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Abstract
Dental pulp is a highly specialized mesenchymal tissue, which have a restrict regeneration
capacity due to anatomical arrangement and post-mitotic nature of odontoblastic cells. Entire pulp
amputation followed by pulp-space disinfection and filling with an artificial material cause loss of
a significant amount of dentin leaving as life-lasting sequelae a non-vital and weakened tooth.
However, regenerative endodontics is an emerging field of modern tissue engineering that
demonstrated promising results using stem cells associated with scaffolds and responsive
molecules. Thereby, this article will review the most recent endeavors to regenerate pulp tissue
based on tissue engineering principles and providing insightful information to readers about the
different aspects enrolled in tissue engineering. Here, we speculate that the search for the ideal
combination of cells, scaffolds, and morphogenic factors for dental pulp tissue engineering may be
extended over future years and result in significant advances in other areas of dental and
craniofacial research. The finds collected in our review showed that we are now at a stage in
which engineering a complex tissue, such as the dental pulp, is no longer an unachievable and the
next decade will certainly be an exciting time for dental and craniofacial research.
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INTRODUCTION
The dental pulp is a highly specialized mesenchymal tissue characterized by the presence of
odontoblasts and by the fact that it is surrounded by a rigid mineralized tissue (1). The dental
pulp is infiltrated by a network of blood vessels and nerve bundles emanating from the
apical region (2). Damage to the dental pulp by mechanical, chemical, thermal, and
microbial irritants activate various types of inflammatory responses involving complex
vascular, lymphatic, and local tissue reactions (3).

The possibility of pulp tissue regeneration is restricted by several factors (4). Due to
anatomical arrangement of pulp chamber, the dental pulp has minimal collateral blood
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supply, impairing the ability of the immune system to combat infections (5). Furthermore,
the odontoblasts are post-mitotic cells that have limited (or no) ability to proliferate (6). The
tooth reparative competence is noticed when superficial carious lesions stimulate
odontoblastic cells to increase its secretory activity (4). If suitable conditions prevail,
odontoblasts elaborate reparative (tertiary) dentin, a more poorly organized and mineralized
matrix compared to primary and secondary dentin (2). The new dentin serves to protect the
pulp from bacterial byproducts and/or the actual bacteria.

Dentin presents a tubular structure that maintains it in an intimate relationship with the pulp
tissue through the odontoblastic process (4). Nevertheless, when teeth suffer injuries, such as
trauma, deep cavity preparation or severe caries lesions (7) the odontoblasts can succumb
and the dental pulp may undergo irreversible pulpitis or necrosis (4). Generally, in such
situations the conventional endodontic therapy is indicated. Despite the positive results
observed following endodontic treatment, there are significant drawbacks (5). For example,
the endodontic treatment tooth causes loss of a significant amount of dentin leaving as life-
lasting sequelae a non-vital and weakened tooth (8). This is especially critical when dealing
with dental trauma in young patients with incomplete root formation, a frequent occurrence
in clinical dental practice. To avoid such problems and aiming to maintain the tooth vital,
new treatment strategies have been developed, based on tissue engineering principles (9).

Tissue engineering is an emerging interdisciplinary science, aiming to develop strategies for
regeneration of damaged organs and tissues, based in principles of engineering and life
sciences (1). This field of science is grounded in the interplay of three essential components:
scaffolds, responsive cells, and morphogens (1, 2, 10).

Responsive cells are generally stem cells. They are undifferentiated cells with varying
degrees of potency and plasticity, capable of both self-renewal and multilineage
differentiation (1, 11). There are two basically categories of stem cells classified according
to their potential of differentiation: Embryonic Stem Cells (ESC) (11) and somatic stem cells
(also called adult stem cells or mesenchymal stem cells) (12). While the use of embryonic
stem cells is limited by ethical issues, somatic stem cells constitute a more favorable cellular
source to be used in tissue engineering (12). Postnatal stem cells have been isolated from
several tissues including, brain, skin, hair follicles, skeletal muscle, bone marrow and dental
tissue (13), and five types of dental mesenchymal stem cells were isolated an characterized:
Dental pulp stem cells (DPSC) from pulp of permanent teeth (14); stem cells of human
exfoliated teeth (SHED) and immature dental stem cells (IDPS) from primary teeth (15, 16);
periodontal ligament stem cells (PDLSC) (17); stem cells from apical papilla (SCAP) (18,
19), and dental follicle progenitor cells (DFPC) (20). We have shown that dental pulp stem
cells are capable of differentiating in odontoblast-like cells (21, 22) or endothelial cells (23).
When transplanted in tooth slice/scaffolds, these cells generate a pulp-like tissue (24) and
differentiate into functional odontoblasts and vascular endothelial cells (23). Despite of the
promising results observed with somatic stem cells, the access to stem cells might constitute
an impediment to tissue engineering in some circumstances. In these cases, induced
pluripotent stem (iPS), which are reprogrammed somatic cells with similar characteristics to
ESC, might constitute a viable alternative (25) should the requirement for the use of
oncogenes be eliminated.

