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Introduction
Although the consideration of stem cells is currently approaching its hundredth year as one of
the organizing principles of developmental biology, it demonstrates no sign of losing its youthful
luster. A range of sources of stem cells have been
identified that has the potential to self-renewal
and capacity to form multiple lineages. Regardless of the discovery of existence of stem cells
in various tissues and body fluids, bone marrow
has been potentially considered as a persuasive
and primeval source of stem cells for treating a
wide horizon of disease [1, 2]. Although bone
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marrow-derived MSCs could be differentiated
into mesodermal and non-mesodermal lineages
[3–5], osteoblasts, responsible for osteogenesis,
and hematopoietic cells, for hematopoiesis are
closely associated with the bone marrow, suggesting a reciprocal relationship between the two
[6]. Much of the work in MSCs found within the
bone marrow stroma on its in vitro and in vivo
applications involved in osteogenesis, adipogenesis, cartilage, and muscle formation including
osteoblast, osteocytes, adipocytes, chondrocytes,
myoblast, and myocytes are gaining importance
due to its inherent bone formation capacity [7].
Hence, bone marrow resident stem cells made
them the most primitive and promising source
from ancient days for treating bone-related diseases. Nevertheless, it is unfortunate that these
sources could have not been effective in treatment
of all possible diseases due to various disadvantages of BM-MSCs; one of the main drawbacks
is that osteogenic potential of bone marrow cells
decreases with age [8], and hence, the search
for alternate sources of adult stem cells is also
underway. It has been demonstrated that stromal adipocytes in bone marrow cavity increases
as age increases. In other words, adipocyte accumulation in the human bone marrow stroma
correlates with trabecular bone loss with aging
[9–12]. Thus, adipose stromal cells both isolated
either from bone marrow or from adipose tissue
itself has evolved as a contemporary source for
bone regeneration [13, 14]. However, we predict
that identifying a source that will be similar to
the characteristics of bone marrow, possessing
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inherent bone-forming capacity might be more
valuable in bone tissue engineering, repair, and
regeneration.
One such source is stem/progenitor cells
isolated from dental pulp tissue. Dental pulp
tissue has the ability to regenerate dentin in
response to dental disorders such as caries.
Dentin regeneration is occurred by committed
precursor cells called the odontoblasts. It is thus
very likely that pulp tissue contains a loaded
source of stem cells or progenitor cells which
have the capacity to form odontoblasts. These
stem/progenitor cells can also be used to induce
differentiation resulting in various lineages, apart
from dentin, such as osteocytes, adipocytes,
chondrocytes, and neurons.
The concept of dental pulp stem cell banking
has gained concentration in terms that the cells
isolated from the deciduous teeth can be stored
and utilized for future treatments since it is well
known that dental pulp has stem cells that are
multi-lineage [15, 16]. At this point, it is essential
to identify the characteristics of deciduous and
adult dental pulp mesenchymal stem cells and
their differential potential especially across this
specific lineage. Recently, stem cells have been
isolated and expanded from pulp tissue of permanent teeth, deciduous teeth, periodontal ligament,
and apical papilla from an immature tooth, and
it has been reported that they generated dentinlike tissue. Subsequent regenerative procedures
include the development of guided tissue regeneration (GTR) procedures for osteogenesis, chondrogenesis, neurogenesis, and also dentinogenesis. Gronthos et al. in his study reported that the
deciduous tooth contained multipotent stem cells
which were extremely proliferative and clonogenic capable of differentiating, into variety of
cell types including neural cells, adipocytes and
odontoblasts. After in vivo transplantation, they
were able to induce bone, generate dentin, and
stay alive in mouse brain along with expression of
neural markers. Although it could serve a better
tool in treating multitude of diseases, its role in
osteogenesis and its therapeutic efficacy in bonerelated diseases are promising due to its inherent
bone formation capacity similar to that of bone
marrow stem cells.
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Therefore, the present study reviews the need,
significance, and advantages of bone marrow
stem cells in bone repair and regeneration in
the former part. However, during crisis with
the negative attributes of bone marrow cells, as
mentioned, we demonstrate the dental pulp stem
cells might be an ideal alternative source for in
vivo bone regeneration capacity in latter half,
due to its similarity of inherent bone-forming
capacity as that of bone marrow.

