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ABSTRACT

Introduction: Tissue engineering is a field suited for applying stem cells, besides stem cell trans-
plantation. In the current tissue engineering approaches, stem cells are typically seeded onto a
suitable scaffold and induced into specific tissues under particular conditions. However, this strat-
egy has faced some limitations, namely that stem cell proliferation on the scaffolds' surface has
been inefficient to fill the porous scaffolds to produce solid tissues. Some limitations have been im-
proved by using stem cell spheroids on the scaffold in place of single stem cells. This study aimed
to evaluate a simple and feasible method to produce spheroids of mesenchymal stem cells (MSCs)
from adipose and umbilical cord tissues for use in tissue engineering. Methods: MSCs from hu-
man adipose tissue (adipose-derived stem cells, i.e., ADSCs) and human umbilical cord tissues (um-
bilical cord-derived mesenchymal stem cells, i.e.,, UCMSCs) were isolated according to previously
published protocols. To produce spheroids, ADSCs and UCMSCs were cultured in non-adherent V-
bottom 96-well plate. Three cell densities were evaluated: 250 cells/well, 500 cells/well, and 1,000
cells/well. The generated spheroids were evaluated based on spheroid diameter, necrotic core for-
mation (using propidium iodide (Pl) and Hoechst 33342 staining), and spheroid structure (by Hema-
toxylin & Eosin staining). Results: The results showed that at a density of 250 cells/well, spheroids
were formed without necrotic cores from both ADSCs and UCMSCs. However, at a higher density,
all spheroids had a necrotic core as part of the three zones (proliferating, quiescent, and necrotic
zones). Conclusion: Spheroids from ADSCs and UCMSCs can be easily produced by culturing 250
cells/well in a non-adherent V-bottom 96-well plate. This process can be scaled up by using the
liquid handling robot system to load cells into the plates.

Key words: Adipose-derived stem cells, Microtissue, Spheroids, Three — dimensional cell culture,
Umbilical cord-derived mesenchymal stem cells

INTRODUCTION

Cell therapy and tissue engineering are considered
significant advances for regenerative medicine, drug
discovery, and cell-based biosensors!. To date,
most of the recent studies are often based on two-
dimensional (2D) culture. However, experimental
studies in 2D do not mimic the natural physiological
characteristics of cells and tissues in vivo and are lim-
ited in simulating cells’ interaction with their environ-
ment?. The technological research advances in regen-
erative medicine have allowed the creation of three-
dimensional (3D) in vitro model, which better re-
flect the in vivo cell signaling interactions than the 2D
monolayer cell culture model 1, as well as facilitat-
ing an improved microenvironment for cell growth*.
Nowadays, 3D cell culture has become a new trend in
basic and applied research, with the number of studies
in this area, increasing each day significantly.

Many studies on spheroid formation, evaluation, and
application have been carried out on cancer cell lines,
such as MCF7>°, HCT116, HepG2, MDA-MB-2317,

BT-474, T-47D, and MDA-MB-361 cells®. However,
studies on spheroid-derived mesenchymal stem cells
(MSCs) have been limited. MSCs have great poten-
tial for use in regenerative medicine and tissue engi-
neering. Indeed, MSCs derived from human adipose
tissues (adipose-derived stem cells, i.e., ADSCs) and
umbilical cord tissues (umbilical cord-derived mes-
enchymal stem cells, i.e., UCMSCs) have shown enor-
mous potential in various applications®. As MSCs,
they possess similar essential characteristics; how-
ever, ADSCs and UCMSCs have many distinct fea-
tures that affect their applications. Due to differences
in the acquisition, isolation, and potential activities
of ADSCs versus UCMSCs, when evaluating the ef-
ficiency of microtissue models, such as the 3D model,
it is necessary to conduct a direct comparison of the
two MSC sources to confirm which source is more ef-
ficient?12,

