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Abstract: The aim of this study was to evaluate whether medium
modification improves the odontogenic differentiation of human
dental pulp stem cells (DPSC) in vitro and in vivo. DPSC isolated
from human impacted third molar teeth were analysed for
clusters of differentiation with flow cytometry. Odontogenic
differentiation was stimulated by medium modification with
the addition of bone morphogenetic protein 2 (BMP2). The
expression of dentin sialophosphoprotein, dentin matrix
protein 1, enamelysin/matrix metalloproteinase 20 and the
phosphate-regulating gene with homologies to endopeptidases
on the X chromosome of the cells were analysed with RT-PCR
at 7, 14 and 21 days. Then, DPSC were transplanted on the back
of immunocompromised mice via a hydroxyapatite tricalcium
phosphate scaffold, and the structure of the formed tissue was
investigated. The cells were identified as mesenchymal stem cells
with a 98.3% CD73 and CD90 double-positive cell rate. The increase
in mineralization capacity and expression of human enamel-dentin
specific transcripts proportional to the culture period were
determined after differentiation. Six weeks after transplantation,
an osteo-dentin matrix was formed in the group in which
odontogenic differentiation was stimulated, and the odontogenic
characteristics of the matrix were confirmed by histological
examination and RT-PCR analysis. Odontogenic differentiation of
the isolated and characterized human DPSC was improved with
medium modification by the addition of BMP2 in vitro and in vivo.
The defined medium and applied technique have a potential use
for forming reparative dentin in the future, but the effects of the
method should be investigated in long-term studies.
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Introduction
Terminal differentiation of pulp-derived stem cells into odontoblasts
with external stimuli provides the formation of reparative dentin in
required cases.1,2 Dental-tissue engineering targets generate new treatment
alternatives with the regeneration potential of these cells. Dental pulp
stem cells (DPSC) seem to be the most promising cell group for the
regenerative approach.3,4,5
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Growth and differentiation factors direct the
function of the cells in the tissue according to
the engineering concept.1,6 It is very important to
understand and imitate the differentiation mechanism
of the stem cells to ensure regeneration. Different
growth factors are used to set the action of the various
signals, and they provide cellular activation similar
to the situation in the tissue.7,8 Bone morphogenetic
proteins (BMP) located in bone and dentin induce
osteo-dentin and then reparative dentin formation.6,9,10,11
Topical application of BMP or gene therapy is utilized
to satisfy differentiation.10 Bone morphogenetic
protein 2 (BMP2), which is expressed in the enamel
knot, influences both epithelial and mesenchymal
cells in tooth development and increases during the
differentiation of odontoblasts.6,10 BMP2 has been
reported to ensure the differentiation of the pulp
cells into the odontoblastic lineage and induce dentin
formation in vitro and in vivo.9,12,13,14 Although the
mentioned studies in animal cells yielded successful
results, there is still a need to evaluate the response
of human DPSC to BMP2 to create new odontogenic
differentiation strategies for humans. In addition,
studies on the topical application of BMP may allow the
development of basic alternatives for differentiation.
The aim of this study was to evaluate whether
a medium modified with BMP2 addition improves
the odontogenic differentiation of human DPSC
in vitro and in vivo. For this purpose, the effects of
medium modification on odontogenic differentiation
of the isolated and characterized human DPSC were
determined with differentiation parameters based
on the dental tissue engineering concept.

