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Osteoblastic/Cementoblastic and Neural Differentiation
of Dental Stem Cells and Their Applications

to Tissue Engineering and Regenerative Medicine

Byung-Chul Kim, M.Sc.,1 Hojae Bae, Ph.D.,2,3 Il-Keun Kwon, Ph.D.,1 Eun-Jun Lee, D.M.D., M.S.D.,4

Jae-Hong Park, D.M.D., M.S.D., Ph.D.,4 Ali Khademhosseini, Ph.D.,1–3,5 and Yu-Shik Hwang, Ph.D.1

Recently, dental stem and progenitor cells have been harvested from periodontal tissues such as dental pulp,
periodontal ligament, follicle, and papilla. These cells have received extensive attention in the field of tissue
engineering and regenerative medicine due to their accessibility and multilineage differentiation capacity. These
dental stem and progenitor cells are known to be derived from ectomesenchymal origin formed during tooth
development. A great deal of research has been accomplished for directing osteoblastic/cementoblastic differenti-
ation and neural differentiation from dental stem cells. To differentiate dental stem cells for use in tissue engineering
and regenerative medicine, there needs to be efficient in vitro differentiation toward the osteoblastic/cementoblastic
and neural lineage with well-defined and proficient protocols. This would reduce the likelihood of spontaneous
differentiation into divergent lineages and increase the available cell source. This review focuses on the multilineage
differentiation capacity, especially into osteoblastic/cementoblastic lineage and neural lineages, of dental stem cells
such as dental pulp stem cells (DPSC), dental follicle stem cells (DFSC), periodontal ligament stem cells (PDLSC),
and dental papilla stem cells (DPPSC). It also covers various experimental strategies that could be used to direct
lineage-specific differentiation, and their potential applications in tissue engineering and regenerative medicine.

Introduction

Tissue engineering is an interdisciplinary field that
connects various scientific aspects from engineering,

materials science, biology, and medicine.1 This field has
emerged as a promising area in regenerative medicine to
develop a biologically functional tissue mimetics that can be
used to restore malfunctioned and damaged tissues. In
recent years, tissue engineering has progressed in several
areas, including methods of cell isolation, expansion, lineage-
specific differentiation, and transplantation.2 Other methods
related to tissue engineering, including the use of bioactive
matrix materials as tissue scaffolds, local or systemic delivery
of various hormones and growth factors or other chemical
compounds, and other methods to control the culture con-
dition, have also been recently a focus of research.3–6

To date, various stem cells, such as embryonic stem cells
(ESCs), bone marrow-derived stem cells (BMSCs), adipose

tissue-derived stem cells (ADSCs), and other tissue-specific
somatic stem cells, have been extensively used in tissue
engineering. Manipulation of culture condition and mi-
croenvironment for directing desired cell lineage differen-
tiation to a certain extent has also been extensively
studied.7–14 These stem cells have been used to generate
three-dimensional (3D) tissue-like structures by combining
the cells with suitable biomaterials and cultivation sys-
tems.15–19 However, due to the lack of accessibility, autol-
ogous implantation, multilineage differentiation capacity,
and issues related to aged cell populations, there is great
limit for using these cells in practical applications.20,21 For
instance, the isolation of BMSC and ADSC need surgical
procedure to procure tissues such as bone marrow aspira-
tion process and liposuction process. For these reasons the
search for new alternative cell sources that require nonin-
vasive or minimally invasive procurement process is on-
going.
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Recently, the presence of multi-potent stem cells in
periodontal tissues, such as dental pulp, dental follicle,
dental papilla, and periodontal ligament, and in exfoliated
deciduous teeth was reported.22–27 The recent finding of stem
cells in periodontal tissues has suggested the use of these
dental stem cells as a potential cell sources for tissue engi-
neering (Fig. 1). Dental stem cell banks have been pioneered
by private companies worldwide, and the dental stem cells
are cryopreserved at stem cell bank for their potent avail-
ability in near future. Pulp, periodontal ligament, and papilla
tissue can be procured from the discarded teeth, and dental
stem cells can be isolated from the collected tissues by col-
lagenase treatment,22 which provides noninvasive procure-
ment process. In addition, it has been well known that
functional ability and self-renewal ability of somatic stem
cells show a significant reduction with increasing donor
age.20,21,28 In other hands, wisdom teeth and baby teeth de-
veloping from age 6 to age 20 after birth undergo organo-
genesis, and immature periodontal tissues in them are
evident to have a pool of stem cells with high regeneration
ability, which might be a good source for tissue engineering
and regenerative medicine. After isolation, dental stem cells
are expanded well in culture, and interestingly a cell popu-
lation with stem cell characteristics appears to increase with
passage during their expansion, but the underlying biology
of this increased stem cell population during expansion
needs to be further elucidated.29 Benefits of this source for
tissue engineering application include relatively easy acces-
sibility, multilineage differentiation capacity, and possible
autologous implantation. There has been extensive research
on forming mineralized or neural tissue using dental stem
cells in the field of regenerative medicine. In this review, we
summarize recent research relating to multilineage differen-
tiation, especially toward osteoblastic/cementoblastic and
neural differentiation, of dental stem cells such as dental
pulp stem cells (DPSC), dental follicle stem cells (DFSC),
dental papilla stem cells (DPPSC), and periodontal ligament
stem cells (PDLSC), and their potential applications to tissue
engineering with comments on the progress of this approach
and future trends of the field.