Bone Marrow Stem Cells
Bone marrow has traditionally been seen to
be composed of two main distinct lineages,
the hematopoietic compartment, and the
nonhematopoietic cells including the reticular,
fat, and endothelial cells, fibroblasts, osteoblasts,
and mesenchymal progenitors. Among the
cells that compose the stromal tissue, the
mesenchymal stem/progenitor cells represents
the key component, which are able to differentiate into its progeny, such as osteocytes,
chondrocytes, and adipocytes. The mesenchymal
stem/progenitor cells have received, in the past
years, plenty of attention from the scientific
community for their ability to differentiate into
different lineages. The first detailed functional
description of the tri-lineage differentiation
potential of BM-MSCs was provided by Pittenger
and colleagues in 1999 [17]. They isolated
populations of human BM-MSCs from the
bone marrow taken from the iliac crests with
a frequency ranging from 1 out of 10.000–
100.000, analyzing their immunophenotype
and the in vitro differentiation potential. They
showed that some of the clones, which they
obtained, were able to differentiate in osteoblast,
chondroblasts, and adipocytes, pointing out a
multipotent ability for these clones. Not every
clone retained these abilities. Out of six colonies
analyzed, all of them were able to differentiate
in osteoblasts, five were able to differentiate
in chondrocytes, and only two were able to
differentiate in adipocytes, confirming that these
populations were very heterogeneous and made
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up of multipotent stem cells and progenitors
already committed towards a specific cell
lineage [17].
The most encouraging differentiation trait
of BM-MSCs is osteoblastic differentiation in
vitro and bone formation in vivo using beta
glycerophosphate, dexamethasone, ascorbic
acid, throughout the period of 2–3 weeks.
Thus, development of osteoblast differentiation
from human bone marrow in combination with
biomimetic scaffolds provides the possibility of
tissue engineering for bone and cartilage [18].
Osteoblasts are responsible not only for forming
bone in the normal adult bone remodeling
process but also for providing a specific niche
microenvironment for hematopoietic stem cells
(HSCs) governed by bone morphogenetic
protein (BMP), parathyroid hormone (PTH), and
Tie2/angiopoietin-1 signaling pathways [19].
These emerging evidences suggest a functional
role of osteogenic cells for controlling HSC
niches in vivo [2]. This demonstrates the efficacy
of osteogenic potential of BM-MSCs.

