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Abstract

Present review article emphasizes use of various
stem cell types, biological scaffold materials, genes and
factors essentially required in wound
healing, transplantation and regeneration of tooth
implants. All recent developments in tooth engineering
used for successful regeneration of tooth, induction
of enamel and formation of dentin complexes are
highlighted. In addition, genes, factors and minerals
required in vascularization and maintenance of
microenvironment for responsiveness to cells are also
elucidated as most attractive candidates for regeneration
therapy. Present review also elucidates use of stable and
durable biodegradable polymer scaffolds materials and
cementum/periodontal-ligament complex formation.
There is a need to widen the horizon of bio-root
engineering technology for successful repairing of tooth
injuries and replacement of fractured or traumatized
tooth. For this purpose, use of implantation of
cultured stem cells, adhesion factors and biomaterials can
provide stable attachment of dental implants. This review
also sketch upon need of newer technologies and more
adhesive biocompatible biomaterials for successful dental
implants and enamel regenerative therapies.
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Introduction
Periodontal diseases and tooth decay and enamel

destruction including periodontal ligament (PDL), cementum,
and bone are a major causes of tooth loss in adults. This is a
major public-health problem in pediatric and adults groups
worldwide. PDL is a specialized connective tissue that connects
cementum and alveolar bone to maintain and support teeth in
situ and preserve tissue homoeostasis. Recent advancements
in implantation technology of dentally derived stem cells or
human PDL stem cells, led to significant progress in the field of
tooth regeneration [1]. PDLSCs in defined culture conditions
differentiate into cementoblasts, adipocytes, and collagen-
forming cells. These cells when transplanted generate a
cementum/PDL-like structure that contribute periodontal
tissue repair. Today many advanced technologies are in use to
support tooth enamel development and regeneration in vitro
as well as in vivo. For successful tooth regeneration cultured
stem cells, cementing adhesives and biological scaffold
materials are used. More often, for transplantation purpose,
stem cells are derived from an easily accessible tissue source
and expanded ex vivo. These stem cell types are promising
therapeutic tools which are used for reconstruction of enamel
tissues that are destroyed due to periodontal diseases. In last
three decades tissue engineering has emerged as a promising
alternative approach to find solutions and clinical treatments
for restoration of soft tissue defects mainly related to enamel
and dental pulp. There have been made numerous rapid and
exciting developments in tissue engineering technology which
successfully regenerate and form a fully functional tooth in
animal models, from a bioengineered tooth germ cell. In these
methods bone-forming stem cells, new osteoinductive
biomaterials, and growth factors are used. For growth and
development of tissue engineered tooth, stem cells are
implanted into different tissues that need suitable growing
environment in vivo [2] (Figure 1). These have revolutionized
the toot regeneration therapy and assisted the clinicians and
enable them to conduct successful clinical trials for finding
appropriate solutions of decayed and defective tooth [3]
(Figure 2). Guided tissue regeneration is used for
reconstructive osseous surgery [4].
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Figure 1 showing integration of stem cell therapy, tissue
engineering and biomaterial technology in regenerative
medicine for clinical management and therapeutics based
on academic researches, industry and hospitals

Figure 2 Showing use of regeneration therapies for various
tooth defects

Table 1 Different types of tooth related problems and solutions based on available technology and methods

Problem Orthodontic reason/defect Solution Reference

Erupted tooth Expressed cytokeratin 14, dentin matrix protein-1, vascular
endothelial growth factor, and osteopontin

DBC-fibrin glue-PRF composite was
autografted back into the original alveolar
sockets

Yang, et al. [27]

Structural erosion or
fragile tooth

Induced morphological changes occur due to increased
alkaline phosphatase (ALP) activity, runt-related transcription
factor 2 (RUNX2), osteocalcin (OCN), and bone sialoprotein
(BSP) expression in PDLSCs

Correction of microRNAs (miRNAs) in
human periodontal ligament stem
cells(PDLSCs

Wei, et al. (2015)

Periodontal trauma Structural and functional integrity of the periodontium
following periodontal trauma such as orthodontic tooth
movement

High mobility group box protein-1 (HMGB1) Wolf, et al. (2015)

Traumatic injuries Loss of structural/compositional sensitivity of enamel tissue A mixed population of bone marrow-
derived autologous stem and
progenitor cells are seeded onto β-
tricalcium phosphate (β-TCP)

Rajan, et al. (50)

Osteoporosis Osteocalcium disorder, elemental loss and pulp and enamel
destruction due to loss of calcium and phosphates

FasL pathways mediated differentiation of
ERK and GSK-3β-catenin pathway

Ming, et al. (2014)

Osteoporosis intermittent mechanical strain (IMS) Promoted osteogenic differentiation of
OVX BMSCs by activating Runt-related
transcription factor 2

Zhang, et al. (2015)

Tumor progression and
metastasis/ Tumor
blood vessels

Upregulation of vascular endothelial growth factor (VEGF)
and VEGF receptor 2

Antitumor therapy, radioactive and laser
based destruction

Ohmura-Kakutani, et
al. (2014)

Craniofacial problems Implantation of stem cells Use of cultured stem cells from source
tissue and organ from which stem cells can
be derived

Mohanty, et al. (2015)

Fibrodysplasia
ossificans progressiva

Low level of protein expression in receptor cells Bone morphogenetic protein (BMP)
receptor ALK2, R206H are used

Fujimoto, et al. (2014)

Bone and tooth pain Limited capacity to induce bone formation Restoration by using rhBMP-2, DFDBA
and EMD

Intini, et al. [33]

Demineralization embryonic tooth morphogenesis and promotes continuous
tooth development

beta-catenin signaling Liu, et al. (2010)

Faulty and defective
tooth arrangment

Organization of predentin/dentin, enamel, and cementum Mineralization after implantation Lechguer, et al. (37)

Hard tissue formation Post-natal mesenchymal stromal cells (MSCs) including
bone marrow stromal cells (BMSCs) and periodontal
ligament fibroblasts (PDLFs).

