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      Dental Stem Cells for Pulp Regeneration                     
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          Introduction 

 Dental pulp is a highly vascularized connective tissue encapsulated in mineralized 
structure formed by  enamel, dentin and cementum  . It is responsible to keep the 
homeostasis of the tooth organ and possesses highly responsive sensory nervous 
system that detects unhealthy stimuli [ 1 ]. The apical foramen is the opening at the 
apex of the root that provides the dental pulp with blood supply for oxygen, nutri-
ents and cells for defence. This limited accessibility and infl exible surroundings 
makes it diffi cult for the immune system to eradicate infections in the tissue owing 
to the lack of a collateral blood supply [ 2 ]. 

 Clinically, odontoblasts may survive and continue to produce dentin to protect 
the pulp in cases of injuries by mild caries, moderate attrition or erosion [ 3 ]. On the 
other hand, dental pulp exposure due to fracture, caries in deep dentin or where the 
progression of the lesion is aggressive, the survival of primary odontoblasts is fre-
quently compromised demanding  root canal treatment  . This therapy often involves 
total pulp extirpation and disinfection followed by compaction of a material within 
the root canal [ 4 ]. Though this is a well-established approach, it is based on the 
substitution of host tissues for synthetic, and in most of the cases, inert materials [ 5 ]. 
In immature teeth, the routine root canal treatment can allow for infection control, 
but often does not facilitate the completion of root formation or protects against 
external root resorption [ 6 ]. In these teeth, the root canal treatment is even more 
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challenging due to large apical opening which can have a divergent confi guration 
and does not  provide the mechanical stop necessary to confi ne the fi lling material 
within the root canal [ 6 ]. 

 Although the success rate of endodontic treatments is relatively high [ 7 ], this 
modality of treatment present some shortcomings such as the high sensitivity to 
obstruction of the root canal space, breakage of instruments in the canals and per-
forations [ 8 ,  9 ]. The root canal instrumentation removes signifi cant amount of tooth 
structure that results in thin dentin walls and large pulp chamber making the 
remaining structure weaker. Moreover, the devitalization may increase root brittle-
ness increasing the chances of postoperative fracture [ 10 ,  11 ]. In addition, pulpless 
teeth do not have the ability to sense the aggressions arising from caries. In fact, 
endodontically treated teeth loss is higher than non-treated ones due to secondary 
caries [ 12 ]. 

 The shift towards the  regenerative endodontics   may have started with the advent 
of vital pulp therapy. Clinically, it is based on the indirect pulp treatment in cases of 
deep dentinal cavities and direct pulp capping where the pulp tissue is exposed [ 13 ]. 
Indirect pulp capping is the procedure wherein the deepest layer of affected dentin 
is covered with a thin layer of protective agent in order to prevent pulp exposure 
[ 13 ]. In the direct pulp capping, the exposed vital pulp is covered with a protective 
dressing (such as calcium hydroxide and mineral trioxide aggregate) directly applied 
over the exposure site to prevent further injury and to stimulate dentin-pulp complex 
regeneration [ 14 ,  15 ]. 

 One of the methods to treat the pulp of immature teeth is the  apexifi cation  . This 
relies on the formation of an apical barrier to close the open apex [ 4 ]. For this, 
 calcium hydroxide (Ca(OH) 2 )   must be inserted in the root canal and replaced peri-
odically to stimulate the formation of a calcifi ed structure. Although this strategy 
has been used clinically for long time, the outcomes are largely unpredictable and 
fracture rates of nearly 25 % have been reported after long-term  Ca(OH) 2    treat-
ment due to changes in mechanical properties of dentin [ 14 ]. Alternatively, apexi-
fi cation strategies include use of mineral trioxide aggregate ( MTA  )    that is a 
material with osteogenic, cementogenic and odontogenic potentials that can be 
used for perforation repairs, pulp capping and pulpotomy [ 4 ]. Unfortunately, 
apexifi cation by either Ca(OH) 2  or MTA may prevent further development of the 
root [ 14 ,  15 ]. This is specially complex in immature tooth where the apexifi cation 
does not stimulate the reestablishment of a functional pulp tissue or the continued 
root development [ 16 ]. 

