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a b s t r a c t

Adipose-derived stem cells (ADSCs) represent a valuable source of stem cells for regenerative medicine,
but the loss of their stemness during in vitro expansion remains a major roadblock. We employed a
microgravity bioreactor (MB) to develop a method for biomaterial-free-mediated spheroid formation to
maintain the stemness properties of ADSCs. ADSCs spontaneously formed three-dimensional spheroids
in the MB. Compared with monolayer culture, the expression levels of E-cadherin and pluripotent
markers were significantly upregulated in ADSC spheroids. Spheroid-derived ADSCs exhibited increased
proliferative ability and colony-forming efficiency. By culturing the spheroid-derived ADSCs in an
appropriate induction medium, we found that the multipotency differentiation capacities of ADSCs were
significantly improved by spheroid culture in the MB. Furthermore, when ADSCs were administered to
mice with carbon tetrachloride-induced acute liver failure, spheroid-derived ADSCs showed more
effective potentials to rescue liver failure than ADSCs derived from constant monolayer culture. Our
results suggest that spheroid formation of ADSCs in an MB enhances their stemness properties and
increases their therapeutic potential. Therefore, spheroid culture in an MB can be an efficient method to
maintain stemness properties, without the involvement of any biomaterials for clinical applications of
in vitro cultured ADSCs.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Stemness properties of mesenchymal stem cells (MSCs), which
are capable of self-renewal and multi-lineage differentiation,
endow them with great potential for tissue engineering and
regenerative medicine [1]. Adipose-derived stem cells (ADSCs)
represent an abundant source of MSCs that are easily accessible
from subcutaneous adipose tissue via liposuction [2]. MSCs
comprise only a small proportion of the bone marrow or adipose
tissue, and theymust be extensively expanded in culture to achieve
the numbers required for any therapeutic strategy [3,4]. During
in vitro expansion of common monolayer cultures, however, MSCs
quickly lose their primitive stemness properties, such as replicative
.
).
ability, colony-forming efficiency, and differentiation capacity [5,6].
Therefore, maintaining stemness properties has become a crucial
issue for future clinical applications of in vitro-cultured ADSCs.

The stemness properties of MSCs are retained in the in vivo
microenvironment, which comprises soluble growth factors,
cellecell interactions and cellematrix interactions [7,8]. Accumu-
lating evidence has suggested that the cellular microenvironment
plays an important role in determining stemness properties [9,10].
Compared with conventional monolayer cultures, three-
dimensional (3D) culture methods offer a cellular niche that is
more similar to the in vivo microenvironment [11]. Several 3D cell
culture methods, including the use of hydrogels, porous scaffolds or
polymers, as well as cellular aggregates, have been developed to
maintain the stemness properties of stem cells [12e14]. Among
these methods, spheroid culture is a typical scaffold-free 3D cell
culture system that takes advantage of the natural self-assembly
tendency of numerous cell types [15]. Spheroid formation enables
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cells to assemble and interact under native forces and allows them
to generate their own extracellular matrix [16]. When cells contact,
interact and communicate with other cells rather than with artifi-
cial scaffolds, the cell culture more closely replicates the in vivo
environment [11]. Previous studies have demonstrated that
spheroid formation of MSCs cultured on chitosan films or using
hanging drop facilitated their stemness maintenance [16,17].
Furthermore, a recent study demonstrated that differentiated cells
were reprogrammed by and acquired stemness properties from
spheroid culture [18]. Therefore, spheroid culture may be an effi-
cient method to maintain the stemness properties of MSCs.

Spheroids can be generally obtained via three approaches:
hanging drop, low-attachment culture conditions, and dynamic
culture [19e21]. Although the two former methods are convenient
for generating homogeneous aggregates and do not cause shear
stress damage, these techniques are not suitable for high-activity
and large-scale production of spheroids. Dynamic cultures involve
spheroids that are grown in a spinner flask or a microgravity
bioreactor (MB) [16,22]. In addition to the obvious advantages of
large-scale and high-density cell culture in a dynamic culture sys-
tem, the MB also offers the benefits of reduced shear stress and
increased mass transfer compared with spinner flask [22]. Cell
damage caused by mechanical agitation is reduced by gentle shear
stress [16]. Increased mass transfer promotes the transport of nu-
trients and the removal of metabolites from spheroids growing in
an MB [23]. Thus, these advantages of MB potentially increase cell
viability of MSCs. Moreover, increasing evidence has demonstrated
that MBs are useful in the scale-up of stem cells [24,25]. Our pre-
vious studies have shown that MBs promote spheroid formation
and large-scale expansion of stem cells [23]. Therefore, spheroid
culture of MSCs in MB has a promise to not only meet fully the
requirements of large-scale production as well as high-activity and
high-density cell culture for clinical application, but also preserve
their stemness properties. However, it is unclear whether the
stemness properties of MSCs can be maintained or improved by
spheroid culture in MB.

