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cts of milk-exosomes (Mi-Exo) as
a modulator of scar-free wound healing†

Gna Ahn, Yang-Hoon Kim * and Ji-Young Ahn *

Scar-free treatment is complex involving many cells in the human body but a very elaborate reaction. This

process demands regulation of various growth factors on behalf of TGFb3 around the damaged tissue, and it

is also important to protect cells from inflammatory reactions and oxidative stress to avoid abnormalities.

Here, we focused on bovine derived milk exosomes (Mi-Exo) and their scar-free healing potential. The

physiological properties (size and shape), biological markers (TSG101 and Bta-miR2478) and stability on

storage of Mi-Exo were analyzed. Mi-Exo exhibited significant NP (number of Mi-Exo particles)-

dependent scavenging activity in ABTS assay. In addition, Mi-Exo suppressed the expression of pro-

inflammatory mediators, IL-6 and TNFa, and pro-inflammatory chemokines, COX-2 and iNOS. This study

showed that cell migration was significantly inhibited in a Mi-Exo NP-dependent manner. We also

evaluated the expression of TGFb1 and TGFb3 on the basis of mRNA and protein levels. Furthermore, the

role of functional behavior of Mi-Exo in TGFb1 maturation was explored. This is the first study to

demonstrate that Mi-Exo may target the TGFb signaling pathway, which plays important roles in scar-

free wound healing.
1 Introduction

The restoration of damaged tissue is a complex but very elab-
orate process that involves various cells. Four main process are
involved: hemostasis, inammation, proliferation and remod-
eling.1 Abnormalities in each process lead to delayed wound
healing or scar-formed wound healing.2 Scar is mainly formed
by the overexpression of collagen and its excessive deposition.
Therefore, it is important to regulate collagen synthesis and
remodel tissue correctly. Commonly, this step is called scar-free
healing.3

Many cell growth factors such as the vascular endothelial
growth factor (VEGF), transforming growth factor (TGF),
platelet-derived growth factor (PDGF), and insulin growth
factor-1 (IGF-I) are involved in collagen synthesis.4–7 In partic-
ular, the TGFb family members play the most important role in
scar-free healing and facilitate cell proliferation and migration,
differentiation, ECM production, and immune modulation.8

The TGFb family is divided into three isotypes: TGFb1, b2, and
b3. TGFb1 and TGFb2 are related to the production of collagen,
whereas TGFb3 participates in the anti-brotic process unre-
lated to collagen synthesis, so that in scar-free healing studies,
it is a very important factor.8,9 However, the overall wound
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regeneration process can be ne-tuned by the complex charac-
teristics of these factors.

The naturally occurring inammatory reaction is also a very
important process in scar-free healing.10,11 However, it is
necessary to quickly reduce the secretion of inammatory
factors for tissue normalization and proceed to the proliferation
phase in a short time, because the continuous inammatory
reaction can lead to scar formation.12 In conjunction with
instantaneous inammation, the tissue should not be damaged
by oxidative stress, because when oxidative stress is exposed for
a long time, it can induce impaired wound healing.13

More recently, immune cell derived exosomes have been
shown to confer immunosuppressive effects. Exosomes are
dened as naturally released membrane particles from the cell,
including prokaryotes and eukaryotes, the composition of lipid
bilayers, and non-replicates.14 Exosomes originate in specic
compartments within the cell, termed multivesicular bodies
(MVBs), and they are characterized by a size of 30–100 nm in
diameter.15 An exosome contains a variety of substances, such
as proteins, miRNAs, RNA, and DNA that are the source of the
parent cells.16,17 In particular, exosomes also play a direct or
indirect role in cell-to-cell communication.18 According to
recent studies, exosomes derived from human stem cells have
shown their ability as scar-free healing materials.19,20

Bovine milk is one of the most consumed safety foods, and it
is very helpful for growth and immune activities, especially in
infants, because it contains a lot of nutrients.21 Accumulating
evidence shows that bovine milk derived bioactive exosomes
(Mi-Exo) have been introduced as a therapeutic agent,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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particularly focused on oral distribution, drug delivery, and
cargo vehicles.22 However, to the best of our knowledge, the
effect of Mi-Exo on the prevention of scar formation has not yet
been evaluated.

