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Abstract

BACKGROUND: Mass production of exosomes is a prerequisite for their commercial utilization. This study investigated
whether three-dimensional (3D) spheroid culture of mesenchymal stem cells (MSCs) could improve the production
efficiency of exosomes and if so, what was the mechanism involved.

METHODS: We adopted two models of 3D spheroid culture using the hanging-drop (3D-HD) and poly(2-hydroxyethyl
methacrylate) (poly-HEMA) coating methods (3D-PH). The efficiency of exosome production from MSCs in the 3D
spheroids was compared with that of monolayer culture in various conditions. We then investigated the mechanism of the
3D spheroid culture-induced increase in exosome production.

RESULTS: The 3D-HD formed a single larger spheroid, while the 3D-PH formed multiple smaller ones. However, MSCs
cultured on both types of spheroids produced significantly more exosomes than those cultured in conventional monolayer
culture (2D). We then investigated the cause of the increased exosome production in terms of hypoxia within the 3D
spheroids, high cell density, and non-adherent cell morphology. With increasing spheroid size, the efficiency of exosome
production was the largest with the least amount of cells in both 3D-HD and 3D-PH. An increase in cell density in 2D
culture (2D-H) was less efficient in exosome production than the conventional, lower cell density, 2D culture. Finally,
when cells were plated at normal density on the poly-HEMA coated spheroids (3D-N-PH); they formed small aggregates of
less than 10 cells and still produced more exosomes than those in the 2D culture when plated at the same density. We also
found that the expression of F-actin was markedly reduced in the 3D-N-PH culture.

CONCLUSION: These results suggested that 3D spheroid culture produces more exosomes than 2D culture and the non-
adherent round cell morphology itself might be a causative factor. The result of the present study could provide useful
information to develop an optimal process for the mass production of exosomes.
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1 Introduction

Mesenchymal stem cells (MSCs) have emerged as a good
source of cell-based therapies. Extensive studies have
revealed the therapeutic efficacy of MSCs in a variety of
target diseases and some of them have already obtained
market approval in certain countries [1—4]. The therapeutic
efficacy of MSCs is attributed mainly to their paracrine
secretion of cytokines and growth factors, which exert
diverse cellular activities, such as immune modulation,
anti-inflammatory effects, cytoprotection, angiogenic
effects, and neurogenesis. However, studies have shown
that the paracrine effects of MSCs are not only
attributable to these trophic factors but also to the secretion
of exosomes [5, 6]. Exosomes are secreted vesicles of
endocytic origin that are 55-100 nm in size and are
secreted by a variety of cells types, including MSCs [6].
Exosomes mediate local or systemic cell-to-cell commu-
nications and alter cellular metabolism through the transfer
of various proteins, mRNAs, and microRNAs (miRNAs)
[7-9]. Recently, studies have shown that exosomes derived
from MSCs mediate the therapeutic effects of MSCs [10]
and suggested the potential of MSCs exosomes as a cell-
free therapy vehicle because of their lower immunogenicity
and ease of manipulation or storage compared with cell-
based products [11, 12]. The therapeutic activity of MSC
exosomes has been reported in myocardial infarction [6],
renal fibrosis [13], liver fibrosis [14], skeletal muscle
regeneration [15], and osteoarthritis [16, 17].

Recently, several studies suggested that the efficiency of
exosome secretion can be improved by preconditioning the
cells, such as by genetic manipulation [18], exposure to
hypoxia [19], increasing intracellular calcium [20], and
treatment with bioactive molecules [21, 22]. These pre-
conditioning methods can increase the yield of exosomes,
thereby benefitting their clinical use. However, all the
above experiments were performed in a traditional mono-
layer culture that suffers from limited expansion, pheno-
typic changes, and loss of cellular therapeutic activity
during long-term passaging [23]. Meanwhile, three-di-
mensional (3D) culture of cells enables mass production of
MSCs and could also be advantageous to improve their
paracrine function. The large-scale expansion of MSCs has
been successfully achieved using dynamic culture of 3D
MSC:s spheroids in a spinner flask or a rotating wall vessel
bioreactor [24]. Interestingly, studies have shown that
MSC:s cultured in 3D spheroids exhibit more trophic factor
section and higher therapeutic potential [25-28]. For
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example, Potapova et al. [28] showed that MSCs in 3D
spheroids secreted more interleukin-11 (IL-11) and
proangiogenic cytokines (e.g., vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF), and
angiogenin) than MSCs in monolayer culture. They pro-
posed that the hypoxic microenvironment in the core of the
MSCs spheroids could be the driving force for the
increased secretion. Furthermore, Bartosh et al. [27]
demonstrated that MSC spheroids secreted 60-fold more
tumor necrosis factor-inducible gene 6 (TSG-6) than the
monolayer culture. In another study, Ylostalo et al. [29]
suggested that MSCs in 3D spheroids were self-activated to
increase prostaglandin E2 (PGE2) secretion. Therefore, the
3D spheroid culture of MSCs could be a good method for
the mass production of therapeutically active MSCs;
however, there has been no report of the effect of 3D
culture on exosome production by MSCs.