Tooth Development, Dental Stem Cell Origin,
and Multilineage Differentiation

To comprehend the stem cell characteristics of periodontal
tissues, it is necessary to understand the biological processes
that induce and regulate tooth development and the origin of
dental stem cells. Tooth development involves the complex
back and forth signaling between epithelial and mesenchy-
mal tissues. Teeth are derived from oral ectoderm and neu-
ral crest-derived mesenchyme.30 As shown in Figure 2, the
process of tooth development is mainly composed of five
stages. The first stage is the thickening stage, which involves
the thickening of oral epithelium at the site of tooth forma-
tion. This is followed by the condensation of ectomesench-
ymes, which are derived from neural crest-derived
mesenchyme, around the bud. During the second stage, also
known as the bud stage, two distinct cell lineages, peripheral
basal cells and stellate reticulum, are separated from dental
epithalium to form two tissue layers providing the stem cell
niche in growing teeth. The next two stages are the cap stage
and the bell stage. During these stages, the cervical loop
structure is developed, and the inner enamel epithelium is
formed within the loop bordering the dental papilla. Also,
during this stage the dental follicle is formed at the interface
of the outer enamel epithelium. This cervical loop structure is
maintained in developing teeth. During these stages, the
dental papilla is surrounded by dental epithelium. The cells
at the interface of the epithelial-mesenchyme within the
cervical loop structure give rise to ameloblasts and odonto-
blasts, which produce a mineralized matrix of enamel and
dentin. The pulp is formed from dental papilla, and ce-
mentoblasts and periodontal tissues are formed from the
peripheral dental follicle. The growing enamel knots within
the cervical structure regulate the size and shape of the tooth
crown during tooth development. During the fifth and final
stage, the secretory stage, the developed tooth erupts
through the gums.30

The mature tooth is mainly composed of enamel, dentin,
pulp, and periodontal ligament tissue. Human teeth can be
mainly categorized into baby teeth and permanent teeth

FIG. 1. Dental stem
cell-based tissue engineering.
In vitro 3D tissue-engineered
construct can be developed
by combining dental stem
cells with proper 3D cell
carrier and bioreactor culture
system, and can be applied to
tissue engineering and
regenerative medicine. 3D,
three-dimensional. Color
images available online at
www.liebertonline.com/teb
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according to age. In addition, wisdom teeth (third molar
teeth) are generally developed in people aged from 16 to 20
or older. All of these types of teeth have dental stem cells.
Recently, the presence of multi-potent stem cells has been
reported within various periodontal tissues. Yamazaki et al.
demonstrated the presence of the neural crest-derived dental
mesenchyme in developing tooth by tracing genetically
modified neural crest-derived cells in a mouse model.31 They
also reported the potential of these cells to differentiate down
multiple pathways into odontoblasts, chondrocyte-like cells,
and osteoblast-like cells.31 It has also been reported that
multi-potent stem cells, expressing mesenchymal stem cell
marker such as STRO-1 and CD146/MUC18, are present in
periodontal ligament tissue extracted from human third
molar teeth. These PDLSCs could be isolated by single col-
ony selection and an immunomagnetic isolation method
using anti-STRO-1 antibody. These stem cells showed the
multi-differentiation capacity to form both cementoblast-like
cells and adipocytes.26 Gronthos et al. isolated a clonogenic
and highly proliferative stem cell population from adult
human dental pulp tissue by enzymatic digestion.22 It has
been shown that the typical immunoreactivity profile of
these stem cell populations shows a very similar pattern as
bone marrow stromal cells. These DPSCs can also produce
dentin/pulp-like structures on hydroxyapatite (HA)/tri-
calcium phosphate (TCP) scaffolds after transplantation in
immunodeficient mice in conjugation with HA/TCP pow-
der, indicating their differentiation potential.22 In addition to
PDLSC and DPSC, DPPSCs and DFSCs have also been iso-
lated from papilla and follicle tissue from third molar teeth
by collagenase treatment. These stem cells had a fibroblastic
morphology and stained positive for various mesenchymal
stem cell or putative stem cell markers, such as CD29, CD44,
CD105, or Notch-1.24,25 In vitro differentiation studies of
those stem cells have reported potent osteogenic differenti-
ation capacity in the presence of osteogenic supplements.24,25

