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Abstract The use of human mesenchymal stem cells
(hMSCs) in cell therapies has increased the demand for strat-
egies that allow efficient cell scale-up. Preliminary data on the
three-dimensional (3D) spinner culture describing the poten-
tial use of microcarriers for hMSCs culture scale-up have been
reported. We exploited a rich source of autologous stem cells
(human hair follicle) and demonstrated the robust in vitro
long-term expansion of human hair follicle-derived mesen-
chymal stem cells (hHF-MSCs) by using CultiSpher®-G
microcarriers. We analyzed the feasibility of 3D culture by
using hHF-MSCs/CultiSpher®-G microcarrier constructs for
its potential applicability in regenerative medicine by compar-
atively analyzing the performance of hHF-MSCs adhered to
the CultiSpher®-G microspheres in 3D spinner culture and

those grown on the gelatin-coated plastic dishes (2D cul-
ture), using various assays. We showed that the hHF-
MSCs seeded at various densities quickly adhered to
and proliferated well on the microspheres, thus generat-
ing at least hundreds of millions of hHF-MSCs on 1 g of
CultiSpher®-G within 12 days. This resulted in a cumu-
lative cell expansion of greater than 26-fold. Notably, the
maximum and average proliferation rates in 3D culture
were significantly greater than that of the 2D culture.
However, the hHF-MSCs from both the cultures retained
surface marker and nestin expression, proliferation ca-
pacity and differentiation potentials toward adipocytes,
osteoblasts and smooth muscle cells and showed no sig-
nificant differences as evidenced by Edu incorporation,
cell cycle, colony formation, apoptosis, biochemical
quantification and qPCR assays.
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Introduction

Cell therapy is emerging as a promising strategy for tissue
repair and regeneration. This approach is hampered, however,
by the lack of large amounts of human autologous stem cell
sources with higher proliferative and multipotent differentia-
tion potential (Chen et al. 2013; Lutz et al. 2014; Motaln et al.
2010; Pittenger et al. 1999). Although large-scale expansion
of stem cells is possible by repeated sub-culturing, their effi-
cacy for use in the regenerative medicine is compromised due
to replicative cell senescence and loss of multipotency associ-
ated with repeated subcultures. Mesenchymal stem cells
(MSCs) dosage per treatment for stem cell therapies can range
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between 50,000 and 6 billion cells. The applicability of the
current 2-dimensional tissue culture platform is limited to low
cell doses and becomes less feasible in presence of doses
above 50 million (Chen et al. 2013). Such high doses would
make the current 2D cell culture platform technically and eco-
nomically untenable, especially under clinical settings. This
necessitates the use of 3D culture for high-density expansion
and efficient differentiation of human stem cells in vitro.
Several studies have demonstrated the potential beneficial ef-
fects of 3D cultivation strategies (Chen et al. 2011; Choi et al.
2011; Sart et al. 2009; Yang et al. 2007).

In recent years, research has demonstrated the feasibility of
a microcarrier–stem cell culture approach, especially by using
microbeads in 3D scaffolds (Chen et al. 2013; Martin et al.
2011; Sun et al. 2010). Microbeads have a large surface-to-
volume ratio, thus offering large accessible surfaces for cell
growth in small culture volumes in vitro and thereby enabling
the robust expansion of anchorage-dependent cells (Chen
et al. 2013; Sart et al. 2013; Sun et al. 2011), such as MSCs,
without the need for repeated sub-culturing for subsequent
stem cell therapy. In addition to serving as biocompatible-
biodegradable carriers for culturing cells, microbeads could
be used as cell-delivery vehicles to directly deliver the cul-
tured cells into an implanted scaffold (Liu et al. 2004b). This
direct transplantation of cell-laden vehicles precludes the es-
sential step of releasing the stem cells from culture carriers
such as, tissue culture plates, flasks, or from non-
biodegradable microbeads by trypsinization, which has been
proved to be detrimental to cell-adhesion molecules, wherein
it results in cell senescence and loss of multipotency. Several
recent studies have demonstrated the large-scale generation of
human MSCs from bone marrow (Yang et al. 2007), adipose
tissue (Choi et al. 2011), placenta (Chen et al. 2011; Timmins
et al. 2012) and ear (Sart et al. 2009) by using microbeads as
microcarriers for 3D culture. It is therefore imperative to con-
sider microbead-based microcarriers as the alternative
platform.

Among the various microcarrier cultures, the macroporous
microcarriers, namely Cytopore and CultiSpher, offer higher
cell surface areas for growth and a better mechanical protec-
tion to the cells from shear stress generated by stirrers,
spargers or spin filters (Chen et al. 2013; Martin et al. 2011).
Interestingly, previous studies that screened various
microcarrier cultures for the propagation of MSCs demon-
strated CultiSpher S to yield the highest cell attachment rate
(over 90 % efficiency) and a 15-fold cell expansion with a
seeding efficiency of over 70 % in a spinner flask system
(Timmins et al. 2012).

Apart from microcarrier culture, 3D culture of cell aggre-
gates has been developed to reduce the cost and simplify cell
harvesting. Although the aggregate culture has demonstrated
scalability and achieved up to 1.89×106 cells/mL (17.7-fold
expansion), the formation of homogeneous aggregates with

consistent size poses a challenge due to significant loss of
initial cell viabilities (28–76 %) during aggregate formation
(Olmer et al. 2010). Moreover, disaggregation, which is usu-
ally performed through manual manipulation, undermines the
scalability of this platform.

Human air follicles (hHF) are easily accessible and
harbor a rich autologous stem cell pool with mesenchymal
lineage differentiation potential. Accumulating evidence
has suggested that hHF-MSCs are true stem cells that
possess multi-lineage (myogenic, osteogenic, adipogenic
and chondrogenic lineages) differentiation potential
(Amoh et al. 2005b; Jahoda et al. 2003; Liu et al. 2010).
The study by Bajpai et al. demonstrated a higher prolifer-
ative capacity of hHF-MSCs in comparison with bone
marrow (BM)-MSCs and further showed that hHF-MSCs
upon differentiation express lineage-specific genes in
chronological order and to a considerable extent (Bajpai
et al. 2012). hHF-MSCs have been used as cell sources to
engineer functional vascular grafts (Peng et al. 2011), to
re-establish hematopoietic tissues (Lako et al. 2002), to
reconstruct full-thickness skin (Shim and Han 2007) and
to deliver release-controlled insulin gene (Wu et al. 2014)
and promising results have been obtained from both clin-
ical and preclinical settings. Very promisingly, stem cells
from hair follicle express a protein marker for neural stem
cells and transdifferentiate largely into Schwann cells,
which are known to support neuron regrowth and be used
as a cell source for efficient treatment of peripheral nerve
injury (Amoh et al. 2005a, c, 2008; Duong et al. 2012;
Hoffman 2007; Li et al. 2003; Liu et al. 2011; Mii et al.
2013; Uchugonova et al. 2011). In addition, the use of
induced pluripotent stem cells derived from human hair
follicles that are genetically identical to the donor, does
not raise any ethical conflicts nor does it involve immune
rejection problems in the event of autologous implantation
(Higgins et al. 2012; Wang et al. 2013).