In the present study, we tested the hypothesis that the 3D
spheroid culture of human bone marrow MSCs (hBM-
MSCs) could improve the efficiency of exosomes secre-
tion. We also investigated the critical parameters of 3D
MSC:s spheroids that affect exosome secretion, such as cell
morphology, cell density, and spheroid size.

2 Materials and methods
2.1 Cell culture

Human bone marrow MSCs (hBM-MSCs) were purchased
from CEFO Co. Ltd. (Seoul, Korea). Cells were cultured in
Minimum Essential Medium Eagle-Alpha Modification (o-
MEM; HyClone, Logan, UT, USA) supplemented with
10% fetal bovine serum (FBS; Biotechnics Research, Inc.,
Lake Forest, CA, USA) and 1% penicillin/streptomycin at
37 °C in a 5% CO, incubator. Cells between passages 6
and 8 were used for all experiments. To measure exosome
secretion from cells, FBS was depleted of exosomes by
centrifugation at 110,000xg for 18 h before use. hBM-
MSCs were cultured in the normal 2D environment (2D-
MSC), high-density 2D environment (2D-H), in 3D hang-
ing drop spheroids (3D-HD), in 3D poly(2-hydroxyethyl
methacrylate) (poly-HEMA) spheroids (3D-PH), and at
normal cell density in 3D poly-HEMA spheroids (3D-N-
PH) for 1, 3, and 5 days.

2.2 Preparation of experimental groups

For monolayer culture, hBM-MSCs were seeded in 6-well
culture plates either at the conventional seeding density of
1 x 10° cells/6-well (2D) or at a high density of 1.4 x 10°
cells/6-well (2D-H) in 2 ml of media. For 3D spheroids
culture of hBM-MSCs, the hanging drop and poly-HEMA
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(Sigma-Aldrich, USA) coating methods were used as
described previously [30]. Briefly, a droplet of 2.5 x 10*
MSCs in 35 pl medium was placed on a culture plate and
incubated upside down for hanging-drop culture (3D-HD),
while the same concentration of cells was cultured in a
96-well plate with 50 pl of medium for the poly-HEMA
culture (3D-PH). For poly-HEMA culture, 96-well plates
were pre-coated with 20 mg/ml poly-HEMA in 95%
ethanol and sterilized using UV light after drying. In Fig. 2,
the number of cells increased starting from 285 to 714,
2850, and 7140 cells per 1 pl: 3D-HD (1 x 10% 2.5 x 107,
1 x 10* and 2.5 x 10* per drop in 35 pl of medium) or
3D-PH (1.4 x 10% 3.5 x 10* 1.4 x 10* and 3.5 x 10*
per 96-well in 50 pl of medium). In Figs. 4 and 5, the poly-
HEMA cultures were carried out at the same cell density of
1 x 10° cells as the normal monolayer culture in 6-well
plates containing 2 ml of medium (3D-N-PH).

2.3 Characterization of cell morphology
and spheroids size using Image J

MSCs in monolayer and in 3D spheroid culture were
characterized morphologically under a microscope (Leica
DMi8; Leica, Germany). The sizes of the 3D spheroids
were determined by measuring the maximum cross-sec-
tional area using the Image] program.

2.4 Isolation of exosomes

Culture medium was centrifuged at 3000x g for 15 min to
remove cells and debris, and the culture medium contain-
ing exosomes were retrieved. Exosomes were isolated
using an ExoQuick-TC exosome precipitation solution kit
(Systems Biosciences, Palo Alto, CA, USA) according to
the manufacturer’s protocol. Briefly, the culture medium
was mixed with the ExoQuick-TC solution at a volume
ratio of 1:4 (precipitation solution: supernatant) and incu-
bated overnight at 4 °C. Subsequently, the mixture was
centrifuged at 1500x g for 30 min and the supernatant was
discarded. The exosome pellet was suspended in phos-
phate-buffered saline (PBS) and the exosome protein
concentration was measured using a Nanodrop instrument
for subsequent experiments.