Scaffolds may serve as a 3-D framework for cells serving as an extracellular matrix for a
finite period of time. Scaffolds provide an environment that allows both cell migration and
proliferation (2), and may be fabricated in pre-determined shapes and composition. Natural
and synthetic polymers have been largely employed for this purpose (26). Natural polymers
in general provide better biocompatibility whilst synthetic polymers allow for improved
control of physicochemical properties, such as degradation rate, microstructure, and
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mechanical strength (27). The physicomechanical characteristics of scaffolds characteristics
(e.g. shape and size of pores, rate of porosity, interconnectivity) are critical determinants of
cell behavior and, consequently, tissue formation (24, 26–28). Furthermore, scaffolds can be
functionalized with bioactive molecules such as growth factors to guide tissue formation or
network vessel development (29).

Morphogens are proteins that induce cell signaling, influencing critical functions such as cell
division, matrix synthesis and proliferation (1). These proteins can be active even at very
low concentrations in the picogram range (30). Morphogens are classified according to their
activity. While cytokines (e.g. TNF-alpha, TNF-beta) are associated with inflammatory and
immune reactions (30), growth factors (e.g. Amelogenin, TGF, BMP) act as stimulators or
inhibitors of growth (1, 30). In dentinogenesis, growth factors orchestrate epithelial-
mesenchymal interactions that regulate the differentiation and function of cells responsible
for the generation of dental tissues (31). Postnatal dental tissue regeneration recapitulates
events that have occur in embryonic development (30). After complete development, dentin
retains “fossilized” growth factors that can be released when the dentin is solubilized (32).
These dentin-derived proteins appear to regulate the migration and differentiation of dental
pulp stem cells (4) and appear to be required for the differentiation of odontoblasts (21, 24).

Morphogens, responsive cells, and scaffolds are critical components of tissue engineering.
However, successful regenerative strategies require the rapid development of functional
blood vessel networks (1). Despite its small size, de novo regeneration of pulp tissue is
challenging because its anatomical characteristics are not particularly conducive to the rapid
and effective vasculogenesis (1). Thus, the development of improved vasculogenesis
strategies is an important challenge in the field of dental pulp tissue engineering. Vascular
endothelial growth factor (VEGF) is the prototypic pro-angiogenic factor (33). It has been
shown that VEGF enhances the neovascularization of severed human dental pulps (34, 35).
In addition, dental pulp stem cells are capable of differentiating into endothelial cells and
give rise to functional blood vessels (23, 36). The use of scaffolds as a delivering system for
VEGF has been explore as a means to stimulate angiogenesis (37). Our laboratory is actively
engaged in research to develop VEGF-containing scaffolds suitable for dental pulp tissue
engineering.

Although the concept of engineering the entire tooth is conceptually exciting, many critical
obstacles that may take several years to be overcome exist (1, 5, 9). In contrast, the
engineering of one dental tissue at a time might be a more realistic short-term goal. In this
review, we will discuss key aspects of dental pulp tissue engineering focusing on the
obstacles and opportunities of Regenerative Endodontics.

STEM CELLS OF DENTAL ORIGIN TO BE APPLIED IN REGENERATIVE
STRATEGIES OF PULP TISSUE

Isolation of human embryonic stem cells (hESC) from the inner mass of human blastocyst
(38) was a revolutionary episode in science, bringing exciting new perspectives in cell
therapy. These cells are classified as pluripotent since they can differentiate in any body cell
(11). However, hESCs cannot be considered totipotent since then were no capable produce
all of the extra embryonic tissues required for mammalian development (39).