Many previous reports (Sart et al. 2013; Schop et al. 2010;
Sun et al. 2010) have provided preliminary spinner culture
data describing the potential use of bead-to-bead cell transfer
for MSCs culture scale-up. However, a comparative analysis
of the performance of hHF-MSCs adhered to the CultiSpher®-
G microspheres in 3D spinner culture and those grown on the
conventional 2D culture has not yet been clarified.

In view of the above and the need for large-scale genera-
tion of MSCs, in the present study, we exploited the readily
accessible, rich source of autologous stem cells, the human
hair follicles, in order to demonstrate the robust in vitro
long-term expansion of hHF-MSCs by using CultiSpher®-G
microcarriers. Further, we analyzed the feasibility of 3D cul-
ture using hHF-MSCs/CultiSpher®-G microcarrier constructs
for their potential applicability in regenerative medicine, by
comparing the proliferation and differentiation potentials of
the hHF-MSCs grown in gelatin-coated 24-well plates and
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in spinner bottles with hHF-MSCs adhered to the
CultiSpher®-G microcarriers.

Materials and methods

The present study was approved by the Ethics Committee of
the Norman Bethune College of Medicine, Jilin University.
After informed written consent was obtained, hHF-MSCs
were obtained by plucking the hair follicles from the occipital
region of the scalp of three volunteers (27-year-old female,
29-year-old male and 49-year-old male).

Isolation and cultivation of hHF-MSCs

The isolation and cultivation of hHF-MSCs in 24-well plates
were performed as described elsewhere (Liu et al. 2008;Wang
et al. 2013; Zhang et al. 2013). Briefly, about 40–60 hairs were
plucked from the occipital region of each of three volunteers.
Those hairs with intact hair follicles were pooled and exten-
sively washed in phosphate-buffered saline (PBS; Life
Technologies, Carlsbad, CA, USA) containing 1 %
penicillin/streptomycin solution (P/S, 100 IU/mL penicillin,
100 IU/mL streptomycin; Hyclone, Victoria, Australia).
After washing, the hair shafts were cut off and the remaining
portions of the hairs were manually placed on the bottom of a
24-well plate (Corning, NY, USA), one piece of hair per well
and cultured in 200 μL of Dulbecco’s modified Eagle
medium:Nutrient Mixture F-12 (DMEM/F-12; Life
Technologies) containing 10 % fetal bovine serum (FBS;
Hyclone), 1 % P/S and 10 ng/mL basic fibroblast growth
factor (bFGF; PeproTech, London, UK) at 5 % CO2 and
37 °C overnight. The next day, 400 μL of culture medium
was added into the well and the medium was changed every
3 days. Seven to ten days after the initiation of the hair follicle
culture, the cells migrating out from the hair follicles were
harvested and their morphological characteristics were exam-
ined under a microscope. The hair follicle cells exhibited ei-
ther cobblestone, or spindle-shaped morphology. Those cells
with the spindle shape were trypsinized (0.25 % EDTA-
Trypsin; Life Technologies), pooled and expanded as de-
scribed previously (Liu et al. 2010; Wang et al. 2013; Zhang
et al. 2013).

Preparation of CultiSpher®-G microcarriers

CultiSpher®-G microcarriers beads (diameter 130–380 μm)
were obtained from Sigma-Aldrich (St. Louis, MO, USA)
and were prepared according to the manufacturer’s instruc-
tions. They represent macroporous gelatin beads in which
the hHF-MSCs have the ability to use the interior surface.
Briefly, for their preparation, dry microcarriers (1 g dry
CultiSpher®-G/30 mL) were swollen and hydrated in calcium

and magnesium-free PBS for 12 h at room temperature (RT).
Without removing the PBS, the microcarriers were sterilized
by autoclaving at 121 °C and 14.5 psi (about 1 bar) for 30min.
Consequently, the PBS was removed and the microcarriers
were washed one time in culture medium.

Preparation of gelatin-coated culture dishes

Gelatin (Sigma-Aldrich) was dissolved in deionized water and
sterilized by autoclaving at 121 °C and 14.5 psi (about 1 bar)
for 30 min. Culture dishes were coated with 0.2 % gelatin
solution for 4 h at 37 °C in 5 % CO2; excess solution was
removed without rinsing. After drying in a laminar flow hood,
the coated culture dishes were used immediately for initiation
of the 2D culture.

In vitro expansion of hHF-MSCs in CultiSpher®-G by 2D
and 3D culture

The hHF-MSCs from passage 5 were seeded separately in
both the spinner culture and the conventional 2D culture, to
achieve final densities of 0.5×103, 1.0×103 or 2.0×103 cells/
cm2. For the production of adherently growing hHF-MSCs,
macroporous CultiSpher®-G gelatin microcarriers were used
in concentration of 1 g/100 mL (1 g of CultiSpher®-G has a
total surface area of 1 m2). The hHF-MSCs in the spinning
bottles (CELLspin; Integra Biosciences, Chur, Switzerland)
filled with 100 mL DMEM/F-12 supplemented with 10 %
FBS and 10 ng/mL bFGF were incubated for 8 days at
37 °C in 5 % CO2, over the magnetic stirrer at a stirring rate
of 60 rpm, with intermittent stirring for 5 min after a gap of
30 min. The culture medium was changed every 3 days. The
hHF-MSCs cultured on a gelatin-coated 24-well plate (2D
culture) served as controls. The entrapment of the cells was
observed before and after the stirring. Cell entrapment was
monitored using a inverted fluorescence microscope (Leica
DMI4000B; Leica Microsystems, Germany), equipped with
a DCF 310 FX digital camera (Leica Microsystems).

Cell proliferation assay

Aliquots of hHF-MSCs-CultiSpher®-G microcarrier con-
structs were removed from the spinning bottles on days 2, 4,
6 , 8, 10 and 12, respectively. They were then transferred, in
triplicate, into 2-mLEppendorf tubes (1mL per tube; Axygen,
Union City, CA, USA) and kept still for 5 min to allow the
hHF-MSCs-CultiSpher®-G microcarrier constructs to settle to
the bottom of the Eppendorf tubes. After removing the culture
medium by aspiration, the hHF-MSCs adhered to the
CultiSpher®-G microspheres, as well as those in the gelatin-
coated 24-well plate, were washed in PBS and then separately
digested with 0.25% EDTA-Trypsin (37 °C, 15min, 5 min) to
completely dissociate the microcarriers or release hHF-MSCs
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from the gelatin-coated 24-well plate. The cells obtained from
both procedures were counted using the hemocytometer cell
counting chamber (Shanghai Qiujing, Shanghai, China), as
described previously (Phillips and Terryberry 1957; Sun
et al. 2010). Cell viability was determined by performing the
trypan blue (0.4 % in normal saline; Life Technologies) dye
exclusion test using the cell counter. The proliferation curves
of hHF-MSCs from the 3D and 2D cultures were plotted with
the number of cell/mL released from CultiSpher®-G or tissue
culture plate indicated on the y-axis and the time period (in
days) indicated on the x-axis.

