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Abstract: Therapeutic effects of adult stem-cell transplantations are limited by poor cell-retention
in target organs, and a reduced potential for optimal cell differentiation compared to embryonic
stem cells. However, contemporary studies have indicated heterogeneity within adult stem-cell
pools, and a novel culturing technique may address these limitations by selecting those for cell
proliferation which are highly functional. Here, we report the preservation of stemness in human
adipose-derived stem cells (hASCs) by using microgravity conditions combined with microspheres
in a stirred suspension. The cells were bound to microspheres (100−300 µm) and cultured using a
wave-stirring shaker. One-week cultures using polystyrene and collagen microspheres increased
the proportions of SSEA-3(+) hASCs 4.4- and 4.3-fold (2.7- and 2.9-fold increases in their numbers),
respectively, compared to normal culture conditions. These cultured hASCs expressed higher levels
of pluripotent markers (OCT4, SOX2, NANOG, MYC, and KLF), and had improved abilities for
proliferation, colony formation, network formation, and multiple-mesenchymal differentiation. We
believe that this novel culturing method may further enhance regenerative therapies using hASCs.

Keywords: adipose-derived stem cell; microgravity culture; polystyrene microsphere; collagen
microsphere; multilineage-differentiating stress-enduring cell

1. Introduction

Human adipose-derived stem cells (hASCs) are easily isolated therapeutic stem cells
from adipose tissue. They have increasingly been used to ameliorate a broad range of
refractory diseases, including irradiated tissue [1], ischemic wounds [2], and diabetic
ulcers [3]. However, their clinical efficacy has been limited because the long-term survival
of transplanted hASCs is diminished by environmental stress [4–6]. Consequently, hASC
therapeutic mechanisms have been limited to the secretion of cytokines and growth factors
to promote cell recruitment, immunomodulation, extracellular matrix remodeling, and
angiogenesis [7–10]. In contrast, embryonic stem cells retain their potency and are thought
to be superior to adult stem cells for regenerative potential [11]. However, the use of
embryonic stem cells is limited by ethical issues [12].

Modern research has made gains toward a better understanding of stem-cell hetero-
geneity [13,14]. Within stem-cell pools (previously thought to be homogenous), a surprising
degree of subpopulation dynamics in gene expression has been revealed related to tissue
regeneration, cell survival, proliferation, and stemness [15]. This concept of functional
individuality within a stem-cell pool is especially important for hASCs, because cells with
higher functional properties would be expected to have more promising therapeutic bene-
fits through an increased capacity to survive under difficult conditions, to differentiate into
various mesenchymal cell types, and to home into damaged tissues [16–18]. One example
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of a highly functional hASC candidate is the multilineage-differentiating stress-enduring
(Muse) cell, which can be isolated from hASCs using its expression of stage-specific em-
bryonic antigen-3 (SSEA-3) [19] and has been reported to have novel potential for liver
cirrhosis [20], brain infarction [21], and aortic aneurysm [22] treatments.

An additional problem is that the expansion of such highly-pluripotent cell popu-
lations is quite difficult. Adhesion-based cultures, the standard technique for in vitro
expansion of hASCs, are known to lead to a gradual quiescence in stemness indicated,
for example, by a decline in CD34 positivity [23]. In contrast, suspension-type cultures
have also been used successfully for temporary cultivations of Muse cells, and although
the mechanism is unknown, it has been reported that a microgravity (i.e., weightless)
environment had a positive effect on stem-cell cultures for maintenance of their original
potencies [24]. However, the forced-floating of hASC cultures using non-adherent dishes
caused spherical aggregations and oxygen/nutrient diffusion limits, which resulted in
central necrosis in hASC spheroids [25]. There is, therefore, an urgent need for new and ad-
vanced culture techniques to permit the selective expansion of hASC subpopulations with
improved properties for proliferation, differentiation, angiogenesis, immunosuppression,
and stress-resistance.

The microcarrier system was first introduced in 1967 for the growth of fibroblasts [26],
and has been used for the expansion of other adherent cells such as chondrocytes [27],
hepatocytes [28], neural stem cells [29], and hASCs [30,31]. Microcarriers are usually
small spherical particles which can adhere to cultivated cells and are characterized by
higher surface-to-volume ratios that can accommodate higher cell densities compared
to monolayer cultures. Most importantly, under the dynamic conditions of continuous
shaking, microcarrier culturing has a multidirectional gravity effect on the adhered cells,
effectively mimicking floating cultures. Therefore, the aim of this study was to evaluate
the ability of dynamic microgravity culturing of hASCs using microcarriers to selectively
expand highly functional stem-cell subpopulations.

2. Materials and Methods
2.1. Primary Culture of hASCs

Human lipoaspirates were obtained from 12 healthy female donors, average age
42.2 ± 9.3 years (mean ± SD) and average body mass index of 22.4 ± 1.8 kg/m2, who
underwent abdominal liposuction. Each patient provided written informed consent, and
the research protocol was approved by the institutional review board. The stromal vascular
fraction (SVF) was isolated from the lipoaspirates as described previously [23]. Briefly,
aspirated fat tissue was digested using 0.075% collagenase (Wako Pure Chemical Industries,
Osaka, Japan) at 37 ◦C for 30 min on a shaker. After centrifugation (800× g for 10 min),
SVF cells were obtained as cellular pellets, filtered through 100, 70, and 40 µm mesh, and
resuspended. The SVF cells were plated at a density of 5 × 105 nucleated cells/100 mm
dish and cultured at 37 ◦C in an atmosphere of 5% carbon dioxide in humid air. Cells
were grown in Dulbecco’s Modified Eagle Medium with Ham’s F-12 (DMEM/F12; Wako
Pure Chemical Industries) supplemented with 10% fetal bovine serum. Primary cells were
cultured until near confluence. Then, the adherent cells were released using a proteolytic
enzyme treatment (TrypLE Express, Invitrogen, Carlsbad, CA, USA), defined as passage
0 (P0) hASCs, and transferred to another dish. Once the adherent hASCs reached 80%
confluency, cells were passaged using TrypLE Express, and P3 hASCs were used in the
following experiments. Using a multicolor flow cytometer (MACS-Quant, Miltenyi Biotec,
Bergisch Gladbach, Germany), P3 hASCs were characterized for the positive expressions of
CD73, CD90, and CD105 and the negative expression of CD45 before use.

2.2. Characterization of SSEA-3-Positive Cells in the hASC Pool

First, SSEA-3 marker expression was assessed in normal hASCs using flow cytometry.
Adherent P3 hASCs from each donor were detached using TrypLE Express, centrifuged,
and washed with phosphate-buffered saline (PBS). The cells were sieved through 100
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and 40 µm mesh filters, pelleted by centrifugation, and then resuspended for analysis.
The isolated cells were incubated with rat anti-SSEA-3 antibody (1:50; BioLegend, San
Diego, CA, USA) and detected using an fluorescein isothiocyanate-conjugated anti-rat
IgM (BD Biosciences, San Diego, CA, USA). Analyses were performed using a multicolor
flow cytometer (MACS-Quant). Control gates were set based on staining with a labeled
non-specific antibody (matched isotype control immunoglobulin G (IgG)); no more than
0.1% of the cells were deemed positive using the non-specific antibody.

