane coating theMFGs calledMFGM.MFGs comprisemore than 98%of the lipidmass inmilk and serve an important purpose as a TAG-containing
energy-dense fraction. (B) Composition of a generic EV with a phospholipid bilayer embedded with membrane-associated proteins and intraluminal
content of RNAmolecules and cytosolic proteins. TheMFG has a core of TAG surrounded by theMFGM containingmembrane-associated proteins with
a possible content of cytoplasmic crescent containing RNA and cytosolic proteins. (C) Inserts depict the main different membrane protein markers in
focus of this study. EV, extracellular vesicles; MFG, milk fat globule; MFGM, milk fat globule membrane; RNA, ribonucleic acid; TAG, triacylglycerols.
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same procedure as described for the parallel filtration. The
composition of the acid whey starting material is found in Table
S2.

Before further processing, the acid whey was diluted from 27%
total solids (TS) to a concentration of 9% TS before pH adjustment
to pH 6.5 using a mix of 2/3 NaOH and 1/3 KOH. Filtration was
performed using TAMI 0.45 µm ISOFLUX 23 channel membrane
at a feed pressure of 2 bar and permeate pressure of 2.25 bar.
Four hundred percent diafiltration (calculated based on starting
feed volume) was performed using polished water (water filtered
by reverse osmosis to obtain a conductivity of at most 0.05
mS/cm) as the diafiltrationmedium. The temperature of the feed,
the permeate, and the retentate during the microfiltration was
approximately 10◦C. After the diafiltration was performed, a final
concentration step of the retentate was performed to increase
the TS concentration in the retentate. The composition of the
corresponding retentate and permeate from the filtration is found
in Table S2.

The permeate from the first filtration was collected and used
as feed for a second filtration performed using TAMI 0.20 µm
ISOFLUX 23 channel membrane. The second filtration was
performed with the same running settings as the first filtration,
except only 300% diafiltration was performed. Also here, a
final concentration step was included after the diafiltration to
increase the TS concentration in the retentate. The composition
of the corresponding retentate and permeate from the 0.20 µm
microfiltration is found in Table S2.

The permeate from the second microfiltration was collected and
used as feed for a final ultrafiltration step, in order to concentrate
the soluble protein fraction. This was performed using Koch
HFK328 31D 5 KD membrane at a feed pressure of 3 bar and
a pressure drop of 1 bar per element. The composition of the
retentate from the filtration step can be found in Table S2.

Finally, the 0.45 µm retentate and 0.20 µm retentate were dried by
freeze drying, and the retentate from the ultrafiltration was dried
by spray drying. All powders were stored at −80◦C until further
use. The process for obtaining the 0.20 µm retentate (the so-
called novel cholesterol-enriched milk lipid composition suitable
for infant nutrition) has been used for applying for a processing
patent (WO 2022/112552). In the present text, this fraction is
referred to as the acid whey EV fraction (AW-EV).

2.3 Western Blotting

Equipment/reagents and chemicals were bought from BioRad
unless otherwise stated. Powdered samples (see sample overview
in Figure S2) were dissolved in Milli-Q water, and both liquid
and powdered startingmaterial were appropriately diluted before
mixing with Laemmli sample buffer. For reduction, 80 mM
dithiothreitol (DTT) was added. All samples were subsequently
heated for 5 min at 100◦C and stored at −20◦C until further
use. Protein separation was conducted by SDS-PAGE using 8%–
16% Mini-PROTEAN TGX gradient gels and Tris/Glycine/SDS
running buffer. After separation, proteins were transferred to 0.2
µm-polyvinylidene difluoride membranes (100 V for 1 h) and
subsequently blocked in 3% gelatin dissolved in TBS containing

0.5% Tween 20. Probing with primary antibody was conducted
overnight at 4◦C. Secondary alkaline phosphatase-antibodies
were used to detect target proteins by a colorimetric reaction with
5-bromo-4-chlor-indolylphosphate and nitro blue tetrazolium.

The following antibodies were used: monoclonal mouse anti-
human CD9 (clone IVA50, reducing conditions; diluted 1:1000;
ThermoFischer), monoclonal mouse anti-bovine CD63 (clone
CC25; non-reducing conditions; diluted 1:2000; ThermoFischer),
monoclonal mouse anti-human CD81 (clone 12C4; non-reducing
conditions; diluted 1:1000; CosmoBio), monoclonal rabbit anti-
bovine BTN (clone 102.43; reducing conditions; diluted 1:1000;
LSBio), polyclonal rabbit anti-human XOD (reducing condi-
tions; diluted 1:1000, Abcam), and polyclonal rabbit anti-bovine
lactadherin (reducing conditions; diluted to 1 µg/mL; in house-
produced by Jan Trige Rasmussen, Aarhus University).