To date, in addition to osteogenic differentiation, several
differentiation studies of dental stem cells have reported on
their capacity to differentiate into chondrogenic, adipogenic,
neural, and endothelial cell lineages.23,26,32,33 For instance,

adipogenic differentiation was induced by the addition of
0.5 mM isobutyl-methylxanthine, 1 mM dexamethasone,
10 mM insulin, 200 mM indomethacin, and 50 mg/mL of
gentamicin into alpha minimum essential medium (a-MEM)
containing 10% fetal calf serum (FCS).32 Such adipogenic
differentiation capacity was also reported in PDLSC differ-
entiation studies.23,26 In addition, despite that chondrogenic
differentiation activity was relatively lower in comparison
with BMSC, chondrogenic differentiation of dental stem cells
could be achieved by the micromass culture of DPSC in the
presence of 10% FCS, 200mg/mL ascorbic acid, and 10 ng/
mL of TGF-b3 after 6 weeks.34 In addition to skeletal lineage
differentiation of dental stem cells, different lineage differ-
entiations such as neural and endothelial differentiation
could be induced under certain culture conditions.32,35

Neural differentiation was induced by the culture in the
presence of 10 mM b-mercaptoethanol, 2% dimethyl sulfox-
ide, and 200 mM butylated hydroxyanisole without serum.32

Nakasima et al. reported in vitro and in vivo endothelial
(endothelial cell lineage) differentiation capacity of DPSC.
CD31- /CD146- side population cells and CD 105 + cells
were isolated from dental pulp tissue, and these cells gen-
erated vascular-like branching structures on Matrigel and
generated newly formed vasculature after transplantation.35

Dental stem cells from exfoliated deciduous teeth differen-
tiated into vascular endothelial cells in an implantation
study.36 In view of their stem cell properties and multi-
differentiation activity, there is a growing interest in the use
of dental stem cells isolated from various periodontal tissues
in the field of stem cell biology and tissue engineering. The
sources of dental stem cells and their multi-differentiation
strategy are illustrated in Figure 3.

Osteoblastic/Cementoblastic Differentiation
of Dental Stem Cells

The use of stem cells for forming hard tissues such as bone
has received a great deal of attention, and various stem cells
such as BMSCs, ADSCs, and ESCs have been widely used in
osteogenic differentiation studies and bone tissue

FIG. 2. Developmental pro-
cess of tooth morphogenesis.
Tooth development is initi-
ated by the interaction of
ectomesenchyme and oral
ephitelium and is composed
of six sequential steps such as
thickening, bud, cap, bell, se-
cretory, and eruption. Color
images available online at
www.liebertonline.com/teb
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engineering. Along with these stem cells, dental stem cells
have also proven themselves to be a potent cell source for
fabrication of 3D bone tissue structures. This is due to their
good osteogenic activity potentially as a result of their bio-
logical function to form hard mineralized tissue during tooth
development. For example, it has been shown that c-kit + /
CD34 + cells (dental pulp stem cell, DPSC) could be purified
from dental pulp tissue, and differentiate into CD44 + /
RUNX-2 + osteoblast precursors and subsequently into oste-
oblasts in a-MEM containing 20% fetal bovine serum (FBS),
ascorbic acid-2-phosphate, and l-glutamine. By using this
procedure, newly synthesized fibrous bone tissue composed
of densely mineralized matrix was formed after 50 days of
in vitro culture. Moreover, the living fibrous bone tissue
formed a lamellar bone tissue containing osteocytes after
in vivo transplantation into immunocompromised rats.37 In
another study, the same research group evaluated the oste-
ogenic potential of DPSCs after long-term cryopreservation.
C-kit + /CD34 + /STRO-1 + /flk-1 + DPSCs were purified by
fluorescence activating cell sorting, and the isolated DPSCs
after 16–20 passages were induced to differentiate into os-
teoblasts under osteogenic culture conditions. Afterward,
these differentiated osteoblasts were cryopreserved in a liq-
uid nitrogen tank for up to 2 years. The recovered osteoblasts
after cryopreservation produced a woven bone-like structure
composed of osteocalcin + /osteonectin + extracellular matrix
secreted by the cells. This woven bone-like tissue was con-
verted into 3D lamella bone tissue after transplantation in
immunocompromised rats.38 From several in vitro and in vivo
studies, the osteogenic differentiation capacity of DPSC has
been well proved. Strong alkaline phosphatase expression
and mineralized nodule formation can also be generated

during osteogenic differentiation of isolated STRO-1+ DPSCs,
as shown in Figure 4.