Isolation and use of hESC faces ethical and legal barriers (12). Therefore, post-natal stem
cells appear to be more indicated for tooth-related tissue engineering. Post-natal stem cells
can be isolated from the individual who needs treatment, avoiding immunological reactions
(39). Thus, post-natal stem cells (e.g. mesenchymal stem cells) constitute an attractive
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source of cells for regenerative therapies (9, 40) because they possess remarkable plasticity
when exposed to foreign microenvironments (11).

Mesenchymal stem cells (MSC) are clonogenic cells capable of both self-renewal and
multilineage differentiation (9). The first MSC to be isolated and characterized were bone
marrow mesenchymal stem cells (BMMSC) (41). BMMSC cells have the potential to
differentiate into osteoblasts, chondrocytes, adipocytes, and myelosupportive fibrous stroma
(40). In the beginning of the 2000’s, dental pulp stem cells (DPSC) were isolated from
permanent teeth and characterized based on the gold standard criteria established for
BMMSC (14). Dental-tissue derived MSC-like populations appear to be more committed to
odontogenic rather than osteogenic development (40). In recent years, dental mesenchymal
cells have been used in several studies to assess their potential in future clinical applications.

STEM CELLS FROM THE PULP OF ADULT AND PRIMARY TEETH
Dental Pulp Stem Cells: DPSC constitutes a heterogeneous cell population obtained from
the pulp of permanent teeth by enzymatic digestion (14). DPSC cells are characterized by
their ability to differentiate into multiple stromal cell lineages and to their clonogenic
capacity (42). It has been demonstrated that DPSCs are able to adhere and proliferate in
scaffolds (Figure 1) and they can also differentiate into odontoblastic lineage cells (40). In
vitro, DPSC demonstrate high frequency of colony formation, producing calcified nodules
(14). Furthermore, DPSC seeded onto mechanically and chemically treated dentin surfaces
differentiated towards odontoblast-like cells (43), showing that environmental cues
influence DPSC plasticity (24). In vivo, transplantation into immune compromised mice
demonstrated the ability of DPSC to generate tooth-like tissues expressing genes that are
consistent with odontoblastic differentiation (42, 44). When seeded in scaffolds casted
within the pulp chamber of tooth slices, DPSC were able to produce a pulp-like tissue (24).
In contrast, when the same cells were implanted in a scaffold without dentin, they were
unable to differentiate into odontoblasts.

Stem Cells from Human Exfoliated Deciduous Teeth: SHED were isolated by Songtao Shi’s
group from the pulp of exfoliated primary teeth, using a similar strategy as that used for
isolation of DPSCs (16). Similarly to DPSC, SHED demonstrated to be a population of
highly proliferative, clonogenic cells, differentiating into a diversity of cell types including
neural cells, adipocytes, and odontoblasts. SHED express STRO-1 and CD146, two
mesenchymal stem cells markers also present in DPSC, but SHED exhibited higher
proliferation than DPSC (16). IDPS, another stem cell lineage from the pulp of primary
teeth, express embryonic stem cell surface markers (15). In vivo, IDPS were capable of
regenerating damaged corneal tissues in animal models (45). However, their potential to
form pulp-like tissues in vivo has yet to be established.

Recent results findings have strengthen the rationale for the use of SHED in dental pulp
tissue engineering (21–24). When seeded in tooth/slice scaffolds together with HDMEC,
SHED cells are able to form well-vascularized pulp-like tissues with morphology
resembling that of a human dental pulp (22). Using similar approach (i.e. tooth slice/scaffold
model), Casagrande and colleagues (2010) showed that SHED differentiated into
odontoblast-like cells, expressing three putative markers of odontoblastic differentiation
(DSPP, DMP1, MEPE). The authors also demonstrated that blockade of Bone
Morphogenetic Protein 2 (BMP-2) signaling inhibited the differentiation of SHED into
odontoblasts (21). These data began to unveil the nature of dentin-derived morphogenic
signals required for SHED differentiation into odontoblasts (21). In parallel studies (23),
SHED seeded in tooth slice/scaffolds differentiated into functional odontoblasts capable of
generating new tubular dentin, as demonstrated by tetracycline staining. Additionally, SHED
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cells differentiate in functional endothelial cells (23). Furthermore, we have recently
observed the formation of a well-organized pulp tissue inside the root canal of opened-apex
maxillary first molars, using SHED with a self-assembled injectable scaffold. SHED
differentiated into functional odontoblast capable of generating new dentin (46). These
promising results suggest that primary teeth constitute a rich source of stem cells.