For comparative quantitative evaluation, the appropriate amount
of protein loaded onto the gels was individually assessed for all
samples. Six identical SDS-PAGE gels were run with all samples.
Subsequently, three gels were blotted with the CD9 antibody and
three gels with the BTN antibody. The blots were scanned into
high-quality TIF images, and band intensities were quantified
using Fiji (ImageJ) (Schindelin et al. 2012) software using the gel
analyser feature. Results are seen in Figure 4A, Figure S4 and
Figure 5A.

2.4 Mass Spectrometry (MS)

The target peptides were selected based on the uniqueness of the
tryptic peptide sequence (obtained by in silico trypsin digestion
using the peptide-mass tool and protein sequences obtained
fromhttps://web.expasy.org/peptide_cutter/), the ability to detect
these peptides using MS, and the absence of readily oxidizable
cysteine and methionine residues and post-translational modifi-
cation sites such as serine and threonine amino acid residues. The
peptide sequences were also limited to no more than 15 amino
acid residues. The selected peptides are shown in Table 1 below.

The selected peptides (both light/native and heavy/labelled) were
purchased fromThermo Fisher Scientific as HeavyPeptide AQUA
Ultimate grade. For internal standards, the last AA of the peptide
was labelled with 13C and 15N, thereby producing a mass shift
between the heavy labelled and the native peptide of +10 for
arginine and +8 for lysine.

Samples were solubilized in 50mM triethylammonium bicarbon-
ate (TEAB) (Merck) pH 8.5 to give a concentration of 1.5 mg/mL
protein. A 100 µL sample was reduced with dithiothreitol (DTT)
(Merck) (40 µL of 100 mM) for 30 min at 100◦C and alkylated
with iodoacetamide (IAA) (140 µL of 100 mM) (Merck) for
30 min at RT in the dark. Proteins were digested by incubation
with trypsin (T1426, Merck) (1:20 w/w) for 4 h at 37◦C. The
samples were acidified with trifluoroacetic acid (TFA) (Merck)
(final concentration 0.3% v/v) to stop the hydrolysis. Labelled
synthetic peptides (BTN_411-420* and CD9_169-175*) were spiked
into the standard solutions and the acid hydrolysed samples at a
concentration of 100 and 30 nM, respectively. Prior to injection,
the samples were filtered through a 0.22 µm syringe filter, and an
internal standard was added.
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Peptides were separated on an Agilent 1200 Series HPLC system
equipped with a RP Symmetry300 C18 column (5 µm, 2.1 mm ×
150 mm) and a guard column (VanGuard Cartridge, Symmetry
300 C18, 5 µm, 2.1 mm × 5 mm); both columns fromWaters, with
a flow rate of 0.35 mL/min for 60 min. The aqueous mobile phase
(A) contained 0.1% formic acid (FA) (VWR International), and
the organic mobile phase (B) contained 0.1% FA in acetonitrile
(ACN) (Rathburn). Standards and samples (20 µL) were loaded
onto the column with 3% mobile phase B for the first 2 min.
Peptides were eluted from the column with a gradient of 3%–
29.4% B over 23 min, increasing to 100% B over 10 min. After
10 min at 100% B, the column was re-equilibrated at the initial
conditions for a period of 15 min. The column temperature was
maintained at 45◦C.

The Agilent 1200 Series HPLC system was coupled directly to an
Agilent 6410 Triple-Quad mass spectrometer (Agilent Technolo-
gies) using a positive electrospray ionization (ESI) interface. ESI
conditions were as follows: Gas temperature 300◦C, gas flow 10
L/min, nebulizer gas pressure 35 psi, capillary voltage 4000 V,
delta EMV (+) 600 V, cell accelerator voltage 7 V. The 6410 triple
Q was operated in MRM mode with selected fragmentor voltage
and collision energy as described in Table 1. Transition masses
of the precursor ions detected in the first quadrupole (Q1) and
the fragment ions detected in the second quadrupole (Q3) for
each peptide (BTN_411-420 and CD9_169-175) were submitted as
a batch for data acquisition. Quantification was calculated based
on the ratio of the analyte and internal standard by MassHunter
Quantitative Analysis software (Agilent Technologies) and Excel
(Microsoft) using serial standard concentrations for BTN_411-420
and CD9_169-175, which were 10, 50, 100, 150 and 200 nM and
1, 10, 30, 40 and 50 nM, respectively. Plots demonstrating the
linearity of the quantification are found in Figure S6.