Straumann Bone Ceramic coated with
Straumann Emdogain

Mrozik, et al. (16)
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Loss of dental pulp and
non clinical damage

FGF molecules are able to maintain epithelial Tbx1
expression during odontogenesis, Expression of Tbx1
in dental epithelium of FGF receptor 2b(-/-)

Mesenchyme-derived signals Mitsiadis, et al. (34)

Odontogenesis Forced expression of Gli1, a major transcription factor in Shh
signaling

Amelogenin and ameloblastin. Takahashi, et al.
(35,57)

Odontogenesis Sonic hedgehog (Shh) in enamel knot Use of Sonic hedgehog (Shh) Takahashi, et al.
(35,57)

Low osteogenic
differentiation

miR-26a potentially targeted on GSK3β and Smad1 to
regulate Wnt and BMP signaling pathway

MicroRNAs (miRNAs) used as important
regulators of stem cell

Su, et al. (2015)

Orthodontic tooth
movement (OTM)

induces local inflammation in periodontium OTM induced a significant elevation of type
1 T helper cell (Th1) cytokines tumor
necrosis factor-α (TNF-α) and interferon-γ
(IFN-γ) around periodontal tissue in WT

Yan, et al. (2015)

Untimely enamel loss Obstruction in muscle formation and decreasing scar tissue
contraction

Scaffold-free cells and mesenchymal stem
cells scaffold

Zhou, et al. (2015)

Loss of osteogenic
capability

Mitogen-activated protein kinase (MAPK) signaling pathways Use of BMMSCs and PBMSCs cells,
regenerative medicine

Zheng, et al. (63)

Enamel cell and dental
pulp infection

von Willebrand factor (vWF) and CD31 immunofluorescent
staining, different energy densities of infrared LED on the cell
viability

Vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF)
are used for pulp and enamel repairing

Feng, et al. (2015)

Fragile deciduous teeth Enamel cell destruction and low calcium level Human exfoliated deciduous teeth (SHED)
and adipose stem cells (ASC)

Loo, et al. (2014)

Root cancer Inhibition of fucosylation may be used to block CSCs and
metastatic spread.

Oral squamous cell carcinoma (OSCC) Desiderio, et al.
(2015)

Traumatic tooth and jaw
injury

Skeletal regenerative medicine, mesenchymal stem
cells (MSC)

Bone tissue engineering Asatrian, et al. (2015)

Large bone defects CACB/ADSCs compos Therapeutic potential of ERK signaling
pathway

Wei, et al. (2015)

Defects in growing
bones

Loss of majority of osteoblasts, Cxcl12 (chemokine (C-X-C
motif) ligand 12)-abundant stromal cells and bone marrow
stromal/mesenchymal progenitor cells in postnatal life

Implantation of periodontal human
mesenchyme cells

Ono, et al. (2014)

Bone breakage Osteoinductive signals are used as potent tool for bone
regeneration, fabricated poly(L-lactic acid) (PLLA)
electrospun nanofibers with random and aligned morphology
immobilized with bone morphogenic protein-2 (BMP-2

Engineering bone tissue Perikamana, et al.
(2015)

Skeletal deformities Mediates p53/miR-17/Smurf1 pathway Engineering bone tissue Liu, et al. (2015)

Delayed growth of
deciduous tissues

Kruppel-like factors (KLFs) are evolutionarily conserved zinc
finger-containing transcription factors

Differentiation, proliferation,
embryogenesis and pluripotency.

Ding, et al. (2015)

Tooth decay and
damage

Organic matrix mediated mineralization paves a way for
formation of synthetic enamel

Bone marrow-derived
mesenchymal stem and
stromal cells (MSCs)

Jayasudha, et al.
(2014)

Tooth decay Toll-like receptor 3, ankylosis-progressive homolog, decorin,
osteocalcin, and runt-related transcription factor-2

Increasing cellular resistance and RCT Ramis, et al. (17)

Thermal hyper-
sensitivity

Impairs the development of the tooth root in lactational rats
and alters the function of apical papilla-derived stem cell

Exposure to a continuous low dose of
tetrachlorodibenzo-p-dioxin

Guo, et al. (2015)

For development of bioengineered tooth important growth
factors, stable and durable biodegradable polymer scaffolds
materials are highly needful [5]. For framing, growth and
regeneration of enamel and pulp tissue, cementum/
periodontal-ligament complex formation is highly essential [6].
This is also cooperatively regulated by the epithelial
ameloblasts and mesenchymal odontoblasts [7]. For successful
regeneration of tooth, formation of dentin complexes, removal
of demineralized matrix, induction of enamel, vascularization
of tooth need maintenance of microenvironment for
responsiveness to cells and factors [8,9] (Figure 2). Similarly,

for successful replacement of tooth and cell
implantation adhesion of cells to periodontal connective tissue
amelogenin, bone sialoprotein and vimentin proteins is also
important [10]. Similarly, enamel matrix derivative (EMD) also
influence activities of cementoblasts and osteoblasts, which
may able to regulate cell activities at a periodontal
regenerative site. EMD and the type of cell populations
present in the implant wound-healing environment may alter
the implant-connective tissue interface [11] (Table 1). In
addition, subrenal capsule implantation is used as a new
alternative method for tissue-engineering in vivo [2].
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Moreover, tooth loss due to periodontal disease, dental caries,
trauma, or a variety of genetic disorders continues to affect
most adults adversely at some stage in their lives.

