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Abstract

BACKGROUND: In order to produce and isolate the exosome derived from the cell of interests, a serum free environment
(starvation) has been essential for excluding the unknown effect from serum-derived exosomes. Recently, serum-free
culture media have been developed as a substitute for serum supplemented media so that MSC proliferates with main-
taining the original characteristics of the cells in a serum free condition. Due to the different properties of the exosomes
representing the states and characteristics of the origin cells, a study is needed to compare the properties of the cell-derived
exosomes according to the cell culture media.

METHODS: To compare the cell culture condition on exosomes, human umbilical cord mesenchymal stem cells
(UCMSCs) were cultured with two different media, serum containing media, 10% FBS supplemented DMEM (NM) and
serum-free chemically defined media, CellCor™ CD MSC (CDM). To remove FBS-derived exosomes from UCMSC
cultured with NM, the medium was replaced with FBS-free DMEM for starvation during exosome isolation. The pro-
duction yield and expression levels of angiogenic and pro-inflammatory factors were compared. And, the subpopulations of
exosome were classified depending on the surface properties and loaded cytokines. Finally, the wound healing and
angiogenic effects have been evaluated using in vitro assays.

RESULTS: The UCMSC-derived exosomes under two different cell culture media could be classified into subpopulations
according to the surface composition and loaded cytokines. Especially, exosome derived from UCMSC cultured with CDM

showed higher expression levels of cytokines related to
regenerative bioactivities which resulted in enhanced
wound healing and angiogenesis.

CONCLUSION: CDM has the advantages to maintain cell
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1 Introduction

The use of mesenchymal stem cells (MSCs) has increased
for therapeutic treatments in many preclinical models of
immunological and degenerative diseases in last decade
[1-4]. The mechanisms for regenerative properties of
transplanted MSCs are not still clearly unraveled [5].
However, many reports have demonstrated the potential of
MSCs for transdifferentiation, cell fusion, mitochondrial
transfer, and paracrine signaling [6, 7]. Since the differ-
entiations and survivals of MSCs are limited in the targeted
lesions, a paracrine signaling from MSCs has been con-
sidered as a major mechanism of their therapeutic effects.
Paracrine factors, including chemokines, cytokines, hor-
mones, and growth factors, have recently been widely
studied for extensive use of MSCs in clinical trials [8, 9].
Especially, extracellular vesicles (EVs) have been recog-
nized as an important bioactive component for leading
paracrine effects of MSCs [10, 11]. Small vesicular parti-
cles with a lipid bilayer, called EVs, are cell-secreted
nanovesicles that play a pivotal role to mediate intercel-
lular communications by exchanging proteins, lipids, and
mRNA between cells [12-15]. EVs derived from MSCs
show biological functions similar to the origin cells by
facilitating tissue regeneration with enclosing and deliv-
ering active biomolecules to the targeted cells or tissues
[16]. EVs are categorized into different subtypes based on
their subcellular origin, biogenesis, size, and molecular
compositions. It is now widely accepted that exosomes are
secreted by multivesicular bodies (MVBs) formed via
endocytosis with 40 —150 nm size [17, 18]. The properties
of released exosomes vary depending on origins, types, and
conditions of parent cells. Many studies have raised the
possibility of being used as an alternative to cell-based
therapy because exosomes represented the characteristics
of the cell of origin [19, 20]. In particular, MSCs-derived
exosomes have emerged as promising therapeutic agents
for regenerative medicine, including angiogenesis and
wound repair [21, 22], kidney regeneration [23], cardiac
repair [24], neurodegeneration treatment [25], and osteo-
chondral regeneration [26]. The therapeutic effect of exo-
some is influenced by the differences in the molecular
components (e.g. protein and RNA cargo) loaded and
delivered by exosomes depending on the condition of cells.
However, there are still barriers to the widespread devel-
opment of MSC-derived exosome-based therapies for
human patients. At the beginning of exosome research,
many reports used exosome isolated from a serum-con-
taining MSC culture medium [27, 28]. Considering that an
enormous number of lipoprotein particles and EVs are
present in serum [29], the biological activity of MSC-
derived exosomes decreases, and unknown side effects can
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occur without depletion processes for serum-derived exo-
somes. With increasing potential for their clinical use,
isolation only exosome secreted from the cell of interest
with high purity has become essential [30]. For this reason,
researchers have been utilized the serum-free media during
isolation of exosome to minimize the unknown effects of
serum-derived exosome although it contains many com-
ponents, including growth factors, proteins, vitamins, and
hormones, etc., for promoting cell adhesion and prolifera-
tion with protecting cells from shear stress [31]. Especially,
the use of fetal bovine serum (FBS) is controversial for
growing stem cells at a clinical-grade level because its
composition is not completely defined [32]. Moreover, it
has been confirmed that FBS contained large number of
membrane vesicles without defining the compositions [33].
To deplete EVs from FBS, ultracentrifugation and ultra-
filtration-based methods have been optimized, and large
amounts of FBS-derived EVs were proved to be elimi-
nated, but not all [34]. To remove the effect of serum-
derived exosomes completely and enhance the purity of
exosome from cell of interests, a process for starvation has
been used as a ‘gold standard’ during exosome isolation
[35]. The cells are maintained using serum supplemented
media to facilitate cell proliferation. Next, the medium was
replaced with serum-free medium during exosom isolation.
From this condition, highly purified MSC-derived exosome
could be isolated without contamination with serum-
derived exosomes. However, the diminished proliferation
rate and the changes in characteristics of cells during the
starvation affect the production yield and properties of
exosome secreted from cells. With this reason, efforts are
required to establish culture conditions in which the char-
acteristics of original cell can be maintained even during
the exosome isolation. Various serum-free media have
been developed for successful MSC culturing without
serum components [36-38]. Among various serum-free
media, a chemically defined medium, the CellCor™ CD
MSC (CDM; Xcell Therapeutics), has been developed for
MSC without animal and human-derived proteins and other
ingredients. CDM exhibited excellent proliferation rate
with maintaining expression of MSC marker protein on the
surfaces over 15 passages. Although it has proved excellent
potentials for MSC culture in serum-free condition using
CDM, the comparative analysis between exosomes isolated
from MSC cultured in CDM and exosomes isolated under
starvation condition has not been investigated.