2.5 Transmission ElectronMicroscopy (TEM)

The lab-scale pure MFGM and EVs samples were first thawed on
wet ice and diluted 1:1 with 1× PBS (pH 7.2) before being fixed in
2% glutaraldehyde phosphate buffer (pH 7.2) for 60 min at room
temperature, and centrifuged at 100,000 × g for 90 min at 15◦C.
The pellet was gently taken out and submerged in warm (38◦C)
2% low melting agarose (Carl Roth, Germany) and left at room
temperature for solidification. The pre-treatment of the sample
was done in duplicate.

For the 3 fractions obtained from pilot production, the samples
were first centrifuged at 3400 × g at 4◦C for 35 min to remove
protein aggregates. The supernatant was further centrifuged at
170,000 × g for 90 min at 15◦C, and the pellet was resuspended
in 1× PBS (pH 7.2) and fixed with 2% glutaraldehyde phosphate
buffer (pH 7.2) for 60 min at room temperature. Thereafter, the
sample was centrifuged again at 170,000 × g for 90 min at 15◦C,
and the pellet was put in 2% low melting agarose and left at room
temperature for solidification. The pre-treatment of the sample
was done in duplicate.

Further TEM sample preparation was done following the same
process used by Bach Korsholm Knudsen et al. (2021). Briefly, the
sample in agarosewas cut in to small pieces,washed andpostfixed
in 1% w/v OsO4 with 0.05 M K3Fe(CN)6 in 0.12 M phosphate
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buffer (pH 7.2) for 2 h. This was followed by a standard procedure
for dehydration, embedding, and sectioning. The copper grids
with Formvar supporting membranes were used for collecting
the sectioned samples. Subsequently, stained with uranyl acetate
and lead citrate, and examined by a Philips CM-100 electron
microscope (Philips, Eindhoven, The Netherlands) operated at
100 kV.

2.6 Immunogold ElectronMicroscopy (iEM)

Milk-derived samples were mixed 50:50 with 4% paraformalde-
hyde for 10 min, and subsequently 10 µL of the fixed sample was
deposited on a formvar supported one-whole copper grid and
allowed to adsorb for 5 min. Following blotting of the sample
with filter paper, the grid was deposited on a 25 µL drop of
pre-incubation medium (PBS + 1% BSA + 0.05 M glycine) on
parafilm for 10 min. Following a wash (PBS + 1% BSA), the grid
was deposited on a 25 µL drop of primary antibody in PBS +
1% BSA in a humidity chamber for 24 h at 4◦C. Following a
wash (PBS + 1% BSA), the grid was deposited on a 25 µL drop of
secondary antibody made from a 25 mL solution of TBS (0.05 M
Tris + 0.1% BSA) + 10 nm gold labelled Protein A (1.5 mL of
1% PEG) + 1% cold water fish gelatin on Parafilm. The grids
were washed in TBS and subsequently distilled water, stained
with 2% uranyl acetate for 15 min, and subsequently examined
with a Philips CM 100 Transmission EM (Philips, Eindhoven,
The Netherlands), operated at an accelerating voltage of 80 kV.
Digital images were recorded with an OSIS Veleta digital slow
scan 2k× 2kCCDcamera and the ITEMsoftware package. Images
were analysed using Fiji (Schindelin et al. 2012), employing the
‘analyse particles’ feature on binary watersheded pictures with a
predetermined size (in pixel units). Out of a pool of 50 pictures
for each sample and antibody, at least 10 pictures with a scalebar
of either 1 or 0.5 µm were counted for positive gold labels (black
spots of the expected size) and averaged by area to produce a value
of [gold particles per area]. Representative pictures are shown in
Figure 4B.

2.7 General Compositional Analysis

2.7.1 Total Solids

The total solids were determined according to NMKL 110 2nd
edition, 2005 (Total solids (Water)—gravimetric determination in
milk and milk products). NMKL is an abbreviation for ‘Nordisk
Metodikkomite for Næringsmidler.’

2.7.2 Total Protein

(1) Determining the total nitrogen of the sample following ISO
8968-1/2 (IDF 020–1/2-Milk Determination of nitrogen content—
Part 1/2: Determination of nitrogen content using the Kjeldahl
method. (2) Determining the non-protein nitrogen of the sample
following ISO 8968-41 / IDF 020–4.

Determination of nitrogen content—Part 4: Determination of
NPN content. The total protein is then calculated by subtracting
the two values and using a Kjeldahl factor of 6.38.

2.7.3 Ash

The ash content of a food product is determined according to
NMKL 173: 2005 ‘Ash, gravimetric determination in foods.’

2.7.4 Total Phospholipid

Quantitative analysis was performed using 31P NMR by Spectral
Service AG.

