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Abstract
Stem cells are a group of undifferentiated cells capable of regenerating somatic cells through cell division and differentiation. Among the
lineage of stem cells, human mesenchymal stem cells (hMSCs) are adult stem cells that can be isolated from human tissues such as bone
marrow, adipose tissues and amniotic fluids. Due to the ability of high differentiability into multiple lineages of different cell types, it is highly
valuable in regenerative medicine. However, low consistent maintenance of differentiability and potency of stem cells, as well as expensive
cultivation of stem cells impede the research and application of hMSCs in current medical fields. Hence, it is urging to find a more defined,
low cost culture media in expansion of hMSCs without reducing its differentiability and potency. In this study, we demonstrated a well-defined
xeno-free conditioned medium containing human basic fibroblast growth factor (FGF2) for hMSCs cultivation. Our results showed enhanced
proliferation activity and successful maintenance of the elongated and spiral morphologies of hMSCs cultured in our conditioned medium
supplemented with100 ng/mL FGF2. More importantly, the undifferentiability of hMSCs was also validated by FACS, microscopy, qPCR and
Western Blotting. We believe the present fine- tuned growth medium could be utilized for mass production of hMSCs.
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Introduction
Due to its high accessibility, proliferation potential, inherent
immunomodulatory, reparative properties and multiple differentiation capability,
human mesenchymal stem cells (hMSCs) have been widely used as a reliable
cell source for stem cell therapy, tissue engineering, drug discovery and
disease modeling [1-9]. hMSCs are readily to be obtained conveniently and
directly from bone marrow, adipose tissue, amniotic fluid (AF), umbilical cord
and placenta for the seed culture of cell expansion [1,10]. While the potential of
hMSCs has been confirmed by many researchers for therapeutic treatments, in
order to meet the escalating clinical demands adequately, challenges still lie on
stable and scalable expansion of cells.
Our team has been pinpointing at the development of a cost- effective
approach for manufacturing of human stem cell. Selection of the growth
medium is a crucial step for the efficacy of the expansion. Animal serum is
widely utilized as a source of growth factors in growth medium [11,12]. However,
the composition of animal serum is inconstant and unstable, and it is necessary
to be tested on their suitability before use, and that would raise the operating costs
tremendously [11,12]. Besides, the uncertain composition of serum possesses
risks of transmission of infectious agents or contaminant of bacteria, fungi or
virus. In view of the abovementioned drawbacks of serum containing growth
medium, our team have been devoted in establishing a novel cell culture medium
under serum-free conditions resulting in better consistency, lower operation cost
and free-of- infection [11,12].
Human basic fibroblast growth factor (FGF2) is a well-known growth
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factor which is capable of replicating various types of stem cells from different
sources [13-18]. Addition of FGF2 in cell culture medium efficiently promotes the
proliferation, self-renewal and polypotencies of the human embryonic stem
cells under feeder-free medium [19,20].
In view of the authenticity and high bioactivity of FGF2 produced by our
recent developed 293T expression system, we have attempted to make use
of the FGF2 to formulate a cost-effective growth medium for hMSCs cultivation [15].
In this communication, we hereby report our success in employing a finetuned growth medium containing 100 ng/mL FGF2 for hMSCs expansion. The
refined-hMSCs expansion protocol was shown to attain 0.8 × 105 hMSCs cells
per ml within 96 hours and confirmed to maintain 99% cell viability and hMSCs
identity.

Materials and Methods
Cell Culture and Transfection
Human mesenchymal stem cells extracted from bone marrow were
purchased from Merck-Millipore. Cells were either cultured in Human
Mesenchymal-XF Expansion Medium or in conditioned, xeno-free medium with
Dulbecco's Modified Eagle's Medium (DMEM) (Life Technologies, CA, USA)
supplemented with 2% human platelet lysate, 1% Glutamax (Life Technologies,
CA, USA), 1% Penicillin-Streptomycin (Life Technologies, CA, USA) and
different concentration of FGF2 at humidified incubator maintained in 37°C
and 5% CO2. Cells were plated at density of 5,000 cells per cm2 when 80%
confluency is reached. All culture plates were coated with 0.1% gelatin solution
for 30 minutes at room temperature before plating. Cell media were changed
in daily basis.

