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a b s t r a c t

Adipose-derived stem cells (ASCs) have valuable applications in regenerative medicine, but maintaining
the stemness of ASCs during in vitro culture is still a challenging issue. In this study, human ASCs
spontaneously formed three-dimensional spheroids on chitosan films. Most ASCs within the spheroid
were viable, and the cells produced more extracellular molecules, like laminin and fibronectin.
Comparing to monolayer culture, ASC spheroids also exhibited enhanced cell survival in serum depri-
vation condition. Although cell proliferation was inhibited in spheroids, ASCs readily migrated out and
proliferated upon transferring spheroids to another adherent growth surface. Moreover, spheroid-
derived ASCs exhibited higher expansion efficiency and colony-forming activity. Importantly, we
demonstrated that spheroid formation of human ASCs on chitosan films induced significant upregulation
of pluripotency marker genes (Sox-2, Oct-4 and Nanog). By culturing the ASC spheroids in proper
induction media, we found that ASC differentiation capabilities were significantly enhanced after
spheroid formation, including increased transdifferentiation efficiency into neuron and hepatocyte-like
cells. In a nude mice model, we further showed a significantly higher cellular retention ratio of ASC
spheroids after intramuscular injection of spheroids and dissociated ASCs. These results suggested that
ASCs cultured as spheroids on chitosan films can increase their therapeutic potentials.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Mesenchymal stem cells (MSCs), which are capable of self-
renewal and multi-lineage differentiation, have been a focus in
regenerative medicine research. Unlike embryonic stem cells
(ESCs), MSCs do not exhibit pluripotent plasticity, but they repre-
sent a potential autologous cell source, which circumvents the
complications associated with allogeneic transplantations. More-
over, clinical application of MSCs exhibits virtually no ethical or
political issue that encountered with the use of ESCs. Adipose-
derived stem cell (ASC) represents an abundant source of MSCs
that are easily accessible from subcutaneous adipose tissue via
liposuction [1,2]. As many as 1% of adipose cells are estimated to be
stem cells, compared to the 0.001e0.002% found in bone marrow,
currently a common source of MSCs [3]. In addition to the ability of
self-renewal, ASCs can differentiate into multiple lineages when
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cultivated under lineage-specific conditions, including osteogenic,
adipogenic, and chondrogenic lineages [4]. Recently, ASCs are
found to be capable of transdifferentiating into mature cells not
related with their original lineage, such as hepatocyte of endoderm
origin and neuron of ectoderm origin [5,6]. This ability, together
with their easy accessibility and lowdonor sitemorbidity, hasmade
ASCs good candidates for a broad range of cell-based therapeutics.
The presence of pluripotency markers, including Oct-4, Sox-2 and
Nanog, is important for the renewal and differentiation capabilities
of ASCs [7,8], but they are detected only in cells from early passages
[9]. Therefore, maintaining the expression of stemness markers has
become an important issue for in vitro culture of ASCs.

MSCs are commonly cultured as monolayers using conventional
tissue culture techniques. These methods have proved adequate,
but several reports have demonstrated a loss of the replicative
ability, colony-forming efficiency, and differentiation capacity with
time in culture [8,9]. The cellular microenvironment is known to
have a profound influence on the biology of the stem cells within it.
For example, the differentiation of stem cells is highly regulated by
their niche through both intrinsic and extrinsic signals [10]. Hence,
the application of three-dimensional (3D) cell culture techniques in
stem cell research has received increased interest. The 3D methods
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facilitate greater cellecell contacts and interactions of cells with the
extracellular matrix (ECM). By allowing cells to adapt to their native
morphology, significant differences between the cellular pheno-
type and biological response of cells cultured in monolayer and 3D
environment have been observed [11e13]. Consequently, it is
becoming increasingly accepted that 3D culture methods provide
a cellular environment more consistent with that in vivo [12].

Approaches providing a 3D culture environment included the
use of porous scaffolds, hydrogels, and cellular aggregates, each of
which have been successfully employed with a variety of cell type
[12,14,15]. Among these techniques, cellular aggregates, including
cell spheroid and cell sheet, have drawn increasing attention
because they are free of exogenous biomaterials that may cause
untoward responses upon cell transplantation [16e19]. Moreover,
recently there has been a series of publication on aggregation of
bone marrow-derived MSCs as a procedure to enhance their ther-
apeutic potential [12,17,20,21]. Although the use of 3D spheroid
culture methods holds promise in the field of stem cell research,
a large quantity of cells is required for cell spheroid formation and
further therapeutic applications [20]. As a result, ASC represents an
ideal cell source for spheroid culture because abundant autologous
cells can be easily obtained.

Several procedures have been used to induce cellular spheroid
formation, includingnonadherent culture conditions, highdegree of
confluency, nutrient deprivation, aireliquid interface, spinner flask
and hanging drops [12,20]. Chitosan is a positively charged natural
polysaccharide with good biocompatibility [22], and differences in
the cell adhesion and proliferation have been found according to the
cell type and the degree of deacetylation on chitosan [23e26]. We
previously observed spheroid formation of melanocytes and kera-
tocytes on chitosan films, and their cellular phenotypes were
maintained in the 3D culture system [23,27]. In this study, we tested
whether ASCs also could aggregate to form spheroids on chitosan
films and analyzed the influence of spheroid formation on stemness
and differentiation capabilities of ASCs. The information should be
useful for the development of biomaterials to regulate the prolifer-
ation and differentiation of ASCs and their eventualmanipulation to
replace lost or dysfunctional tissues following trauma or disease.