The average cell proliferation rate (μavg) was calculated as
follows: (maximum cell number − seeding cell number) / cul-
ture time (h). The maximum cell proliferation rate (μmax) was
calculated as follows: (maximum cell number at the exponen-
tial phase − minimal cell number at the exponential phase) /
culture time (h) at the exponential phase (Sun et al. 2009,
2010).

Acridine orange staining

Acridine orange staining was performed on CultiSpher®-G
microcarrier constructs from the 3D culture. Acridine orange
is a cell-permeable, nucleic acid selective fluorescent cationic
dye that interacts with DNA or RNA and forms the corre-
sponding complexes, which when excited by an appropriate
wavelength emit green or red fluorescence, respectively
(Hayashi et al. 1983). To localize the growth of hHF-MSCs
on the CultiSpher®-G microcarriers, aliquots of hHF-MSCs-
CultiSpher®-Gmicrocarrier constructs were removed from the
spinning bottle on days 2, 4, 6 , 8, 10 and 12, respectively,
washedwith PBS and fixed in 4% paraformaldehyde (10min;
Beijing Dingguo, Beijing, China) at RT. After the removal of
paraformaldehyde by aspiration, the microcarrier constructs
were washed with PBS, andwere subsequently incubatedwith
0.1 mg/mL of acridine orange (37 °C, 15 min; Beijing
Dingguo). At the end of the incubation period, the
microcarrier constructs were washed again with PBS, trans-
ferred onto a 35-mm tissue culture plate (Corning) and were
visualized using a inverted fluorescence microscope. The neg-
ative control comprised CultiSpher®-G microcarriers alone.

5-Ethynyl-2′-deoxyuridine incorporation and flow
cytometry assay

In addition, cell proliferation assay with “click” chemistry was
performed to detect the progression of S-phase in the hHF-
MSCs by using 5-Ethynyl-2′-deoxyuridine (EdU), a thymi-
dine analogue, which is incorporated into the DNA of divid-
ing cells during the S-phase of the cell cycle. The incorporated
EdU could be detected through a reaction between the alkyne
group of EdU and the fluorescent azide in a copper-catalyzed
azide-alkyne cycloaddition (Salic and Mitchison 2008).

Briefly, on day 6, the hHF-MSCs from the 2D culture and
the CultiSpher®-G microcarrier constructs (200 μL) from the
3D culture were incubated in triplicate in a fresh medium
containing 10 μM of EdU (Guangzhou Ruibo, Guangzhou,
China) for 24 h at 37 °C in 5 % CO2. At the end of the
incubation period, the hHF-MSCs from both the cultures were
fixed with 4 % paraformaldehyde for 10 min at RT. After
discarding the fixative, the hHF-MSCs were incubated with
2 mg/mL of glycine for 5 min and then washed thrice in PBS.
Subsequently, they were again incubated with 0.5 % TritonX-
100 (Sigma-Aldrich) for 15 min at RTand finally stained with
Apollo® 488 solution (Guangzhou Ruibo) for 30 min at RT,
according to themanufacturer’s instructions. After washingwith
PBS and methanol (Beijing Huagongchang, Beijing, China),
the hHF-MSCs from both the cultures were counterstained
with Hoechst 33342 dye (10 μg/mL; Life Technologies) for
5 min at RT and then visualized under an inverted fluorescence
microscope. EdU-free hHF-MSCs served as a negative
control.

hHF-MSCs from the 2D and 3D cultures on day 6 were
incubated in a fresh medium containing 10 μM of EdU for
24 h at 37 °C in 5 % CO2 and then harvested by
trypsinization, collected as well as centrifuged. The superna-
tant was removed by aspiration. Cell pellets were washed with
1 mL 1 % bovine serum albumin (BSA; Roche Diagnostics,
Mannheim, Germany)/PBS and stained with Apollo® 488 so-
lution for 30 min at RT, according to the manufacturer’s in-
structions. After washing twice with PBS, the cells were ana-
lyzed on a FACS Calibur instrument (BD Biosciences, San
Jose, CA, USA). The percentage of EdU-labeled cells was
evaluated with Cell Quest Pro software (BD Biosciences).
EdU-free hHF-MSCs served as a negative control.

Cell cycle assay

Cell cycle assay was performed as described elsewhere
(Krishan 1975). hHF-MSCs were collected separately from
the 2D and 3D cultures on day 6 and washed twice with ice-
cold PBS. After fixing with 70 % ice-cold ethanol (Beijing
Huagongchang), hHF-MSCs were incubated at 4 °C for 24 h
and washed twice with ice-cold PBS. They were then incubat-
ed with RNase A (Beyotime, Shanghai, China) in 0.1 mg/mL
PBS at 37 °C for 1 h and then subsequently stained with
propidium iodide (Beyotime) in 0.1 mg/mL PBS for 30 min
in the dark at RT. The DNA content was determined by flow
cytometry and the cell cycle was analyzed.

Colony formation assay

The colony-forming capacity of hHF-MSCs was evaluated.
One hundred cells of hHF-MSCs were collected from the
2D and 3D cultures and separately plated in a well of a 6-
well plate (in triplicate). The cells were then cultured for
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15 days. At the end of culture, the cells were fixed in 4 %
paraformaldehyde and stained with 0.1 % crystal violet

(Sigma-Aldrich) and washed twice with PBS. Colonies were
counted under an inverted microscope.

Fig. 1 Organ culture of human hair follicles. Cells migrated out from the
hair follicles on day 10 and exhibited a spindle-shaped or cobblestone
morphology. The cells that exhibit spindle-shaped morphology were
defined as hair follicle-derived mesenchymal stem cells (hHF-MSCs)
(a). Those that exhibited cobblestone morphology were defined as hair
follicle-derived keratinocytes (b). Scale bar 200 μm. Staining images of
cell-surface markers on spindleshaped cells and results of the flow
cytometry assay. Spindle-shaped cells expressed CD44, CD73, CD90
and CD105 and stained with secondary antibody served as the negative
control. Hoechst 33342 staining was performed to detect nuclear

localization (c–g). Scale bar 100 μm. Flow cytometry assays of the
spindle-shaped cells show that more than 85 % of the hHF-MSCs in
both the 2D and 3D cultures expressed CD44, CD73 and CD90,
whereas only 65 % were positive for CD105 (h–l). The spindle-shaped
cells exhibited multipotent differentiation potentials toward adipocytes
(m, n) and osteoblasts (o, p). Scale bar 100 μm. The cobblestone-
shaped cells expressed CK14 and CK15. The cobblestone-shaped cells
stained with secondary antibody served as the negative control. Hoechst
33342 staining to detect nuclear localization (q–s). Scale bar 20 μm
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Annexin V staining

Apoptosis was measured by staining the cells with Annexin V
using the Apoptosis Kit (Tianjin Sungene Biotech, Tianjin,
China) according to the manufacturer’s instructions. Briefly,
hHF-MSCs from the 2D and 3D cultures on day 6 were col-
lected and washed with buffer, then incubated with Annexin
V-FITC and propidium iodide (PI) in the dark at RT for
10 min. At the end of incubation, 500 μL PBS were added
to the cells, vortexed gently and subjected to flow cytometry
analysis.

