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ABSTRACT

Extracellular vesicles (EVs) deliver biologically active cargos from donor cells to recipient cells for
intercellular communication. Since the existence of RNA cargo was discovered, EVs have been
considered to be useful drug-delivery systems. Specifically, EVs from bovine milk (mEV) are one of
the most promising platforms, since bovine milk is a scalable source of EVs for mass production.
However, it is still difficult to isolate pure EVs from bovine milk owing to the complexity of raw
materials. Furthermore, the biocompatibility and immunotoxicity of mEVs are still unclear. In this
study, we developed a new method for isolating bovine milk-derived EVs by employing acid
treatment and ultracentrifugation. Isolated mEVs are spherical in shape, measure 120 nm in
diameter and contain typical EV marker proteins, such as tetraspanins. Compared with the
previously reported method, our method can isolate purer mEVs. When mEVs are contacted
with the mouse macrophage cell line Raw264.7, mEVs are readily taken up by the cells without a
cytotoxic effect, suggesting that mEVs can deliver the cargo molecules into cells. While systemic
administration of mEVs into mice resulted in the absence of systemic toxicity, certain types of
cytokines were slightly induced. No anaphylaxis effect was observed after serial administration of
mEVs in mice. Thus, mEVs isolated using our method are well tolerated in vivo and may be useful
for the drug-delivery application.
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Introduction control of cell culture and its products is another
issue for the production of EVs from the conditioned
medium. This situation hampered practical use of EVs
for drug delivery.

Foods are expected as alternative sources for the
mass production of EVs. Previously, grapefruit-derived
nanovesicles have been shown to be a cost-effective
source of EVs for drug delivery [10]. Since food is a
widely available and inexpensive raw material for the
production of EVs, food-derived EVs can be the ideal
platform for the clinical application of EVs. Currently,
bovine milk-derived EVs (mEVs) have emerged as a
novel class of DDS [11]. Similar to other body fluids,
breast milk contains large amounts of EVs. First, mEVs
have been identified in human breast milk [12].
Similarly, mEVs from bovine milk were isolated and
characterized [13]. Our group demonstrated that
bovine mEV contains mRNA and miRNA [14]; thus,
mEVs may deliver these RNAs to recipient cells [15].

According to the literature, mEVs have a biological
function, such as an immunomodulatory effect [13]. In
addition, mEVs and their cargos can be absorbed upon

Extracellular vesicles (EVs) are membranous nanopar-
ticles secreted from living cells. EVs include exosomes,
microvesicles and other types of secreted vesicles [1]. It
has been discovered that EVs contain RNA and
exchange genetic information between the cells [2,3].
Since then, EVs have been expected to be used as a
natural drug-delivery system (DDS) that enables intra-
cellular delivery of nucleic acids to specific cells [4-6].
For example, exosomes derived from dendritic cells
were modified by targeting peptide and used for the
delivery of short interfering RNA (siRNA) into mouse
brain [7]. Ohno et al. achieved the delivery of anti-
tumour microRNA (miRNA) to cancer cells in vitro
and in vivo using exosomes from the HEK293 cells [8].
However, the yield of EVs from the conditioned med-
ium is insufficient for clinical use. Although some
researchers developed a culture system to collect large
amounts of EVs from cultured cells [9], the yield of
EVs was still low. Furthermore, production of EVs
from the conditioned medium relies on laborious and
expensive cell-culture steps. Difficulty of quality
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oral administration in humans [16]. Recently, mEVs
have been used as vesicles for the delivery of anti-
cancer drugs [11,17,18]. These studies demonstrated
the feasibility of mEVs for drug-delivery applications.

To date, various isolation methods of mEVs have
been  developed, including ultracentrifugation
[11,13,19] and size-exclusion chromatography [20].
However, none of them is suitable for the scalable
production of mEVs. These methods require laborious
repeated centrifugation steps to remove non-EV pro-
teins. Furthermore, these reports did not carefully eval-
uate the purity of mEVs. This situation led us to
develop a new method to purify pure mEVs from
bovine milk utilizing a simple procedure.