In this study, we employed an MB to develop a straightforward
and effective method of biomaterial-free-mediated spheroid for-
mation to improve the stemness properties of ADSCs for clinical
application. The stemness properties of spheroid-derived ADSCs,
including proliferative ability, pluripotent maker expression,
colony-forming efficiency, and multipotency differentiation ca-
pacity, were investigated. We further examined the therapeutic
potential of spheroid-derived ADSCs for carbon tetrachloride
(CCl4)-induced acute liver failure (ALF) in non-obese diabetic severe
combined immunodeficient (NOD-SCID) mice. Possible mecha-
nisms for the improvement of stemness properties are discussed
based on spheroid formation of ADSCs in the MB.
2. Materials and methods

2.1. Isolation and culture of ADSCs

Subcutaneous adipose tissue was obtained from patients undergoing elective
surgical procedures at the Department of Plastic Surgery. This study was approved
by the Research Ethics Committee of the Daping Hospital and ThirdMilitary Medical
University, and all participants provided informed written consent. ADSCs were
isolated as described previously [26]. Freshly isolated cells were resuspended in
Dulbecco's modified Eagle's medium (DMEM)/F12 (Gibco, Gaithersburg, MD) sup-
plementedwith 10% fetal bovine serum (FBS, Gibco) and 1% penicillinestreptomycin
(Invitrogen, Carlsbad, CA). The cell suspensions were seeded into tissue culture
flasks or MBs (Synthecon, Inc., Houston, TX) at a density of 106 cells/ml and incu-
bated at 37 �C in humidified atmosphere with 5% CO2. The MB was set to rotate at a
speed of 25 rpm. Every 2e3 days, 80% of the culturemediumwas replacedwith fresh
medium. After 5 days of culture, ADSC spheroids aggregated in the MB were
dissociated with trypsin/ethylenediaminetetraacetate (EDTA) solution (Gibco) and
then transferred to a tissue culture flask for further experiments (spheroid-derived
ADSCs). We used ADSCs that were continuously cultured in tissue culture flasks as
the control (monolayer ADSCs).
2.2. Characteristics of ADSC spheroids

To calculate the size distribution of spheroids, spheroid suspensions were taken
from theMB on days 1, 3 and 5. Images of spheroids were photographed using digital
microscopy. The diameters of the spheroids were measured using Image Pro soft-
ware (Media Cybernetics, Silver Spring, MD). For the apoptosis assay, spheroids were
stained using a propidium iodide (PI, SigmaeAldrich, St Louis, MO)/4,6-diamidino-
2-phenylindole (DAPI, SigmaeAldrich) apoptosis detection kit according to the
manufacturer's instructions. The expression levels of stemness marker genes and E-
cadherin in ADSC spheroids were analyzed by quantitative reverse transcription-
polymerase chain reaction (RT-PCR) or immunofluorescence staining.

2.3. Morphology and proliferation viability of spheroid-derived ADSCs

After 5 days of culture, the spheroids were removed from the MB and placed
directly into tissue culture flasks for culture. Cell morphology was observed using a
phase-contrast microscopy. To investigate the proliferation viability of spheroid-
derived ADSCs, spheroids in the MB were dissociated by trypsin/EDTA and then
cultured at a density of 5 � 104 cells/ml under the same monolayer culture condi-
tions as described above. Cells were liftedwith trypsin/EDTA and then counted using
a hemocytometer at various times during the 7-day period.

2.4. Colony-forming unit-fibroblast (CFU-F) assay

The CFU-F assay was performed using modified techniques as described previ-
ously [17]. ADSCs derived from monolayer and spheroids were cultured in culture
medium at a density of 1000 cells per-100mm dish. Themediumwas changed every
3 days. After 14 days of culture, the cells were fixed with 4% paraformaldehyde and
stained with 3% crystal violet solution (SigmaeAldrich). The number of colonies
(diameter � 2 mm) was counted.

2.5. In vitro multipotency differentiation assay

The spheroids were collected at 5 days, dissociated into single cells, and induced
with different media for differentiation of the three germ layers. Adipogenic, oste-
ogenic and chondrogenic differentiation of ADSCs derived from spheroids or
monolayer cultures were performed as described previously [27]. After 4 weeks of
induction, the adipogenic-specific genes peroxisome proliferator-activated receptor-
g (PPAR-g) and lipoprotein lipase (LPL), the osteogenic-specific genes osteocalcin
and osteopontin, and the chondrogenic-specific genes collagen II and aggrecanwere
detected by quantitative RT-PCR as described below. The cells were stained using the
Oil red O procedure, Alizarin red or Alcian blue solution to further observe the
presence of neutral lipid vacuoles in adipocytes, calcium deposition in osteocytes or
collagen II in chondrocytes, respectively.

Hepatogenic and neurogenic differentiation of spheroid or monolayer ADSCs
were selected to test the representative transdifferentiation capacities of endo-
dermal and ectodermal lineages. Hepatogenic and neurogenic differentiation were
induced as described in a previous study [17]. After 21 days of culture, the expression
levels of hepatogenic (albumin, CK-18 and CYP3A4) or neurogenic (b-III tubulin and
nestin) markers were analyzed by quantitative RT-PCR and immunofluorescence.