In this study, the production yield of human umbilical
cord mesenchymal stem cells (USCMS)-derived exosome
based on cell culture media was comparatively analyzed.
And subpopulations of the exosomes were classified
according to their surface compositions and cytokines
using principal component analysis (PCA). Moreover, cell
status-dependent the expression levels of angiogenic and
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pro-inflammatory factors of exosomes were compared and
also wound healing and angiogenic activities of UCMSC-
derived exosomes were evaluated depending on the cell
culture media.

2 Materials and methods
2.1 Cell culture

Human umbilical cord mesenchymal stem cells (UCMSCs;
CHA Biotech Co. Ltd., Seongnam, Korea) were cultured
up to approximately 50% confluence using 10% fetal
bovine serum (FBS, HyClone laboratories, Logan, UT,
USA) supplemented low-glucose DMEM (HyClone) con-
taining 1% antibiotic—antimycotic mixture (GIBCO, Grand
Island, NY, USA) in a humidified atmosphere with 5%
CO, at 37 °C. Additionally, UCMSCs were cultured using
CellCor™ CD MSC media (Xcell Therapeutics, Seoul,
Korea) containing 1% antibiotic—antimycotic mixture
(GIBCO) with the serum-free condition in a humidified
atmosphere with 5% CO, at 37 °C.

2.2 Exosome (EV) isolation

To isolate exosome, normal media (NM) and CellCor™
CD MSC media (CDM) were utilized. Specifically, the
media for approximately 50% confluent cells cultured with
low-glucose DMEM were replaced with phenol red-free
DMEM (GIBCO) containing 1% antibiotic—antimycotic
mixture without serum during 48 h for NM condition, and
CellCor™ CD MSC media were continuously used during
cell culturing and exosome isolation for CDM condition,
respectively. The NM were collected four times in every
12 h, and the CDM were collected four times in every 30 h
for maximizing exosome production. The collected cell
culture media were centrifuged at 1300 rpm for 3 min and
filtered through a 0.22 pm Vacuum Filter/Storage Bottle
System to remove non-exosomal large particles, including
cells, cell debris, microvesicles, and apoptotic bodies.
Finally, exosomes were isolated using a tangential flow
filtration (TFF; Repligen, Waltham, MA, USA) system
with a 500 kDa molecular weight cut-off filter.