In addition to osteoblastic/cementoblastic differentiation
of DPSC, the osteogenic differentiation of PDLSC and
DPPSC has been also reported. The STRO-1 + cell population,
PDLSCs, was isolated by a magnetic activating cell sorting
(MACS) system and allowed to differentiate in the presence
of ascorbic acid-2-phosphate. This resulted in the expression
of alkaline phosphatase, mineralization-related genes, and
the formation of mineralized nodules, thus indicating oste-
oblastic/cementoblastic cell lineage differentiation.26 In an-
other study, Ikeda et al. reported in vitro osteoblastic/
cementoblastic differentiation of DPPSCs in the presence of
ascorbic acid, b-glycerophosphate, and dexamethasone. This
differentiation was evidenced by high alkaline phosphatase
activity, osteocalcin content, and mineralized nodule for-
mation.25

Recent hard tissue engineering studies have shown the
potential for use of dental stem cells in combination with 3D
polymeric scaffolds. For example, a recent report showed the
formation of bone-like hard tissue formed by DPSC in con-
jugation with a 3D porous calcium phosphate ceramic carrier
in an implantation study. The STRO-1-selected DPSCs were
seeded onto a HA/TCP (HA/TCP ratio of 60/40) Camcer-
am� ceramic disc with a porosity of 90%, and in vitro oste-
ogenic differentiation was induced in the presence of bone
morphogenic protein-2, dexamethasone, b-glycerophosphate,
and ascorbic acid. After 8 days of in vitro culture, these
constructs were implanted into BALB/c immunocom-
promised mice and analyzed after 12 weeks. Histological
analysis showed well-mineralized hard tissue formation
with distinct concentric lamellae structure and with partially

FIG. 3. Dental stem cell sources and their multilineage differentiation capability. Various dental tissues can be used for
dental stem cell’s isolation according to age. Color images available online at www.liebertonline.com/teb
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developed bone marrow-like hematopoietic tissue.39 In an-
other study, mineralized tissue formation was reported in an
autologous implantation study with DPSCs and a poly(lac-
tic-co-glycolic) acid scaffold construct.40 In the study, DPSCs
were isolated from New Zealand white rabbits, and cultured
on a 3D scaffold for 2 days before implantation. Afterward,
these autologous DPSC/scaffold constructs were trans-
planted subcutaneously into rabbits, to result in the forma-
tion of a mineralized structure containing osteodentin with a
well-organized cell arrangement and blood vessels.40 In an-
other study, dental stem cells were used to generate a
functional bioengineered tooth replacement.41 In this re-
search, a 3D bioengineered molar tooth germ was fabricated
by encapsulating a molar tooth germ-derived epithelial cell
and a mesenchymal stem cell mixture with collagen gel. This
3D construct was then implanted into the alveolar bone re-
gion of a lost tooth. After transplantation, mineralized hard
tissue with the correct tooth structure was developed. This
bioengineered tooth was functional in a similar pattern with
natural teeth, and proved to be responsive to mechanical
stress.41 These studies and findings might suggest the po-
tential use of dental stem cells or dental stem cell-based tis-
sue-engineered 3D construct for hard tissue regeneration.
Briefly, in vivo hard tissue formation using dental stem cells
are summarized in Table 1.

Neural Differentiation of Dental Stem Cells

To date, extensive trials to generate neural cells have been
done using various adult stem cells, such as MSCs, ADSCs,
and neural stem cells (NSCs). The goal of these studies is
to use stem cells for nerve regeneration in patients with

neurodegenerative diseases. Although several successful
approaches have been reported on inducing neural differ-
entiation from these stem cells, there are a number of po-
tential limitations in their medical application in terms of
efficiency in differentiation and accessibility of these cell
sources. In spite of several reports for neural differentiation
of MSC and ADSC,45–47 the precise mechanism of trans-
differentiation between MSC or ADSCs and neural lineage
cells has not been well elucidated and remains controversial.