Traditionally, engineered tissues like cartilage and
bone have been produced by seeding MSCs onto a
scaffold under inducible conditions. However, a new,
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simple, and highly efficient method has yielded en-
gineered tissues from stem cell spheroids. Winter et
al. (2003) reported on cartilage production via dif-
ferentiated human stem cell spheroidsB. Moreover,
Yoon et al. (2012) suggested that in spheroids, AD-
SCs could be triggered to undergo chondrogenesis via
hypoxia-related cascades and enhanced cell-cell in-
teractions'!. Hyaline-like cartilage tissue also could
be created from ADSCs cultured on poly(L-glutamic
acid)/chitosan scaffold 1* or in the porous scaffold '°.
Furthermore, Stuart et al. (2017) reported that engi-
neered cartilage could be produced at a low-cost using
progenitor cell spheroids . Recently, our group has
successfully created cartilage tissues from scaffold-
free ADSC-derived spheroids 7.

Moreover, the engineered bone tissues can be pro-
duced in similar ways to engineered cartilage tissues
using stem cell spheroids. In 2013, Shen et al. (2013)
reported the successful production of spheroids de-
rived from ADSCs and the ability to induce os-
teogenic differentiation in these spheroids '®. Laschke
et al. (2014) also tried to use ADSC-derived spheroids
and porous scaffolds to produce bone tissues'”. In-
terestingly, ectopic bones could be formed in ani-
mals when engineered bones based on MSC-derived
spheroids were combined with calcium phosphate mi-
croparticles and platelet-rich plasma hydrogel 2°.

In general, there are two main kinds of MSC-derived
spheroids (scaffold-based spheroids and scaffold-free
spheroids), which, to date, can be produced by various
means. Methods to produce MSC-based spheroids
include spontaneous formation in a 48-well plate '3,
in combination with a poly(L-glutamic acid)/chitosan
scaffold 4, use of a spinner flask 1 use of porous scaf-
fold 1>, hanging droplet method 18, pellet culture?!,

22 These methods, however, are

and centrifugation
complicated for scale-up production to obtain ade-
quate numbers of spheroids needed for further ex-
perimentation and applications. Therefore, this study
aimed to evaluate a simple method of generating
MSC spheroids based on culturing the cells in non-
adherent V-bottom 96-well plates and tested the scale-
up process via liquid handling robots to produce a

high number of spheroids.
MATERIALS - METHODS

Human adipose-derived and human umbil-
ical cord-derived mesenchymal stem cells

The human ADSCs and human UCMSCs used in
this study were previously established by our labo-

23-26 The cells were thawed and character-

ratory
ized before use in experiments. ADSCs and UCM-

SCs were cultured T75 flasks containing MSCCult
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I medium (Regenmedlab, Ho Chi Minh City, VN).
The two cell lines were allowed to proliferate in an in-
cubator (37°C, 5% CO,), replenishing fresh MSCCult
I medium every 2-3 days.

To verify their MSC phenotype, the ADSCs and
UCMSCs were characterized by flow cytometry
(FCM) using standard cell surface markers. Briefly,
cells were detached by treatment with Deattachment
Reagent (Regenmedlab, Ho Chi Minh City, VN) for
3 minutes, then resuspended in Washing Buffer (Re-
genmedlab, Ho Chi Minh City, VN), and centrifuged
at 1,500 rpm for 5 minutes. Cell pellets were re-
suspended in FCM washing/staining buffer (Regen-
medlab, Ho Chi Minh City, VN) and stained in-
dividually with the amount in 5 pL of the appro-
priate antibodies room temperature for 30 minutes.
The antibodies included: CD90-PE, CD105-FITC,
CD14-FITC, or CD73-PerCP-CP 5.5 (all purchased
from Santa Cruz Biotechnology, Dallas, TX), or with
CD34-FITC, CD45-APC, CD44-APC, and HLA-DR-
FITC (all purchased from BD Biosciences, San Jose,
CA). Then, 200 pl of BD FACSFlow™ Sheath Fluid
(BD Biosciences) was added to each tube. The stained
cells were run on a BD FACSCalibur machine (BD
Biosciences) and the data analyzed using CellQuest
Pro software (BD Biosciences), at a minimum of 1,000
events. Isotype controls were used for all tests.