Methodology
DPSC isolation and culture
Human impacted third molar teeth collected from
fifteen adults between 19 and 29 years old were used
as the source of cells. The study protocol was approved
by the Human Ethical Committee of Ege University
(Research no. 09-9.1/6), and informed consent was
obtained from the patients. After the extraction of a
tooth (Figure 1A), gingival and periodontal tissues
were removed and the tooth’s surfaces were cleaned
with povidone-iodine (Alcon Laboratories Inc., Fort
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Worth, USA), alcohol and penicillin/streptomycin
(Gibco Invitrogen, Grand Island, USA). Chamfers
were created on the tooth surfaces with a diamond
bur under physiological saline cooling, and the
tooth was fractured (Figure 1B). The pulp tissue
was removed and stored in a medium (alpha MEM,
Gibco Invitrogen, Grand Island, USA) at 4°C until
cell isolation, which was no later than 24 hours after
removal of the tooth. The pulp tissue was cut into small
pieces and then digested with 3 mg/ml collagenase
type I (Sigma-Aldrich, St. Louis, USA) and 4 mg/mL
dispase (Sigma-Aldrich, St. Louis, USA) for 45 min
at 37°C (Figure 1C). Cell suspensions were obtained
by passing the cells through a 70 mm strainer (Cell
Strainer, BD Biosciences Discovery Labware, New
Jersey, USA) (Figure 1D). The mesenchymal stem
cell medium used for culturing the control (-) group
contained an alpha modification of Eagle’s medium
(Gibco Invitrogen, Grand Island, USA) supplemented
with 15% fetal bovine serum (FBS) (Gibco Invitrogen,
Grand Island, USA), 0.1 mM L-ascorbic acid phosphate
(Sigma-Aldrich, St. Louis, USA), 2 mM L-glutamine
(Sigma-Aldrich, St. Louis, USA) and 100 units/mL
penicillin/streptomycin (Gibco Invitrogen, Grand
Island, USA). The cells seeded at 10 × 103 cells/cm2
for culturing were incubated at 37°C in 5% CO2, and
the medium was changed every 48 hours. When the
cells became confluent, they were subcultured.1,2,4

Flow cytometry analysis
Stem cells at 21-day culture periods were harvested
and suspended in culture medium at a concentration of
1 x 106 cells/ml. Flow cytometry was performed using
a FACS Calibur (BD Biosciences, New Jersey, USA), and
the data were analysed with Cell Quest software (BD
Biosciences, New Jersey, USA). CD34 (haematopoietic
progenitor cell antigen; APC), CD45 (leucocyte
common antigen/cell marker of haematopoietic
origin; APC-H), CD73 (NTES’-nucleotidase; PE) and
CD90 (thymus cell antigen/Thy-1/Thy-1.1; FITC) were
used for immunophenotyping of DPSC.

In vitro odontogenic differentiation of
DPSC
The defined medium was modified with the addition
of 50 ng/mL BMP2 (Santa Cruz Biotechnology Inc.,
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Figure 1. Stages of the method. (A) Tooth extraction. (B) Pulp tissue isolation. (C) and (D) Cell isolation and culture.
(E-I) Transplantation. (J-L) Tissue formation after transplantation.

Texas, USA) to induce the odontogenic differentiation
of DPSC in the experimental (+) group.4,9

Microscopic examination
The morphological changes were examined
with an inverted microscope (Olympus, Tokyo,
Japan). The mineralization was histologically
detected by alizarin red (Fluka-Sigma Aldrich,
Buchs, Switzerland).

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR) analysis for dental
pulp cells
The expression of human enamel dentin-specific
transcripts was evaluated using RT-PCR. The
expression levels were determined for dentin
sialo-phosphoprotein (Dspp), dentin matrix protein-1
(Dmp1), enamelysin/matrix metalloproteinase
20 (MMP20) and phosphate-regulating gene with
homologies to endopeptidases on the X chromosome
(Phex). For each time point at days 7, 14, and 21, total
RNAs of dental pulp cells (1x106 cells in 200 µl PBS)
were isolated using the High Pure RNA Isolation

Kit (Roche, Cat No: 11 828 665 001) following the
manufacturer’s instructions. First-strand cDNAs
were synthesized with a Transcriptor First Strand
cDNA Synthesis Kit (Roche, Cat No 04 379 012 001)
using total RNA. Specific primers were purchased
(Table). A total of 0.3 ml of each primer (0.5 mM)
was mixed with 10.5 mL of LightCycler FastStart
DNA Master SYBR Green I kit (Roche, Cat no:
03 003 230 001) in a final volume of 18 millimeters.
The standard cycling conditions were 95°C for
10 minutes, followed by 40 cycles of 95°C for
15 sec, 62°C for 8 sec and 72°C for 13 seconds. The
comparative Ct method (2-ΔΔCt method) was used
to determine and analyse the expression level of
genes.15 The expression of cell-junctional genes
was normalized using the glucose β-actin gene as
a control housekeeping gene. The relative changes
of the expression in the (+) group compared to the
(-) group were determined as follows:
Ct: Threshold cycle, HKG: Housekeeping gene (β-actin),
GOI: Experimental gene, ΔCt (Control): Ct(GOI) – Ct(HKG),
ΔCt (Experimental): Ct(GOI) – Ct(HKG), ΔΔCt: ΔCt
(Experimental) – ΔCt (Control), Fold change: 2 –ΔΔCt
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Table. Primer sequences (forward and reverse) used in RT-PCR.
Name
β-actin