2.6. Quantitative RT-PCR

Total RNA was extracted from ADSCs derived from spheroids and monolayer
cultures using the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA) according to the
manufacturer's instructions. The total RNA concentrationwas determined by optical
density at 260 nm using a spectrophotometer. After removing residual DNA with
DNase I, equal amounts of RNA (1 mg) were added to a reverse transcriptase reaction
mixture with oligo-dT primers (Invitrogen). The Power SYBR Green RT-PCR Kit
(Applied Biosystems, Foster City, CA) was used to perform quantitative RT-PCR using
the Bio-Rad CFX96 Real-Time system (Bio-Rad Laboratories, Inc., Hercules, CA). The
expression level was analyzed and normalized to GAPDH in the cDNA samples. The
fold change of gene expression was calculated using the 2-DDCT method. Primer
sequences are provided in Table S1.

2.7. Immunofluorescence

Spheroids were taken from the MB after 5 days and seeded directly onto slides
for 2 h of culture. Spheroids or cells on slides were fixed in 4% paraformaldehyde and
washed three times with PBS, and they were then immersed in PBS containing 0.1%
Triton X-100 (SigmaeAldrich) and 1% normal serum for 30 min at room tempera-
ture. Samples were then incubated overnight at 4 �C with the following primary
antibodies: rabbit anti-E-cadherin and goat anti-Oct4 (1:200, Santa Cruz Biotech,
Inc., Santa Cruz, CA), rabbit anti-Nanog (1:400, Abcam, Cambridge, UK), goat anti-
Sox2 (1:300, Invitrogen), rabbit anti-Rex-1 (1:400, Invitrogen), rabbit anti-ALB
(1:500, Bethyl Laboratories, Montgomery, TX), rabbit anti-CK18 (1:200, Invi-
trogen), goat anti-CYP3A4 (1:200, Invitrogen), rabbit anti-b-III tubulin (1:400,
Invitrogen), goat anti-nestin (1:400, Invitrogen). After incubation with primary
antibodies, cells were washed with PBS and then incubated with FITC-conjugated
goat anti-rabbit IgG or Cy5-conjugated donkey anti-goat IgG (1:400, Invitrogen)
for 1 h at room temperature. Nuclear DNA was dyed with DAPI. Images were
captured using the Leica confocal microscopy system.
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2.8. Animal model and cell transplantation

NOD-SCID mice were purchased from the Laboratory Animal Center, Third
Military Medical University. All of the procedures followed ethical guidelines and
were approved by the Institutional Animal Care and Use Committee of Third
Military Medical University. The animal model study and cell transplantation were
performed as described in our previous report [28]. ALF was induced in male SCID
mice by gavage of 10% CCl4 (0.28 ml/kg body weight). CCl4 induced liver injury
causing apoptosis and necrosis of hepatocytes with 100% lethality at 72 h. Cell
transplantation was performed under ethyl ether inhalation anesthesia at 24 h
after administration of CCl4. Direct intrasplenic injections were made after lapa-
rotomy. Three transplantation groups were designed: group A, control mice that
received 100 ml of PBS (vehicle) injected into the spleen (n ¼ 10); group B, mice
that received 100 ml of monolayer ADSCs (4 � 107 cells/kg body weight) injected
into the spleen (n ¼ 12); and group C, mice that received 100 ml of spheroid-
derived ADSCs (4 � 107 cells/kg body weight) injected into the spleen (n ¼ 12).
After transplantation, blood samples were collected at 2, 7, and 14 days. In addi-
tion, the entire livers were taken, fixed and prepared for further analysis from
sacrificed mice.
Fig. 1. Characteristics of ADSC spheroids in MB. AeC: Morphology of ADSC spheroids culture
microscopic images of live/dead staining on day 5. Live cells within spheroids were stain
Immunofluorescence staining of ADSC spheroids for E-cadherin on day 5. Scale bar: 40 mm
gravity bioreactor; PI, propidium iodide. (For interpretation of the references to color in th
2.9. Serum transaminase levels

Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
levels in mouse blood were measured using an automated biochemical analyzer.
2.10. Histologic and immunohistochemical analyses

Livers were fixed in 4% formaldehyde for 24 h and embedded in paraffin. Liver
sections (5 mm thick) were deparaffinized and fixed. For histology, sections were
stained with hematoxylineeosin (H&E, SigmaeAldrich). For the terminal deoxy-
nucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick
end labeling (TUNEL) procedure, an in situ apoptosis detection kit (Boehringer, Man-
nheim, Germany) was applied following the manufacturer's instructions. Non-specific
reactions of the liver slides were blocked with 3% H2O2 for 10 min at room temper-
ature. TdT and biotin-11-dUTP reactions were carried out for 1 h at 37 �C. Removal of
TdT from the procedure provided a negative control. Horseradish peroxidasee3,3
diaminobenzidine was used for the TUNEL procedure, and hematoxylin was used as a
counter stain. Hepatocyte apoptosis was calculated as the ratio of the number of
TUNEL-positive cells to the total number of hepatocytes in each slide.
d in a microgravity bioreactor on day 1 (A), 3 (B), 5 (C). Scale bar: 100 mm. D: Confocal
ed with DAPI (blue), and dead cells were stained with PI (red). Scale bar: 80 mm. E:
. ADSCs, adipose-derived stem cells; DAPI, 4,6-diamidino-2-phenylindole; MB, micro-
is figure legend, the reader is referred to the web version of this article.)
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2.11. Statistical analysis