To evaluate the in vitro differentiation potential of
ADSCs and UCMSCs, the cells were cultured in 3
types of inducing media: adipogenic-, osteogenic- or
chondrogenic-differentiation media. For adipogenic
differentiation, the two cell lines were treated with
an adipogenic-induction medium (StemPro™ adipo-
genesis Differentiation Media) (Gibco/ ThermoFisher
Scientific, Waltham, MA). The medium was changed
every 6-7 days. After 12 tol4 days, cell differentia-
tion was assessed by staining with Oil Red O (Sigma
Aldrich, St.
tiation, the cells were cultured in an osteogenic-

Louis, MO). For osteogenic differen-

induction medium (StemPro” osteogenesis Differen-
tiation Media) (Gibco/ ThermoFisher Scientific). The
medium was replenished every seven days. On day
30, the cell differentiation was assessed by stain-
ing with Alizarin Red S (Sigma-Aldrich).
to facilitate induction into chondroblasts, the cells

Lastly,

were treated in a chondrogenic-induction medium
(StemPro” Chondrogenesis Differentiation Media)
(Gibco/ ThermoFisher Scientific). The medium was
replenished every seven days, and at day 30, cell dif-
ferentiation was assessed by staining with Alcian Blue
(Sigma-Aldrich).
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Spheroid formation and characterization

Non-adherent V-bottom 96-well plates were used in
our spheroid formation method. Cells were seeded at
three different densities (250 cells/well, 500 cells/well,
or 1,000 cells/well). The experiment was repeated at
least three times for each cell density group. After
seeding the cells into 96-well plates (100 pl/well in
each well of a 96-well plate), the spheroid diameter
was measured and recorded using the inverted micro-
scope (Olympus, Japan). From here, we determined
the optimal density of cells for spheroid seeding for
the subsequent experiments.

Assessment of death and survival rates of
the ADSCs and UCMSCs

After spheroid formation, the viability of ADSCs
and UCMSCs was assessed by propidium iodide (PI)
and Hoechst 33342 double staining; both reagents
were purchased from Sigma-Aldrich. Cell samples
were fixed in paraformaldehyde (PFA, 4%) (Sigma-
Aldrich) and incubated for 30 minutes at 4°C. Then,
the samples were rinsed in saline sodium citrate buffer
(SSC, 2X) containing 0.03 M sodium citrate and 0.3
M sodium chloride (Sigma-Aldrich) to completely re-
move the PFA. A total of 50 1] RNase solution (Sigma-
Aldrich) was added in, and the samples were incu-
bated for 20 minutes at 37°C. After rinsing the sam-
ples with 2X SSC, 50 ul of 1 ug/mL Hoechst 33342 so-
lution was added into each sample well and incubated
at 37°C, 5% CO,. After 30 minutes, the samples were
rinsed in 2X SSC following PI cell staining (with 50
ul of the final one ng/ul PI solution) for 30 minutes
at 379C, 5% CO,. Finally, the samples were washed
in 2X SSC several times. The spheroids were imaged
using a ZEISS LSM 880 Confocal Laser Scanning Mi-
croscope (Carl-Zeiss, Germany).

Statistical analysis

The data are presented graphically as mean £ SD.
GraphPad Prism software (version 7.0 for Windows;
GraphPad Software, Inc., La Jolla, CA, USA) was used
for statistical analysis of the results. All results were
evaluated for statistical significance at a significance
level of 0.05 (95% confidence level).

