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Introduction 
Adult mesenchymal stem cells (MSCs) isolated from bone marrow 

(BM) have been an important source of stem cells for stem cell based 
therapies for the past several years [1,2]. Besides their regenerative 
capacity, there are certain limitations associated with BM-MSCs such 
as tissue site morbidity, low cell numbers and painful procedure for 
procuring the tissue [3,4]; therefore, several alternative sources of 
MSCs have been sought. MSCs have been expanded from adipose 
tissue [5], skeletal muscle [6], umbilical cord [7], amniotic fluid [8], 
dental pulp tissue [9] and numerous other tissues [10]. 

Dental pulp stem cells (DPSCs) have been reported to exhibit 
multipotent differentiation capacity into various cell lineages such 
as adipocytes, osteocytes, chondrocytes, and myocytes in vitro [11]; 
including in vivo studies showing differentiation of DPSCs into 
odontoblasts [12], neural cells [13], and in cardiac repair by improving 
angiogenesis [14]. Moreover, there are several animal studies reporting 
the potential of DPSCs in regenerating bone [15,16,17] and one clinical 
study showing the successful use of DPSCs in bone augmentation in 

tooth extraction sockets [18]. Apart from their osteogenic regenerative 
potential, it has been reported that DPSCs display increased 
immunosuppressive activity when compared with BM-MSCs [19]. 
Because of the multipotent nature and immunomodulatory properties 
of DPSCs [20], they may be an important source of MSCs for stem cell 
based therapies. 

Furthermore, for cell based therapies, experimental concerns 
caused due to current cell culture protocols comprising of animal 
derived components needs to be eliminated. There are several 
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Abstract
Introduction: Dental pulp stem cells (DPSCs) are an accessible cell source with therapeutic applicability in 

regeneration of damaged tissues. Current techniques for expansion of DPSCs require the use of Fetal Bovine Serum 
(FBS). However, animal-derived reagents stage safety issues in clinical therapy. By expanding DPSCs in serumfree/
xenofree medium (SF/XF-M) or in medium containing human serum (HS-M), the problems can be eliminated. 
Therefore, the aim of our study was to identify suitable cell culture media alternatives for DPSCs. 

Methods: We studied the isolation, proliferation, morphology, cell surface markers (CD29, CD44, CD90, 
CD105, CD31, CD45 and CD146), stemness markers expression (Oct3/4, Sox2, Nanog and SSEA-4) and in vitro 
multilineage differentiation of DPSCs in HS-M or SF/XF-M in comparison to FBS-M. 

Results: DPSCs expressed the cell surface and stemness markers in all studied conditions. The proliferation 
analysis of cells cultured in different HS concentrations revealed that cells isolated in 20% HS-M and passaged in 
10% or 15% HS-M supported the cell growth. Direct isolation of cells in SF/XF-M did not support cell proliferation. 
Therefore, cells cultured in 20% HS-M were used for further SF/XF-M studies. However, proliferation of DPSCs 
was significantly lower in SF/XF-M when compared with cells cultured in FBS-M and HS-M. In addition, proliferation 
of DPSCs in SF/XF-M could be enhanced by addition of 1% HS in cell culture medium. There were differences in 
osteogenic, chondrogenic and adipogenic differentiation efficacy between cells cultured in FBS, HS and SF/XF 
differentation media. More pronounced adipogenic and osteogenic differentiation was observed in HS differentiation 
medium, however, in FBS-M cultured cells more effective chondrogenic differentiation was detected. 

Conclusions: Our results indicate that HS is a suitable alternative to FBS for the expansion of DPSCs. The 
composition of SF/XF-M needs to be further optimized in terms of cell expandability and differentiation efficiency to 
reach clinical applicability.
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problems encountered by expanding and differentiating cells in 
Fetal Bovine Serum (FBS) which are associated with possible allergic 
reactions caused by FBS proteins internalized in the stem cells and 
risks of transmitting viruses, prions, bacteria, yeast or endotoxins upon 
transplantation [21,22,23]. Also, the concentration of growth factors or 
bulk proteins in complex FBS may vary between lot to lot [24], hence 
leading to difficulty in maintaining a consistent cell culture protocol. 
To address these problems, various alternatives have been explored 
by several investigators to maintain proliferation and differentiation 
of MSCs. Among these are human blood derived alternatives such 
as autologous human serum (autoHS), allogenic Human Serum 
(alloHS) [25], human platelet lysates [26], umbilical cord blood serum 
[27] and autologous plasma derived from bone marrow (AP) [28]. 
There are several investigations on the efficacy of alloHS, autoHS and 
AP as an option to FBS for BM-MSCs culture [29,30] but none for 
DPSCs. However, conflicting data on the use autoHS and alloHS has 
been reported, where the BM-MSCs proliferated at a slower rate and 
diminished differentiation capability was observed [31,32]. Conversely, 
autoHS and alloHS have been reported to maintain the proliferation and 
differentiation of MSCs as effectively as FBS [33,34,35]. Most recently, 
a study conducted in vitro and in vivo showed that HS was as efficient as 
FBS in supporting proliferation and differentiation of BM-MSCs [30]. 
In order to overcome the inconsistent performance associated with HS, 
a robust serumfree/ xenofree medium (SF/XF-M) for MSCs culture has 
to be developed. The use of chemically defined SF/XF-M could result in 
eliminating lot to lot variability issues, possible immune reactions and 
associated complications [36]. Interestingly, a study from our group 
has shown the ability of adipose tissue derived mesenchymal stem cells 
(AD-MSCs) to maintain the multipotent differentiation capacity and 
to proliferate better in SF/XF conditions in comparison to HS and FBS 
culture conditions [37], whereas, there are lack of reports related to the 
response of SF/XF medium on DPSCs. However, the effect of different 
serum free media comprising of xenogenic growth factors on DPSCs 
proliferation or colony formation have been reported [38]. 