The aims of the present study were to provide an efficient
extraction protocol for Mi-Exo, and investigate the effects of Mi-
Exo as an antioxidant and anti-inammatory mediator, and
uncover the potential scar-free wound healing mechanism,
especially with regards to anti-cell migration behavior and TGFb
family expression.
2 Materials and methods
2.1 Mi-Exo isolation

Low-temperature pasteurized fat free milk (pFfM) was
purchased from a local market. Acetic acid (AA) was purchased
from Merck (USA). The Mi-Exo isolation was slightly modied
from a previous study.23 Briey, 40 mL pFfM was pre-warmed at
37 �C for 10 min and ranged from 0.1% to 5.0%. AA (w/w for 40
mL) was added to pFfM, and then the mixture was incubated at
room temperature (RT) for 5 min. The sample was centrifuged
at 10 000 � g for 10 min at 4 �C, and then the collected super-
natant called whey was ltered using a 0.22 mm bottle-top
vacuum lter (Coring, USA). The ltered whey was ultra-
centrifuged at 200 000 � g for 60 min at 4 �C (Beckman Coulter,
USA), and washed in 10 mM Dulbecco's Phosphate-Buffered
Saline (DPBS, Welgene, Korea) under the same conditions.
The Mi-Exo pellet was dispersed in 10 mMDPBS buffer, and le
at 4 �C for a day, to completely loosen the pellet. Then, it was
ltered by using a 0.22 mm lter again to remove the precipitate,
and the nal Mi-Exo product was used for this experiment, or
stored in aliquots at �80 �C, until use.
2.2 Mi-Exo characterization

The nanoscale size and particle concentration of Mi-Exo were
measured by using a qNano gold instrument (Izon, Australia).
In the Cryo-EM image, a carbon-coated Cu mesh grid (electron
microscopy science) was used. The grids were stored in liquid
nitrogen, and then transferred to a cryo-specimen holder, and
maintained at �180 �C. Images were collected at a magnica-
tion of 14 500� up to 25 000� on a Tecnai G2 F20 TWIN TMP
operating at 200 kV.

The exosomal protein concentration was measured by using
a BCA protein assay kit (Promega, USA). 30 mg protein was
loaded in a 10% SDS-PAGE gel for western blotting. A PVDF
membrane was treated with the tumor susceptibility gene-101
(TSG101) antibody (Abcam, UK), and aer washing, the HRP
conjugated anti-mouse IgG secondary antibody (Invitrogen,
USA) was added. The membrane was further developed using
WesternBright™ ECL (Advansta, USA), and immediately
imaged by using an Amersham Imager 600 (GE Healthcare, UK).

Mi-Exo microRNA was extracted using a manual protocol
(Hybrid-R™ miRNA KIT, GeneAll, Korea). Then, the isolated
microRNA was amplied at 37 �C for 30 min using E. coli poly(A)
polymerase (NEB) and cDNA synthesized using a TOPscript™
cDNA Synthesis Kit (Enzynomics, Korea). Aer cDNA synthesis,
© 2021 The Author(s). Published by the Royal Society of Chemistry
real-time PCR (RT-PCR) was performed on a Mic Real-Time PCR
System (Labgene, Switzerland). A GoTaq® qPCR amplication
kit (Promega, USA) was used. The reaction was initiated at 95 �C
for 3 min, followed by 40 cycles at 95 �C for 15 s, and 60 �C for
1 min. Table S1 of the ESI† lists all primers used in this
experiment. Stability testing was performed at three different
temperatures of 4 �C, 25 �C, and 37 �C under storage conditions,
and the size distribution and Bta-miR-2478 Ct value were
checked.

2.3 ABTS assay

In vitro free radical scavenging assay of Mi-Exo was performed
by an A2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) scavenging test, according to previously described
procedures.24 Briey, 7 mM ABTS and 2.45 mM potassium
persulfate were mixed in a 1 : 1 ratio, and incubated overnight
(O/N) in a dark room. Then, the mixed sample was diluted to 0.7
OD, because of the high absorbance of ABTS solution. Finally,
ABTS solution and Mi-Exo ranging from 108 to 1010 particles
were incubated at 37 �C for 15 min, and measured at 734 nm by
using an ELISA plate reader (SpectraMAX 190, Molecular
Devices, USA). Positive control used the same procedure, but
using ascorbic acid (2 mg mL�1).

