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Abstract

Exosomes derived from mesenchymal stem cells (MSCs) have been studied as vital components of regenerative
medicine. Typically, various isolation methods of exosomes from cell culture medium have been developed to increase
the isolation yield of exosomes. Moreover, the exosome-depletion process of serum has been considered to result
in clinically active and highly purified exosomes from the cell culture medium. Our aim was to compare isolation
methods, ultracentrifuge (UC)-based conventional method, and tangential flow filtration (TFF) system-based method
for separation with high yield, and the bioactivity of the exosome according to the purity of MSC-derived exosome
was determined by the ratio of Fetal bovine serum (FBS)-derived exosome to MSC-derived exosome depending on
exosome depletion processes of FBS. The TFF-based isolation yield of exosome derived from human umbilical cord
MSC (UCMSC) increased two orders (92.5 times) compared to UC-based isolation method. Moreover, by optimizing
the process of depleting FBS-derived exosome, the purity of UCMSC-derived exosome, evaluated using the expression
level of MSC exosome surface marker (CD73), was about 15.6 times enhanced and the concentration of low-density
lipoprotein-cholesterol (LDL-c), known as impurities resulting from FBS, proved to be negligibly detected. The wound
healing and angiogenic effects of highly purified UCMSC-derived exosomes were improved about 23.1% and 71.4%,
respectively, with human coronary artery endothelial cells (HCAEC). It suggests that the defined MSC exosome with
high yield and purity could increase regenerative activity.
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Introduction

Mesenchymal stem cells (MSCs) have widely been used
for therapeutic treatments in many preclinical models of
immunological and degenerative diseases.!” These thera-
peutic effects of MSCs result from transdifferentiation of
stem cells, cell fusion, mitochondrial transfer, and parac-
rine effects of cells.®” Paracrine factors, including
chemokines, cytokines, and growth factors, have recently
been widely studied with extensive use of MSCs in clinical
trials.® In particular, extracellular vesicles (EVs) have been
recognized as an important bioactive component for parac-
rine effects of MSCs.*!1?

Small vesicular particles with a lipid bilayer called EVs
are cell-secreted nanovesicles that facilitate intercellular
communications by exchanging proteins, lipids, and RNA
between cells.!!"* EVs are categorized into different sub-
types, microvesicles, apoptotic bodies, and exosomes,
based on their subcellular origin, biogenesis, size, and
molecular compositions.' It is now widely accepted that
exosomes are secreted by multivesicular bodies (MVBs)
with 40-150nm size.'®!7 The characteristics of secreted
exosomes vary depending on origins, type, and condition
of parent cells.'® It can be used as an alternative to cell-
based therapy that retains the characteristics of the original
cells. In particular, MSC-derived exosomes can be applied
to various regenerative medicine, including angiogenesis
and wound repair,'*?° alleviating liver fibrosis,?! cardiac
repair,?? neurodegeneration treatment,?® and osteochondral
regeneration.?* However, there are still barriers to the
widespread development of MSC exosome-based thera-
pies for human patients.

With increasing potential for their clinical use, opti-
mizing their isolation processes for maximum yield and
purity with biological activity has become essential.
Common isolation methods for the separation of
exosomes from the cell culture medium are ultracentrifu-
gation (UC),?® ultrafiltration (UF),? size exclusion chro-
matography (SEC), polymer precipitation,?® and density
gradients (DG).? Ultracentrifugation method has been
the “gold standard” for exosome isolation; however, it is
limited by extremely low isolation yield and a high
degree of protein aggregate and lipoprotein contamina-
tion in exosomes. Moreover, this method requires labori-
ous repeated centrifugation steps to remove non-exosome
proteins. In order to overcome this issue, a tangential
flow filtration system (TFF) has been recently introduced
for separating exosomes in a large volume of cell culture
medium for a short time.>° TFF is a filtration method that
uses tangential flow across the surface, avoiding filter
cake formation.’! With optimum pore size of filter, small
sized protein impurities are removed, and exosome can
be efficiently isolated and concentrated.

In order to isolate the exosomes from a high purity
cell culture medium, the composition of the cell culture
medium is an essential factor to be considered. In the
last 20 years, it has been confirmed that serum contains
large amounts of exosomes without unraveling their
function.’?*3 Besides, several reports on MSC-derived
exosomes used exosome, which was isolated from a
serum-containing cell culture medium. Considering that
an enormous number of lipoprotein particles are present
in serum,** the biological activity of MSC-derived
exosomes decreases, and unknown side effects can
occur without depletion processes for serum-derived
exosomes.

In this study, the isolation yield and purity based on
FBS-derived exosome depletion method in cell culture
medium and isolation methods of UCMSC-derived exo-
some were comparatively analyzed. The distribution of
exosome markers was compared based on the purity of
MSC-derived exosomes and the subpopulations of
exosomes were classified using principal component
analysis (PCA). Moreover, the biological activity of the
MSC-derived exosome has been demonstrated depending
on the purity of UCMSC-derived exosomes.