2. Materials and methods

2.1. Preparation of chitosan-coated culture plates

Chitosan was coated on tissue culture plates using methods described in
a previous study, with some modifications [23]. Briefly, 0.5 mL 1% (w/w) chitosan
solution (C-3646, Sigma, St. Louis, MO) dissolved in 0.67% (w/v) acetic acid was
added into each well of 24-well tissue culture plates (TCPS; Greiner bio-one,
Frickenhausen, Germany) and dried in an oven at 60 �C for 24 h to form a thin
film, after which it was neutralized by 0.5 N NaOH aqueous solution (Sigma) for 2 h.
Next, the plates were washed thoroughly with distilled water before being exposed
to ultraviolet light overnight.

2.2. Cell culture

Subcutaneous adipose tissue from abdomen was obtained from patients
undergoing elective abdominoplasty procedures. The study protocol was approved
by the Internal Ethical Committee of National Taiwan University Hospital. The
adipose tissue was placed in a physiological solution (0.9% NaCl), washed twice with
phosphate-buffered saline (PBS) and finely minced. The scraped adipose tissue was
then placed in a digestion solution: 1 mg/mL collagenase type I (Gibco, Carlsbad, CA)
supplemented with 1% penicillinestreptomycin (Biological industries, Kibbutz Beit
Haemek, Israel) at 37 �C in agitation for 60 min. The digest was filtered through
70 mm filters (Becton & Dickinson, Sunnyvale, CA). The cell suspension was centri-
fuged, and the cells were cultured in expansion medium consisting of Dulbecco’s
modified Eagle’s medium (DMEM)/F-12 (Thermo Scientific, Waltham, MA), 10% fetal
bovine serum (FBS; Biological industries), 1% penicillinestreptomycin, and 1 ng/mL
basic fibroblast growth factor (bFGF; R&D systems, Minneapolis, MN). The cells were
cultured at 37 �C in 5% CO2, and the medium was changed every 2 days. When the
cells have reached 90% confluence, the cells were lifted with 0.05% trypsin-EDTA
(Biological industries) and replated.
The ASCs were passaged 3 times, at which point they were trypsinized and
counted with a hemocytometer. The cell suspension was plated onto chitosan films
or TCPS with the culture medium consisting of DMEM-high glucose (DMEM-HG,
Gibco), 10% FBS and 1% penicillinestreptomycin. Culture medium was refreshed
every 2e3 days. In some experiments, after spheroids were formed on chitosan films
7 days after cell seeding, these spheroids were transferred from chitosan films to
a TCPS or a new chitosan film and then cultured for 7 more days. The morphology of
the cells was observed under an inverse phase contrast microscope at the indicated
times. To determine the appropriate seeding densities that would yield ASC
spheroids, ASCs were seeded with the densities of 1.50�103, 3.13�103, 6.25�103,
1.25�104, 2.50�104, and 5.00�104 cells/cm2 onto chitosan films. To calculate the
number and size distribution of spheroids, the entire culturewell was photographed
by arrays of micrographs under an inverse phase contrast microscope (TS-100,
Nikon, Tokyo, Japan). The images were reassembled together, and the number and
diameters of spheroids were calculated using the software Image J (http://rsbweb.
nih.gov/ij/). Only those with the diameter of more than 50 mm were considered
spheroids.

For the electronmicroscopic study, briefly, samples werewashed with PBS twice
and fixed with 2.5% glutaraldehyde in PBS for 1 h. After thoroughly washing with
PBS, the cells were dehydrated by gradual change of concentrated ethanol and then
dried by lyophilization. The specimens were then sputter coated with platinum and
examined using a scanning electron microscope (JSM-6700F, JOEL, Tokyo, Japan).

2.3. Cell proliferation and viability assay

The alamar blue assay was modified from a previous study for cell proliferation
estimation [28]. Day 0 was defined as the day when cells were trypsinized from the
flasks and seeded onto the chitosan films or TCPS, and an initial 4 h period was
allowed for cell attachment. On days 0, 1, 3, 5, alamar blue solution (AbD Serotec,
Kidlington, UK) was directly added into the culture wells, and the plate was further
incubated at 37 �C for 24 h. The absorbance of experimental and control wells was
read at 570 and 600 nmwith a standard spectrophotometer (Tecan, Taipei, Taiwan).
The number of viable cells correlated with the magnitude of dye reduction and was
expressed as percentage of alamar blue reduction. Three experimental results were
shown as an activity index, defined as the normalized ratio of absorbance value to
day 0. Moreover, some spheroids were harvested after 7 days of culture and trans-
ferred to a TCPS or a new chitosan film. The day that the spheroids were reseeded
was defined as day 0, and the alamar blue assay was performed on days 0, 1, 3, 5 and
7. Proliferation of monolayer and spheroid-derived ASCs was also estimated by
alamar blue assay on days 0, 1, 3, 6, 9, 12 and 14.