In this study, we observed that acid treatment can
non-EV  proteins from defatted milk.
Subsequent ultracentrifugation can isolate and concen-
trate up to 13.6 ug of mEVs from 1 mL of whey. We
characterized mEV's using various physicochemical and
biochemical analyses. Cellular uptake and cytotoxicity
of mEVs were evaluated in vitro. Furthermore, sys-
temic toxicity and immunogenicity of mEVs were eval-
uated upon intravenous administration in mice.

remove

Materials and methods
Isolation of mEVs

Acetic acid/ultracentrifugation (AA/UC) method
Defatted bovine milk was purchased from a local
supermarket. Defatted milk was pre-warmed for
10 min at 37°C and then mixed with acetic acid
[milk/acetic acid = 100 (vol.)] for 5 min at room
temperature followed by centrifugation at 10,000 g for
10 min at 4°C. Supernatant was filtered with a 0.22-um
membrane and designated whey. The whey was ultra-
centrifuged at 210,000 g for 70 min at 4°C using an
SW41Ti rotor and an Optima XE-90 Ultracentrifuge
(Beckman Coulter, Brea, CA, USA). A pellet of mEVs
was resuspended with phosphate-buffered saline (PBS)
and ultracentrifuged again. After the wash, the pellet of
mEVs was resuspended in PBS, and the residual pre-
cipitates were removed via centrifugation at 10,000 g
for 5 min at 4°C.

Centrifugation/ultracentrifugation (C/UC) method

A conventional isolation method was performed
according to the previous article [11]. Whole bovine
milk was purchased from a local supermarket. Whole
milk was centrifuged at 13,000 g for 30 min. After the
collection of the middle layer (whey), whey was ultra-
centrifuged at 100,000 g for 60 min at 4°C to remove
larger particles. The supernatant, crude mEV fraction,

was further ultracentrifuged at 130,000 g for 60 min at
4°C. The pellet was washed with PBS twice, and mEVs
were resuspended in PBS.

Characterization of meVs

Biochemical characterization of mevs

Protein concentration of mEVs was determined using
the Qubit Protein Assay kit (Thermo Fisher, Waltham,
MA, USA). For the detection of total protein in raw
material and mEV fraction, the samples were separated
using SDS-PAGE and stained with silver. The EV mar-
ker proteins of mEVs were detected via Western blot-
ting using anti-CD81 (clone 12C4, Cosmo Bio, Tokyo,
Japan), anti-Rab5B (sc-598, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-TSG101 (A303-507A-T,
Bethyl Laboratories, Montgomery, TX, USA) and
anti-HSC70 (MABE1120, Merck Millipore,
Darmstadt, Germany) antibodies.

Physicochemical characterization of mEVs

Particle sizes and concentrations of mEVs were mea-
sured via nanoparticle tracking analysis (NTA) using
NanoSight LM10 (Malvern Instruments Ltd, Malvern,
UK). The morphology of mEVs was observed using a
JEM-1400 plus (JEOL Ltd, Tokyo, Japan) transmission
electron microscope (TEM) equipped with Veleta 2K x
2K CCD camera (Olympus, Tokyo, Japan). For the
TEM observation, EV samples were negatively stained
with 2% uranyl acetate.

Proteome analysis of mEVs

For the proteome analysis, mEVs were precipitated
with trichloroacetic acid, followed by reduction, alkyla-
tion with iodoacetamide and trypsinization. The sam-
ple was separated using HPLC [EASY-nLC 1200
(Thermo Fisher)] and analysed via mass spectrometry
using Q Exactive Plus (Thermo Fisher). The output
data were analysed using the Scaffold software version
4.8.4 (Proteome Software Inc., Portland, OR, USA).