STEM CELLS FROM THE APICAL PAPILLA
SCAP were isolated from dental papilla (18), an embryonic-like tissue that originates the
dental pulp during crown formation (12) and is located in tip of growing tooth roots (18).
SCAP, similarly to DPSC and SHED, comprise a heterogeneous population capable of
osteoblastic and odontoblastic differentiation, and to a lesser extend adipogenic
differentiation (47). SCAP are also capable of expressing neurogenic (40) and myogenic
markers (19, 47). Furthermore, SCAP show consistent capacity for dentin regeneration (18).
Since the dental papilla is the precursor tissue for radicular pulp, it is possible that SCAP
convert into DPSC, and therefore SCAP may constitute a population of earlier stem cells
(40). Recent studies have shown that SCAP have the capacity to produce vascularized pulp-
like tissue in vivo into 5–6 mm-long root canals (47). Furthermore, SCAP appear to undergo
odontogenic differentiation as measured by expression of DSP, BSP, ALP, and CD105,
indicating that the pulp-like tissue resembles human pulp tissue (47).

PERIODONTAL LIGAMENT STEM CELLS
Periodontal Ligament (PDL) is a specialized connective tissue, which connects the radicular
surface to the alveolar bone (48). The PDL has a heterogeneous cell population that can
differentiate in either cementum or bone forming cells (5). Periodontal ligament stem cells
(PDLSC) are capable of self-renewal and express the mesenchymal stem cell markers
CD146/MUC18, CD105, CD166, and STRO-1(17). PDLSC cells also express tendon
specific markers (40). These data suggests that PDLSC are a unique population of post-natal
stem cells distinct from dental pulp or bone marrow-derived mesenchymal stem cell. Similar
to the stem cells of pulp origin, PDLSC are multipotent cells with potential for osteogenic,
adipogenic and chondrogenic differentiation (40). When transplanted with HA/TCP into
immunodeficient mice, PDLSC generated a cementum/PDL-like structure and contribute to
periodontal tissue repair (17). Although there were no evidence for PDLSC forming pulp-
like structures, when co-implanted with SCAP onto HA/TCP and gel-foam scaffolds in
mini-pig models an engineered bio-root with functional PDL was formed (18).

INDUCED PLURIPOTENT STEM CELLS
Despite the fact that SHED can be obtained from exfoliated primary teeth and DPSC can be
retrieved from third molars indicated for extraction, there are limitations to the use of these
cells. For example, primary teeth are only available in children and frequently the amount of
pulp tissue available is minimal. The method for generation of human induced pluripotent
stem cells (iPS) was first described in 2008 (49). Using different transcription factors (Oct4,
Sox2, Klf4, Myc), adult human cells were reprogrammed to generate embryonic stem-like
cells (49). iPS constitutes a new approach for the generation of stem cells for regenerative
therapies, apparently devoid of issues related to immunocompatibility (50). However, there
are significant risks involved with the use of iPS cells for tissue regeneration. Perhaps the
most serious one is that some of the transcriptional factors used to reprogram the cells (e.g.
c-Myc) are very well known oncogenes. Another issue is related to the fact that many times
viruses are used to transfect these genes into the cells. It is well known that viruses that
integrate into the host cell genome (e.g. retroviruses) have also intrinsic risks in regards to
cell transformation. Nevertheless, if these resolved are resolved, iPS cells may constitute an
attractive cellular source for tissue engineering.
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SCAFFOLDS FOR DENTAL PULP TISSUE ENGINEERING
New strategies for dental pulp regeneration require the development of compatible
biomaterials. As in any other tissue, the engineering of the dental pulp demands the
association of appropriate cells with a conducive microenvironment (1). Scaffolds are three-
dimensional structures that provide an initial framework for cells, and can be used to deliver
morphogenic molecules (51, 52). After a scaffold has achieved these goals, they should
degrade (26). The use of appropriate 3-D scaffolds allow cells to attach, grow and
differentiate (27). The role of the scaffold becomes even more critical if one takes into
account the challenges imposed by the quest for engineering a connective tissue within the
confines of the human dental root. The necessity of recruiting blood vessels and neuronal
structures solely through the apical foramina make the development of the scaffolds a
critical step towards the goal of translating laboratory results into clinical use (53).