Materials and methods

Exosome (EV) isolation

Human umbilical cord mesenchymal stem cells (UCMSCs;
CHA Biotech Co. Ltd., Seongnam, Korea) were cultured up
to approximately 50% confluence in alpha-MEM (HyClone
laboratories, UT, USA) containing 1% antibiotic-antimy-
cotic mixture (GIBCO, NY, USA) and 10% fetal bovine
serum (FBS, HyClone laboratories, UT, USA) and main-
tained in a humidified atmosphere with 5% CO, at 37°C.
Approximately 50% confluent cells were cultured for 48h in
phenol red-free DMEM (GIBCO, NY, USA) containing 1%
antibiotic-antimycotic mixture and normal FBS (nFBS) or
exosome depleted FBS using ultracentrifugation (UC-dFBS)
or ultrafiltration (UF-dFBS). The UC-dFBS was obtained by
nFBS ultracentrifugation for 18h at 100,000g and 4°C
(Optima L 100 XP, Beckman Coulter, CA, USA). UF-dFBS
was obtained by nFBS filtration using Amicon Ultra-15 cen-
trifugal filters (Millipore, Billerica, MA, USA) for 55min at
3000g. Cell culture media were collected four times every
12h for mass production of exosomes. The culture medium
was centrifuged at 1300rpm for 10min and filtered through
a 0.22pum Vacuum Filter/Storage Bottle System (Corning,
Cat. No. 431097) to remove large non-exosome particles,
including cells, cell debris, microvesicles, and apoptotic bod-
ies. Finally, exosomes were isolated using previous reported
ultracentrifugation method®® or a tangential flow filtration
(TFF; Repligen, Waltham, MA, USA) system with a 300 or
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500kDa molecular weight cut-off filter for parallel
comparisons.

Cell viability assay

After UCMSCs culture withnFBS, UC-dFBS, and UF-dFBS,
cell viability was assessed with Cell Counting Kit-8 (CCK-8;
Dojindo, Kumamoto, Japan). The CCK-8 assay was con-
ducted according to instructions received from the manufac-
turer for determining the relative cell viability. Absorbance
was measured using a microplate reader (Molecular Devices,
CA, USA) at 450nm wavelength.

Characterization of exosomes

The particle size and concentration were measured in
488 nm scatter mode with ZetaView QUATT® (Particle
Metrix, Meerbusch, Germany). The samples were diluted
in filtered phosphate-buffered saline (PBS) solution to
concentrate 107-10% particles/ml. The detailed settings
for accurate analysis were optimized with sensitivity 75,
shutter 100, minimum trace length 15, and cell tempera-
ture 25°C for all samples. The tetraspanin subpopula-
tions of exosomes were measured using ExoView™
(NanoView Biosciences, MA, USA). The sample con-
centration was diluted to 107-10%particles/ml using
solution A of ExoView™ tetraspanin kit. The diluted
exosome samples were dropped onto the tetraspanin
chips and incubated for 16 h. After incubation, the chips
were incubated with fluorescently labeled CD81, CD63,
CD9 antibodies for 1h. The absorbances of samples
were analyzed using ExoView® R100 at 640, 555, and
488nm wavelength. The structure of exosome was
observed using transmission electron microscopy (TEM;
Hitachi, H-7600, 80kV, Japan). The exosome solution
was dried on the copper grid with 200 mesh carbon film
(CF200-Cu, Electron Microscopy Sciences, USA). For
negative staining of exosomes, filtered 7% uranyl ace-
tate was dropped on the copper grid and dried. After
rinsing and drying, the grid was placed on the grid box
for imaging by TEM.

Western blot analysis

The protein concentration of exosome was determined using
a Pierce™ BCA Protein Assay Kit (Pierce, IL, USA). The
exosome proteins were subjected to 10% SDS-PAGE and
transferred onto nitrocellulose membranes. After blocking
with TBST solutions dissolved in 5% skim milk, exosome
transferred membranes were sequentially incubated with the
primary antibody of CD81 (Santa Cruz Biotechnology, CA,
USA), CD73, CD63, and CD9 (Abcam, MA, USA) and
HRP linked secondary antibodies. The blots were subjected
to enhanced chemiluminescence (ECL) solution (GE

Healthcare, WI, USA), which were visualized using
ChemiDoc XRS+ and ImageLab software (Bio-Rad, CA,
USA).

Low-density lipoprotein cholesterol (LDL-C)
analysis

Calibration was performed with control serum I and II
(Wako Pure Chemical Industries, Osaka, Japan) before the
analysis. In order to access the concentration of LDL-C,
exosomes were dissolved in deionized water (DW) and
analyzed with a Hitachi 7020 automatic biochemistry ana-
lyzer (Hitachi, Tokyo, Japan) according to instructions
received from the manufacturer.