2.7.5 Total Triacylglycerol (TAG)

Standard Rose Gottlieb analysis minus the total phospholipid.

3 Results

3.1 Industrial-Scale Isolation of a Milk-Enriched
Fraction in EVMaterial

Two types of whey were initially explored as potential raw
material for isolation of milk EV material (see milk processing
diagram in Figure S2 for an overview and more information).
Sweet whey (a byproduct from cheese production obtained by
casein micelle removal through enzymatic-mediated precipita-
tion) and acid whey (a byproduct from caseinate production
obtained by HCl-mediated precipitation of the casein micelles in
concentrated skim milk) were examined by electron microscopy
(data seen in Figure S3). Visual inspection revealed the presence
of EV-type structures, identified by their electron-dense (black)
lipid-bilayer-like perimeter and a central lighter core. These EV-
like structures were observed in both types of whey. Furthermore,
small particles with a uniform electron density indicated the
presence of small MFGs of similar size to EV, especially in the
sweet whey. Suspecting that the similar size would complicate
the production of an EV-enriched fraction, acid whey was chosen
as a starting material for further processing. Next, ceramic filter
membranes of increasing cut-off pore sizes (0.14, 0.20, 0.45,
0.8, 1.2 and 1.4 µm) were tested in a parallel filtration setup
using acid whey as input to identify the optimal membrane cut-
off for isolation of EVs (overview and data in Figure S1 and
Table S1, respectively). Here it should be noted that there is
a significant difference in permeation between polymeric and
ceramic membranes, as demonstrated by Zulewska et al. (2009).
Based on macro-component analysis, ceramic membranes of
0.45 µm, 0.2 µm, and a 5 kDa pore-size were chosen for further
optimization of isolation.

In order to avoid changes in surface charge interactions during
processing, acid whey was first adjusted to pH 6.5, whereafter
a serial filtration scheme was established on an industrial pilot
plant scale. As outlined in Figure 2A, progressively smaller
pored membranes were used, and diafiltration was conducted for
continuous particle enrichments. For example, the retentate from
0.45 µm filtration was collected, and the 0.45 µm permeate was
subsequently used as input feed for 0.20 µmfiltration and so forth.
The retentates obtained were named ‘MFG fraction,’ ‘EV frac-
tion,’ ‘Soluble protein fraction’ and ‘permeate fraction,’ based on
their putative relative enrichment of MFG, EVs, soluble proteins,
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FIGURE 2 Industrial scale isolation and characterization of (lipid)-enriched fractions/obtained from acid whey after serial filtration steps). (A)
Depicts the series of filtrations using acid whey as feed/starting material and the fractions obtained after using different membrane pore sizes. MFG, EV,
TAG, and phospholipids (PL). (B) The fractions were characterized for their protein composition and total solids (TS).

and permeate, respectively. Figure 2B describes overall macro-
component content in the obtained fractions (Table S2, additional
compositional information), except the permeate fraction that
was disregarded. The MFG and EV fractions contained ≥ 10% of
phospholipids per total solids, while the soluble protein fraction
contained < 1% phospholipids per total solids. Furthermore, the
MFG fraction contained twice the amount of triglycerides than
the EV fraction (40% vs. 18%), and a factor of 20× more than the
soluble protein fraction (40% vs. 2%). Finally, the total protein
content per total solids gradually increased from ∼50% (MFG) to
∼75% (EV) and 94% (soluble protein fraction).

These data suggest that themajority of theMFGswere in theMFG
fraction and that the protein contentwas inversely proportional to
the phospholipid and TAG content—indicating that the majority
of the proteins were in the soluble protein fraction. Moreover, the
majority of phospholipid material per total lipids was detected in
the EV fraction. Although exclusive separation of different con-
stituents was not possible, relative enrichments in the fractions
were obtained, and 0.5 kg freeze-dried powder of the EV fraction
was obtained for further analysis.

3.2 TEM Analyses of MFGM and EVMaterial

In order to gain further compositional insight into the three reten-
tate fractions, we employed TEM to assess the nano-structures
present. For reference purposes, we also purified pure MFGM
material from cream and pure EV fractions from skimmilk, both
made using a lab-scale procedure as previously described (Blans
et al. 2017). Representative pictures are shown in Figure 3 for all
five samples. Visual inspection of the reference samples reveals
that the Pure EV sample contains higher amounts of smaller
EV-like structures, while the pure MFGM sample contains

many elongated structures and only very few smaller circular
structures. In the three industrial-scale produced fractions, the
elongated structures are mainly found in theMFG fraction, while
the EV fraction seems to consist of more semi-circular vesicle-
like structures. The partially collapsed morphology of the EVs is
likely due to the high-speed centrifugation steps used in the TEM
protocol. Previous micrographs of the pure EV and pure MFGM
samples show the expected circular/spherical morphology (Blans
et al. 2017). Finally, the soluble protein fraction consists of com-
paratively smaller particles with more uniform density. Taken
together, this seems to qualitatively indicate that the desired
enrichments have been obtained.