Statistical analyses were performed using PRISM 5.01 (GraphPad Software, Inc.,
San Diego, CA). Data are presented as the means ± SD of n determinations as indi-
cated in the figure legends. Animal survival was analyzed by log-rank tests, and p
values are as shown. All other data were analyzed using Student's t-test, where
p < 0.05 was considered statistically significant. The Bonferroni correction was used
for multiple comparisons.
3. Results

3.1. Spheroid formation of ADSCs cultured in the MB

When ADSCs were cultured in the MB, cells were aggregated
into multicellular spheroids within 24 h. The size of spheroids
increased gradually on days 1 and 5, and the number of suspended
cells continued to decrease. The average spheroid diameters were
76.88 ± 25.55, 119.32 ± 52.93, and 123.47 ± 26.28 mm on days 1, 3,
Fig. 2. Expression of pluripotent markers in ADSC spheroids and monolayer ADSCs on day 5
levels of these genes were assessed via quantitative RT-PCR. The results are expressed as the
staining for these pluripotent markers was performed on the day-5 spheroids cultured on ch
transcription-polymerase chain reaction.
and 5, respectively (Fig. 1AeC). Spheroids were dissociated into
single cells and reincubated in the MB, resulting in the generation
of secondary spheroids. The viability of the cells within the
spheroids was assessed by a live/dead assay after 5 days of MB
culture. Cells that displayed necrosis in the center of the spheroid
were stained redwith PI, whereas the viable cells were stained blue
with DAPI. Fig. 1D shows that most of the cells were viable within
the spheroids from the MB culture, indicating the absence of
necrotic centers. Moreover, immunofluorescence staining revealed
a robust meshwork of E-cadherin inherent with its cellecell contact
in ADSC spheroids (Fig. 1E). By contrast, E-cadherin immunostain-
ing of monolayer ADSCs was not positive.

3.2. The expression of pluripotent markers in ADSC spheroids

Oct4, Nanog, Sox-2 and Rex-1 are core transcription factors for
embryonic stem cells, and they are important for maintaining the
. A: The genes Oct4, Nanog, Sox-2 and Rex-1 were analyzed by RT-PCR. B: The relative
means ± SD of six experiments. *p < 0.05 vs. monolayer ADSCs. C: Immunofluorescence
amber slides for 2 h. Scale bar: 80 mm. PCR, polymerase chain reaction. RT-PCR, reverse
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pluripotency and self-renewal capacities of stem cells. The
expression of the pluripotent markers Oct4, Nanog, Sox-2 and
Rex-1 was analyzed by RT-PCR and immunofluorescence. RT-PCR
analysis showed that Oct4, Nanog, Sox-2 and Rex-1 were upre-
gulated in ADSC spheroids compared with monolayer ADSCs
(Fig. 2A). Quantitative RT-PCR results revealed that ADSCs within
spheroids exhibited significantly greater expression levels of Oct4,
Nanog, Sox-2 and Rex-1 with 4.3 ± 0.3-fold, 3.9 ± 0.3-fold,
6.2 ± 0.4-fold, and 3.2 ± 0.4-fold increases, respectively, compared
with monolayer ADSCs (Fig. 2B). We used immunofluorescence to
further confirm that the protein levels of these genes were higher
in spheroids than in monolayer ADSCs (Fig. 2C). These data
demonstrate that spheroid formation of ADSCs in the MB pro-
moted the expression of pluripotent markers, and this may
facilitate the maintenance of the stemness properties of stem
cells.
Fig. 3. Cell morphology and proliferative ability of ADSCs derived from spheroid and mono
spheroid (BeD) cultures. Scale bar: 100 mm. ADSC spheroids were directly cultured in tissue
culture. Spheroid-derived ADSCs exhibited various cell shapes, including round, spindle or tri
spheroid-derived ADSCs (C). D: Spheroids in the MB were dissociated with trypsin/EDTA, an
adherent culture spontaneously formed cell clusters. E: Growth curves of ADSCs derived from
results are expressed as the means ± SD of six experiments. EDTA, ethylenediaminetetraac
3.3. Proliferative ability of spheroid-derived ADSCs