Flow cytometry assay and immunofluorescence staining

Flow cytometry and immunofluorescence staining were car-
ried out as described previously (Liu et al. 2010; Mii et al.
2013). After fixing in 4 % paraformaldehyde for 10min at RT,
1×106 hHF-MSCs were washed in PBS and permeabilized in
0.1 % TritonX-100 (RT, 10 min; Sigma-Aldrich). hHF-MSCs
were then blocked with 1 % BSA/PBS for 30 min at RT and
incubated at 4 °C overnight with mouse anti-human monoclo-
nal antibodies (1:100 dilution, 0.01 % Triton-X-100 in 1 %
BSA/PBS): anti-nestin (eBioscience, San Diego, CA, USA),
anti-smooth muscle α-actin (α-SMA; Abcam, Cambridge,
MA, USA). For surface markers detection, hHF-MSCs were
released from the CultiSpher®-G microspheres or tissue cul-
ture plates by trypsinization and resuspended in PBS in single
cell suspension. After fixing in 4 % paraformaldehyde for
10 min at RT, 1×106 cells were washed in PBS and blocked
in 1 % BSA /PBS for 30 min at RT. The cells were then
incubated at 4 °C overnight with primary mouse anti-human
monoclonal antibodies (1:100 dilution): anti-CD90, anti-
CD105 (eBioscience), anti-CD44 (R&D Systems,
Abingdon, UK) and anti-CD73 (Life Technologies). At the
end of incubation, hHF-MSCs were washed twice with PBS
and then incubated with Alexa Fluor® 488-conjugated anti-
mouse secondary antibody (1 h, RT, 1:400 dilution; Cell
Signaling, Danvers, MA, USA). The cells were washed with
PBS and then analyzed by flow cytometry. hHF-MSCs that
were stained with only the secondary antibody served as a
negative control.

hHF-MSCs were seeded on sterile cover slips
(Thermo Fisher Scientific, Pittsburg, PA, USA) in 24-
well plates at a density of 5×105 cells/well and cultured
as described above. Then, 24 h after cultivation, hHF-
MSCs were fixed with 4 % paraformaldehyde for
15 min at RT, permeabilized in 0.1 % TritonX-100 (RT,
10 min) and blocked with 1 % BSA/PBS for 30 min at
RT. Cells were then incubated at 4 °C overnight with
mouse anti-human monoclonal antibodies (1:100 dilu-
tion, 0.01 % Triton-X-100 in 1 % BSA/PBS): anti-
CK14, anti-CK19 (Abcam), anti-nestin, anti-α-SMA.
For surface marker detection, hHF-MSCs were fixed

with 4 % paraformaldehyde for 15 min at RT and immu-
nofluorescence staining was performed as described
above. Nuclear detection was carried out by inverted
fluorescence microscopy after DNA staining with
Hoechst 33342 dye at 10 μg/mL for 5 min at RT, follow-
ed by a rinse in PBS.

Multipotency assay of hHF-MSCs

In order to assess the multi-lineage differentiation poten-
tial of the hHF-MSCs on the microcarriers, multipotency
assay was performed. The differentiation potentials of
hHF-MSCs were evaluated in 24-well plates based on
previous studies (Jahoda et al. 2003; Liu et al. 2010).
For adipogenic differentiation, the hHF-MSCs from pas-
sage 6 were grown in the adipogenic medium consisting
of high glucose-Dulbecco’s Modified Eagle Medium
(HG-DMEM; Life Technologies), 10 % FBS, 1 % P/S,
1 μM dexamethasone (Sigma-Aldrich), 0.5 mM
isobutyl-methylxanthine (Sigma-Aldrich), 10 μM insulin
(Sigma-Aldrich) and 200 μM indomethacin (Sigma-
Aldrich) for 2 weeks. Adipogenic differentiation in the
hHF-MSCs was evidenced by the appearance of lipid
inclusion vacuoles, which take up the neutral Oil Red
O (Sigma-Aldrich). After capturing the images, 200 μL
of isopropanol (Beijing Huagongchang) was added to
the adipogenic cells in each well of a 24-well plate
(in triplicate) and tilted for 20 min at RT to completely
dissolve the Oil Red O taken up by the lipid droplet
(in’ t Anker et al. 2003). The optical density (OD) of
Oil Red O extracted from the adipocytes derived from
hHF-MSCs was detected at 515 nm using a microplate
reader (Infinite M200 PRO; TECAN, Austria).

To determine the maximum absorption wavelength of Oil
Red O in isopropanol, Oil Red Owas dissolved in isopropanol

�Fig. 2 2D and 3D cultures of hHF-MSCs. hHF-MSCs were seeded onto
gelatin-coated tissue culture plates (2D culture) and on gelatin
CultiSpher®-G microbeads (3D culture) at the indicated cell densities
and cultured for the indicated times (days). Optically sectioned
microbeads from cultures on days 2 and 8 were visualized using
acridine orange staining. hHF-MSCs on the surface of the gelatin
microbeads gradually increased until all the microbeads were covered
by adherent cells in 3D culture groups (a–n). Scale bar 500 μm. Cell
proliferation curves of hHF-MSCs in 3D cultures were plotted using the
number of cells counted on each day. hHF-MSCs in the 3D culture
proliferated slowly during the first 2 days of cultivation. Starting from
day 3, hHF-MSCs in the 3D cultures proliferated quickly, entered the
exponential proliferation phase, reaching confluence between day 8
(2000 cells/cm2, 1000 cells/cm2) and day 12 (500 cells/cm2) (o). Cell
proliferation curves of hHF-MSCs in the 2D cultures were plotted using
the number of cells counted on each day (p). The average cell
proliferation rate was determined by calculating the ratio of increase in
cell numbers to the total culture time (q). The maximum cell proliferation
rate was determined by calculating the ratio of increase in cell numbers to
the culture time for the exponential phase (r)
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and OD values were measured using a microplate reader
at different absorption wavelengths ranging from 465 to
570 nm, with a corresponding increase of 5 nm at each
step. After determining the maximum absorption wave-
length (515 nm) of Oil Red O in isopropanol, Oil Red
O was dissolved in isopropanol to prepare a range of
concentrations by serial dilution of the stock solution
and subsequently the OD values were read at 515 nm.
The standard curve was plotted by using the OD values
of Oil Red O at known concentrations, which were fur-
ther used to calculate the relative concentrations of Oil
Red O concentration in adipocytes derived from hHF-
MSCs.