Why BM-MSCs in Osteogenesis?
Bone tissue is capable of regeneration, yet the
natural bone healing process is in some cases
insufficient. This is because regeneration of
damaged bone is related to four fundamental
processes such as osteogenesis, osteoinduction,
osteoconduction, and osteopromotion [20].
Excessive loss of bone due to trauma, tumor
resection, nonhealing fractures, and so on are
cases which lose natural regeneration process,
thus requiring transplantation of large bone
tissues or substitutes to restore the structural
integrity [21]. The use of autologous and
allogenic bone grafts was into clinical practice.
Although autogenous, spongeous bone graft was
considered the “golden standard” among tissue
transplants supporting bone regeneration, but
it does not suit ideal to clinical practice. Grafts
were associated with donor site morbidity and the
possible transmission of diseases [21]. Besides,
lack of an adequate supply of autologous bone
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grafts and the unsuitability of allografts do exists.
Attention of contemporary research is therefore
directed to the finding of an optimum substitute
for the standard bone grafts used. BMPs
combined with the osteoconductive materials
such as hydroxyapatite, tricalcium phosphate,
and so on [22, 23] showed promising results.
The application of BMPs has yielded positive
results in supporting bone regeneration, yet their
exclusively osteoinductive property presents a
certain strategic limitation.
Thus, there has been some impetus to use
MSCs to encourage repair and regenerate bones.
Bone regeneration using transplantation of MSCs
alone or combined with biomaterials has become
the interesting areas of recent research due to its
successful healing of the particular bone defect
[24]. Despite the availability of stem cells from
various adult tissues [25, 26], bone marrow is
gaining consensus from ancient times, due to
the fact that these stem cells are abundant in
the bone marrow which is their suitable source
[27]. When bone integrity is damaged (e.g. after fracture), under normal circumstances, MSCs
from bone marrow play an important role in its
healing. This is due to its inherent bone formation
capacity. During fetal bone development, a part
of MSC population in bone marrow remains unchanged and forms the source of undifferentiated
stem cells [25]. Repair mechanism takes place
by chemoattractive property of MSCs through
release of cytokines from the damaged bone matrix. MSCs from periosteum and bone marrow
are transferred to the damage site, where they
continue to multiply and differentiate into its
respective lineages to heal the repair. Some study
explains a mechanism where bone regeneration
occurs through the migration of distant MSCs
from peripheral blood to the site of bone injury
were they reinforce the healing potential of local
MSCs [28]. Bone regeneration is analogous to
embryonic development of the skeleton. It is provided by a sum of cellular, humoral, and mechanical factors involved in the formation of new bone
in which MSCs play an important role. It is, thus,
validated that MSCs from bone marrow serves an
appropriate source of bone regeneration.
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Applications of BM-MSCs in Bone
Regeneration
Formation of new bones during repair is dependent on the quality of MSCs which is directly proportional to the source of osteogenic
lines of cells capable of forming bone matter. In
this sense, the strategy of using the MSCs that
possess more osteogenic potential transplanted
into the bone defect appears promising. Studies on murine model showed very promising
results especially for bone repair and metabolic
bone disorders [24]. Since their first use in 1951,
MSCs have been successfully applied for bone
regeneration. The subject of intensive research in
the field of tissue engineering is the application
of MSCs alone or in combination with suitable
scaffolds in order to achieve bone tissue regeneration. For successful tissue engineering approaches, implantation of MSCs will require the
use of growth and differentiation factors that will
favor differentiation and maintenance of bone
or chondrocyte phenotype together with an appropriate scaffold to provide a three-dimensional
environment. Defining the optimal combination
of stem cells, growth factors and scaffolds is thus
essential to provide functional bone and cartilage
[21]. This would be a contribution for clinical
practice in patients with extensive bone defects
(tumor resection, traumatic injuries with bone
loss, complicated fractures) or in cases of decreased healing ability of bone tissue (older age,
osteoporosis) or genetic diseases of the skeleton
(osteogenesis imperfecta) [29].
A number of studies have been performed on
the use of growth factors and biomaterials to improve tendon-to-bone healing. Besides, interest
in using MSCs for tissue engineering has been
validated in numerous preclinical models and is
under evaluation in clinics. Several clinical trials
are recruited for the therapeutic application of
MSCs for cartilage defects, osteoporosis, bone
fracture, or osteonecrosis. Methods have also
been developed for the expansion of bone marrow
osteoprogenitors, which indicates the possibility of using autologous human stromal progenitors in the regeneration of large bone defects
[30]. Several researchers have described the pu-
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rification and expansion of bone marrow cells
from mice, rats, rabbits, dogs, and humans, and
their repair and functional recovery of diaphyseal
defects/segmental bone defects have also been
reported with the use of osteoprogenitor cells
grown on scaffolds of macroporous of hydroxyapatites or other carriers. Other applications
of using MSCs as a vehicle for gene delivery
approaches have also been demonstrated [31–
34]. After successful BM-MSCs, transplantation
donor cells actively form bone on the surface
of the carrier vehicle, and the recipient cells
are induced to form hematopoietic marrow elements, leading to bone/marrow organ structure
(craniofacial). Thus, the use of this cell-based
tissue-engineering approach to treat patients with
large bone defects is also underway [22], thereby
leading to substantial improvement in our ability
to repair large defects in long bones.
Apart from tissue-engineering-based approach, several clinical investigators from
various parts of the world have reported on
the safety and therapeutic effect of direct
BM-MSCs administration in patients with
osteoarthritis and other bone diseases [22, 35].
As an example, Nejadnik and colleagues [36,
37] compared the efficacy of first-generation
autologous chondrocyte implantation with that of
autologous BM-MSCs, and identified BM-MSCs
for cartilage repair showed a better outcome.
Besides, a number of studies on the direct use
of MSCs to improve the repair of tendon defects
have been carried [38, 39]. As an example, Lim
et al. studied the role of MSCs at the tendon-bone
junction during reconstruction of the ACL in the
rabbit [40].
However, as compared to uncommitted BMSCs, freshly isolated heterogenous bone marrow
cell transplantation has not proven successful.
This is because uncommitted BM-MSCs were
identified to express many osteogenic markers
such as CBFA 1/Runx2, osterix, osteopontin,
parathyroid hormone receptor, and osteocalcin
which are not expressed by freshly isolated BMMSCs [41]. Interestingly, study reported that a
subset of high-proliferating single colony-derived
BM-MSCs clones (approximately 60 %) was
capable of forming ectopic bone upon in vivo
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transplantation into immunocompromised mice
[42]. Ex vivo expanded BM-MSCs successful
repair of bone defects has been achieved in both
calvaria and long bone in various animal models
[43–47].