Taken together, it is important to elucidate the effect of HS and 
SF/XF media on DPSCs isolation and expandability before using them 
for clinical therapies. In this study, DPSCs were expanded in HS or 
SF/XF media by using xenofree supplements to limit the possibility of 
xenogenic contaminations. We studied the morphology, cell surface 
marker expression and proliferation rate of the DPSCs cultured in FBS, 
HS or SF/XF media. Subsequently, we studied expression of cell surface 
stage-specific embryonic antigen (SSEA)-4 as well as intracellular 

stemness markers octamer-binding transcription factor (Oct3/4), SRY 
(sex determining region Y) box-2 (Sox2) and Nanog to further analyze 
the stemness of DPSCs cultured in different media. Moreover, we 
investigated the multilineage differentiation potential of DPSCs into 
osteogenic, adipogenic and chondrogenic lineages in different culture 
conditions. 

Material and Methods
Cell isolation and culture

Human impacted third molars were obtained with informed 
written consent from Finnish Student Health Services, Tampere, 
Finland. The Ethics Committee, of the Pirkanmaa Hospital District, 
Tampere, Finland (R06009), approved the collection of stem cells 
from tooth samples specifically for this study. Human dental pulp 
explants were obtained from partially or completely impacted third 
molar teeth of 4 patients, aged 21-26 years (23 ± 2.5 years). The pulp 
tissue explants were brought from the health centre to the laboratory 
in Dulbecco’s Phosphate buffered saline (PBS; BioWhittaker Lonza, 
Verviers, Belgium) containing 2% antibiotics/antimycotics (a/a; 100 U/
ml penicillin, 0.1 mg/mL streptomycin and 0.25 µg/mL amphotericin 
B; Life Technologies, Paisley, Scotland, UK). The dental pulp tissue 
fragments were minced by using sterilized scalpels and digested 
in collagenase type I 3 mg/ml (Invitrogen) and dispose 4 mg/ml 
(Invitrogen) for 1 hour at 37°C. Once digestion was completed the 
obtained cell pellet was suspended in 600 µl of PBS and was passed 
through a 100 µm cell strainer (Falcon, BD Labware, Franklin lakes, NJ, 
USA). The isolated dental pulp stem cells (DPSCs) were cultured in two 
different media (1) Dulbecco’s modified Eagle medium (DMEM)/F-12 
1:1 (Gibco Life Technologies, Paisley, UK) supplemented with 1% 
l-analyl-l-glutamine (Gluta-MAX I; Life Technologies), 1% a/a and 
10% fetal bovine serum (FBS; Invitrogen, Paisley, UK) (FBS-M) and 
(2) (DMEM)/F-12 1:1 supplemented with Gluta-MAX I, 1% a/a and 
20% allogenic Human Serum (HS; PAA Laboratories GmbH, Pasching, 
Austria) (HS-M).

Further, DPSCs expanded in HS-M were used for testing 
StemPro® MSC xenofree, serumfree/xenofree medium (SF/XF-M; 
Life Technologies), where culture wells were coated with CELLstart 
(Life Technologies) to assist in cell attachment (Table 1). Initially, 
DPSCs were directly cultured in SF/XF-M on carboxyl, amine (BD 
Biosciences) or CELLstart coated culture plates but cells did not 
proliferate; therefore, cells cultured in HS-M were later cultured in SF/

Medium Abbreviation Basal Serum Xenofree Coating Supplementation
medium

Fetal FBS-M DMEM/F 10% No No 1% GlutaMAX,
Bovine -12 FBS 1% a/a
Serum-
Medium
Human HS-M DMEM/F 20% Yes No 1% GlutaMAX,
Serum- -12 HS 1% a/a
Medium
Serum Free/ SF/XF-M Stem No Yes CELLstart Stem Pro® MSC
XenoFree- Pro® (Life SFM Xeno Free
Medium MSC Technologies) supplement, 1% a/a
(Stem Pro® SFM
MSC SFM xenofree
XenoFree)

Table 1: Different culture media to test the growth of DPSCs. Dulbecco’s modified eagle medium (DMEM/F-12) containing fetal bovine serum (FBS-M), human serum 
(HS-M) and serumfree/xenofree (SF/XF-M).
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XF medium for all the experiments, as described in (Figure 1). DPSCs 
isolated and expanded in FBS-M were harvested using 1% trypsin 
(Lonza/BioWhittaker, Verviers, Belgium). The DPSCs isolated and 
cultured in HS-M and SF/XF-M were harvested using TrypLE Select 
(Life Technologies) for XF detachment of cells. Cell culture plates and 
T-75 culture flasks (Thermo Fischer, Nunc; Roskilde, Denmark) were 
monitored daily for cell growth, with medium changes taking place 
three times per week (Table 1). All assays were performed using cells 
between passage 3-4 and experiments were repeated using DPSCs 
derived from 4 different donors.