2.3 Characterization of exosomes

The Pierce™ BCA Protein Assay Kit (Pierce, Rockford,
IL, USA) was used to assess the protein concentration of
exosome as followed by manufacturer’s instructions. The
ZetaView QUATT® (Particle Metrix, Meerbusch, Ger-
many) was utilized to confirm the number and the size of
particles with 488 nm scatter mode. The samples were
diluted to 10’-10® particles/ml using filtered phosphate-

buffered saline (PBS) solution (HyClone laboratories). The
detailed settings for accurate analysis were optimized with
sensitivity 75, shutter 300, minimum trace length 15, and
cell temperature 25 °C for all samples. The morphology of
the exosome was observed with transmission electron
microscopy (TEM; Hitachi, H-7600, 80 kV, Tokyo, Japan).
The exosome solution was dried on the copper grid with
200 mesh carbon film (FCF150-CU, Electron Microscopy
Sciences, Hatfield, PA, USA). Exosomes located on copper
grid were stained with 7% urany] acetate solution and dried
for negative staining. After drying, the copper grid was
placed on the grid box for TEM analysis.

2.4 Western blot analysis

The same number of exosomes (1.86 x 10'! particles)
were used for the parallel comparison. The exosomes were
loaded to 12% SDS-PAGE and transferred onto nitrocel-
lulose (NC) membranes. The NC membrane was blocked
with 5% skim milk dissolved TBST solution. The exosome
protein transferred NC membranes were sequentially
incubated with the primary antibody of CD63 (Abcam,
Cambridge, UK) and CD81 (Santa Cruz Biotechnology,
CA, USA), followed by HRP linked secondary antibodies
(Cell Signaling Technology, Danvers, MA, USA). The
enhanced chemiluminescence solution (GE Healthcare,
Milwaukee, WI, USA) was applied to the blot, which was
visualized using ChemiDoc™ XRS + and ImageLab
software (Bio-Rad, Hercules, CA, USA).

2.5 Fourier transform infrared (FTIR)
measurement

All samples of exosomes were dissolved in PBS solution
for FTIR analysis with Spectrum Two FTIR spectrometer
(PerkinElmer, Shelton, CT, USA) in transmission mode.
Exosomes were dropped onto a calcium fluoride (CaF,)
window and dried under a stream of nitrogen for 10 min.
All FTIR spectra of exosomes were recorded in the
wavenumber range of 900-4000 cm™', with a spectral
resolution of 4 cm™" and 32 scans. A background scan was
confirmed using a PBS solution-loaded CaF, window.

2.6 Principal component analysis (PCA)

The spectra data of FTIR between 2800 and 3100 and
900-1880 cm™' and the data of cytokine array were
selected for principal component analysis (PCA) of exo-
somes. The selected data were normalized using min—-max
normalization. And then, data were centered using the
mean subtraction method. PCA was obtained by principal
component analysis for spectroscopy application using
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OriginPro 2017 software (OriginLab, Northampton, MA,
USA).

2.7 Cytokine array

The same number of exosomes (5.59 x 10'! particles)
were lysed using Radio-immunoprecipitation assay (RIPA;
Rockland Immunochemicals, Pottstown, PA, USA) buffer.
The lysed exosome solutions were loaded to the NC
membrane of the Proteome Profiler™ Antibody Arrays
Human XL Cytokine Array Kit (R&D Systems, Min-
neapolis, MN, USA) that located the cytokine antibodies in
duplicate. The cytokine intensity was quantified using
ImageLab software after developing NC membrane with
ChemiDoc™ XRS + . The average intensity of the cyto-
kine expression was used for data analysis.