3.3 Establishment of a Quantitative LC-MS
Method of Membrane Marker Proteins to Delineate
Origin of Membrane Material (EV vs. MFGM)

To acquire more robust and quantitative knowledge regarding
the origin of the phospholipid-containing membranes observed
by TEM, we identified suitable membrane-associated marker
proteins for quantification of EV versus MFGM content. This
provided quantitative, in-depth knowledge while also producing
a more reproducible and inter-study comparable dataset, as put
forth by iSEV (Nieuwland et al. 2022). From the bovine milk
literature (Blans et al. 2017; Reinhardt and Lippolis 2006; Rein-
hardt et al. 2013), we selected 3 putative markers for MFGM and 3
general tetraspanin markers for EVs; see Table 2. The selected EV
markers are commonly used in the EV literature, recommended
for EV characterization (Welsh et al. 2023), and among the top
100 identified EV proteins according to the Vesiclepedia website
(Kalra et al. 2012). These six selected markers were initially
assessed by Western blot analysis on the lab-scale purified EV
andMFGM reference samples (see Figure 4A). Using an identical
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FIGURE 3 TEM micrographs. The upper row shows overview pictures of the three fractions obtained by sequential filtration. The lower row are
pictures of the pure MFGM and EV reference samples. All scale bars are 500 nm. EV, extracellular vesicles; MFGM, milk fat globule membrane; TEM,
transmission electron microscopy.

TABLE 2 MFGM and EV marker proteins used in this study.

Protein name
UniProt
reference Mode of lipid interaction

MFGM
markers

Butyrophilin 1 A1 (BTN) P18892 Integral membrane protein
Xanthine Oxidase/Dehydrogenase (XOD) P80457 Membrane surface associated protein

Lactadherin (LAH) Q95114 Membrane surface associated protein
EV markers CD9 P30932 Integral membrane protein

CD63 Q9XSK2 Integral membrane protein
CD81 Q3ZCD0 Integral membrane protein

Abbreviations: EV, extracellular vesicles; MFGM, milk fat globule membrane.

protein load, CD63 and CD81 proteins were seemingly unique
markers for EVs, while CD9 was non-unique but still more
prominently present in the EV sample compared to the MFGM
sample. For the MFGM markers, none of the tested proteins
were unique for the MFGM sample, but they all demonstrated
significantly stronger signals for MFGM than for EV, confirming
that the selected proteins are respective markers for MFGM and
EV.

Next we established a quantitative MS method to quantify the
membrane proteins using a protocol of tryptic peptides similar
to previously published studies (Affolter et al. 2010; Bär et al.
2019; Fong and Norris 2009). For the three tetraspanins, we only
obtained detection of CD9, and not from CD63 or CD81. Recent
reports also seem to demonstrate that CD9 is the most abundant
of the three tetraspanins (Mukhopadhya et al. 2021), consistent

with our findings. Based on our MS and WB data, we proceeded
with CD9 as our general EV marker.

The three MFGM marker proteins were all detected and quan-
tified based on tryptic peptides, as has also been described
previously (Affolter et al. 2010; Fong and Norris 2009). If all three
proteins were equally good MFGM markers, that would imply
that they follow each other in a highly consistent molar ratio,
independent of the sample investigated. To test this, we analysed
the ratio between these three MFGM proteins in a diverse set
of bovine milk-derived samples that were subjected to various
levels of processing, including the Pure EV and MFGM lab-scale
samples, and the industrial AW-EV fraction was also probed by
TEM (see Figure S2 for a detailed production scheme and sample
information and Figure S5 for the obtained molar ratios for all
samples). For BTN and XOD, we found an approximate molar
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FIGURE 4 Membrane markers for EV andMFGM. (A) EVs andMFGMwere assessed for the presence of six selected, well-established membrane
markers by western blotting. It is observed that CD9, CD63 and CD81 are more strongly detected in the EV sample, with the opposite being observed for
BTN, XOD and LAH. (B) Representative immunostain electron microscopy pictures of BTN and CD9 binding to a wide range of samples. All scalebars
are 200 nm except for theWFC samples, where it is 500 nm. The black spots are the gold particles bound to the secondary antibodies, while the ‘shadows’
are sample material. An overview of the samples and accompanying labels can be found in Figure S2.
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ratio of 4 in samples derived from sweet whey, highly similar
to what has previously been described for MFGM (Mondy and
Keenan 1993). This ratio was not conserved through the sample
set with values varying from∼2 to∼10, indicating that at least one
of the two proteins can be removed from the MFGM. A similar
erratic pattern was observed for BTN/LAH and XOD/LAHmolar
ratios.We ascribe this to the fact that lactadherin (Yang et al. 2018)
and xanthine oxidase/dehydrogenase are not integral membrane
proteins and can dissociate from the phospholipid membrane,
whereas BTN is an integral membrane protein that consistently
follows the phospholipid membranes. Based on this data, we
concluded that BTN was the best MFGMmarker for this study.