For osteogenic differentiation, the hHF-MSCs from
passage 6 were cultured in osteogenic medium consisting
of HG-DMEM, 10 % FBS, 1 % P/S, 0.1 μM dexameth-
asone, 50 μM ascorbate-2-phosphate (Sigma-Aldrich)
and 10 nM β-glycerophosphate (Sigma-Aldrich). After
4 weeks of culture, Alizarin Red S (Sigma-Aldrich)
staining was used to detect the mineralization of calcium
salt accumulated in the hHF-MSCs. After being
photographed with an inverted microscope, 200 μL of
10 % cetylpyridinium chloride (CPC; Sigma-Aldrich)
was added into each well of the 24-well plate (in tripli-
cate) to dissolve the calcium salt–Alizarin Red S com-
plex (in’ t Anker et al. 2003). The OD values of the
calcium salt–Alizarin Red S complexes were measured
using a microplate reader.

To determine the maximum absorption wavelength of the
calcium salt–Alizarin Red S complex in 10 % CPC, the calci-
um salt–Alizarin Red S complex was dissolved in 10 % CPC
and OD values were measured using a microplate reader at
different absorption wavelengths ranging from 510 to 600 nm,
with a corresponding increase of 5 nm at each step. After
determining the maximum absorption wavelength at
555 nm, the calcium salt–Alizarin Red S complexes were
dissolved in 10 % CPC to prepare a range of concentrations
by serial dilution and the OD values of the calcium salt–
Alizarin Red S complexes of various serial dilutions were
measured. The standard curve was plotted by employing the
OD values of the calcium salt–Alizarin Red S complexes at
known concentrations, which was used to calculate the rela-
tive concentrations of the calcium salt–Alizarin Red S com-
plex in osteocytes derived from hHF-MSCs.

For myogenic induction, hHF-MSCs from passage 6 were
cultured in DMEM/F-12 containing 10 % FBS and 5 ng/mL
transforming growth factor-beta 1 (TGF-β1; PeproTech) for
7 days. Myogenic differentiation was evaluated as expression
of α-SMA by immunofluorescence staining and flow cytom-
etry (Bajpai et al. 2012).

Following the differentiation of the hHF-MSCs into adipo-
cytes, osteoblasts and myocytes, the total RNAwas extracted
from differentiated cells using Trizol (Life Technologies)

reagent following the manufacturer’s instructions. cDNA
was synthesized from 1 μg total RNA using EasyScript
Reverse Transcriptase (Beijing TransGen Biotech, Beijing,
China) in a 50-μL reaction mixture. cDNAs were amplified
by PCR to detect the gene expressions of adipocyte lipid-
binding protein (aP2), runt-related transcription factor 2
(RunX2) and α-SMA in hHF-MSCs (Bajpai et al. 2012;
Jahoda et al. 2003; Liu et al. 2010). The relative expression
level of glyceraldehyde-3-phsosphate dehydrogenase
(GAPDH) was used as an internal control to normalize the
specific gene expression in each sample.

Real-time PCR (qPCR) was performed with 2 μL of the
cDNA sample with SYBR Green PCR Master Mix (Roche
Diagnostics) using the ABI Prism 7300 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA). The
fold change in cDNAs of the target gene and the control was
determined by using the following formula: fold change
2-ΔΔCt, where ΔΔCt = (CtTarget − CtGAPDH)sample − (CtTarget
− CtGAPDH)control (Livak and Schmittgen 2001). The primer
sequences used were: GAPDH: forward primer 5′-ACATCA
AGAAGGTGGTGAAGCAGG-3′, reverse primer 5′-CAGC
GTCAAAGGTGGAGGAGTGG-3′, product length 123 bp
(NCBI Reference Sequence: XM_005253678.1). RunX2: for-
ward primer 5′-TGGTTAATCTCCGCAGGTCAC-3′, reverse
primer 5′-ACTGTGCTGAAGAGGCTGTTTG-3′, product
l e n g t h 1 4 3 b p (NCB I R e f e r e n c e S e q u e n c e :
NM_001015051.3). aP2: forward primer 5′-AAAGAAGT
AGGAGTGGGCTTTGC-3′, reverse primer 5′-CCCCATTC
ACACTGATGATCAT-3′, product length 79 bp (NCBI
Reference Sequence: NM_001442.2), α-SMA: forward prim-
er 5′-CTGTTCCAGCCATCCTTCAT-3′, reverse primer 5′-
TCATGATGCTGTTGTAGGTGGT-3′, product length 70 bp
(NCBI Reference Sequence: NM_001613.2). All the primers
were designed by NCBI/Primers-BLAST and synthesized by
Sangon Biotech, China.

Statistical analyses

Data are expressed as mean±standard deviation. Multiple
comparisons were analyzed using analysis of variance
(ANOVA) or Student’s t test followed by Bonferroni correc-
tion. P<0.05 was considered statistically significant.

Results

Derivation of MSCs from human hair follicles

As previously reported (Liu et al. 2010; Wang et al. 2013;
Zhang et al. 2013), cells that displayed either spindle-shaped
(Fig. 1a) or cobblestone morphology (Fig. 1b) migrated out
from hair follicles between days 7 and 10 and proliferated in
the tissue culture plates. The cells with spindle-shaped
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Fig. 3 EdU incorporation assay.
hHF-MSCs in the 2D and 3D
cultures were detected using EdU.
EdU-positive cells and
representative images of fields
show green-colored proliferation
cells. Hoechst 33342 staining was
performed to detect nuclear
localization (a–f). Scale bar
20 μm. Flow cytometry assay to
detect the proliferation of hHF-
MSCs by EdU incorporation (g–
l). Percentage of EdU was plotted
as the mean±SD of triplicate
samples from 3 independent
experiments (m)
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morphology were collected, pooled and subjected to pheno-
typic characterization and multipotency assay. The spindle-
shaped cells that expressed the MSC differentiation markers,
CD44, CD73, CD90 and CD105 (Fig. 1c-i) and possessed
multipotent differentiation potentials towards adipocytes
(Fig. 1m, n) and osteoblasts (Fig. 1o, p) were defined as
hHF-MSCs. Cells with a cobblestone morphology were col-
lected, pooled and phenotypically characterized and found to
express the keratinocyte markers CK14 and CK19 (Fig. 1q-s,
Kruger et al. 1999).

