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Abstract: Dental pulp stem cells (DPSCs) from permanent teeth and stem cells from human exfoliated deciduous teeth 
(SHED) have attracted tremendous interest recently by playing a major role in tissue engineering and regenerative 
medicine. However, since stem cell technology is still in its infancy, interdisciplinary cooperation between medicine, ba-
sic biological research, nanotechnology and materials science is needed to achieve successful clinical applications. Similar 
to mesenchymal stem cells, DPSCs and SHED can undergo self-renewal and have multipotent differentiation ability, but 
unlike other sources of stem cells such as embryonic stem cells, which involves the destruction of human embryo, DPSCs 
and SHED have limited ethical concerns as they are readily and easily accessible, non-invasive and disposed off naturally. 
Not only DPSCs and SHED can be used for cell based therapies and bio-artificial tissue constructs but also made to 
differentiate into other cell types. Here, we discuss on definitions, opportunities, advantages and limitations of DPSCs and 
SHED in tissue engineering and regenerative medicine. 
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INTRODUCTION 

Stem cells are unspecialized cells that continually 
reproduce themselves and can differentiate into specialized 
cells of one or more types [1]. Stem cells can be divided into 
two major classes: embryonic/fetal stem cells and adult stem 
cells [1]. Dental-derived stem cells are one of adult stem 
cells used as the cell sources for tissue engineering and re-
generative medicine [2]. Dental pulp stem cells (DPSCs) 
from permanent teeth are able to regenerate a dentin-pulp-
like complex that is composed of mineralized matrix with 
tubules lined with odontoblasts and fibrous tissue containing 
blood vessels in an arrangement similar to the dentin-pulp 
complex found in normal human teeth [3]. Stem cells from 
human exfoliated deciduous teeth (SHED) are highly prolif-
erative, clonogenic cells capable of differentiating into a 
variety of cell types including neural cells, adipocytes and 
odontoblasts [4]. Stem cells from other sources such as em-
bryos, cord blood and bone marrow have been harvested for 
use in tissue engineering. Tissue engineering is defined as an 
interdisciplinary field that applies the principles of engineer-
ing and life sciences toward the development of biological 
substitutes that restore, maintain or improve tissue or organ 
function [5]. According to European Commission [6], tissue 
engineering is the regeneration of biological tissue through 
the use of cells, with the aid of supporting structures and/or  
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biomolecules. Regenerative medicine is defined as an emerg-
ing interdisciplinary field of research and clinical applica-
tions focused on the repair, replacement or regeneration of 
cells, tissues or organs to restore impaired function resulting 
from any cause, including congenital defects, disease, trauma 
and aging [7]. Tissue engineering is basically, one part of the 
major components of regenerative medicine which follows 
the principles of cell transplantation, materials science and 
engineering towards the development of biological 
substitutes which can restore and maintain normal function 
[8]. It is envisaged in future that adult stem cells may be 
more easily directed towards specific lineages that might be 
able to give rise to a wider range of tissues following trans-
plantation than embryonic stem cells. The advantages of 
DPSCs and SHED enable it to be efficiently exploited to be 
implemented in tissue engineering and regenerative medi-
cine. 

STEM CELLS 

Stem cells were first studied by Becker et al. in 1963 [9] 
who injected bone marrow cells into irradiated mice and 
noticed that nodules developed in the spleens of the mice in 
proportion to the number of bone marrow cells injected. 
They concluded that each nodule arose from a single marrow 
cell and found that bone marrow cells were capable of 
infinite self-renewal, a central characteristic of stem cells. 
Hence, scientists concluded that stem cells by definition 
have two essential properties, i.e. the capacity of self-
renewal, giving rise to more stem cells and the capacity to 
differentiate into different cell lineages under appropriate 
conditions. Following this, report on the growth of inner cell 
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masses and the isolation of stem cells from human 
blastocysts were published by Bongso et al. [10]. Later, 
embryonic stem cell lines were successfully produced for the 
human [11]. Broadly speaking, there are two main types of 
stem cells, embryonic and non-embryonic. Embryonic stem 
cells (ESCs) are totipotent and accordingly, they can 
differentiate into all three embryonic germ layers. On the 
other hand, non-ESCs also known as adult stem cells are just 
multipotent and their potential to differentiate into different 
cell types seems to be more limited [12], but adult stem cells 
have much potency with advanced facilities of isolating and 
expanding thus making them invaluable properties for 
regenerative medicine. 