2.8 Enzyme-linked immunosorbent assay (ELISA)

The QuantikineTM ELISA kits (R&D Systems) were used
for the quantification of angiogenic-related factors (HGF,
angiopoietin-1, bFGF, and VEGF) in exosomes. The same
number of exosomes (3.73 x 10'° particles) were loaded
to ELISA wells. The process of ELISA was proceeded
according to instructions of the manufacturer. The absor-
bance was measured using a microplate reader at 450 nm
wavelength. The subtracts were measured at 540 and
570 nm wavelength, respectively.

2.9 Quantitative real-time PCR

Exosomal RNA was extracted using Trizol"™ Reagent
(Invitrogen, Paisley, UK). The process of Trizol™ reagent
was proceeded according to instructions of the manufac-
turer. Total RNA was reverse transcribed using a Prime-
Script RT reagent kit (Takara, Kusatsu, Japan). Real-time
PCR was performed using SYBR green PCR master mix
(Applied Biosystems, Foster City, CA, USA) and the
reactions were proceeded using the QuantStudio 3 (Applied
Biosystems) with the following primers, hIL-6: forward,
5’-gatgagtacaaaagtcctgatcca-3’ and reverse, 5’-ctgcage-
cactg- gttetgt-3’; hIL-8: forward, 5’-agacagcagagcaca-

caagc-3’ and reverse, 5’-atggttccttccggtggt-3’; hTNF-
a:nforward, 5’-cagcctcttctecttectgat-3° and reverse, 5°-
gccagagggctgattagaga-3’; hl8 s rRNA: forward, 5°-

gcaattattccccatgaacg-3’ and reverse, S5’-gggacttaatcaacg-
caagc-3’. The data were quantified using 2742 method
with 18 s rRNA as a reference.

2.10 Cell migration assay

Human coronary artery endothelial cells (HCAECs,
3 x 10° Cells/well) were cultured with EGM-2 on 6 well
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plates. The cells were grown to confluent with a mono-
layer. And then, the cells were scratched using a sterile
1 ml pipette tip in a straight line on the center of wells. The
cells were washed with PBS solutions and treated with the
same concentration of exosomes (1 x 108 particles/ml)
from two different conditioned media. After incubation for
24 h, the cell migration was imaged with a microscopy.
The percentage of open area was evaluated by the wound
healing tool plugin of Imagel software (Wayne Rasband,
NIH, Bethesda, MD, USA).

2.11 Tube formation assay

HCAECs (1.2 x 10° cells/well) were cultured using EGM-
2 (Lonza, Basel, Switzerland) media on Matrigel-coated 24
well plates (Corning, NY, USA) for 17 h. The same con-
centration of exosomes (1 x 10% particles/ml) from two
different conditioned media were treated to the cultured
cells. Subsequently, tube formation was monitored with
fluorescence microscopy (CKX53, OLYMPUS, Tokyo,
Japan) after calcein AM staining for cell visualization.
Images were analyzed with the angiogenesis analyzer
plugin of ImageJ software (Wayne Rasband).

2.12 Statistical analysis

All statistical analyses were examined using GraphPad
Prism 7 (GraphPad Software, La Jolla, CA, USA). Dif-
ferences between groups were assessed using the Unpaired
t test or the one-way analysis of variance (ANOVA) with
Tukey’s multiple comparison post-test and p values below
0.05 were considered as statistically significant (*p < 0.05;
*p < 0.01; ***p < 0.001; ****p < 0.0001).

3 Results

3.1 Characterization of UCMSC-derived exosome
depending on culture medium.

To compare the production yield of exosome depending on
cell culture conditions, UCMSC was cultured with two
different media, 10% FBS supplemented DMEM (NM) and
CellCor™ CD MSC media (CDM). To remove FBS-
derived exosomes from UCMSC cultured with NM, the
medium was replaced with FBS-free DMEM for starvation
during exosome isolations. UCMSC-derived exosomes
were collected four times from the conditioned media to
allow for increase in total production yield without struc-
tural decomposition [39]. As shown in Fig. 1A, UCMSCs
were cultured with NM for 5 days, and the media were
collected in every 12 h after media replacement with FBS-
free DMEM. Compared to this, CDM was utilized to
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Fig. 1 The characterization of exosomes derived from MSC
depending on cell culture media A The timeline of the experiment.
B Scheme of exosome isolation processes. C The summary of total
protein, the number of total particle, the number of particles per a cell,