Immunocytochemistry
For immunocytochemistry, 2500 cells/ well were plated on 

48 well plates. After 3 days of culturing, cells were fixed with 4% 
paraformaldehyde (Fluka, Italy) containing 0.2% of TritonX-100. After 
fixation, cells were stained with stemness markers. Briefly, unspecific 
staining was blocked with 1% bovine serum albumin (BSA, Sigma-
Aldrich) in PBS for 45 min at room temperature. The cells were 
washed 2-3 times with PBS. Thereafter, the primary antibodies; goat 
anti-octamer-binding transcription factor (Oct) 3/4, mouse anti-SRY 
(sex determining region Y) box-2 (Sox2) and goat anti–Nanog (all: 
R&D Systems) as well as mouse anti-stage specific embryonic antigen 
(SSEA)-4 (Santa Cruz) in 1% BSA-PBS solution were incubated with 
cells at +4°C, overnight. Next day, the cells were washed three times 
with PBS and were incubated in secondary antibodies, Alexa Fluor 488 
and 568 conjugated to anti-goat and anti-mouse (Molecular Probes, 
Invitrogen) in 1% BSA-PBS for 1 h at room temperature. Finally, cells 
were washed three times with PBS, twice with water and mounted with 
Vectashield containing 4’, 6-diamidino-2-phenylindole (DAPI, Vector 
Laboratories, England) to identify nuclei. Cell samples were analyzed 
by using an Olympus IX51 phase-contrast microscope equipped with 
fluorescence unit and an Olympus DP30BW camera (Olympus).

Flow cytometric surface marker expression analysis
DPSCs cultured in FBS-M, HS-M and SF/XF-M and were analyzed 

for cell surface antigen expression by flow cytometry (FACSAria®; 
BD Biosciences, Erembodegem, Belgium). Monoclonal antibodies 
(MAb) against CD29-Allophycocyanin (APC), CD44-Phycoerythrin 
(PE), CD90-APC, CD45-APC, CD146-PE (BD Biosciences), CD105-
PE (R&D Systems Inc., Minneapolis, MN, USA), CD31-fluorescein 
isothiocyanate (FITC) (Immunotools GmbH, Friesoythe, Germany), 
and major histocompatibility class II antigen (HLA-DR)-PE 
(Immunotools) were used. FACS analysis was performed on 100,000 
cells/sample and the positive expression was defined as the level of 
fluorescence greater than 99% of the corresponding unstained cell 
sample.

Cell proliferation assay
This assay was done to measure the viability and induction of 

DPSCs proliferation when cultured in FBS-M, HS-M in different serum 
conditions (5%, 10%, 15%, 20%), SF/XF-M or SF/XF-M with 1 or 5% of 
HS. The DPSCs (n=4) were seeded on a 48 or 24-well plate at a density 
of 2500 or 5000 cells/well, depending on well format. The SF/XF-M 
culture wells were pre-coated with CELLstart. Cell proliferation was 
quantified at 1, 4, 7 and 14 days using the colorimetric reagent WST-
1 (Takara Bio Inc, Otsu, Japan) for comparing the effect of FBS-M, 
15% HS-M and SF/XF-M cultured cells. Briefly, WST-1 reagent was 
added to each well containing fresh medium (50 μl of WST-1/ 500 μl 
of medium in each well of 24-well plate), incubated for 60  min. For 
HS serum concentration gradient (5%, 10%, 15%, 20%) growth assay 
(Figure 5B) and for comparative SF/XF and SF/XF+HS (1% and 5%) 

growth assay (Figure 5C) cells were washed with PBS and 20 μl of 
WST-1 reagent in addition to 200 μl PBS was added to each well. The 
plate was incubated for 4 hours at 37°C prior to the measurement. The 
absorbance was measured at 450 nm using a microplate reader Victor 
1420 (Perkin Elmer life Sciences, Turku, Finland).

In vitro multilineage differentiation analysis
DPSCs (n = 4) were examined for their ability to differentiate toward 

the adipogenic, osteogenic and chondrogenic lineages by quantitative 
real time-polymerase chain reaction (qRT-PCR) and lineage specific 
stainings. Briefly, for osteogenic and adipogenic differentiation 
analysis cells were seeded at a density of 5000 cells/well on a 24 
well plate in FBS-M, HS-M or SF/XF-M. After 24 hours, osteogenic 
differentiation medium (OM) and adipogenic differentiation medium 
(AM) were added for each serum culture condition as stated in Table 
2. The chondrogenic differentiation of DPSCs was assessed by using 
micromass cell culture method. Briefly, 100,000 cells were seeded on 
a 24 well plate in a 10 µl volume of FBS-M, HS-M or SF/XF-M, that 
were let to adhere for 3 hours in an incubator prior to the addition of 
chondrogenic differentiation medium (CM) as described in Table 2. 
For all the analyses the control cultures were maintained in FBS-M, 
HS-M or SF/XF-M. The SF/XF-M culture wells were pre-coated 
with CELLstart for osteogenic and adipogenic differentiation while 
for chondrogenic micro mass aggregate formation, the culture wells 
were not coated. All cultures were maintained for 21 days for the 
differentiation analysis. 

Alizarin red staining 
In vitro mineralization was induced by FBS-OM, HS-OM or SF/

XF-OM and was analyzed by alizarin red staining after 21 days. Briefly, 
cells were fixed in ice-cold 70% ethanol for 60 min at -20°C. Then, cells 
were washed twice with distilled water and stained with 40 mM Alizarin 
red S solution (Sigma) for 10 min at room temperature. The pH value 
of the solution was adjusted to 4.2 with 25% ammonium hydroxide 
prior to staining. After staining, excess dye was washed with distilled 
water and digital images of stained mineral deposits were taken.

Alcian blue staining 

After 21 days of culture, the chondrogenically induced micro 

Dental pulp tissue

Enzymatically digested

Pellet suspended in PBS

Fetal bovine
Serum (FBS)

  medium

10% FBS
(PS)

10% HS
(PS)

20% HS
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15% HS
(PS)

Serum/Xeno
 Free (SF/XF)
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 Serum (HS)
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Coated (PS)
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PS = Polystyrene culture well plates
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In In
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Figure 1: Flowchart representing effects of different cell culture 
media on isolation of dental pulp stem cells (DPSCs) and showing the final 
experimental settings.
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masses were fixed in 4% paraformaldehyde (PFA) for 60 mins. The 
micro masses were then embedded in paraffin, and sectioned at a 
thickness of 5 µm for histological evaluation. The undifferentiated and 
differentiated micro masses sections were stained with 0.5% Alcian 
blue stain and counterstained with Nuclear Fast Red solution (Biocare 
Medical, Concord, MA, USA). The stained micromass sections were 
viewed under the microscope to evaluate the proteoglycan content. 