2.4 Cell uptake and toxicity assay

Dulbecco's Modied Eagle Medium (DMEM) was purchased
from Welgene (South Korea). Fetal Bovine Serum (FBS) was
purchased from Gibco (USA). All other materials were
purchased from Sigma-Aldrich. RAW264.7 (ATCC, number TIB-
71) and IEC-18 (Korean Cell Line Bank, number 21589) cells
were cultured in DMEM supplemented 10% (v/v) FBS, and
incubated at 37 �C in 5% CO2.

Mi-Exo was labeled with 2.5 mMDiO (Life Technologies, USA)
and incubated at 37 �C for 20 min, and then concentrated at
14 000 � g for 20 min at 4 �C using a 30k molecular weight cut-
off (MWCO) centrifugal lter (Amicon® Ultra 0.5 mL Filters,
Merck Millipore, USA).

Cell uptake assay was performed as below. The cells
(RAW264.7 and IEC-18 cells, 3 � 104 cells per well) were placed
onto a 10 mm cover slip in a 24-well plate, followed by incu-
bation for 2 days. Aer the washing process, DiO-labeled Mi-Exo
was added, and the cells were further cultured for 24 h (at 37 �C
in 5% CO2). The cells were xed with 4% chilled para-
formaldehyde for 30 min, and washed 3 times in DPBS. Next,
they were stained with DAPI for 5 min, and washed 3 times
again. Mounting solution (Abcam, UK) was added to the cell-
coated cover slip part and dried for O/N. The cell xation step
was performed at RT. The cell uptake image was photographed
using a model LSM-880 with Airyscan and super-resolution
confocal laser scanning microscopy (ZEISS, Germany).

2.5 Anti-inammation analysis

RAW264.7 cells were seeded into a 6-well plate (3 � 105 cells per
well), and incubated for 24 h. The cells were then washed with
DPBS, and serum starvation was performed for 3 h. The exper-
imental group was treated with Mi-Exo ranging from 108 to 1010
Nanoscale Adv., 2021, 3, 528–537 | 529
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particles per well for 1 h. 100 ng mL�1 of lipopolysaccharide
(LPS, Sigma-Aldrich, USA) was added to each test well, and the
cells were then incubated for 24 h. All incubation was per-
formed in a 5% CO2 incubator at 37 �C. Treated cells were
washed 3 times with DPBS, and the cells were collected by using
a scraper, and then mRNA was extracted. mRNA extraction was
performed according to the manual protocol of an extraction kit
(Ribospin™ II, GeneAll, Korea). All conditions for RT-PCR are
described in Table S2 of the ESI.†

Cytokine ELISA and nitric oxide (NO) assays were the same as
the above procedure. Supernatants were centrifuged at 1000 � g
for 10 min, to remove cell debris. Cytokine of IL-6 and TNFa
were detected by ELISA assay, according to the manual (Solarbio
Life Science, China), and NO assay was performed by using a NO
assay kit (Griess Reagent System, Promega, USA).
2.6 In vitro wound healing analysis

For the migration assay, IEC-18 cells were seeded into a 6-well
plate (3 � 105 cells per well), and then cultured until 90% or
more conuence is achieved. Aer scratching the center portion
of the plate with a sterile tip, they were washed with DPBS.
Then, 108 to 1010 particles of Mi-Exo were added to the well
plate. The status of the scratch wounds was monitored using
inverted microscopy at 24 h, and representative images were
collected (MC170 HD, Leica, Germany). The degree of migration
was measured relative to the gap between cells through micro-
scopic image data. The percentage of wound closing was
calculated using the following equation:

wound closingð%Þ ¼
�
AðcmÞ � BðcmÞ

AðcmÞ

�
� 100 (A(cm): scarping

distance before treatment with Mi-Exo and B(cm): scarping
distance aer 24 h treatment with Mi-Exo).
2.7 TGFb1 and TGFb3 detection in IEC-18 cells