To assess the stress durability of SSEA-3-positive cells, adherent P3 hASCs were ex-
posed to a variety of optimized stress conditions (heat, 45 ◦C for 1 min; low-pH solution
(pH = 5) for 60 min; proteolysis, TrypLE Express for 20 h at 37 ◦C; hypotonia, Milli-Q
water for 1 min; and mechanostress, transferred 30 times between two syringes through
a connector with a small hole). One day after stress exposure, cell numbers and viability
were measured using a dual-fluorescence automated cell counter (Luna-FL, Logos Biosys-
tems, Gyeonggi-do, Korea), and SSEA-3 positivity was detected by flow cytometry after
gating dead cells from live cells using 7-amino-actinomycin D (7AAD, BD Biosciences)
fluorescence (n = 12).

2.3. Preparation of Microspheres

Two kinds of microspheres were used as cell carriers during cell culture. First, crosslinked
polystyrene microspheres (Polystyrene Beads Large, Polysciences, Warrington, PA, USA)
with diameters between 200−300 µm were used. For good cell attachment, the polystyrene
surfaces were hydrophilized using a 30 min plasma treatment from a vacuum plasma
apparatus (YHS-DϕS, Sakigake-Semiconductor, Kyoto, Japan). Ten grams of polystyrene
microspheres (approximately 2.4 million microbeads with a total surface area of 4000 cm2)
were washed three times in 70% ethanol for sterilization and diluted in 15 mL of PBS.
Secondly, collagen microspheres (100−200 µm diameters, Cellagen; Koken, Tokyo, Japan)
manufactured from reconstituted collagen obtained from bovine skin and crosslinked
with 0.5% hexamethylene diisocyanate were used. Pre-sterilized vials (15 mL) contained
approximately three million collagen beads with a total surface area of approximately
4000 cm2.

2.4. hASC Loading onto Microspheres for Microgravity Culture

The two types of microspheres were washed with PBS and resuspended in warm
culture medium overnight (DMEM/F12) prior to use. Polystyrene and collagen micro-
sphere solutions (0.3 mL), representing a total surface area of approximately 80 cm2, were
added to 3.5 cm diameter, non-adherent, polystyrene dishes (Corning Inc., Corning, NY,
USA). The dishes were placed onto a continuous-action shaker (Wave-PR, Taitec, Saitama,
Japan), capable of shaking the microspheres in three dimensions by combining movements
from two axes (rotary and seesaw). As a result, the cumulative gravity vector toward the
microspheres was minimized towards zero (i.e., microgravity). The unit was driven by a
computer system which allowed for the adjustment of rotation speed and shaking angle
(see Video S1).

For each dish on the shaker, 1× 105 P3 hASCs were suspended in 300 µL of DMEM/F12
and incubated at 37 ◦C in an atmosphere of 5% carbon dioxide in humid air. After allowing
the mixture of cells and microcarriers to settle for 30 min, 2 min of shaking was started at a
setting of 10 rpm and a shaking angle of 6 degrees, and then stopped for a further 28 min.
This 30 min procedure was repeated eight times (4 h total) to allow the cells to adhere to the
microspheres circumferentially. Then, DMEM/F12 was added (1.5 mL) and the suspension
was stirred continuously at 15 rpm at a 6◦ shaking angle. Using this continuous stirring,
the cells experienced a microgravity environment while being strongly attached to the
microspheres. Culturing continued for up to two weeks, and the culture medium was
changed twice per week as follows; after allowing the microspheres to settle, half of the
supernatant was exchanged for fresh medium.



Cells 2021, 10, 560 4 of 18

2.5. Cell Retrieval from Microspheres

When ready for analysis, the cell–microcarrier complexes obtained from the culture
dishes were transferred to new tubes (15 mL) and sedimented. For each tube, the super-
natant was removed, and the complexes were washed using PBS. Cells were enzymatically
released by incubation with 5 mL of TrypLE Express for 15 min at 37 ◦C. Cell suspensions
were diluted with additional culture medium (5 mL) and sieved through 100 and 40 µm
mesh collector screens. Cells were pelleted by centrifugation at 600× g for 5 min, and then
resuspended for analysis. No microcarriers (fractured or intact) were seen in the retrieved
cell suspensions.

2.6. Cell Growth in Microsphere Cultures

Numerical measurement of viable cells cultured on polystyrene and collagen micro-
spheres, or in polystyrene and collagen dishes was carried out using a dual-fluorescence
automated cell counter (Luna-FL). P3 hASCs (1 × 105) were seeded onto polystyrene and
collagen microspheres under dynamic conditions, or onto polystyrene and collagen dishes
as static monolayer cultures. The cells were retrieved by trypsinization and counted on
days 1, 3, 5, 7, and 14, and growth rates were calculated (i.e., hASC growth rate = hASC
number on day 7/day 1). Data were gathered from six separate samples. Visualizations of
hASCs cultured on polystyrene and collagen microspheres were carried out on day 7 using
a light microscope (Leica DM-LB, Wetzlar, Germany) and a scanning electron microscope
(SEM; S-3500N, Hitachi, Tokyo, Japan) at a beam energy of 25 kV. For the observing the
collagen microspheres, a cryo-SEM technique at −130 ◦C was used so as not to scatter and
lose uncharged microspheres.

2.7. Proliferation of SSEA-3-Positive hASCs in Microsphere Cultures

To determine whether microsphere culturing and/or dynamic conditions enhanced
the proliferation of highly functional hASCs, we assessed cell number, viability, and SSEA-
3-positivity using flow cytometry in six groups: hASCs retrieved from either polystyrene or
collagen microcarriers under dynamic conditions, those retrieved from either polystyrene or
collagen microcarriers under static conditions, and those retrieved from either polystyrene
or collagen dishes. The number of SSEA-3(+) cells was measured after seven days of
culture under each condition, and growth rates were calculated (i.e., SSEA-3(+) growth
rate = SSEA-3(+) cell number on day 7/day 0). Six separate samples were used for the
data analysis.

2.8. Immunocytochemistry

P3 hASCs were cultured for seven days on polystyrene or collagen microspheres, and
in polystyrene or collagen dishes, fixed with 4% paraformaldehyde, washed in PBS, and
permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA). Cells were
incubated for 16 h (4 ◦C) with the following primary antibodies: anti-OCT4 (GeneTex,
Irvine, CA, USA); anti-SOX2 (GeneTex); anti-NANOG (N3C3, GeneTex); and anti-SSEA-3
(EMD Millipore, Darmstadt, Germany). All primary antibodies were diluted 1:200 in a
solution of PBS/0.1% bovine serum albumin. Appropriate secondary antibodies (1:200
dilutions of either goat anti-rabbit IgG Alexa Fluor 594, goat anti-rabbit IgG Alexa Fluor
488, or goat anti-rat Alexa Fluor 594) were incubated with cells for 1 h at room temperature.
Finally, cells were washed with PBS and treated with Hoechst 33342 (1:500; Dojindo,
Kumamoto, Japan) for 10 min. Stained cells were visualized as 30 µm Z-stack fluorescence
images collected in 1.5 µm steps taken by a fluorescence-equipped microscope (Keyence,
Osaka, Japan).