Hence, they essentially need a biological tooth substitute
that could replace lost teeth and may provide a vital
alternative to currently available clinical treatments. For this
purpose dissociated porcine third molar tooth buds are used
to make single-cell suspensions and seeded onto
biodegradable polymers. The recent technology upholds the
slow but highly effective regenerative therapy for successful
treatment and replacement of tooth in pain. For tooth
regeneration and healing of traumatic injuries niche factors,
growth factors, and implantation of stem cells, are most
essential requirements [12]. No doubt tooth bioengineering
promises to be at the forefront of the next generation of
dental treatments [3] (Table 1 and Figure 2).

More specifically, mammalian tooth root development is a
long-term process during which root elongates along the apical
direction and is accompanied with the formation of
periodontium. In heterogeneous apical region of developing
root as a functional entity, a developing apical complex is
formed the root [13]. The developing apical complex shows
sustainable development ability and functions as a growth
center of tooth root. This is promising source of cells for tooth
root and periodontal regeneration [13]. Similarly, periodontal
ligament stem cells are considered as one of the best
candidates for periodontal regeneration therapy [14].
Meanwhile, PDLSC cell pellet may be a promising alternative to
promote periodontal defect repair for future clinical
applications [15]. Still, there are limitations of conventional
regeneration modalities which underscore the necessity of
recapitulating development for periodontal tissue engineering
[15]. No doubt stem cell derived cell types show enormous
regenerative capacity but how these cells act in a
inflammatory or toxic microenvironment. There is another
question how stem cell origin affects optimal differentiation
and regeneration is a major question [8].

Periodontal tissue engineering requires suitable
biocompatible scaffold, growth factors, regenerative cells and
instructional molecules. For clinical purposes an enamel matrix
protein (EMP) is used to aid in hard tissue formation by post-
natal mesenchymal stromal cells (MSCs) including bone
marrow stromal cells (BMSCs) and periodontal ligament
fibroblasts (PDLFs) [16]. Similarly, Straumann Bone Ceramic
coated with Straumann Emdogain impose significant
stimulatory effect in the commitment of mesenchymal cells to
osteogenic differentiation in vitro while Emdogain inhibited AP
activity and appeared not to induce ectopic bone formation.
EMPs truly possess the capacity to induce the regeneration of
bone or other components of the periodontium but it remains
to be established. Similarly, new methods for restoration of
crown, root, pulp, enamel, dentin, odontoblast, cementum,
blood vessels, and periodontal ligaments to improve the
indiscriminate shape of tooth are also highly needful [16]. In
addition, tissue response after implantation determines the
success of the healing process which is not only dependent on
the chemical properties of the implant surface but also

determines by the surface topography or roughness [17]. For
better regeneration inducers of molecular pathways that drive
tooth morphogenesis and enamel secretion are also needed to
generate teeth from organ cultures for
therapeutic implantation [18]. However, p38α MAPK is
required for tooth morphogenesis and enamel secretion [19].
Similarly, CCN proteins and cell-associated molecules are also
involved in several developmental processes are also needed
[20]. Further, to induce complete tooth formation, in condition
of tooth loss due to trauma or diseases, implantation of stem
cells, morphogens and growth factors are needed to stimulate
entire tooth development and progression [6] (Table 1).
Epithelial ameloblasts in combination to mesenchymal
odontoblasts cooperatively regulate tooth development and
secrete enamel matrix, which is highly critical
for enamel formation [7]. Formation of enamel knots is
regulated by a cascade of gene activity where Fgf4, Shh, BMP4,
Lef1 and p21 are the prime movers of the processes.
Homeobox genes (Msx, Dlx) are the orchestrators of the
framing and a series of proteins (adhesion molecules,
extracellular matrix components) are the executors of tooth
framing [6]. Formation of cementum/periodontal-ligament
complex is an important field of tissue engineering (Table 1).

Certain questions, were raised i.e. how does enamel matrix
derivatives (EMD) influence activities of cementoblasts and
osteoblasts, and regulate cellular activities at a periodontal
regenerative site. In addition, use of human periodontal
ligament stem cells, mesenchymal stem cell (MSC) for tissue
repairing and regeneration of periodontal tissues is highlighted
[15,21]. Similarly, many thoughtful views have been given
about use of broad spectrum of human cell types and tissues
for transplantation purposes mainly in drug discovery and
studying tooth disease mechanisms [22]. Moreover, for
skeletal and muscular healing [23] dental pulp (DP) stem cells
are used with plastic adherence and specific surface antigen.
These cells show multipotent differentiation potential and
provide faster healing of tooth enamel [24] (Table 1). These
dental pulp stromal cells (DPSC) are considered to be a
promising source of stem cells which are extensively used in
regenerative therapy [25] (Figure 3) while PAFSCs are a
distinctive cell population and are used as promising candidate
for bio-root engineering [26].