Fourier transform infrared (FTIR) measurement

All exosome samples were dissolved in DW for FTIR
analysis with FTIR spectrum two (PerkinElmer, CT, USA)
in transmission mode. Exosomes were dropped onto a cal-
cium fluoride window and dried under a stream of nitrogen
for 15 min. All FTIR spectra of exosomes were recorded in
the wavenumber range of 900-4000c¢m !, with a spectral
resolution of 4cm ™! and 32 scans. A background scan was
performed using a DW-loaded calcium fluoride window.

Principal component analysis (PCA)

The spectra data were selected between 2800—3100 and
9001880 cm ! for principal component analysis (PCA) of
exosomes.*¢ The selected data were normalized by min-
max normalization and centered using the mean subtrac-
tion method. PCA was performed by principal component
analysis for spectroscopy application using OriginPro
2017 software (OriginLab, MA, USA).

Enzyme-linked immunosorbent assay (ELISA)

The expression level of angiogenic factors (VEGF, HGF,
bFGF, and Angiopoietin-1) in exosomes was analyzed using
the Quantikine™ ELISA kit (R&D Systems, MN, USA).
The same amounts of exosomes (10ug) were loaded in
ELISA wells. The process of ELISA was conducted accord-
ing to instructions received from the manufacturer. The
absorbance was measured using a microplate reader at
450nm wavelength.

Tube formation assay

Human coronary artery endothelial cells (HCAECs,
1.2 X 103 cells/well) were cultured with EGM-2 (Lonza,
Basel, Switzerland) media on Matrigel-coated 24 well
plates (Corning, NY, USA) for 17h. The same concentra-
tion of exosomes (100 pg/ml) from various conditioned
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medium was treated to the cultured cells. Subsequently,
tube formation was imaged using fluorescence microscopy
(CKX53, OLYMPUS, japan) after Calcein AM staining
for cell visualization. Images were analyzed using the
angiogenesis analyzer plugin of Imagel software (Wayne
Rasband, NIH, USA).

Cell migration assay

HCAECs (3 X 103 cells/well) were cultured with EGM-2 on
six well plates. The cells were grown to confluent with a
monolayer and scratched using a sterile 1 ml pipette tip in a
straight line on the center of wells. The cells were washed
and treated with the same concentration of exosomes
(100 pg/ml) from various conditioned medium. After incu-
bation for 24 h, the cell migration was imaged using a micro-
scope. The percentage of wound closure was analyzed by
the wound healing tool plugin of ImageJ software.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 7 (GraphPad Software, CA, USA). Differences
between groups were assessed using one-way analysis of
variance (ANOVA) with Tukey’s multiple comparison
post-test and p values below 0.05 were considered as sta-
tistically significant (*p <0.05; **p <0.01; ***p < 0.001;
*xx%p <0.0001).

Results

Comparison of exosome isolation methods:
Ultracentrifuge (UC) and tangential flow
filtration (TFF) system

UCMSC-derived exosomes were isolated from the condi-
tioned medium collected four times every 12h. The more
frequent collection of exosomes from the conditioned
medium allows for an increase in total production yield with-
out structural decomposition.® An equal volume of condi-
tioned medium collected from the same number of UCMSCs
was proceeded using conventional ultracentrifugation (UC)
and tangential flow filtration (TFF) methods to directly com-
pare the yield of exosome particles depending on isolation
methods. The conditioned medium from MSC culture dishes
was first purified through a 0.22 um filter before the exosome
isolation processes to remove large impurities (Figure 1(a)).
In order to compare the production yield of isolated
exosomes, the number of total particles was quantified using
NTA (Figure 1(b)). Compared to UC, the TFF-based isola-
tion method increased two orders of magnitude in exosome
recovery from the same number of cells (0.02X 10"
exosomes for UC and 1.85X10'° exosomes for TFF).
Following the guideline of MISEV2018, exosomes isolated

from UCMSC conditioned medium were characterized
using Western blot analysis and TEM. The expression of
exosome tetraspanins was observed by Western blot analysis
(Figure 1(c)) from exosomes isolated using both UC and
TFF systems. Double-layered spherical structures were
observed using TEM (Figure 1(d)). With these results, it can
be concluded that TFF is a scalable and productive method
for obtaining exosomes from a cell culture medium com-
pared to UC.

Filter membrane pore size-dependent exosome
isolation yield in TFF system

It is widely accepted that multivesicular bodies secrete
exosomes as 40—150nm vesicles. Two different pore sizes of
membrane filters were compared to optimize the pore size of
TFF membrane filter for exosome isolation with higher
purity. The conditioned medium, obtained four times in
every 12h from UCMSC cultured dish, was first passed
through a 0.2 um filter to remove large particles and then
passed through a TFF filter membrane with two different
membrane pore sizes of 300 and 500kDa. By quantifying the
isolated exosomes through two different TFF filters, a small
amount of protein and a small number of particles were iso-
lated using 500kDa compared to 300kDa (Figure 2(b)). It
was expected due to the different cut-off ranges of two differ-
ent filter sizes, as shown in Figure 2(a). The two groups of
exosomes having similar size and structure were analyzed
using NTA and TEM (Figure 2(c) and (d)), showing a similar
distribution of representative exosome surface markers,
CD9, CD63, and CD81, which were proved using Western
blot analysis (Figure 2(e)) and ExoView™ analysis (Figure
2(f)). The exosome purity, determined by dividing the num-
ber of particles by a total protein amount,’” is better when a
500kDa filter is used (Figure 2(g)). The reason is that exo-
some smaller than 40nm was separated using 500kDa filter
so that the yield could be less. Besides, purity can be
increased as small non-exosomal impurities are removed
more efficiently.

