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Abstract
This study was aimed to investigate the effects of cGMP xeno-/serum-free medium (XSF, Irvine Scientific) on the properties of
human dental pulp stem cells (DPSCs). DPSCs, from passage 2, were cultured in XSF or fetal bovine serum (FBS)-supplemented
medium, and sub-cultured up to passage 8. Cumulative population doublings (PDs) and the number of colony-forming-units
(CFUs) were determined. qRT-PCR, ELISA, and in vitro assays were used to assess angiogenic capacity. Flow cytometry was
used to measure CD73, CD90, and CD105 expression. Differentiation into osteo-, adipo-, and chondrogenic cell lineages was
performed. DPSCs showed more elongated morphology, a reduced rate of proliferation at later passages, and lower CFU counts
in XSF compared with FBS. Expression of angiogenic factors at the gene and protein levels varied in the two media and with
passage number, but cells grown in XSF had more in vitro angiogenic activity. The majority of early and late passage DPSCs
cultured in XSF expressed CD73 and CD90. In contrast, the percentage of CD105 positive DPSCs in XSF medium was
significantly lower with increased passage whereas the majority of cells cultured in FBS were CD105 positive. Switching
XSF-cultured DPSCs to medium supplemented with human serum restored the expression of CD105. The tri-lineage differen-
tiation of DPSCs cultured under XSF and FBS conditions was similar. We showed that despite reduced CD105 expression levels,
DPSCs expanded in XSF medium maintained a functional MSC phenotype. Furthermore, restoration of CD105 expression is
likely to occur upon in vivo transplantation, when cells are exposed to human serum.
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Introduction

Mesenchymal stromal cells (MSCs) isolated from human den-
tal pulp (DPSCs) have been shown to have multipotent differ-
entiation capacity into various cell lineages, such as, neural
ectodermal cells (Gronthos et al. 2002; Iohara et al. 2006),
osteoblasts (Jo et al. 2007; Mori et al. 2011; Mortada and
Mortada 2018; Otaki et al. 2007; Pettersson et al. 2017;
Tabatabaei and Torshabi 2017), adipocytes (Gronthos et al.
2002; Iohara et al. 2006; Jo et al. 2007; Pettersson et al.

2017), odontoblasts (Gronthos et al. 2002), chondrocytes
(Iohara et al. 2006), and myoblasts (Zhang et al. 2006).
Moreover, DPSCs are considered to be a potent source of
MSCs for orthopedic and oral-maxillofacial reconstructions
in cell-based regenerative medicine due to their high efficien-
cy of extraction, high capacity of proliferation and differenti-
ation, plasticity, easy collection, and low morbidity, as well as
their immunoregulatory properties. It has been reported that
DPSCs have the ability to form densely calcified colonies and
nodules (Gronthos et al. 2002; Gronthos et al. 2000; Huang
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2009) and exhibit odontogenic features when transplanted in-
to immunocompromised mice (Gronthos et al. 2002; Otaki
et al. 2007). Furthermore, they can differentiate into osteo-
blasts, producing living autologous fibrous bone tissue which
forms lamellar bone-containing osteocytes after transplanta-
tion into immnunocomprised mice (Laino et al. 2005).

In cell-based therapies, in vitro expansion of the DPSCs is
necessary ahead of cell transplantation. Thus, identification of
an optimal in vitro culture condition is needed. The standard
in vitro culture medium for DPSCs, as well as other MSCs
(Qu et al. 2014; Qu et al. 2016), has used supplementation of a
base medium with fetal bovine serum (FBS) in order to pro-
vide essential factors to maintain cell survival and growth.
Unfortunately, the FCS-derived xeno antigens and potentially
infectious substances could cause immune reactions or con-
tamination to the recipients of DPSCs. Furthermore, the vari-
ations between different lots of “ill-defined” FBS could lead to
inconsistent performance. Therefore, various xeno-/serum-
free medium formulations have been developed for in vitro
culture ofMSCs prior to cell transplantation (Bonnamain et al.
2013; Fujii et al. 2018; Hirata et al. 2010; Khanna-Jain et al.
2012; Mochizuki and Nakahara 2018; Xiao et al. 2018). It has
been shown that DPSCs-cultured in xeno-/serum-free medium
can maintain MSC morphological appearance, multipotent
differentiation capacities, and expression of MSC-associated
CD markers. However, there are conflicting conclusions re-
garding the effect on cell proliferation in comparison with
FBS-supplemented media (Fujii et al. 2018; Hirata et al.
2010; Khanna-Jain et al. 2012; Xiao et al. 2018).

Angiogenesis is critical for tissue regeneration and repair.
DPSCs have the potential to induce tissue vascularization ei-
ther by secretion of angiogenic factors to promote vasculari-
zation via local endothelial cells or by differentiating toward
vascular endothelium (Rehman et al. 2003; Ziegelhoeffer et al.
2004). It has been shown that the secreted paracrine factors in
DPSCs-conditioned medium significantly accelerate adhe-
sion, proliferation, and migration of human umbilical vein
endothelial cells (HUVECs), as well as their tubulogenesis,
and can alter the angiogenic gene and protein expression
(Gharaei et al. 2018).