Figure 3 Showing various components of dental pulp and
characteristics

Insights in Stem Cells

Vol.2 No.1:9

2016

4 This article is available from:http://stemcells.imedpub.com/

http://stemcells.imedpub.com/


Tooth Generation and Framing
Odontogenesis is a complex process in which a series of

epithelial-mesenchymal interactions and odontogenic
molecular cascades work together. For induction of
regeneration after stem cell transplantation platelet-rich fibrin
(PRF), growth factors and cytokines are mainly used [27]. In
autogenic cell transplantation DBCs are seeded into fibrin glue-
PRF could regenerate a complete tooth [27]. Orthodontic stem
cell transplantation [28] needs cultured stem cells for
periodontal regeneration [29]. Though, a donor is essential in
each case and tooth extraction is required to obtain the
periodontal ligament-derived cell. Transplantation of tissue-
cultured teeth decreased epithelial down growth and
increased connective tissue attachment on the root-planed
surface. The implantation of cultured dental cell re-
associations allow for reproduction of complete functional
differentiation at the cell, matrix, and mineral levels. In re-
plantation of the tooth, the internal basal lamina kept at the
surface of the enamel of the replanted tooth, that starts
regeneration with junctional epithelium and form an
attachment apparatus at the epithelium-tooth interface [30].
This new strategy might open new options to reconstruct
extended periodontal defects and complete regeneration of
the periodontium [31] (Figure 4). Similar experiments are also
possible with muscle regeneration satellite cells, the skeletal
muscle stem cells, become activated after trauma, proliferate,
and migrate to the site of injury. These activated satellite cells
form new multinucleated myofibers fuse to damaged
myofibers [12] (Table 1).

Figure 4 Showing important socio-clinical needs fulfilled by
regenerative medicine (a) areas of tissue engineering (b)
Regeneration of periodontium (c) coordination of cells,
signals and scaffolds used (d) events followed in
regenerative medicine

How to Maintain Microenvironment
for Periodontal Development

In order to design predictable periodontal regenerative
therapies, it is important to understand the responsiveness
of cells within the local environment to factors used as
important candidates [9] (Figure 5). This specific
microenvironment of the satellite cells, acts as a functional

niche that controls their behavior. The niche contains several
components that maintain satellite cells quiescence until they
are activated. In addition, a great diversity of stimulatory and
inhibitory growth factors such as IGF-1 and TGF-beta1 regulate
their activity [12]. Restoration of three-dimensional (3D)
microenvironment of periodontal development elicits the
intrinsic capacity of mesenchymal stem cells to proceed a re-
development-like program that help cells to rapidly divide [31].
Similar to periodontal ligament stem cells (PDLSCs) in
periodontal regeneration, bone marrow
mesenchymal stem cells (BMMSCs) are very likely another cell
source of physiological repair of periodontal tissues. Self-
assembly approach of stem cells a physiological phenomenon
occurs during organogenesis that enhance complete
reconstruction of functional complex periodontium-organ
systems. However, for filling the periodontal defects
monodispersed cells are allowed to self-assemble into a
microtissue such as a 3D spheroid. In addition,
bilayered cell pellet constructs comprising calcified bone-
forming cell pellets (i.e. BMMSCs) and cementum/PDL-
forming cell pellets (i.e. PDLSCs) are to be fabricated in vitro in
a tissue-mimicking way. This novel strategy could be used for
complete regeneration of the periodontium to reconstruct
extended periodontal defects [31] (Figure 5 and Table 1).

Figure 5 Showing tissue regeneration strategies, setting of
cell microenvironment by using various factors for cellular
differentiation for repairing and healing

The Induction of Enamel and Dentin Complexes
The combination of bone replacement graft materials is

used for treatment of periodontal osseous defects. Bone
morphogenetic proteins (BMPs) produced by Hertwig’s
epithelial root sheath or present in enamel matrix derivatives
(EMD) seem to be involved in the control of dental follicle (DF)
cell differentiation, but their precise function remains largely
unknown. The DF surrounding the developing tooth germ is an
ectomesenchymal tissue composed of various cell populations
derived from the cranial neural crest. These dental follicle cells
(HDFC) are believed to contain precursor cells for
cementoblasts, periodontal ligament cells, and osteoblasts.
Similarly, both EMD combined with a bovine-derived xenograft
(BDX) are used for treatment of intraosseous defects in
patients with periodontitis. For transplantation of human
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tooth germ components, heterologously recombined
mouse dental epithelia and xenogenic graft tissue are used to
make reconstructed transplants. Further, differentiation of
mouse dental epithelia is restrained by putative suppressive
factors derived from human dental papilla until they are
separated by mineralized dentin layers that serve as a diffusion
barrier. The mouse enamel organ nevertheless retains its own
phenotypic characteristics and intrinsic timing
of cell differentiation and function [32].

ds and enamel matrix derivative
Human demineralized freeze-dried bone allograft (DFDBA)

and enamel matrix derivative (EMD) are used for treatment of
bone and periodontal defects [33]. Tbx1 expression in
epithelium requires mesenchyme-derived signals
because dental mesenchyme induces expression of Tbx1 in
recombined dental and non-dentalepithelia. Forced expression
of Tbx1 in dental explants activates amelogenin expression.
Thus, Tbx1 expression in developing teeth takes place under
direct control of FGF signaling that correlates with
determination of the ameloblast lineage [34]. Sonic hedgehog
(Shh), one of the essential molecules for embryogenesis and
organogenesis, is strongly expressed in the enamel knot, which
represents the signaling center for odontogenesis due to the
presence of essential secretory molecules [35]. There are
methods which are used for formation of adipose tissue in
vitro and in vivo by using human adipose-derived stromal cells
(ADSCs) utilizing a gelatin sponge (Gelform) as a scaffold.
These tissue-engineered constructs are exposed to adipogenic
differentiation medium for in vitro and implanted in the backs
of severe combined immunodeficient (SCID) in animal models
for in vivo adipose regeneration [36]. Enamel matrix derivative
(EMD) influence activities of cementoblasts and osteoblasts,
and thus may be able to regulate cell activities at a periodontal
regenerative site (Table 1).