RESULTS

Characterization of human ADSCs and
UCMSCs

The results showed that after thawing, both UCM-
SCs (Figure 1A) and ADSCs (Figure 1E) adhered to
and spread with fibroblast-like morphology along the

plastic surface of the flasks. When cultured in var-
ious differentiation media, both ADSCs and UCM-
SCs showed the ability to differentiate in vitro along
the mesenchymal trilineage, including adipocytes, os-
teocytes, and chondrocytes. In the osteogenesis-
inducing conditions of ADSCs (Figure 1F) and
UCMSCs (Figure 1B), there was an accumulation
of calcium mineralization in the extracellular ma-
trix (ECM), as was observed by the formation of
red complexes after staining with Alizarin Red dye.
This showed that ADSCs and UCMSCs could dif-
ferentiate into osteocytes. During the adipogenesis-
inducing process, from day 8 to 14, both ADSCs
(Figure 1G) and UCMSCs (Figure 1C) formed lipid
droplets inside the cytoplasm, which stained positive
with Oil Red O dye. This indicated that ADSCs and
UCMSCs could differentiate into adipocytes. In the
chondrogenesis-differentiation medium, the induced
cells expressed protein aggrecans that bind with Al-
cian Blue dye to form blue complexes (Figure 1D, H).
This showed that ADSCs and UCMSCs could differ-
entiate into chondrocytes.

FCM analysis results showed that both ADSCs
(Figure 2A) and UCMSCs (Figure 2B) were negative
for CD14, CD34, CD45, and HLA-DR surface expres-
sion, with the percentages falling below 2%. How-
ever, they were positive for CD90, CD44, CD73, and
CD105, with the percentages being more significant
than 95%. The above results confirmed that ADSCs
and UCMSCs, indeed, exhibited the surface marker
phenotype of MSCs.

The spheroid-forming efficiency of ADSCs
and UCMSCs

Two hours after seeding into non-adhesion 96-well
plates, ADSCs were aggregated into loose clusters and
allowed to settle down to the plate’s bottom. Twenty-
four hours later, the ADSC clusters could be formed
from 3 cell densities (250, 500, and 1,000 cells/well).
At this time, the cell clusters could easily be bro-
ken by mechanical impact. On day 3, the cell clus-
ters continued to shrink in size, and the cells in the
250 cells/well and 500 cells/well density groups exhib-
ited a spherical morphology. There was no sight of
the individual cells in both of these density groups.
The spherical morphology was maintained through-
out the culture process. However, for the density
group of 1,000 cells/well, the cells did not form a clear
spherical shape.

Observing the growth size of the ADSC spheroids
over a 10-day period (Figure 3S, Table 1), it is evident
that in all three cell density groups, the spheroid size

114
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Figure 1: Morphology and in vitro differentiation potential of ADSCs and UCMSCs. (A, E) ADSCs and UCMSCs
displayed fibroblast-like cell morphology. The cells could be differentiated into osteoblasts, which stained positive
with Alizarin Red staining (B, F), into adipocytes, which stained positive with Oil Red O staining (C, G), and into
chondroblasts, which were positive by Alcian Blue staining (D, H).

tended to decrease from the day 1 to day two greatly.
There were significant changes (p < 0.0001) compared
to the remaining days (days 3, 5, 7, and 10). At the
density of 250 cells/well, the average size of spheroids
decreased from 703.883 £ 70.975 um (at day 1) to
423.847 + 38.544 um (at day 10). There was no statis-
tically significant reduction in the mean spheroid size
from days 3, 5, and 7 (560.501 =+ 48.422 um, 518.52
=+ 47.81 um, and 512.16 £ 39.45 um, respectively)
till day 10 (p > 0.05). At the 500 cells/well density,
the spheroid size was reduced from 866.310 £ 62.546
um (day 1) to 625.228 £ 40.207 um (day 10). At the
1,000 cells/well density, the average spheroid size did
not follow any patterns or rules. The spheroid size was
1585.381 + 124.054 um (atday 1), 960.75 £ 81.14 um
(at day 3), 1218.63 £ 75.18 um (at day 5), 825.2 +
75.82 um (at day 7), and 624.1 + 32.77 um (day 10).
Thus, these results showed that ADSC spheroids could
be formed from day three by the cell seeding densities
of 250 and 500 cells/well. From day 3 to day 7 of cul-
ture, the spheroid sizes ranged from 423.85 to 560.5
um when the cell seeding density was 250 cells/well
and ranged from 625.23 to 769.09 ftm when the seed-
ing density was 500 cells/well (Figure 3S).