Dental Stem Cells
The quest for MSC-like cells in different tissues
has led to identification of a variety of stem cells
in all organs and tissues in the body in the past
decades. Dental-tissue-derived MSC-like populations are among many other stem cells residing
in specialized tissues that have been isolated and
characterized [48]. The first kind of stem cells
was isolated from the human pulp tissue and
termed “postnatal dental pulp stem cells” (DPSC)
[49]. Later, four additional types of dental-MSClike populations were recognized: stem cells from
exfoliated deciduous teeth (SHED) [50], periodontal ligament stem cells (PDLSCs) [51], stem
cells from apical papilla (SCAP) [52], and dental
follicle precursor cells (DFPCs) [53].
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similar level of gene expression for more than
4000 known human genes. DPSCs expressed
a high level of collagen type XVIII ’-1,
insulin-like growth factor-2 (IGF-2), discordin
domain tyrosine kinase-2, NAD(P)H menadione
oxidoreductase, homolog-2 of Drosophila large
disk, and cyclin-dependent kinase-6, whereas
the insulin-like growth factor binding protein-7
(IGFBP-7), and collagen type I ’-2 genes are
expressed in high levels in BM-MSCs. However,
the functional roles of many of these genes in
the development of dentin and bone can be
an interesting concept for further study and
research in future [55]. Since characterization
studies revealed the mesenchymal stem-celllike qualities of DPSCs such as self-renewal
and multi-lineage differentiation potential,
recently tri-lineage differentiation of DPSCs
adipo-, osteo-, and chondro-differentiation
became a common approach for identification
of mesenchymal property of these cells in
majority of published works [56]. Spontaneous
differentiation of STRO-1C DPSCs into
odontoblasts, osteoblasts, and chondrocytes has
been also observed in vitro [57].

Postnatal Human Dental Pulp Stem
Cells (DPSCs)

DPSCs in Osteogenesis

The postnatal human dental pulp stem cells
(DPSCs) were first isolated by Gronthos and
colleagues from pulp of permanent teeth and
identified as clonogenic and rapidly proliferative
stem cells [49]. Studies have demonstrated
that multiple-colony-derived DPSCs can have
a population doubling of more than 120, singlecolony-derived strains of DPSCs proliferate 10–
20 population doublings, and approximately twothirds of the single-colony derived hDPSCs are
able to form the same amount of dentin as multicolony hDPSCs [54]. On comparison of these
cells with BM-MSCs, the DPSCs were found to
have an identical expression outline for a range of
markers related to endothelium, smooth muscle,
bone, and fibroblasts, as that for BM-MSCs [49].
The similarity between DPSCs and BM-MSCs
was also confirmed by cDNA microarray
profiling when DPSCs and BM-MSCs showed