IEC-18 cells were seeded into a 1004 dish (106 cells per well) and
incubated for 24 h. The cells were then washed with DPBS, and
serum starvation was performed for O/N. The experimental
group was treated withMi-Exo ranging from 108 to 1010 particles
per well, and then incubated for 24 h. 35 mg collected protein
was loaded in a 10% SDS-PAGE gel for western blot analysis. A
PVDF membrane was treated with TGFb1, b-actin antibody
(Abcam, UK) and TGFb3 (Invitrogen, USA). Aer washing, the
HRP conjugated anti-rabbit IgG secondary antibody (Invitrogen,
USA) was added. The detection step was the same as above 2.2.
2.8 Statistical analysis

All the data obtained in this study were analyzed by nonpara-
metric tests (Mann–Whitney test). Values of p of less than 0.05
were considered to be statistically signicant.
3 Results
3.1 Optimized Mi-Exo isolation

We isolated Mi-Exo from low-temperature pasteurized fat free
milk (pFfM) to minimize internal composition degradation, and
530 | Nanoscale Adv., 2021, 3, 528–537
isolated it using acetic acid (AA) and the ultracentrifugation
combination method.23 Casein removal was essential to isolate
Mi-Exo, because it accounts for approximately 80% of the protein
in milk. AA treatment is easily the best way to remove casein,
because casein has isoelectric point by AA, so that it aggregates
and remains in the whey that contains exosomes. This step
largely proceeded by the pretreatment of AA addition, ultracen-
trifugation, loosening pellet, and measurement of isolated Mi-
Exo (Fig. 1A). The pFtM treated with AA ranged from 0.1% to
5.0%. The whey product was obtained when at least 0.5% of AA
was added to pFtM (Fig. 1B). The whey yield at 0.5% AA was 85.1
� 2.4%, and at 5.0% AA it was 77.7 � 1.2%; the difference in the
whey yield between 0.5% and 5.0% AA was 7.4% (Fig. 1C). In
addition, all treatments on the pH effect showed a decrease in pH
from pH ¼ 5 to 4. Mi-Exo was isolated using the ultracentrifu-
gation method, and Fig. S1 of the ESI† shows the Mi-Exo pellets
under 0.5%, 1.0%, 2.0%, and 5.0% AA. All the samples were
applied to size distribution and concentration analysis (Fig. 1D).
The 0.5% and 1.0% AA showed almost no difference in terms of
the number of particles (NP), but in the case of treatment with
more than 2.0% AA, the NP-Mi-Exo was more than two times
lower. However, the size distribution did not seem to differ
signicantly. This result indicates that 0.5–1.0% AA treatment
gave a more stable exosome yield. Eventually, the isolation of Mi-
Exo showed a positive correlation between the yield of Mi-Exo
particles and casein removal by 1.0% AA.
3.2 Mi-Exo characterization

Characteristic analysis of Mi-Exo was largely divided into three
categories: physiological properties (size and shape), biological
marker (protein and miRNA), and stability of storage. First,
Fig. S2 of the ESI† shows the physiological properties of Mi-Exo.
The average size of Mi-Exo was measured to be 109 nm (std dev
¼ 30.7), and the mode was 96 nm. The shape of Mi-Exo was
observed by cryo-EM analysis, and revealed typical spherical
vesicles that were formed in a bi-lipid layer structural shape,
and with various sizes (Fig. 2A).