2.5 Western blot analysis

Western blotting for F-actin and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was performed [31].
Briefly, total proteins were extracted from cells and exo-
somes using Radioimmunoprecipitation assay (RIPA) lysis
buffer (Rockland, Gilbertsville, PA, USA) and the protein
concentrations were quantified using the Bradford assay
(Bio-Rad Laboratories, Hercules, CA, USA). The protein

extracts were subjected to electrophoresis through a 4-20%
gradient SDS—polyacrylamide gel (Bio-Rad Laboratories).
Subsequently, the proteins were transferred onto
polyvinylidene fluoride membranes (Bio-Rad Laboratories)
and the membranes were blocked in 5% non-fat dry milk in
Tris-buffered saline (TBS) containing 0.1% Tween-20
(TBST). Membranes were incubated for 2 h at 37 °C with
primary antibodies against F-actin (ab205, Abcam, Cam-
bridge, MA, USA; dilution of 1:100) and GAPDH (ab9485,
Abcam; at a dilution of 1:2000). The membranes were then
incubated with horseradish peroxide-conjugated anti-rabbit
or anti-mouse secondary antibodies at 37 °C for 1 h.

2.6 Statistical analysis

Data for the exosome secretion and spheroids size were
expressed as the mean + standard deviation (SD) from at
least three independent experiments. Statistical significance
was analyzed using the ¢ test and one-way analysis of vari-
ance (ANOVA), followed by a Tukey—Kramer post hoc test.
A value of p < 0.05 was considered statistically significant
(*p < 0.05, **p <0.01, ***p <0.001, and ****p <0.0001).

3 Results

3.1 hBM-MSCs in 3D spheroid culture secreted
more exosomes than those in 2D culture

We first compared exosome secretion from hBM-MSCs
cultured in a conventional monolayer (2D) with that from
cells cultured in 3D spheroids (3D-HD and 3D-PH)
(Fig. 1A). The morphology of the cells and spheroids were
observed at 1, 3, and 5 days. The 2D-MSCs grew gradually
and reached near confluence at day 5 (Fig. 1B). The 3D-
HD formed a single spheroid and showed a gradual
decrease in spheroid size, while the 3D-PH formed multi-
ple small spheroids and showed no significant change in
size with time (Fig. 1B). The cross-sectional area of the
3D-HD spheroids was approximately 101,244.3 um? at day
1,78,908.6 um? at day 3, and 48,203.2 um? at day 5, while
those of 3D-PH were all within the range of
9665.3-14,169.6 pmz (Fig. 1C). When the amount of
exosomes secreted were normalized using 1 x 10> cells,
cells cultured in 3D-HD and 3D-PH spheroids secreted
significantly more exosomes than did the 2D-MSCs at day
1 and the difference increased at days 3 and 5 (Fig. 1D).
The 3D-PH culture produced slightly more exosomes than
the 3D-DH culture, but without statistical significance.
Values at days 1, 3, and 5 were approximately 165.7,
210.2, and 270.4 ng/1 x 10° for 2D-MSCs; 255.7, 479.5,
and 560.3 pg/l x 10° for 3D-HD; and 290.7, 468.2, and
640.6 pg/1 x 10° for 3D-PH, respectively. These results
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Fig. 1 The effect of 3D culture on the exosome secretion from hBM-
MSCs. A Schematic illustration of the experimental groups. hBM-
MSCs were cultured in a monolayer at normal density (2D) or as 3D
spheroids (3D-HD) at high cell density using the hanging-drop
method or with a poly-HEMA coating (3D-PH), as described in
Materials and Methods. B Microscopic morphology of MSCs in 2D,
3D-HD, and 3D-PH cultures after 1, 3, and 5 days. Scale bar: 60 pm.
C Sizes of 3D MSCs spheroids cultured in 3D-HD and 3D-PH for 1,
3, and 5 days. The cross-sectional area of the spheroids was quantified
from the bright-field images using Image J software. D The

indicated that the 3D spheroid hBM-MSC cultures
increased exosome production compared with that from 2D
culture.