Previously, we showed that bone marrow-derived MSCs
(BM-MSCs) and adipose tissue-derived MSCs (ASCs) cul-
tured in a serum-free medium (MesenCult-XF) proliferated
faster compared with FBS containing medium but had signif-
icantly reduced expression of the MSC marker, CD105
(Brohlin et al. 2017). However, to be able to use DPSCs clin-
ically, the cells should be preferably cultivated in a defined
medium produced under conditions of current good
manufacturing practice (cGMP) (Bakopoulou et al. 2017).
Previous studies have also shown that human serum was a
suitable alternative to FBS for expansion of DPSCs while
keeping their angiogenic potential and regenerative capacity
(Khanna-Jian et al. 2012; Piva et al. 2017). Therefore, in the

current study, we aimed to investigate the effect of a new
cGMP xeno-/serum-free medium (XSF; PRIME-XV® MSC
expansion XSFM, Irvine Scientific, USA) on DPSCs in vitro
applications prior to future in vivo experiment. More specifi-
cally, we investigated whether this XSF medium could affect
(1) DPSCs proliferation and phenotype, (2) the angiogenic
effects of the DPSCs, and (3) the expression levels of MSC-
associated CD markers and if so, whether any changes could
be restored by exposure to human serum, which would occur
upon in vivo cell transplantation.

Materials and methods

Ethical permission, consent, and teeth harvest

Collection, culture, storage, and usage of all clinical isolates in
this study were approved by the local ethics committee for
research at Umeå University (Dnr 2013-276-31M), and all
methods were performed in accordance with the relevant
guidelines and regulations of the local ethics committee.
Informed consent was obtained from all donors and/or their
legal guardians. Six donors with impacted healthy premolars
or third molars planned for surgical removal due to orthodon-
tic treatment or as pre-treatment before orthognathic surgery
were selected for this study. The selected teeth with at least
30% root formations were surgically removed from six donors
(age range 14–25 years) at the Maxillofacial Surgery
Section at the University Hospital, Umeå. In initial studies,
we used DPSCs from three human donors, as previously de-
scribed and characterized in our recent study (Pettersson et al.
2017). Further experiments used an additional three donors.

Cell isolation and culture

Briefly, healthy dental pulp tissue was collected from the donors,
minced and enzymatically digested in a solution containing
3 mg/ml collagenase type I (Worthington Biochemicals Corp)
and 4 mg/ml dispase II (Roche Diagnostic/Boehringer
Mannheim Crop) for 1 h in 37 °C with 5% CO2. Subsequently
the digested tissues were filtered through a 70-μm strainer
(Falcon, BD Labware) to obtain single-cell suspensions. The
cells were then seeded at a cell density of 1 × 104 cells/25 cm2

flask and cultured at 37 °Cwith 5%CO2, inMSCmediumwhich
consisted of Minimum Essential Medium-α (α-MEM with
Glutamax; Invitrogen, Carlsbad, USA) supplemented with 15%
FBS (Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin/
streptomycin (Gibco, USA). Upon reaching approximately 90%
confluence, the cells were detached with trypsin/EDTA (Gibco,
UK) and passaged to new 75-cm2 flasks at a cell density of
5000 cells/cm2. The passage 1 cells were routinely characterized
for MSC-associated CD markers (positive markers: CD73,
CD90, CD105 and CD146; and negative markers: CD11b,
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CD19, CD34, CD45 and HLA-DR) using flow cytometry and
differentiated toward osteoblasts and adipocytes, as previously
described (Pettersson et al. 2017).

When DPSCs from passage 1 reached 80–90% confluence,
the cells were enzymatically detached, counted and re-seeded
in XSF or FBS medium, and continued in culture in the same
medium to passage 6 for the below mentioned analyses.
Moreover, the XSF-cultured DPSCs in passage 4 were also
cultured in MEM-α containing 10% human serum (H4522,
Sigma-Aldrich) in parallel with continued cultures in XSF
medium to passage 6. These DPSCs cultured in XSF or me-
dium containing FBS or human serum were then analyzed for
the MSC-associated CD markers by flow cytometry.

Cell proliferation and colony-forming unit assay

DPSCs were expanded under two different culture conditions:
XSF (PRIME-XV® MSC expansion XSFM, Irvine Scientific,
USA) orMEM-αmedium containing FBS (10%). Briefly, when
DPSCs from passage 1 reached 80–90% confluence, the cells
were enzymatically detached, counted, and re-seeded in XSF or
FBS medium at a cell density of 30,000 cells/25 cm2 flask and
cultured for 1 week without medium change. Subsequently, the
cells were counted with a hemocytometer and replated every
week through to passage 6. Population doublings (PDs) were
calculated using the following Eq. 1:

PD ¼ ½duration� log 2ð Þ�= log Final cell amountð Þ−log Initial cell amountð Þ½ �
ð1Þ

DPSCs from passage 2 and passage 6were used in the CFU
assay. Briefly, 300 DPSCs were seeded to a 25-cm2 flask and
cultured in XSF or FBS medium for 2 weeks without medium
change. At the end of culture, the DPSCs were fixed and
stained with 0.1% (w/v) toluidine blue prepared in 2% (w/v)
paraformaldehyde for 1 h, and subsequently rinsed with dis-
tilled water. Colonies (≥ 50 cells) were then counted and
scored as a CFU. The experiments were performed using sam-
ples three different donors (N = 3; n = 3).