Proliferation of hHF-MSCs in 2D and 3D culture

Acridine orange labeling showed that hHF-MSCs ad-
hered to the CultiSpher®-G microbeads emitted red and
green fluorescence and increased in number during cul-
ture (Fig. 2a–n).The hHF-MSCs in the 3D culture
contained in the gelatin microbeads quickly entered the
exponential proliferation phase by day 2 post-culture
and reached a plateau on day 8 (2000 cells/cm2, 1000

Fig. 4 Cell cycle assay.
Propidium iodide staining and
flow cytometry analysis were
performed to detect the cell cycles
of hHF-MSCs in 2D and 3D
cultures (a–f). The percentage of
hHF-MSCs (with different initial
cell densities from the 2D and 3D
cultures) in the G1, S and G2
phases of the cell cycle was
comparatively analyzed (g–i). All
values were plotted as the
mean±SD of triplicate samples
from 3 independent experiments

Fig. 5 Colony formation assay. The colony-forming capacity of hHF-
MSCs in the 2D and 3D cultures was evaluated. Individual colonies
stained with crystal violet and captured at ×4 magnification for the 2D
and 3D cultures (a, b). Scale bar 200 μm. Colonies were counted under
an inverted microscope (c). Average number of colonies generated per
100 cells by cells in the 2D and 3D cultures plotted as the mean±SD of
triplicate samples from 3 independent experiments
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cells/cm2) (Fig. 2o). Notably, the spinner culture with a
cell density of 500 cells/cm2 also exhibited a high pro-
liferation potential on day 8 and reached a plateau on
day 10 (Fig. 2o). In contrast, the hHF-MSCs in the 2D
culture proliferated slowly during the first 2 days of
cultivation (Fig. 2p). From day 3 onwards, the prolifer-
ation of hHF-MSCs increased rapidly, wherein they en-
tered the exponential proliferation phase and reached
confluence between day 8 (2000 cells/cm2) and day 10
(1000 cells/cm2, 500 cells/cm2), whilst displaying a high
proliferation potential on day 10 (Fig. 2p). The hHF-
MSCs seeded at various densities quickly adhered to
and proliferated well on the microspheres, thus generat-
ing at least hundreds of millions of hHF-MSCs on 1 g
of CultiSpher®-G within 12 days, resulting in a cumu-
lative cell expansion of greater than 26-fold. The aver-
age and the maximum cell proliferation rates of hHF-
MSCs seeded at different cell densities in the 3D cul-
ture were significantly higher when compared to those
in the 2D culture (Fig. 2q, r).

In agreement with the cell proliferation curves, the hHF-
MSCs in the 2D and 3D cultures displayed an active EdU
incorporation on day 6. Flow cytometry revealed that more
than 60 % of the hHF-MSCs in both the 2D and 3D cultures
displayed active EdU uptake (Fig. 3a–m). Consistent with the
cell proliferation assays and acridine orange labeling, the cell
cycle assay analysis demonstrated a significantly high number

of hHF-MSCs in the G1 phase in the 3D and 2D cultures
(about 80 %; Fig. 4a–i). On the contrary, only a few cells
progressed to the S and G2 phase in the 3D and 2D cultures
(about 10 %; Fig. 4a–i). Colony formation assays were per-
formed on the 3D and 2D cultured hHF-MSCs, which showed
no significant difference (Fig. 5a–c). Annexin V staining
showed the 3D and 2D cultures contained fewer apoptotic
cells in comparison to cultures expanded under standard con-
ditions, although the difference did not reach significance
(Fig. 6a–h).

Cell-surface marker profiling of hHF-MSCs in 2D and 3D
culture

Cell-surface marker profiles have been considered to be
one of the principal determinants of MSCs differentia-
tion (Minguell et al. 2001). As expected, immunofluo-
rescence analysis showed that the hHF-MSCs from both
the 2D and 3D cultures expressed CD44, CD73, CD90,
CD105 and nestin (Fig. 7a–l). However, a positive ex-
pression of flow cytometry analysis further revealed that
more than 80 % of the hHF-MSCs in both the 2D and
3D culture expressed CD44, CD73, CD90 and nestin,
while only 65 % were found to be positive for CD105
(Fig. 7m–x). Cell-surface marker profiles and fluores-
cence intensity were similar in both the 2D and 3D
cultures (Fig. 7y, z).

Fig. 6 Cell apoptosis assay. hHF-
MSC from the 2D and 3D
cultures on day 6 were incubated
with Annexin V and PI and
analyzed by flow cytometry (a–f).
The percentage of Annexin V-
and PI-positive hHF-MSCs in the
2D and 3D cultures was
comparatively analyzed (g, h).
All the percentages were plotted
as the mean±SD of triplicate
samples from 3 independent
experiments
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Multipotent differentiation potential of hHF-MSCs in 2D
and 3D cultures

In addition, we examined the effect of prolonged
in vitro expansion on the differentiation potential of
hHF-MSCs. To this end, hHF-MSCs were differentiated
towards the osteogenic, adipogenic, or myogenic line-
ages in passage 6. The degree of differentiation was
assessed by lineage-specific functional assays, namely
Oil Red O stain for adipogenesis, Alizarin S stain for
osteogenesis and flow cytometry analysis for α-SMA
expression. Adipogenesis was confirmed by the pres-
ence of lipid droplets in the cytoplasm of the hHF-
MSCs derived from both the 2D and 3D cultures, as
evidenced by Oil Red O staining (Fig. 8a–h). To quan-
tify adipogenesis of hHF-MSCs under adipogenic cul-
ture conditions, the maximum absorption wavelength
of Oil Red O was determined at 515 nm (Fig. 8i)
and a s t anda rd cu rve was p lo t t ed (F ig . 8 j ) .
Biochemical quantification analysis showed there were
no statistically significant differences in the lipid accu-
mulation (Fig. 8k) between the hHF-MSCs derived from
the two cultures. In agreement with the findings of the
biochemical analysis, the results of the RT-PCR indicat-
ed that, under adipogenic culture conditions, the hHF-
MSCs from both the cultures expressed the adipogenic
gene, aP2 (Fig. 8l). Further, qPCR analysis confirmed
that there was no significant difference in the expression
level of aP2 (Fig. 8m) between the hHF-MSCs derived
from both the cultures.

Alizarin S staining showed that, under osteogenic cul-
ture conditions, calcium nodules were deposited on the
surface of the hHF-MSCs derived from both cultures
(Fig. 9a–h). To quantify osteogenesis of the hHF-MSCs
under osteogenic culture conditions, the maximum ab-
sorption wavelength of the calcium salt–Alizarin Red S com-
plex was determined at 555 nm (Fig. 9i) and a standard
curve was plotted (Fig. 9j). Biochemical quantification
demonstrated that under osteogenic culture conditions
there were no statistically significant differences in calci-
um deposition (Fig. 9k) between the hHF-MSCs derived

�Fig. 7 Staining of cell-surface markers on hHF-MSCs and flow
cytometry assay. hHF-MSCs in 2D and 3D cultures were
immunostained with cell-surface markers and subjected to flow
cytometry assay. The hHF-MSCs expressed CD44, CD73, CD90 and
CD105 (a–l). hHF-MSCs stained with secondary antibody served as the
negative control. Hoechst 33342 staining was performed to detect nuclear
localization. Representative images are shown from one of the 3
independent experiments. Scale bar 100 μm. Flow cytometry assay
results showing the expression of hHF-MSCs markers in the 2D or 3D
cultures (m–x). Gated data were plotted as the mean±SD of triplicate
samples from 3 independent experiments (y). Average fluorescence
intensity was plotted as the mean±SD of triplicate samples from 3
independent experiments (z)

80 Cell Tissue Res (2015) 362:69–86



from the two cultures. These data were in agreement with
the results of the PCR assay. RT-PCR analysis demonstrated
that, under osteogenic culture conditions, the hHF-MSCs
from both the cultures expressed the osteogenic gene,
RunX2 (Fig. 9l). However, there was no significant differ-
ence in the expression level of RunX2 (Fig. 9m) between
the hHF-MSCs from the two cultures.