Biodegradable polymer scaffolds
Dissociated tooth tissues contain both dentin and enamel,

show presence of epithelial and mesenchymal dental stem
cells in porcine third molar tissues. For bio-engineering,
complex tooth structures are obtained from pig tooth bud
tissues which show potential for the regeneration of
mammalian dental tissues. These cultured rat tooth bud cells
are obtained from 3 to 7 day post-natal (dpn) rats and cell-
seeded biodegradable scaffolds are grown in the omenta of
adult rat hosts for 12 wks, and then harvested. Thus,
bioengineer tooth structures derived from cultured tooth bud
cells dental epithelial and mesenchymal stem cells can be
maintained in vitro in culture medium. Similarly, bone
constructs are grown in vitro with use of isolated cells,
biodegradable polymer scaffolds, and bioreactors [5].
Culturing bone marrow mesenchymal stem cells (BMSCs) on
ceramic bovine bone scaffolds in different environments in
vitro are used to induce proliferation, differentiation, and
maturation of BMSCs [5]. Regeneration of extensive bone
defects is done using stem cells mainly by injecting adipose-

derived stem cells and demineralized bone matrix (DBM) into
areas of bone defect [8] (Table 1).

Vascularization of engineered teeth
The implantation of cultured dental cell-cell re-associations

are allowed for the reproduction of fully formed teeth, crown
morphogenesis, epithelial histogenesis. It also needs
mineralized dentin and enamel deposition for root-
periodontium development. Vascularization is critical for
organogenesis and tissue engineering generated tooth
because it assists in blood vessel formation during tooth
development. It is also essential for cell re-associations, in
vivo implantation. Ex vivo, blood vessels are developed in
the dental mesenchyme from the cap to bell stages and in
the enamel organ, shortly before ameloblast differentiation. In
cultured teeth and cell re-associations, blood-vessel-like
structures are still remained in the peridental mesenchyme,
but these never developed into dental tissues.
After implantation, both teeth and re-associations get
revascularized and these newly formed blood vessels
originated from the host, are allowed for their survival, in
affording conditions for fast organ growth, mineralization,
and enamel secretion [37] (Table 1).

Factors Necessary for Periodontal
Connective Tissue Attachment
Formation on Dental Implants

There are important growth factors and adhesion molecules
which are necessary for periodontal connective tissue
attachment after formation of cellular associations
on dental implants. TGF-beta, CCN proteins and cell-associated
molecules, p38α MAPK are required for tooth morphogenesis
and enamel secretion [19] (Figure 6). However for quick graft
establishment and attachment amelogenin, bone sialoprotein
and vimentin protein are used [10]. Recently, Cbfa1 was found
to be a critical transcriptional regulator of osteoblast
differentiation [38]. After periodontium transplantation of PL
cells on wounded surface these cells secrete their own factors
which do faster regeneration than ES cells, possibly because of
PL cell plasticity and the capacity to undergo effective
differentiation in the periodontal cellular microenvironment
[39] (Figure 6). Besides, orthodontic tooth movement
promotes the differentiation of transplanted cells, and the
differentiation predominantly in the paravascular areas of the
periodontium while in autogenous periodontal cell grafts,
enamel matrix derivative (EMD), play important role on the
implant-connective tissue interface. More specifically,
implants that received GCT cell grafts were found surrounded
by fibrous connective tissue. In contrast, implants that
received PDL cells without the application of EMD
demonstrated good bone contact, but strands of epithelium
were observed in the implant-connective tissue interface
(Table 1). Both amelogenins and soluble dentin proteins
showed bone induction activity like bone morphogenetic
protein and induce differentiation of mesenchymal cell into
chondrocyte and osteocyte [40]. For dental root development
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conventional pediatric anticancer therapy is also used by
using stem cell transplantation [41].

Figure 6 Biological pulp filling cell injection

Orthodontics and Stem Cell
Transplantation

Implantation of cultured stem cells
Stem cells are used for finding cures for numerous diseases

including skin wound healing
through transplantation medicine. Implantations of
cultured cells are applied for periodontal regeneration in
which a donor is essential for tooth extraction and to obtain
the periodontal ligament-derived cell. There are advanced
regenerative techniques available combining tissue culture
and transplantation of teeth [29]. Transplantation of tissue-
cultured teeth decreases epithelial down growth and increase
connective tissue attachment on the root-planed surface.
Furthermore, EMD could remarkably increase the new
connective tissue attachment in this periodontal regenerative
technique [29]. More specifically, implantation of cultured cell-
cell re-associations led to crown morphogenesis, epithelial
histogenesis, organ vascularization, and root and
periodontium development [37]. The implantation of
cultured dental cell re-associations allow for reproduction of
complete functional differentiation at the cell, matrix, and
mineral levels. A specific microenvironment and beta-catenin
signaling is required for embryonic tooth morphogenesis and
promotion of continuous tooth development are embryonic
stage [42] (Table 1 and Figure 7).

For regeneration of transplanted tooth the junctional
epithelium attachment is highly essential [30]. The sizes of
furcating defects and the coverage of gingival flap influence
the outcome of the treatment using autogenous periodontal
ligament cells with or without enamel matrix derivatives [43].
Atelocollagen membrane inhibits apical migration of
regenerating epithelium and accelerates connective tissue
reattachment in part by inhibiting the mitotic function of basal
epithelial cells in early stages of wound healing [44]. However,
implantation of bio-materials such as atelocollagen induce
dentinogenesis of dental pulp tissue, but it also need basal
growth factors to induce regeneration and utilization of
biomaterials [45]. For determining success rate of
implantation periodontal regeneration procedures are
followed after finding connective tissue attachment level [46]
(Table 1 and Figure 7). Mesenchymal stem cell (MSC)-
mediated tissue regeneration methods are used for

regeneration a bio-root and its associated periodontal tissues
to restore tooth loss [21]. MSC increases bony regeneration in
calvarial critical-size defects in rabbits, and provide a new
promising therapeutic strategy to aid skeletal healing [23].