In vitro expanded DPSCs are capable of
differentiating into dentin/pulp-like tissue in
vivo. In a study, in vitro expanded DPSCs
were transplanted into immunocompromised
mice with hydroxyapatite/tricalcium phosphate
powder (HA/TCP). Six weeks after transplantation, dentin-like structures were observed lining
the surface of the hydroxyapatite/tricalcium
phosphate particles. Dentin matrix protein
markers like bone sialoprotein, osteocalcin, and
DSPP were found to be expressed in the DPSC
transplants, and generated dentin was found to
thicken over time [49]. DPSCs also demonstrated
their capability in differentiation into dentin-like
structure by seeding onto human dentin surfaces
and implanting into immunocompromised mice
[58]. It has been shown that DPSCs from
inflamed pulps (DPSCs-IPs) has a decreased
osteo-/dentinogenic potential when compared
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with that of DPSCs normal pulps (DPSCsNPs) [59]. Nevertheless, on transplantation
of DPSCs-IPs into immunocompromised
mice, pulp/dentin surfaces similar to that of
DPSCs-NPs transplantation is formed [59].
Osteogenic differentiation potential of the
human dental pulp cells was discovered when
a subpopulation of these cells developed into
bone-like tissue in vivo. The cells were termed as
osteoblasts derived from human pulpar stem cells
(ODHPSCs) [60].
In the field of orofacial and maxillofacial
surgery, addition of mass to existing tissue is
often essential to reconstruct largely damaged
tissue. However, limited availability of autografts, and the inability of allografts to integrate
with the surrounding tissue, confines their
application [61, 62]. Under such scenarios, stem
cell therapy and tissue-engineering technology,
or its combination, have been found to be useful.
Several studies have documented the in vitro
and in vivo osteogenic potential of DPSCs [60–
62]. Laino et al. demonstrated the formation
of functional lamellar bone constructs in vivo
from CD 44C/RunX 2C (osteoblast precursor
marker) differentiated DPSCs [63]. The potential
of DPSCs to catalyze responses required to
restore tooth structure and function following
clinical procedures has been successfully utilized
in regenerative endodontics [64]. Recent findings
revealing the critical ability of DPSCs to
vascularize engineered constructs has expanded
its potential in hard tissue engineering [65–67].
Previous studies have also investigated the in
vitro and in vivo behavior of DPSCs on 2-D and
3-D collagen, ceramic, and titanium scaffolds directed towards applications in orofacial tissue engineering [68–70]. Reports involving 3-D porous
HA/TCP showed bone-like hard tissue formation
by STRO-1 selected DPSCs with distinct lamellae structure and bone marrow-like tissue [71]. In
a clinical study, DPSCs were used in conjunction
with a collagen sponge scaffold to repair alveolar bone defects caused due to wisdom tooth
extraction [72]. Results from these investigations
conclude that DPSCs in combination with a suitable scaffold system provide immense potential
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for the repair and regeneration of periodontal
and maxillofacial tissues. However, the abovementioned studies make use of porous scaffolds
into which DPSCs are seeded for the purpose
of reconstructing dental or bone tissue. Immobilization ensures sustainability and functionality of cells while avoiding physical stress and
inflammatory responses caused at transplantation or delivery sites. Several types of biomaterials, synthetic polymers like polydimethylsiloxane
(PDMS), polyethylene glycol (PEG), and natural
materials like silk, collagen, and alginate have
been adopted over the past decade to immobilize
cells [73–75]. The material characteristics of alginate allow its mechanical strength, permeability,
and degradability to be tailored to application
requirements. The diffusibility of alginate under
physiological conditions allows timely release
of cells as well as replacement of the biomaterial with regenerated tissue. In addition, the hydrophilic nature of cross-linked alginate provides
a framework similar to the extracellular matrix
in which cells proliferate, differentiate, and form
a functional tissue [76]. Recent studies have investigated the potential of periodontal ligament
stem cells (PDLSCs) and gingival mesenchymal
stem cells (GMSCs) encapsulated in oxidized
alginate micro beads for applications in bone
tissue engineering [77].
Results obtained from these studies investigating the morphology, growth, proliferation, immunophenotype, and genotype expression is crucial in determining the potential of utilizing immobilized DPSCs to deliver stem cells and to engineer functional native tissue constructs for oral
and maxillofacial bone regeneration applications.
Results from a study clearly emphasized the significance of immobilization of DPSCs in 3-D calcium alginate microspheres, leading to consistent
cell survivability and functionality. In the same
study, the improved osteogenic differentiation of
immobilized DPSCs was evidenced by enhanced
mineralization, protein secretion, and an upregulated osteo-related gene profile, and interestingly,
it was also shown that immobilization triggered
osteogenic differentiation of DPSCs without any
use of conventional induction factors.
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Stem Cells from Human Exfoliated
Deciduous Teeth (SHED)
Primary teeth also contain stem cells that referred
as SHED [50]. Gronthos et al. in his study reported that the deciduous tooth contained multipotent stem cells which were extremely proliferative and clonogenic capable of differentiating into variety of cell types including neural cells, adipocytes, and odontoblasts. After in
vivo transplantation, they were able to induce
bone, generate dentin, and stay alive in mouse
brain along with expression of neural markers.
Although it could serve a better tool in treating
multitude of diseases, its role in osteogenesis and
its therapeutic efficacy in bone-related diseases
are promising due to its similar characteristics
inherent bone formation capacity similar to that
of bone marrow stem cells.
Isolation of high-quality human postnatal
stem cells from accessible resources is usually
a priority in the field of stem cell research.
As every child loses milk teeth, the obtaining
of SHED from them becomes a simple and
convenient when compared with other sources
of stem cells like as BM-MSCs; hence, this
property has given a considerable advantage
to SHED among other type of stem cells. In
comparison to BM-MSCs, SHED are found to
have a higher cell proliferation rate and show a
higher number of single colony clusters (CFU-F)
[78]. They are also able to proliferate more than
140 population doublings, which is significantly
higher than BM-MSCs and DPSCs [50]. SHED
are CD34-, CD45-, STRO-1C, SSEA4C,
CD73C, CD105C, CD146C, and CD166C.
These cells show significant higher levels of
STRO-1 and CD146 and lower levels of CD105
[78]. Immature DPSCs (IDPSCs), stem cells
isolated from deciduous teeth, have embryonic
stem cell markers like Oct4, Nanog, stagespecific embryonic antigens (SSEA-3, SSEA-4),
and tumor recognition antigens (TRA-1-60 and
TRA-1-81) [79]. Heterogeneous population of
SHED has molecular similarity with neural crest
cells and stem cells in vitro.
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SHED in Osteogenesis
SHED, on osteogenic induction medium, form
alizarin red positive nodules, and various bone
markers like CBFA1, ALP, MEPE, and bone
sialoprotein get upregulated, indicating calcium
accumulation and the ability of SHED to
differentiate into odontoblastic lineage in vitro
[50]. One-month-old culture of SHED-derived
osteoblasts secreted extracellular mineralized
matrix which went on to develop into 3D woven
bone samples in vitro. These cells were positive
for alkaline phosphates (ALP), alizarin red,
and calcium and to specific antibodies [80].
Myogenic and chondrogenic potentials of SHED
have also been demonstrated [79].
In vivo odontoblastic differentiation potential
of SHED was demonstrated by transplanting
the ex vivo expanded SHED into immunocompromised mice, where these cells developed
into human-specific Alu-positive odontoblasts
directly associated with a dentin-like structure,
while the regenerated dentin being immune
reactive to dentin sialophosphoprotein (DSPP), a
dentin-specific antibody [70]. However, in vivo
complete dentin pulp-like complex regeneration
of SHED is not possible [50]. Although SHED
are not able to differentiate directly into
osteoblasts, but they found to be capable of
inducing recipient murine cells to osteocytes,
when transplanted into immunocompromised
mice [50]. One-fourth of the single-colonyderived SHED clones exhibited the ability to
generate ectopic dentin-like tissue equivalent to
that generated by multi-colony-derived SHED,
while all the single-colony-derived SHED
clones were capable of inducing bone formation
in immunocompromised mice. Therapeutic
potential of SHED was discovered when SHED
were found to be able to repair bone defects.
In vivo transplantation of SHED-derived bone
samples into immune-suppressed rats gave rise
to lamellar bone containing entrapped osteocytes
[80]. Another study revealed that in the process of
SHED-mediated osteogenesis, the hematopoietic
marrow elements often found in bone marrow
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mesenchymal stem cell-generated bone were
absent, while mesenchymal stem cell markers
like CC9/MUC18/CD146, with an array of
growth factor receptors such as transforming
growth factor receptors I and II, fibroblast growth
factor receptors I and III, and vascular endothelial
growth factor receptor I were co-expressed,
implying their comprehensive differentiation
potential [81]. In vivo transplantation of SHED
into immunocompromised mice demonstrated
dense engraftment of these cells in various tissues
and organs like the liver, spleen, and kidney;
hence, the relative ease of recovery and the
expression profiles of various markers justify
further investigation of SHED for treatment of
diseases [79].
Bony defects in the craniomaxillofacial skeleton remain a major and challenging health concern. Maxillofacial surgeons have been trying
for centuries to restore functionality and aesthetic appearance applying different strategy including cell-based and protein-based therapies
as new strategies without entirely satisfactory
results. Nowadays SHED has been proved as a
potential source of stem cells to be used in plastic
surgery, particularly among craniofacial anomalies. The results of an investigation in the field
of stem cell therapy which has been conducted
to assess potential of SHED in reconstruction of
large-sized cranial bone defects in non-immunesuppressed rats were shown that these stem cells
with collagen membrane are able to induce new
bone formation at the site of defects without
stimulation of the allogenic graft rejection by
recipient organism [82].
The curative efficacy of SHED in orofacial
bone defects has also been proved when isolated
stem cells from miniature pig deciduous teeth,
engrafted into pre-generated critical-size bone
defects in swine mandible models. Results
of this study indicated that stem cells from
miniature pig deciduous teeth are able to
engraft and regenerate bone to repair criticalsize mandibular defects [83]. Recently scientists
have suggested that the tissue-engineered bone
complex with nano-hydroxyapatite/collagen/poly
(L-lactide) nHAC/PLA, recombinant human
bone morphogenetic protein 2 (rhBMP-2),
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and autologous DPSCs might be a better
alternative to autologous bone for the clinical
reconstruction of periodontal bone defects. In this
connection, the capacity of a tissue-engineered
bone complex of rhBMP-2 mediated DPSCs
and nHAC/PLA to reconstruct critical-size
alveolar bone defects in rabbit was evaluated.
Findings of this study indicated that nHAC/PLA
is an acceptable scaffold for autologous DPSC
seeding, proliferation, and differentiation and
rhBMP-2 promotes osteogenic capability of
DPSCs as a potential cell source for periodontal
bone regeneration [84].