Scaffolds have been developed for research purposes (proof-of-principle), as well as for
clinical use. Proof-of-principle scaffolds have provided critical information about
mechanisms of dental pulp stem cell differentiation. On the other hand, scaffolds designed
for potential clinical (Figure 2) use will play a critical role in the translation of laboratory
findings to the benefit of patients (47, 54, 55).

The tooth slice/scaffold model using poly-l-lactic acid (PLLA) has become a very useful
model for mechanistic studies (24, 56). In this case, tooth slices obtained from freshly
extracted human third molars have their pulp tissue removed and pulp chamber filled with a
mixture of ground PLLA and sodium chloride. This mixture is then dissolved with
chloroform and, after the complete evaporation of the solvent, the tooth slices/scaffolds are
placed in water to dissolve the salt particles and creating the porosity required for cell
seeding (24). After sterilization, these tooth slice/scaffolds can be implanted in
immunodeficient mice. This approach allows for the genetic manipulation of the cells before
transplantation, as well as it allows for the testing of the effect of different cell populations
on dental pulp tissue engineering. Another approach involves the use of a co-polymer, i.e.
poly-lactic-co-glycolic acid (PLGA), in the tooth slice/scaffold. In this case, one can control
the degradation rate of the scaffold and incorporate morphogenic molecules using the
scaffold as a slow release device. With this approach, one can study the effect of growth
factors on cell metabolism and differentiation, as well as to study optimal conditions (e.g.
concentration, timing of release) of these morphogenic factors (57). Slow-release scaffolds
require a different approached for manufacturing that may involve gas-foaming techniques
and/or the generation of microspheres containing the growth factors.

It has become clear that hard polymer scaffolds are likely not practical for clinical use. In
this case, injectable scaffolds appear to be a better choice. Indeed, endodontists frequently
inject medications into the root canal. Several scaffolds have already been proposed (47,
58). For example, self-assembly peptide hydrogels have several features that make them
attractive for dental pulp tissue engineering purposes (54). They form a nanofiber mesh in a
controllable manner, and they have relatively low cost. We have used Puramatrix
(Bioscience, San Jose, CA, EUA), a peptide matrix composed by multiple sequences of
arginine (R), alanine (A), aspartate (D) and alanine (A). This scaffold has shown to promote
cell growth and differentiation (59–61). In our initial experiments with this scaffold, it has
shown compatibility with DPSC cells allowing them to grow and differentiate (Figure 2).

The development of scaffolds is unquestionably a critical step towards the clinical
application of dental pulp tissue engineering. The authors propose that the development of
scaffolds for tooth regeneration constitutes a major opportunity for the future of dental
biomaterials research. This is certainly an area that requires a multi-disciplinary approach
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involving the collaborative work of researchers with expertise in dental materials as well as
investigators that have deep cell biology knowledge.

MORPHOGENIC SIGNALING MOLECULES
Morphogenetic signaling molecules are proteins that bind to specific cell membrane
receptors and induce a cascade of processes that results in the generation of a new tissue (1,
30). Growth factors control the activity of stem cells, e.g. by regulating the rate of
proliferation, inducing differentiation into another cell type, or by stimulating cells to
synthesize mineralizable matrices (62, 63). Such molecules play a key role in the formation
and repair of dentin and pulp. The formation of a mineralized barrier at sites of pulp
exposure after direct pulp capping is an example of the potential of dental pulp repair (30).
Notably, the dentin matrix is as a reservoir of growth factors capable of stimulating tissue
response after being mobilized (4). Once released, these molecules play key role in several
signaling events such as the formation of tertiary dentin and repair (64).

Although the mechanisms underlying the reparative dentin formation have not been
completely elucidated, it is known that proteins such as bone morphogenetic proteins
(BMP), play an important role (65–67). Bone morphogenetic proteins are members of the
transforming growth factor (TGF)-beta family. BMPs were originally identified as
regulators of cartilage and bone formation (Urist, 1965). They play an important role in
embryogenesis and morphogenesis of various organs and tissues, including teeth (68). It was
demonstrated that human recombinant bone morphogenetic proteins (rhBMP-2, rhBMP-7)
induce dentinogenesis (65, 66, 69, 70). The response of dental pulp cells to BMPs suggests
that the cells present receptors for these bioactive molecules (Gu et al., 1996). BMP
receptors (BMPR) are serine/threonine kinases that include type I receptors (BMPR-IA,
BMPR-IB) and the type II receptor (BMPR-II). It was demonstrated that dental pulp cells
(SHED, DPSC, fibroblasts) express BMPR-IA, BMPR-IB and BMP-II receptors
(Casagrande et al., 2010).