Unlike other somatic stem cells, it has been well docu-
mented that dental stem cells, when isolated from immature
dental pulp during tooth development, show expression of
ESC pluripotency markers, such as Oct-4, SSEA-4, Nanog,
and TRA-1–60. These stem cells also display multipotency
markers indicating chondrogenic and osteogenic tissue for-
mation in differentiation culture and spontaneous neural
differentiation; this represents stem cells of neural crest-de-
rived mesenchyme (ectomesenchyme) origin of the dental
papilla.48 From scientific knowledge of developmental bi-
ology, the neural differentiation from dental stem cells can be
supposed. A great deal of research has been done on the
generation of neural lineage cells from dental stem cells.
Dental stem cells express various neural markers upon
stimulation with a neural differentiation medium. The neu-
rosphere formation and neural differentiation of DPSC, iso-
lated from teeth by MACS using anti-STRO-1 antibody,
under neural culture conditions are shown in Figure 5. The
Stro-1-positive stem cell population was allowed to form
neurospheres in suspension culture in the presence of fibro-
blast growth factor 2 (FGF2); the formed neurospheres were
replated on laminin-coated culture dishes, and positive ex-
pression of neural cell markers such as Ca2 + /calmodulin-

FIG. 4. In vitro osteogenic differentiation of DPSCs. Stem cells were isolated form dental pulp tissue by purifying STRO-1-
positive cell population with MACS system, and allowed to differentiate into osteogenic lineages to form mineralized nodules
under proper osteogenic culture condition. (A) Immunochytochemical image of isolated DPSCs: Stro-1 (green), CD44 (red),
and nuclear staining (DAPI; blue). (B) Phenotypic expression of alkaline phosphatase after 21 days of osteogenic culture. (C)
Alizarin red-S–stained image of mineralized nodules after 21 days of osteogenic culture under light microscope. (D) Alizarin
red-S–stained image of mineralized nodules after 21 days of osteogenic culture under fluorescence microscope. DPSC, dental
pulp stem cells; MACS, magnetic activating cell sorting. Color images available online at www.liebertonline.com/teb

DENTAL STEM CELL-BASED TISSUE ENGINEERING 239



dependent protein kinases II (Cam kinase II), glial fibrillary
acidic protein (GFAP), bIII-tubulin, and tyrosine hydroxylase
was detected under neural differentiation condition con-
taining glial cell-derived neurotrophic factor, sonic hedgehog
homolog, and FGF 8.

It has been reported that DPSCs express the neural stem
cell marker, nestin, before exposure to differentiation culture,
and that the expression of nestin was downregulated upon
induction of differentiation. Also, during the course of mat-
uration into neural lineages, mRNA of neural cell markers
such as GFAP and bIII-tubulin was upregulated in DPSC

differentiation culture in the presence of N-2 plus media
supplement, FGF, and epidermal growth factor (EGF), which
indicate DPSC differentiation into glial cells and neurons.49

In addition, it has been reported that dental stem cells form
3D cell clusters, which mimic the so-called neurospheres,
when cultured on plates with low cell binding surface or in
suspension environments in the presence of EGF and bFGF.
These neurospheres, which are self-aggregated cell clusters
composed of NSCs, have been widely used for the induction
of neural differentiation from dental stem cells. There has
been a great deal of research performed to establish more

Table 1. Overview of In Vivo Hard Tissue Formation Using Dental Stem Cells

Cell Cell carrier Implantation area of animal Reported outcome Reference

DPSC 3D woven bone tissue Subcutaneous implantation into
immunosuppressed rats

Lamella bone
tissue formation

38

DPSC HA/TCP Camceram�

ceramic disc
Subcutaneous implantation into BALB/c

immunocompromised nude mice
Typical bone-like hard

tissue formation

39

DPSC PLGA scaffold Subcutaneous implantation into
New Zealand white rabbits

Osteodentin structure
formation with a
well-organized cell
arrangement and
blood vessels

40

DPPSC Collagen gel The alveolar bone site in the lost
tooth region of adult mouse

3D functional bioengineered
tooth formation

41

DPSC BMP2-treated cell pellet The amputated pulp region of adult dogs Dentin formation 42

DPSC Collagen sponge The injury site left by extraction of the
mandibular third molars in patients

Restoration of human
mandible bone defects

43

DPSC Platelet-rich plasma Mandible bone defect site of adult dogs Bone formation
around dental implant

44

DPSC, dental pulp stem cells; PDLSC, periodontal ligament stem cells; DPPSC, dental papilla stem cells; HA, hydroxyapatite; TCP,
tricalcium phosphate; PLGA, poly(lactic-co-glycolic) acid; BMP, bone morphogenetic protein; 3D, three-dimensional.