2.9. Quantitative Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from hASCs cultured with either polystyrene or collagen
microspheres under dynamic conditions, polystyrene or collagen microspheres under static
conditions, and from those cultured on normal polystyrene dishes (control) for seven days



Cells 2021, 10, 560 5 of 18

using an RNeasy Mini kit (Qiagen, Carlsbad, CA, USA), followed by reverse transcription.
RT-PCR was performed using a StepOnePlus RT-PCR system (Thermo Fisher Scientific,
Waltham, MA, USA) using a fast SYBR Green PCR master mix (Thermo Fisher Scientific)
and the primers listed in Table 1. Expression levels were calculated by a comparative CT
method relative to a common endogenous reference gene, ACTB. Data were taken from
three separate samples.

Table 1. Primer sequences used for real-time PCR.

Gene Primer Sequence (5′–3′)

ACTB
Forward: TGAAGTGTGACGTGGACATC
Reverse: GGAGGAGCAATGATCTTGAT

OCT4
Forward: AGCGAACCAGTATCGAGAAC
Reverse: TTACAGAACCACACTCGGAC

SOX2
Forward: AGCTACAGCATGATGCAGGA
Reverse: GGTCATGGAGTTGTACTGCA

NANOG
Forward: TGAACCTCAGCTACAAACAG
Reverse: TGGTGGTAGGAAGAGTAAAG

MYC
Forward: ACTCTGAGGAGGAACAAGAA
Reverse: TGGAGACGTGGCACCTCTT

KLF4
Forward: TCTCAAGGCACACCTGCGAA
Reverse: TAGTGCCTGGTCAGTTCATC

CD34
Forward: CCTCAGTGTCTACTGCTGGTCT
Reverse: GGAATAGCTCTGGTGGCTTGCA

ACTB, β-actin; OCT4, octamer-binding transcription factor 4; SOX2, (sex determining region Y)-box 2; KLF-4,
Kruppel-like factor 4.

2.10. Colony-Forming Assay

P3 hASCs were cultured either with polystyrene or collagen microspheres under
dynamic conditions or in polystyrene dishes for seven days, and then seeded (1 × 102 cells)
into polystyrene 6-well plates. Cells were incubated at 37 ◦C for ten days, fixed with
methanol, stained with cresyl violet solution, and then counted using digital imaging
software (Photoshop; Adobe Systems Inc., San Jose, CA, USA) (n = 6).

2.11. In Vitro Angiogenesis (Network Formation) Assay

P3 hASCs were cultured either with polystyrene or collagen microspheres under
dynamic conditions or in polystyrene dishes for seven days, and then cell-network for-
mation was assessed. Matrigel (BD Biosciences) was applied to 96-well plates (50 µL per
well) and polymerized (30 min at 37 ◦C). After incubation in endothelial basal medium
(EBM; Cambrex, Walkersville, MD, USA) containing 2% fetal bovine serum for 24 h as
a pretreatment, 5000 cells (resuspended in 50 µL of EBM) were plated into the Matrigel
wells and cultured for 6 h. Branch formation was observed with phase microscopy, and the
lengths of cytoplasmic extensions per field were calculated (n = 6).

2.12. Multilineage Differentiation Assay

P3 hASCs were cultured either with polystyrene or collagen microspheres under dy-
namic conditions or in polystyrene dishes for seven days, and then differentiated into adi-
pogenic, osteogenic, and chondrogenic lineages (n = 3). Cells were seeded into polystyrene
6-well plates and incubated in DMEM/F12 until confluent. Adipogenic/osteogenic differ-
entiation was initiated using either adipogenic medium (Adipolife; Lifeline Cell Technology,
Frederick, MD, USA) or osteogenic medium (Osteolife; Lifeline Cell Technology). After
culturing for 21 days (medium changed every three days), adipogenic ability was analyzed
qualitatively with oil red O staining and quantitatively with AdipoRed reagent (Lonza,
Basel, Switzerland). Osteogenic ability was analyzed qualitatively using von Kossa staining
and quantitatively by Calcium-E testing (Wako Pure Chemicals). Chondrogenic differen-
tiation was conducted using a micromass culture system; hASCs were resuspended in



Cells 2021, 10, 560 6 of 18

chondrogenic medium (Chondrolife; Lifeline Cell Technology) and centrifuged (800× g
for 5 min). Half of the medium was changed after centrifugation every two days. After
two weeks, chondrogenic ability was analyzed qualitatively using Alcian blue staining and
quantitatively by measuring micromass diameters.

2.13. Statistics

Data were analyzed using SPSS package 23.0 (SPSS, Inc., Chicago, IL, USA) and
Kyplot 2.0 (Freeware). Based on the Kolmogorov–Smirnov test, the data were normally dis-
tributed within the donor populations. Therefore, a one-way analysis of variance (ANOVA)
and Bonferroni adjustments for post-hoc comparisons were used to determine significant
differences between means (p < 0.05 representing significance, unless otherwise stated).

3. Results
3.1. Characterization of SSEA-3-Positive hASCs

Cells were expanded for three passages before characterization using flow cytometry
and combinations of mesenchymal-cell surface markers. We found that 94.9 ± 3.3% of
cells were positive for CD105, CD90, and CD73, and that 99.5 ± 0.3% were negative for
CD45. Then, the total number of cells, their viability, and SSEA-3-positivity of viable cells
were assessed in normal hASCs (control) and in five kinds of stress-treated hASCs. One
day after stress exposure, even though all stressed groups showed significant reductions
(62.4–74.2%) in viable cells compared to the control group, stressed cells exhibited higher
proportions of SSEA-3(+) cells (heat, 2.1%; low pH, 3.1%; proteolysis, 4.2%; hypotonia, 2.2%;
mechanostress, 1.4%) compared to controls (1.3%) (Figure 1A). No significant differences
were detected in the overall numbers of SSEA-3(+) cells between stress-treated hASCs
and normal hASCs, with the exception of the mechanostress group, which showed a
significantly lower number of SSEA-3(+) cells (p < 0.01) (Figure 1B,C).

3.2. Cell Growth in Microgravity Microsphere Cultures

Adherent cells are continuously affected by the downward force of gravity throughout
the culture period, but cells attached to continuously stirred microspheres are affected by
multidirectional gravitational forces (i.e., microgravity) (Figure 2A). The numbers of hASCs
were decreased in both polystyrene and collagen microsphere cultures on day 1, suggesting
that some cells did not successfully adhere to the microbeads (Figure 2B). However, the
growth rates (i.e., hASC number on day 7/day 1) used to estimate true cell proliferation
showed no significant differences between groups (polystyrene microsphere, 6.0; collagen
microsphere, 6.0; polystyrene dish, 5.7; collagen dish, 5.8). On day 14, there were no
significant differences in the numbers of hASCs retrieved from each culture, possibly
because the monolayer cultures reached confluency. Visualizations of hASCs that were
adhered to polystyrene and collagen microspheres at culture-day 7 revealed their successful
proliferation (Figure 2C).