 In existing endodontic treatment, teeth lose substantial amount of sound struc-
ture and their ability to detect the secondary infections. There has been no superior 
synthetic material to replace natural pulp and dentin in terms of chemical composi-
tion, physical, mechanical and biological properties. Thus, current research in end-
odontics has extended its focus on the development of biological therapies that are 
more biologically effective and mechanically reliable than traditional pulp thera-
pies. Hence, the regeneration of pulp-dentin complex via tissue engineering has the 
potential to restore tooth functions compromised by the loss of pulp vitality.  
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    Dental Pulp Tissue Engineering 

    Dental Stem Cells 

 Stem cells are undifferentiated cells the can differentiate into specialized cells. 
These cells are responsible for normal tissue renewal, healing and regeneration after 
injuries [ 5 ,  17 ]. Multipotent stem cells are able to cross lineage boundaries and dif-
ferentiate into multiple, but limited number of cell types. For instance, a  multipotent 
blood stem cell   is a hematopoietic cell that can differentiate into several types of 
blood cell types (such as neutrophils and lymphocytes) but cannot differentiate into 
brain cells, bone cells or other non-blood cell types [ 17 ]. 

 The oral environment harbours several types of stem cells [ 5 ,  17 ,  18 ]. The stem 
cells from oral sources can be considered a population of mesenchymal stem cells 
(MSCs) as they present positive expression of STRO-1, Nanog, Oct4, CD73, 
CD90, CD105, CD106, CD146 and others [ 19 – 25 ]. These cells are capable to dif-
ferentiate into many types of specialized cells such as adipocytes, neurons, osteo-
blasts and myocytes. For dental pulp regeneration, the potentially suitable cell are 
those directly derived from pulp tissue or from the precursor of dental pulp [ 17 ,  18 , 
 20 ,  26 ,  27 ]. 

 The  apical papilla   refers to the soft tissue at the apices of developing permanent 
teeth that is source of undifferentiated cells in the process of root development [ 24 ]. 
This population of stem cells from the apical papilla ( SCAP     ) can be only obtained 
in a limited window of time as after the formation of the crown the dental papilla 
becomes the dental pulp [ 24 ,  28 ]. The apical portion of the dental papilla is loosely 
attached to the apex of the developing root and it is separated from the differentiated 
pulp tissue by a cell rich zone [ 29 ]. As the apical papilla is poorly vascularized, the 
perivascular niche does not appear to be a major source of SCAP [ 24 ,  28 ]. 

 It is possible that SCAP are derived from neural crest cells or at least associated 
with them [ 24 ]. They present positive expression of CD73, CD90, CD105, CD146 
and other MSCs markers [ 24 ,  28 ,  30 ]. SCAP are capable to express positive staining 
for neural markers such as neurofi lament M, neuronal nuclear antigen, nestin and 
βIII tubulin after being cultured with neurogenic medium for 4 weeks [ 24 ]. These 
cells can also accumulate calcium when cultured under osteogenic medium. 
Moreover, subpopulations of SCAP with positive expression of STRO-1–positive 
co-expressed several  dentinogenic markers   such as  bone sialoprotein (BSP)  ,  osteo-
calcin (OCN)   and  matrix extracellular phosphoglycoprotein (MEPE)   after stimula-
tion with odontogenic conditioning medium [ 24 ]. 

 Dental pulp stem cells (DPSC) were fi rstly derived by enzymatic digestion of 
dental pulp from adult human impacted third molars in 2000 [ 31 ]. These highly 
proliferative cells have their niche localized in the perivascular and perineural 
sheath areas and are negative for the odontoblast-specifi c marker dentin sialophos-
phoprotein, suggesting an undifferentiated phenotype [ 23 ,  31 ,  32 ]. DPSC have gene 
expression profi les similar to bone marrow stem cells (BMSC) for more than 4000 
genes [ 33 ]. In fact, both BMSC and DPSC present similar expression for several 
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markers such as fi broblast growth factor 2, alkaline phosphatase, type I collagen, 
osteocalcin, α-smooth muscle actin, vascular cell adhesion molecule 1 and others. 
Nonetheless, some markers such as bone matrix protein, bone sialoprotein is posi-
tive at low levels in BMSC and negative in DPSC [ 31 ]. DPSC also express neuronal 
and glial cell markers, which may be related to their neural crest-cell origin [ 34 ]. 