Quantitative reverse transcription polymerase chain
reaction

Total RNA was extracted from DPSCs at passages 2 and 6,
cultured under the two conditions XSF and FBS, using an
RNeasy mini kit according to the manufacturer’s instructions
(Qiagen, Hilden, Germany). The RNAwas quantified with a
Nanodrop-2000c spectrophotometer (ThermoFisher Scientifc,
Sweden), and complementary DNA (cDNA) was synthesized
using iScript cDNA synthesis kit (Bio-Rad, CA, USA) with
0.4 μg of RNA in 20 μl reaction volume. Each 10 μl RT-PCR
reaction contained 4 μl (4 μg) of cDNA, 6 μl of
SsoFast™EvaGreen supermix master mixture (Bio-Rad),

and forward and reverse primers for either angiopoietin-1
(ANGPT1; 200 nM), vascular endothelial growth factor A
(VEGFA; 300 nM), or ribosomal protein L13a (RPL13a;
300 nM). The sequences of the primer pairs are shown in
Table 1. The qRT-PCR analyses of these genes were per-
formed in a CFX96 Real-Time PCR Detection System (Bio-
Rad Laboratories, Inc.). The amplification efficiencies were
calculated from standard curves of the qRT-PCR reactions
from each primer pair, and the relative gene expression levels
of the genes, human ANGPT1 (Kim et al. 2010), and VEGFA
(Otrock et al. 2007) were calculated with Pfaffl-method (Pfaffl
2001) by normalization to the housekeeping gene RPL13a
(Studer et al. 2012). Efficiencies in the range of 90–110%
were accepted, and the specificities of the PCR products were
determined with 3% (w/v) agarose gel electrophoresis separa-
tion. The experiments were performed using samples from
three different donors (N = 3; n = 3).

ANGPT1: angiopoietin-1; VEGFA: vascular endothelial
growth factor A; RPL13a: ribosomal protein L13a.

Enzyme-linked immunosorbent assay

Conditionedmedium collected fromDPSCs was used to analyze
human angiopoietin-1 and VEGFA by using a sandwich ELISA
kit (RayBiotech Inc., Norcross, USA) according to the manufac-
turer’s protocol. The conditioned medium was collected from
DPSCs at passage 2 and 6 just before the cells were expanded
to next passage in XSF or FCS, respectively. The collected me-
dium was frozen at − 80 °C prior to analysis. All samples were
analyzed in duplicate (100 μl/well), and the absorbance was
measured at 450 nm on a Synergy microplate reader (BioTek,
USA). The quantity of factors (pg/ml) were calculated against
standard curves produced using recombinant proteins provided
in the kits and normalized to the final number of cells at each
passage. The experiments were performed using samples from
three different donors (N = 3; n = 3).

Angiogenesis assay As described above, the conditioned me-
dium collected from DPSCs at passage 2 and 6 was stored at
− 80 °C before use in angiogenesis assays. The evaluation of
tube capillary formation in human umbilical vein endothelial
cells (HUVECs, Gibco, USA) in the presence of conditioned
medium (XSF and FBS) was examined using a commercially
available angiogenesis assay kit (Millipore). Briefly, 1 × 104

HUVECs in 250 μl of cell suspension, which contained a
mixture of 100 μl conditioned medium and 150 μl related
control medium (XSF or FBS), were seeded onto the surface
of polymerized ECMatrix™ in a 48-well plate in triplicates.
The HUVECs were allowed to adhere to the plate for 4–6 h
before tube formation was examined by a light microscopy
(Olympus IX71 microscope, Japan). Five random regions
from each well were photographed using a ColorViewII dig-
ital camera (Soft Imaging System) and analyzed with
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ImagePro Plus software (Media Cybernetics, MD, USA) for
the number of closed networks and total capillary length. Each
sample was examined with three parallel samples (15 images/
sample). The experiments were performed using samples
from three different donors (N = 3; n = 3). Due to the varia-
tions in the cell proliferation in the different culture conditions,
the results for the number of the closed networks and total
capillary lengths were normalized for equivalent cell numbers
(using conditioned media secreted from 2000 cells).