3.3. Proliferation of SSEA-3-Positive hASCs in Microgravity/Microsphere Cultures

As described above, the numbers of viable hASCs on day 7 were lower in the
microsphere-cultured groups, regardless of the material (polystyrene or collagen) or the
condition (dynamic or static), compared to the dish-cultured groups (Figure 3A). However,
when compared to polystyrene monolayer cultures (as controls), the static-condition
polystyrene and collagen microsphere cultures produced 2.3-fold and 2.2-fold propor-
tional increases, and 1.2-fold and 1.3-fold increases in the numbers of SSEA-3(+) hASCs,
respectively (p < 0.05 for both). In addition, the dynamic-culture conditions produced
4.4-fold and 4.3-fold proportional increases, and 2.7-fold and 2.9-fold increases in the
numbers of SSEA-3(+) hASCs compared to the dish cultures, respectively (p < 0.001 for
both) (Figure 3B,C). These results indicate positive effects for both the microsphere and
microgravity conditions on SSEA-3(+) cell proliferation and on SSEA-3(+) cell growth rates
(i.e., growth rate = SSEA-3(+) cell number on day 7/day 0) Table 2.
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day after stress exposure. There were no statistically significant differences between stressed cells and normal cells, with
the exception of the mechanostress group which showed a significantly lower number of SSEA-3(+) cells (* p < 0.01).
(C) Representative plots of flow cytometry data.

Table 2. The six culture conditions for human adipose derived stem cells. The data represent cells after culture for seven days
(n = 6).

Cell Number Cell Viability SSEA-3 Positivity SSEA-3(+) Cell Growth Rate

Polystyrene dish (5.9 ± 0.7) × 105 99.8 ± 0.2% 1.1 ± 0.4% 5.1
Collagen dish (6.3 ± 0.8) × 105 99.9 ± 0.1% 1.0 ± 0.5% 4.8

Polystyrene beads (static) (3.8 ± 1.2) × 105 81.3 ± 7.7% 2.5 ± 0.9% 6.1
Collagen beads (static) (3.9 ± 1.4) × 105 89.0 ± 9.2% 2.4 ± 1.1% 6.6

Polystyrene beads (dynamic) (3.8 ± 1.6) × 105 95.8 ± 3.6% 4.8 ± 1.5% 14.0
Collagen beads (dynamic) (4.0 ± 1.1) × 105 98.9 ± 1.0% 4.7 ± 1.4% 14.7

SSEA-3(+) cell growth rate = SSEA-3(+) cell number on day 7/day 0.
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Figure 2. Cell growth in cultures with microgravity and microspheres. (A) Schematic representation of the comparison
between an adherent culture and a microgravity/microsphere culture. (B) Growth curves of human adipose-derived stem
cells (hASCs) cultured on polystyrene and collagen microspheres, or in polystyrene and collagen dishes (n = 6). Poly,
polystyrene. (C) Microscopic views of culture-expanded hASCs on polystyrene (upper left) and collagen (upper right)
microspheres and scanning electron microscope images of hASCs on polystyrene (lower left) and collagen (lower right)
microspheres on day 7. Scale bars = 100 µm.

3.4. Immunocytochemistry

All of the pluripotent stem-cell markers examined were expressed in hASCs cultured
in microgravity/microsphere cultures (Figure 4). The images represent those fields where
the most significant differences between the dish groups and the microsphere groups were
detected. Notably, hASCs cultured on polystyrene microcarriers showed strong OCT4 and
SOX2 staining, while hASCs cultured on collagen microcarriers showed strong NANOG
and SSEA-3 staining. By comparison, the hASCs cultured in both polystyrene and collagen
monolayer cultures stained either negative, or weakly positive, for these stemness markers.
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Figure 3. Cellular analyses of human adipose-derived cells after seven days of culture under each of the six conditions
(n = 6). (A) Number of viable cells. Poly, polystyrene. (B) Number of viable SSEA-3(+) cells. * p < 0.01, ** p < 0.001 vs.
polystyrene dish (control). (C) Representative plots of flow cytometry data.

3.5. Selected Gene Expression Analysis by RT-PCR

We used RT-PCR to compare the expression of several genes involved with stemness
and mesenchymal differentiation in hASCs from microgravity/microsphere cultures to
their expressions in hASCs from dish cultures (n = 3). The hASCs cultured with polystyrene
microspheres under dynamic conditions exhibited significantly upregulated OCT4, SOX2,
KLF4, and CD34 expressions, while hASCs cultured with collagen microspheres under
dynamic conditions showed up-regulations of SOX2, NANOG, MYC, KLF4, and CD34 ex-
pressions (Figure 5). In contrast, hASCs from microsphere cultures under static conditions
(both polystyrene and collagen) displayed no statistically significant differences for all the
genes examined.
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3.6. Colony-Forming Assay

After 10 days of culture with an initial seeding of 1× 102 cells per well, we counted cell
colonies as an estimate of proliferative ability. We found a significantly higher number of
colonies in the polystyrene microsphere group (p = 0.027) and in the collagen microsphere
group (p = 0.025) compared to the polystyrene dish group (n = 6) (Figure 6).
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bead conditions and a non-bead condition (n = 6). * p = 0.027, ** p = 0.025 vs. the polystyrene-dish group.

3.7. In Vitro Angiogenesis Assay

The network-formation assay showed that hASCs cultured with polystyrene and col-
lagen microspheres formed complex, capillary-like networks more quickly and intricately
than dish-cultured hASCs (Figure 7A). Accordingly, the lengths of cytoplasmic extensions
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were also significantly longer in the polystyrene- and collagen-microsphere groups com-
pared to the dish group (p < 0.001), whereas the microsphere material (polystyrene or
collagen) had no significant effect (Figure 7B).
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Scale bars = 300 µm. (B) Total network lengths of cytoplasmic extensions were measured (n = 6). * p < 0.001 vs. the
polystyrene-dish group.

3.8. Multilineage Differentiation Assay

Based on lineage-specific differentiations, hASCs that were cultured on polystyrene
and collagen microspheres displayed higher levels of adipogenic and osteogenic differenti-
ation compared to hASCs cultured in polystyrene dishes (controls) using intracellular lipid
content (adipogenic) and calcium deposition (osteogenic) assessments (Figure 8). However,
while hASCs cultured on collagen microspheres did display higher levels of chondro-
genic differentiation compared to controls, those cultured on polystyrene microspheres
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showed similar chondrogenic differentiation compared to controls using an assessment of
cartilage–micromass diameters.
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Figure 8. Human adipose-derived stem cell capacity for multilineage differentiation under different culture conditions.
(A) Microscope images of differential inductions toward adipocytes (oil red O stain), osteocytes (von Kossa stain) and
chondrocytes (Alcian blue stain). Scale bars = 100 µm. (B) Quantitative analysis of cellular differentiations. The ca-
pacities for multilineage differentiations are indicated by measurements of accumulated lipid (adipogenesis); calcium
deposition (osteogenesis); and micromass diameters (chondrogenesis). * p < 0.05 vs. polystyrene dishes, ** p < 0.005 vs.
polystyrene dishes.
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4. Discussions

Through novel advances in cell biology, adult stem cells (including hASCs) have
been shown to be truly heterogeneous, with subpopulations of cells that may offer poten-
tially greater translational benefits. SSEA-3(+) Muse cells, a representative type of highly
functional mesenchymal stem cell, are known to show superior multipotency compared
to regular stem cells [32]. However, although routine two-dimensional cultures allow
hASCs to expand easily, these conditions adversely affect the proliferation of cells with
higher multipotent properties, reducing the usual proportion of SSEA-3(+) hASCs to only
approximately 1% [19]. Growing evidence suggests that mechanical and environmental
stress greatly influences proliferation, self-renewal, differentiation, and the multipotency
of stem cells [33,34]. Among possible sources of stress, gravity may historically have been
the most underappreciated microenvironment stress, because of its constant influence on
cultured cells.