Oil O Red staining 

DPSCs were stained with 0.3% Oil Red O-solution to detect the 
accumulation of extracellular lipid droplets after 21 days of culture in 
FBS-AM, HS-AM and SF/XF-AM. Briefly, cells were fixed with 4% 
PFA for 60 mins. Further the cells were rinsed with distilled water 
and incubated in 60% isopropanol for 5 mins. Thereafter, the cells 
were stained with Oil O red solution for 15 mins at room temperature. 
Following the staining the wells were washed thoroughly to remove the 
excess stain and microscopic images were taken. 

QRT-PCR

The cell culture conditions were same as described above in in vitro 
multilineage differentiation analysis. The total RNA was extracted at 21 
days time point by Eurozol (Euroclone S.p.A, Pero, Italy). First-strand 
cDNA syntheses were performed by a High Capacity cDNA Archive 
Kit (Applied Biosystems, Warrington, UK). Quantitative RT-PCR was 
conducted using RPLP0 (human acidic ribosomal phosphoprotein) 
as the house keeping gene and lineage specific primers such as for 
osteogenic differentiation: osteocalcin (OCN) and osteopontin 
(OPN), chondrogenic differentiation; SRY (Sex determining Region 
Y)-box 9 (SOX9) and Type X collagen alpha-1 (COL10A1) and 
adipogenic differentiation; fatty acid binding protein4 (aP2) and 
human peroxisome proliferator-activated receptor gamma (hPPARG) 
and stemness markers; Oct3/4, Sox2 and Nanog (Table 3). To exclude 
signals from contaminating DNA, the forward and reverse sequence of 
each primer were designed on different exons. The Power SYBR Green 
PCR Master Mix (Applied Biosystems) was used for quantitative PCR 

reactions according to the manufacturer’s instructions. The reactions 
were performed with AbiPrism 7300 Sequence Detection System 
(Applied Biosystems) at 95°C 10 min, and then 45 cycles at 95°C /15 
s and 60°C /60 s. The Ct values for OCN, OPN, SOX9, COL10A1, 
AP2 PPARG, Oct3/4, Sox2 and Nanog were normalized to that of the 
housekeeping gene RPLP0, as described elsewhere [39]. 

Statistical analysis

The statistical analyses of the results were performed with GraphPad 
Prism 5.01. The data is presented as mean ± standard deviation (SD) for 
all quantitative assays and experiments were carried out in triplicate for 
cells derived from three donor samples. One-way analysis of variance 
(ANOVA) with Bonferroni post hoc test for multiple comparisons was 
used for the statistical analysis. All statistical analyses were performed 
at the significance level p < 0.05.

Results

Derivation of DPSCs in different culture conditions

DPSCs were enzymatically isolated from dental pulp tissue of 
healthy individuals and suspended in PBS. The isolated dental pulp 
cells suspension in PBS was used to test the effect of different media 
on cell culture. We found that the cells directly isolated on carboxyl, 
CELLstart and amine coated culture wells in SF/XF medium, did 
not proliferate. Additionally, cells directly isolated in 10% or 15% 
HS-M did not proliferate; therefore, cells were isolated in 20% HS-M. 
However, after first passage, 15% HS-M supported DPSCs expansion. 
In addition, cells isolated in 20% HS-M were able to proliferate in SF/
XF-M medium, thus, we were able to maintain xenofree conditions for 
cell culture. DPSCs directly isolated in 10% FBS-M proliferated. Based 
on these findings, isolated dental pulp cells suspended in PBS were 
directly divided and cultured in 1) 10% FBS and 20% HS-M. Further, 
20% HS-M cultured cells were expanded in 2) 15% HS-M and in 3) SF/
XF-M constituting of our final experimental settings as described in 
(Figure 1). 

Medium Basal Media Serum Supplementation

Control DMEM/F-12, SF/XF-M 10% FBS or None
(FBS-M, HS-M, SF/XF- 15% HS or no
M) serum
Osteogenic Medium DMEM/F-12, SF/XF-M 10% FBS or 50 µM L- ascorbic acid (Sigma),  10
(OM; FBS-OM, HS-OM, 15% HS or no mM beta glycerophosphate (Sigma),
SF/XF-OM) serum 100nM 1,25 hydroxy Vitamin D3

(VD; Sigma), 1% a/a, 1% GlutaMAX
Adipogenic Medium DMEM/F-12, SF/XF-M 10% FBS or 33 µM biotin (Sigma) 1µM
(AM; FBS-AM, HS-AM, 15% HS or no dexamethasone (Sigma), 100 nM
SF/XF-AM) serum insulin (life technologies), 17 µM

pantothenate (Fluka), 1% GlutaMAX,
and 1% a/a. Upon seeding of cells,
250 µM of isobutylmethylxanthine
(IBMX; Sigma) was added for 72
hours

Chondrogenic Medium DMEM/F-12, SF/XF-M No serum Insulin Transferrin-Selenium+1
(CM) (Sigma), 50 µM L- ascorbic acid,

55µM sodium pyruvate (Life
Technologies),  23 µM L-proline
(Sigma), 1% GlutaMAX and 1% a/a.
TGF-β1 (Sigma)

Table 2: Lineage specific differentiation induced by media supplements.
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Stemness marker expression
DPSCs isolated in 20% HS culture medium were analyzed by 

immunocytochemical staining with Oct3/4 and Sox2 markers (Figure 
2). Oct3/4 and Sox2 were equally expressed in all samples depicting 
the stemness potential of DPSCs cultured in HS-M. Additionally, 
when nuclear (Dapi) and stemness markers (Oct3/4, Sox2) stainings 
were merged they resulted in nearly complete overlap, indicating that 
majority of DPSCs are Oct3/4 and Sox2 positive (Figure 2A-F). The 
expression of stemness markers Nanog and SSEA-4 was also studied in 
SF/XF, HS and FBS culture conditions by immunostaining and results 
indicate that DPSCs also express Nanog and SSEA-4 (Supplementary 
Figure 1).