Forward

Sequence
5’ AGCCTCGCCTTTGCCGA

Reverse

5’ CTGGTGCCTGGGGCG

Forward

5’ AACATCACAGCAAATGGCATC

Reverse

5’ CTTCCAGCTACTTGAGGTCCA

Dmp1

Forward

5’ AGACAGTGCCCAAGATACCACC

Reverse

5’ ATTCCCTCATCGTCCAACTCG

MMP20

Forward

5’ ACAAGCAGCCTCTAACTGGATC

Reverse

5’ GATTTCGCATAAAGTTGCCCAT

Phex

Forward

5’ AACTTTGCTGCCTCAATGGGA

Reverse

5’ GTCAATAAAGGCCCAGCGAAC

Dspp

Transplantation
DPSC was cultured until the third passage
i n t h e (-) a n d (+) g r o up s. Ap p r o x i m at e l y
1 x 10 6 cells (for each group) were mixed with
40 mg of hydroxyapatite tricalcium phosphate
(HA/TCP) (Zimmer, Warsaw, USA) used as a
scaffold and then transplanted into the pockets
prepared on the subcutaneous dorsal surface of
the immunocompromised mice (Figure 1E-I).
Furthermore, the scaffold was transplanted without
cells as a negative control group. All procedures
were performed in accordance with the guidelines
approved by the Animal Ethical Committee of
Ege University (Research no. 2009-121). Six weeks
after transplantation, the odontogenic structure
of the formed tissue was analysed by RT-PCR.
Data were analysed using two-way ANOVA and
Bonferroni tests. The differences were considered
statistically significant at p < 0.05.

Moreover, for histological examination, 5 µm
wide paraffin-embedding sections were stained with
haematoxylin and eosin (H&E) (Sigma-Aldrich, St. Louis,
USA) and alizarin red (Sigma-Aldrich, St. Louis, USA).

Results
Flow cytometry analysis: The cells were positive
for mesenchymal cell markers (CD73 and CD90) but
negative for haematopoietic markers (CD34 and CD45).
Pair analysis was performed for mesenchymal CD,
and the rate of CD73+ and CD90+ (double positive)
was 98.3% after 21 days of incubation (Figure 2).
Microscopic examination: The isolated cells
adhered to the plastic culture plate and had a
fibroblast-like appearance and then began to proliferate
and gradually grow to form small colonies. The
primary cells reached confluency 21 days after
planting and were ready for passage, but the cell
density and colony formation were higher in the (+)
group (Figure 3). The foci of mineralization indicating
odontogenic differentiation were observed in the (+)
group with alizarin red staining from the third week
of the culture (Figure 3).
RT-PCR results: The expressions of Dspp, Dmp1,
enamelysin/MMP20 and Phex were higher in the
(+) group than in the (-) group, and this increase
proportionally reached the highest level on the
twenty-first day of the culture period (Figure 4).
Six weeks a fter t ra n spla ntat ion: Cellular
activation did not occur in the negative control
group, and only the granular structure of the
scaffold was evident (Figure 5A). An increase

Figure 2. The double-positive areas and expression rates of DPSC after 21 days. Q2: CD73 (PE) + CD90 (FITC).
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Figure 3. The cell proliferation and colony formation (arrows) during the culture period [(A, C and E): (-) group. (B, D and F): (+) group.
(A and B): 7th day; (C and D): 14th day; E and F: 21th day, inverted microscopy x100]. No sign of mineralization in the (-) group
(P1, G: x20; H: x40). The foci of mineralization (arrows) indicating odontogenic differentiation from the third week of culture after
alizarin red staining in the (+) group (P1, I and K: x20; J and L: x40).