DPSCs and Osteogenesis: Our Short
Experience
The abovementioned studies make use of porous
scaffolds into which DPSCs are seeded for the
purpose of reconstructing dental or bone tissue.
As such, approaches involving DPSC immobilization aimed at stem cell delivery and hard
tissue engineering need to be investigated. With
regard to these discussed literatures, we investigated and examined the impact of immobilization on viability and osteogenic differentiation
of DPSCs. Morphological analyses correlate with
current literature that DPSCs assume spherical
shape when immobilized due to matrix tension
[77, 85–87]. It can also be inferred from our
results that parameters governing immobilization
like the concentration of alginate used, the choice
of the cross-linker, its molar concentration, and
the cell density (2  106 cells/mL of alginate) did
not hinder the viability of cells (Fig. 1). Initial
decrease in the viability of immobilized DPSCs
could be attributed to cell shock observed due to
the change in the microenvironment (2-D to 3-D).
Immobilization causes mechanical stress on the
cytoskeleton thereby influencing cell behavior.
When exposed to sufficiently high stress, it is
possible that cells undergo programmed death
[88, 89].
The viability and proliferation of immobilized
DPSCs were also compared to DPSCs grown
in 2-D. Results show that cells proliferated at a
higher rate in 2-D and reached saturation on day
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Fig. 1 Micrographs of DPSCs immobilized in alginate microspheres and supplied with conventional MSC
medium (control spheres) on days 1 (i) and 10 (ii) supplied
with osteogenic induction medium – induced spheres – on
days 1 (iii) and 10 (iv) (arrows point towards cell aggre-