Second, we evaluated the Mi-Exo active markers, TSG101 and
Bta-miR-2478, that contribute to the Mi-Exo quality test as
a relevant internal standard. The presence of Mi-Exo was
conrmed by immunoblotting for exosomal membrane
markers, TSG101 (Fig. 2B). We then assessed the contamination
of outer membrane vesicles (OMVs), which were released from
Gram-negative bacteria. The most sophisticated and extensively
controlled study has demonstrated that the bacterial OMVs
resist the heat conditions during pasteurization.25 The E.coli
BL21 (DE3) derived OMV (eOMV) was isolated as shown in
Fig. S3† of the ESI, indicating that eOMVs formed nanospheres
with a bi-lipid layer membrane, which is similar to that seen in
Fig. 1 and 2. The eOMV major membrane protein, OmpF, was
used as an experimental control in immunoblotting analysis.
OmpF was only detected in eOMV isolates, indicating that there
was no negative effect caused by remaining eOMV contamina-
tion (Fig. 2B). Mi-Exo was further characterized by bovine-
oriented microRNA, Bta-miR-2478.26,27 Mi-Exo highly expressed
Bta-miR-2478, which may be used as a potential marker to
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Optimized Mi-Exo isolation. (A) Overall Mi-Exo isolation method flow. (B) Whey product treated with different acetic acid concentrations
of 0, 0.25, 0.5, 1.0, 2.0, and 5.0%. Dashed line distinguishes between whey and casein. (C) Whey yield and pH. Percentage of whey yield was
calculated using the following equation: whey yield (%) ¼ (Wv/Mv) � 100 (Wv, output volume of whey; Mv, input volume of milk). (D) Size
distribution included the particle diameter, and the concentration in the upper-right graph shows the area range 80–150 nm (yellow dashed
lines) of Mi-Exo concentration treated with each AA (%). Area was measured using ImageJ software (NIH, USA). All results were measured at least
three times.
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distinguish between Mi-Exo and other extracellular vesicle
contaminants. Total exosomal microRNAs were successfully
isolated from exosome pellets, and Mi-Exo specic expression
of Bta-miRNA was analyzed using the Ct values. Of note,
Fig. 2 Mi-Exo characterization. (A) Cryo-EM image of Mi-Exo. Cyan a
blotting. Mi-Exo marker (TSG101) and bacterial OMV marker (OmpF). (C
indicates negative controls (primer set and eOMVs). (D) Mi-Exo stability te
day 1, 15, and 30. All results were measured at least three times.

© 2021 The Author(s). Published by the Royal Society of Chemistry
compared with the negative controls (primer sets and eOMVs),
the Ct values of Mi-Exo decreased by one in the range of NP 108,
109, and 1010, respectively. However, there was little difference
between NP 1010 and NP 1011 (Fig. 2C).
nd orange triangles indicate the bi-lipid layer of Mi-Exo. (B) Western
) Bta-MiR-2478 detection using Real-Time PCR (RT-PCR). Grey line
st on storage at 4 �C (Size, Ct value of Bta-MiR-2478 using RT-PCR) for

Nanoscale Adv., 2021, 3, 528–537 | 531



Fig. 3 Anti-oxidant effect. Anti-oxidant effect of the number of
particles (NP) of (108, 109, and 1010) of Mi-Exo and positive control
ascorbic acid (2 mgmL�1). Each experiment was performed in triplicate.
P-values: **p < 0.0065; *p < 0.0254; ***p ¼ 0.0001.
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Finally, the stability test was conrmed by qNano analysis.
The Mi-Exo pellet was dissolved in PBS, and then divided
equally into several portions. Each portion was stored at
Fig. 4 Anti-inflammatory effect of Mi-Exo. (A) Cell uptake image of Mi-E
(DAPI, dyed nucleus; DiO, DiO-labeled Mi-Exo). (B) Cell morphology of R
image shows w/o LPS and w/Mi-Exo. Lower image shows w/LPS and w
TNFa, COX-2, and iNOS). (D) Cytokine ELISA (IL-6 and TNFa). (E) NO con
nonparametric tests (Mann–Whitney test). All results were measured in q

532 | Nanoscale Adv., 2021, 3, 528–537
different temperatures of 4 �C, 25 �C, or 37 �C for various
periods. The concentration of Mi-Exo was determined, and
plotted as a particle value of the storage duration (Fig. S4 of the
ESI†). The NP Mi-Exo at 4 �C remained stable, but NP at 25 �C
and 37 �C was reduced to less than half, compared to that at 4 �C
(Fig. S4 of the ESI†). The maintenance of high NP values is
indicative of good Mi-Exo stability. Thus, a stability test for
a month was conducted based on the 4 �C storage of Mi-Exo.
With increasing storage periods, the Bta-miR-2478 Ct value
was kept at 22 to 23 (Fig. 2D, blue line). Interestingly, the Mi-Exo
particle size data demonstrated that there was a slight decrease
with increasing storage periods (day 1 to 30), which might have
been responsible for the Mi-Exo shrinkage observed.
3.3 Antioxidant effect and anti-inammatory effect of Mi-
Exo