hMSC Proliferation Rates
hMSCs were plated on 96 well plates and cultured in Human MesenchymalXF Expansion Medium or in conditioned, xeno-free media. The viabilities of the
cells were determined by adding MTT to a final concentration of 1 mg/mL and
incubated at 37°C for 6 hours [21]. The medium was then replaced with DMSO
and the absorbance was measured in micro-plate reader at 540 nm.
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To measure the proliferation of hMSCs, cells were cultured in different
media for 2, 3, and 4 days before treating with trypsin. The trypsinized cells
were then stained with trypan blue and the viable cells were counted using
Thermo Fisher Countess II Automated Cell counter.

Immunocytochemistry
Cells were plated onto gelatin-coated coverslip for imaging. The cells
were washed with ice-cold PBS twice, and then fixed in 4% paraformaldehyde
for 30 min at room temperature. The cells were subsequently blocked in 4%
normal donkey serum and incubated with mouse monoclonal CD44 (1:500,
CBL154), THY-1 (1:500, CBL415), STRO-1 (1:500, MAB4315), CD146 (1:500,
MAB16985), CD14 (1:500, MAB1219) or CD19 (1:500, MAB1794) for overnight
at 4°C.
After washing with PBS thrice, the cells were stained with goat Alexa Fluor
647-conjugated anti-mouse antibody (1:1000, Invitrogen) and counterstained
with DAPI for 1 hour at room temperature. The cells were then washed with
PBS thrice before mounting on glass slides with ProLong Antifade Mountants
(Thermo Fisher) for viewing.

Morphological analysis
Phase-contrast images were taken with a Nikon Eclipse Ti Inverted
microscope. Images taken were analyzed with ImageJ software as previously
described. Briefly, the cell’s area and Feret’s diameter were measured with the
plug-in ‘measure and label’. The hMSCs were plated and allowed to grow for 3
days before measurement. 100 cells from each culture media were measured
and the experiments were performed triplicate independently. The data were
then plotted on a dot plot displaying area against maximum cellular diameter.

Fluorescence Activated Cell Sorting (FACS)
Cells in 100 mm culture dish were trypsinized and washed with ice-cold
PBS thrice. The cells were then fixed with ice-cold ethanol for 30 min at 4°C.
After fixation, the cells were incubated in 1% BSA in PBS before blocking in 4%
normal donkey serum for 30 min. Cells were then stained with the same primary
antibodies in the immunocytochemistry section. After washing, the cells were
stained with goat Alexa Fluor 488-conjugated anti-mouse antibody (Invitrogen)
for 30 min at room temperature. The cells were then consequently washed and
resuspended in PBS and analyzed on a BD FACSAria III (BD Bioscience).

mRNA Quantification
Total RNAs from hMSCs monolayer were extracted using RNAzol reagent
(Molecular Research Center) according to manufacturer's instruction. The
yields of RNA were quantified with Nanodrop (Thermo Fisher). 100 ug of RNA
was reverse transcribed with GoScript Reverse Transcriptase (Promega)
using oligo (dT)15 primer according to manufacturer's instruction. The
mRNA levels of the target genes were quantified with LightCycler 480 qPCR
machine (Roche) with LightCycler 480 SYBR Green I master-mix according to
manufacturer's instruction. Gene expressions were normalized against 18S
rRNA and calculated with 2'ct. All samples were running as triplicates. The
mean gene expressions were calculated within 3 independent experiments.