Cell viability was assessed by the trypan blue dye exclusion assay and the calcein
AM analysis. At day 1, 3, 5, and 7 of culture on chitosan films or TCPS, ASCs were
trypsinized and dissociated. The numbers of viable and dead cells were examined by
standard trypan blue dye exclusion assay [23]. Cell viability was calculated as the
number of viable cells divided by the total number of cells. Moreover, Live/Dead kit
(Invitrogen, Carlsbad, CA) was used to visualize the viable and dead cells in ASC
spheroids according to the manufacturer’s protocol. The viability of spheroid cells
was determined by staining with calcein AM to label the live cells andwith ethidium
homodimer to label the dead cells. Spheroids were incubated in PBS containing
calcein AM and ethidium homodimer at 37 �C for 1 h. After washing twice with PBS,
the cells were observed using a confocal microscope (Zeiss LSM 510).

2.4. Flow cytometry

Monolayer and spheroid ASCs were harvested by trypsinization and pipetting to
produce a single-cell suspension in an identical manner. To determine cell surface
antigen expression, the samples were incubated with the following antibodies:
human monoclonal antibodies against PECAM (BD pharmingen, San Jose, CA), CD29
(BD pharmingen), CD34 (BD pharmingen), CD44 (BD pharmingen), CD90 (BD phar-
mingen), CD105 (eBioscience, San Diego, CA) and CD166 (BD pharmingen). The
samples were analyzed using a flow cytometer (FACScan; Becton Dickinson, Franklin
Lakes, NJ)which counts 10,000 cells per sample. Positive cellswere determined as the
proportion of thepopulationwithhigherfluorescence than95%of the isotype control.

For apoptosis assays, ASC spheroids andmonolayer ASCswere cultured in serum-
free medium for 7 days before trypsin dissociation. Spheroids and monolayer ASCs
were stained with annexin V-FITC apoptosis detection kit (Strongbiotech, Taipei,
Taiwan) according to the supplier’s instructions. Cellswere analyzedona FACScanand
gated according to forward scatter, side scatter, and their ability to exclude propidium
iodide (PI). Annexin V-positive and PI-negative cells were considered apoptotic cells,
while annexin V-positive and PI-positive cells were necrotic cells.

2.5. Colony-forming unit-fibroblast (CFU-F) assays

CFU-F assay was performed using modified techniques described previously
[29]. Monolayer or spheroid-derived ASCs were cultured in culture medium at
a density of 1000 cells per 100 mmdish. Themediawere changed every 3 days. After
14 days of culture, the cells were fixed with 4% paraformaldehyde and stained with
0.1% crystal violet solution (Sigma). The number of colonies (diameter �2 mm) was
counted.
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2.6. Differentiation of human ASCs

For ASCs in monolayer and spheroid culture, adipogenic differentiation was
induced in DMEM-F12 supplemented with 10% FBS, 1% penicillinestreptomycin,
500 mM 3-isobutyl-1-methylxanthine (IBMX; Sigma), 1 mM dexamethasone (Sigma),
10 mM insulin (Sigma) and 200 mM indomethacin (Sigma). At day 7, the expression of
adipogenic representative gene, PPAR-g, was analyzed. After 2 weeks, monolayer
and spheroid cells were fixed in 4% paraformaldehyde and stained with Oil Red O
(Sigma) to observe lipid droplets. Osteogenic differentiation was induced by
culturing ASC populations in DMEM-HG supplemented with 10% FBS, 1% pen-
icillinestreptomycin, 10 nM dexamethasone, 50 mM ascorbic acid 2-phosphate
(Sigma), and 10 mM b-glycerophosphate (Sigma). At day 7, the expression of oste-
ogenic representative gene, Runx2, was analyzed. After 2 weeks, monolayer and
spheroid ASCs were fixed in 4% paraformaldehyde and stained with Alizarin red S
(Sigma) to observe mineralized matrix apposition.

Neurogenic and hepatogenic differentiation of monolayer and spheroid ASCs
were selected to test the representative transdifferentiation capacities of ectoderm
and endoderm lineages. To induce neurogenic differentiation, the cells were grown
in DMEM-HG containing 1% FBS, 1% penicillinestreptomycin, and 100 ng/mL bFGF
(R&D) for 7 days, followed by supplementing 10 mM forskolin (Sigma) for another 7
days [30]. Then the expression of neurogenic marker, Nestin, was analyzed by
reverse transcription-polymerase chain reaction (RT-PCR) and immunofluorescence.
For hepatic differentiation, monolayer and spheroid ASCs were cultured in serum-
free mediumwith 20 ng/mL epidermal growth factor (EGF, R&D) and 10 ng/mL bFGF
for 48 h. In the following 4 weeks, 4.9 mM nicotinamide (Sigma) was also supple-
mented in the culture medium [31]. After 30 days of culture, the expression of
hepatogenic marker, Albumin, was analyzed by RT-PCR and immunofluorescence.

2.7. Real-time quantitative polymerase chain reaction (qPCR)

Total RNAs of ASC spheroids and adhered cells were extracted with TRIzol�

reagent (Invitrogen) according to manufacturer’s instructions. Total RNA concen-
tration was determined by optical density at 260 nm (OD260) using a spectropho-
tometer (Nanodrop ND-1000; Thermo Scientific). Once RNA was isolated,
complementary DNA (cDNA) was synthesized from RNA using High-Capacity cDNA
Reverse Transcription Kits (Applied Biosystems, Foster City, CA). The sequences of
the gene-specific primers are shown in Table 1. Briefly, qPCR was performed in
triplicate using a StepOne� Real-Time PCR system (Applied Biosystems). The
expression level was analyzed and normalized to b-actin for each cDNA sample.
Relative quantity (RQ) of gene expression was calculated with day 0 ASC samples
obtained before cell seeding as the reference point.