Antioxidants have scar-healing properties and can protect cells
from oxidative-stress induced damage.13 Radical scavenging
activities using ABTS were analyzed to determine the antioxi-
dant activity of Mi-Exo, showing a 64.4 � 1.2% radical scav-
enging effect at NP 1010 (p ¼ 0.0001) (Fig. 3). Although it was
lower than that with ascorbic acid used as a positive control
(87.8� 1.4%, p¼ 0.0001), this result indicates that Mi-Exo itself
has antioxidant efficacy.

Notably, the duration/degree of inammation, as well as the
composition of the cytokines, inuence the nal wound healing
xo (NP 1010 Mi-Exo treatment) in RAW264.7 cells after 24 h treatment
AW264.7 cells in w/wo LPS and Mi-Exo (w/, with; w/o, without). Upper
/Mi-Exo. (C) Relative RNA expression of inflammatory mediators (IL-6,
centration (mM). Statistical differences were determined by analysis by
uadruplicate.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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outcome.11 In addition, it has been reported that LPS induces
the morphological changes of RAW 264.7 cells, due to reorga-
nization of the actin cytoskeleton, and produces inammatory
mediators, such as IL-6, TNFa, COX2, iNOS, etc., in immune
cells.28

To investigate the anti-inammatory activity of Mi-Exo, the
intracellular uptake and immune-mediated morphological
changes were explored. Fig. 4A shows the confocal image that
reveals that the DiO-labeled Mi-Exo was internalized into
RAW264.7 cells. The cell morphology was then monitored by
optical microscopy and aer LPS treatment showed a change in
the attened spread cell (Fig. 4B). RAW 264.7 cells (3 � 105 cells
per mL) were incubated in the presence of Mi-Exo for 1 h in 6-
well plates. LPS stimulation for 24 h induced lamellipodia
extension and the spreading of cells. However, the Mi-Exo
treatment of RAW 264.7 cells prevented LPS-induced morpho-
logical changes in a dose-dependent manner. In addition, the
above observation did not relate to RAW264.7 cell viability
(Fig. S5A of the ESI†).

In order to conrm the anti-inammatory effects of Mi-Exo,
the mRNA expression levels of the major inammatory media-
tors IL-6, TNFa, COX2, and iNOS were examined. Fig. 4C results
show that all inammatory mediator RNA expression decreased
in a concentration-dependent manner by Mi-Exo. To support
Fig. 5 Anti-cell migration effect induced by Mi-Exo. (A) Cell uptake of Mi-
Cell migration assay after 24 h w/wo Mi-Exo. Upper image shows befor
Right graph showswound closing (%). (C) Relative RNA expression related
b1. All results were measured in quadruplicate.

© 2021 The Author(s). Published by the Royal Society of Chemistry
this result, the real amount of IL-6 and TNFa cytokine secre-
tions was examined by ELISA (Fig. 4D). Both cytokines
decreased depending on NP Mi-Exo. In particular, the anti-
inammatory efficacy of NP 1010 Mi-Exo showed a reduction
of 5.3 times in IL-6 and 1.4 times in TNFa, compared to the LPS-
treated group. In addition, NO production also decreased,
depending on the concentration gradient, as presented in
Fig. 4E.

In all these data, including cell viability, cell morphology
change, and inammatory mediator expression, no change was
observed when only Mi-Exo was treated in RAW264.7 cells.
These results scientically indicate that Mi-Exo may be applied
as a drug delivery vehicle for anti-inammatory materials.
3.4 Controllable cell migration effect by Mi-Exo