To observe the difference in cell morphology, spheroids were
directly cultured in tissue culture flasks. A large number of cells had
grown around the spheroids after 1 day of culture. Microscopic
inspection revealed that spheroid-derived ADSCs were heteroge-
neous in appearance, exhibiting round, spindle, and triangle
shapes. Compared with monolayer ADSCs (Fig. 3A), a higher
number of small cells that were round and bright were observed
among the spheroid-derived ADSCs (Fig. 3B, C). We found that the
round small cells grown in adherent culture spontaneously formed
cell clusters (Fig. 3D). To evaluate the proliferation potential of cells
within the spheroids, ADSC spheroids were dissociated and seeded
back to a monolayer culture. Compared with monolayer ADSCs,
spheroid-derived ADSCs exhibited significantly higher levels of
proliferative ability at later time points (Fig. 3E). In addition, the
layer cultures. AeD: Phase-contrast images of ADSCs derived from monolayer (A) and
culture flasks. A large number of cells had grown around the spheroids after 1 day of
angle shapes (B). There were higher numbers of round and bright small cells among the
d cultured under the same monolayer culture conditions. Small, round cells grown in
monolayer and spheroid cultures at the initial seeding density of 5 � 104 cells/ml. The

etate.
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dissociated cells readily generated CFUs when plated at clonal
densities (Fig. 4A, B). After 14 days of culture, more CFUs were
generated by spheroid-derived ADSCs than by monolayer ADSCs
(Fig. 4CeE).

3.4. Differentiation capabilities of spheroid-derived ADSCs

To investigate the effects of MB culture on the differentiation
capabilities of ADSCs, spheroids were dissociated into single-cell
suspensions and induced under the same conditions as mono-
layer ADSCs. Quantitative RT-PCR analysis of adipogenic markers
showed that the expression levels of PPAR-g and LPL were signifi-
cantly increased in spheroid-derived ADSCs compared with
monolayer ADSCs after adipogenic induction (Fig. 5A). Oil red O
staining revealed higher numbers of positive cells in spheroid-
derived ADSCs than in monolayer ADSCs (Fig. 5B, C). Moreover,
spheroid-derived ADSCs exhibited higher expression levels of the
osteogenic markers osteocalcin and osteopontin than monolayer
ADSCs after the induction of osteogenesis (Fig. 5D). Increased cal-
cium deposition in spheroid-derived ADSCs was detected by Aliz-
arin red staining after osteogenic differentiation (Fig. 5E, F).
Similarly, we also found that the expression levels of collagen II and
aggrecanwere significantly upregulated in spheroid-derived ADSCs
compared with monolayer ADSCs after chondrogenic induction
(Fig. 5GeI). These results demonstrate that the differentiation ca-
pabilities along themesenchymal lineages of ADSCs were improved
by spheroid formation in the MB.

Hepatogenic and neurogenic differentiation of MSCs repre-
sented the transdifferentiation capacities to the endoderm and
Fig. 4. Colony-forming efficiency of spheroid-derived ADSCs. CFU-F assays of ADSCs plated
spheroid-derived ADSCs. A: Scale bar: 200 mm. B: Scale bar: 100 mm. C, D: Crystal violet sta
10 mm. E: The number of CFUs from spheroid-derived cells was significantly greater than th
of six experiments. *p < 0.05 vs. monolayer ADSCs. CFU-F, colony-forming unit-fibroblast.
ectoderm lineages. The results of quantitative RT-PCR revealed
significantly increased transcription of ALB, CK-18, CYP3A4 (Fig. 6A)
and b-III tubulin (Fig. 7A) in spheroid-derived ADSCs than in
monolayer ADSCs after hepatogenic or neurogenic induction.
Immunofluorescence images of these hepatogenic and neurogenic
markers further confirmed that the protein expression levels of
ALB, CK-18, CYP3A4 (Fig. 6BeD) and b-III tubulin (Fig. 7B) were
higher in spheroid-derived ADSCs than in monolayer ADSCs after
hepatogenic and neurogenic differentiation. However, there was no
difference in the expression of nestin between spheroid-derived
ADSCs and monolayer ADSCs after neurogenic induction (Fig. 7A,
B). These data indicate that the transdifferentiation capabilities of
ADSCs were enhanced by spheroid formation in the MB.

3.5. In vivo therapeutic potential of spheroid-derived ADSCs for ALF

To compare the therapeutic potential of spheroid-derived
ADSCs with monolayer ADSCs for ALF, 4 � 107 ADSCs/kg body
weight was intrasplenically transplanted under identical condi-
tions after administration of CCl4. All of the animals in the vehicle
group died between 24 and 72 h after PBS treatment. At the 28-day
endpoint, 75% of animals treated with spheroid-derived ADSCs
were alive, whereas only 58% of animals treated with monolayer
ADSCs survived. A significant survival benefit was observed for
both spheroid-derived ADSC and monolayer ADSC groups
compared with the vehicle group (p < 0.05), and there were also
significant differences between the two ADSC groups (p < 0.05)
(Fig. 8A). Liver serologies, including AST and ALT, were improved in
animals treated with spheroid-derived ADSCs or monolayer ADSCs.
at 1000 cells/dish and incubated for 14 days. A, B: Phase-contrast images of CFU-F for
ining of CFU-F from monolayer ADSCs (C) and spheroid-derived ADSCs (D). Scale bar:
e number of CFUs from monolayer ADSCs. The results are expressed as the means ± SD