DENTAL STEM CELL NICHES 

Teeth develop by a series of epithelial–mesenchymal in-
teractions [13]. Interactions between the ectoderm and un-
derlying mesenchyme constitute a central mechanism regu-
lating the morphogenesis of tooth. Tooth morphogenesis is 
an advancing process that is regulated by sequential and re-
ciprocal interactions between the epithelial and mesenchy-
mal tissues and, during which the simple oral ectoderm 
thickens, buds, grows and folds to form the complex shape 
of the tooth crown [14]. Dental stem cells can be divided into 
dental mesenchymal stem cells (MSCs) that will form the 
odontoblasts, cementoblasts, osteoblasts and fibroblasts of 
the periodontal ligament, and dental epithelial stem cells 
(EpSCs) that give rise to ameloblasts (Fig. 1) [2]. MSCs 
from human dental tissues include DPSCs in human perma-
nent teeth [3, 15, 16], SHED from deciduous teeth [4], 

periodontal ligament stem cells (PDLSCs) [17], dental folli-
cle stem cells (DFSCs) from human third molars [18] and 
stem cells from the apical papilla (SCAP) [19]. Several stud-
ies in animals describe the use of EpSCs which have been 
isolated from newborn or juvenile animals from the third 
molar teeth. The epithelia were removed and the cells were 
dissociated enzymatically. However, to implement the same 
in children is difficult as it would warrant donation of tooth 
from children [20]. MSCs are thought to reside in a perivas-
cular niche in the dental pulp [21]. All these cells probably 
share a common lineage of being derived from neural crest 
cells and all have generic mesenchymal stem cell-like 
properties, including expression of marker genes and 
differentiation into mesenchymal cell lineages (osteoblasts, 
chondrocytes and adipocytes) in vitro and, to some extent, in 
vivo. The different cell populations do, however, differ in 
certain aspects of their growth rate in culture, marker gene 
expression and cell differentiation, although the extent to 
which these differences can be attributed to tissue of origin, 
function or culture conditions remains unclear [22].  

DENTAL PULP STEM CELLS  

Stem cells isolated from adult human dental pulp were 
termed DPSCs [3]. They were isolated from permanent third 
molars and exhibited high proliferation and high frequency 
of colony formation that produced sporadic, but densely 
calcified nodules. DPSCs can be collected from dental pulp 
by means of a non-invasive practice that can be performed in 
the adult during life after simple extraction and in the young 
after surgical extraction of wisdom teeth, a routine surgical 

 
Fig. (1). Tooth developmental stages and the derivation of dental-derived stem cells. DFSC = dental follicle stem cells; SHED = stem 
cells from human primary exfoliated deciduous teeth; DPSC = dental pulp stem cells; PDLSC = periodontal ligament stem cells; SCAP = 
stem cells from apical papilla. 
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practice plus with less ethical issues [3, 4, 23]. More recently 
a subpopulation of dental pulp stem cells has been described 
as human immature dental pulp stem cells (IDPSC) [24]. 
DPSCs and other adult stem cells can survive for long 
periods because these cells are quiescent (non-dividing) and 
reside in a specific perivascular microenvironment where 
they maintain their stem cell characteristics for long periods 
of time until they are activated by a normal need for more 
cells to maintain tissues, or by disease or tissue injury [25]. 
On the other hand, mesenchymal stem cells (MSCs) derived 
from bone marrow is not always acceptable owing to the 
high degree of viral exposure and the significant decrease in 
the cell number and the proliferative/differentiation capacity 
along with age [26]. 

Typical surface markers of MSCs are CD44, CD73, 
CD90, CD105, CD271 and STRO-1, while the negative 
markers are CD34, CD45, and HLA-DR [27, 28]. But, there 
is no distinct marker characterizing DPSCs, which are a het-
erogeneous and mixed population. DPSCs obtained by their 
high proliferative potential lean to include a large population 
cells expressing CD44+, CD90+, and CD166+ [27]. Most of 
these DPSCs express MSC markers including STRO-1 and 
CD146 and undergo colony forming in vitro and can regen-
erate the dentin/pulp complex in vivo [15]. Every researcher 
may establish different surface markers in each DPSCs 
population; hence not all the surface markers are expressed 
in DPSCs population. Generally, most DPSCs show pluripo-
tent stem cells characteristic but exact properties might differ 
from each other [27].  