Flow cytometry

DPSCs expanded under three different culture conditions; XSF
or MEM-α medium containing FBS, or in MEM-α medium
containing human serum, have been analyzed for flow cytome-
try. DPSCs, at different passages, were examined for the expres-
sion of positive MSCs-associated CD markers (CD73, CD90,
and CD105) and expected negative markers cocktail (CD11b,
CD19, CD34, CD45, and HLA-DR) (Table 2). According to
the manufacturer’s protocol (BD, Bioscience, CA, USA),
DPSCs were incubated with PE-conjugated antibodies [CD73
(1:25), CD90 (1:33) or CD105 (1:25)] and negative markers
cocktail [CD11b, CD19, CD34, CD45, and HLA-DR (1:25)].
PE mouse IgG1κ isotype control (BD Pharmingen) was used
as a corresponding control for all positive CD markers. PE
hMSC isotype control, negative cocktail (BD Stemflow) was
used as a corresponding isotype negative control. A total of
10,000 cells for each antibody were analyzed using a BD

Accuri™C6 Plus flow cytometer (BDBioscience) as previously
described (Kolar et al. 2017). The various experiments were
repeated from either three or six different donors (N = 3, n = 3;
N = 6, n= 6).

Differentiation assays

The DPSCs at passage 4 were cultured either in XSF or FBS
medium to confluence, detached with trypsin/EDTA, and then
re-seeded at a cell density of 5 × 104 cells per well in a 24-well
plate and cultured in XSF or FBS culture medium until con-
fluence. Subsequently, osteogenesis or adipogenesis was ini-
tiated by changing to respective differentiation media. The
osteogenic medium contained DMEM, low glucose
(+Glutamax, Gibco, UK) supplemented with 10% FBS,
100 IU/ml penicillin, 100 μg/ml streptomycin, 100 nM dexa-
methasone (Sigma-Aldrich), 10 mM β-glycerophosphate
(Fluka, Steinheim, Germany), and 0.2 mM 2-phosphate-L-
ascorbic acid trisodium salt (Wako, Japan). Adipogenic medi-
um consisted of DMEM, low glucose (+Glutamax) supple-
mented with 10% FBS, 100 IU/ml penicillin, 100 μg/ml strep-
tomycin, 1 μM dexamethasone, 10 μg/ml insulin (Sigma-
Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-
Aldrich), and 100 μM indomethacin (Sigma-Aldrich). The
differentiation was performed in monolayer cultures for
4 weeks with medium changes every second day. Normal
MSC culture growth medium with FBS was used as control.
At the end of differentiation, the cells were fixed and the

Table 2 Detailed information of antibodies used for the flow cytometry analysis in the study

Antibody Brand Clone number Isotype Host species

CD73 BD Pharmingen™ AD2 Mouse IgG1, κ Murine

CD90 BD Pharmingen™ 5E10 Mouse BALB/c IgG1, κ Murine

CD105 BD Pharmingen™ 266 Mouse BALB/c IgG1, κ Murine

PE mouse IgG1, κ isotype control BD Pharmingen™ MOPC-21 Mouse IgG1, κ Murine

PE hMSC negative cocktail BD Stemflow™ CD34 (Clone 581) CD11b PE
(Clone: ICRE44) CD19 PE
(Clone: HIB19) CD45 PE
(Clone: HI30) HLA-DR PE(Clone G46–6)

Mouse IgG1, κ Murine

PE hMSC negative isotype
control cocktail

BD Stemflow™ mIgG1, κ PE (Clone × 40) Mouse IgG1, κ Murine

Table 1 Human primers used for quantitative RT-PCR

Primer Forward (5′→ 3′) Reverse (5′→ 3′) Annealing temperature
(°C)

Accession number Reference

ANGPT1 CAGAAAACAGTGG
GAGAAGATATAACC

TGCCATCGTGTTCT
GGAAGA

63 NM001146.3 Kim et al. (2010)

VEGFA ATCTGCATGGTGAT
GTTGGA

GGGCAGAATCAT
CACGAAG

60.4 NM001025366.3 Zaher et al. (2007)

RPL13a AAGTACCAGGCAGT
GACAG

CCTGTTTCCGTAG
CCTCATG

58 NM012423.3 Studer et al. (2012)
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osteogenic or adipogenic differentiated cells were incubated
with 2% Alizarin Red S (pH 4.1) or 0.36% Oil Red O (w/v) at
room temperature for 30 or 50 min. Subsequently, the stained
cells were photographed under light microscopy after thor-
ough washes with water. The experiments were performed
using samples from three different donors (N = 3, n = 3).

Once the DPSCs at passage 4 reached confluence either in
XSF or FBS culture conditions, chondrogenic differentiation of
the DPSCs were performed with 5 × 105 cells in pellet culture
in 15-ml tubes for 4 weeks. Chondrogenic medium contained
serum-free α-MEM supplemented with 40 μg/ml L-proline
(Sigma-Aldrich), 100 μg/ml sodium pyruvate (Serva,
Heideberg, Germany), 100 μM dexamethasone, 1% ITS +3

liquid media supplement (Gibco), 50 μg/ml ascorbate 2-phos-
phate, and 10 ng/ml TGF-β3 (Peprotech, New Jersey, USA)
(Kaitainen et al. 2013; Qu et al. 2014). The medium was
changed every second day during the differentiation period.
Pellets grown in normal MSC growth medium with FBS,
which contained no chondrogenic factors, were used as control.
At the end of chondrogenic differentiation, the pellets were
fixed and prepared for frozen sections with 10 μm thickness,
then stained with 1% toluidine blue (Serva, Heidelberg,
Germany) for proteoglycans (Kaitainen et al. 2013; Qu et al.
2012). The stained sections were photographed by a light mi-
croscopy. The experiments were performed from three different
donors (N = 3, n = 3).