in connective tissue cells and the formation of
granulation-like tissue were found in the (-) group
(Figure 5B). An increase in odontoblast-like cell
density, scaffold-tissue integration, vascularization
and osteo-dentin matrix formation occurred in the
(+) group (Figure 5C). No mineralization foci were
detected in the negative control group, and only

dye accumulation was observed at the periphery
of the sections (Figure 5D). Mild mineralization
was detected in the (-) group (Figure 5E), otherwise
increased calcification and mineralized areas were
found in the (+) group (Figure 5F).
Mineralized tissue formation and scaffold-tissue
integration were noticed macroscopically in the (+)
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group (Figure 1J-L). Odontogenic characteristics of
the matrix structure were also confirmed with the
gene expression (Figure 6). The fold increase in Dspp
expression level was determined in the (+) group
compared to the (-) group (p < 0.05).

75

75

% Dmp1

100

% Dspp

100

50
25
0

7

14
days

50
25
0

21

75

75

% Phex

100

% MMP20

100

50
25
0

7

14
days

21

7

14
days

21

7

14
days

21

50
25
0

Figure 4. The fold increase in the expression levels of the (+)
group compared to the (-) group for Dspp, Dmp1, MMP20
and Phex at the 7th, 14th and 21th culture days (The relative
percentages of expression were shown in relation to the highest
value as 100% after normalization against β-actin).

Discussion
The triad of stem cells, morphogens and scaffolds
compose the key elements of regeneration.1,6,11 Stem
cells derived from the same region are beneficial for
use in the regeneration of a specific tissue. For example,
dental tissue-derived stem cells may be a cell source
for many tissues, but the odontogenic differentiation
potential for such stem cells is higher.3,16,17 Therefore,
dental pulp tissue obtained from human impacted
third molar teeth were used as a stem cell source in
this study on odontogenic differentiation. Identifying
the stem cells is an important step and necessary for
characterization.1,4 The specific mesenchymal stem
cell isolation method and medium1,2,4 were used
in this study. Then, flow cytometry analysis was
performed for the characterization of the isolated
cells. Different surface markers were analysed to
define the dental tissue-derived stem cells in a variety
of studies, but a standard combination of markers is
not available.2,3,18,19,20,21 CD73, CD90, CD34 and CD45
were analysed according to the International Society
of Cellular Therapy (ISCT) criteria,18 and our results
(Figure 2) were consistent with previous studies.2,3,20,21
CD73 and CD90 positive cells have been reported
to compose more than 95% of the population for
the identification of mesenchymal stem cells.18 The
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Figure 5. The H&E (A, B and C) and alizarin red (D, E and F) staining images of the developed tissue 6 weeks after transplantation
(x20). (A): The granular structure of the scaffold (s) in the negative control group. (B): The increase in connective tissue cells and
the formation of granulation-like tissue in the (-) group. (C): The increase in odontoblast-like cell density, tissue organization,
vascularization (v) and osteo-dentin matrix (om) formation in the (+) group. (D): No mineralization foci in the negative control.
(E): Mild mineralization in the (-) group. (F): Increased calcification and mineralized areas (arrow) in the (+) group.
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Figure 6. The expression levels of Dspp, Dmp1, MMP20 and
Phex in the (-) and (+) groups six weeks after transplantation.