FIG. 5. In vitro neural differentiation of DPSCs. STRO-1-positive stem cells were allowed to form neurosphere in the
presence of FGF2 under suspension culture condition, and differentiated into neural lineage by plating on laminin-coated
culture dishes and culturing in the presence of neurotrophic factors such as GDNF, Shh, and FGF8. (A) Light microscopic
image of neurospheres in suspension culture. (B) Immunocytochemical image of neurospheres: Camkinase II (green), MAP2 (red),
and nuclear staining (DAPI; blue). (C) Immunocytochemical image of neurospheres: bIII tubulin (green), GFAP (red), and nuclear
staining (DAPI; blue). (D) Immunocytochemical image of replated neurospheres after neural differentiation: tyrosine hydroxylase
(green), bIII tubulin (red), and nuclear staining (DAPI; blue). (E) Immunocytochemical image of neural cells after neural differ-
entiation: bIII tubulin (green) and nuclear staining (DAPI; blue). GFAP, glial fibrillary acidic protein; GDNF, glial cell-derived
neurotrophic factor; Shh, sonic hedgehog homolog. Color images available online at www.liebertonline.com/teb
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effective culture strategies for neurosphere formation and
neural induction.49–52 An immunophenotype study showed
a strong positive reactivity of cells within these spheres
against antibodies of NSCs markers, such as anti-nestin and
anti-CD81 antibodies. The factor bFGF was found to be the
most effective means of generating neurospheres from dental
stem cells. This factor was even more effective than other
growth factors such as BMP2, brain-derived neurotrophic
factor (BDNF), nerve growth factor (NGF), and others.50 In
another study, Widera et al. developed a well-defined, se-
rum-free medium for the propagation of neurospheres
formed from dental stem cells with supplements of EGF and
FGF-2. Neurospheres, showing a strong expression of nestin
and Sox-2, were formed from PDLSCs in this serum-free
condition. Spontaneous differentiation into neuronal lineages
was observed when plated on laminin-coated plates in the
absence of cytokines.51

The neural differentiation activity of stem cells isolated
from papillar tissue, DPPSC, has also been reported. It is well
known that the dental papilla converts to dental pulp tissue
during tooth development. This implies that the character-
istics of stem cells in dental papilla are closer to ectome-
senchyme than DPSC in terms of maturation.53 DPPSCs were
isolated from the apical papilla tissue of human immature
permanent teeth, and their proliferation activity was found
to be two- or threefold higher than DPSCs. These DPPSCs
were found to express a variety of neuronal markers such as
nestin, GFAP, bIII-tubulin, and neurofilament M upon in-
duction of neural differentiation with bFGF and EGF.54 It has
also been known that DFSCs are derived from immature
dental tissue of wisdom teeth and also possess this multi-
lineage differentiation capacity.55 It has been reported by the
Morszeck group that DFSCs can form neurosphere-like
structures when plated onto low-attachment cell culture
dishes in serum-free medium containing EGF and FGF-2.
They also discovered that DFSC-derived neural cells grown
on laminin and gelatin display a relatively long axon-like cell
extension, indicating that neural cell morphology and axon-
like cell extensions were dependent on cell culture substrates.
Also, they reported that the neuronal cell lineage differenti-
ation into dopaminergic or GABAergic neurons was depen-
dent on the time-dependent addition of neural stem cell
supplements, such as EGF, FGF-2, and retinoic acid.55

In addition to studies on the in vitro differentiation of
dental stem cells into neural cells, there have been attempts
to improve and regenerate nerve tissue via cell transplanta-
tion. One recent study demonstrated that implanted DPSCs
support host axon guidance within a receptive host nervous
system by secreting neurotrophic factors. Human DPSCs
were isolated from the third molar teeth. Stable green fluo-
rescence protein (GFP)-positive DPSCs were established by
viral transfection with the GFP encoding gene. These cells
were then injected into the mesodermal tissue of a devel-
oping avian embryo. In this xenotransplantation, it was ob-
served that avian trigeminal ganglion axons were guided
toward implanted DPSCs via chemo-attraction between
CXCL12, a stromal cell derived factor-1 that is secreted by
implanted DPSCs, and its receptor CXCR4.56 It is also well
known that cultured DPSCs produce several neurotrophic
factors, such as NGF and BDNF. These neurotrophic factors
also serve to promote the survival of injured neurons.57 In a
similar study, DPSCs were implanted into the hippocampus

of immunocompromised mice, which increased host neural
cell proliferation and stimulated neural differentiation to
mature neural cell types by the recruited host neural cells at
the site of the graft. Enhanced expression of vascular en-
dothelial growth factor, ciliary neurotrophic factor, NGF,
and FGF was observed up to 30 days after implantation at
the same site.58 It has also been reported that maintaining
the proper environment of a cell culture can induce the
differentiation of DPSCs into functionally active neurons
in vitro. This was demonstrated by the actuation of sodium
current in DPSC-derived neuronal cells grown in a neuro-
nal inductive media. Moreover, in an avian xenoplantation
assay, the in vivo neuronal differentiation of implanted
human DPSCs was induced by the endogenous neuronal
environment. This differentiation was proved by the mor-
phological change from dental to neuronal cell and by
immunohistochemical staining with human specific anti-
bIII tubulin and anti-neurofilament M antibody. As a
control, there was no morphological change and no im-
munostaining of implanted human foreskin fibroblast at
same injection area.59