isolate exosome in every 30 h with continuous cell pro-
liferations. The equal volume of conditioned media from
UCMSC culture dishes were first purified through a
0.22 um filter before the exosome isolation processes using
TFF system to remove large impurities (Fig. 1B). In order
to compare the production yield of isolated exosomes, total
protein concentration and the number of total particles
were analyzed using BCA and ZetaView QUATT®
instrument, respectively (Fig. 1C). Compared to the
UCMSC incubating in starvation condition after culturing
with NM, the UCMSC cultured in CDM increased two
orders of magnitude in exosome recovery. Due to the dif-
ferences in cell proliferation according to the cell culture
medium, the number of particles per a cell were calculated

and size of exosomes. D Western blot analysis for the exosome
surface markers; CD63 and CD81. E. TEM image of exosome. Scale
bars equal to 100 nm

for more accurate comparisons. About 8.5 times more
exosomes were isolated from the UCMSC cultured with
CDM (1.03 x 10° UCMSC-derived exosomes per a cell
for NM (EXOgc-NM) and 8.73 x 10° UCMSC-derived
exosomes per a cell for CDM (EXOgc-CDM)). Following
the guideline of MISEV2018 [15], exosomes isolated from
two different UCMSC conditioned media were character-
ized using Western blot analysis and TEM. The expres-
sions of exosome surface markers (CD63 and CD81) were
obtained by Western blot analysis (Fig. 1D) and double-
layered spherical structures were observed using TEM
(Fig. 1E). With these results, the exosomes production
from UCMSC cultured with CDM showed scalable and
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productive compared to the UCMSC-derived exosomes
cultured with NM with continuous cell proliferation.

3.2 Classification of exosome subpopulations using
PCA converted by FTIR, and zeta potential
of exosomes

To distinguish subpopulations of exosomes based on the
bonding differences of surface proteins and lipids, the
FTIR spectra of exosomes isolated from two different
culture media were measured (Fig. 2A). The specific
absorption bands from IR, from 900 to 1880 cm~! and
2800 to 3100 cm™! in this case, give the information about
the bonding energy among the surface proteins, lipids, and
carbohydrates of exosomes. The subpoputlations of exo-
some classified by the surface properties of exosomes could

be categorized using these values. Specifically, the FTIR
-1
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Fig. 2 The classification of exosome subpopulations depending on
cell culture media using PCA and zeta potential. A The FTIR spectra
of the exosome in the wavenumber range of 900-4000 cm™'. B The
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provided on the main biomolecules in a exosome simul-
taneously which are directly associated with all exosome
subpopulations [40, 41]. The subtle differences in
arrangements of the surface protein, lipid, and carbohy-
drates mean the changes of exosome subpopulations. To
distinguish these differences, the plot for principal com-
ponents analysis (PCA) was obtained from FTIR spectra of
exosomes, and visualized the characteristic differences of
them in two dimensional spaces. The PCA is a multivariate
statistical analysis applied for collective analysis with
numerous parameters. In order to compare the trends of
exosome subpopulations according to the conditioned
media, the UCMSC-derived exosomes from normal media
(EXOgc-NM) and the UCMSC-derived exosome from
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CellCor™ CD MSC media (EXOgc-CDM) were arranged
with  collecting FTIR spectra  (900-1,880 and
2,800-3,100 cmfl) from the exosomes. The results
exhibited a clear separation of the exosomes subpopula-
tions according to the cell culture conditions (Blue:
EXOgc-NM, Red: EXOgc-CDM) along the first component
axis (99.9% of accuracy, Fig. 2B). FTIR analysis combined
with PCA could be a powerful tool to classify exosome
subpopulations depending on the various condition for
exosome production and isolation. The result of zeta
potential also showed the differences of surface charges
between two groups with structural stability (Fig. 2C).