mentioned expression level detected as being 98.3%
was a result of selective cell proliferation in this
study, and thus the isolated cells were confirmed to
be mesenchymal stem cells with a better expression
rate set than in the criteria. Additionally, the cell
characterization was performed without any
differentiation to determine the pure content of
stem cells.
Morphogens are used to generate biosignals
and provide an environment similar to the tissue
for stem cells in vitro,7 but the use of a single factor
is recommended to prevent cellular exchange
and provide a controlled investigation. 22 Thus,
only BMP2 was defined as an inductive factor for
odontogenic differentiation, and then reparative
dentin formation6,9,10,23 was used in the study. As the
complex methods such as morphogen production
and gene therapy have many challenges,10 the
d i f ferent iat ion wa s i nduced by t he topica l
application of BMP2. The reported9,11 most effective
dose of BMP2 (50 ng/mL BMP2) was added to the
medium. Because the combination of BMP and
dexamethasone has greater induction capacity,11
the medium supplemented with dexamethasone
sodium phosphate was preferred. The synergistic
ef fe ct of t he ot her protei n s shou ld a lso b e
investigated in further studies to generate the
optimal differentiation medium.
BMP2 has not been reported to make a difference
for the amount of stem cells and the proliferation
rate.9 Although a CFU-assay was not performed in
this study, an increase in the cell density and colony

formation was observed (Figure 3) in the (+) group as
a novel finding. Calcified deposit formation and an
increase in mineralization capacity have been reported
as the most important indicators of odontogenic
differentiation.1,2,4,9,23 While no mineralization indicator
was found in the (-) group, the mineralization foci
mentioned in other studies1,2,4 occurred and increased
after the third week in the culture of the (+) group
(Figure 3). However, it seems to be pretentious to
suggest that the mineralization was only a result of
odontogenic differentiation. Mineralization may occur
in many physiological or pathological conditions,
and the existing biomarkers can provide insight for
the process. For instance, enamel and dentin specific
transcript expression have been reported as necessary
to confirm odontogenic differentiation.24 Therefore,
gene expression analysis was also performed for
human enamel-dentin specific transcripts in this
study. The increased expression responsible for the
formation of predentin matrix (Dspp),25 collagen
(Dmp1),26 enamel matrix, (MMP20)27 and phosphate
haemostasis (Phex)28 consistent with the culture period
in the (+) group compared to the (-) group (Figure 4)
were the evidence of odontogenic differentiation. In
addition, the increased expression of all transcripts
on the 21th day, known as the initial period of the
dentin formation, supports our findings.
Although in vitro culture systems have created a
basic model, in vivo implantation systems are necessary
to identify the structural properties of the tissue
formed after differentiation.1,2 DPSC induced for
odontogenic differentiation were transplanted to mice
in the in vivo part of our study. As recommended,29
the cells from the third passage were used to avoid
the risks of cell ageing and cytogenetic disorders.
HA-TCP, which qualified as odonto-conductive and
has had routine use in dentistry,2,3 was preferred
as the scaffold. Consequently, a bioactive method
comprising DPSC, modified medium with BMP2
addition and HA-TCP was enhanced and applied.
Stem cells have been reported as essential for
odontogenic regeneration,1 and this condition was
confirmed by no tissue organization occurring
in the negative control group (Figure 5A). Tissue
organization, matrix formation and calcification have
been noted to be the key elements of odontogenic
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regeneration.2,3,30 Although only granulation tissue
formation was detected in the control (-) group
(Figure 5B), scaffold-tissue integration, and increased
cellular activation, vascularization, and mineralization
contributed to osteo-dentin like matrix formation
in the (+) group (Figure 5C and 5F). Therefore, the
required elements were present.
The odontogenic characteristics of the matrix
structure formed in the study was confirmed by the
presence of the related gene expression (Figure 6), and
in vivo findings consistent with the studies2,3,30 were
also obtained for DPSC after transplantation. The
transplantation period of the study was defined as 6
weeks to follow the changes in the early stages,2,3,30
but the expression in different time periods should
be examined. The increased Dspp expression level
(Figure 6) in the (+) group could be accepted as the
indicator of odontogenic matrix formation as a result
of odontoblastic differentiation and activity.26 The
expression levels of the other transcripts change and
increase in the periods following the gradual tooth

development stage. Moreover, further investigations
into different conditions (different growth factors,
different culture environments, etc.) are required.

Conclusion
Odontogenic differentiation of the isolated and
characterized human DPSC was improved with
the in vitro medium modification by the addition of
BMP2. The applied induction also ensures in vivo
odontogenic matrix formation. Therefore, the defined
medium and applied technique have a potential use
in forming reparative dentin in the future, but the
effects of the method should be investigated in the
long-term with different scaffold materials.
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