Exosome depletion processes for FBS

In cell experiments, FBS is used to supply nutrients for cell
growth, although it is essential that FBS also contains sig-
nificant amounts of exosomes. Besides, FBS-derived
exosomes reduce the purity of exosomes from cells, affect-
ing the distinction of exosome characteristics depending
on the properties of cells. In order to solve this problem,
two depletion methods of FBS-derived exosome have
been compared: ultracentrifugation (UC) and ultrafiltra-
tion (UF). Ultracentrifugation, a conventional exosome
depletion method from FBS to be processed for a long
time at an ultrahigh-speed and ultrafiltration is a separation
method of a relatively short time with a low speed using a
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Isolation yield and characterization of MSC-derived exosome depending on isolation methods: (a) scheme of exosome

isolation methods, (b) the table of total particles and size, (c) Western blotting analysis for the exosome surface markers; CD8l1,
CDé63, and CD9, and (d) TEM image of exosome. (Left. EV Isolated by ultracentrifuge, Right. EV Isolated by TFF). Scale bars 100 nm.

centrifugal filter (Figure 3(a)). Compared to normal FBS
(nFBS), the number of exosomes present in the FBS was
significantly reduced following the exosome depletion
process of FBS. In particular, higher numbers of FBS-
derived exosomes are removed by ultrafiltration compared
to the ultracentrifugation process (Figure 3(b)). The size
distribution of FBS-derived exosomes was compared
based on depletion methods (Figure 3(c)).

UCMSC was cultured with the medium containing
three different FBS to confirm the effect of depletion pro-
cesses on cell viability (Figure 3(d)) (nFBS: normal FBS,
UC-dFBS: exosome depleted FBS using ultracentrifuga-
tion, and UF-dFBS: exosome depleted FBS using ultrafil-
tration). Similar cell viability was observed in the cells
using UC-dFBS and UF-dFBS, which was lower than
using nFBS, but higher than without FBS (Starvation).
From these results, it is proposed to use UF-dFBS to
deplete FBS-derived exosomes efficiently with a proper
cell viability of the cells.

Enhanced purity of UCMSC-derived exosome

with optimized FBS-derived exosome depletion
processes

In order to quantify the exosomes isolated from the

UCMSC culture medium, the smallest number of exosomes
was isolated from cells with the UF-dFBS medium

(referred to as EXOg-UF-dFBS) (Figure 4(a) and (b)).
However, the ratio of UCMSC-derived exosome was the
highest in this condition (Figure 4(c)). The ratio of
UCMSC-derived exosome was calculated by equation (1).

Exoge — Exopgg «100 a
Exoge )

Besides, the purity of UCMSC-derived exosomes,
which was determined by dividing the number of particles
by the amounts of proteins, was the highest in the same
group (Figure 4(d)). To further compare the purity of the
exosome isolated from the UCMSC culture medium, the
expression intensity of CD73, one of the representative
surface markers of MSC-derived exosomes, was analyzed
using Western blot analysis. The results showed that the
CD73 was highly expressed in EXO.-UF-dFBS com-
pared to UCMSC-derived exosome culturing with nFBS
(referred to as EXOg-nFBS) and UC-dFBS (referred to as
EXO4.-UC-dFBS) (Figure 4(e)). And the value for
UCMSC exosome purity, that is, the intensity of CD73
divided by a number of particles, was the highest under the
same condition (Figure 4(f)).

Meanwhile, low-density lipoprotein cholesterol (LDL-C)
is contained in FBS and is considered impurities on UCMSC-
derived exosomes.*® Compared with EXOg.-nFBS and
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Figure 2. Filter pore size-dependent exosome production yield and purity using TFF system: (a) the range of each TFF filter cut-off
size, (b) the table of total protein, particles, and size, (c) the particles concentration and the number of particles after TFF process
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surface markers; CD81, CD63, and CD9, (f) tetraspanin tendency detected by ExoView-fluorescence, (g) purity of exosome. Scale

bars 100 nm.

Values are presented as mean = SD (n=3) and statistical significance was obtained with oneway analysis of ANOVA with Tukey’s multiple compari-

son post-test (**p < 0.001).