2.8. Western blot

The protein expression of Sox-2, Oct-4 and Nanog transcription factors was
determined at day 7 of cell culture. Monolayer cells and ASC spheroids were
resuspended in cell lysis buffer (Thermo scientific) and sonicated. After centrifu-
gation, the protein content was determined in the supernatants by a BCA protein
quantification kit (Pierce Biotechnology, Rockford, IL). Sixty mg proteins from
spheroids or monolayer cells were added to Laemmli sample buffer and boiled for
10 min. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and blotted onto polyvinylidene difluoride membranes.
Western blot was performed using anti-Oct-4 (Genetex, Irvine, CA), anti-Sox-2 (R&D
systems), anti-Nanog (R&D systems), and anti-b-actin (Millipore, Billerica, MA). The
Table 1
Primer sequences used for the real-time RT-PCR analysis.

Target gene Primer sequences

b-actin Forward 50-CATGTACGTTGCTATCCAGGC-30

Reverse 50-CTCCTTAATGTCACGCACGAT-30

Oct-4 Forward 50-GCAGCGACTATGCACAACGA-30

Reverse 50-CCAGAGTGGTGACGGAGACA-30

Sox-2 Forward 50-CATCACCCACAGCAAATGACA-30

Reverse 50-GCTCCTACCGTACCACTAGAACTT-30

Nanog Forward 50-CCTGTGATTTGTGGGCCTG-30

Reverse 50-GACAGTCTCCGTGTGAGGCAT-30

Runx2 Forward 50-TTCATCCCTCACTGAGAG-30

Reverse 50-TCAGCGTCAACACCATCA-30

PPAR-g Forward 50-TCAGGTTTGGGCGGATGC-30

Reverse 50-TCAGCGGGAAGGACTTTATGTATG-30

MAP2 Forward 50-CCAATGGATTCCCATACAGG-30

Reverse 50-CTGCTACAGCCTCAGCAGTG-30

Nestin Forward 50-GGCAGCGTTGGAACAGAGGT-30

Reverse 50-CATCTTGAGGTGCGCCAGCT-30

Albumin Forward 50-TGTTGCATGAGAAAACGCCA-30

Reverse 50-GTCGCCTGTTCACCAAGGA-30
membranes were incubated with the primary antibodies overnight at 4 �C. After
extensive washing, the membranes were further incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h. The blots were then developed
using an enhanced chemiluminescence detection system (Millipore).

2.9. Immunofluorescence and immunohistochemistry

The retrieved samples were fixed in 4% phosphate-buffered paraformaldehyde,
embedded in paraffin, and sectioned into a thickness of 5 mm. For immunofluores-
cence staining, specimens were de-waxed, rehydrated through a graded series of
ethanol, washed twice with PBS, and immersed in 0.1% Triton X-100 for 10 min at
room temperature, followed by washing 3 times with PBS. The following primary
antibodies were incubated overnight at 4 �C: anti-Oct-4 (Genetex), anti-Nanog (R&D
systems), anti-Sox-2 (R&D systems), anti-SSEA-4 (R&D systems), anti-Nestin
(Abcam, Cambridge, MA), and anti-Human Serum Albumin (Abcam). After incuba-
tion with primary antibodies, cells were washed with PBS and then incubated with
fluorescence-conjugated secondary anti-Goat IgG (Genetex) or anti-mouse IgG
(Santa Cruz, Santa Cruz, CA) for 1 h at room temperature. After nuclear staining with
40 ,6-diamidino-2-phenylindole (DAPI, Santa Cruz), slides were mounted and
analyzed with a fluorescent microscope (Leica DMI 6000).

Immunohistochemical analysis was performed using antibodies for anti-
fibronectin (Epitomics, Burlingame, CA) and anti-laminin (Thermo Scientific).
Bovine serum albumin (BSA, Santa Cruz) was used on all sections before secondary
antibody labeling, followed by subsequent linking to horseradish peroxidase and
substrate/chromogen reaction using immunoperoxidase secondary detection kit
(Millipore). Negative controls without utilizing primary antibodies were also
prepared to rule out nonspecific labeling.

2.10. Animal study

The animal study was approved by the Animal Care and Use Committee of
National Taiwan University, Taipei, Taiwan. Female nude mice (20e25 g body
weight; National Laboratory Animal Center, Taipei, Taiwan) were used in this
study. The mice were anesthetized with xylazine (5 mg/kg) and methyl-4-
hydroxybenzoate (0.3 mg/kg). ASC spheroids and monolayer ASCs with identical
cell numbers (1�106 cells) were suspended in PBS respectively and transplanted
into the skeletal muscle of mice hindlimbs using 27-gauge needles. Each studied
animal received two injections: ASC spheroids transplantation for the left hindlimb,
and monolayer ASCs for the right hindlimb. The transplanted cells along with the
surrounding tissues were retrieved 1 or 3 weeks postoperatively (n¼ 4 at each time
point). Immunohistochemical analysis was performed using anti-human nuclear
antigen (HNA, Chemicon) to identify the transplanted cells in the skeletal muscle.
The stained sections were examined and photographed under microscope. The
transplanted ASCs were identified by positive immunostaining and counted. The
number of human ASC per high power field was calculated after examining 10
randomly selected fields per sample.