Fig. 5. Differentiation capabilities along the mesenchymal lineages of monolayer ADSCs and spheroid-derived ADSCs under the respective induction conditions for 28 days. A:
Quantitative RT-PCR analysis of adipogenic marker gene expression levels. B, C: Staining of adipogenic monolayer ADSCs (B) and spheroid-derived ADSCs (C) with Oil red O. Scale
bar: 100 mm. D: Quantitative RT-PCR analysis of osteogenic marker gene expression levels. E, F: Staining of osteogenic monolayer ADSCs (E) and spheroid-derived ADSCs (F) with
Alizarin red. Scale bar: 100 mm. G: Quantitative RT-PCR analysis of chondrogenic marker gene expression levels. H, I: Staining of chondrogenic monolayer ADSCs (H) and spheroid-
derived ADSCs (I) with Alcian blue. Scale bar: 100 mm. A, D, G: The results are expressed as the means ± SD of six experiments. *p < 0.05 vs. monolayer ADSCs.
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The improvement induced by spheroid-derived ADSCs was supe-
rior to that of monolayer ADSCs beginning at 2 days after trans-
plantation (Fig. 8B, C). In addition, histological analysis of liver
tissues revealed massive necrosis and hepatic lobule damage in
pre-transplantation (Fig. 8D) and vehicle-treatedmice (Fig. 8E). Cell
necrosis was suppressed in the animals treated with monolayer
ADSCs (Fig. 8F) or spheroid-derived ADSCs (Fig. 8G) beginning on
day 14 after transplantation.

TUNEL staining was used to evaluate hepatocyte apoptosis in
the liver sections. Widespread hepatocyte apoptosis was observed
in the vehicle group (Fig. 9A), but the level of apoptosis decreased
on days 2 and 7 after cell transplantation in the monolayer ADSC
(Fig. 9B, D) and spheroid-derived ADSC (Fig. 9C, E) groups. Quan-
tification of TUNEL-positive hepatocyte nuclei in animals treated
with spheroid-derived ADSCs or monolayer ADSCs showed signif-
icant differences compared with vehicle-treated animals. The
number of apoptotic cells was lower in animals treated with
spheroid-derived ADSCs than in those treated with monolayer
ADSCs at 2 days and 7 days post-transplantation (Fig. 9F).

4. Discussion

The stemness properties of stem cells may govern their thera-
peutic potentials in clinical applications. Maintaining the stemness
properties of ADSCs remains a challenging issue during in vitro
expansion [9]. Although previous studies have indicated that
spheroid formation of ADSCs on several biomaterials or using
hanging drop retain their stemness properties, these methods of
spheroid culture do not fully meet the requirements of large-scale
expansion for clinical application [17,20]. Our previous study and
other studies have demonstrated that the MB culture system ex-
hibits unique advantages in spheroid formation and large-scale
production of stem cells [23,24]. However, the effects of spheroid
formation of ADSCs in MB on their stemness properties have not
been reported. In the present study, we demonstrated that ADSCs
can form compact cellular spheroids and remain viable when
cultured in the MB. This finding was consistent with a previous
study [16], which exclusively investigated the effects of MB culture
on the immunophenotype, osteogenic and adipogenic differentia-
tion, and interleukin-24 (IL-24) secretion of MSCs. Our study
focused on the changes in their stemness properties after spheroid
formation of ADSCs in the MB. We identified their stemness
properties based on various aspects, including pluripotent markers,
proliferative ability, colony-forming efficiency, and differentiation
or transdifferentiation capacities. Furthermore, the therapeutic
potential of spheroid-derived ADSCs was examined in a mouse
model of ALF. Our results suggest that spheroid formation in theMB
enhanced the stemness properties and increased the therapeutic
potential of ADSCs, without the involvement of any biomaterials,
exogenous genes, or proteins.

Several core transcription factors, such as Oct4, Nanog, Sox-2
and Rex-1, are required to maintain the stemness properties of