The mRNA expression of Oct3/4, Sox2 and Nanog were analysed 
in cells cultured in SF/XF, HS and FBS media by qRT-PCR. Results 
shown in Figure 2G suggest that stemness markers were expressed at 
mRNA level; however, Oct3/4 was significantly upregulated (p < 0.05) 
in FBS and HS media cultured cells when compared with SF/XF-M 
cultured cells. Moreover, no significant differences in Sox2 and Nanog 
expression were observed between different cell culture conditions. 

Morphological differences
The morphology of human DPSCs expanded in FBS-M, HS-M or 

SF/XF-M was compared by using phase contrast microscopy. Cells 
cultured in FBS appeared broader and flattened in shape, whereas 
cells cultured in HS-M were more fibroblastic and appeared more 
homogenous. Moreover, cells expanded in SF/XF-M exhibited a more 
flattened fibroblastic like morphology (Figure 3). Similar morphological 
differences were observed by FACS analysis, DPSCs cultured in FBS-M, 
HS-M or SF/XF-M differed in cell size and granularity as assessed by 
the forward and side scatter (Figure 4A). The cells cultured in FBS-M 
displayed larger cell size and greater heterogeneity. On the other hand, 
cells cultured in HS-M and SF/XF-M were more homogenous and 
smaller in cell size. 

Cell surface marker expression 

Furthermore, DPSCs expanded in different culture media were 
analyzed using flow cytometry for mesenchymal markers CD29, 
CD44, CD90 and CD105; hematopoietic and angiogeneic markers 
CD31, CD45, CD146 and for HLA-DR. FACS analysis displayed 

that DPSCs cultured in different media showed positive expression 
for the mesenchymal marker (>50%) and for CD146 perivascular 
marker (Figure 4A and 4B). However, results related to CD146 marker 
expression varied between patient samples. Moderate expression 
(<30%) of CD45 was observed but DPSCs lacked the expression for 
CD31 hematopoietic marker. In addition, DPSCs cultured in FBS-M, 
HS-M and SF/XF-M lacked the expression of HLA-DR (Figure 4C and 
4D). Also, there were no statistical significant differences (Figure 4B 
and 4D) observed between the expression profile of cells cultured in 
FBS-M, HS-M and SF/XF-M due to variability between patient samples. 

Cell proliferation

The effects of FBS-M, HS-M and SF/XF-M on DPSCs growth were 
analyzed following days 1, 4, 7 and 14. The cells cultured in SF/XF-M 
proliferated slowly in comparison to the cells cultured in FBS and HS 
medium, which was observed from day 4. Statistical analysis revealed 
that cells cultured in FBS-M and HS-M proliferated significantly faster 
than cells cultured in SF/XF-M at day 7 to day 14 (p < 0.001) (Figure 
5A). Moreover, no significant differences were observed between cells 
cultured in FBS-M and HS-M.

In Figure 5B, we have shown the effect of 5%, 10%, 15% and 20% HS 
concentrations on passaged DPSCs proliferation after initial isolation 
of cells in 20% HS. At day 7, the cells cultured in 10%, 15% and 20% 
showed significant increase (p < 0.001) in cell numbers when compared 
with 5% HS cultured cells. Interestingly, on day 14 there was significant 
increase in cell proliferation in cells cultured in 15% HS (p < 0.001) 
when compared with 10% HS, and even higher cell proliferation was 
observed in 20% HS cultured cells (p < 0.001). Moreover, proliferation 
of cells cultured in 5% HS concentration was significantly slower in 
comparison to 10%, 15% and 20% (p < 0.001).

Furthermore, as shown in Figure 5A, SF/XF-M resulted in slower 
cell proliferation in comparison to the FBS-M and HS-M. Therefore, we 
speculated to see better cell proliferation by the addition of HS in the 
SF/XF-M. The results in Figure 5C, show that at day 4 the cells cultured 
in SF/XF-M + 5% HS significantly increased proliferation (p < 0.001) 
in comparison to other two conditions. However, SF/XF-M + 1% HS 
significantly increased cell proliferation following day 7 (p < 0.001) and 
14 (p < 0.05), in comparison to SF/XF-M alone and SF/XF-M + 5% HS.

Table 3: Primers sequence for quantitative RT-PCR.