2.11. Statistical analysis

All measurements are presented as mean� standard deviation (SD). Statistical
significance was evaluated using independent-samples Student’s t-test or ANOVA
followed by Scheffé’s post-hoc test. The analyses were performed using STATA
software (Stata Inc, College Station, TX). Statistically significant values were defined
as p< 0.05.

3. Results

3.1. Formation of ASC spheroids

Only suspended ASCs or the spheroids were observed on the
chitosan films with very few adhered cell. On day 1, ASCs on chi-
tosan films started forming spheroids in the groups with higher
seeding densities. On day 3, cells began to form various sizes of
spheroids, and the number of suspended cells decreased markedly.
The size of spheroids increased gradually on day 5 and day 7, while
the number of suspended cells continued to decrease (Fig. 1). On
day 7, when the initial cell densities were 1.50�103, 3.13�103,
6.25�103, 1.25�104, 2.50�104, and 5.00�104 cells/cm2, the
average number of spheroids in 2 cm2 of cultured area was
13.5� 2.9, 26.3�10.4, 33.0� 4.2, 28.5� 8.7, 54.0�11.2, and
47.0� 6.9, respectively; the average spheroid diameter was
76.7�41.2, 85.9� 43.0, 106.1�43.8, 136.0� 69.5, 144.5� 55.1 and
194.6� 43.3 mm, respectively. The dynamic processes of ASC
spheroid formation on chitosan membranes were recorded by the



Fig. 1. The relationship between seeding densities and the formation of ASC spheroids. Human ASCs were seeded onto chitosan films in the densities of 1.50� 103, 3.13�103,
6.25�103, 1.25�104, 2.50� 104, and 5.00� 104 cells/cm2. Scale bars: 150 mm.

Fig. 2. (a) Alamar blue assays of ASCs cultured on TCPS (solid circle) and chitosan films (empty circle) at the initial seeding density of 2.50� 104 cells/cm2. The activity index was
defined as a ratio of absorbance value of formazan relative to that of day 0, which was the seeding day. (b) Scanning electron microscopic image of ASC spheroids after 7 days of
culture revealed an indistinguishable cellecell junction. Scale bar: 10 mm. (c) Confocal microscopic image of Live/Dead stain on day 7. The section was 50 mm from the spheroid
surface. Live cells were stained by calcein AM (green), and dead ones were stained with ethidium homodimer (red). Scale bar: 100 mm. (d) The ratio of live and dead cells in the
spheroid was determined by trypan blue exclusion assay on day 1, 3, 5, and 7. No significant difference between the spheroid and monolayer culture was noted on either day (n¼ 3).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Phenotypic characterization of ASCs derived from spheroid and monolayer cultures. (a) The expression level of ASC surface antigens was determined after 7 days of
monolayer and spheroid cultures. Percentages shown are the proportion of positively stained cells relative to an isotype control. (b) Viability of ASCs under serum-free culture
condition was determined by flow cytometry measuring PI uptake and annexin V-FITC labeling. Representative log fluorescent dot plots and summary of the data are shown. The
percentage of viable cells was significant higher in the group of spheroid culture. *p< 0.05, compared to the monolayer group (n¼ 3).

Fig. 4. (a) Immunohistochemical images of fibronectin and laminin in ASC spheroid and monolayer after 7 days of culture. Scale bar: spheroid, 50 mm; monolayer, 100 mm.
(b) RT-PCR analysis showed significantly upregulated Fibronectin and Laminin-a1 genes in spheroid culture. Data presented as mean relative quantity (RQ)� SD; *p< 0.05,
compared to the monolayer group (n¼ 3).
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Cultured Cell Monitoring System and typical time-lapse images are
included in the supplementary video file. On chitosan films, ASCs
were very motile and spontaneously aggregated into multicellular
spheroid after intercellular collision. These small aggregates were
also highly motile, and they merged with each other as well as
isolated cells to form a bigger spheroid.

Dense cellular structures develop hypoxia at distances beyond
the diffusion capacity of oxygen (typically about 200 mm) [17].
Beyond this distance, the innermost cells of the spheroid may have
difficulty accessing the supply of oxygen and fresh growth medium
to thrive. To prevent necrosis of the spheroid core, we opted for
spheroids formed with a seeding density of 2.50�104 cells/cm2 in
the following experiments. The ASC aggregates grown at this cell
seeding density had an average diameter of approximately 150 mm
after 7 days of culture.