In this study, the effects of Mi-Exo on cell migration were
observed in vitro. Research informs that exosomes enter into
target cells, and regulate their biological role.19,29 In order to
evaluate the cellular uptake of epithelial cells, Dio-labeled Mi-
Exo and IEC-18 cells were used. Fluorescence microscopy
images of the Mi-Exo treated cells exhibited green spots in the
cytoplasm (Fig. 5A), and Mi-Exo did not affect the viability of
IEC-18 cells (Fig. S5B of the ESI†). Next, to prove whether Mi-Exo
delayed the migration rate of IEC-18 or not, cell scratch assay
Exo (NP 1010 Mi-Exo treatment) in IEC-18 cells after 24 h treatment. (B)
e treatment of Mi-Exo. Lower image shows after treatment of Mi-Exo.
to cell growth factors, TGFb1 and TGFb3. (D) RNA expression of TGFb3/

Nanoscale Adv., 2021, 3, 528–537 | 533



Fig. 6 Mi-Exo regulates TGFb1 and TGFb3 expression. (A) TGFb1 and
TGFb3 protein expression level in vitro. IEC-18 cells after 24 h treat-
ment. (Left) Western blot assay; (Right) Signal intensity of latent TGFb1
and active TGFb1. Intensity was measured using ImageJ software (NIH,
USA). (B) Proposed model. Latent TGFb1 consists of LAP (Latency-
associated peptide, orange) and active TGFb1 (sky blue). Mi-Exo may
prevent the cleavage of latent TGFb1 by modulating factors such as
lipoproteins, protease inhibitors, and exosomal metabolites.

Nanoscale Advances Paper
was carried out, Fig. 5B. The scratch assay demonstrated that
the migration of IEC-18 decreased depending on the NP of 108,
109, or 1010 Mi-Exo, as compared to the untreated group (80.8 �
2.5%, 59.1 � 11.2%, and 22.5 � 10.9% closing effect, respec-
tively), aer Mi-Exo treatment for 24 h. There is recent evidence
that controlled cell migration corresponds to minimizing the
extent of scar formation.30 It might be assumed that the anti-cell
migration activity can be induced by the expression level of
TGFb isoforms. Relative TGF-b1 and TGF-b3 mRNA levels were
quantied, and compared by RT-PCR. Fig. 5C shows that there
were no signicant differences in TGF-b1, while TGF-b3 showed
a signicant increase. These results indicate that Mi-Exo
increased the ratio of TGFb3 to TGFb1 (Fig. 5D).

Distinct patterns have been indicated for TGFb1 and TGFb3
expression in Fig. 6A. The level of total TGFb1 (latent plus active
form) was found to be decreased while TGF-b3 levels were
slightly increased. Interestingly, Mi-Exo carried TGF-b3
proteins, indicating that Mi-Exo can be the primary source for
scarless tissue repair (Fig. S6 of the ESI†). Furthermore, the
active TGFb1 levels were signicantly decreased by treatment
with Mi-Exo. This observation was highly interesting, as inhib-
iting TGF-b1 maturation of latent to active TGF-b1 is known to
reduce scar formation.31,32 Our data suggest that Mi-Exo could
regulate both the expression level of TGFb3 and latent TGFb1
activation (Fig. 6B). Overall, our experimental observations
support that Mi-Exo can modulate the level of TGFb isoforms,
which leads to scar-free healing.
534 | Nanoscale Adv., 2021, 3, 528–537
4 Discussion

Scars or keloid degrade the patient's quality of life. However, the
treatment of scars is an unresolved task, and a variety of
research and development needs to be conducted. Recently,
exosomes are increasingly used as a material for wound healing
or scar-free treatment, because they are naturally produced, and
can control the inammatory response and promote cell
migration and proliferation, due to the various components in
exosomes. However, exosomes researched for scar-free treat-
ment have mostly derived from stem cells until now; stem cells
require more biosafety studies, including administration and
biodistribution, and an alternative to select more bio-stable
materials is needed.19,20,33