EXO4-UC-dFBS, much less LDL-C was detected in
EXOg-UF-dFBS (Figure 4(g)). These results proved that
UCMSC-derived exosomes could be separated with high
purity in cell culture with UF-dFBS medium. The surface
markers of the isolated exosomes using the medium under
the three conditions, nFBS (EXOg,-nFBS), UC-dFBS
(EXOyps-UC-dFBS), and UF-dFBS (EXO,,.-UF-dFBS),
were analyzed using Western blot analysis (Figure 4(h)), and
the structures were observed using TEM (Figure 4(i)).
Although the round-shaped structure with a bilayer was sim-
ilar, it was confirmed that the expression intensity of each
exosome tetraspanin differed depending on the condition of
cell culture. ExoView™ analysis was performed to compare

the expression level of exosome surface markers. The
expression of CD9 increased, and the level of CD63
decreased as the ratio of UCMSC-derived exosome increased
(Figure 4(j) and (k)). These results suggest that the properties
of the isolated exosomes are different depending on the con-
dition of cell culture medium.

The classification of exosome subpopulations
using PCA converted by FTIR and zeta potential
of exosomes

To distinguish subpopulations of exosomes based on the
ratio of FBS-derived exosome and MSC-derived exosome,
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exosomes isolated from five different conditions were
selected, including FBS-derived exosome in nFBS
(EXOppg-nFBS), MSC-derived exosomes using nFBS
medium (EXOy.-nFBS), MSC-derived exosomes using
UC-dFBS medium (EXOg-UC-dFBS), MSC-derived exo-
some using UF-dFBS medium (EXOg.-UF-dFBS), and
MSC-derived exosome in starvation condition (EXOg-
Starvation). The principal components analysis (PCA) and
zeta potential were utilized to classify subpopulations of
exosome. To obtain PCA plots, representative IR spectra of
different exosome subpopulations derived from FBS and
UCMSC with various cell culture conditions are evaluated
(Figure 5(a)). FTIR spectroscopy of biological systems
provided information on the main biomolecules in a sample
simultaneously, such as lipids, proteins, nucleic acids, and
carbohydrates.*® In this study, the specific absorption bands
of lipid and proteins are characterized as biological proper-
ties directly associated with all exosome subpopulations. In
particular, the amide I absorption band, around 1650c¢m !,

is due to the carbonyl stretching vibration, and the amide 11
absorption band, around 1540cm’!, is primarily owing to
N-H bending vibrations.*® Moreover, the range of spec-
trum between 2860-2940cm ! was characterized by the
absorption of the lipid acyl chains, whereas the spectrum
around 1740cm™! occurred by the absorption of the ester
carbonyl groups.*! These molecular vibrations are consist-
ent with previous reports for exosome samples.*>** Subtle
changes of the protein and lipid absorption region were
observed, indicating that lipid and protein arrangement
was changed depending on exosome subpopulations
(Supplemental Figure S1). It is necessary to introduce a
suitable multivariate method to distinguish these subtle dif-
ferences. PCA is a multivariate statistical analysis that sum-
marizes multiple parameters in one property, and it is
applied for collective analysis with numerous parameters.
PCA extracts valuable data, lipids, and proteins spectral
regions from IR spectra in this case and visualizes them in
a dimensional space. PCA score plots IR spectra (900—1880
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ratio of exosome derived from MSC, (d) the purity of MSC derived EV, (e) Western blotting analysis of CD73 MSC marker, (f)
MSC-derived exosome purity calculated with CD73 intensity divided by the number of particles, (g) LDL concentration in isolated
EV, (h) Western blotting analysis for the exosome surface markers; CD81, CD63, and CD9, (i) TEM image of exosome (Left;
EXO-nFBS Middle; EXO, .-UC-dFBS Right; EXO,.-UF-dFBS), (j) tetraspanin tendency detected by ExoView-fluorescence, and (k)
tetraspanin ratio; CD81, CDé63, CD?9. Scale bars 100 nm.

EXOg-nFBS: MSC-derived exosome using nFBS medium; EXO,-UC-dFBS: MSC-derived exosome using UC-dFBS medium; EXO,-UF-dFBS:
MSC-derived exosome using UF-dFBS medium.

Values are presented as mean = SD (n=3) and statistical significance was obtained with one-way analysis of ANOVA with Tukey’s multiple comparison
post-test (£p < 0.05; *p < 0.01; #p < 0.001; ¥ < 0.0001).
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Figure 5. The classification of exosome subpopulations using PCA and zeta potential: (a) the FTIR spectra of the exosome in the
wavenumber range of 900—4000cm™', (b) the PCA score plot was described exosomes derived from different conditions. EXO,-
nFBS are shown by gray color, EXO,.-nFBS by purple, EXO,.-UC-dFBS by green, EXO,.-UF-dFBS by red, and EXO,_-Starvation by

blue, and (c) zeta potential of exosomes in various conditions.