Gene Name 5’-sequence-3’ Product size Accession number
RPLP0 Forward AATCTCCAGGGGCACCATT

Reverse   CGTTGGCTCCCACTTTGT 70 NM_001002
OCN Forward AGCAAAGGTGCAGCCTTTGT

Reverse  GCGCCTGGGTCTCTTCACT 63 NM_000711
OPN Forward GCCGACCAAGGAAAACTCACT

Reverse  GGCACAGGTGATGCCTAGGA 71 J04765
SOX9 Forward AAAGGCAACTCGTACCCAAATTT

Reverse  TGATTGGCCACAAGTGGGTAA 75 NM_000346
COL10A1 Forward CACGCAGAATCCATCTGAGAATAT

Reverse  GTTCAGCGTAAAACACTCCATGAA 92 NM_000493
PPARG Forward CAGTGTGAATTACAGCAAACC

Reverse ACAGTGTATCAGTGAAGGAAT 100 NM_015869
AP2 Forward GGTGGTGGAATGCGTCATG

Reverse CAACGTCCCTTGGCTTATGC 71 NM_001442
OCT3/4 Forward GACAGGGGGAGGGGAGGAGCTAGG

Reverse CTTCCCTCCAACCAGTTGCCCAAAC 118 NM_002701
SOX2 Forward GGGAAATGGGAGGGGTGCAAAAGAGG

Reverse  TTGCGTGAGTGTGGATTGGTG 125 NM_003106
NANOG Forward AAAGAATCTTCACCTATGCC

Reverse GAAGGAAGAGGAGAGACAGT 111 NM_024865
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Osteogenic differentiation

The DPSCs were induced to differentiate towards osteogenic 
lineage with the addition of vitamin D3 in the osteogenic medium for 
21 days. The alizarin red staining results showed that DPSCs cultured 
in FBS-OM and HS-OM formed mineralized matrix, however, the 
calcified matrix staining was more pronounced in cells cultured 
in HS-OM. On the other hand, cells cultured in SF/XF-OM did not 
mineralize and the cell proliferation was also very slow as observed 
upon microscopical analysis (Figure 6A). Afterwards, the osteoblast 
genes expression pattern for OCN and OPN in DPSCs cultured in FBS-
OM, HS-OM and SF/XF-OM were analyzed at mRNA level (Figure 6B 
and 6C). Similar to the staining results, the cells cultured in FBS-OM (p 
< 0.05) and HS-OM (p < 0.05) upregulated OCN levels when compared 
with cells cultured in FBS-M. Cells cultured in SF/XF-OM regulated 
OCN expression at a very low level non-significantly. Moreover, OPN 
expression was upregulated by cells cultured in FBS-OM (p < 0.01). 
Even though OPN levels were upregulated by cells cultured in HS-OM, 
the results were non-significant due to variability in expression levels 
between patient samples. 

Chondrogenic differentiation

Chondrogenesis was estimated after staining the micro masses 
cultured in CM after 21 days, with Alcian blue stain, which stains 
the proteoglycan rich extracellular matrix. Cells isolated in FBS, HS 
or SF/XF media differentiated into chondrocytes-like cells when they 
were cultured in chondrogenic medium, however, more pronounced 
proteoglycan rich matrix was produced by cells isolated in FBS-M 
(Figure 7A). Following the staining, the mRNA expression of cells 
cultured in CM was analyzed. DPSCs isolated in FBS significantly 
upregulated SOX9 expression (p < 0.001), when the aggregates were 
differentiated in CM in comparison to undifferentiated aggregates 
cultured in FBS-M (Figure 7B). Moreover, expression of hypertrophic 
cartilage marker; Type X collagen was significantly increased in cells 
cultured in FBS (p < 0.001) and HS (p < 0.05) when they were induced 
with chondrogenic medium (Figure 7C). 

Adipogenic differentiation

Differentiation into adipocytes was analyzed after 21 days of 
culturing the cells in AM by Oil Red O staining. DPSCs cultured in 
HS-AM had stronger capacity to differentiate into adipocytes than cells 
cultured in FBS-AM and SF/XF-AM. These results were assessed based 
on the higher number of accumulated lipid droplets. The potential 
of DPSCs to differentiate into adipocytes was also observed when 
the cells were cultured in HS-M without the addition of adipogenic 
differentiation supplements; however, DPSCs formed very few lipid 
droplets. Evident morphological differences were observed in cells 
differentiated in SF/XF-AM showing lipid vacuoles and rounded cell 
shape in comparison to cells cultured in control SF/XF-M (Figure 
8A). Subsequently, the mRNA expression of adipogenic markers AP2 
and hPPARG were analyzed and the results showed that although 
expression of both the markers were upregulated by cells cultured in 
FBS-AM, no statistically significant difference was found in comparison 
to cells cultured in FBS-M (Figure 8B and 8C). Moreover, DPSCs 
cultured in HS-AM significantly up regulated the expression of both 
AP2 and hPPARG (p < 0.001, p < 0.01) in comparison to cells cultured 
in FBS-M. On the other hand, cells differentiated in SF/XF-AM and 
undifferentiated cells in SF/XF-M showed similar expression of both 
the markers despite of morphological differences.

Discussion
DPSCs obtained from impacted third molar teeth have been studied 

extensively for their excellent proliferation and multipotentional 
differentiation capacity [13-15,40,41]. There are several promising 
investigations describing the role of human DPSCs for mineralized 
tissue regeneration, advancing their therapeutic relevance as a valuable 
stem cell source [42-44]. However, in order to facilitate the translation 
of DPSCs from basic biology to clinical application, the development of 
appropriate cell culture protocols is a relevant and critical factor. Most 
commonly, DPSCs are cultured in FBS, which poses risk of transferring 
infections and induction of immune reactions upon transplantation 
[23,24]. With respect to the immuno pathogenic risks posed due to 
addition of FBS in cell culture, HS has been considered to be a safer 
alternative excluding the transfer of animal derived infections and 
related immunogenic reactions. But results related to MSCs cultured in 
HS are contradictory, some studies have reported successful isolation 
and differentiation of MSCs [30,35], whereas, others have observed 
slower cell proliferation or even growth arrest [22,31]. However, there 
is lack of information on the effect of HS in cultivation of DPSCs. In 
addition, other culture conditions comprising of chemically defined 
SF/XF media have been researched that might serve as a better 
alternative and would bring about effective proliferation without 
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Figure 2: Stemness markers Oct3/4, Sox2 and Nanog are expressed 
in DPSCs. Immunostainings of intracellular stemness markers Oct3/4 (A), 
Sox2 (D) indicator of nuclei DAPI (B, E) and merged images of Oct3/4 and 
Dapi (C) and Sox2 and Dapi (F). Scale bar =200 µm. Gene expression of 
stemness markers were analyzed by qRT-PCR in different media, SF/XF-M, 
HS-M and FBS-M (G). Data represents the mean ± SD and are normalized 
to housekeeping gene RPLP0. (n = 4, *p < 0.05, **p< 0.01 ***p< 0.001).