Numerous studies have reported the impact of microgravity conditions on stem-cell
proliferation [35] and differentiation [36,37]. Notably, human mesenchymal stem cells cul-
tured in a microgravity environment usually demonstrate suppressed differentiation [38].
Therefore, some highly functional stem cells may be able to retain their undifferentiated,
unaltered phenotypes if they can avoid the force of gravity during culture. According to
previous studies, controlled rotation around two axes can minimize the cumulative gravity
vector to an average of 10−3× g over time [24]. In our experimental system, although
cells were attached to microsphere surfaces, the culture medium containing the micro-
spheres was stirred by controlled rotation around two axes. As a result, the cells’ gravity
vectors were randomly and continuously changing, with their final cumulative gravity
vectors being minimized toward zero. Some microgravity-simulating devices have been
developed [39,40], but they involve significant costs and are very difficult to standardize.
Moreover, even such devices created large cell clusters which represent the limit of cell-
proliferative capacity [25] and reinforce the advantage of the present adhesive conditions
for the large-scale expansion of hASCs [41].

In previous studies, micro-scale carriers fabricated from a variety of natural and syn-
thetic polymers have shown significant potential for cell growth, specific differentiation,
and the delivery of hASCs [42,43]. However, to the best of our knowledge, no investigation
has been carried out on the feasibility of culturing cells using stirred microspheres for the
stated purpose of mimicking a microgravity environment. The outcomes of this study
exceeded our expectations. Seven days of polystyrene and collagen microsphere cultures
under static conditions produced an increased number of SSEA-3(+) hASCs compared to
polystyrene dish cultures, and those under dynamic conditions exhibited a much higher
number of SSEA-3(+) hASCs. These results clearly revealed a positive influence of micro-
spheres on the selective proliferation of SSEA-3(+) cells, especially in those experiments
combined with a microgravity environment.

By comparison, our stress-exposure treatments were not very suitable for the expan-
sion of SSEA-3(+) hASCs. Heneidi et al. reported that Muse cells could be isolated from
lipoaspirates using severe cellular stress, such as long-term exposure to collagenase [44].
We also confirmed that exposure to proteolysis produced the best results among our stress
conditions, increasing the proportion of SSEA-3(+) hASCs by 3.3-fold (4.2%) compared
to monolayer cultures (1.3%). During preliminary studies (unpublished data) to enhance
the ratio of SSEA-3(+) hASCs (known to be stress-tolerant [19,32]), stress magnitude was
carefully optimized in each experiment. However, because 37.6% of viable cells were lost,
the final number of proteolytic solution-treated SSEA-3(+) hASCs was only 1.3-fold more
(1.7 × 103) compared to the controls (1.3 × 103), with no statistically significant difference.
These results suggest that exposure to severe stress can concentrate SSEA-3(+) hASCs
through the selective depletion of SSEA-3(−) cells, but such stress can also inhibit cell
proliferation. Instead of concentration, microsphere cultures under microgravity condi-
tions increased SSEA-3(+) hASCs by proliferation (Figure 9). In other words, the present
microgravity culture conditions increased not only the proportion, but also the number,
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of SSEA-3(+) cells to actualize regenerative therapies requiring these highly therapeutic
cells. However, a limitation of this study is that we only assessed SSEA-3 as a pluripotent
marker in stress-exposure experiments. Additional research including analyses of the other
pluripotent markers (e.g., Oct4 and Sox2) may further emphasize the differences between
microgravity cultures and stress-exposure cultures, or reveal new characteristics of the
two cultures.
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Figure 9. Schematic representation of the study. Human adipose-derived stem cells are normally capable of heterogeneous
potency. Exposure to stress can selectively deplete regular stem cells, but does not increase the number of highly functional
stem cells. In contrast, microgravity/microsphere cultures can selectively cause the proliferation of highly functional cell
subpopulations to reach the numbers required for regenerative therapies.

Furthermore, hASCs harvested from microgravity–microsphere cultures had higher
expression levels of the pluripotent markers OCT4, SOX2, NANOG, MYC, KLF, and CD34
compared to hASCs cultured in monolayers. OCT4 and NANOG are known to be involved
in the self-renewal of human embryonic stem cells, while SOX2, MYC, and KLF expression
act as transcription factors to control genes involved during embryonic development [19].
CD34 has been reported to contribute to the proliferative ability of hASCs both by us [23,45]
and by others [46,47]. However, the upregulation of nuclear stem-cell markers was hardly
detected in hASCs from static microsphere cultures, suggesting that the microgravity
environment may play a key role in preserving hASC functionality. In a previous report,
spaceflight experiments demonstrated that altered gene expression was associated with
epigenetic changes, such as chromatin re-modeling and DNA methylation [48]. The present
results extend these observations by demonstrating improved proliferation, angiogenesis,
and differentiation into mesenchymal lineages (adipocytes, osteocytes, and chondrocytes)
in hASCs from microgravity–microsphere cultures compared to hASCs from cultures under



Cells 2021, 10, 560 16 of 18

normal conditions. However, the fold change of the genes analyzed by RT-PCR was not so
large in this study (less than 1.5), and future studies are required for further qualification
of these genes through optimization of the microgravity culture protocols.

Interestingly, the efficacies for collagen and polystyrene microspheres to select for
proliferation in highly functional hASCs were roughly equivalent in the present study.
Polystyrene microbeads require a plasma coating prior to use to enable good cell attach-
ment; therefore, collagen microbeads may be the superior practical choice for regenerative
therapy applications. In addition, as a biodegradable biomaterial, collagen has the ad-
vantage that such beads may be clinically administered into a target organ together with
hASCs; it may even augment hASC survival and functionality after transplantation by
acting as a biological cell scaffold [1,42].

5. Conclusions

We cultured hASCs with microspheres using three-dimensional movement to create
microgravity conditions for the preservation of stemness, while at the same time preserving
cell–microsphere adhesion to maximize cell quantities. This new cell-culturing technique
selectively enhanced the proliferation of highly functional stem cells, demonstrating supe-
rior stemness, proliferation, differentiation, and angiogenic abilities, which may provide for
enhanced treatments for intractable human diseases compared to current hASC treatments.
However, further studies are required to optimize a culture protocol to maximize the
selective expansion efficiency and to investigate the therapeutic value of these cells using
in vivo experiments before clinical trials can proceed.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-440
9/10/3/560/s1, Video S1: Microgravity culture with microspheres under dynamic conditions. Cells
were loaded onto microspheres, and the cell–microsphere suspension was placed in a wave-stirring
shaker set at 15 rpm and a shaking angle of 6 degrees.