In recent studies, milk-derived exosomes (Mi-Exo) have
focused on a wide range of diseases, such as cancer and
immune disease. In particular, Mi-Exo microRNAs serve as
a biomolecular machinery for maternal–neonatal communica-
tion, which is important for epigenetic gene regulation for
newborn infants.34 Mi-Exo can be isolated in large quantities
from dairy milk, which is easily harvested with little discomfort,
compared to cell-derived exosome extraction. In addition, the
ultracentrifugation method is easily scaled up for large-scale
Mi-Exo preparation.23 Despite these advantages, it should be
noted that rawmilk features high heterogeneity. Much evidence
indicates that the raw bovine milk has diverse bacterial pop-
ulation, including most lactic acid occupying bacteria, and
pathogens, like Staphylococcus and E. coli.35,36 Although many
bacteria were killed during low-temperature pasteurization
(LTLT), a small quantity of bacterial-derived microvesicles, such
as OMVs, could remain in milk.25 Under a specic ultracentri-
fugation force, all components, including exosomes, apoptotic
microvesicles, protein aggregates, lipoprotein vesicles, and
OMVs, can be precipitated as pellets.37 Taking this into
consideration, E. coli derived OMVs (eOMVs) were used as an
experimental control for Mi-Exo isolates. There have been a few
recent studies that provide partial conrmation of the Mi-Exo
specic biomarkers.27 Here, we used TSG101 and Bta-miR-
2478 to investigate the exosomal quality conrmation. In
many exosome research reports, major exosome protein
markers, such as tetraspanin (e.g. CD63, CD81, and CD9), and
multivesicular body (MVB) proteins (e.g. Alix, TSG101, and heat
shock protein) have been targeted to analyze real exosome
samples. TSG101 is mainly upregulated during mid and late
pregnancy and lactation, and plays a major role in specic cell
growth regulation.38,39 Thus, TSG101 in Mi-Exo can be a major
selection marker. Izumi et al. demonstrated that Mi-Exo
contains various kinds of microRNAs via microarray.27 Consis-
tent with our in vitro experiments, we found that Bta-miR-2478
was able to distinguish between bovine Mi-Exo and bacterial
eOMVs (see Fig. 2C).

While the mechanisms of scar-free wound healing are not
completely understood, it has become clear that TGF-b3/TGF-b1
plays a critical role in the process of wound healing.40 Our data
demonstrate that the treatment of Mi-Exo in IEC-18 cells
induces anti-cell migration. In addition, the expression of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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TGFb3 was elevated in response to Mi-Exo treatment, but the
level of TGFb1 remained unchanged (Fig. 5B and C). Many
studies have reported that wound healing mainly follows the
TGFb/Smad signaling pathway. Smad protein acts as a key
transcription factor of TGFb signaling, and plays a different role
of (1) receptor-activated Smad (Smad1, Smad2, Smad3, Smad5,
and Smad8); (2) common mediator Smad (Smad4); and (3)
inhibitory Smad (Smad6 and Smad7).41 Among these, Smad3
protein is phosphorylated due to the activation of TGFbRI and
TGFbRII, and phosphorylated Smad3 plays an important role in
cell growth and ECM formation. However, TGFb3 lowers the
expression level of Smad3, and increases the expression level of
Smad7, which decrease cell growth and ECM formation.2,41 Also,
TGFb3 degrades collagen by promoting matrix metalloprotease-
9 (MMP-9) expression, and this is speculated to slowly form an
intercellular matrix between cells.42 Recent studies have sug-
gested that TGFb1 promotes collagen synthesis, while others
have indicated that TGFb3 suppresses collagen deposition.
These controversial results may be attributed to the intracel-
lular molecular ratio of TGF-b3/TGF-b1 during different stages
of wound healing. Therefore, based on the ndings in this
study, we suggest that appropriate in vivo studies should be
undertaken in the future to show the effectiveness of Mi-Exo in
scarless modulation.

5 Conclusion

In summary, this study focused on Mi-Exo that is capable of
scar-free healing. First, we analyzed the isolation of Mi-Exo and
analyzed its characteristics: physiological properties (size and
shape), biological markers (protein and miRNA), and stability
on storage. Next, we demonstrated scar-free healing based on
three properties: antioxidant, anti-inammatory, andmolecular
balance of TGFb3 and TGFb1 through mRNA and protein
expression. These results indicate that Mi-Exo can be utilized as
a fascinating material that can minimize various scars or
keloids, including skin tissue damage, abrasion, acne extru-
sion, and skin incision by surgery. Thus, Mi-Exo is expected to
show potential as a treatment material for various applications.
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