Figure 3: Morphology of DPSCs culture in (A) FBS-M were broader and 
flattened in shape (B) in HS-M cells appeared spindle-shaped and (C) in 
SF/XF-M cells appeared flattened fibroblastic. Scale bar =100 µm. DPSCs: 
dental pulp stem cells; FBS-M: fetal bovine serum medium; HS-M: human 
serum medium; SF/XF-M: serumfree/xenofree medium.
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altering the cellular phenotypic features. There are reports showing the 
effects of serum free or low serum containing media on DPSCs cultures 
[38,45]. Nevertheless, DPSCs cultured in SF/XF medium, has not 
been reported, so far. Therefore, to safely produce DPSCs for clinical 
applications, in this present work we evaluated the response of FBS, 
HS or SF/XF media on isolation, expansion, morphology, phenotype, 
growth and multilineage differentiation potential of DPSCs. 

In this study, we first sought to investigate the influence of FBS, 
HS and SF/XF media directly on cell isolation and proliferation. The 
cells isolated and cultured in FBS showed consistent proliferation, 
as reported in several publications [46,47]. Here, we have shown for 
the first time that 10% HS did not support the isolation of DPSCs, 
whereas, 20% HS supported the direct isolation and whereas, further 
expansion of the DPSCs was possible in lower HS concentrations 
10% and 15%. Intriguingly, in our study, DPSCs directly isolated in 
SF/XF-M and cultured on coated plates did not proliferate. Hence, 
cells isolated in 20% HS-M were used to expand the cells in SF/XF-M 

which resulted in cell proliferation but at a very slow rate. However, in 
our study we elucidated the role of HS in SF/XF-M for increasing the 
cell proliferation. Interestingly, SF/XF-M + 1% HS showed increased 
DPSCs proliferation in comparison to SF/XF-M alone or SF/XF-M + 
5% HS. Therefore, its important to note that SF/XF-M alone may not be 
sufficient for DPSCs growth, however, AD-MSCs have been reported 
to proliferate better in the same SF/XF-M [37], suggesting variability in 
responsiveness to SF/XF-M between different sources of MSCs. To our 
knowledge, this response to SF/XF-M and addition of HS has not been 
reported, however, other SF/XF-M compositions remains to be tested. 
Nonetheless, FBS and HS media cultivated DPSCs showed increased 
proliferation. Thus, these findings propose that HS was equally effective 
as FBS in supporting DPSCs proliferation, similar response has been 
successfully reported in other studies with BM-MSCs and AD-MSCs 
[30,48,49]. 

Further, after assessing the adherence and proliferation, DPSCs 
cultured in different media were evaluated for cell surface markers 
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Figure 4: Surface marker expression of DPSCs cultured in FBS-M, HS-M and SF/XF-M was analyzed by flow cytometry. (A,C) Histograms demonstrating the 
forward and side scatter, relative cell count (y-axis) and fluorescence intensity (x-axis), with unstained control cells (empty histogram) and cells stained with antibodies 
against the surface proteins (filled histogram). (B,D) Column graph of flow cytometry data of surface marker expression levels, the bars represent the mean ± SD 
(n = 4). DPSCs: dental pulp stem cells; FBS-M: fetal bovine serum medium; HS-M: human serum medium; SF/XF-M: serumfree/xenofree medium.
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expression established to define them as MSCs [50]. DPSCs expressed 
CD29, CD44, CD90 and CD105 mesenchymal markers which are 
involved in MSCs migration, cell-cell matrix interaction and cell 
adhesion [37,51] and moderately expressed CD45 but lacked expression 
of CD31 hematopoietic markers and HLA-DR. Strikingly, we did not 
observe high variation in the expression of mesenchymal markers 
in DPSCs cultured in FBS, HS and SF/XF media conditions. This is 
especially important, since we have seen that cells cultured in SF/XF-M 
showed slower cell proliferation in comparison to FBS and HS. In view 

of the result, it is reasonable to speculate that serum is essential for cell 
attachment and proliferation of DPSCs, as suggested in a report [52]. 
However, the effect of other serum free/ xenofree media alternative 
needs to be elucidated further to delineate a definitive response on 
DPSCs. Furthermore, it is previously suggested that DPSCs originate 
from perivascular niche [53]. In view of the perivascular marker CD146 
expression, we observed highest variability between four patient DPSCs 
samples tested which were cultured in the FBS-M, HS-M and SF/XF-M. 

Recent findings have proposed that cell surface antigen SSEA-
4 as well as intracellular stemness markers Oct3/4, Sox2 and Nanog 
can be used as specific markers to detect DPSCs with high multipotent 
differentiation potential [13,54,55]. Studies in hESCs has revealed 
that the regulatory loop between Oct3/4, Sox2 and Nanog genes are 
uncoupled, allowing the expression of Sox2 in the absence of Nanog 
and Oct3/4; and similarly, expression of Oct3/4 in the absence of Sox2 
and Nanog. It has been proposed that each factor controls specific 
cell fate and lineage commitment [56]. Nevertheless, the expressions 
of these genes are indicative of indefinite stem cell division, with 
unaffected differentiation potential or the capacity for self-renewal [57]. 
Our immunostaining and QRT-PCR results indicated, Oct3/4, Nanog, 
Sox2 and SSEA-4 markers to be expressed in cells cultured in all media 
conditions (SF/XF, HS and FBS). This suggests that cells in our study 
did retain the stemness and multilineage differentiation potential and 
maintained their self-renewability regardless of serum conditons.