3.2 The production efficiency of exosomes
from hBM-MSCs decreased with increasing 3D

spheroid size

Next, we investigated the effect of the size of the 3D
spheroids on the production efficiency of exosomes to

@ Springer

production efficiency of exosomes from MSCs cultured in 2D, 3D-
HD, and 3D-PH. The amount of exosomes obtained from 1 x 10°
cells at 1, 3, and 5 days are shown. Data are presented as the mean
and SD from three independent experiments in C and D. *p < 0.05,
*#*p < 0.01 and ***p < 0.001 by one-way ANOVA. **** 3D: three-
dimensional, hBM-MSC: human bone marrow-mesenchymal stem
cells, 2D: two-dimensional, 3D-HD: 3D spheroids formed by the
hanging drop method, 3D-PH: 3D spheroids formed by the poly-
HEMA coating method, ANOVA: analysis of variance

determine optimal conditions for hBM-MSC exosome
secretion (Fig. 2A). 3D-HD and 3D-PH spheroids were
produced with increasing numbers of cells and cultured for
3 days before analysis. The size of the 3D-HD spheroids
increased with increasing cell number in the morphological
analysis (Fig. 2B), and the quantitative analysis showed
that the approximate cross-sectional area increased dra-
matically from 49.4 mm? at 1 x 10* cells to 673.3 mm? at
2.5 x 10° cells per drop (Fig. 2C). The approximate size
of the 3D-PH spheroids also increased dramatically with
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Fig. 2 The effect of spheroid size on exosome secretion from hBM-
MSCs. A Schematic illustration of the experimental groups. hBM-
MSCs were cultured at four different densities. 3D-HD (1 x 10,
2.5 x 10%, 1 x 10* and 2.5 x 10* per drop) or 3D-PH (1.4 x 10%,
3.5 x 10*, 1.4 x 10% and 3.5 x 10* per 96-well). B Gross morphol-
ogy of 3D-HD-MSCs and 3D-PH-MSCs at 3 days after culture. Scale
bar: 500 um. C Size of spheroids was shown for 3D-HD-MSCs and
3D-PH-MSC:s at 3 days. The area of the spheroids’ cross-sections was
quantified using image J analysis from the bright-field images. D The

increasing cell number, changing from 5.0 mm® at
1.4 x 10* cells to 683.4 mm?> at 2.5 x 10° cells per
96-well (Fig. 2C). Interestingly, 3D-PH formed multiple
very small spheroids at 2.5 x 10* cells, as shown in Fig. 1,
but formed a single aggregate at 1 x 10° and 2.5 x 10°
cells (Fig. 2B). The amount of exosomes produced from an
initial inoculum of 1 x 10° cells decreased as cell density
increased in both the 3D-HD and 3D-PH spheroids
(Fig. 2D). A rapid decrease in exosome secretion was
evident as the spheroid size increased. The mean values at
each cell density were approximately 880.4, 690.2, 109.1,
and 259.6 pg/l x 10° for 3D-HD and 1221.1, 831.2,

production efficiency of exosomes derived from 3D-HD and 3D-PH
culture. The amounts of exosomes obtained from 1 x 10° cells are
presented for each group. Data are presented as the mean and SD from
three independent experiments in C and D. *p < 0.05, **¥p < 0.01,
##%p < 0.001 and ***%p < 0.0001 by one-way ANOVA. ***¥% 3D:
three-dimensional, hBM-MSCs: human bone marrow-mesenchymal
stem cells, 3D-HD: 3D spheroids formed by the hanging drop method,
3DPH: 3D spheroids formed by the poly-HEMA coating method,
ANOVA: analysis of variance

259.6, and 132.1 pg/1 x 10° for 3D-PH, respectively. This
result indicated that the smaller the size of the 3D spher-
oids, the more exosomes could be produced from a given
amount of cells.