DPSCs differentiate into functionally active neurons and 
implanted DPSCs induce endogenous axon guidance, 
suggesting their potential as cellular therapy for neuronal 
disorders [29]. Interestingly, in contrast to bone marrow 
mesenchymal stem cells (BMMSCs), DPSCs do not form 
areas of active hematopoiesis and adipocyte accumulation at 
the transplantation site [30]. In another study, when DPSCs 
were seeded onto human dentin surface and implanted into 
immunocompromised mice, reparative dentin-like structure 
was deposited on the dentin surface [16]. These results 
together raise the possibility that a protocol for pulp tissue 
regeneration and new dentin formation for clinical 
therapeutic purposes could be established. Later, Laino and 
co-workers isolated a selected sub-population of DPSCs 
called stromal bone producing (SBP) DPSCs and found that 
these SBP/DPSCs display a great capability of self-
expanding and differentiating in osteoblast precursors 
(CD44+/RUNX-2+) producing, in vitro, a living autologous 
fibrous bone (LAB) tissue, which is markedly positive for 
several bone antibodies [31]. DPSCs were also found to 
undergo chondrogenic and myogenic differentiation in vitro 
[28, 31]. The plasticity and multipotential capability of 
DPSCs can be explained by the fact that dental pulp is made 
of both ectodermic and mesenchymal components, 
containing neural crest-derived cells [28]. After a dental 
injury, dental pulp is involved in a process called reparative 
dentinogenesis, where cells elaborate and deposit a new 
dentin matrix for the repair of the injured site [32]. It has 
been shown that adult dental pulp contains precursors 
capable of forming odontoblasts under appropriate signals 
[4, 15, 33 34]. Tooth repair is a process which occurs 
throughout life which suggests that MSCs might exist in 

adult dental pulp [22]. The in vivo therapeutic targeting of 
these adult stem cells remains to be explored. 

STEM CELLS FROM HUMAN EXFOLIATED DE-
CIDUOUS TEETH  

SHED have the capacity to induce bone formation, 
generate dentine and differentiate into other non-dental 
mesenchymal cell derivatives in vitro [4, 35-38]. SHED 
exhibit higher proliferation rates compared to DPSCs and 
bone marrow-derived MSCs [39], increased population 
doublings, osteoinductive capacity in vivo, [40, 41], can 
retain their stem cell characteristics after prolonged culture 
[42], and an ability to form neural-like spheres in a medium 
optimized for neural stem cells in vitro [38]. SHED seeded 
onto tooth slices/scaffolds and implanted subcutaneously 
into immunodeficient mice differentiated into functional 
odontoblasts capable of generating tubular dentine and 
angiogenic endothelial cells [37]. When SHED was trans-
planted into immunocompromised mice, dentin-like structure 
was formed which was immunoreactive to dentin specific 
sialophosphoprotein antibody. Odontoblast-like cells were 
found to be associated with this regenerated dentin structure, 
which indicate the odontogenic differentiation potential of 
SHED [43]. However, unlike DPSCs, SHED did not form a 
dentin-pulp complex after in vivo transplantation [4]. This 
indicates that SHED has different odontogenic differentia-
tion potential than DPSCs. With regard to the osteogenic 
differentiation potential, SHED was different from DPSCs. 
They were unable to differentiate into osteoblast or osteo-
cyte, but able to induce the host cells to undergo osteogenic 
differentiation. This observation demonstrates that SHED 
has an osteoinductive potential rather than a differentiation 
potential [4, 40, 41]. Therefore, SHED appear to be distinct 
from the DPSCs and indicate a more immature form than 
DPSCs. Studies using SHED as a tool in dental pulp tissue 
engineering in vivo have revealed that the tissue formed 
when SHED seeded in biodegradable scaffolds prepared 
within human tooth slices are transplanted into immunodefi-
cient mice has architecture and cellularity closely resembling 
that of dental pulp, a tissue important for tooth vitality [36]. 
SHED and other dental stem cells are derived from cranial 
neural crest ectomesenchyme, and so developmentally and 
functionally would appear identical, but studies have shown 
that they do differ and have different gene expression 
profiles [27]. SHED could therefore be used as a generic 
allogeneic source of MSCs [22]. SHED were found to ex-
press early mesenchymal stem cell markers (STRO-1 and 
CD146) [2], embryonic stem cell markers (Oct4, NANOG), 
stage-specific embryonic antigens (SSEA-3, SSEA-4), and 
tumor recognition antigens (TRA-1-60 and TRA-1-81) [24, 
27]. Like DPSCs, SHED also showed the capacity of os-
teogenic, adipogenic differentiation [43], expressed different 
neuronal and glial cell markers such as nestin [4, 43]. Even 
though SHED is used as autologous cells, yet, it is currently 
restricted to children who have not yet lost all their 
deciduous teeth [22]. Commercial banking of SHED is thus 
becoming widespread to enable them to be used once the 
child becomes an adult. Hence, isolation of postnatal stem 
cells from an easily accessible is an essential criterion in 
tissue engineering process. 
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TISSUE ENGINEERING FOR REGENERATIVE 
MEDICINE 