3.3 Expression of exosomal cytokine in UCMSC-
derived exosomes

Exosomes represent the characteristics of parent cells by
the paracrine effect. The function of exosomes can be
predicted by comparing the loaded cytokine in exosomes
depending on the cell culture condition (Fig. 3A). Among
many cytokines, cytokines showing significant differences
between two groups were selected and classified. The
results showed that the level of cytokines differed in

exosomes according to the cell culture media. Especially,
regeneration-related factors (representatively, EGF and
PDGF-AB/BB) were highly expressed in EXOgc-CDM,
and inflammation-related cytokines (representatively, IL-6
and IL-8) increased in EXOgc-NM (Fig. 3B). Many
cytokines showing non-significantly differences were pre-
sented with black dot located in the range of low fold
change. Using the plot for PCA with the results of cytokine
array, the characteristics of exosomes were clearly distin-
guished due to different expression of cytokine depending
on cell culture media (Fig. 3C).

3.4 Expression of angiogenic and pro-inflammatory
factors in UCMSC-derived exosomes

The expressions of pro-inflammatory cytokines, such as IL-
6, IL-8, and TNF-o, are important regulators of the
inflammatory reaction during treatment of exosome for
regenerative purposes. To evaluate the production of pro-
inflammatory cytokines in exosomes, the mRNA expres-
sion levels of pro-inflammatory cytokines were determined
using real-time qPCR analysis. As shown in Fig. 4A, the
loading of pro-inflammatory cytokines was significantly
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Fig. 3 The characterization of cytokine expression in exosomes.
A The representative images of cytokine array membrane of EXOgc-
NM and EXOgc-CDM. B The comparison for the expression of
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cytokines using a volcano plot (All dots above the red line mean the
p value over 0.05). C The PCA score plot by the results of cytokine
array
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Fig. 4 The production of angiogenic protein and pro-inflammatory
cytokines in exosomes derived from UCMSC culture with different
cell culture media. A The mRNA expression level of IL-6, IL-8, and
TNF-o0 determined by real-time qPCR. B Levels of HGEF,

reduced in EXOgc-CDM compared to EXOgc-NM. These
correlated with the result of cytokine array as shown above.
Moreover, the protein expression level was compared with
ELISA to prove the difference between representative
angiogenesis-related cytokines. Figure 4B shows the pro-
tein level of angiogenic factors depending on the culture
media. The expression level of angiogenesis-related fac-
tors, such as HGF, Angiopoietin-1, and bFGF increased in
EXOgc-CDM compared to EXOgc-NM, whereas the level
of VEGF was reverse. However, since the expression
degree of VEGF was too low, it is difficult to expect the
differences of VEGF-related angiogenic activity between
two groups. Taken together, it is concluded that the CDM
helps EXOgc-CDM to contains more angiogenic cytokines
with low pro-inflammatory factors compared to EXOgc-
NM.
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multiple comparison post-test (***p < 0.001; ****p < 0.0001))

3.5 Wound healing and angiogenic effects
of UCMSC-derived exosome

In order to compare angiogenic effects of UCMSC-derived
exosomes depending on culture media, the ability of exo-
some for the HCAEC migration during wound healing
processes was studied by scratch assay in vitro. HCAECs
were incubated to be confluent and treated with the same
number of exosomes derived from UCMSC cultured with
NM and CDM for 24 h after the scratch formation,
respectively (Fig. SA). After exosome incubation, the
migration rate of HCAECs showed increase at all kinds of
exosomes compared to cells without exosome treatments
(Fig. 5B). Interestingly, the effect of cell migration was
significantly elevated using EXOgc-CDM. This result is
correlated with the trends of comparison study for cytoki-
nes in EXOgc-CDM and EXOgc-NM as shown in cytokine
array. More specifically, EGF and PDGF-AB/BB could
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Fig. 5 Wound healing and angiogenic effect of UCMSC-derived
exosome depending on the cell culture media. A Representative
images of the wound healing effect of UCMSC-derived exosomes
(Scale bars equal to 200 um). B Rates of wound healing were
quantified using Image J. C Representative images of the angiogen-
esis effect by tube formation assay of UCMSC-derived exosomes.

facilitate the wound healing properties of UCMSC-derived
exosomes.