The growth factors BMP-2, BMP-4, BMP-6, BMP-7 and Gdf11 play an important role in
the biology of pulp cells. Studies have shown that the expression of BMP-2 is increased
during terminal differentiation of odontoblasts (65, 71), and that BMP-7 promotes the
formation of reparative dentin mineralization in animal models (72). We have observed that
dentin-derived BMP-2 is required for the differentiation of SHED into odontoblasts
(Casagrande et al., 2010). The same signaling effect of dentin components on stem cells
differentiation towards a odontoblast phenotype was observed for DPSCs (Demarco et al.,
2010). However, the ability to induce the formation of dentin is not limited Gdf11 or BMPs.
Recent research has shown that bone sialoprotein (BSP) stimulates the differentiation of
pulp cells that secrete mineralizable matrices at the site of pulp exposure (67, 72). Notably,
excellent work from the Goldberg laboratory has demonstrated that the morphological
characteristics of dentin are specifically correlated to the morphogenic factor used to induce
it (73, 74).

BMPs have been approved for treatment of bone fractures by the Food and Drug
Administration in the United States. This has certainly provided a boost towards the
application of bioactive molecules in regenerative endodontics. However, several questions
remain opened in regards to the use of morphogenic molecules in dental pulp tissue
engineering. For example, it is well known that morphogenic factors have a tightly regulated
temporal-spatial expression during embryogenesis (75). Such refined detail is still missing in
the majority of the attempts explored so far for dental pulp tissue regeneration. The
development of a strategy that allows for the controlled temporal-spatial delivery of growth
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factors appears to constitute an important area for future research and will likely involve
work in the area of scaffold development.

VASCULAR NETWORKS
Successful tissue engineering relies on the establishment of an effective vascular network,
able to supply the tissue with oxygen, nutrients and immune cells, while removing by-
products and waste (33). The provision of nutrients and oxygen to the engineered constructs
is critical for sustaining the high metabolic activity of cells that are engaged in tissue
regeneration. Indeed, without the rapid establishment of a vascular network, either the
volume of implanted tissues will be limited to 2 to 3 mm3 (76) or the cells will not survive
the early post-transplantation stage. In fact, the diffusion of oxygen through tissues is
typically limited to 100–200 µm (Hoeben et al., 2004). Considering the anatomical
characteristics of the root canal, the development of strategies that enhance
neovascularization is a major challenge in the field of dental pulp tissue engineering.

To overcome the problem of vascularization, strategies such as embedding angiogenic
factors into the scaffold to promote ingrowth of microvessels, fabrication technologies to
create polymers containing vessel-like networks, and prevascularization of matrices prior to
cell seeding have been proposed (77, 78). Alternatively, one could exploit the inherent
vasculogenic potential of endothelial cells (EC). Previous work showed that human
microvascular endothelial cells transplanted in PLLA scaffolds differentiate into vascular
structures that connect with the mouse vasculature via anastomosis and become functional
human blood vessels containing host blood cells (79). Furthermore, these vessels undergo a
process of maturation as determined by the gradual investment by host pericytes (80).

However, in our initial attempts to co-transplant human endothelial cells and SHED into
tooth slice/scaffolds, we have not observed a significant increase in pulp microvessel density
(Cordeiro et al., 2008). In addition, the clinical use of mature endothelial cells is also limited
by the low proliferative capacity that these cells typically display (81). Such limitations have
instigated the search for alternative strategies to induce tissue vascularization. Studying the
rat acute myocardial infarction model, Gandia and colleagues showed that DPSC induce
angiogenesis, improve cardiac function, and reduce the infarct size (82). Another group
reported that stromal stem cells from human dental pulp (SBP-DPSC) implanted
subcutaneously into immunodeficient rats generated bone with its own blood supply,
suggesting the stem cell differentiation into endotheliocytes (36). In models of mouse hind
limb ischemia, the implantation of DPSC resulted in an increase in blood flow (58, 83).

Several growth factors and environmental conditions are able to affect vascular network
formation. Vascular endothelial growth factor (VEGF) is the prototypic pro-angiogenic
factor and studies have shown that VEGF induces stem cell differentiation into endothelial
cells (23, 84). VEGF induced dental pulp stromal stem cells (DP-SC) to acquire endothelial
cell-like features when cultured in a 3-D fibrin mesh, displaying focal organization into
capillary-like structures (85). When SHED cells were cultured in collagen matrices, they
organized themselves into capillary structures that resemble microvessels. In addition,
VEGF enhanced the differentiation of SHED into vascular endothelial cells (23).