Cell culture

Mouse macrophage cell line, Raw264.7 (purchased
from ATCC, Manassas, VA, USA), was maintained in
Dulbecco’s modified Eagle medium (DMEM) contain-
ing 10% fetal bovine serum at 37°C in a 5% CO,
atmosphere. For the cellular uptake assay, mEVs were
labelled with PKH26 (Sigma-Aldrich, St. Louis, MO,
USA) according to the previous report [21]. Raw264.7
cells were seeded on a glass-bottomed eight-well cham-
ber (5 x 10* cells/well). Before the cellular uptake assay,
cells were washed once with PBS and cultured in



serum-free Advanced DMEM (Thermo Fisher). Cells
were contacted with 10 pg of PKH26-labelled mEV's for
3 h at 37°C or 4°C. After the incubation, the cells were
washed twice with PBS, fixed with 4% paraformalde-
hyde, stained with ActinGreen 488 ReadyProbes
(Thermo Fisher) and then mounted with a
Vectashield mounting medium with DAPI (Vector,
Burfingame, CA, USA). Cells were observed using a
laser scanning microscope Fluoview FV10i (Olympus).
For the evaluation of cytotoxicity of mEVs, the cells
were seeded in a 96-well plate (2 x 10* cell/well) and
contacted with up to 200 pg/mL of mEVs for 24 h at
37°C. After the incubation, cell viability was measured
using the Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan) according to the manufacturer’s instructions.

Systemic toxicity and blood cytokine level in mice

The animal experiments performed in this study
were approved by the National Cancer Center
Institutional Animal Care and Use Committee
(approved number, T16-012-MB02). Female 7-week-
old ICR mice (Charles River Laboratories Japan, Inc.,
Kanagawa, Japan) received mEVs intravenously via
the tail vein. Each experimental group contained
three mice. After 3 h (single injection) or 14 days
(four times, 2-day interval), blood was collected via
cardiac puncture under isoflurane anaesthesia.
Biochemical analysis of mouse blood was performed
by KAC Co., Ltd, Kyoto, Japan. The haematological
test was performed by Kotobiken Inc, Tokyo, Japan.
The cytokine level in blood was measured by
Luminex System using the MILLIPLEX MAP Mouse
Cytokine/Chemokine Panel 1 Pre-mixed 32Plex
(Merck Millipore) according to the manufacturer’s
instructions.

Anaphylaxis test

An anaphylaxis test was performed according to the
literature [22]. This experiment was performed by
KAC Co., Ltd. Female 3-week-old C3H/HeNCrl
mice (Charles River Laboratories Japan, Inc.) were
used in this experiment. Briefly, the mice were
immunized by intravenous injection of mEVs via
the tail vein (five times, weekly). Each experimental
group contained five mice. For the systemic anaphy-
laxis experiment, immunized mice received 150 pg of
mEVs intravenously twice with a 30-min interval.
After the injection, the symptoms were observed for
60 min. The symptoms were scored from 0 (no
symptoms) to 5 (death), as described previously
[22]. For the blood histamine level measurement,
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blood was collected from immunized mice 30 min
after the challenge, and histamine concentration was
measured using ELISA (Enzo Life Sciences,
Plymouth Meeting, PA, USA). For the passive cuta-
neous anaphylaxis (PCA) assay, blood was collected
from immunized mice 1 week after the last immuni-
zation, and the serum was prepared. The serum was
intradermally injected to the flank of naive mice (two
injection sites per mice). After 24 h, 100 pL of 0.5%
Evans blue was intravenously  injected.
Simultaneously, 50 pg of mEVs was intradermally
injected to the flank of mice. After 30 min, the
mice were euthanized, the skin of the abdomen was
inverted, and reactions were examined for blue col-
our. The PCA reaction was scored as positive if the
bluing of the skin at the injection sites was larger
than 3 mm in diameter.