Under electron microscope, cells on the surface of the spheroid
appeared to aggregate together tightly (Fig. 2b), and it was difficult
to distinguish the cellular boundary. The viability of these cell
Fig. 5. (a) RT-PCR measurements for embryonic stem cell marker genes (Oct-4, Sox-2 and N
0 ASC sample; *p< 0.05, compared to the monolayer group (n¼ 3). (b) Western blot analysis
and spheroid ASCs. (c) Representative immunostaining of Oct-4, Sox-2, Nanog and SSEA-4 in
(blue). Scale bar: 50 mm. (For interpretation of the references to colour in this figure legend
spheroids was assessed using a live/dead assay. Cells that lost
membrane integrity and were no longer viable were stained red,
while the viable cells were stained green. As shown in Fig. 2c, the
majority of the cells in aggregates was viable, based on the fluo-
rescence images of 50 optical sections. We also performed trypan
blue dye exclusion assay to assess the percentage of viable ASCs in
monolayer and spheroid-derived cells. On day 1, 3, 5, and 7, the
percentages of viable cells of monolayer and spheroid origin were
high (>95%) and exhibited no statistical significant difference
among different groups (Fig. 2d).

3.2. Phenotypic characterization of spheroid ASCs

We analyzed the expression of a panel of cell surface antigens in
parallel monolayer and spheroid ASCs after 7 days of culture. We
confirmed that mesenchymal stem cell-related markers, including
CD90 and CD105, were expressed by a high percentage of mono-
layer ASCs and lacked expression of the hematopoietic markers
anog) in monolayer and spheroid ASCs. Values are mean RQ� SD compared with day
of the expression of embryonic stem cell markers Oct-4, Sox-2 and Nanog in monolayer
ASC spheroid and monolayer after 7 days of culture. All nuclei were stained with DAPI
, the reader is referred to the web version of this article.)
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CD34 and PECAM. The surface epitopes of spheroid ASCs were
different from the surface epitopes of ASCs from adherent mono-
layers when dissociated under the same conditions with trypsin
(10 min at 37 �C). ASCs in the spheroid showed a decrease in the
expression levels of markers CD29, CD90, and CD105, along with an
increase in the expression of CD34, CD44, and PECAM (Fig. 3a).

We further examined the ratio of apoptotic and necrotic cells of
monolayer and spheroid culture under serum-free condition. For
ASC spheroids, 98.7� 0.1% of the harvested cells were viable as
assayed by PI uptake and labeling with annexin V-FITC, which
was significantly higher than the ratio of 84.8� 2.0% in the
monolayer group (Fig. 3b). Moreover, immunohistochemistry
revealed a robust meshwork of fibronectin and laminin inherent
with its endogenous ECM in ASC spheroids. In contrast, fibronectin
and laminin immunostaining of monolayer ASC culture was far less
obvious (Fig. 4a). RT-PCR analysis also revealed 3.6� 0.8 fold
upregulated Fibronectin and 51.4� 5.4 fold upregulated Laminin-a1
genes in ASC spheroids comparing to D0 ASCs, and both exhibited
significantly more transcripts than monolayer culture (Fig. 4b).

3.3. The expression of pluripotent marker genes in ASC spheroid

The relative mRNA expression of pluripotency-associated tran-
scription factors Sox-2, Oct-4 and Nanog was analyzed by qPCR.
In comparison to monolayer cells, the ASC spheroids exhibited
Fig. 6. (a) Upon transferring to TCPS, ASC spheroids attached to the TCPS surface and cells
remained intact when transferred to a new chitosan surface. Scale bar: 150 mm. Alamar
proliferation than those seeded on new chitosan films. Day 0 was defined as the day of see
derived ASCs (empty circle) on TCPS at the seeding density of 2.50� 104 cells/cm2. (c) CFU-
colony number� SD; *p< 0.05, compared to the monolayer group (n¼ 3).
significant upregulation of Sox-2, Oct-4 and Nanog genes on day 3,
with 7.7-fold, 4.9-fold and 2.9-fold increase from day 0 ASCs
respectively. On day 7, the transcript numbers of Sox-2, Oct-4 and
Nanog genes were still higher in the spheroid group, with 6.0-fold,
4.2-fold and 8.3-fold increase from day 0 ASCs respectively (Fig. 5a).
Western blot analysis also showed more protein expression of Sox-
2, Oct-4 and Nanog in ASC spheroids comparing to monolayer
culture (Fig. 5b). Analyses of immunofluorescence images further
confirmed the expression of these stemness markers, as well as
another important pluripotency marker, SSEA-4, in ASC spheroids
(Fig. 5c).

3.4. Regenerative capability of spheroid ASCs

Upon seeding ASC spheroids back to TCPS, the cells in spheroids
demonstrated adherence to TCPS and gradually spread out from
day 1 to day 7. Furthermore, there was a 2.5-fold increase in the
activity index on day 3 after seeding ASC spheroids back to TCPS,
followed by a 3.2-fold increase on day 5 and a 2.7-fold increase on
day 7. In contrast, the activity indices did not change significantly
when the spheroids were seeded back to a new chitosan film
(Fig. 6a).

To evaluate the proliferation potential of cells within the
spheroids, ASC spheroids were dissociated with trypsin and seeded
back to TCPS. Comparing to monolayer ASCs, spheroid-derived
started to migrate from the spheroids to proliferate on TCPS, while the ASC spheroids
blue assay for ASC spheroids transferred to TCPS showed significantly more cellular
ding spheroids. (b) Alamar blue assays of monolayer ASCs (solid circle) and spheroid-
F assays of ASCs plated at 1000 cells/dish and incubated for 14 days. Values are mean
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ASCs exhibited a slower growth in the beginning, but their activity
index became significantly higher at the later time points (Fig. 6b).
In addition, the dissociated cells readily generated colony-forming
units (CFUs) when plated at clonal densities. After 14 days of
culture, the number of CFUs from spheroid cells was significantly
more than the number of CFUs from adherent cultures (71.3� 2.5
vs. 30.6� 8.1, Fig. 6c).