Results
Optimization of FGF2 concentration in xeno-free medium
Previous reports have shown that the addition of fibroblast growth factor 2
(FGF2) inhibited the differentiation of human mesenchymal stem cells (hMSCs)
resulting in maintaining intact differentiability [22]. According to manufacturer's
instruction, the hMSCs are grown optimally in the commercial Human
Mesenchymal XF expansion medium containing human serum, with the addition
of 8 ng/mL FGF2 to maintain the highest proliferation rate. The present study
intended to decrease the cost of culturing hMSCs by conditioning concentration
of FGF2 in DMEM to replace the use of proprietary medium. Hence, we
formulated a xeno-free recipe of conditioned medium with DMEM supplied
with 2% human platelet lysate, 1% Glutamax, 1% penicillin/ streptomycin and
0, 8, 20, 50, 100, 150, 200, and 500 ng/mL of FGF2 for 50 passages. The cell
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viabilities were measured by MTT assay in day- course. Compared with the
commercial XF expansion medium, our conditioned medium indeed lowered
the proliferation rate of hMSCs when the FGF2 concentration was low (Figure
1A). However, starting from 50 ng/mL FGF2 in conditioned medium, the cultured
cells showed a comparable proliferation rate to the commercial medium.
Maximum hMSCs proliferation rate was shown when the conditioned medium
was supplied with 100 ng/mL FGF2, while conditioned media with 150 ng/mL
or more FGF2 showed no obvious effect on cell proliferation (Figure 1A). We
repeated the cell proliferation assay by counting viable cells at different days of
culture at passage number 10, similar results showing the FGF2 concentration
at 100 ng/mL provided adequate growth stimulation (Figure 1B). Viable hMSCs
cultured in conditioned medium with lower FGF2 concentration 0, 8, 20 ng/mL
could only reach 6,000, 6,200, and 9,500 cells per cm2 respectively (Figure 1B).
The hMSCs grown in both commercial medium and conditioned medium with
50 ng/mL FGF2 took approximately 96 hours to reach 0.7 × 105 viable cells
per cm2. Consequently, the proliferation rate was further enhanced that only
96 hours was taken to reach 0.8 × 105 viable hMSCs per cm2, with more than
95% cell viability, when a final concentration of 100 ng/mL FGF2 was provided
in the conditioned medium.

Validation of hMSCs with microscopy
Although the conditioned medium with a high concentration of FGF2
supports the growth of hMSCs, the validity of stem cell markers is still to be
confirmed. We maintained hMSCs until passage number 10 for 4 days in
commercial XF expansion medium, and conditioned medium with 0 or 100 ng/
mL FGF2 supplements and the cells were observed under a phase contrast
microscope. The cells cultured in both the commercial XF expansion medium
and conditioned medium with 100 ng/mL FGF2 have displayed a spiral and
pointy morphology (Figures 2A and 2C). While the cells cultured in conditioned
media without FGF2 supplements showed more flattened, epithelial type
morphologies (Figure 2B). To further characterize the morphologies of hMSCs
in different culture media, 100 cells were randomly picked from each culture
medium and measured the cellular area and maximum cellular diameter.
Results were shown on a dot-plot graph (Figure 2D). Over 90% of the cells
cultured in conditioned medium with 100 ng/mL FGF2 displayed a < 8000
μm2 area and a < 250 μm maximum diameter, which is smaller than the cells
cultured with conditioned medium with 0 ng/mL FGF2 (Figure 2B). hMSCs
cultured in different media were subsequently stained with mesenchymal stem
cell surface marker CD44 and epithelial marker CD146. The cells cultured in
both the commercial XF expansion medium and conditioned medium with 100
ng/mL FGF2 were all stained positive with mesenchymal stem cell markers
CD44, and negative for epithelial marker CD146 (Figures 3A and 3B).
While, the cells cultured without FGF2 supplement were stained negative for
mesenchymal stem cell marker (Figure 3A) and positive for non-MSC marker
(Figure 3B).

Validation of hMSCs with FACS
To further validate the population of multipotent stem cells in different
culture media, fluorescence assisted cell sorting (FACS) was utilized for the
measurement of stem cell markers in each fraction of the hMSCs cultured in
the commercial XF expansion medium and conditioned medium. Consistent
with the immunocytochemistry data, at least 90% of cells cultured in the
commercial XF expansion medium and conditioned medium with 100, and 500
ng/mL FGF2 were counted positive for stem cell markers THY-1, and STRO-1
(Figures 4A and 4B). The cells were also stained and found negative for epithelial
marker CD146 (Figure 4C). While the cell grown in conditioned media without
FGF2 supplements were found to be negative with mesenchymal stem cell
markers and positive for non-MSC marker (Figure 4).