Results
Characteristics of mEVs

Bovine milk is an extremely complex material for
isolating EVs. Whole milk contains abundant non-
EV proteins, sugars, milk fat and other components.
For the isolation of pure mEVs, all non-EV compo-
nents should be removed. We combined acid precipi-
tation and ultracentrifugation to isolate mEVs
(Figure 1(a)). To avoid the cumbersome skimming
process, we chose commercially available defatted
milk with a fat content below 0.3% (whole milk con-
tains over 3.5% of fat). Non-EV proteins were preci-
pitated from defatted bovine milk using acetic acid.
After the acid precipitation, proteins in defatted milk
were significantly removed (Figure 1(b)). The super-
natant was filtered and ultracentrifuged to isolate
mEVs. The yield of the mEV fraction was 13.6 + 2.2
ug/mL-whey (Table 1). Compared with the previously
reported method (C/UC method), our method (AA/
UC method) yielded over 20 times less protein con-
tent, indicating that the AA/UC method efficiently
eliminates non-mEV proteins. The mEV fraction iso-
lated via the AA/UC method abundantly contains EV
marker proteins, CD81, Rab5B, TSG101, and Hsc70,
whereas the mEV fraction isolated via the C/UC
method does not (Figure 1(b,c)). The mEVs isolated
using both methods showed a homogenous size dis-
tribution with a median diameter size of 120 nm
(Figure 1(d) and Table 1). Using the TEM, mEVs
isolated via the AA/UC method showed a spherical
shape with a lipid bilayer, with an approximately 100-
nm diameter (upper panel in Figure 1(e)). In contrast,
mEVs isolated via the C/UC method contained
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Figure 1. Isolation and characterization of mEVs from defatted bovine milk. (a and b) Workflow of isolation of mEV via the AA/UC (a)
and C/UC (b) methods. (c) Silver staining (upper panel) and Western blotting (lower panel) of mEVs and their raw materials. Five
micrograms per lane of mEVs was loaded. Five microlitres per lane of other samples was loaded. (d) Western blotting of mEVs
isolated via the AA/UC and C/UC methods. (e) NTA of mEVs isolated via the AA/UC method. (f) Transmission electron microscopy
observation of mEVs isolated via the AA/UC or C/UC method. (g) Venn diagram of detected protein numbers by proteome analysis
in mEVs isolated by AA/UC or C/UC method.

spherical vesicles as well as protein aggregates, prob-
ably casein micelles (lower panel in Figure 1(e)).
Thus, even after the purification steps, the mEV frac-
tion isolated by C/UC method still contains non-EV
proteins.

According to the proteome analysis, a total of 605 pro-
teins were detected in the mEV fraction from AA/UC

C/UC method

method (Figure 1(f) and Supplementary Table 1). Among
them, typical EV marker proteins, including tetraspanins,
Rab proteins and others were detected, while whey proteins
were still detectable (Table 2). Compared with the AA/UC
method, the C/UC method enriched only 180 proteins
(Figure 1(f)). We were able to isolate mEV from defatted
bovine milk.



Table 1. Purification of milk-derived EVs.
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mEVs
AA/UC method C/UC method
Yield (ug/mL-input material®) 13.6 + 2.2 3215 £ 61.5
Particle/protein ratio (10° particles/ug-protein) 245 £+ 0.85 0.24 + 0.08
Diameter (nm) 1205 +£7.2 1243 + 104
®Input materials are whey (AA/UC method) and crude mEV fraction (C/UC method) for the purification of mEV.
N = 4 (four different purification batches), mean =+ standard deviation.
Table 2. Summary of proteome analysis of mEVs.
Group Family Proteins

EV markers Tetraspanins

Heat shock proteins
Rab proteins
Annexins

Others

Caseins

Albumins

Others

Lipoproteins

Whey proteins

Others

CD9, CD63, CD81

Hsp70, Hsp90

Rab18, Rab7a, etc.

Annexin A1, A2, A7

TSG101

a, B and K caseins

Bovine serum albumin, lactalbumin
Immunoglobulin, lactoferrin etc.
Apolipoprotein A-l, A-ll, A-IV, E,

EV-related and whey proteins are listed (Supplementary Table 1).