Author Contributions: Conceptualization, T.M. and K.Y.; methodology, M.M., R.A., T.M., K.K., T.S.
and N.S.; software, validation, and formal analysis, T.M. and K.Y.; writing, T.M. and K.Y; project
administration, K.Y.; funding acquisition, K.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by Grant-in-Aid for Scientific Research (B) (#18H02963) from
the Ministry of Health, Labour and Welfare of Japan, and a collaboration fund from Cell Source, Inc.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Jichi Medical University
(protocol code A15-153 and date of approval 2016/3/18).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All relevant data are within the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mashiko, T.; Takada, H.; Wu, S.-H.; Kanayama, K.; Feng, J.; Tashiro, K.; Asahi, R.; Sunaga, A.; Hoshi, K.; Kurisaki, A.; et al.

Therapeutic effects of a recombinant human collagen peptide bioscaffold with human adipose-derived stem cells on impaired
wound healing after radiotherapy. J. Tissue Eng. Regen. Med. 2018, 12, 1186–1194. [CrossRef]

2. Kim, E.K.; Li, G.; Lee, T.J.; Hong, J.P. The Effect of Human Adipose-Derived Stem Cells on Healing of Ischemic Wounds in a
Diabetic Nude Mouse Model. Plast. Reconstr. Surg. 2011, 128, 387–394. [CrossRef]

3. Amos, P.J.; Kapur, S.K.; Stapor, P.C.; Shang, H.; Bekiranov, S.; Khurgel, M.; Rodeheaver, G.T.; Peirce, S.M.; Katz, A.J. Human
Adipose-Derived Stromal Cells Accelerate Diabetic Wound Healing: Impact of Cell Formulation and Delivery. Tissue Eng. Part A
2010, 16, 1595–1606. [CrossRef]

4. Hodgetts, S.I.; Beilharz, M.W.; Scalzo, A.A.; Grounds, M.D. Why do cultured transplanted myoblasts die in vivo? DNA
quantification shows enhanced survival of donor male myoblasts in host mice depleted of CD4+ and CD8+ cells or Nk1.1+ cells.
Cell Transplant. 2000, 9, 489–502. [CrossRef] [PubMed]

https://www.mdpi.com/2073-4409/10/3/560/s1
https://www.mdpi.com/2073-4409/10/3/560/s1
http://doi.org/10.1002/term.2647
http://doi.org/10.1097/PRS.0b013e31821e6de2
http://doi.org/10.1089/ten.tea.2009.0616
http://doi.org/10.1177/096368970000900406
http://www.ncbi.nlm.nih.gov/pubmed/11038066


Cells 2021, 10, 560 17 of 18

5. Oh, J.S.; Kim, K.N.; An, S.S.; Pennant, W.A.; Kim, H.J.; Gwak, S.J.; Yoon, D.H.; Lim, M.H.; Choi, B.H.; Ha, Y. Cotransplantation of
mouse neural stem cells (mNSCs) with adipose tissue-derived mesenchymal stem cells improves mNSC survival in a rat spinal
cord injury model. Cell Transplant. 2010, 20, 837–849. [CrossRef] [PubMed]

6. Mingliang, R.; Bo, Z.; Zhengguo, W. Stem Cells for Cardiac Repair: Status, Mechanisms, and New Strategies. Stem Cells Int. 2011,
2011, 1–8. [CrossRef]

7. Phinney, D.G.; Pittenger, M.F. Concise Review: MSC-Derived Exosomes for Cell-Free Therapy. Stem Cells 2017, 35, 851–858. [CrossRef]
8. Kuo, Y.-R.; Chen, C.-C.; Goto, S.; Lee, I.-T.; Huang, C.-W.; Tsai, C.-C.; Wang, C.-T.; Chen, C.-L. Modulation of Immune Response

and T-Cell Regulation by Donor Adipose-Derived Stem Cells in a Rodent Hind-Limb Allotransplant Model. Plast. Reconstr. Surg.
2011, 128, 661e–672e. [CrossRef] [PubMed]

9. Hong, S.J.; Traktuev, D.O.; March, K.L. Therapeutic potential of adipose-derived stem cells in vascular growth and tissue repair.
Curr. Opin. Organ Transplant. 2010, 15, 86–91. [CrossRef]

10. Isakson, M.; De Blacam, C.; Whelan, D.; McArdle, A.; Clover, A.J.P. Mesenchymal Stem Cells and Cutaneous Wound Healing:
Current Evidence and Future Potential. Stem Cells Int. 2015, 2015, 1–12. [CrossRef]

11. Kimbrel, E.A.; Kouris, N.A.; Yavanian, G.J.; Chu, J.; Qin, Y.; Chan, A.; Singh, R.P.; McCurdy, D.; Gordon, L.; Levinson, R.D.;
et al. Mesenchymal stem cell population derived from human pluripotent stem cells displays potent immunomodulatory and
therapeutic properties. Stem Cells Dev. 2014, 23, 1611–1624. [CrossRef] [PubMed]

12. Wu, D.C.; Boyd, A.S.; Wood, K.J. Embryonic stem cell transplantation: Potential applicability in cell replacement therapy and
regenerative medicine. Front. Biosci. 2007, 12, 4525–4535. [CrossRef]

13. Raaijmakers, M.H.; Scadden, D.T. Divided within: Heterogeneity within Adult Stem Cell Pools. Cell 2008, 135, 1006–1008. [CrossRef]
14. Graf, T.; Stadtfeld, M. Heterogeneity of Embryonic and Adult Stem Cells. Cell Stem Cell 2008, 3, 480–483. [CrossRef] [PubMed]
15. Rennert, R.C.; Januszyk, M.; Sorkin, M.; Rodrigues, M.; Maan, Z.N.; Duscher, D.; Whittam, A.J.; Kosaraju, R.; Chung, M.T.; Paik,

K.; et al. Microfluidic single-cell transcriptional analysis rationally identifies novel surface marker profiles to enhance cell-based
therapies. Nat. Commun. 2016, 7, 1–9. [CrossRef]

16. Safford, K.M.; Safford, S.D.; Gimble, J.M.; Shetty, A.K.; Rice, H.E. Characterization of neuronal/glial differentiation of murine
adipose-derived adult stromal cells. Exp. Neurol. 2004, 187, 319–328. [CrossRef] [PubMed]

17. Seo, M.J.; Suh, S.Y.; Bae, Y.C.; Jung, J.S. Differentiation of human adipose stromal cells into hepatic lineage in vitro and in vivo.
Biochem. Biophys. Res. Commun. 2005, 328, 258–264. [CrossRef]

18. Uccelli, A.; Moretta, L.; Pistoia, V. Mesenchymal stem cells in health and disease. Nat. Rev. Immunol. 2008, 8, 726–736.
[CrossRef] [PubMed]