3.3 The production efficiency of exosomes decreased
with increasing cell density in 2D culture
of hBM-MSCs

We then tried to increase the cell seeding density in 2D

culture of hBM-MSCs to determine whether it had similar
effect to that in the 3D spheroid culture (Fig. 3A). Cells

@ Springer
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Fig. 3 The effect of cell density on exosome secretion from hBM-
MSCs. A Schematic illustration of the experimental groups. hBM-
MSCs were cultured in monolayer at normal density (2D) or high
density (2D-H), as described in Materials and Methods. B Gross
morphology of 2D-MSCs and 2D-H-MSCs are shown at 1, 3, and
5 days of culture. Scale bar: 60 pm. ¢ The production efficiency of

were plated in 6-well plates at 1 x 107 cells/well (2D) as in
Fig. 1 or at 1.4 x 10° cells/well (2D-H), which was the
same cell density as that used in the 3D-HD and 3D-PH
cultures shown in Fig. 1 (Fig. 3B). The amount of exo-
somes produced from 1 x 10° cells increased gradually
over 1, 3 and 5 days; however, the 2D-H culture showed
significantly less exosome secretion from day 1 of culture
(Fig. 3C). Mean values at 1, 3 and 5 days were approxi-
mately 164.3, 207.2, and 278.6 pg/1 x 10° for 2D and
70.2, 121.6, and 181.3 pg/1 x 10° for 2D-H. Taken toge-
ther with the results shown in Fig. 2, this result suggested
that exosome production in hBM-MSCs decreases when
the size of culture mass increases, either in 2D or 3D
culture.

@ Springer

exosomes derived from the 2D-MSCs and 2D-H-MSCs. The amounts
of exosomes obtained from 1 x 10° cells are presented for each
group. Data are presented as the mean and SD from three independent
experiments. *p < 0.05 and **p < 0.01 by ¢ test. *** hBM-MSCs:
human bone marrow-mesenchymal stem cells, 2D: two-dimensional,
ANOVA: analysis of variance

3.4 The non-adherent state of cell morphology
might be important in the enhanced production
efficiency of exosomes from hBM-MSCs

From the results above, we hypothesized that the mor-
phology of cells could be associated with the production
efficiency of exosomes. Therefore, we plated hBM-MSCs
on the poly-HEMA at the same cell density as that of the
2D culture (1 x 10° cells/2 ml) in 6-well plates (3D-N-
PH) so that small clumps with few cells were produced
instead of spheroids, and then we compared their exosome
production efficiency (Fig. 4A). We found that 3D-N-PH
formed single cells or small aggregates with several cells
having a spherical morphology (Fig. 4B) and their cross-
sectional area was slightly decreased but with no statistical
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Fig. 4 The effect of cell morphology on exosome secretion from
hBM-MSCs. A Schematic illustration of the experimental groups.
hBM-MSCs were cultured in a monolayer at normal density (2D) or
in the 3D-PH spheroids with the same normal cell density (3D-N-PH).
B Gross morphology of 2D-MSCs and 3D-N-PH MSCs are presented
at 1, 3, and 5 days of culture. Scale bar: 60 pm. C Area of 2D-MSCs
culture and the size of the 3D-N-PH spheroids are presented at 1, 3,
and 5 days of culture. The area of the individual cells was quantified
from bright-field images using Imagel] analysis. D The production

significance with increasing time (1, 3, and 5 days)
(Fig. 4C). The amount of exosomes produced from
1 x 10° cells was significantly higher in the 3D-N-PH
culture than in the 2D-MSCs at all time points (Fig. 4D). It
increased rapidly at day 3 and then plateaued at day 5 in
3D-N-PH, while it increased slightly with time in 2D-
MSCs. The mean values at 1, 3, and 5 days were approx-
imately 351.3, 727.9, and 765.2 pg/l1 x 10° for 3D-N-PH
and 164.3, 207.1, and 278.6 pg/l x 10° for 2D-MSCs,
respectively. This result suggested that the spherical mor-
phology of MSCs is important for the increase of exosome
production. Western blotting for F-actin revealed that the
3D microsphere culture of hBM-MSCs caused rapid actin
depolymerization from day 3 (Fig. 5).

Day 1 Day 3 Day 5

efficiency of exosomes derived from 2D-MSCs and 3D-N-PH MSCs.
The amounts of exosomes obtained from 1 x 10° cells are presented
for each group. Data are presented as the mean and SD from three
independent experiments in C and D. *» < 0.05, **p < 0.01 and
##%p < (0.001 by one-way ANOVA and Student’s ¢ test. **** 3D:
three-dimensional, hBM-MSCs: human bone marrow-mesenchymal
stem cells, 2D: two-dimensional, 3D-PH: 3D spheroids formed by the
poly-HEMA coating method, ANOVA: analysis of variance