Cellular uptake and cytotoxicity of mEVs

To confirm whether the mEVs isolated using our
method can be used for the DDS, we performed a
cellular uptake assay. After labelling with a hydro-
phobic fluorescence dye PKH26, mEVs purified by
different methods were incubated with Raw264.7
cells. After 3 h at 37°C, abundant fluorescence signal
was observed in the cells treated with PKH-labelled
mEVs, while the negative control (PKH-PBS) showed
no fluorescence signal (Figure 2). Compared with
mEVs prepared by the C/UC method, mEVs isolated
from AA/UC seem to be taken up more efficiently by
cells. Furthermore, cell incubation with mEVs at 4°C
did not incorporate mEVs, suggesting that mEVs are

No treatment PKH-PBS

37°C

4°C

taken up by an energy-dependent process, probably
endocytosis.

Cytotoxicity of mEV was measured using the
Raw264.7 cells. After the incubation with mEVs, the
viability of cells remained nearly 100%, even at the
highest concentration (Figure 3). From this result, we
considered that mEVs have no cytotoxicity in vitro.

Toxicity of mEVs in mice

We evaluated the toxicity of mEV in ICR mice
(Figure 4(a)). After the intravenous injection of
mEVs, systemic toxicity was not observed in all groups.
Injection of mEV had no effect on the liver and kidney
toxicity markers regardless of the regimens (Figure 4

PKH-C/UC mEVs

PKH-AA/UC mEVs

PKH26
DAPI
F-actin

Figure 2. Cellular uptake of PKH26-labelled mEVs. Raw264.7 cells were contacted with PKH26-labelled mEVs (prepared by C/UC or
AA/UC method) for 3 h at 37 or 4°C and observed under a confocal microscope. As a negative control, the cells were left untreated
or PKH26-labelling solution without mEVs. Bar indicates 10 pum.
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Figure 3. Cytotoxicity of mEVs in vitro. Raw264.7 cells were
incubated with up to 200 pg/mL of mEVs for 24 h (N = 4, mean
+ standard deviation).

(b)). Similarly, haematological parameters remained at
the normal level after the injection of mEVs (Figure 4
(c)). Furthermore, the blood level of major inflamma-
tion cytokine, such as interleukin-12 (IL-12) and inter-
feron gamma (IFN-y), remained at the normal level
after the systemic injection of mEVs. Although some
types of cytokines in blood, such as IL-6 and granulo-
cyte-colony stimulating factor (G-CSF), were increased
3 h after the single injection, cytokine levels became
normal after 14 days with four injections
(Supplementary Data). Moreover, major inflammatory
cytokines, such as interferon gamma and IL-12, were at
nearly undetectable levels after the injection of mEVs.
According to these results, we considered that mEVs
are well tolerated in mice upon systemic administration
in mice.

Immunogenicity of mEVs

C3H/HeNCrl mice were used for the evaluation of anaphy-
laxis according to the previous report [22]. The mice
received mEVs five times weekly and challenged on day
35 (Figure 5(a)). During the experiment, the body weight of
mice gradually increased over time, and no difference was
observed between the groups (Figure 5(b)). After the chal-
lenge, no mice showed systemic anaphylaxis symptoms
(Table 3). The histamine level in blood was not elevated
after the challenge (Figure 5(c)). Furthermore, PCA tests
revealed that blood in immunized mice did not contain
anaphylaxis-inducing immunoglobulins (Table 4). Thus, it
was strongly suggested that mEV's did not induce anaphy-
laxis in mice after serial intravenous injection.

Discussion

In this study, we isolated mEVs from defatted milk
by combining acid treatment and