Meanwhile, single UCMSCs at a density of 250, 500,
or 1,000 cells/well, seeded in 96-well plate (Figure 2A-
C), showed aggregation at day one and formation
of spheroid-like structures (Figure 4D-F). However,
some single cells or small clusters present at the outer
edges of these spheroid-like structures. From day 3,
the outer edges of the spheroid appeared smoother
(Figure 4G-I). There were no single cells or small

clusters adhered to the spheroids. The structures
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were maintained until day 10 for all three densities
(Figure 4 J-R).

From observing the UCMSC spheroids’ growth over
the 10-day period (Figure 4S; Table 2), significant
differences in size could be seen for all three seed-
ing density groups. For both the 500 cells/well and
1,000 cells/well densities, the spheroid size tended to
decrease over time. At the 500 cells/well density, the
average size of spheroids decreased over time- from
429.24 £+ 41.71 um (day 1) to 332 = 30.16 um (day
10). For the 1,000 cells/well density, the average size
of spheroids decreased from 547.66 & 50.72 um (day
1) t0423.88 £40.33 um (day 7). After that time, there
was no statistically significant change in spheroid size.
Particularly, at the 250 cells/well density, the aver-
age size of spheroids showed no significant change in
the culture over time, with the size range being main-
tained from 311.3 £ 28.39 um (day 1) to 323.2 +-24.5
um (day 7).

Therefore, these results show that human UCMSC
spheroids could be formed from day one from
all three seeding densities (250, 500, and 1,000
cells/well). The spheroid sizes were about 300 um (for
250 cells/well density); the size reached 332 to 429.24
um (for 500 cells/well density group), and 423.88 to
547.66 um (for 1,000 cells/well density group) during
the 10-day period.

MSC spheroid structures

On day 3, the cell distribution of ADSC spheroids
for all three cell density groups (250, 500, and 1,000
cells/well) was not uniform (Figure 5A, C, and E, re-
spectively). The cell density was still sparse, espe-
cially at the core of the spheroids. Notably, in the
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Figure 2: Cell surface marker expression. Flow cytometry analyses for MSC markers showed that both ADSCs
(A) and UCMSCs (B) were negative for CD14, CD34, CD45, and HLA-DR surface expression but were positive for
CD44, CD73, CD90, and CD105 surface expression.

Table 1: ADSC spheroids formed at different cell densities

Cell seed
density

Time (Day)
1

3

10

Spheroid size at 250 cells
(um)

Mean SD

703.88 70.97
560.50 48.42
518.52 47.81
512.16 39.45
423.85 38.54

Mean

866.31

726.66

769.09

668.77

625.23

(um)

SD

62.55

71.87

76.73

64.63

40.21

Spheroid size at 500 cells

Spheroid size at 1,000 cells

Mean

1585.38

960.70

1218.63

825.20

624.10

(um)
SD
124.05
81.14
75.18
75.82

32.77
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Figure 3: ADSC spheroids in culture. Single cells were seeded in the plates at a density of 250 cells/well. (A),
500 cells/well. (B) 1,000 cells/well. (C). Cell clusters were formed at day 1 (D-F), at day 3 (G, H), day 5 (J, K), day 7
(N, M), and day 10 (P, Q), in the density group of 250 cells/well (D, G, J, N, P) and 500 cells/well (H, J, M, Q), but not
in the density group of 1,000 cells/well (F, I, L, O, R). The spheroid size at 250 cells/well and 500 cells/well densities
seemed to decrease over time, while at the 1,000 cells/well density, there was no set pattern (S). (*: p < 0.05).
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Figure 4: UCMSC spheroids in culture. Single cells were seeded in plate at a density of 250 cells/well (A), 500
cells/well (B), or 1,000 cells/well (C). Spheroids were formed at day 1 (D-F), day 3 (G-1), day 5 (J-L), day 7 (N-O),
and day 10 (P-R) in the seeding density group of 250 cells/well (D, G, J, N, P), 500 cells/well (H, J, M, Q), and 1,000
cells/well (F, I, L, O, R). The spheroid size at a density of 250 cells/well, 500 cells/well, and 1,000 cells/well were
decreased over time (S). (*: p < 0.05).
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Table 2: UCMSC spheroids formed at different cell densities