As expected, immunofluorescence analysis showed that,
under myogenic culture conditions, the hHF-MSCs from both
the 2D and 3D cultures expressed α-SMA (Fig. 10a-c).
However, flow cytometry further revealed that more than
60 % of the hHF-MSCs in both cultures expressed α-SMA
and α-SMA profiles were similar in the 2D and 3D cultures
(Fig. 10d). These data were in agreement with the results of
the PCR assay. RT-PCR analysis demonstrated that, under
myogenic culture conditions, hHF-MSCs from both cultures
expressed the myogenic geneα-SMA (Fig. 10e). However, no
significant difference in the expression level of α-SMA
(Fig. 10f) was noted between the hHF-MSCs from the two
cultures.

Discussion

Mesenchymal stem cells represent a potentially powerful tool
in regenerative medicine, owing to their multi-lineage differ-
entiation potentials, wide variety of sources and remarkable
efficacies in tissue repair and regeneration. Ideally, the success
of any MSCs therapy relies upon the presence of large quan-
tities of autologous stem cells that possess a high proliferation
capacity and exhibit the potential for full differentiation
(Hodgkinson et al. 2009; Sun et al. 2011).

In the present study, we employed the CultiSpher®-G
microbeads as microcarriers for the 3D culture of hHF-
MSCs and spinning bottles as bioreactors to generate
hHF-MSCs on a large scale. It is noteworthy that the
hHF-MSCs displayed high proliferation potential over
several passages (n=3). As many as hundreds of millions
of hHF-MSCs were generated on 1 g of CultiSpher®-G in
the 3D culture within 12 days, wherein there was a 26-
fold increase in the cell number, significantly higher than
hBM-MSCs and human placenta derived MSCs (Chen

Fig. 8 Adipogenic differentiation assay. hHF-MSCs derived from the 2D
and 3D cultures were cultured in adipogenic differentiation medium for
2 weeks. Lipid droplets accumulating in the hHF-MSCs during
adipogenesis were stained red with Oil Red O (a–h) and quantified by a
biochemical assay (k). Representative images are shown from one of the
3 independent experiments. Scale bar 100 μm. The maximum absorption
wavelength of Oil Red O in isopropanol was determined at 515 nm (i).
The standard curve was created by plotting OD values against relative

concentrations of Oil Red O (R=0.9977) (j). Total RNA was extracted
from the hHF-MSCs during adipogenesis, reverse-transcribed to cDNA
and quantified by qPCR to determine the expression levels of the
adipogenic marker aP2 in hHF-MSCs. Reverse transcription and PCR
(l) and qPCR (m) showed no statistically significant differences in gene
expression levels during adipogenesis between hHF-MSCs in the 2D and
3D cultures

Cell Tissue Res (2015) 362:69–86 81



et al. 2011; Sun et al. 2010). Based on the average num-
ber of population doublings per passage (2.5–3.5), it was
estimated that hHF-MSCs underwent approximately ~36
population doublings during the first 12 passages. The
addition of the 8–10 population doublings that took place
during the initial isolation and expansion phase resulted in
~45 population doublings (Bajpai et al. 2012). This com-
pares favorably with previous reports estimating 13–25
population doublings for hBM-MSCs (Wagner et al.
2008), although a more accurate comparison would re-
quire that both hHF-MSCs and hBM-MSCs be isolated
from the same donors and account for sex and age differ-
ences. Regardless, during the first 2 weeks of cell isola-
tion, a single scalp hair follicle could give rise to approx-
imately 5×104 MSCs, which then undergo ~36 additional
population doublings yielding ~1015 cells (Bajpai et al.
2012). Given that the density of hair follicles in the scalp
is over 200 follicles/cm2 (Barman et al. 1965) and that
most of them are in the anagen phase for prolonged times,
the potential of hHF-MSC as a stem cell source for regen-
erative medicine is very promising. Further, the robust

expansion of hHF-MSCs precludes the potential risks of
tumorigenesis due to mutations caused by repeated
subculturing.

Conventional 2D cultures of stem cells suffer from several
limitations such as inherent variability between culture ves-
sels, lack of control of many culture parameters, low cell pro-
duction yields, high cost, labor intensiveness, technical han-
dling issues and an inability to expand within a short time for
further transplantation of stem cells, thus rendering them un-
suitable for clinical and industrial purposes (Chen et al. 2013;
Martin et al. 2011; Yuan et al. 2012). Moreover, replicative
cell senescence and terminal differentiation potential associat-
ed with repeated subculturing for scaled-up generation of
MSCs, hinder its feasibility in cell therapy. It is therefore im-
perative to employ the 3D cell culture approach for large-scale
production of MSCs, in particular with the use of
microcarriers in bioreactors. Accumulating data on 3D stem
cell culture suggest that they are reproducible, scalable and
cost-effective, maintain stem cell potency as well as facilitate
stem cell expansion and, therefore, demonstrate high feasibil-
ity in clinical practice (Chen et al. 2013; Martin et al. 2011;

Fig. 9 Osteogenic differentiation assay. The hHF-MSCs derived from
the 2D and 3D cultures were cultured in osteogenic differentiation
medium for 4 weeks. Calcium salt accumulated in the hHF-MSCs
under osteogenic differentiation conditions and stained red with
Alizarin Red S (a–h) and quantified by a biochemical assay (k).
Representative images are shown from one of 3 independent
experiments. Scale bar 100 μm. The maximum absorption wavelength
of the calcium salt–Alizarin Red S in 10 % cetylpyridinium chloride was

determined at 555 nm (i). The standard curve was created by plotting OD
values against relative concentrations of calcium salt–Alizarin Red S (R=
0.9986) (j). Total RNA was extracted from the hHF-MSCs during
osteogenesis, reverse-transcribed to cDNA and quantified by qPCR to
determine the expression levels of the osteogenic marker RunX2.
Reverse transcription and PCR (l) and qPCR (m) showed no
statistically significant differences in the gene expression levels during
osteogenesis between hHF-MSCs in the 2D and 3D cultures
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Yuan et al. 2012). The use of microbeads as microcarriers for
3D cell culture has displayed promising results over 2D cul-
ture in obtaining MSCs on a large scale (Choi et al. 2011; Liu
et al. 2004b; Schop et al. 2010; Timmins et al. 2012; Yuan
et al. 2012). The macroporous, CultiSpher microcarriers have
a high surface area to volume ratio, thus providing larger cell
culture surfaces within a defined culture space.