ultracentrifugation. Since majority of whey protein
is casein (up to 80% of total whey protein), removal
of casein is the key for obtaining pure mEV frac-
tion. Although previous reports employed centrifu-
gation to remove casein [11], it is difficult to
separate casein from mEVs, since colloidal charac-
teristics of casein micelles are similar to mEVs (dia-
meter and density are 100 nm [23] and 1.08 g/mL
[24], respectively, for casein micelles). Acid precipi-
tation is frequently used to remove casein from
whole milk, owing to the low pI of casein (pH 4.5
[25]). In addition, we confirmed that mEVs can be
isolated from whole milk freshly collected from cow
via the skimming process prior to the acid treat-
ment (data not shown). The yield of mEV was over
10 pg/mL-whey (Table 1). Compared with the pre-
viously reported C/UC method [11], our method
yields 20-fold lower amounts of mEVs. Another
report employing size-exclusion chromatography
showed that the yield of mEVs from bovine milk
is from 51 to 114 ug/mL [20]. The relatively low
protein yield of our method is probably due to the
efficient elimination of non-EV protein via the acid
precipitation. This is evidenced by our experiment
in that the mEV fraction obtained via the AA/UC
method is richer in EV marker proteins than that
obtained via the C/UC method (Figure 1(d)).
Furthermore, the mEV fraction of the C/UC
method contains fewer EV-like nanoparticles and
much protein aggregates probably owing to the
inefficient removal of casein micelles (Figure 1(f)).
The ratio of particle number per microgram of
protein was approximately 2 x 10° (Table 1). This
is consistent with the estimation that EVs have 10°
particles/pg-protein [26]. The low ratio of mEVs
produced via the C/UC method (0.24 x 10° parti-
cles/ug-protein) may reflect the low purity.
However, another paper stated that the particle/
protein ratio of the purest EVs may be 2 x 10"
particles/pg-protein  [27], suggesting that our
method can be further improved to isolate purer
mEVs. Indeed, proteome analysis found that the
mEV fraction contains non-EV proteins such as
whey proteins and apolipoproteins (Table 2).
Moreover, acid precipitation may remove not only
non-EV proteins but also a part of mEVs. We
assumed that the yields can be further improved
by modifying the method in a future study.
Furthermore, the yield of mEVs was far beyond
that of cell-culture-derived mEVs. In our experi-
ments, the yield of mesenchymal stem cell-derived
EVs was between 0.1 and 0.3 pg/mL-conditioned
medium (data not shown). Compared with this
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Figure 4. Evaluation of systemic toxicity of mEVs in ICR mice. (a) Experimental design of administration of mEV into mice.
(b) Blood level of liver-damage markers (AST, ALT, and TBIL) and kidney-damage markers (BUN and CRE) and (c)
haematological parameters upon administration of mEVs. Black and white bars indicate 3 h and 14 days after adminis-
tration, respectively. N = 3, mean * standard deviation. ALT, Alanine transaminase; AST, aspartate transaminase; BUN,

blood urea nitrogen; CRE, creatinine; TBIL, total bilirubin.
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Figure 5. Anaphylaxis test for mEVs using C3H/HeNCrl mice. (a)
Experimental design of the anaphylaxis test. (b) Body weight of
mice receiving mEVs (PBS, black; 1.5 pg/shot, red; 150 pg/shot,
yellow)during the experiment. (c) Blood histamine level of
immunized mice after the challenge.

Table 3. Systemic anaphylaxis test.
Number of each score

Group 0 1 2 3 4 5
PBS 5 0 0 0 0 0
1.5 pg/shot 5 0 0 0 0 0
150 pg/shot 5 0 0 0 0 0

Symptoms are scored based on the previous report [17] from 0 (no
symptoms) to 5 (death). Each group contained five mice.

Table 4. Passive cutaneous anaphylaxis (PCA) test.
PCA reaction

Group Negative Positive
PBS (N = 5) 5 0
1.5 pg/shot (N = 5) 5 0
150 pg/shot (N = 5) 5 0

PCA reaction was scored as positive if the bluing was larger than 3 mm in
diameter.

result, our method based on the bovine milk was
30-100-fold more efficient than the conditioned
medium for collecting EVs. In addition to the
yield, the cost of raw material is critical for the
practical application. Based on our calculation of
cost, bovine milk is at least 1000-fold more cost-
effective than the serum-free medium for the pro-
duction of the same amounts of EVs. Thus, the
production of mEVs from bovine milk is advanta-
geous for the practical application of EVs, including
DDS, compared with the conditioned medium.