In addition, the wound healing was supported by
angiogenesis, and the pro-angiogenic capability of MSC-
derived exosomes has been reported [42]. To assess the
angiogenic properties of UCMSC-derived exosomes in two
different conditioned media, the tube formation assay,
in vitro model of angiogenesis, was conducted. As shown
in Fig. 5C, the ability of tube formation was significantly
enhanced in the group of EXOgc-CDM. Many angiogenic-
related factors, including total tube length, total branching
length, and the numbers of nodes and junctions, were
measured to quantify the effect of exosomes for tube for-
mation at the indicated time. All parameters of tube for-
mation showed negligible differences after incubation with
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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;
*#EEp < 0.0001))

EXOgc-NM, but significantly increased with EXOgc-CDM
(Fig. 5D).

3.6 Discussion

Exosome is a rapidly growing research area due to its
excellent biological activity and the potential for clinical
applications. In particular, MSC-derived exosomes have
emerged as new therapeutics that overcome the some
shortcomings of MSC-based therapeutics with their
regenerative properties from paracrine effects by exosomes
released from MSCs [43-46]. For this reason, it is crucial
to isolate highly purified exosomes secreted from MSCs
without contaminants. For clinical applications, various
attempts to standardize on the method of separating
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exosome and culturing the cells have been reported for
increasing production yield and purity of exosomes
[47-51]. Especially, the types of media used for cell culture
play an important role not only in determining the state of
cells, but also in determining the properties of exosomes
secreted from the cells. Several studies have been reported
that deficiency of certain components during cell culturing
influences the exosome properties, including glucose
deprivation in culturing cardiomyocytes promoted exo-
some activities on angiogenesis in endothelial cells with
upregulation of miRNA in exosomes [52], and the cell
culture media without glutamine alters the origin and
function of cancer cell exosomes [53]. For many years, the
serum-containing medium was utilized as an essential
element to facilitate cell proliferation and maintain stem-
ness of MSCs with providing nutrients and growth factors,
etc. However, researchers have not paid attention to the
fact that the purity of exosomes from cells may vary
depending on the presence of serum. It has recently been
proposed that various serum depletion processes to increase
the purity of exosome derived from cell of interests as it
had been known that serum released the exosomes as well.
The amount of serum used for culturing cells and isolating
exosomes affected the amount and characteristics of
secreted exosomes [54]. To remove the effect from serum-
derived exosome perfectly, serum-free media were also
used for exosome isolation followed culturing cell with
serum supplemented medium. However, the serum depri-
vation induces autophagy of the cells with inhibition of
mechanistic targeting of rapamycin (mTOR) which resul-
ted in changes of exosome properties [55]. There has been
a demand for reliable and scientifically better defined cell
culture media without serum [38, 56-59]. Among them,
chemically defined media, which do not contain compo-
nents of unknown composition, including animal-derived
proteins and hydrolysate, are suitable for culturing clinical
grade MSCs [36, 60, 61]. In addition, the exosome isolated
from the MSCs cultured using chemically defined media
are expected to show the characteristics of MSCs more
clearly due to intact states of MSCs during isolation of
exosomes.