 DPSC can differentiate into  multiple cell lineages   (e.g. adipocytes, chrondo-
cytes, β cells of islet of pancreas) making these cells a versatile and interesting 
model for tissue engineering and regeneration [ 31 ,  35 – 38 ]. DPSC also have the 
potential to induce  angiogenesis/vasculogenesis   as a subfraction of a side popula-
tion was identifi ed to be positive for CD31, CD146, CD34 and vascular endothelial 
growth factor-2 ( VEGF-2  )   . The transplantation of these cells into mouse ischemia 
resulted in high density of capillary formation and increase in the blood fl ow into 
the graft [ 39 ]. DPSC express various neural markers making them an interesting 
model for neural differentiation [ 38 ]. The differentiation of DPSC into glial cells 
and neurons was also confi rmed by the upregulation of neural gene markers (GFAP 
and βIII-tubulin) in the presence of FGF and epidermal growth factor [ 40 ]. DPSC 
presented neuron-like morphological changes and increased gene (Nestin and Tub3) 
and protein (MAP2) expression after being cultured for 5 days in serum- and growth 
factor-free medium [ 41 ]. After in vivo transplantation into the mesencephalon of 
chicken embryo, DPSC not only acquired a neuronal morphology but also express 
 neuronal markers   [ 42 ]. 

 Although both DPSC and SCAP are located in anatomically adjacent sites, they 
are originated in distinct developmental stages and present differences regarding 
their growth potential and biochemical characteristics [ 24 ,  29 ,  31 ]. Morphologically, 
SCAP are smaller in size, fi broblast-like or stellate in shape, with numerous cyto-
plasmic processes [ 43 ]. They also present higher number of STRO-1–positive cells 
when compared with DPSC. Compared to DPSC, SCAP present higher expression 
of the anti- apoptotic protein surviving and  human telomerase reverse transcriptase 
(hTERT) activity  , a catalytic subunit of the enzyme telomerase that maintains the 
telomere length [ 30 ]. Considering the proliferation rate, SCAP cultures can present 
more than double the number of cells compared to DPSCs after an observation 
period of 4 days [ 43 ]. In spite of dentinogenic markers expressed by SCAP after 
ex vivo expansion, DPSC present higher expression levels of dentin sialoprotein 
(DSP), matrix extracellular phosphoglycoprotein (MEPE), fi broblast growth factor 
receptor 3 (FGFR3), transforming growth factor beta receptor II (TGF beta RII) and 
others [ 24 ]. Although both DPSC and SCAP present remarkable characteristics 
making them attractive models for dental pulp regeneration, the fi rst present a wider 
window of opportunity to be isolated from fully developed teeth while SCAP can 
only be retrieved from teeth under development [ 5 ,  24 ,  31 ,  43 ]. 

  Stem cells from human exfoliated deciduous teeth (SHED)   were fi rstly isolated 
in 2003 from normal exfoliated human deciduous incisors and present positive 
expression of MSCs markers (STRO-1 and CD146), embryonic stem cells markers 
(Oct4, Nanog), stage-specifi c embryonic antigens ( SSEA  -3, SSEA-4) and tumour 
recognition antigens  ( TRA  -1- 60 and TRA-1-81) [ 22 ,  44 ]. The ability that these cells 
have to cross lineage boundaries expands the potential use of SHED for therapies 
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involving a large number of tissues. SHED can differentiate into adipogenic, chon-
drogenic, neurons and endothelial cells [ 6 ,  22 ,  27 ]. SHED can also differentiate into 
osteoblasts and are positive for TGF- β , FGF and VEGF receptors [ 27 ,  45 ]. 