gates). Immobilized DPSCs adhering to the culture dish
upon release (v) (arrows point towards DPSC attaining
fibroblast-like morphology). DPSCs in passage 3 in 2-D
culture on reaching confluency (vi)

4 upon occupation of available surface area in the
culture dish. Observably, the percentage viability
of these cells reduced after day 4. Immobilized
cells interact with the matrix, respond to mechanical cues, and undergo controlled proliferation. It
can be concluded that while an immobilization
matrix provides a more natural environment for
the cells to grow in, it does not provide a platform for the expansion of cells. Immunophenotype analysis of the immobilized cells in control
spheres on day 10 of culture revealed the expression of cell surface marker CD 73 and CD 90.
This confirms that the stem cell characteristics of
DPSC had not changed due to immobilization.
Similarly, DPSCs in induced spheres marked for
osteocalcin, a late marker of osteoblastic differentiation, showed maximum expression in aggregations of cells. Minimal osteocalcin expression
was also observed in control spheres although
the cells did not form aggregates. Calcium quantification analysis showed high calcium content
in induced spheres as compared to DPSCs differentiated in 2-D. Osteocalcin expression and
the presence of calcium indicate that the alginate

matrix provides optimal support for DPSCs to
form aggregates, secrete bone-related proteins,
and calcify the matrix when differentiation is
induced. Alizarin red staining showed significant
mineralization in induced spheres on days 14
and 21. Data concerning Alizarin red staining of
matrix mineralization in immobilization systems
are rare. However, reports of the use of alizarin
red staining to support osteo-differentiation data
have emerged lately [90]. As alginate hydrogels
are capable of supplying nutrients to cells, the
stain can also be diffused to interact with any
mineralization. However, several wash steps need
to be incorporated to remove unspecific binding
of the stain. In this study, we found that results from Alizarin red staining corroborates with
immunocytochemical and calcium quantification
data indicating Alizarin red staining as yet another technique for determining mineralization.
It is likely that a 3-D immobilization matrix, as
against 2D, caused similar responses in DPSCs
thereby elevating the production of the matrix
proteins. Surprisingly, the expression of osteospecific genes were also elevated in DPSC control
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Fig. 2 Immunocytochemical evaluation of osteogenesis
of immobilized DPSCs using osteoblastic specific marker,
osteocalcin on day 21. (A in 10x) Individual DPSCs in
control spheres (without any supplementation of induction
medium) expressing osteocalcin. (B in 10x) Osteocalcin
expression in cell aggregates in differentiation-induced