19. Kuroda, Y.; Kitada, M.; Wakao, S.; Nishikawa, K.; Tanimura, Y.; Makinoshima, H.; Goda, M.; Akashi, H.; Inutsuka, A.; Niwa, A.;
et al. Unique multipotent cells in adult human mesenchymal cell populations. Proc. Natl. Acad. Sci. USA 2010, 107, 8639–8643.
[CrossRef] [PubMed]

20. Iseki, M.; Kushida, Y.; Wakao, S.; Akimoto, T.; Mizuma, M.; Motoi, F.; Asada, R.; Shimizu, S.; Unno, M.; Chazenbalk, G.; et al. Muse
cells, nontumorigenic pluripotent-like stem cells, have liver regeneration capacity through specific homing and cell replacement
in a mouse model of liver fibrosis. Cell Transplant. 2017, 26, 821–840. [CrossRef]

21. Uchida, H.; Niizuma, K.; Kushida, Y.; Wakao, S.; Tominaga, T.; Borlongan, C.V.; Dezawa, M. Human Muse Cells Reconstruct
Neuronal Circuitry in Subacute Lacunar Stroke Model. Stroke 2017, 48, 428–435. [CrossRef]

22. Hosoyama, K.; Wakao, S.; Kushida, Y.; Ogura, F.; Maeda, K.; Adachi, O.; Kawamoto, S.; Dezawa, M.; Saiki, Y. Intravenously
injected human multilineage-differentiating stress-enduring cells selectively engraft into mouse aortic aneurysms and at-tenuate
dilatation by differentiating into multiple cell types. J. Thorac. Cardiovasc. Surg. 2018, 155, 2301–2313. [CrossRef]

23. Yoshimura, K.; Shigeura, T.; Matsumoto, D.; Sato, T.; Takaki, Y.; Aiba-Kojima, E.; Sato, K.; Inoue, K.; Nagase, T.; Koshima, I.; et al.
Characterization of freshly isolated and cultured cells derived from the fatty and fluid portions of liposuction aspirates. J. Cell.
Physiol. 2006, 208, 64–76. [CrossRef] [PubMed]

24. Imura, T.; Otsuka, T.; Kawahara, Y.; Yuge, L. “Microgravity” as a unique and useful stem cell culture environment for cell-based
therapy. Regen. Ther. 2019, 12, 2–5. [CrossRef] [PubMed]

25. Feng, J.; Mineda, K.; Wu, S.-H.; Mashiko, T.; Doi, K.; Kuno, S.; Kinoshita, K.; Kanayama, K.; Asahi, R.; Sunaga, A.; et al. An
injectable non-cross-linked hyaluronic-acid gel containing therapeutic spheroids of human adipose-derived stem cells. Sci. Rep.
2017, 7, 1–13. [CrossRef]

26. Van Wezel, A.L. Growth of Cell-strains and Primary Cells on Micro-carriers in Homogeneous Culture. Nat. Cell Biol. 1967, 216,
64–65. [CrossRef] [PubMed]

27. Frondoza, C.; Sohrabi, A.; Hungerford, D. Human chondrocytes proliferate and produce matrix components in microcarrier
suspension culture. Biomaterials 1996, 17, 879–888. [CrossRef]

28. Tang, N.-H.; Chen, Y.-L.; Wang, X.-Q.; Li, X.-J.; Yin, F.-Z. Construction of IL-2 gene-modified human hepatocyte and its cultivation
with microcarrier. World J. Gastroenterol. 2003, 9, 79–83. [CrossRef] [PubMed]

29. Rodrigues, C.A.V.; Diogo, M.M.; Da Silva, C.L.; Cabral, J.M.S. Microcarrier expansion of mouse embryonic stem cell-derived
neural stem cells in stirred bioreactors. Biotechnol. Appl. Biochem. 2011, 58, 231–242. [CrossRef] [PubMed]

30. Yao, R.; Zhang, R.; Luan, J.; Lin, F. Alginate and alginate/gelatin microspheres for human adipose-derived stem cell encapsulation
and differentiation. Biofabrication 2012, 4, 025007. [CrossRef] [PubMed]

http://doi.org/10.3727/096368910X539083
http://www.ncbi.nlm.nih.gov/pubmed/21054952
http://doi.org/10.4061/2011/310928
http://doi.org/10.1002/stem.2575
http://doi.org/10.1097/PRS.0b013e318230c60b
http://www.ncbi.nlm.nih.gov/pubmed/22094768
http://doi.org/10.1097/MOT.0b013e328334f074
http://doi.org/10.1155/2015/831095
http://doi.org/10.1089/scd.2013.0554
http://www.ncbi.nlm.nih.gov/pubmed/24650034
http://doi.org/10.2741/2407
http://doi.org/10.1016/j.cell.2008.11.034
http://doi.org/10.1016/j.stem.2008.10.007
http://www.ncbi.nlm.nih.gov/pubmed/18983963
http://doi.org/10.1038/ncomms11945
http://doi.org/10.1016/j.expneurol.2004.01.027
http://www.ncbi.nlm.nih.gov/pubmed/15144858
http://doi.org/10.1016/j.bbrc.2004.12.158
http://doi.org/10.1038/nri2395
http://www.ncbi.nlm.nih.gov/pubmed/19172693
http://doi.org/10.1073/pnas.0911647107
http://www.ncbi.nlm.nih.gov/pubmed/20421459
http://doi.org/10.3727/096368916X693662
http://doi.org/10.1161/STROKEAHA.116.014950
http://doi.org/10.1016/j.jtcvs.2018.01.098
http://doi.org/10.1002/jcp.20636
http://www.ncbi.nlm.nih.gov/pubmed/16557516
http://doi.org/10.1016/j.reth.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/31890760
http://doi.org/10.1038/s41598-017-01528-3
http://doi.org/10.1038/216064a0
http://www.ncbi.nlm.nih.gov/pubmed/4292963
http://doi.org/10.1016/0142-9612(96)83283-2
http://doi.org/10.3748/wjg.v9.i1.79
http://www.ncbi.nlm.nih.gov/pubmed/12508356
http://doi.org/10.1002/bab.37
http://www.ncbi.nlm.nih.gov/pubmed/21838797
http://doi.org/10.1088/1758-5082/4/2/025007
http://www.ncbi.nlm.nih.gov/pubmed/22556122


Cells 2021, 10, 560 18 of 18

31. Karam, J.-P.; Bonafè, F.; Sindji, L.; Muscari, C.; Montero-Menei, C.N. Adipose-derived stem cell adhesion on laminin-coated
microcarriers improves commitment toward the cardiomyogenic lineage. J. Biomed. Mater. Res. Part A 2014, 103, 1828–1839.
[CrossRef] [PubMed]

32. Wakao, S.; Kuroda, Y.; Ogura, F.; Shigemoto, T.; Dezawa, M. Regenerative Effects of Mesenchymal Stem Cells: Contribution of
Muse Cells, a Novel Pluripotent Stem Cell Type that Resides in Mesenchymal Cells. Cells 2012, 1, 1045–1060. [CrossRef]