In this study, we propose the cell culture media for
MSCs that secrete exosomes with high productive and
biological activities related to tissue regeneration by
comparing exosome isolated from MSCs after starvation in
normal serum containing DMEM (NM) and exosome iso-
lated from MSCs in CellCor™ CD MSC media (CDM). To
isolate UCMSC-derived exosomes cultured in NM, 10%
FBS supplemented DMEM were utilized for culturing the
cells during 5 days, and FBS-free DMEM were replaced
for exosome isolation four times in every 12 h, whereas
CDM were utilized for cell culturing and exosome isola-
tion. CDM have a advantage for continuous proliferation of
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cells during exosome isolations. Exosomes could be iso-
lated from the starting point of cell culturing with main-
taining cell proliferation in every 30 h for 5 days. After
collecting the media from cell culture dish, TFF system
was used for more efficient isolation of exosomes. Despite
the report that starvation promotes the secretion of exo-
somes from the cells [62, 63], we can obtain about 25 times
more exosomes from CDM compared to NM. These dif-
ferences are due to the differences in cell growth during
exosome isolation. That is, in NM, cell growth is inhibited
during starvation for exosome isolation, whereas in CDM,
continuous cell growth is possible even during exosome
isolations which result in the fast proliferation rate of cells.
And it is possible to obtain exosome continuously for a
long time during cell culture from same cell culture con-
dition because the same cell culture media were used for
cell culture and exosome isolation with CDM. The condi-
tion for cell culture media affects not only the differences
in the amount of exosomes secretion, but the differences in
the properties of the exosomes [24, 64]. To verify the
differences of exosomes from two conditions, FTIR was
utilized to fingerprint exosome subpopulations based on the
bonding differences between surface proteins, lipids, and
carbohydrates [65]. Combining the FTIR spectroscopy and
chemometric tool (PCA), exosomes can be classified ver-
tically and horizontally with different degree of accuracy
[66]. Exosomes derived from UCMSC cultured with CDM
were clearly separated from the exosome from NM with
accuracy of 99.9% horizontally. Exosomes isolated from
two different cell culture medium displayed negative
charges, —25.7 mV for EXOgc-NM and —22.9 mV for
EXOgc-CDM, respectively. Zeta potential is an indis-
pensable factor for determining the solubility and disper-
sion stability of exosomes [67]. Moreover, using zeta
potential analysis, exosomes could be slightly classified
depending on the composition differences on the surface of
exosomes. The cytokine array was a good tool to screen
cytokines presentation in exosomes. Cytokine array was
performed with lysed exosomes isolated from different cell
culture conditions to obtain a preliminary profile of pro-
inflammatory and regeneration factors loaded in exosomes
[68]. Interestingly, while the regeneration-relative factors,
including EGF and PDGF-AB/BB, were highly expressed
in EXOgc-CDM, the pro-inflammatory cytokines, such as
IL-6 and IL-8 were dominant in EXOgc-NM. The high
expression of IL-6 and IL-8 in EXOgc-NM is related to the
upregulation of IL-6 and IL-8 secretion in response to
starvation stress during exosome isolations [69]. The plot
of PCA based on the expression of cytokines clearly sep-
arated the properties of exosome derived from same cell
with different cell culture media. The different expression
level of pro-inflammatory cytokines and regeneration fac-
tors, especially angiogenic factors in here, was significantly
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related to the status of cells depending on cell culture
conditions [70]. The level of three representative pro-in-
flammatory cytokines showed dramatically increase in
exosomes derived from UCMSC cultured with NM com-
pared to CDM, associated with the presence of fewer pro-
inflammatory factors in healthy MSCs. Four different
angiogenic factors were selected and analyzed the expres-
sion level of protein using ELISA depending on the cell
culture conditions. The ELISA results also supported that
the various angiogenic factors were expressed in the
EXOgc-CDM compared to EXOgc-NM except for VEGF.
However, expression level of VEGF is too tiny, it is
expected that the angiogenesis effect of EXOgc-CDM will
be enhanced by other angiogenic-related factors showing
large differences in expression levels. Finally, the wound
healing and angiogenic effects of UCMSC-derived exo-
somes were verified using in vitro assays. The degree of
cell migrations and all parameters related to tube formation
increased in EXOgc-CDM  which correlated with the
results of ELISA. These results imply that the state of
UCMSC, which is affected by the cell culture condition,
determines the properties of cell-derived exosomes.
Moreover, the intact state and purity of cell-derived exo-
somes are essential to maximize the biological effects of
exosomes with the same concentration.

Overall, we comparatively analyzed the production
yield and properties of UCMSC-derived exosomes
according to the cell culture media. Cell culturing using
CDM has the advantages of being able to continuously
maintain cell proliferation even during the period of exo-
some isolations and eliminating unknown side effects
caused by serum-derived exosomes. Moreover, exosomes
derived from UCMSC cultured with CDM have a lot of
regeneration-related cytokines and less pro-inflammatory
cytokines, which result in superior wound healing and
angiogenic activities in vitro. We recommend the newly
developed serum-free media (CDM) for culturing MSC to
isolate highly purified and functional exosomes.
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