Fig. 6. Expression of hepatogenic transdifferentiation markers in monolayer ADSCs and spheroid-derived ADSCs using the same induction medium for 21 days. A: Quantitative RT-
PCR analysis of hepatogenic markers. The results are expressed as the means ± SD of six experiments. *p < 0.05 vs. monolayer ADSCs. BeD: Immunofluorescence images of ALB (B),
CK-18 (C) and CYP3A4 (D) representing hepatogenic induction. Scale bar: 50 mm. ALB, albumin; CK-18, cytokeratin-18; CYP3A4, cytochrome P450 3A4.
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embryonic stem cells [29]. These pluripotent markers are also
present in adult stem cells [5,30], including ADSCs, and they can
alter the self-renewal and differentiation capabilities of these
cells. However, the expression of the pluripotent genes declined
with in vitro passaging of ADSCs, and this may result in the
impairment of their therapeutic potential [6]. It has been reported
that expression of these genes in MSCs was upregulated by
spheroid formation in microwells or on biomaterial surfaces
[17,31]. The effects of spheroid culture in the MB on these
pluripotent markers of MSCs remain unclear. In the present study,
the expression of the pluripotent markers Oct4, Nanog, Sox-2 and
Rex-1 was significantly enhanced by spheroid formation of ADSCs
in the MB compared with monolayer ADSCs. The expression levels
of these genes can strongly influence proliferative activity [32].
We further found that spheroid-derived ADSCs possessed a higher
proliferative rate and a higher colony-forming efficiency, sug-
gesting that spheroid formation in the MB facilitates self-renewal
in ADSCs.
Fig. 7. Expression of neurogenic transdifferentiation markers in monolayer ADSCs and sphe
PCR analysis of neurogenic markers. The results are expressed as the means ± SD of six exper
III tubulin, representing neurogenic induction. Scale bar: 80 mm.
The increased expression of the pluripotent markers found in
our study may indicate better plasticity of ADSCs derived from
spheroids. Our findings showed that spheroid formation of ADSCs
in the MB improved their efficiency of differentiation along the
mesoderm lineages. The enhanced osteogenic and adipogenic dif-
ferentiation is consistent with data from Frith et al. [16], who used
an MB as a dynamic MSC spheroid model. The upregulated
pluripotent genes of MSCs alter cell fate and allow trans-
differentiation [33]. Our data further demonstrated that spheroid-
derived ADSCs exhibited significantly enhanced hepatogenic and
neurogenic transdifferentiation capabilities compared with
monolayer ADSCs when cultured in appropriate inductionmedium.
Therefore, these results suggest that themultipotent differentiation
of ADSCs was strengthened by spheroid formation in theMB, which
may facilitate de-differentiation into a more primitive state.

The enhanced stemness properties of spheroid-derived ADSCs
may exert beneficial effects on their therapeutic potential. Several
recent reports have demonstrated that spheroid formation of
roid-derived ADSCs using the same induction medium for 21 days. A: Quantitative RT-
iments. *p < 0.05 vs. monolayer ADSCs. B: Immunofluorescence images of nestin and b-



Fig. 8. Therapeutic potential of spheroid-derived ADSCs for ALF in a mouse model induced with 10% CCl4. A: KaplaneMeier survival analysis of CCl4-induced NOD-SCID mice.
*p < 0.05. B, C: AST and ALT enzyme release levels in peripheral blood samples collected at 2 and 7 days after transplantation. *p < 0.05. DeG: Histopathological recovery from CCl4-
induced ALF after transplantation with ADSCs. Hematoxylin and eosin staining of liver tissues revealed massive necrosis and hepatic lobule damage in pre-transplantation (D) and
vehicle-treated mice (E). Cell necrosis was suppressed in the animals treated with monolayer ADSCs (F) or spheroid-derived ADSCs (G) beginning on day 14 after transplantation.
Scale bar: 50 mm. ALF, acute liver failure; ALT, aspartate aminotransferase; AST, alanine aminotransferase; CCl4, carbon tetrachloride; NOD-SCID, non-obese diabetic severe combined
immunodeficient.
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ADSCs on chitosan films increased their stemness properties and
accelerated wound closure in a murine model of impaired cuta-
neous wounds [17,20,34]. We observed that spheroid-derived
ADSCs showed more effective potential in rescuing liver failure
than ADSCs derived from constant monolayer culture in a murine
model of CCl4-induced ALF, suggesting that the therapeutic po-
tential of ADSCs was improved along with their enhanced stemness
properties after spheroid culture in the MB. TUNEL staining further
revealed that the inhibited hepatocyte apoptosis of ADSCs was
significantly enhanced by spheroid culture in the MB. The latter
finding was consistent with other reports showing that spheroid
Fig. 9. Effect of spheroid-derived ADSCs on hepatocyte apoptosis in the livers of CCl4-induce
and counterstained with hematoxylin (blue). AeE: Representative images from vehicle-treate
day 2 (B, D) and day 7 (C, E). Scale bar: 100 mm. F: Quantification of TUNEL-positive hepatocyt
fields per animal. *p < 0.05. TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated
references to color in this figure legend, the reader is referred to the web version of this ar
formation of MSCs could be used to enhance certain therapeutic
activities, such as anti-inflammation, anti-apoptosis, angiogenesis,
and homing to injury sites [34e36]. It has been reported that
spheroid formation of MSCs in an MB improved their anti-cancer
potential by increasing the expression of IL-24 [16]. The present
in vivo study showed that spheroid culture in the MB increased the
therapeutic potential of ADSCs, and this increase may be attributed
to enhancing their stemness properties.

Several studies have demonstrated that the increased thera-
peutic potential of spheroid-derived ADSCs is closely associated
with enhanced stemness properties [12,33,34]. The possible
d ALF mice. Liver sections were stained by TUNEL (brown nuclei, large for hepatocytes)
d (A), monolayer ADSC-treated (B, C) and spheroid-derived ADSC-treated (D, E) mice at
es by digital image analysis. The results are expressed as the means ± SD for 10 random
deoxyuridine triphosphate (dUTP)-biotin nick end labeling. (For interpretation of the
ticle.)