EXO,-nFBS: FBS-derived exosome in nFBS; EXO -Starvation: MSC-derived exosome in starvation condition (without FBS).

and 2800-3100cm™") collected from exosomes, showing
different exosome subpopulations from different condition-
ing medium (Figure 5(b), Purple: EXOy.-nFBS, Green:
EXOg4-UC-dFBS, Red: EXO.-UF-dFBS). In order to
compare the trends according to the subpopulation of
exosomes, the FBS-derived exosome (EXOy,-nFBS) and
the UCMSC-derived exosome in starvation (EXOg.-
Starvation) were also arranged (Grey: EXOp,-nFBS, Blue:
EXOsc-Starvation). The distinction among them was made
based on the separation along the first component axis
(89.9% of variance) and the second component axis
(8.6% of variance), exhibiting a clear separation of the exo-
some subpopulation according to the contents of
UCMSC-derived exosome and FBS-derived exosome. The
EXOg-UF-dFBS is most similar to the EXOg-Starvation,
and EXO,.-UC-dFBS and EXOg-nFBS have similar char-
acteristics as EXOp,-nFBS with large amounts of FBS-
derived exosomes. These data are correlated with the results
that EXOg.-UF-dFBS has the highest purity, as confirmed
by impurities detection. FTIR combined with PCA could be
a powerful tool to fingerprint exosome subpopulations

depending on the ratio of FBS-derived exosome and MSC-
derived exosome. The results of zeta potential showed that
the EXOy.-UF-dFBS has a similar zeta potential with
EXOg-Starvation, whereas the zeta potential of EXOg -
UC-dFBS indicates similarity with EXOp,-nFBS due to
remaining large number of FBS-derived exosome after
depletion process (Figure 5(c)).

The expression of angiogenic factors in
UCMSC-derived exosomes

Exosomes represent the characteristics of parent cells by
the paracrine effect. As a result of comparing the level of
cytokine expression in UCMSC-derived exosomes iso-
lated in various culture conditions, angiogenesis-related
cytokine was highly expressed in EXO.-UF-dFBS. The
degree of angiogenic factor expression, related to the char-
acteristics of MSCs, is different based on the ratio of
UCMSC-derived exosomes. The protein expression level
was compared with ELISA to prove the difference between
representative angiogenesis-related cytokines denoted in
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Figure 6. Angiogenic marker protein production on UCMSC-derived exosomes: (a) levels of HGF, (b) Angiopoietin-1, (c) bFGF,

and (d) VEGF detected by ELISA in exosome.

Values are presented as mean = SD (n=3) and statistical significance was obtained with one-way analysis of ANOVA with Tukey’s multiple compari-

son post-test (*p <0.05; *¥*¥p < 0.001; ****p < 0.0001).

cytokine array. Figure 6 shows the protein level of angio-
genic factors depending on the ratio of UCMSC-derived
exosomes. The expression level of angiogenesis-related
factors, HGF, Angiopoietin-1, bFGF, and VEGF increased
in EXO.-UF-dFBS, whereas EXOy.-nFBS and EXOg-
UC-dFBS showed a similar degree of expression (Figure

6(a)~(d)).

The wound healing and angiogenic effects of
UCMSC-derived exosome

In order to assess angiogenic effects, facilitated by UCMSC-
derived exosomes, we studied exosomes in their ability to
induce HCAECs migration during wound healing processes
by scratch assay. HCAECs were incubated to be confluent
and treated with the same concentration of exosomes derived
from FBS, whereas exosomes derived from UCMSC cul-
tured with nFBS, UC-dFBS, and UF-dFBS for 24 h after the
creation of scratch. After exosome incubation, the migration
rate of HCAECs was increased at all kinds of exosomes
compared to cells without exosome treatments. Notably, the

EXOg-UF-dFBS showed significant effects on cell migra-
tion, and cell migration increased as there was an increase in
contents of UCMSC-derived exosomes (Figure 7(a)). The
result of the scratch assay was analyzed by ImagelJ after 24h
exosome treated. (Figure 7(b)).

Angiogenesis plays a pivotal role in wound healing,
and the pro-angiogenic capability of MSC-derived
exosomes has been reported.** The tube formation assay is
an in vitro model of angiogenesis. Therefore, the activity
of exosomes derived from FBS and UCMSC in various
conditioned medium was investigated in an in vitro capil-
lary tube formation assay using HCAECs (Figure 7(c)).
The total tube length, total branching length, and the num-
ber of nodes and junctions at the indicated time were
measured to quantify the ability of tube formation depend-
ing on the ratio of UCMSC-derived exosome. All param-
eters of tube formation significantly increased after
incubation with EXOy.-UF-dFBS, as compared to
EXOpp-nFBS, EXOy.-nFBS, and EXO4.-UC-dFBS
(Figure 7(d)). Taken together, our in vitro functional assays
on HCAECs suggested that efficient depletion of
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Figure 7. Wound healing and angiogenic effect of MSC-derived exosome: (a) representative images of the cell migration effect of
UCMSC-derived exosomes (1: Control; 2: EXO,-nFBS; 3: EXO,-nFBS; 4: EXO,-UC-dFBS; 5: EXO,.-UF-dFBS), (b) rates of cell
migration were quantified using Image J. Scale bars 200 um, (c) representative images of the angiogenesis effect of UCMSC-derived
exosomes (|: EXOgy-nFBS; 2: EXO4-nFBS; 3: EXO,-UC-dFBS; 4: EXO,-UF-dFBS), and (d) analysis of total length, total branching