Figure 7 Showing different types of periodontal tooth
defects and its histological examination

Bone marrow mesenchymal stem cells (MSCs) comprise a
heterogeneous population of postnatal progenitor cells with
profound immunomodulatory properties, such as upregulation
of Foxp3 (+) regulatory T cells (Tregs) and downregulation of
Th17 cells. These MSC subpopulations possess the range of
immunomodulatory function [47]. Similarly, human umbilical
cord-derived mesenchymal stem cells (UC-MSCs) are used to
facilitate osteogenic differentiation in bone regeneration.
These cells could be achieved by over expression of osterix
(Osx) [48]. Due to their high proliferation property UC-MSCs
could play important role in bone tissue engineering. More
often, stem cells cultured in conditioned medium are used for
transplantation purpose as a promising alternative to skin
wound healing treatment [49] (Table 1). More specifically, for
clinical management of soft tissues mixed population of bone
marrow-derived autologous stem and progenitor cells are
seeded onto β-tricalcium phosphate (β-TCP), which serve as a
scaffold to deliver cells directly to the defect [50]. This is also
used for vascularization, mineralization of bone tissues. Thus
both bone marrow and adipose-derived stem cells were found
are considered best choice for regeneration of the defect.
These adipose-derived stem cells are easily accessible and
abundantly proliferate into mesenchymal cells which form an
effective bone regeneration material (Table 1).

Mesenchymal stem cell 
Mesenchymal stem cell transplantations (MSCT) are used to

treat human diseases and in orthodontics. These cells divide
rapidly and differentiate within the injured tissue into
specialized cells post transplantation [49]. Similarly,
mesenchymal progenitor stem cells exist within the bone
marrow stroma in form of subset of nonhematopoietic cells
can expand ex vivo and induce either in vitro or in vivo. These
cells terminally differentiate into osteoblasts, chondrocytes,
adipocytes, tenocytes, myotubes, neural cells, and
hematopoietic-supporting stroma. These mesenchymal
progenitor cells require suitable microenvironment for cellular
proliferation and differentiation with a wide range of growth
factors, cytokines, chemokines, proteins and enzymes.
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Mesenchymal progenitors are used for reconstruction and
regeneration of many organs and tissues [21]. These cells have
many clinical applications in cell and gene therapies. For
regeneration of various tissues, cryo-preserved MSCs (7 days
in a -150°C deep freezer) are also used. After normalization in
medium, cells these maintain high survival and proliferation
rate and retain their adipogenic and osteogenic differentiation
abilities in culture medium containing essential growth
promoting factors [51] that could be obtained from the
conditioned medium or spent media harvested from cultured
cells (Table 1).

Bone regeneration through distraction osteogenesis (DO) is
promising but remarkably slow. However, to accelerate bone
regeneration, autologous mesenchymal stem cells are directly
injected to the distraction site. In comparison to direct
injection, scaffold-based method provides earlier cell delivery
with potentially better controlled cell distribution and
retention [52]. It is technically feasible and biologically sound
to deliver autologous BM-MSCs to the distraction site
immediately after osteotomy using a gelfoam scaffold to
enhance mandibular DO (MDO) [52]. It is clear only a small
percentage of transplanted cells integrate and survive in host
tissues because of availability of trophic factors such as
miR-29b levels and Fas. Fas deficiency causes failure of
miR-29b release, thereby elevating intracellular miR-29b
levels, and down regulates DNA methyltransferase 1 (Dnmt1)
expression in MRL/lpr BMMSCs. This results in
hypomethylation of the Notch1 promoter and activation of
Notch signaling, in turn leading to impaired osteogenic
differentiation [51]. It also causes MDO assisted by MSCT [53]
(Table 1).

Embryonic stem cells
Embryonic stem cells possess unlimited self-renewal and

differentiation capacity and show wider applications in
biomedical research and regenerative medicine.
Embryonic stem cell-associated antigens are expressed in a
variety of adult stem cells as well as embryonic stem cells.
Stage-specific embryonic antigen (SSEA)-4 are used to isolate
dental pulp (DP) stem cells which show plastic adherence,
specific surface antigen expression, and multipotent
differentiation potential, similar to MSC. Embryonic stem (ES)
cells, derived from the inner cell mass of mammalian
blastocysts, show the ability to grow indefinitely while
maintaining pluripotency [54,55]. Moreover, human ES cells
are highly useful to understand disease mechanisms, to screen
effective and safe drugs, and to treat patients of various
diseases and injuries [56] but it is very difficult to generate
patient- or disease-specific ES cells, which are required for
their effective application [57]. SSEA-4+ DP cells possess
osteogenic potential, and the SSEA-4+ clonal DP cells show
multilineage differentiation potential toward osteoblasts,
chondrocytes, and neurons in vitro [58]. More specifically, for
removal of disturbances in dental development or impairment
in children hematopoietic stem cell transplantation (HSCT) are
done [24] (Table 1).