Cell seed Spheroid size at 250 cells Spheroid size at 500 cells Spheroid size at 1,000 cells
density (pm) (pm) (pm)
Time (Day) Mean SD Mean SD Mean SD
1 311.30 28.39 429.24 41.71 547.66 50.72
3 323.20 24.49 401.59 36.91 494.61 24.37
5 313.45 24.96 396.07 16.97 473.83 23.86
7 316.70 30.38 356.83 32.79 423.88 40.33
10 312.20 24.55 332.00 30.16 451.48 25.96

density of 1,000 cells/well, many small spheroids clus-
tered to form a larger spheroid (Figure 5E). There-
fore, we did not observe homogeneity in the shape
or size of this group. On day 10, the distribution of
cells inside the spheroids obtained from seeding den-
sities of 250 and 500 cells/well were markedly denser
(Figure 5B and D, respectively). However, at high
density (1,000 cells/well), the presence of cells inside
the spheroid core was not observed (Figure 5F). These
results demonstrate that ADSCs were able to prolif-
erate inside the spheroid only at lower seeding den-
sity. However, at the higher density (1,000 cells/well),
cell survival inside the spheroid core was weak be-
cause there were no observed cells at the spheroid
core. These findings suggest that a seeding density
of 1,000 cells/well is not suitable for ADSCs to create
spheroids.

For UCMSC spheroids, the cell distribution for all
three density groups (250, 500, and 1,000 cells/well) at
day 3 was uniform (Figure 6A, C and E, respectively).
The cells were evenly distributed from inside to out-
side of the spheroids. Furthermore, the shape and size
of the spheroids were homogeneous. The cell distri-
bution was maintained until day 10. Indeed, on day
10, the cell compression was highest for all three den-
sity groups (250, 500, and 1,000 cells/well (Figure 6B,
D, and F, respectively). These results demonstrate
that UCMSCs were capable of proliferating inside the
spheroids and that the cell distribution was homoge-
neous, spheroid shape, and size for all three density
groups.

Cell survival in MSC spheroids

No dead cells were observed until day 10 in the
ADSC spheroids at the 250 cells/well seeding density
(Figure 7A-D). Indeed, 100% of the cell nuclei were
stained blue with Hoechst 33342, and are shown in
Figure 7A). Meanwhile, on day 10, red-colored nuclei
(stained with PI) were observed in the 500 cells/well
density group (Figure 7F) and 1,000 cells/well group

(Figure 7K). Since the blue color represents viable
cells and the red color represents dead cells, our re-
sults show that there is a high presence of dead cells
in ADSC spheres- notably for the 500 cells/well seed-
ing group but especially for the 1000 cells/well seed-
ing group- in addition to the presence of live cells
(Figure 7E-M).

For the UCMSC group, there was no presence of
dead cells inside the spheroids at the 250 cells/well
seeding density (Figure 8A-D). However, there were
a small number of nuclei inside the spheroid cen-
ter, which stained positive with PI (Figure 8F) and
thus represented dead cells at the seeding density of
500 cells/well (Figure 8E-H). The percentage of dead
cells was higher for the 1,000 cells/well density group
(Figure 8I-M) at day 10; these results are consistent
with those for ADSC spheroids.

Spheroid histology

Spheroid sections were stained with H&E, reveal-
ing the distribution of mass inside the spheroids
(Figure 9). H&E staining results demonstrated that
on day 10, the layer of cells was arranged close to-
gether and appeared densely packed at the density
of 250 cells/well- in both human ADSC (Figure 9D)
and UCMSC spheroids (Figure 9A). Moreover, the
spheroids generally became less spherical as spheroid
diameter increased (Figure 9C, F). On the other hand,
the necrotic core presence was observed at the density
of 500 (Figure 9B, E) and 1000 cells/well (Figure 9C,
F) in human UCMSC (Figure 9B, C) and human
ADSC (Figure 9E, F) spheroid at day 10.