length, the number of nodes, the number of junctions (analysis with Image ).
Values are presented as mean = SD (n=3) and statistical significance was obtained with one-way analysis of ANOVA with Tukey’s multiple comparison

post-test (¥p <0.05; ¥p < 0.01; **kp < 0.001; ***p < 0.0001).

FBS-derived exosomes facilitated wound healing and
angiogenic effects of UCMSC-derived exosomes for
endothelial cells.

Discussion

Exosome research is growing rapidly due to its excellent
biological activity and the potential for clinical

applications. In particular, exosomes are focused as new
therapeutics that overcome the shortcoming of cell-based
therapeutics due to their regenerative properties derived
from paracrine effects by exosomes released from stem
cells.**7 For this reason, it is important to isolate natural
exosomes secreted from stem cells, but the current con-
ventional ultracentrifugation-based separation of exosomes
requires a lot of labor and time. And the problem is that the
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amounts of exosomes obtained through this process are
extremely small with aggregation, although the purity is
relatively high.*’ Besides, the amount of isolated exosomes
is not constant, indicating the need for exosome isolation
processes to be standardized.

Another important point is the isolation of highly puri-
fied exosomes from specific cells without contaminants. In
clinical applications, separating only specific cell-derived
exosomes with high purity is an important factor in maxi-
mizing therapeutic effects and minimizing side effects.
Thus, in recent years, various applications using exosomes
have been studied, and basic research on the method of
separating exosomes with high yield and purity has been
actively carried out.

In this report, we studied to standardize the process
from preparation of cell culture medium to isolation meth-
ods for exosome from stem cell with high yield and purity.
Furthermore, with isolations of highly purified stem cell-
derived exosomes, it has been shown that the representa-
tive regenerative effects, angiogenesis, and wound healing,
can be maximized. The same amounts of cell were used in
all experiments to compare the separation efficiency of
exosomes depending on various conditions.

The conventional ultracentrifugation (UC) method and
tangential flow filtration (TFF)-based method were com-
pared to determine the separation method. Compared to
UC, the TFF systems enabled highly efficient exosome
isolation in a relatively short time. And, the particles sepa-
rated using TFF were proved to be exosomes through TEM
and Western blot analysis. With this result, the TFF was
selected to separate exosomes more efficiently compared
to the ultracentrifugation method. The TFF system removes
small molecular weight substances by filtering samples
with a specific membrane.’® The separation materials can
be adjusted according to the cut-off size of membrane, and
eventually, controlled the separation efficiency and purity
of exosomes. Although the TFF system has been intro-
duced to overcome the shortcoming of isolation through
UC, the separation efficiency and purity based on mem-
brane pore size have not been directly compared to suggest
appropriate conditions for exosome isolation. We com-
pared the exosomes isolated using 300 and 500 kDa mem-
branes to suggest a suitable pore size of membrane for
exosome isolations. Compared to the 300 kDa membrane,
a slightly small amount of exosome was obtained using
500kDa membrane; however, increased the purity of exo-
some, determined by dividing the number of particles from
the amounts of proteins. This result supports that the impu-
rities smaller than 40 nm can be removed using a 500kDa
membrane. With characterizing the exosomes separated
through two types of membranes, the structure and the dis-
tribution of exosome surface marker expression were simi-
lar. Exosomes isolated through two types of membrane,
which have the same properties but only affect the purity,

suggesting to use of 500kDa membrane for further
experiments.