When SHED cells were cultured in tooth slice/scaffolds and stimulated with VEGF,
VEGFR2 expression was observed after the first day of stimulation. After 28 days, SHED
also began to express PECAM-1 and VE-cadherin, thus suggesting that SHED progressively
acquired an endothelial phenotype when exposed to VEGF. In this case, VEGFR2 appeared
at earlier stages of differentiation, while PECAM-1 and VE-cadherin in later maturation,
confirming findings observed in other model systems (86)
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The fate of SHED after transplantation into mice using the tooth slice/scaffold model was
evaluated through the use of SHED stably transduced with LacZ. Beta-Galactosidase-
positive capillaries containing blood cells in the lumen were observed in the engineered
dental pulps, confirming that the stem cells have differentiated into blood vessel-forming
endothelial cells (22, 23). Possible sources of the angiogenic factors (e.g. VEGF) required
for the differentiation of SHED into endothelial cells are the surrounding dentin (87) and
host cells (88, 89). Notably, areas within tissue engineering constructs exhibit hypoxia,
which is a very well described physiological condition in which angiogenesis is stimulated
through the activation of transcriptional factors (e.g. HIF-1 alpha) and induction of VEGF
expression (90).

Although significant progress towards the understanding of the angiogenic potential of
dental pulp stem cells has been made in recent years, much work remains to be done to
optimize the conditions for rapid establishment of functional vascular networks in
engineered dental pulps. We believe that this is a critical challenge that must be met before
dental pulp tissue engineering approaches are used in clinical Dentistry.

CONCLUSIONS AND FINAL THOUGHTS
The knowledge generated through basic science research in the fields of stem cell biology,
biomaterials (scaffolds), and development (odontogenesis), coupled with recent advances in
clinical research in the field of Endodontics, has come together at a time when tissue
engineering-based therapies are being translated into clinical practice in Medicine. We are
now at a stage in which engineering a complex tissue, such as the dental pulp, is no longer
an unachievable dream. Rather, we see tissues that look and behave very much like a human
dental pulp being engineered in laboratories throughout the world (Figure 3). These results
provide us with evidence that suggest that it might be feasible to restore viability in a
necrotic young permanent tooth by engineering a new dental pulp.

The potential impact of such therapies is immense. Dental pulp tissue engineering may
allow for the completion and reinforcement of the tooth structure, potentially enhancing the
long-term outcome of these necrotic teeth. However, the complete ramifications of such
developments to Dentistry are far from being understood. For example, the multidisciplinary
nature of the field of tissue engineering has stimulated researchers with different
backgrounds to work together. We speculate that the personal interactions that are being
created now by the search for the ideal combination of cells, scaffolds, and morphogenic
factors for dental pulp tissue engineering may be extended over future years and result in
significant advances in other areas of dental and craniofacial research. Importantly, those
advances will likely be primarily focused on the biological regeneration of oral structures.
The next decade will certainly be an exciting time for dental and craniofacial research.
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Figure 1.
SEM – A – Lower magnification of DPSC cells growing in a tooth/slice scaffold. B –
Higher magnification of DPSC cells attached to the porosity wall in a synthetic polymer
(PLLA) scaffold.
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Figure 2.
Two strategies to develop injectable scaffolds: using microspheres or self-assembly
peptides. A – Interaction of dental pulp stem cells (DPSC) in the Puramatrix®, after 72
hours of suspension. Courtesy of Dr. Benjamin Zeitlin. B - Merged image of DPSC adhered
to the micro spheres, as a strategy of producing an injectable scaffold to deliver the cells
inside of the root canal.
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Figure 3.
Histological analysis of pulp tissue. A – HE staining of a normal pulp showing the
odontoblast layer aligned at the predentin interface (400X). B – Odontoblast-like cells
aligned under the dentin barrier formed after 28 days of direct pulp capping with calcium
hydroxide (400x). C – Pulp-like tissue formed in a tooth/slice scaffold after 28 days of
implantation in the back of a SCID mice. Note that the histological features resemble more
the tissue under the dentin barrier (B) than the normal pulp (A), specially considering the
lower number of odontoblast-like cells at the interface (400x).
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