Validation of hMSCs with qPCR and Western Blotting
To eliminate the possible artifacts due to antibody staining, we further
validate the population of multipotent stem cells in different culture media
utilizing quantitative polymerase chain reaction (qPCR). We employed target
specific probes designed with a high specificity to the positive stem cell
markers CD44, THY-1 and STRO-1 (Figure 5A). The mRNA expression levels
of designated markers were quantified, which further confirmed the hMSCs
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Figure 1: Proliferation of hMSC in different media. (A) hMSCs were grown at commercial Human Mesenchymal XF expansion medium with 8 ng/mL FGF2, or conditioned medium
containing DMEM supplied with 2% human platelet lysate, 1% Glutamax, 1% penicillin/streptomycin and 0, 8, 20, 50, 100, 150, 200, and 500 ng/mL of FGF2 for 20 passages. The
proliferation rates were measured by MTT assay. (B) At passage number 10, 5,000 cells/cm2 hMSCs were plated at 6 well-plates and cultured in commercial Human Mesenchymal
XF expansion medium with 8 ng/mL FGF2, or conditioned medium containing DMEM supplied with 2% human platelet lysate, 1% Glutamax, 1% penicillin/streptomycin and 0, 8, 20,
50 and 100 ng/mL of FGF2. At the designated time points the cells were harvested and viable cells were counted.
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Figure 2: Validation of hMSC with microscopy (A) Wide-field images of hMSCs grown at commercial Human Mesenchymal XF expansion medium with 8 ng/mL FGF2, conditioned
medium with(B) 0 and (C) 100 ng/mL of FGF2 respectively. (D) Dot blots presenting the morphological analysis on hMCSs grown in different media.

cultured in the commercial XF expansion medium and conditioned medium
with 100 ng/mL FGF2 have shown similar expression levels for those stem
cells markers. The cells showed no mRNA expression for epithelial marker
CD146, and hematopoietic stem cells markers CD14 and CD19 (Figure
5B). While the cell cultured in media without FGF2 supplements showed no
detectable mRNA level with mesenchymal stem cell markers (Figure 5A). In
contrast, positive mRNA level for epithelial marker CD146 was shown (Figure
5B). None of cells expressed hematopoietic stem cell markers CD14 and CD19
(Figure 5B).
To confirm the result from qPCR, Western blot was employed
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to check

the expression level of stem cell markers CD44 and THY-1. Antibodies that
are specific to the stem cell markers were employed. Consistent with the
previous results, the hMSCs cultured in the commercial XF expansion medium
and conditioned medium with 100 ng/mL FGF2 showed positive for the stem
cells markers CD44 and THY-1, while it showed negative for epithelial marker
CD146. Moreover, the cells cultured in media without FGF2 supplements were
negative for mesenchymal stem cell markers and positive for non-MSC markers
(Figure 5C).

Discussion
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Figure 3: Validation of hMSC with microscopy. Fluorescent images of hMSC cultured in commercial Human Mesenchymal XF expansion medium with
8 ng/mL FGF2, conditioned medium with 0 and 100 ng/mL FGF2. Cells were stained with (A) MSC marker CD44, (B) epithelial marker CD146 and
counterstained with DAPI.
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Figure 4: Validation of hMSC with FACS. Represented histogram of hMSCs grown at commercial Human Mesenchymal XF expansion medium with 8 ng/mL FGF2, conditioned
medium with 0 and 100 ng/mL FGF2 stained with MSC markers (A) THY-1 and (B) STRO-1 and (C) epithelial marker CD146.