Fig. 1 Morphology and proliferation of DPSCs. Morphological
appearance of DPSCs (a–d′) when cultured in FCS or XSF medium.
Cumulative population doublings (PD) in (e) and number of colony-
forming unit (CFU) in (f) of DPSCs-cultured in XSF or FBS medium.

The experiments were repeated three times with DPSCs from three indi-
vidual donors. The histograms show mean ± SD from three individual
donors (N = 3; n = 3). * represents p < 0.05. Scale bar = 100 μm
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Statistics

Statistical analyses were performed using SPSS software, ver-
sion 24 (IBM SPSS Statistics 24). Data were tested for nor-
mality using Shapiro-Wilk test, and thereafter, a sample paired
T test was used to test for statistically significant differences.
For non-parametric data, Wilcoxon signed-rank test was used.
P values < 0.05 were considered as statistical significance.

Results

In this study, the aim was to expand and differentiate DPSCs
both in XSF and FBS medium, and to further analyze the
effect of these various culture conditions on proliferation, phe-
notype, and differentiation capacity, angiogenic effects of
DPSCs, and the expression levels of MSC-associated CD
markers.

Fig. 2 Quantitative RT-PCR and
ELISA analyses. The gene and
secreted protein levels for
ANGPT1/angiopoietin-1 (a, b)
and VEGFA (c, d) in DPSCs from
passage 2 and passage 6 in XSF
or FBS culture conditions were
analyzed with qRT-PCR and
ELISA. The experiments were
repeated three times with DPSCs
from three individual donors. The
histograms showmean ± SD from
three individual donors (N = 3;
n = 3). * represents p < 0.05.
VEGFA: vascular endothelial
growth factor A; nd: not
detectable

Fig. 3 In vitro angiogenesis assay. In vitro angiogenesis assay with
HUVECs plated on ECMatrix™ with addition of conditioned media
fromXSF- or FBS-culturedDPSCs originating from passage 2 or passage
6. Representative images from one donor are shown in (a, b′).
Quantification of the angiogenesis assay assessing the number of closed
networks (c) and total length of the capillary-like networks (d) from the

conditioned medium secreted from 2000 DPSCs. The data shows the
average calculated from at least 15 random regions from each culture
condition/donor. The experiments were repeated three times with
DPSCs from three individual donors (N = 3; n = 3). The histograms show
mean ± SD from three individual donors. * represents p < 0.05. Scale
bar = 100 μm
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Cell proliferation and colony-forming unit assays

The morphological appearance of DPSCs at passage 3 was more
elongated and thinner with long protrusions when cultured in
XSF compared with FBS (Fig. 1(a, b′)). Moreover, this phenom-
enon became more apparent by sub-culturing through to passage
6 (Fig. 1(c, d′)). Cell proliferation under XSF or FBS culture
conditions was examined by counting the cells at each passage
up to passage 6. Cumulative population doublings (PDs) showed
an initial linear trend for the DPSCs-cultivated in both XSF and
FBS medium (Fig. 1(e)). However, a statistically significantly
lower number of cumulative PDs in XSF versus FCS medium
was detected by passage 6 (Fig. 1(e)).

We then proceeded to compare other properties of the early
versus late passage cells. The CFU assay showed that DPSCs
at passage 2 and passage 6 had significantly lower numbers of
CFUs in XSF versus FBS medium (Fig. 1(f)). However, no
significant difference was detected in the number of CFUs
between passages in either XFS or FBS medium (Fig. 1(f)).
No CFUs could be detected in XSF-expanded cells at passage
6 (Fig. 1(f)).

Angiogenic factor expression

Angiogenic factors from DPSCs cultured in XSF or FBS were
analyzed at gene and protein level. The mRNA expression level
of ANGPT1 from XSF cultures was significantly higher in
DPSCs at passage 6 versus passage 2, but significantly lower
than in FBS medium at passage 6 (Fig. 2a). However, the levels
of secreted angiopoietin-1 from DPSCs at passage 6 in XSF
culture were below the limit of detection of the ELISA (Fig.
2b) whereas high levels (11,204 ± 356 pg/ml/106 cells) were se-
creted from DPSCs cultured in FBS, which was significantly
higher than that in FBS culture at passage 2. The mRNA expres-
sion level of VEGFA showed no significant differences between
the two different cell culture conditions (XSF vs. FBS), or be-
tween passages (Fig. 2c). However, secreted VEGFA levels were
lower at both passages in cells cultured in FBS versus XSF (Fig.
2d). Additionally, VEGFA levels were lower in FBS at passage 6
versus passage 2 (Fig. 2d).