3.5. Differentiation capabilities of ASC spheroids

ASC spheroids on chitosan films maintained the capabilities of
adipogenic and osteogenic differentiation after appropriate induc-
tion media were applied, as demonstrated by the histology staining
specific for oil and calcium, respectively (Fig. 7a). Determination of
relative gene expression levels by qPCR showed no significantly
different transcript levels of PPAR-g after between adipogenically
induced ASC spheroids and monolayer ASCs. However, Runx2 gene
was significantly upregulated in spheroids comparing tomonolayer
ASCs after osteogenic induction (Fig. 7b).

While spheroid formation maintained the differentiation capa-
bilities along the mesenchymal lineages of ASC, we also observed
enhanced transdifferentiation capabilities of ASC spheroids. RT-PCR
revealed significantlymore gene transcripts ofNestin andAlbumin in
spheroids comparing to monolayer ASCs after appropriate neuro-
genic or hepatogenic induction media was applied respectively.
Immunofluorescence analyses of these two important neurogenic
and hepatogenic differentiation markers further confirmed the
protein expression of Nestin and Albumin in ASC spheroids
(Fig. 8a and b).
Fig. 7. (a) Microscopic images of monolayer and spheroid ASCs cultured in adipogenic, osteo
for detection of adipogenesis and Alizarin Red for detection of osteogenesis. Scale bars:
osteogenic marker genes (PPAR-g and Runx2, respectively) in monolayer and spheroid ASC
3.6. Engraftment of monolayer and spheroid ASCs in vivo

ASC spheroids and dissociated monolayer ASCs with compa-
rable cell numbers were transplanted into hindlimbs of nude mice
by intramuscular injection. Tissue samples were retrieved at day 7
and 21 postoperatively, and immunohistochemistry for HNA was
performed to identify the transplanted cells (Fig. 9a). On both time
points, significantly more HNA-positive cells were observed per
high power field in the spheroid injection group. Comparing to the
mice that received dissociated ASCs, HNA-positive cells per field
was 4 times more in the mice that received spheroid injection
(106�18 vs. 27�13) on day 7, and the ratio increased to 13
(92� 29 vs. 7� 7) on day 21 (Fig. 9b).

4. Discussion

Stem cells have the ability to renew themselves, so they are
considered as good cell sources for tissue engineering. When
appropriate microenvironment and stimuli are applied, stem cells
can differentiate into specialized cell types. ESCs can differentiate
into virtually every kind of specialized cell in human bodies.
However, the use of fertilized eggs to harvest ESCs is ethically
controversial [32], which has rendered the clinical application of
ESCs more difficult. On the contrary, tissue-specific adult stem cells,
particularly MSCs, exhibit few ethical issues regarding their
procurement, and thus have drawn much attention to their poten-
tial application in tissue regeneration [1,33e35]. These cells have
been known for years for their capacity to differentiate along their
lineage of origin. However, several recent reports have shown that
genic and non-induction medium for 14 days. Cell cultures were stained with Oil Red O
monolayer, 100 mm; spheroid, 50 mm. (b) RT-PCR measurements for adipogenic and
s. Values are mean RQ� SD; *p< 0.05, compared to the monolayer group (n¼ 3).



Fig. 8. (a) Immunofluorescence images of monolayer and spheroid ASCs cultured in neurogenic and hepatogenic medium for 14 days. Cell cultures were stained with Nestin for
neurogenic induction and albumin for hepatogenic induction. Scale bar: 50 mm. (b) RT-PCR measurements for neurogenic and hepatogenic marker genes (Nestin and Albumin,
respectively) in monolayer and spheroid ASCs. Values are mean RQ� SD; *p< 0.05, compared to the monolayer group (n¼ 3).
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adult stem cell populations, isolated from various tissues in the
mature organism, are capable of differentiating intomature cells not
related with their original lineage [36,37]. This wide range of plas-
ticity was previously considered to be an exclusive characteristic of
ESCs. The maintenance of pluripotency in ESCs has been attributed
to several important transcription factors, includingOct-4, Sox-2 and
Nanog [38]. The presence of these pluripotency markers has also
been identified in adult stem cells, including ASCs, and they exert
great influence on the renewal and differentiation capabilities [7,8].
However, the expression of several pluripotent genes declined with
in vitro passaging of ASCs [9], and it is thus important to develop
techniques to preserve stemness [8]. The experiments presented
here were designed to prepare ASCs as spheroids on chitosan films,
thereby enhancing their stem cell characteristics, including capa-
bilities for expansion and differentiation.