In the past, mankind has been replacing the missing body 
parts with inanimate objects that were created by him. But 
with advancing research in biotechnology, regenerative ca-
pability of our own living body tissue has opened up a new 
era of tissue engineering [44]. In 1933, Biscgelie introduced 
the concept of tissue engineering when mouse tumour cells 
survived in a biocompatible polymer membrane [45]. 
Thenceforth, they were implanted into the abdominal cavity 
of chick embryos. Earlier, in the 1970s, W.T. Green, a 
paediatric orthopaedic surgeon at Boston’s Children’s 
Hospital, carried out a number of experiments to generate 
new cartilage by implanting chondrocytes seeded on bone 
spicules in nude mice. He was unsuccessful, but his 
experiments were part of the first attempts at what we now 
know as tissue engineering. He had already concluded that, 
with the advent of biomaterials science, it would be possible 
to regenerate and produce new tissues by loading viable cells 
onto ‘smart’ engineered scaffolds [46]. Tissue engineering 
strategies can be characterized into two categories: the use of 
acellular scaffolds, which depend on the body's natural abil-
ity to regenerate for proper orientation and direction of new 
tissue growth, and the use of scaffolds seeded with cells. 
Acellular tissue matrices are collagen-rich matrices which 
remove cellular components from tissues via mechanical and 
chemical manipulation [47, 48]. Later, these matrices slowly 
degrade on implantation and are replaced by the extra 
cellular matrix (ECM) proteins secreted by the ingrowing 
cells [48]. Tissue engineering approaches to the regeneration 
of functional tissue using postnatal stem cells can be 
visualized by three different scenarios: (1) expansion of a 
population ex vivo before transplantation into the host; (2) 
re-creation of a tissue or organ ex vivo for transplantation; 
and (3) design of substances and/or devices for in vivo 
activation of stem cells, either local or distant, to induce 
appropriate tissue repair. In all these cases, considerable 
knowledge of the stem cell population’s dynamics is 
required to predict and control their activity under a variety 
of different circumstances [8]. 

ROLES OF DPSCS AND SHED IN REGENERATIVE 
MEDICINE 

When the tooth is damaged but still in a reparable 
condition, regeneration of parts of the tooth structure can 
prevent or delay the loss of the whole tooth. This fact is of 
importance because tooth loss affects not only basic mouth 
functions but aesthetic appearance and quality of life [49]. 
The regenerative response of teeth to damage and structural 
degeneration are diverse and compartment-dependent, since 
teeth, as complex structures, harbour both living (periodontal 
ligament, cementum, pulp) and acellular (enamel, dentine) 
tissues. The dental pulp plays a major role in tooth 
regeneration after injury, by participating in a process called 
reparative dentinogenesis [50]. When pulp tissue is exposed 
as consequence of the loss of the overlaying dentin, direct 
pulp-capping therapy allows the pulp to form new dentin 
[22]. It has been observed that the use of various cement-
based compounds, such as mineral trioxide aggregate (MTA) 
[51], and calcium hydroxide, promotes the activity of cells 
that remain in the healthy portion of the pulp migrate to the 

injured site, proliferate by the growth factors released from 
surrounding dentin matrix and attach the necrotic layer to 
form osteodentin [52]. Later, the cells attached to 
osteodentin differentiate into odontoblasts to produce tubular 
dentin, thus forming reparative dentine [53, 54]. This early 
mineralized tissue preserves the pulp integrity and serves as 
protective barrier upon the injury [52]. Yet, regenerative 
endodontics which is a biologically based procedure de-
signed to replace damaged structures such as dentin, root 
structures and cells of the pulp-dentin complex [55] will 
have to depend on tissue engineering therapies to regenerate 
pulp dentin tissue. The proposed therapies involving stem 
cells, growth factors, and tissue engineering all require pulp 
revascularization, which itself is an enormous challenge. 
One of the most challenging aspects of developing a regen-
erative endodontic therapy is to understand how the various 
component procedures can be optimized and integrated to 
produce the outcome of a regenerated pulp-dentin complex 
[55]. 