Eventually we investigated the last criteria to define DPSCs as MSCs 
[50]; cells cultured in FBS, HS or SF/XF differentiation media were 
assessed for osteogenic, adipogenic and chondrogenic differentiation 
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Figure 5: Response of FBS-M, HS-M and SF/XF-M on DPSCs 
proliferation assessed by WST-1 proliferation assay at day 1, 4, 7, 
11 and 14. Cell proliferation in FBS-M, HS-M increased significantly from 
day 7 to 14 in comparison to cells cultured in SF/XF-M (A). Comparative 
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5%-20%.The significant increase in proliferation was observed in serum 
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DPSCs: dental pulp stem cells; FBS-M: fetal bovine serum medium; HS-M: 
human serum medium; SF/XF-M: serumfree/xenofree medium.
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Figure 6: The osteogenic differentiation analysis for DPSCs cultured 
in FBS-OM, HS-OM and SF/XF-OM. Alizarin red stained the calcified 
mineralized matrix (A) and qRT-PCR analysis of osteogenic differentiation 
related gene expression for OCN (B) and OPN (C). Data represents the 
mean ± SD and are normalized to housekeeping gene RPLP0. (n = 4, 
*p < 0.05, **p< 0.01 ***p< 0.001). (Online version in colour).
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Figure 7: Chondrogenic differentiation analysis for DPSCs cultured 
in chondrogenic differentiation media in comparison to cells cultured 
in FBS, HS and SF/XF media. Histological staining by Alcian blue stain 
of DPSCs micromasses showing chondrogenic differentiation with more 
proteoglycan content in FBS isolated cells (A) (Scale Bar=100 µm) and 
qRT-PCR analysis of chondrogenic differentiation related gene expression 
for SOX9 (B) and COL10A1 (C). Data represents the mean ± SD and are 
normalized to housekeeping gene RPLP0. (n = 4, *p < 0.05, **p< 0.01 ***p< 
0.001). (Online version in colour).
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potential in vitro. There are several studies reporting the mineralization 
potential of DPSCs induced by osteogenic medium supplemented with 
FBS [11,19,58,59], as also shown in our previously published data [46]. 
However, in our previous study, DPSCs were induced to differentiate 
osteogenically in FBS medium containing 1α25-dihydroxyvitamin D3 
(VD) instead of dexamethasone as an osteogenic inducer. Similarly, 
here we have shown that mineralized tissue formation was induced by 
HS-OM supplemented with VD which differentiated DPSCs towards 
mineral nodule formation. To ensure the osteogenic differentiation, 
mineralized matrix was stained with alizarin red, which is a specific 
stain to qualitatively detect calcification in vitro [60]. Additionally, 
upregulation of OPN (intermediate osteogenic differentiation marker) 
and OCN (late maker of osteogenic differentiation) expressions were 
observed which are associated with matrix synthesis and mineralization 
[61,62] by DPSCs cultivated in FBS-OM and HS-OM at mRNA 
level. Furthermore, DPSCs cultured in FBS exhibited the capacity to 
differentiate towards chondrocytes-like cells, as shown in previous 
studies [20,58]. Here, for the first time we have reported that cells 
cultured in HS and SF/XF also have the ability to form chondrocyte-like 
cells. However, in our study SF/XF-OM failed to induce any osteogenic 
differentiation of DPSCs. As reported in the literature, StemPro® SF/XF 
medium supported the multipotent differentiation of AD-MSCs [37], 
the reason for the discrepancy in our results could be attributed to the 
absence of unknown growth factors in the SF/XF medium, essential 
for DPSCs differentiation. However, SF/XF-AM did result in lipid 
accumulation, but adipogenic differentiation was more pronounced in 
cells cultured in FBS or HS as observed by oil O red staining, which 
revealed intracellular fat droplets [63]. In addition, adipogenic specific 
markers AP2 and PPARG which are mainly expressed in fat tissue [64] 

were upregulated in FBS and HS supplemented cultures. Moreover, 
it is widely known that DPSCs differentiate into adipocytes in FBS 
adipogenic medium [9,11], but to our knowledge for the first time our 
investigation has reported adipogenic capacity of DPSCs in HS and SF/
XF supplemented medium.

In summary, our results showed that HS-M supported isolation, 
expansion, expression of cell surface markers and stemness markers 
and retained multipotent differentiation capacity of DPSCs similar to 
FBS-M. Therefore, the use of pooled HS may serve as a safer alternative 
to FBS for cell therapies. However, the variability in results due to less 
number of patient samples is the limitation of this study. Nevertheless, 
these findings are essential for the future clinical studies of DPSCs 
for their use in stem cell based therapies to bioengineering tissues. 
Additionally, the composition of SF/XF medium needs to be further 
optimized for DPSCs culture in terms of cell isolation, expandability 
and differentiation efficiency to reach clinical applicability. 
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Figure 8: Adipogenic differentiation for DPSCs cultured in FBS-AM, HS-
AM and SF/XF-AM in comparison to cells cultured in FBS, HS and SF/
XF media. Oil O red staining showing lipid accumulation in adipogenically 
induced cultures (A) (Scale bar = 100 µm) and qRT-PCR analysis of 
adipogenic differentiation related gene expression for hPPARG (B) and AP2 
(C). Data represents the mean ± SD and are normalized to housekeeping 
gene RPLP0. (n = 4, *p < 0.05, **p< 0.01 ***p< 0.001). (Online version in 
colour).
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