Several previous studies have demonstrated CultiSpher to
yield the highest seeding efficiency and growth, achieving a
higher fold expansion and a greater final cell density (Rubin
et al. 2007; Timmins et al. 2012; Wu et al. 2003). Several
reports have demonstrated the use of the gelatin-based biode-
gradable CultiSpher microcarriers for direct transplantation
(Chen et al. 2011, 2013; Liu et al. 2004b; Yang et al. 2007;
Zhou et al. 2011). Yang et al. employed these microcarriers for
in vivo transplantation, wherein the rat BM-MSCs entrapped
in the microspheres were implanted into bone defects (Yang
et al. 2007). Another study by Chen et al. used these
microcarriers for in vitro generation of centimeter-sized bone
tissue (Chen et al. 2011). Zhou et al. used experimentally
produced biodegradableMCs like gelatin beads and fabricated
micronized dermal matrix and small intestinal sub mucosa for
direct implantation into mice (Zhou et al. 2011). Owing to the

biodegradability and a good biocompatibility of this
microcarrier matrix in the body, the gelatin microbeads could
not only be used asmicrocarriers for 3D culture but also as cell
delivery vehicles in direct transplantation. By using gelatin
microbeads as carriers for cell culture, earlier studies amplified
hBM-MSCs or human adipose-derivedMSCs, which retained
their cell surface markers and multipotency (Kim et al. 2009;
Rubin et al. 2007). Direct administration of autologous
keratinocytes or melanocytes cultured on macroporous gelatin
microbeads have successfully resurfaced diabetic leg ulcers or
re-pigmented vitiligo (Liu et al. 2004a, b).

The main component of CultiSpher®-G microbeads is
gelatin. The gelatin coating affects engagement of cell
adhesion molecules (e.g., integrins), which influence
proliferation activity and cell survival. Thus, 2D culture
on gelatin-coated culture dishes was used as a control to
exclude the possibility that the gelatin influences prolif-
eration. To visualize the localization of hHF-MSCs on
the CultiSpher®-G microspheres, acridine orange stain-
ing was performed. Acridine orange is a sensitive fluo-
rescent dye that fluoresces green when bound to dsDNA
and red when bound to ssDNA or RNA. The green and
red fluorescence images are presented individually

Fig. 10 Myogenic differentiation assay. The hHF-MSCs derived from
the 2D and 3D cultures were cultured in myogenic differentiation
medium for 1 week. Immunofluorescence analysis showed that the
hHF-MSCs from both the 2D and 3D cultures expressed α-SMA (a–c).
hHF-MSCs stained with secondary antibody served as the negative
control. Hoechst 33342 staining was performed to detect nuclear
localization. Representative images are shown from one of 3
independent experiments. Scale bar 20 μm. Flow cytometry assay of
hHF-MSCs in both the 2D and 3D cultures expressed α-SMA.

Percentage of α-SMA positive cells was plotted as the mean±SD of
triplicate samples from 3 independent experiments (d). Total RNA was
extracted from the hHF-MSCs during myogenesis, reverse-transcribed to
cDNA and quantified by qPCR to determine the expression levels of the
myogenic marker, α-SMA. Reverse transcription and PCR (e) and qPCR
(f) showed no statistically significant differences in the gene expression
levels during myogenesis between the hHF-MSCs in the 2D and 3D
cultures
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(Fig. 2a–n). The hHF-MSCs were found to be distribut-
ed on the surface of the gelatin microbeads and exhib-
ited high cell numbers. Next, we performed a cell pro-
liferation assay with Bclick^ chemistry to detect the pro-
gression of S-phase in hHF-MSCs.

In 3D culture, hHF-MSC expansion began with a 1-day lag
phase prior to exponential growth, although lag phase growth
rates did not differ in cultures seeded at different densities. In
contrast, the length of the lag phase was inversely proportional
to initial seeding density in 2D culture. This phenomenon
resulted in supernal average and maximum growth rates for
hHF-MSCs expanded in 3D culture versus those in 2D cul-
ture. In our experiment, EdU was incorporated by hHF-MSCs
derived from 2D and 3D cultures at day 6, indicating active
DNA synthesis consistent with the cell proliferation curves in
exponential phase. Meanwhile, Annexin V staining showed
that hHF-MSCs in 3D culture hardly undergo apoptosis as
cells in the 2D culture do.

The hHF-MSCs derived from 3D and 2D cultures
expressed MSCs markers CD44, CD73, CD90 and CD105,
as well as nestin (Fig. 7m–x). Previous studies have shown
that nestin-expressing hair follicle stem cells differentiate into
neurons (Amoh et al. 2005c; Duong et al. 2012; Hoffman
2006, 2007; Mii et al. 2013). Thus, the hHF-MSCs derived
from 3D culture possess great therapeutic potential.

Multipotency is a hallmark of MSCs differentiation
(Jahoda et al. 2003; Liu et al. 2010; Minguell et al. 2001).
Self-renewal and multipotent differentiation potential, which
are determined by intrinsic cell regulatory elements and the
external environment, are the main characteristics of MSCs
(Jaenisch and Bird 2003; Ji et al. 2011; Minguell et al.
2001). The success of stem cell therapy depends not only upon
the quantities of cells harvested but also on the multipotency
of MSCs. Therefore, the maintenance of multipotent MSCs is
of great interest (Martin et al. 2011; Sun et al. 2011). bFGF is a
well-known growth factor in the maintenance of the self-
renewing and multipotent differentiation capacities of the
MSCs (Ito et al. 2007; Li and Zhao 2014; Liu et al. 2010;
Zhang et al. 2013). As a consequence, bFGF was used as a
routine supplement in our culture medium system to maintain
the self-renewal and multipotency of the hHF-MSCs. Indeed,
above 80 % of hHF-MSCs cultured on the CultiSpher®-G in
3D culture remained in G0/G1 phase, indicating that they
were quiescent (Minguell et al. 2001). Furthermore, the
hHF-MSCs in the 3D culture retained their potential to differ-
entiate towards adipocytes, osteoblasts and myoblasts as did
those in the 2D culture. Moreover, the biochemical quantifi-
cation, flow cytometry analysis and qPCR assays revealed that
there were no significant differences between the adipogenic,
osteogenic and myoblasts differentiation of the hHF-MSCs
from the 2D and 3D cultures.

To the best of our knowledge, the present study is the first
of its kind to quantify adipogenesis and osteogenesis of hHF-

MSCs by biochemical analysis. Until now, the assessment of
the differentiation of MSCs to mesoderm lineages has only
been demonstrated by immunohistochemical analysis without
a quantitative assessment of the differentiation efficiency to a
specific lineage (Chen et al. 2013; in’ t Anker et al. 2003). To
accurately assess adipogenesis and osteogenesis of the hHF-
MSCs derived from 2D and 3D cultures, we quantified the
concentrations of Oil Red O or calcium salt–Alizarin Red S
complexes accumulated in the hHF-MSCs. Interestingly, the
findings of the biochemical analysis were corroborated by
those of the qPCR assay, wherein there were no statistically
significant differences in the levels of the gene expressions of
the adipogenic gene, aP2 and the osteogenic gene, RunX2, in
the hHF-MSCs derived from the 2D and 3D cultures.

In conclusion, we demonstrated the robust in vitro long-
term expansion of hHF-MSCs by using CultiSpher®-G
microcarriers. Further, our study proved the feasibility of
hHF-MSC/CultiSpher®-G microcarrier constructs in 3D cul-
ture for their potential applicability in regenerative medicine.
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