Dental pulp stromal cells (DPSC) are a promising source
of stem cells for clinical regenerative therapy (Figure 3). A
wider usage of DPSC used in transplantation requires large-
scale expansion in vitro to equalize the supply and demand of
cell mass according to clinical requirement without
compromising current good manufacturing practice. For DPSC
cell culture fetal bovine serum (FBS) is used as a nutritional
supplement, but it is undesirable additive to cells because it
carries the risk of transmitting viral and prion diseases. Human
platelet lysate (HPL) is also used as a substitute for FBS in a
large-scale expansion of DPSC in a shorter time period under
cGMP conditions [25]. Adult dental pulp cells (DPCs) are
isolated from third molars have the capability to differentiate
into keratocytes, cells of the corneal stoma (Figure 8). After
inducing differentiation in vitro, DPCs expressed molecules
characteristic of keratocytes, keratocan, and keratan sulfate
proteoglycans at both the gene and the protein levels. DPCs
cultured on aligned nanofiber substrates generate tissue-
engineered, corneal stromal-like constructs, recapitulating the
tightly packed, aligned, parallel fibrillar collagen of native
stromal tissue. Similarly, bone marrow-derived cells are known
to contribute to wound healing, and are able to differentiate in
many different tissue-specific cell types [59] (Table 1). The
increasing clinical demand for bone substitutes appropriate
cell source and three-dimensional (3D) scaffolds that support
cell growth and enhance osteogenic potential are highly
required [60]. Mainly for wound healing of defective tooth
cell-scaffold constructs are implanted intraperitoneally in
experimental animals [61]. However, for in vivo implantation of
the HDPSC 3D 45S5 Bioglass scaffolds having a sporadic woven
bone-like spicules and calcified tissue are implanted. These
promote bone-like tissue formation in vitro and in vivo and
were found promising candidate for clinical bone repair and
regeneration [60] (Table 1).

Figure 8 Showing culture method for derivation of stem
cells from dental pulp tissue for healing of wounds and
repairing of defective tooth

Polystyrene culture well plates

Human pluripotent stem cells
Human pluripotent stem cells exhibit the essential

characteristics of embryonic stem cells. These possess normal
karyotypes, express telomerase activity, bear cell surface
markers and genes that characterize human ES cells. These
cells possess development potential to differentiate into
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advanced derivatives of all three primary germ layers and are
proved highly useful in the production of new disease models
for drug development, and transplantation medicine. Recently
bone-resorbing osteoclasts were generated from human
embryonic and induced pluripotent stem cells. Further,
derivation of hematopoietic and osteoclast populations from
human embryonic and induced pluripotent stem cells is
invaluable for understanding embryonic bone development
and postnatal bone disease [22]. Due to successful
reprogramming of differentiated human somatic cells into a
pluripotent state has made creation of patient- and disease-
specific stem cells. However, generation of induced pluripotent
stem (iPS) cells is capable of germline transmission, from
mouse somatic cells by transduction of four defined
transcription factors. Similarly, generation of iPS cells from
adult human dermal fibroblasts need Oct3/4, Klf4, and c-Myc
factors. These cells were found similar to human ES cells in
morphology, proliferation, surface antigens, gene expression,
epigenetic status of pluripotent cell-specific genes, and
telomerase activity. No doubt these cells could differentiate
into various cell types in vitro from adult human fibroblasts
(Table 1).

Periodontal ligament stem cells
Stem cell-based therapy represents a novel and more

advantageous modality of treatment for tooth defect or loss.
But it is true that tooth-derived stem cells are not readily
accessible, instead dermal multipotent cells (DMCs) are easily
available from skin tissue for odontogenic induction. However,
by exposure to conditioned medium of embryonic and
neonatal tooth germ cells in culture, the proliferation and
mineralization activity of DMCs could be elevated, while the
embryonic tooth germ cell-conditioned medium (ETGC-CM)
produce more significant effects. DMCs are used as an
alternative cell source for tooth regeneration and therapeutics
[61]. Similarly, periodontal ligament stem cells (PDLSCs) are
considered as potential MSC sources for clinical applications in
periodontal regeneration therapy [62]. But there occurs a
significant difference in proliferation and differentiation
capacity of PDLSCs according to age. PDLSCs obtained from
aged donors exhibit decreased proliferation and
differentiation capacity when compared with those from
young donors. Young PLC-CM show enhanced cell proliferation
and differentiation capacity of PDLSCs than aged donors. There
is another fact that aged PDLSCs induced by young PLC-CM
showed enhanced tissue-regenerative capacity to produce
cementum/periodontal ligament-like structures, whereas
young PDLSCs induced by aged PLC-CM transplants form
connective tissues. PDLSCs are modulated by the extrinsic
microenvironment [63] but upon transplantation into
immunocompromised mice, a regular aligned cementum/PDL-
like complex is formed [15]. Moreover, the combination of
apical tooth germ cell-conditioned medium and endogenous
extracellular matrix could maximally mimic the
microenvironment of root/periodontal tissue development
and enhance the reconstruction of physiological architecture
of a cementum/PDL-like complex in a tissue-mimicking way.
This is the main reason that periodontal ligament stem cells

(PDLSCs) are one of the best candidates for periodontal
regeneration. Their function can be impaired in periodontitis
microenvironment. PDLSCs are promising alternative to
promote periodontal defect repair for future clinical
applications in regenerative medicine and tissue engineering
[15] (Figure 4). However, successful regeneration of
periodontium, coordination of cells, signals and scaffolds is
highly needful. Thus, dental follicle cells (DFCs), serving as
precursor cells and mesenchymal stem cells show intimate
association with PDLSCs. DFCs could provide a favorable
microenvironment to improve the proliferation and
differentiation capacity of PDLSCs from healthy subjects
(HPDLSCs) and patients diagnosed with periodontitis
(PPDLSCs) [14]. Dental follicle cells rescue the regenerative
capacity of periodontal ligament stem cells in an inflammatory
microenvironment.