spheres. (C in 20x) Osteocalcin expression can be observed clearly in cell aggregates in an induced sphere. PEconjugated osteocalcin is expressed in (i), DAPI used to
counterstain the nuclei of the cells is expressed in (ii), and
the composite of the images is presented as (iii)

spheres supplemented with conventional MSC
media suggesting correlation of the ectodermal
origin of DPSCs with osteogenesis (Fig. 2). Stem
cells from the human bone marrow (BM-MSCs),
without supplementation of induction factors,
have been shown to express osteogenic associated
markers like OCN, osteopontin (BSP1), and
ALP when grown on the surface of unmodified
alginate [91]. DPSCs, like BM-MSCs, are
equally capable of differentiating into osteoblasts
by responding to specific environmental signals.
As such, the presence of the markers could be due
to (a) the innate quality of DPSCs being naturally
prone to differentiate along the osteo-lineage
owing to the source from which they are obtained
and (b) the 3-D environment created by the
alginate scaffold that allows cell-cell interaction
imitating the physiological environment.
Results from this study clearly exhibited the
significance of immobilization of DPSCs in 3-D

calcium alginate microspheres leading to consistent cell survivability and functionality. The improved osteogenic differentiation of immobilized
DPSCs was evidenced by enhanced mineralization, protein secretion, and an upregulated osteorelated gene profile. Interestingly, it was also
shown that immobilization triggered osteogenic
differentiation of DPSCs without any use of conventional induction factors. Collectively, our results demonstrate the potential of immobilized
DPSCs to be utilized in stem cell delivery and
hard tissue regeneration.

Why DPSCs Are Better than
BM-MSCs at Instances
Irrespective of its prehistoric source, bone
marrow-derived stem cells were not promising
in attempting curative therapies for all diseases.
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It became acknowledged from the advancement
occurred in bone marrow stem cells by
understanding the basic biology and molecular
pathways. The first and foremost of the
disadvantages put forward is the frequency
of lesser number of nucleated cells obtained
from large quantity of sample [92]. The second
important disadvantage of BM-MSCs is that
the proliferation and differentiation capacity of
MSC decline with age, reducing their therapeutic
potential [92, 93]. Additionally, low frequency of
mesenchymal stem cell and the heterogeneity of
mononuclear cells with granulocyte interface
might create a threat for cell migration and
engraftment [94, 95].
In concert with the decreased osteogenic
potential of bone marrow cells with age,
adipocytes accumulate in the bone marrow
stroma. In neonates, adipocytes are barely present
in the bone marrow stroma, but the number
and size of stromal adipocytes increase with
aging, and more than 90 % of the bone marrow
cavity is occupied by adipocytes in the aged
bone [96]. Interestingly, adipocyte accumulation
in the human bone marrow stroma correlates
with trabecular bone loss with aging [96–98].
Mice with premature aging (SAMP 6 strain) also
show decreased bone formation and increased
number of adipocytes in the bone marrow stroma.
In hypokinetic rats, bone loss resulting from a
decreased osteoblast number [99] is associated
with increased adipocyte number and size in the
bone marrow cavity. This inverse correlation
between the two differentiation processes
suggests the disadvantage of bone marrow.

Conclusion
This volume, thus, demands alternative valuable
source of stem cell similar to that of bone marrow
without compromising its quality. This opens the
interesting possibility of promoting dental pulp
stem cells. Discovery and advances in dental pulp
stem cell biology and behavior have blazed new
hopes and promises in the field of regenerative
medicine. Although dental pulp stem cells
are easily accessible and very good resource
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of MSCs, [100] conflicting results, possibly
due to donor-associated variability, reduce its
potential applicability [101], thereby, demanding
further tremendous amount of work in order to
complement the recent advances in bone tissue
engineering. Some important hurdles need to be
addressed include multi-differentiation potential,
bioscaffolds, and inductive factors that implants
and integrates into the surrounding environment
for the reconstruction of functional complex
organ systems.
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