Another indicator that can determine the purity of cell-
derived exosomes is the contents level of exosomes from
FBS used in cell culture. FBS is known to provide nutri-
ents and growth factors for cellular proliferation. Besides,
electron microscopy and Western blotting analysis con-
firmed the presence of exosomes in FBS.***’ However, in
many cases using exosomes isolated from the cell culture
medium, researchers have not paid attention to the fact that
the purity of exosomes may vary depending on the pres-
ence of FBS. It has recently been recognized that the pro-
cess for exosome-depletion of FBS is necessary to obtain
exosomes from cells of interest without contaminating
serum-derived exosomes.”® The common method is to
deplete exosomes from FBS by high-speed centrifugation
for a long time. Researchers have shown that a large num-
ber of exosomes can be depleted from FBS with about 18 h
of ultracentrifugation. A recent report showed that the use
of ultrafiltration method with a centrifugal filter was com-
pared with the conventional ultracentrifugation method.”!
Besides, we tried to compare the direct effects of an effi-
cient depletion of FBS-derived exosomes on the separa-
tion of cell-derived exosomes and their biological activity.
By quantifying the amounts of exosomes after depletion
processes, it can be shown that FBS-derived exosomes
have been removed more efficiently through ultrafiltration
and have a similar effect on the cell viability of cells. Next,
UCMSCs were cultured using three different culture
medium: normal FBS (nFBS), exosome-depleted FBS
using ultracentrifugation (UC-dFBS), and exosome-
depleted FBS wusing ultrafiltration (UF-dFBS), and
exosomes were isolated from cell culture medium with
TFF system. Exosomes isolated from UCMSC cultured
with UF-dFBS had the lowest amounts of total proteins
and particles, but the ratio of UCMSC-derived exosomes
was the highest. Many FBS-derived exosomes have been
removed using ultrafiltration to allow the separation of
UCMSC-derived exosomes with high purity. By quantify-
ing CD73 expression, which is a stem cell exosome
marker,’>** and confirming the concentration of LDL-C,
an impurity derived from FBS, from the isolated exosomes,
it can be proved that UCMSC-derived exosomes were iso-
lated with high purity using UF-dFBS. Interestingly,
ExoView™ results showed that CD9 was more abundant
in UCMSC-derived exosomes, whereas CD63 was highly
expressed in FBS-derived exosomes. CD9 is known to be
participated in endothelial cell migration during in vitro
wound repair,”* and CD63 facilitates myocardial fibrosis
by interacting with integrin 81 through tissue inhibitor of
matrix metalloproteinase-1 (TIMP-1) promotion,” sup-
porting excellent regeneration effects expected by stem
cell-derived exosome with a relative higher CD9 and lower
CD63 expressions. It can be seen that the biological
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properties of exosomes depend on the expression ratio of
tetraspanin interacting with each other.’® And the differ-
ences in expression trends of CD9 and CD63, which affect
regenerative abilities, are thought to be one of the various
reasons that the biological properties increase as the ratio
of MSC-derived exosome increases.

FTIR spectroscopy analysis was used to fingerprint exo-
some subpopulations based on the ratio of FBS-derived and
UCMSC-derived exosomes. We combined FTIR spectros-
copy and spectral explorations through chemometric tools
(Principal Component Analysis, PCA). Exosome subpopu-
lations can be fingerprinted vertically and horizontally,
with varying degrees of accuracy.*® Through PCA analysis,
which is converted using FTIR spectrum that varies in the
distribution of proteins and lipids of exosomes, exosomes
can be classified based on the ratio of FBS-derived and
UCMSC-derived exosomes. Exosomes isolated from
UCMSC using nFBS (EXOy.-nFBS) and UC-dFBS
(EXOg4-UC-dFBS) showed similar properties to FBS-
derived exosomes (EXOgyg), whereas exosomes isolated
from UCMSC using UF-dFBS (EXO.-UF-dFBS) exhib-
ited similarity with UCMSC-derived exosome in starvation
condition (EXOg.-Starvation). Zeta potential is an indis-
pensable factor for determining the distinction and disper-
sion stability of exosomes.’’” Exosomes isolated from
different exosome depleted FBS mediums displayed nega-
tive charges ranged from —25.4 to —18.0mV with high dis-
persion stability. Using zeta potential analysis, exosomes
could be classified depending on the ratio of UCMSC
derived and FBS-derived exosomes. The EXO.-UF-dFBS
has a similar zeta potential with EXOg-Starvation, whereas
the zeta potential of EXOy.-UC-dFBS indicates similarity
with EXO_,-nFBS due to remaining large number of FBS-
derived exosome after depletion process.

Cytokine array was performed based on the ratio of
UCMSC-derived exosomes to obtain a preliminary profile
of angiogenic factors presenting in exosomes. The results
demonstrated that the different expression level of angio-
genic factors was significantly related to the contents of
exosomes derived from UCMSC. Four different angio-
genic factors were selected and analyzed the expression
level of protein using ELISA depending on the results of
cytokine array. The ELISA results also support that the
various angiogenic factors were expressed in the UCMSC-
derived exosome compared to FBS-derived exosomes.
Finally, the wound healing and angiogenic effects of
UCMSC-derived exosomes were verified using in vitro
assays with same amounts of exosome based on the pro-
tein concentration (100 pug/ml).”®> All parameters related
to tube formation increased as the purity of UCMSC-
derived exosomes, and the purity of cell-derived exosomes
is essential to maximize the effect of exosomes with the
same concentration.

Conclusion

Overall, we proposed a method to increase the purity of
exosomes derived from specific cells through an optimiza-
tion process with comparative experiments from cell culture
medium preparation to exosome isolation. Furthermore, the
possibility of maximizing the regeneration effect through
highly purified stem cell-derived exosomes is shown using
cell migration and tube formation assays. Our comparative
study expects standardization of the MSC-derived exosome
isolation processes with high yield and purity for successful
clinical applications without any side effect derived from
impurities.
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