The proteome analysis in this study (Table 2 and
Supplementary Table 1) correlated well with a previous
report showing that mEVs from bovine milk contain
tetraspanins, heat shock proteins and other EV markers
[28]. However, we could not detect some of the EV
proteins, such as MFG-E8 (lactadherin), while this

protein is frequently found in the mEV fraction
[13,20]. This is probably due to the differences in the
isolation method, such as acid treatment and ultracen-
trifugation processes. Importantly, we observed that
the mEV fraction of the C/UC method contains abun-
dant whey proteins such as casein, albumin, lactoferrin,
and lactoglobulin (Supplementary Table 1). In the
mEVs isolated by the C/UC method, these four non-
EV proteins comprised 27.7% of the total spectrum
detected in the proteome analysis, leading to less pro-
tein detection, whereas less than 4% were occupied by
four whey proteins in mEVs isolated by the AA/UC
method. From this result, we considered that the AA/
UC method can isolate purer mEV than the C/UC
method.

It was found that mEVs are readily taken up by the
Raw264.7 cells (Figure 2). In the previous report, mEV's
were internalized into human macrophage cells [15].
Another report demonstrated that mEVs from bovine
milk deliver biologically functional miRNA into human
cells and affect gene expression of recipient cells [16].
From these results, mEVs are useful DDS for the deliv-
ery of nucleic acid medicine, such as miRNA and
siRNA. In addition, mEVs were found to be interna-
lized by endocytosis, since a low temperature signifi-
cantly reduced the uptake of mEVs. Our results suggest
that mEVs isolated using our method can deliver cargo
molecules intracellularly. Moreover, even at higher
concentrations, mEVs showed no cytotoxicity
(Figure 3). These results support the conclusion that
the mEV is a useful and safe DDS.

In the in vivo experiments (Figure 4), mEVs did not
show any systemic toxicity at the highest dose (150 ug/
shot), which corresponds to the 6 mg/kg (based on the
estimation that body weight of female 7-week-old ICR
mice is approximately 25 g). Furthermore, inflammatory
cytokines were not elevated upon administration of
mEVs (Supplementary Data). Thus, we considered that
mEVs are well tolerated and non-immunogenic in mice.
Since the safety was approved in mice, the mEVs are
probably applicable for the DDS in human. In addition
to systemic toxicity, anaphylaxis was not observed in
immunized mice (Figure 5 and Tables 3 and 4). These
results indicated that intravenously injected mEVs do
not elicit anaphylaxis-inducing immunoglobulin E.
However, we should mention that milk is one of the
major causes of food allergy. Up to 0.1% of adults suffer
from milk allergies [29], while infants have milk allergies
more frequently [30]. These populations cannot receive
mEV-containing formulation.

While we focused on intravenous administration of
mEVs in this study, oral administration is an alterna-
tive route for drug delivery utilizing mEVs. As



described previously, gavage of bovine milk did not
induce anaphylaxis in mice [22], showing that mEVs
are non-immunogenic via oral administration. It was
suggested that orally administered mEVs and their
cargo RNA can be adsorbed and go into the blood
circulation of mice [16]. Furthermore, oral administra-
tion of mEV encapsulating anti-tumour agents can
suppress tumour growth in the mouse xenograft
model [11,18]. Taken together, orally and intrave-
nously administered mEVs can deliver therapeutic
molecules. mEVs may be a biocompatible material
with non-immunogenic properties in humans.

Conclusions

We established the isolation method of mEVs.
Furthermore, mEVs showed no systemic toxicity and
immunogenicity in mice. We speculated that isolated
mEVs can be used for various applications. Human-
milk-derived mEVs have been shown to modulate the
functionality of immune cells [12,31]. Similar to
human mEVs, bovine mEVs may have a biological
function, as described previously [16]. It is possible
that mEVs from bovine milk can be used as an immu-
nomodulatory agent. Cosmetics and food additives are
another attractive application of mEVs. Our method
may enable broad application of mEVs.
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