We proceeded to test BTN and CD9 asmarkers forMFGMand EV
material using immunostain electron microscopy (iEM) on the
identical sample set as used for the quantitative MS analysis. A
representative set of micrographs is seen in Figure 4B. These iEM
data initially demonstrate a very good signal and a high degree of
specificity of the used antibodies, as no unspecific/background
staining is observed in any of the samples. Furthermore, we
observe that the gold particles are in many places seemingly
binding to the surface of the material, indicating that the anti-
bodies are binding specifically to membrane proteins. This does
not, however, necessarily imply that the MFGM and EVs are in
their native state, only that MFGM and EV material is located
in the apparent interfaces between the sample material and the
surroundings, with an orientation that allows antibody binding
to the membrane proteins. The low background and selective
surface staining indicate that BTN and CD9 are present in all of
the samples and do not dissociate from the membrane material.

3.4 Quantification of EV andMFGMMaterial

In order to provide a robust relative quantification of the MFGM
and EV material content in any sample, we used the molar ratio
between BTN and CD9 as a measure of the EV and MFGM ratio.
This single value has the advantage that no further experimental
analyses are needed (e.g., phospholipid content, total solids con-
tent, protein content), and that samples are directly comparable,
independent of the physical state (liquid or dry).

To test this idea, we compared the relative signals from BTN and
CD9 using Western blotting, iEM andMS on the same sample set
as mentioned above (see Figure S2 for processing overview and
description). While the mode of signal generation and detection
is very different between the three techniques, we hypothesized
that the BTN/CD9 ratio should follow the same overall trend
in all methods if the BTN/CD9 molar ratio represents a robust
measure of relative MFGM and EV-derived material content.
The BTN/CD9 molar ratio in the full sample set is plotted in
Figure 5A. The same trend is identified from all the techniques,
with pure MFGM and butter milk powder (BMP) having a very
high BTN/CD9 molar ratio compared to all the other samples.

Due to the comparatively low experimental uncertainty in the
MS data, we proceeded to work with this data. We extrapolated
the individual BTN and CD9 values in a protein normalized
format (Figure 5B, insert) between the pure EV and pure MFGM
samples. While these two extrapolations can be used individually
as standard curves to calculate the content of EV and MFGM

material in a given sample, utilizing the ratio between them
removes the need for additional measurements (such as total
solids, phospholipids, total protein, etc.), as they divide out when
calculating the ratio). The resulting BTN/CD9 standard curve for
the MS data is then seen in Figure 5B. The non-linearity of the
curve is a result of the difference in the slope of the individual
BTN and CD9 extrapolated data.

Comparing the measured BTN/CD9 ratios of the individual sam-
ples with the generated standard curve enables us to convert the
BTN/CD9 ratio into a measure of how much of the phospholipid
source in any given bovine-milk-derived sample (values are
visualized in Figure 5C and listed in Table S3). As it assumes that
the total phospholipid source is a binary sum of EV and MFGM
material, the MFGM content can be calculated by subtracting the
EV contribution from the total (100%).

In conclusion, based on the molar ratio of BTN and CD9
from MS data, it was evident that the industrial-scale isolated
AW-EV fraction contained phospholipid membrane material
deriving approximately 90% frommilk EVs and 10% fromMFGM.
As such, the choice of input material (industrial acid whey
depleted for casein) followed by a large-scale isolation procedure
using sequential filtration resulted in an EV-enriched ingredient
suitable for enrichment into IF.