DISCUSSION

In the present study, we successfully produced ADSC-
and UCMSC-derived spheroids and compared the
efficiency of creating spheroids from these MSC
sources. In the first assay, the results showed that
ADSCs and UCMSCs exhibited the three minimal
defining criteria for MSCs, according to the proposed
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250 cells/well

500 cells/well

1,000 cells/well

Figure 5: Cell compression in ADSC spheroids . Compression of ADSC at day 3 for seeding densities of 250 (A),
500 (C), and 1,000 cells/well (E). ADSC cell numbers increased until day 10 (B, D, F). The loss of cells was observed
at a seeding density of 1,000 cells/well on day 10 (F) (red to blue: inner core to outer spheroid).

guidelines of the International Society for Cellular
First, ADSCs and UCMSCs could ad-

here to a plastic surface and displayed the classic

Therapy?’.

fibroblast-like morphology. Second, both cell lines
were positive for the expression of surface markers
CD90, CD44, CD73, and CD105, but were negative
for CD14, CD34, CD45, and HLA-DR. Finally, both
cell lines had the ability to differentiate into other
functional cells, such as adipocytes, osteocytes, and
chondrocytes. These results are in accordance with
published studies by Choudhery, et al.®.
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ADSCs and UCMSC:s were seeded into non-adherent
V-bottom 96-well plate to form spheroids. We found
that at the same density, the size of ADSC spheroids is
larger than that of UCMSCs; indeed, ADSC spheroids
on average were twice as large as UCMSC spheroids
seeded at the same density. At the density of 1,000
cells/well, the spheroid morphology of ADSCs was
not defined, while for UCMSCs, the morphology
was spherical. On day 3, the spheroid-like struc-
ture formation of ADSCs and UCMSCs was consid-
ered as complete. On the other hand, the ability
to form UCMSC spheroids was better than that for
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Figure 6: Cell compression in human UCMSC spheroids . Compression of UCMSC spheroids at day 3 after seed-
ing density of 250 (A), 500 (C), and 1,000 cells/well (E). The cell numbers increased until day 10 (B, D, F). The cell
distribution, spheroid shape, and size were remarkably homogeneous until day 10 (A-F) (red to blue: inner to outer

spheroid).

ADSC spheroids at cell seeding densities below 1,000
cells/well.

During the ten days of culture, the spheroid size
tended to decrease. However, the cell density of the
spheroids tended to increase. This may be due to
cell compression in the spheroid. The compactness of
spheroids is thought to be based on the homophilic
cadherin-cadherin binding at the membrane sur-
face?8. E-cadherin expression is low in monolayer cell
culture and high in 3D cell culture. The high expres-

sion of E-cadherin produced in cell clusters can affect
the spheroid compaction?’.

On the other hand, the spheroids’ volume was com-
pressed to a certain extent, which inhibited the inner
cell layer in the core from accessing nutrients and oxy-
gen, while the CO, concentration increased. Theo-
retically, this could lead to slower growth over time,
and the spheroids could eventually stop growing in
size by day 10. According to the research on MSC
spheroids by Kaitlin C. Murphy et al., cells’ via-
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Figure 7: Cell death and survival in ADSC spheroids at day 10. Dead cells stained with propidium nuclei (red-
colored nuclei); live cells stained with Hoechst 33342 (blue-colored nuclei).

bility and metabolic activity decreased with increas-
ing spheroid size (e.g., at the seeding density of 1,000
cells/well for human ADSC spheroids). Our study
herein showed similar results for the seeding density
of 500 and 1,000 cells/well.