33. Li, Q.; Kumar, A.; Makhija, E.; Shivashankar, G.V. The regulation of dynamic mechanical coupling between actin cytoskele-ton
and nucleus by matrix geometry. Biomaterials 2014, 35, 961–969. [CrossRef] [PubMed]

34. Vining, K.H.; Mooney, D.J. Mechanical forces direct stem cell behaviour in development and regeneration. Nat. Rev. Mol. Cell Biol.
2017, 18, 728–742. [CrossRef] [PubMed]

35. Dai, Z.Q.; Wang, R.; Ling, S.K.; Wan, Y.M.; Li, Y.H. Simulated microgravity inhibits the proliferation and osteogenesis of rat bone
marrow mesenchymal stem cells. Cell Prolif. 2007, 40, 671–684. [CrossRef] [PubMed]

36. Monticone, M.; Liu, Y.; Pujic, N.; Cancedda, R. Activation of nervous system development genes in bone marrow derived
mesenchymal stem cells following space flight exposure. J. Cell Biochem. 2010, 111, 442–452. [CrossRef]

37. Plett, P.; Abonour, R.; Frankovitz, S.M.; Orschell, C.M. Impact of modeled microgravity on migration, differentiation, and cell
cycle control of primitive human hematopoietic progenitor cells. Exp. Hematol. 2004, 32, 773–781. [CrossRef] [PubMed]

38. Yuge, L.; Kajiume, T.; Tahara, H.; Kawahara, Y.; Umeda, C.; Yoshimoto, R.; Wu, S.-L.; Yamaoka, K.; Asashima, M.; Kataoka, K.; et al.
Microgravity Potentiates Stem Cell Proliferation While Sustaining the Capability of Differentiation. Stem Cells Dev. 2006, 15,
921–929. [CrossRef]

39. Mihailova, M.; Trenev, V.; Genova, P.; Konstantinov, S. Process Simulation in a Mechatronic Bioreactor Device with Speed-
Regulated Motors for Growing of Three-Dimensional Cell Cultures. Ann. N. Y. Acad. Sci. 2006, 1091, 470–489. [CrossRef]

40. Borst, A.G.; van Loon, J.J.W.A. Technology and developments for the random positioning machine, RPM. Microgravity Sci. Technol.
2009, 21, 287–292. [CrossRef]

41. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,
E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315–317. [CrossRef] [PubMed]

42. Parvizi, M.; Plantinga, J.A.; Van Speuwel-Goossens, C.A.; Van Dongen, E.M.; Kluijtmans, S.G.; Harmsen, M.C. Development of
recombinant collagen-peptide-based vehicles for delivery of adipose-derived stromal cells. J. Biomed. Mater. Res. Part A 2016, 104,
503–516. [CrossRef]

43. Natesan, S.; Baer, D.G.; Walters, T.J.; Babu, M.; Christy, R.J. Adipose-derived stem cell delivery into collagen gels using chitosan
microspheres. Tissue Eng. Part A 2010, 16, 1369–1384. [CrossRef]

44. Heneidi, S.; Simerman, A.A.; Keller, E.; Singh, P.; Li, X.; Dumesic, D.A.; Chazenbalk, G. Awakened by cellular stress: Isolation
and characterization of a novel population of pluripotent stem cells derived from human adipose tissue. PLoS ONE 2013,
8, e64752. [CrossRef]

45. Suga, H.; Matsumoto, D.; Eto, H.; Inoue, K.; Aoi, N.; Kato, H.; Araki, J.; Yoshimura, K. Functional implications of CD34 ex-pression
in human adipose-derived stem/progenitor cells. Stem Cells Dev. 2009, 18, 1201–1210. [CrossRef] [PubMed]

46. Gronthos, S.; Franklin, D.M.; Leddy, H.A.; Robey, P.G.; Storms, R.W.; Gimble, J.M. Surface protein characterization of human
adipose tissue-derived stromal cells. J. Cell. Physiol. 2001, 189, 54–63. [CrossRef] [PubMed]

47. Lee, R.H.; Kim, B.; Choi, I.; Kim, H.; Choi, H.S.; Suh, K.; Bae, Y.C.; Jung, J.S. Characterization and Expression Analysis of
Mesenchymal Stem Cells from Human Bone Marrow and Adipose Tissue. Cell. Physiol. Biochem. 2004, 14, 311–324. [CrossRef]

48. Casey, T.; Patel, O.V.; Plaut, K. Transcriptomes reveal alterations in gravity impact circadian clocks and activate mechanotrans-
duction pathways with adaptation through epigenetic change. Physiol. Genom. 2015, 47, 113–128. [CrossRef] [PubMed]

http://doi.org/10.1002/jbm.a.35304
http://www.ncbi.nlm.nih.gov/pubmed/25098676
http://doi.org/10.3390/cells1041045
http://doi.org/10.1016/j.biomaterials.2013.10.037
http://www.ncbi.nlm.nih.gov/pubmed/24183171
http://doi.org/10.1038/nrm.2017.108
http://www.ncbi.nlm.nih.gov/pubmed/29115301
http://doi.org/10.1111/j.1365-2184.2007.00461.x
http://www.ncbi.nlm.nih.gov/pubmed/17877609
http://doi.org/10.1002/jcb.22765
http://doi.org/10.1016/j.exphem.2004.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15308329
http://doi.org/10.1089/scd.2006.15.921
http://doi.org/10.1196/annals.1378.089
http://doi.org/10.1007/s12217-008-9043-2
http://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://doi.org/10.1002/jbm.a.35588
http://doi.org/10.1089/ten.tea.2009.0404
http://doi.org/10.1371/annotation/190d4d01-a63c-4adc-a123-e519ee40a03e
http://doi.org/10.1089/scd.2009.0003
http://www.ncbi.nlm.nih.gov/pubmed/19226222
http://doi.org/10.1002/jcp.1138
http://www.ncbi.nlm.nih.gov/pubmed/11573204
http://doi.org/10.1159/000080341
http://doi.org/10.1152/physiolgenomics.00117.2014
http://www.ncbi.nlm.nih.gov/pubmed/25649141

	Introduction 
	Materials and Methods 
	Primary Culture of hASCs 
	Characterization of SSEA-3-Positive Cells in the hASC Pool 
	Preparation of Microspheres 
	hASC Loading onto Microspheres for Microgravity Culture 
	Cell Retrieval from Microspheres 
	Cell Growth in Microsphere Cultures 
	Proliferation of SSEA-3-Positive hASCs in Microsphere Cultures 
	Immunocytochemistry 
	Quantitative Real-Time Polymerase Chain Reaction (RT-PCR) 
	Colony-Forming Assay 
	In Vitro Angiogenesis (Network Formation) Assay 
	Multilineage Differentiation Assay 
	Statistics 

	Results 
	Characterization of SSEA-3-Positive hASCs 
	Cell Growth in Microgravity Microsphere Cultures 
	Proliferation of SSEA-3-Positive hASCs in Microgravity/Microsphere Cultures 
	Immunocytochemistry 
	Selected Gene Expression Analysis by RT-PCR 
	Colony-Forming Assay 
	In Vitro Angiogenesis Assay 
	Multilineage Differentiation Assay 

	Discussions 
	Conclusions 
	References