Despite the merits of stem cell in cell therapy, the applications of stem
of regenerative medicine such as human stem cell and growth factors [14].
Figure 4: Validation of hMSC with FACS. Represented histogram of hMSCs grown at commercial Human Mesenchymal XF expansion medium with
cell have so far been limited to the high production cost that requires expensive
Human basic fibroblast growth factor (FGF2) has been efficiently expressed
8 ng/mL FGF2, conditioned medium with 0 and 100 ng/mL FGF2 stained with MSC markers (A) THY-1 and (B) STRO-1 and (C) epithelial marker
commercial growth media, such as XF Medium, Essential medium etc
in human embryonic kidney 293T cell. Due to the high yield of production
CD146.
[3,4,8,10,23,24]. Although the use of serum could reduce the cost, the unknown
of FGF2 in 293T cells, we have been exploring the use of FGF2 to develop
variables, such as existence of virus, allergens, could be problematic when
an efficient xeno-free conditioned medium for stem cell expansion. To test
entering into clinical trials [11,12]. In order to promote the transition of stem cell
the ability of the FGF2 to support hMSCs culture, hMSCs were cultured in
from basic research to clinical applications, the development of cost-effective
commercial XF medium and conditioned medium supplemented with various
xeno-free media for robust expansion of human stem is absolute important.
concentration of FGF2.
Our group has been interested in the development and applications
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Our data from cell migration assay confirmed the essential role of FGF2 in
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Figure 5: Validation of hMSC with qPCR and Western Blotting. mRNA from hMSCs grown at commercial Human Mesenchymal XF expansion medium with 8 ng/mL FGF2, conditioned
medium with 0 and 100 ng/mL FGF2 were extracted and measured by qPCR. Expression level of (A) MSC markers CD44, THY-1 and STRO-1, (B) epithelial marker CD146, and
hematopoietic stem cells markers CD14 and CD19. (C) Western Blot of the hMSCs grown at different media probed with antibodies against CD44, THY-1, and CD146. Lane 1:
commercial medium, Lane 2: conditioned medium with 0 ng/mL FGF2, Lane 3: conditioned medium with 100 ng/mL FGF2

Figure 5: Validation of hMSC with qPCR and Western Blotting. mRNA from hMSCs grown at commercial Human Mesenchymal XF expans
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It is noteworthy that the morphology of cells grown in conditioned medium
with concentration of 100 ng/mL or more FGF2 was more elongated and spinalshaped compared with cells grown in medium without FGF2 (Figure 2). The
cells cultured in medium with 100 ng/ mL FGF2, showed a shorter maximum
cellular diameter and smaller cellular area than its counterpart cultured in
media without FGF supplements. Such morphology is the intrinsic standard of
hMSCs to be capable of growing at much higher densities and manifesting the
multipotency [25].
CD44, THY-1 and STRO-1 are the best-known hMSCs markers [10,2527].The multi-structural glycoprotein, CD44 and THY-1, expressed on
the membrane surface can trigger various cellular functions including
differentiation, proliferation, cell adhesion and apoptosis. The hMSCs
enriched with STRO-1 promote the differentiation of the cell into multiple
mesenchymal lineages, such as bone marrow stromal cells, adipocytes,
osteoblasts, fibroblasts and myoblasts [26]. The hMSCs supplemented with
FGF2 were shown to be positive in putative hMSCs surface marker CD44 and
negative in hematologic marker CD19 under fluorescent microscope. Results
from western blot and qPCR analysis further validated the undifferentiated
properties of hMSCs derived in cultures with FGF2 supplements. More
excitingly, when hMSCs, grown in media supplemented with FGF2, had been
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Conclusion

The combination of cell viabilities, flow cytometry, morphological and
immunocytochemistry characterization indicates that the addition of FGF2
is essential for the growth of undifferentiated hMSCs. Furthermore, the use
of our fine-tuned culture medium supplemented with 100 ng/mL not only
can efficiently facilitate the expansion of hMSCs, but it also can maintain its
multipotency of differentiation into multiple lineages. This development could
be helpful in the cost- effective and scalable manufacturing of hMSCs cultures
for commercial and therapeutic applications.
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