Notably, at high density (1,000 cells/well), ADSC
spheroid shape was not defined. This may be due to
the fact that the cells were seeded in a limited envi-
ronment. Thus, the outer layer can easily flake off,
making it challenging for the spheroids to maintain
their shape for a long period. The above analysis pro-
vides important insight into the consideration of suit-
able seeding densities to create the desired spheroids
in the shortest period, with the maximal number of
living cells and using the lowest amount of initial cells.
Spheroids were also evaluated for the ratio of live to
dead cells via propidium iodide (PI)/Hoechst 33342
double staining. PIis an impermeable membrane dye
that can identify dead cells with a red fluorescence 3
while the blue fluorescent Hoechst 33342 is a cell-
permeable nucleic acid that is widely used to stain
live cells*2. Our results showed that at the density of
250 cells/well, the survival of ADSCs and UCMSCs in
spheroids is the same until day 10. At this time point
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(day 10), it is best to compare the two other densities
(500 and 1,000 cells/well). Dead cells’ presence was
not observed if the initial cell seeding density was less
than 250 cells/well or if the spheroid culture time was
shorter than three days. However, at a density of 500
cells/well for both ADSC and UCMSC spheroid and
a density of 1,000 cells/well for UCMSC spheroid , a
complete spheroid was formed with a structure that
included the three zones (proliferating, quiescent, and
necrotic zones).

Moreover, a stable morphology was maintained until
day 10. At the densities of 500 and 1,000 cells/well for
the same cell culture time, the presence of viable cells
in UCMSC spheroids was higher than that for ADSC
spheroids. The dead cell were formed inside the center
of the spheroid and dependent on initial cell density,
time to culture, and spheroid diameter. The necro-
sis core formation is caused by the lack of nutrients
and O; in the core’s inner cell layer, while CO, con-
centration was increased in the core?***. The dead
cells inside and surrounding the necrotic core can se-
crete substances containing enzymes that may cause
the spheroids’ decomposition.

Moreover, cell-cell contact in 3D cell culture is an-
other predominant reason for necrosis>>. At the den-
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Figure 8: Cell death and survival of UCM SC spheroids at day 10. Dead cells stained with propidium nuclei
(red-colored nuclei); live cells stained with Hoechst 33342 (blue-colored nuclei).
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Figure 9: Spheroid histology. The layer of cells was arranged close together and appeared densely packed at a
density of 250 cells/well in both ADSC (D) and UCMSC spheroids (A). The necrotic core presence was observed at
the density of 500 (B, E) and 1000 cells/well (C, F) in UCMSC (B, C) and ADSC (E, F) spheroid on day 10.
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sity of 500 cells/well, for the ADSC spheroids, while
there were some dead cells in the hypoxic core, the
spheroids still maintained the ability to proliferate
during the 10-day period. Furthermore, there was an
increase in the number of cells and the size was main-
tained (compared to the results of the other seeding
density groups); these factors can shorten the culti-
vation time of the spheroids and enable spheroids to
form while avoiding the creation of the necrosis core.

CONCLUSION

In the present study, we successfully produced
spheroids from ADSCs and UCMSCs and com-
pared the efficiency of spheroid formation from these
sources of MSCs. Overall, the results suggest that
UCMSC are more effective in spheroid formation
than UCMSC at each of the investigated cell densi-
ties. A necrotic core inside the spheroid was formed
depending on the initial cell density, expansion time,
and diameter of spheroids. Dead cells were not
present in the spheroids when the initial cell seeding
density was less than 250 cells/well, or when expan-
sion time was shorter than three days. When seed-
ing at the same density, the size of spheroids derived
from ADSCs was found to be larger than that from
UCMSC. Taken together, these results suggest that
spheroids can be produced from ADSCs and UCM-
SCs, at a cell density of 250 cells/well, in non-adherent
V-bottom 96-well plates. This process can be scaled-
up using liquid handling robots. With the method de-
scribed above, a large number of spheroids from AD-
SCs or UCMSCs can be generated and applied in tis-
sue engineering as engineered cartilage or bone tis-
sues.

ABBREVIATIONS

2D: Two-dimensional culture

3D: Three-dimensional culture

ADSCs: Human Adipose-Derived Stem Cells
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glycans
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Stem Cells

SD: Standard Deviation
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