In vitro angiogenesis assay

In order to investigate the biological activity of the angiogenic
factors, conditioned media from the DPSCs grown in XSF or
FBS were applied in an in vitro angiogenesis assay. In this
assay, the secreted angiogenic factors in the conditioned me-
dium can be evaluated by their effects on tubulogenesis in
HUVEC cultures. Our results revealed that HUVECs showed
an elongated morphology and formed capillary-like networks
when they were exposed to conditioned media from XSF- or
FBS-cultured DPSCs (from early and late passage) (Fig. 3(a, b
′)). Quantification of the angiogenesis assay indicated a

significantly higher number of closed networks (a sign of
end-point mature networks) in passage 2 DPSCs cultured in

Fig. 4 Flow cytometry analyses of MSC-associated CD surface marker
expression. The expression of CD73, CD90, and CD105 were analyzed
when the DPSCs at passage 2 and 6 were cultured in XSF or FBS medi-
um. The CD marker expression levels are illustrated in histograms as
percentage of cells positive for CD73 (a), CD90 (b), and CD105 (c).
The experiments were repeated three times with DPSCs from three indi-
vidual donors (N = 3; n = 3). The histograms showmean ± SD from three
different donors. * represents p < 0.05
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XSF versus FBS (Fig. 3(c)). The closed networks were even
higher in late passage for XSF compared to FBS, but the
difference was not statistically significant (Fig. 3(c)). There
were no significant differences in the total length of networks
between either the two different types of conditioned media or
at different passages (Fig. 3(d)).

MSC-associated cluster differentiation surface
markers expression

Flow cytometry analyses showed that the DPSCs expressed
CD73, CD90, and CD105 at passage 2 or passage 6 regardless
if they were cultured in XSF or FBS medium (Fig. 4). All
cultures were negative for the expression of CD11b, CD19,
CD34, CD45, and HLA-DR (data not shown). The percentage
of cells positive for either CD73 or CD90 was similar in the
cultures of XSF or FBS at both passage 2 and passage 6 (Fig.
4a, b). There was a very small but statistically significant
decline in the number of CD73-positive cells in XSF medium

at passage 6 versus passage 2 (Fig. 4a). The most noticeable
change was the reduction in the number of CD105-positive
cells in XSF medium at passage 6 (Fig. 4c). In contrast, cul-
tures of DPSCs in FBS medium at passage 6 maintained the
expression of CD105.

Next, we decided to examine the CD marker expression
levels in XSF medium versus FBS medium more in detail at
passages earlier than passage 6 in cells from a total of 6 dif-
ferent donors. As early as passage 3, there was a significant
decline in the percentage of CD105-positive cells in XSF me-
dium versus cultures in FBS (Fig. 5(a)). The expression of
CD73 and CD90 was not affected (Fig. 5(b, c)). We then
trypsinized the passage 3 XSF cells and replated them in me-
dium containing human serum. This significantly restored the
percentage of cells expressing CD105 to levels observed in
the presence of FBS (Fig. 5a). Furthermore, the exposure of
XSF-cultured DPSCs to medium supplemented with human
serum altered the elongated cells to a more wide and flat
morphology, similar to FCS-cultured cells (Fig. 5(d–f′)).

Fig. 5 CDmarkers expression and morphology of DPSCs when cultured
in FCS, XSF, or human serum-supplemented medium (HS). Expression
of CD105 (a), CD73 (b), and CD90 (c) in DPSCs-cultured in FBS, XSF,
or XSF switched to HS (XSF→HS) from passage 3 or passage 4. The
experiments were repeated six times with DPSCs from six individual

donors. The histograms show mean ± SD from six individual donors
(N = 6; n = 6). Morphological appearance of DPSCs at passage 4 (d–f′)
when they were cultured in FCS, XSF, or XSF→HS medium. * repre-
sents p < 0.05. Scale bar = 100 μm
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Differentiation of dental pulp stem cells

Since CD105 has been suggested to be an important marker
of differentiation potential (Aslan et al. 2006; Levi et al.
2011), we investigated whether the DPSCs differentiation
capacity was affected by the culture in XSF medium. After
the DPSCs had been expanded in either XSF or FBS medi-
um, DPSCs from passage 5 were differentiated for 4 weeks
toward osteoblasts (stained with Alizarin Red S staining,
Fig. 6(a″, a″′)), adipocytes (with fatty-droplets stained with
Oil Red O staining, Fig. 6(b″, b″′)), and chondrocytes (pro-
teoglycans stained with toluidine blue, Fig. 6(c″, c″′)). No
positive staining was seen in the control cultures of DPSCs
(Fig. 6(a, a′, b, b′, c, c′)). There were no obvious differences
in the osteogenic and adipogenic differentiation between
XSF- and FBS-cultured DPSCs (Fig. 6(a″ vs. a″′ and b″
vs. b″′)). A slightly stronger proteoglycan staining was vis-
ible in the pellet from the DPSCs cultured in FBS medium
versus XSF medium, due to the compact pellet that was
obtained in FBS-culture (Fig. 6(c″ vs. c″′)). No positive
staining was seen in the control cultures of DPSCs cultured
in either XSF or FBS (Fig. 6(c, c′)).