 SHED present a remarkable advantage over DPSC as they can be retrieved from 
naturally exfoliated teeth, which are one of the only disposable post-natal human 
tissues [ 6 ,  22 ,  26 ,  46 ]. Although both DPSC and SHED cells are originated from the 
dental pulp, deciduous teeth are different from permanent teeth with regards to their 
developmental processes, tissue structure and function. Therefore, it is not a sur-
prise to fi nd out that SHED are distinct from DPSC with respect to their higher 
proliferation rate, increased cell-population doublings, sphere-like cell-cluster for-
mation and osteoinductive capacity in vivo. SHED apparently represent a popula-
tion of multipotent stem cells that are perhaps more immature than DPSC [ 18 ,  19 , 
 22 ,  26 ,  27 ,  31 ,  33 ,  36 ]. For example, during osteogenic differentiation, SHED pres-
ent higher levels of alkaline phosphatase activity and osteocalcin production than 
DPSC [ 36 ]. However, the ability to regenerate a dentin/pulp-like complex found in 
DPSC is also observed in SHED [ 19 ,  22 ,  27 ,  31 ].  

    Dental Stem Cells-Based Pulp Tissue Engineering 

 The use of synthetic restorative materials as substitutes for dental structures is a 
practice nearly as old as dentistry itself. To date, most of the procedures performed 
in dentistry are limited to the replacement of damaged tissues for biocompatible 
materials that may not present chemical, biological or physico- mechanical charac-
teristics similar to the host tissues. These discrepancies, together with the hostile 
environment of the oral cavity, can result in frequent need for re-treatment [ 5 ]. 
Particularly in endodontics, despite of the development and introduction of new 
techniques, instruments and medicaments for the clinical management of the dental 
pulp, the fundamental principles of clinical practices are not drastically different 
than those of the time when fi rst root canal instruments and gutta-percha were intro-
duced in the 1800s [ 26 ]. Most of the endodontic treatments rely on the disinfection 
of the root canal followed by a hermetic three-dimensional obturation. Though this 
is a well-established approach it is based on the substitution of a living tissue for 
synthetic and, in most of the cases, inert materials. 

 In regards to  biological-based therapies   for dental pulp there cell-free and cell- 
based approaches. The fi rst relies on the chemo attraction of host cells into the root 
canal [ 47 ,  48 ]. The second is based on the transplantation of responsive stem cells 
using a suitable scaffold into the root canal to promote tissue formation and regen-
eration [ 5 ,  49 – 51 ]. 

  Cell-free approaches   can make use of functionalized scaffolds or release of 
dentin-derived chemotactic factors to induce the migration of host cells from sur-
rounding areas to regenerate the tissue [ 52 ]. One example of clinically viable cell- 
free therapy is the use of the blood clot as a scaffold to attract and maintain 
periapical (or circulating progenitor) cells inside the root canal [ 52 – 54 ]. The root 
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canal revascularization via blood clotting depends on the establishment of bleed-
ing into the canal system via over instrumentation of the apex [ 54 ]. This is an 
attractive alternative to be performed directly in clinical appointments and elimi-
nate the needs of retrieving, culturing and transplanting cells as required in cell-
based approaches [ 5 ,  26 ,  52 ,  54 ]. Interestingly, by promoting the bleeding inside 
the root canal the level of stem cells markers in the blood clot can be up to 600 
times higher as compared with levels found in the systemic blood [ 55 ]. In fact, 
 revascularization   was reported to effectively induce complete root development of 
immature permanent teeth with apical periodontitis [ 53 ]. Other approaches involve 
the use of functionalized scaffolds and bioactive materials for chemo attraction of 
periapical cells [ 56 ,  57 ]. 

 Though cell-free approaches are a clinical reality [ 53 ], host cells need to 
migrate long distances inside the root canal space through the apical foramen that 
narrows with time [ 52 ]. Moreover, the types and concentration of cells and com-
position of the fi brin clot are unpredictable [ 54 ]. Nonetheless, the revasculariza-
tion approach can lead to dentinal wall thickening, apical closure and increased 
root length [ 14 ,  15 ]. 

 Cell-based strategies aim to develop  clinically approachable techniques   that 
induce the regeneration of a functional dental pulp that is capable to deposit miner-
alized and organized matrix contributing for the development of the root structure. 
Dental pulp tissue engineering requires the fi ne orchestration of three elements: 
cells, scaffolds and morphogenesis/signalling pathways [ 5 ,  26 ,  52 ]. In this new 
paradigm, it is rather exciting that stem cells from oral sources play the focal role 
moving forward the fi eld of regenerative endodontics. 