4 Discussion

The secretion of paracrine factors increases when MSCs
are cultured in 3D spheroids [27]. However, there has been
no study showing the effect of 3D culture on the efficiency
of exosome production in MSCs. The present study showed
that the amount of secreted exosomes increased signifi-
cantly when MSCs were cultured in 3D spheroids com-
pared with that secreted in monolayer culture. We then
investigated the mechanism of the 3D spheroid culture-
induced increase in exosome production. The central area
of a spheroid lacks oxygen supply and is thus in a hypoxic
state [28-33]. Hypoxia has been reported to promote the
secretion of exosomes in monolayer culture [34].
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Fig. 5 The effect of cell morphology on F-actin expression in hBM-
MSCs. A Schematic illustration of the experimental groups. hBM-
MSCs were cultured in 2D or 3D-N-PH as in Fig. 4. B Protein levels
of F-actin were examined in 2D-MSCs or 3D-N-PH-MSCs at 1, 3,
and 5 days of culture. The bar graph shows the semi-quantitative
analysis of the F-actin protein normalized to the level of GAPDH.

Therefore, we produced a series of larger spheroids and
examined if exosome production increased proportionally
with the increase in the hypoxic central area. However, the
results showed that the production efficiency of exosomes
decreased as the size of spheroids increased.

We then questioned if increase in the local cell density
in 3D spheroids was responsible for the increase in exo-
some production, because it could exert a mechanical stress
on the cells, which might promote their trophic function
[35]. To test this possibility, we compared the efficiency of
exosome production in MSCs at different cell densities in
monolayer culture. However, exosome production
decreased at higher cell density. These findings led us to
speculate that the change in cell morphology itself might
be responsible for the increased exosome production. We
cultured cells at a normal density on poly-HEMA 3D
spheroids to produce non-adherent small aggregates of a
few cells and observed increased exosome production
compared with that from cells cultured in a monolayer at
the same density. This result demonstrated that 3D culture
stimulates MSCs to produce more exosomes, probably
because the change in cell morphology to a non-adherent,
round shape.

MSCs in 3D culture experience an alteration in their
actin structure and a relaxation of cytoskeletal tension
because of reduced expression of F-actin [36]. Our study
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Data are presented as the mean and SD from three independent
experiments. *p < 0.05 and **p < 0.01 by ¢ test. *** 3D: three-
dimensional, hBM-MSCs: human bone marrow-mesenchymal stem
cells, 2D: two-dimensional, 3D-N-PH: 3D spheroids formed by the
poly-HEMA coating method with a normal cell density, GAPDH:
glyceraldehyde-3-phosphate dehydrogenase

also confirmed that the expression of F-actin was signifi-
cantly reduced in MSCs cultured on non-adherent poly-
HEMA spheroids. During regulated exocytosis, the mem-
brane of a secretory vesicle fuses with the plasma mem-
brane and depolymerization of F-actin is essential to allow
their appropriate docking at the fusion sites [37]. There-
fore, it is likely that the reduced expression of F-actin in
MSCs under 3D culture provided a favorable environment
for exosome synthesis and secretion in this study. The
detailed mechanism of increased exosome production by
3D culture of MSCs remains unclear and requires further
investigation in the future.

The 3D spheroids using the hanging-drop and poly-
HEMA showed similar performance in the exosome pro-
duction of MSCs in this study. However, they have dif-
ferent considerations, when developing a manufacturing
process for mass production. The hanging-drop produces a
single 3D spheroid with a similar size for each droplet, and
this phenomenon was observed consistently at different
cell densities. However, it is not easy to scale-up the
hanging-drop in a manual protocol and the automatic
process requires development of a special equipment with
additional optimization. In contrast, the poly-HEMA
coating provides an easy method to produce 3D spheroids
at a large scale. But it suffers from large variations in the
spheroids size and the production efficiency of exosomes
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which makes it difficult to optimize the process. In addi-
tion, both methods have a limitation in the mass culture of
3D spheroids. Previously, the suspension culture of MSCs
in a single cell or in 3D spheroids has been achieved pre-
viously in bioreactors using spinner flasks or rotating wall
vessels [24, 38]. It is expected that these technologies could
also be a useful tool for the mass production of exosomes
but requires further process development and optimization
to ensure robustness and consistency for commercial use.
Finally, it is also important to understand any changes in
the content and biological activity of exosomes in 3D
culture before starting commercial development.

In conclusion, this study showed that the secretion
efficiency of exosomes increased in MSCs cultured in 3D
spheroids, caused by the cells changing to a non-adherent,
round morphology. These results will allow the optimiza-
tion of the manufacturing process of exosomes for mass
production.
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