Discussion

New xeno/serum-free medium formulations produced under
cGMP are now commercially available and can be used to
avoid animal product contamination of MSC cultures prior
to therapeutic cell transplantation. However, little information
is available about how the products affect the properties of
DPSCs, especially on the expression of CD105 and angiogen-
ic capacity. Moreover, there are conflicting results obtained
from the previous studies on DPSCs with serum free medium
(Khanna-Jain et al. 2012; Mochizuki and Nakahara 2018).
Long-term in vitro expansion of MSCs leads to loss of prolif-
eration and differentiation ability and increased risk of safety
concerns. Therefore, the aim of this study was to initially
examine the effect of XSF medium in comparison to FBS
medium on DPSCs in both early and late passage. We then
studied a larger number of donors at clinically relevant pas-
sage numbers (2–4) to further investigate the effect on CD105
expression.

�Fig. 6 Tri-lineage differentiation of DPSCs at passage 5. DPSCs
expanded for five passages in either FBS or XSF medium were
exposed to control medium or differentiation medium for additional
4 weeks. The control and differentiated cells were analyzed for
osteogenic differentiation (Alizarin Red S staining in a, a″′), adipogenic
differentiation (Oil Red O staining in b, b″′), and chondrogenic
differentiation (pellets stained with toluidine blue in c, c″′). These
experiments were repeated three times with DPSCs from three
individual donors (N = 3; n = 3). Representative images from one donor
are shown. Scale bar = 100 μm
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The DPSCs cultured in XSF medium showed more
elongated thinner and spindle-shaped fibroblast-like mor-
phology in comparison to the wider and flatter morphology
in FBS medium, a result that was consistent with another
recent study (Mochizuki and Nakahara 2018). Moreover,
we also showed that DPSCs could successfully expand in
XSF medium in a similar way as in FBS medium with no
significant differences in early passage even though the
number of CFUs were lower in XSF. This is consistent
with our previous study that showed a different serum-
free medium could affect the CFU formation rather than
the cell expansion whichever type of MSC were used
(Brohlin et al. 2017). The proliferation of DPSCs in
serum-free cultures has been shown to be affected by the
cell density of initial seeding (Fujii et al. 2018). In another
study using DPSCs from primary and permanent teeth, it
was shown that the cell viability was lower in some of the
tested serum-free medium compared to serum-containing
medium, and the proliferation rate of the cells also varied
between the tested serum-free medium formulations
(Hirata et al. 2010). However, in that study, there was no
comparison of the proliferation rate between the control
(serum-containing medium) and serum-free medium
(Hirata et al. 2010). Various other previous studies have
shown that the proliferation rate of DPSCs or other types
of MSCs such as BM-MSCs and ASCs was higher when
cultured in serum-free medium in comparison to FCS me-
dium (Brohlin et al. 2017; Mark et al. 2013; Mochizuki and
Nakahara 2018). This might be due to different compo-
nents of serum-free medium, different type of cells, or dif-
ferent donors’ properties used in the studies.

Angiogenesis, formation of new capillaries from pre-
existing blood vessels, is of utmost importance in tissue
engineering and regenerative medicine. DPSCs have been
shown to have angiogenic potential by altering the host
environment due to their secreted angiogenic factors, such
as VEGFA, angiopoietin-1, platelet-derived growth factor,
and fibroblast growth factor (Gandia et al. 2008; Gharaei
et al. 2018; Tran-Hung et al. 2008) when cultured in
serum-supplemented medium. Our study showed an in-
creased secretion of VEGFA from DPSCs cultured in
XSF medium at passages 2 and 6, and this was further
confirmed by the evaluation of an in vitro angiogenesis
assay, which showed enhanced capillary tube-like forma-
tion in XSF-cultured conditioned medium compared with
FCS-cultured conditioned medium. These findings are
consistent with our previous results using BM-MSCs and
ASCs, which showed a significantly increased expression
of VEGFA and angiopoietin-1 when they were cultured in
another serum-free medium (MesenCult) (Brohlin et al.
2017), and the BM-MSC-conditioned medium enhanced
the HUVEC capillary-like formation under serum-free
conditions (Brohlin et al. 2017). It has been shown that