When the tooth is almost damaged, dentin regeneration 
becomes difficult as it requires a healthy pulp. Thus, bigger 
traumas such as tooth avulsion or advanced caries are 
clinically treated with root canal therapy, in which the entire 
pulp is cleaned out and replaced with a gutta-percha filling. 
However, living pulp is critical for the maintenance of tooth 
homeostasis and essential for tooth longevity [40]. An ideal 
form of therapy might consist of regenerative approaches in 
which diseased or necrotic pulp tissues are removed and 
replaced with regenerated pulp tissues to revitalize the teeth. 
In particular, the regenerative pulp therapy would 
reconstitute the normal tissue continuum at the pulp-dentine 
border by regulating the tissue-specific processes of 
reparative dentinogenesis [22]. A regenerated pulp tissue 
should be functionally competent: it should be vascularised, 
contain similar cell density and architecture of ECM to those 
of natural pulp, be capable of giving rise to new odontoblasts 
lining against the existing dentin surface, produce new 
dentin and be innervated [21]. SHED and DPSCs have po-
tential in dental pulp regeneration.  

The first step to engineer tissues is to isolate cells with 
the right phenotype and propagate them in suitable culturing 
environments. Prescott et al. demonstrated that DPSCs were 
able to regenerate pulp-like tissue after being seeded on col-
lagen scaffold supplemented with dentin matrix protein 
(DMP-1) [56]. Human IDPSC were demonstrated to show 
significant engraftment in golden retriever muscular dystro-
phy (GRMD) dog muscles but human dystrophin expression 
was modest and limited to several muscle fibers [57]. Other 
studies on DPSCs demonstrated that these cells responded to 
neuronal inductive conditions both in vitro and in vivo and 
acquired a neuronal morphology and expressed neuronal-
specific markers at both the gene and protein levels [15, 58]. 
It has been previously reported that multipotential DPSCs 
retain their neural crest properties following ex vivo 
expansion [3, 21, 59].  

DPSCs also help cardiac repair after myocardial infarc-
tion [43, 60]. The left coronary artery was ligated in nude 
rats and DPSCs were transplanted to the border of the infarc-
tion zone. Evidence of cardiac repair was noted by improved 
cardiac function, increase in the number of vessels and a 
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reduction in infarct size after four weeks transplantation. The 
cardiac repair occurred in the absence of any evidence of 
DPSCs differentiation into cardiac or smooth muscle cells. 
This suggests that DPSCs induced cardiac repair due to its 
secretion of different growth factors and cytokines such as 
vascular endothelial growth factor, insulin-like growth fac-
tor-1 and -2 and stem cell factor, which helped in inducing 
angiogensis and cardiac regeneration at the infarction zone 
[43, 60] seeded SHED onto synthetic biodegradable scaf-
folds and were able to differentiate into odontoblast-like and 
endothelial-like cells. 

DPSCs and SHED also have been shown to induce new 
end bulb formation and the growth of hairs when associated 
with upper follicle epithelium [61]. It has also been demon-
strated that both types of stem cells were able to generate 
nerve and brain tissue [4, 27, 62]. SHED was reported to 
enhance wound healing in an excisional wound-splinting 
mouse model [63]. Another interesting clinical application 
has been suggested by investigations of the therapeutic 
efficacy of SHED in alleviating Parkinson’s disease (PD) 
[38], Alzheimer’s disease and cerebral palsy [4, 35, 57, 64, 
65]. 

CONCLUSION 

The ease of harvesting, non-involvement of bioethical 
issues due to their source of origin [3, 4], and expansion of 
DPSCs and SHED for cell therapies and bio-artificial tissue 
constructs has widened the horizon of regenerative medicine 
and tissue engineering [2, 57, 60-63, 66, 67]. Logically, 
these kinds of procedures are safe and affordable in the 
future and the restorative procedures to regenerate enamel, 
dentin and pulp will become available for clinical applica-
tion. However, one of the important considerations will cer-
tainly be the cost of these procedures especially in introduc-
ing such technology to clinicians and students from obtain-
ing the dental stem cells to banking and making it available 
at affordable prices. Similarly, both DPSCs and SHED can 
also be made to differentiate into the desired cell type in 
vitro for future use [68]. Hence, the peak of the outcome of 
DPSCs and SHED in regenerative medicine will rely on the 
success of the ability of these stem cells to produce a 
functional pulp tissue for future uses.  
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