S. Zhang et al. / Biomaterials 41 (2015) 15e2524
mechanisms for improving the survival of mice with acute liver
failure by MSC transplantation may involve the ability of these cells
to differentiate into hepatocyte-like cells, to reduce inflammation,
and to enhance tissue repair at the site of injury by their paracrine
or immunomodulatory capacities [37]. Thesemechanisms are likely
independent, but not mutually exclusive. In many circumstances,
these mechanisms potentially work in combination to promote the
restoration of liver failure [38]. However, these actions of MSCs are
based on the maintenance of their stemness properties [39,40]. The
enhanced stemness properties of MSCs increase their proliferative
ability and differentiation potential [41]. The increased proliferative
ability of MSCs not only facilitates in vitro or in vivo expansion, but
also improves cellular retention, integration and long-term survival
after transplantation [12,17]. Increased cellular retention in the
liver generates increased levels of paracrine or immunomodulatory
factors to promote liver tissue regeneration [42]. Moreover, the
maintenance of multipotency enables more MSCs to differentiate
into hepatocyte-like cells and thus to compensate for impaired liver
function [43]. Therefore, the enhanced stemness properties of
spheroid-derived ADSCs results in their increased therapeutic po-
tential. Further mechanistic studies are necessary in the future.

The molecular mechanisms that enhance the stemness proper-
ties of ADSC spheroids in MBs are intriguing but unclear. The stem
cells' nichemay determine their stemness properties [44]. Spheroid
formation of stem cells might provide a microenvironment that
facilitates stemness maintenance. First, inner hypoxia can occur in
spheroids but not in monolayer culture, as reported by numerous
studies demonstrating that hypoxic conditions help tomaintain the
pluripotency of stem cells [45]. Second, cell shape is a potent
regulator of cell growth, physiology, embryonic development and
stem cell differentiation, which potentially promotes cytoskeleton
reorganization [46]. We observed that spheroid-derived ADSCs
exhibited different morphologies from monolayer controls. Third,
the extracellular matrix exerts extensive control over stem cell fate
decisions through the actions of several classes of receptors [47],
with integrins representing the most widely studied [48,49].
Spheroid formation may generate a distinct extracellular matrix
and establish new cellematrix interactions that can influence cell
fate. In addition, stemness maintenance may be caused by the
concentration gradients of oxygen, soluble factors and signaling
factors in spheroids [50]. However, cellecell interactions that
regulate many biological processes such as cell shape, extracellular
matrix, oxygen and nutrition gradients, and signal transduction, are
mediated by direct cell contact or communication between cells
[11]. Therefore, it is crucial that spheroid formation in vitro can
establish the cellecell contact required to reconstruct the micro-
environment for improving the stemness properties of ADSCs.

Cellecell contact is mainly mediated by cadherins. E-Cadherin is
a key member of the cadherin family that is primarily responsible
for tight junctions of cellecell interactions. To the best of our
knowledge, no study has reported E-cadherin expression in MSCs
under monolayer culture conditions. In the current study, we also
did not detect E-cadherin expression in monolayer ADSCs. How-
ever, our results showed that most of the ADSCs in spheroids
expressed E-cadherin, suggesting the formation of tight junctions
within ADSC spheroids. Similar to a previous study, the gene
expression of E-cadherin in MSCs derived from umbilical cord
blood was significantly increased by spheroid formation when the
cells were cultured in suspension using a low-attachment dish [51].
Moreover, that previous study showed that antibody neutralization
of the extracellular domain of E-cadherin inhibited spheroid for-
mation of MSCs, indicating that E-cadherin plays a key role in the
spheroid formation of MSCs. Activation of E-cadherin in association
with cellecell interaction during spheroid formation facilitated the
increased proliferative and paracrine capacities of MSCs [51]. It has
been reported that E-cadherin in ESCs plays an important role in
maintaining stemness properties and is involved in restoring their
pluripotency [52]. Upregulation of E-cadherin can improve the ef-
ficiency of fibroblast to iPS cell reprogramming by enhancing the
mesenchymal-to-epithelial transition [53]. E-Cadherin may regu-
late pluripotency by ensuring that fully compacted cells have access
to putative critical autocrine signals or by promoting the cellecell
exchange of signals, perhaps through gap junctions [54]. E-Cad-
herin has also been linked to pluripotency in human ESCs, likely
because the promoter region of E-cadherin contains Oct3/4 binding
sites [55]. Therefore, we believe that the mechanism of improving
the stemness properties of ADSCs by spheroid formation in anMB is
due to the upregulation of E-cadherin expression. Further investi-
gation of the underlying mechanisms is warranted in the future.

5. Conclusions

Here, we report that stemness properties, including self-
renewal and multipotency differentiation capacities, were
enhanced by spheroid formation of ADSCs in an MB. We further
demonstrate that the therapeutic potential of ADSCs was improved
by spheroid culture in an MB. Moreover, an MB is a suitable tool for
the large-scale preparation of spheroids and expansion of MSCs.
Therefore, in the future, spheroid formation of ADSCs in anMBmay
be an efficient method to enhance their stemness properties for
clinical applications of in vitro-cultured ADSCs without the
involvement of any biomaterials, exogenous genes, or proteins.
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