VEGF plays an important role in MSC multilineage differ-
entiation and growth (Song et al. 2010). VEGF secreted
from MSCs enhances endothelial cell survival and tube
formation in HUVECs in vitro (Deveza et al. 2012).
Another molecule, angiopoietin-1, an oligomeric-secreted
glycoprotein, has been shown to promote vessel stability,
and stimulate vessel remodeling and angiogenesis in latter
stage of vascular development and in mature vessels
(Brindle et al. 2006). Our results showed no difference in
the expression level of angiopoietin-1 in DPSCs cultured
in XSF versus FBS medium at passage 2, but there was a
difference at later passage. It has been shown that serum-
deprived cultures of human BM-MSCs secreted higher lev-
el of VEGFA and angiopoietins and enhanced microtubule
formation in in vitro angiogenesis (Oskowitz et al. 2011).
This is similar to our findings with DPSCs which showed
better in vitro angiogenesis in XSF medium at passage 2
and 6. This further confirms that DPSCs or SCAPs (apical
papilla) have a predominant pro-angiogenic impact on en-
dothelial cell migration and tube formation in vitro and
in vivo (Hilken et al. 2014; Bakopoulou et al. 2015).

Our cell characterization showed that the plastic-
adherent DPSCs expressed MSC-associated CD markers,
CD73, CD90, and CD105, but not CD11b, CD19, CD34,
CD45, and HLA-DR irrespective of whether they were
cultured in XSF or FBS medium, therefore conforming
to the minimum criteria of MSCs (Dominici et al. 2006).
The most interesting finding was that there was a large
decrease in the percentage of DPSCs expressing CD105
in the XSF, even after just three passages. However,
switching the XSF-expanded cells to human serum (as
the cells would be exposed to upon in vivo transplanta-
tion), restored the levels to those found in FBS containing
medium. Human serum is probably a golden standard to
mimic the in vivo conditions when cells are used for
transplantation, even if the cells have been cultured in
serum-free or FBS-contained conditions in vitro prior to
cell transplantation. Therefore, there is a rational to cul-
ture the XFS-cul tured DPSCs in human serum-
supplemented medium. A few previous studies have indi-
cated that BM-MSCs show a reduced expression of
CD105 in serum-free medium (Brohlin et al. 2017; Mark
et al. 2013), but this has not been previously reported for
DPSCs. So, what might be the consequences of reduced
CD105 expression? CD105 (or endoglin) is a transmem-
brane glycoprotein, which has been identified as an acces-
sory co-receptor of transforming growth factor-β1

(TGF-β1) and TGF-β3 (Barbara et al. 1999; Cheifetz
et al. 1992; Pierelli et al. 2001) and is generally consid-
ered as one of the most important markers of MSCs
(Dominici et al. 2006). It has been demonstrated that the
expression of CD105 varies depending on MSC sources
(Kern et al. 2006; Ponnaiyan and Jegadeesan 2014) and is
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associated with human BM-MSC or ASC differentiation
capacity (Cleary et al. 2016; Levi et al. 2011; Ponnaiyan
and Jegadeesan 2014). However, conflicting results of the
effects of CD105 on the tri-lineage differentiation capac-
ity with BM-MSCs or ASCs has been reported (Cleary
et al. 2016; Levi et al. 2011). In our study, the tri-
lineage differentiation of DPSCs showed no clear differ-
ence after the cells were cultured in either XSF or FBS
medium, even though the CD105 levels were markedly
different. This result is consistent with a previous study
which used the same XSF medium to isolate and culture
DPSCs (Mochizuki and Nakahara 2018). However, in that
study, no significantly reduced CD105 expression detect-
ed in the DPSCs (Mochizuki and Nakahara 2018). The
difference in the donor profiles (for example, age and
gender) and the techniques for isolation and culture of
the cells with XSF medium in our study and that by
Mochizuki et al. (Mochizuki and Nakahara 2018) might
cause these conflicting results. Of note, CD105 has also
been shown to play an important role in angiogenesis
(Nassiri et al. 2011), and we saw in this study a better
angiogenesis induced by the medium from late passage
cultures containing low levels of CD105-positive DPSCs.

Our study has some limitations. Our donor sample size was
small, and our observations are limited to in vitro studies.
Future in vivo experiments will be needed to confirm the
differentiation ability of the cells after they have been cultured
in XSF or FBS medium.

Conclusions

Taken altogether, this study demonstrated that cGMP-defined
xeno-free/serum-free medium could be used to expand
DPSCs in vitro, and these cells maintain their ability for tri-
lineage differentiation even though low numbers of the cells
expressed the multipotency marker, CD105. The reduction of
CD105 expression did not affect the angiogenic capacity of
DPSCs. Additionally, the decreased expression of CD105 in
XSF medium could be restored when the cells were subse-
quently cultured in human serum-supplemented medium.

Due to easily obtainable andmultipotent capacities, DPSCs
have been indicated as a promising source of MSCs in clinical
applications (Leyendecker Junior et al. 2018). The needs for
DPSC in vitro expansion will increase. Since the serum-
containing culture medium formulations might present safety
concerns and suffer from inconsistency in lot-to-lot, new
cGMP-defined xeno-free/serum-free media are needed. Our
findings demonstrate that the PRIME-XV® MSC expansion
XSFM medium (Irvine Scientific) can be considered as an
equivalent to medium containing serum for the culture of
DPSCs.
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