The advance in molecular technologies has enabled the manip-
ulation of transcriptional code and epigenetic state to induce plu-
ripotency in mature adult cells, resulting in induced pluripotent
(iPS) cells [39,40]. Human ASCs can be reprogrammed to iPS cells
with substantially higher efficiencies than those reported for human
fibroblasts in feeder-free conditions [41], which suggested that ASCs
remain in a relatively immature state that is prone to reprogram-
ming to ground state pluripotency. Certainly, introducing tran-
scription factors to multipotent MSCs can lead to reprogramming
and alter the cell fate, thereby making transdifferentiation possible
[36]. Nevertheless, genetically modified cells elicit great safety
concern and are very difficult to apply in clinical settings. In the
present study, we demonstrated that ASCs on chitosan films were
able to form 3D spheroids shortly after cell seeding on chitosan
films, and the expression of stemness markers (Oct-4, Sox-2 and
Nanog) was upregulated in these spheroids. The spheroid ASCs also
displayed aquitedifferentpatternof cell surfacemarkers comparing
to monolayer cells. The decrease of mesenchymal markers (CD90
and CD105) also suggested that ASCswithin spheroidswere shifting
away from mesenchymal lineage, probably de-differentiating to
a more primitive state. In previous studies, bone marrow-derived
MSC spheroids showed more efficient osteogenic or adipogenic
differentiation [21,42].We further demonstrated that ASC spheroids
exhibited significantly enhanced neurogenic (ectoderm) and hep-
atogenic (endoderm) transdifferentiation capabilities comparing to
monolayer controls, demonstrated by upregulated Nestin and
Albumin geneswhen cultured in appropriate inductionmedia. In the
mean time, adipogenic and osteogenic (mesoderm) differentiation
capacities of ASCs were still maintained after spheroid formation.

Growing stem cells as spheres has been described in many
research fields, such as tumourigenesis, pharmacogenetics,
embryoid body formation from ESCs, and neurospheres from
neuroprogenitors [43]. Bone marrow-derived MSCs have been
induced to form 3D spheroids in recent years by culturing cells in
hanging drops [20], in microwells [17] or on micropatterned
surfaces [21,42]. Because MSCs within spheroids have less access to
oxygen and nutrients, it was of interest to knowwhether more cells
within the spheroid undergo apoptosis. In fact, most of the cells
within aggregates were shown to be viable in these studies, which
corresponded to our results [17,20,21]. Moreover, we showed that
ASCs within the spheroid are more resistant to a hazardous serum-
free culture condition, and they resumed an even higher expansion
and colony-forming capabilities after transferring from chitosan
surface to TCPS. Comparing to monolayer ASCs, we also demon-
strated significantly higher fibronectin and laminin expressions in
ASC spheroids. For most types of cells, the opportunities for
attachment and proliferation depend on their surrounding ECM,
which are inherent with the seeded cell aggregate. For example,
bone marrow-derived MSC aggregates in microwells preserved
their endogenous ECM and thus facilitated cell transplantation [17].
In this study, a higher cellular retention ratewas also observed after
intramuscular injection of ASC spheroids in a nude mice model.

The molecular forces that increase expression of pluripotent
marker genes in ASC spheroids are intriguing but unclear. ASCs in
spheroids aremore rounded comparing to the flat cells onTCPS, and



Fig. 9. (a) Immunohistochemical images of human nuclear antigen (HNA). Muscle samples were obtained from the groups treated with ASC spheroids or dissociated monolayer
ASCs at postoperative day 7 and 21. HNA-immunostained cells represent the transplanted ASCs. Scale bar: 50 mm. (b) Number of HNA-positive cell calculated from 10 randomly
selected high power fields per sample. Values are mean cell number per high power field� SD; *p< 0.05, compared to the monolayer group (n¼ 4).
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cell shape alone has been demonstrated to regulate the gene
expression and protein production of cells for specific applications
[44]. Moreover, cells in spheroids are in close association with each
other and probably can provide signal cues to each other much
easier than in monolayer cultures, where a cell can only touch very
limited neighboring cells in a 2D manner, and secreted molecules
must be present in high amounts to ensure effective communication
[20]. The changes in ASCs as they form spheroids are probably the
result of the nonadherent culture conditions, high degree of con-
fluency, and nutrient/oxygen deprivation. For example, hypoxic
culture condition has been shown to enhance the stemness of
several kinds of stem cells [45e47]. However, serum-free culture of
human ASCs in commercially available low attachment flasks
showed no significant upregulation of Oct-4 and Nanog gene
expression after spheroid formation [48]. Hence, forming spheroid
alone may not account for the observation of enhanced ASC stem-
ness in this study. Dynamic interaction among the ASC spheroids on
chitosan membranes, as demonstrated by the time-lapse micro-
scopic image, and the medium in which the spheroids are cultured
probably also play important roles. More detailed studies of each of
these and other possible factors should be conducted to have
a better understanding of the changes of ASCphenotypeswhen they
aggregate into spheroids.

5. Conclusions

The results presented here indicated that ASCs can be activated
nonchemically on chitosan films to form spheroids and express
pluripotent marker genes. During in vitro culture, most ASCs in the
spheroid remained viable, produce more ECM molecules, and were
more resistant to a hazardous serum-free environment. Moreover,
ASCs dissociated from spheroids displayed higher expansion
activity and colony-forming activity. When cultured in appropriate
media, ASC spheroids demonstrated enhanced transdifferentiation
capabilities into neuron and hepatocyte. In a nude mice model,
human ASC spheroids exhibited better cellular retention after
intramuscular injection in comparison to the dissociated mono-
layer cells. Therefore, spheroid ASCs formed on chitosan films may
have potential advantages for many clinical applications.
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