Odontogenic epithelial cells from non-
odontogenic

For successful regeneration there should be a clear
identification of odontogenic and non odontogenic epithelial
cells. Moreover, induction of dental
epithelial cell differentiation marker gene expression in non-
odontogenic HaCaT cells by TMSB4X is established [64] (Table
1). The upregulation of odontogenesis-related genes, such as
runt-related transcription factor 2 (RUNX2), Amelogenin
(AMELX), Ameloblastin (AMBN) and Enamelin (ENAM) is also
required. Thymosin beta 4 (Tmsb4x) is closely related to the
initiation and development of the tooth germ. Coculture of PB-
CD34+ cells and MSC increases bony regeneration and used as
therapeutic strategy for skeletal healing [14] (Table 1). It is fact
that recombination of cells liberated from developing tooth
germs develop into teeth. Guided tissue regeneration is used
for reconstructive osseous surgery [4]. It could regenerate
alveolar bone in conjunction with the placement
of titanium dental implants. Meanwhile complete
osseointegration of an implant could be achieved by the
placement of a Teflon membrane over an implant that had
been inserted into an alveolus immediately following tooth
extraction (Table 1).

Artificial Dental Implants
Osseointegrated oral implants are available in different

materials, body shapes, diameters, lengths, platforms, surface
properties and coatings. Implant surface modifications and
coatings provide market value to them, and produce
competitive superiority on the basis of surface material over
the others. In implant dentistry there are common codes to
identify good implant as turned, milled or polished surface. A
machined good surface can be produced by a machine and
polish, ground, honed and sand blasting surfaces [65].
Numerous surface modifications including turned, blasted,
acid-etched, porous-sintered, oxidized, plasma-sprayed,
hydroxyapatite coated surfaces, or a combination of these
procedures have been developed. There are more than 1300
implant types that vary in form, material; dimension, surface
properties and interface geometry are used by dentists in
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different countries [66]. Good implant surfaces are also
prepared by embedding in polymethyl methacrylate resin.
Surface modification of implant shapes or particular materials
is highly important because it can improve clinical results of
commercially available implants. Un-decalcified sections are
prepared with the sectioning-grinding technique. The
percentage of bone contacting the implant surface can be
measured with a self-designed histomorphometry method
using a millimeter grid in a stereomicroscope.

Titanium-surfaced implant contains significantly higher
percentage of bone along the hydroxyapatite-coated material.
Implant failure is a consequence of prosthetic loading in which
healing is poorly developed. It could be resolved by measuring
the bone response around implants placed in the mandible
that supported prostheses exhibiting two levels of fit and not
loaded exclusively. A misfitting prostheses with high dynamic
functional loads are superimposed with misfit loads always
provides unsatisfactory results and is not suitable for clinical
applications, because of fit does not alter the osseointegrated
interface. Finite element analysis (FEA) is considered a precise
and applicable method for evaluating dental implant systems.
By means of FEA, a parasaggital model could be digitized with
addition of computed tomography (CT)-generated patient data
set, and various single-teeth, osseointegrated, two-
dimensional dental implant models could be simulated for
finding a best fit. For successful implantation it is necessary to
examine the effect of implant diameter variation (3.8 mm-6.5
mm) of both a press-fit, stepped cylindrical implant type and a
press-fit, straight cylindrical implant type as osseointegrated in
the posterior mandible. In addition a comparison of stress-
dissipating characteristics of the stepped implant versus the
straight implant design should be made to analyze bite force
direction (vertical, horizontal, and oblique 45°) on implant
types. It is true that using the widest diameter implant is not
necessarily the best choice when considering stress
distribution to surrounding bone, but within certain
morphological limits, for implant, an optimum dental implant
exists for decreasing the stress magnitudes at the bone-
implant interface. It could manage the stress and dissipate it
throughout the stepped cylindrical implant in comparison to
the straight implant. Therefore, it is highly important in FEA of
dental implants to consider not only axial forces (vertical
loading) and horizontal forces (moment-causing loads), but
also to consider a combined load (oblique bite force). As it is
true that there is more realistic bite directions which can
spread given force that will cause the highest localized stress in
cortical bone.

Conclusion
Recent advancements made in regenerative techniques by

combining tissue culture and transplantation of stem cells for
wound healing and replacement of defective teeth. Moreover,
human periodontal ligament stem cells are considered as good
source of physiological repair of periodontal tissues. MSCs are
used in skeletal healing and are considered as promising
candidate for bio-root engineering. Mesenchymal stem cells
and SSEA)-4 show plastic adherence, specific surface antigen

expression, and multipotent differentiation potential. In
addition due to high proliferation property genetically
engineered UC-MSCs are also used in bone tissue engineering.
For successful development, framing, growth and regeneration
of tooth stable and durable biodegradable polymer scaffolds
materials and cementum/periodontal-ligament complex
formation are highly important. In addition,, induction
of enamel and formation of dentin complexes and removal of
demineralized matrix, vascularization of engineered teeth,
maintenance of microenvironment are important issues. For
successful wound healing of tooth implantation of
cultured cells, adhesion and cementing molecules/factors are
also needed for stable attachment formation
on dental implants. For adhesion of cells to periodontal
connective tissue amelogenin, bone sialoprotein and vimentin
proteins are also needed. Osseointegrated oral implants are
available in different materials, body shapes, diameters,
lengths, platforms, surface properties and coatings.
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