Many in vitro differentiation studies and in vivo animal
studies for neural differentiation of dental stem cells showed
that dental stem cells have been proved to have neural dif-
ferentiation capacity under proper culture condition and
have inducing activity to regenerate neuronal defect by
promoting host neuron’s migration or self-differentiation
into neurons in implanted animal. These studies suggest that
there may be potential uses of dental stem cells in the field of
neural tissue engineering and that these stem cells may one
day be used for nerve regeneration. However, the identity of
dental stem cells and the underlying biology for neural dif-
ferentiation of dental stem cells has not been elucidated. It
was reported that stem cells from dental tissues showed
mesenchymal stem cell characteristics, regarding their mul-
tidifferentiation capacity into especially skeletal lineage and
self-renewal activity.60 Also, dental stem cells were reported
to show another stem cell property resembling ectome-
senchymal stem cells having both mesenchymal lineage
differentiation capacity and neuroectodermal lineage differ-
entiation capacity26 regarding their developmental origin is
from neural crest-derived ectomesenchyme.27 Furthermore,
nothing has been proved for the presence of neural stem cell
within dental tissues and its possible direct differentiation
into neural lineage. Hence, it is necessary to gain further
insight into the characteristics of postnatal stem cells from
dental tissues.

Future Challenge

Since the discovery of stem cells in periodontal tissues,
many researchers have successfully derived lineage-specific
differentiation, osteoblastic/cementoblastic, and neural
differentiation of dental stem cells. These differentiated
cells have been applied to the field of tissue engineering and
regenerative medicine. The goal of this research was to
successfully regenerate mineralized or neural tissue. In this
review, it was suggested that the use of dental stem cells
can be an alternative potent source in the application to
tissue engineering and regenerative medicine regarding
their relatively easy accessibility and multidifferentiation
capacity.
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However, ultimately, from a therapeutic point of view,
there still remain many issues to resolve regarding expan-
sion, differentiation efficiency, and safety in the use of dental
stem cells. Dental stem cells have been known to have a great
self-renewal activity, and more than 80 passages of DPSC
were obtained without losing stem cell characteristics and
clear signs of senescence.61 The successful isolation and sub-
sequent culture to maintain self-renewal activity of dental
stem cells could be achieved regardless of dental tissues with
aging. Dental stem cells are able to be isolated from adults’
dental tissues such as papilla and pulp tissue with various
ages, 19–45.37,62 However, age-related changes of differentia-
tion activity of dental stem cells should be taken into account
for applications.37 Osteogenic differentiation capacity was re-
ported to be dependent on age of dental tissues,63 and some
dental tissue-derived cells showed no mineralization activi-
ty.37 Another limit to overcome for dental stem cell applica-
tion is aging-related dental diseases. Dental pulp diseases
such as pulpitis and pulp cavity calcification increase with
aging, which means that the limited availability of dental
tissue for dental stem cell isolation. It has been known that the
small amount of periodontal tissue such as dental pulp and
periodontal ligament can be procured from discarded teeth,
and a small population of stem cells, between 1% to 10% of
the total cell population, within adult (mature) dental tissue
was observed.62,64 Considering the paucity of available dental
tissues, a more efficient strategy for dental stem cell isolation
and in vitro expansion will be needed to generate the large
numbers of stem cells that are needed for successful trans-
plantation. In addition, dental stem cells have not yet been
extensively studied in terms of age-related cellular change
regarding stemness maintenance and differentiation, which
should need to be investigated to broaden their therapeutic
applications.

The conditions required to induce osteoblastic/cemento-
blastic or neural differentiation need to be further character-
ized especially as they apply to dental stem cells collected
from different periodontal tissues. Before there can be any
successful clinical usage of these dental stem cells, a well-
defined FBS-free medium needs to be developed for cell
growth and differentiation. This medium needs to be pure in
order to remove any possible cross contamination and im-
mune reaction due to factors derived from other species. In
addition, although there has been no report for neuroma
formation in DPSC transplantation studies for nerve regen-
eration, the possibility of dental stem cell-derived tumor or
cancer formation should need to be investigated further re-
garding high self-renewal activity and not well-known char-
acteristics of immature tissue (dental papilla)-derived stem
cell to confirm biological safety of dental stem cell trans-
plantation in regenerative medicine. Finally, the development
of an in vitro 3D culture strategy using suitable 3D biomaterials
and a 3D culture system would also constitute an important
step toward fabricating a functional 3D tissue like construct for
applications to tissue engineering and regenerative medicine.
Such a construct would be invaluable for using dental stem
cells to replace damaged mineralized and nerve tissue.
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Kaltschmidt, C., and Kaltschmidt, B. Highly efficient neural
differentiation of human somatic stem cells, isolated by
minimally invasive periodontal surgery. Stem Cells Dev 16,