4 Discussion

We set out to produce a fraction enriched in bovine milk EV
material through a patent-applied (EP20210361) serial filtration
scheme using progressively smaller pores. This resulted in three
main fractions that we have subjected to rigorous characteriza-
tion, revealing that we have successfully isolated an enriched
EV-material fraction with ∼90% EV material present in the
phospholipid source. Retrospectively, it is clear that acid whey
(compared to sweet whey) is a very good starting material for
this endeavour as the data in Figure 5C demonstrates that there
is 20% more EV material present in the acid whey phospholipid
pool compared to sweet whey. Furthermore, the expected size
difference betweenMFGMandEVmaterial has successfully been
utilized to develop a filtration process to enrich a fraction for
EV material. Our subsequent analysis provides a measure of the
content of EV material, providing a very good addition to the
analytical package presented by Mukhopadhya et al. (2021). The
measured content of EV material in this work generally follows
an expected trend. BMP is a sidestream from butter production.
Since butter production is essentially a process of removing the
MFGM from theMFG, butter milk should intuitively be enriched
in MFGM material—as also demonstrated by the present data.
Proceeding through the data, it is striking that sWPC-80, skim
milk and WFC contain similar ratios of EV/MFGM material
(highly similar BTN/CD9 ratio). The identical values for sWPC-
80 and WFC indicate that while whey fat is concentrated, the
production process of WFC has an identical influence on the two
types of phospholipid assemblies, meaning that no separation
of MFGM and EV material takes place through the production.
Finally, aWPC-80 and the derived enriched EV fraction are very
high in EV material content. Again, this is in line with the
general expectations, as the casein precipitation by acid causes
a significant amount of MFGs to co-precipitate and thereby
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FIGURE 5 (A) BTN/CD9 ratio fromMS, iEM andWB. (B) Calculated standard curve for theMS-based BTN/CD9 ratio (and individual extrapolated
BTNandCD9 values are found in the insert). (C) Calculated values of EVpresence by theMS-based standard curve. An overview and detailed explanation
of the samples can be found in Figure S2. BTN, butyrophilin; iEM, immunogold electron microscopy.

changes the ratio of MFGM/EV material. Utilizing the average
size difference between MFGM and EVs, it is from our present
data evident that it is possible to produce an enriched fraction of
EV material.

In our effort to analyse the content of EVmaterial in our samples,
we applied three analytical methods to quantify the selected
membrane protein markers: peptides quantified by MS and two
antibody-based methods (Western blotting and immunostain
electron microscopy). Interestingly, all three methods suggested
the same trend in the ratio of BTN/CD9 in different bovine
milk-derived fractions/samples (Figure 5A), showing the highest
ratio in purified MFGM. Initial attempts to identify applicable
tetraspanin peptides for MS revealed difficulties, likely due to
high protein hydrophobicity. It was, however, possible to generate
usefulMSdata fromCD9. Future assay optimizationsmay expand
our knowledge on the content of CD63 and CD81 in these dairy
fractions. In the same line of thought, other biological markers
could likely be investigated for differentiating MFGM and EV
material in an equivalent approach to the BTN/CD9 ratio. As

an example, bulk or individual miRNA might serve as a useable
marker for EV material as long as they are not disrupted (Izumi
et al. 2012). Using a ratio of one biological EV/MFGM marker
compared to total phospholipid could also be speculated to
provide an informative measure.

As expected, our Western blot analyses showed that it was possi-
ble to identify both CD9, CD63, and CD81 in the pure EV fraction
(Figure 4A). However, recent studies suggest that these three EV
markers are not equally goodmarkers in dairy fractions subjected
to processing. ByWestern blot analysis, the signals fromespecially
CD63, and to a minor degree CD9, were shown to decrease in
milk samples subjected to pasteurization and homogenization
(Hansen et al. 2022; Kleinjan et al. 2021). These data could
suggest that heating and mechanical processing of milk results
in poorer antibody epitope recognition, thereby deteriorating
the obtained signal—a finding that can be probed further by
MS as denatured epitopes will not cause a signal lowering in
this technique. An alternative explanation is that milk contains
a heterogeneous population of EVs with subsets, enriched in
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different tetraspanins, showing differences in, for example, heat
sensitivity and thereby potential losses of subpopulations during
milk processing. In general, investigating the effect of (industrial)
processing on the vesicles and their subsequent morphology and
retained molecular cargo is beyond this study but would be of
value to further develop this class of novel ingredients.