447, 2007.
52. Stevens, A., Zuliani, T., Olejnik, C., Leroy, H., Obriot, H.,

Kerr-Conte, J., Formstecher, P., Bailliez, Y., and Polakowska,
R.R. Human dental pulp stem cells differentiate into neural
crest-derived melanocytes and have label-retaining and
sphere-forming abilities. Stem Cells Dev 17, 1175, 2008.

53. Linde, A., and Goldberg, M. Dentinogenesis. Crit Rev Oral
Biol Med 4, 679, 1993.

54. Sonoyama, W., Liu, Y., Yamaza, T., Tuan, R.S, Wang, S., Shi,
S., and Huang, G.T.J. Characterization of the apical papilla
and its residing stem cells from human immature permanent
teeth: a pilot study. J Endodontics 34, 166, 2008.

55. Vollner, F., Ernst, W., Driemel, O., and Morsczeck, C. A two-
step strategy for neuronal differentiation in vitro of human
dental follicle cells. Differentiation 77, 433, 2009.

56. Arthur, A., Shi, S., Zannettino, A.C., Fujii, N., Gronthos, S., and
Koblar, S.A. Implanted adult human dental pulp stem cells
induce endogenous axon guidance. Stem Cells 27, 2229, 2009.

57. Nosrat, I.V., Widenfalk, J., Olson, L., and Nosrat, C.A.
Dental pulp cells produce neurotrophic factors, interact with
trigeminal neurons in vitro, and rescue motoneurons after
spinal cord injury. Dev Bio 238, 120, 2001.

58. Huang, A.H., Snyder, B.R., Cheng, P.H., and Chan, A.W.
Putative dental pulp-derived stem/stromal cells promote
proliferation and differentiation of endogenous neural cells
in the hippocampus of mice. Stem Cells 26, 2654, 2008.

59. Arthur, A., Rychkov, G., Shi, S., Koblar, S.A., and Gronthos,
S. Adult human dental pulp stem cells differentiate toward
functionally active neurons under appropriate environmen-
tal cues. Stem Cells 26, 1787, 2008.

60. Huang, G.T., Gronthos, S., and Shi, S. Mesenchymal stem
cells derived from dental tissues vs. those from other sour-
ces: their biology and role in regenerative medicine. J Dent
Res 88, 792, 2009.

61. D’aquino, R., De Rosa, A., Laino, G., Caruso, F., Guida,
L., Rullo, R., Checchi, V., Laino, L., Tirino, V., and Pa-
paccio, G. Human dental pulp stem cells: from biology to
clinical applications. J Exp Zool Mol Dev Evol 310B, 1,
2008.

62. Gronthos, S., Brahim, J., Li, W., Fisher, L.W., Cherman, N.,
Boyde, A., DenBesten, P., Robey, P.G., and Shi, S. Stem cell
properties of human dental pulp stem cells. J Dent Res 81,

531, 2002.
63. Ma, D., Ma, Z., Zhang, X., Wang, W., Yang, Z., Zhang, M.,

Wu, G., Lu, W., Deng, Z., and Jin, Y. Effect of age and ex-
trinsic microenvironment on the proliferation and osteo-
genic differentiation of rat dental pulp stem cells in vitro. J
Endod 35,1546, 2009

64. Sloan, A.J., and Waddington, R.J. Dental pulp stem cells:
what, where, how? Int J Paediatr Dent 19, 61, 2009.

Address correspondence to:
Ali Khademhosseini, Ph.D.

Harvard-Massachusetts Institute of Technology
Division of Health Sciences and Technology

Harvard Medical School/Brigham and Women’s Hospital
65 Landsdowne Street, Room 265

Cambridge, MA 02139

E-mail: alik@rics.bwh.harvard.edu

Yu-Shik Hwang, Ph.D.
Department of Maxillofacial Biomedical Engineering

Institute of Oral Biology
School of Dentistry

Kyung Hee University
Room 616, 1 Hoegi-dong

Dongdaemun-gu
Seoul 130-701

Republic of Korea

E-mail: yshwang@khu.ac.kr

Received: November 11, 2011
Accepted: January 4, 2012

Online Publication Date: March 6, 2012

244 KIM ET AL.