Looking for BTN/CD9 ratios in the literature is complicated
by the fact that most published data containing both BTN and
CD9 quantitative measurements are from various types of label
free MS analysis—giving a different response than the present
method. One such label free study (Brink et al. 2020) provides
easy access to their data andhas awide range of samples analysed.
In here, the BTN/CD9 ratio from BMP (sample SM2) is 32.14,
Butter serum concentrate (PL-20) is 37.05, MFGM-10 is 4.98, and
a premium infant formula is 4.77. These numbers correspond
very well with both the overall trend and values found in the
present study (presented in Figure 5C). A further study by Lu
et al. (2016) on large and small bovine MFGs finds BTN/CD9
ratios between 18.7 and 64.9 in samples from 7 cows. These values
are in good agreement with the data from the present paper and
suggest that their samples are indeed highly enriched MFGM
samples. Interestingly, this data suggests a significant cow-to-
cow variation. This individual variation could also originate from
either the CD9 and/or BTN protein presence in the MFGM and
EV material but could also be a consequence of individual EV
size variation—causing more EV material to be co-purified with
the MFGM material. Looking at EVs, Benmoussa et al. (2019)
studied the isolation of bovine EVs by ultracentrifugation and
demonstrated that the BTN/CD9 ratio decreases with increasing
EV purity (BTN/CD9 = 2.05 for the 100KM sample versus
BTN/CD9 = 9.04 for the 35KM sample), which is well in line
with the findings in this paper. This trend is again also observed
by Reinhardt et al. (2013), where the BTN/CD9 ratio is much
higher for MFGM (110) than it is for EVs (14.6). A very interesting
estimation of the EV production immediately post-partum comes
from Samuel et al. (2017), demonstrating a decreasing BTN/CD9
ratio of a factor of two from 24 to 72 h post-partum (from 27.2
to 14.4), indicating a relative increase in EV secretion compared
to MFGM (normalized spectral counts ‘NspC’ increase for both
proteins during the 48 h indicating a general enrichment of
MFGM and EV during the initial days post-partum). A further
bovine study (Zhang et al. 2022) over the first 3 months of the
lactation period suggests that the BTN/CD9 ratio is approximately
constant, indicating that themajority of change in theMFGM/EV
ratio takes place within the first days post-partum, well in line
with the findings by Samuel et al. (2017).

Extending our understanding of the BTN/CD9 ratio to the
available human literature is again complicated by the differ-
ence in the label-free methodologies employed. A study like
Sari et al. (2021) investigated major pools (n ∼ 30) of milk
from mothers in 8 different Chinese cities. Here the average
BTN/CD9 ratio for the individual cities ranges between 4.3 and
13.4, indicating significant variation in the MFGM/EV ratio of
the collected milk and potentially hinting towards geographical
differences in the MFGM/EV ratio found in (human) milk.
This finding is further corroborated by Zhu et al. (2021), where
two individual donors have been monitored for 16 weeks. The
BTN/CD9 ratio (calculated from values from their web inter-
face at https://milkprofiling.hecklab.com/) is consistently ∼6×

different between the donors (with donor 1 being the high-
est). Furthermore, this dataset seems to demonstrate that the
BTN/CD9 ratio is constant for the duration of the 16-week study,
consistentwithwhatwas observed for cows by Zhang et al. (2022).

Finally, dairy-phospholipid fractions like the ones studied in
the present study have mainly been investigated regarding their
influence on emulsification and digestive properties. Bach Kor-
sholm Knudsen et al. (2021) have demonstrated the superior
emulsification properties of the WFC and AW-EV samples used
in this study—leading to improved fat digestion and triglyceride
absorption in newborn formula-fed pigs, in comparison to soy
lecithin. This could indicate that the beneficial properties of
this type of phospholipid ingredient are a compounded effect of
both biophysical and biochemical properties. Furthermore, the
bioactivity of the Pure EV, WPC-80 and WPC samples used in
this study has previously been evaluated (Ascanius et al. 2021)
and found to reduce the inflammatory response in RAW264.7
cells. These findings support the role of EVs (and EV material)
in likely aiding the protection of infants through effects on the
intestinal immune system. This provides a positive foundation for
future studies of the AW-EV fraction in order to fully evaluate the
bioactivity.

5 Conclusions

The present study represents a novel report of an enriched EV-
material ingredient produced from acid whey on a significant
scale. This ingredient has been described in high detail in relation
to the source of phospholipids to confirm the enrichment of EVs
with ∼90% of the phospholipids originating from EV material.
Furthermore, we have introduced the BTN/CD9 molar ratio as
a measure for the ratio between MFGM and EV material in
any given milk-derived sample. This analytical approach has
the potential to be used as a general measure of MFGM and
EV material in any milk-derived sample (taking species-specific
sequence variation into account).

In conclusion, the route of production and characterization of
the ingredient enriched in EV material presented here enables
the next step in the effort to eliminate differences between
the composition of human breast milk and infant formulas—
thereby hopefully aiding inminimizing the established difference
between breast fed and formula fed infants. Further study into
the preservation of the bioactive properties of milk-derived EVs is
needed for novel ingredients like this to meet the global societal
challenge of providing all individuals with the best possible life.
Complementary to the development of ingredients like the one
described here, significant efforts in documenting safety and
efficacy will be required before commercial use of these types of
ingredients can commence.
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