 Apart of all stem cells that can be obtained in the oral environment, three of 
them, namely SCAP, DPSC and SHED have great potential to be used for dental 
pulp tissue engineering. The fi rst can undergo dentinogenic differentiation in vitro 
under proper stimulation. Moreover, when SCAP were mixed with  hydroxyapa-
tite/tricalcium phosphate (HA/TCP)   scaffolds simulating a root canal and 
implanted in vivo, they presented the ability to regenerate vascularized dental 
pulp–like tissues in the hollow space and to produce new dentin-like tissue on the 
walls [ 24 ,  29 ,  30 ]. 

 DPSC were shown to have great potential to induce pulp regeneration since they 
were fi rstly isolated and extensively characterized in the landmark paper from 
Gronthos et al. [ 31 ]. The DPSC isolated were expanded in vitro, mixed with HA/
TCP ceramic powder and transplanted into the dorsum of immunocompromised 
mice. Remarkably, after 6 weeks from implantation, the  surface of the ceramic par-
ticles was coated by an odontoblast-like layer and dentin-like structure (Fig.  1 ). The 
mineralized tissue formed was composed of a highly ordered collagenous matrix 
containing mainly collagen type I which is the major fi brous component of the den-
tal pulp besides collagen type III [ 58 ]. Notably, there was also the formation of a 
pulp-like tissue permeated with blood vessels and the transplants were positive for 
 human-specifi c markers   for bone sialoprotein, osteocalcin and  dentin sialophospho-
protein (DSPP)   [ 31 ].

N. Dubey et al.



153

   The residual pulp of exfoliated deciduous teeth contains stem cells (SHED) that 
can regenerate a dental pulp-like tissue that can deposit mineralized tissue [ 6 ,  22 , 
 27 ,  45 ]. These cells showed their potential to be used for dental pulp tissue regen-
eration in 2003 in a seminal paper published by Miura et al. There, SHED mixed 
with HA/TCP were capable to differentiate into odontoblasts after 8 weeks from 
implantation in immunocompromised mice. Nonetheless, the cells failed to regen-
erate a  complete dentin–pulp-like complex in vivo as previously observed for 
DPSCs (Fig.  2 ) [ 22 ,  31 ]. Nonetheless, this ability was reported later [ 6 ,  27 ,  59 ].

   Although  SCAP   is one of the candidates to be used in dental pulp tissue engi-
neering, the majority of the research for such purpose focus on the use of stem cells 
obtained from the dental pulp itself (DPSC and SHED). Although SCAP are capa-
ble of forming odontoblast-like cells to produce dentin in vivo, they are likely to be 
the source of primary odontoblasts for the root dentin formation. This limits their 

  Fig. 1    Developmental potential of DPSC transplanted with HA/TCP carrier in  vivo  . ( a ) After 
6 weeks, DPSC generated a dental pulp-like tissue within the HA/TCP carrier (c) with the presence 
of dentin-like matrix (d), odontoblast-like cells (od) and blood vessels (bv). ( b ) A magnifi ed view 
of the dentin matrix (d) highlights the odontoblast-like layer (od) and odontoblast processes 
( arrow ) ( c ). Polarized light demonstrates perpendicular alignment ( dashed lines ) of the collagen 
fi bers to the forming surface. Adapted from Gronthos et al. [ 31 ] (Copyright (2000) National 
Academy of Sciences, U.S.A.)       
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isolation to the period when the root is not yet fully formed [ 24 ]. Thus, third molars 
are the most attractive source of SCAP as their root completion is only achieved by 
ages from 18 to 25. DPSC can be obtained from the dental pulp of permanent tooth. 
Here, pre-molars that are extracted due to orthodontic reasons are also an interesting 
source of DPSC. SHED can be retrieved from the only naturally disposable post-
natal human tissue. This creates a window of approximately 11 years to obtain these 
stem cells mainly from deciduous central incisors and canines. 

 The success of cell-based regenerative endodontic strategies depends on tech-
niques that will allow clinicians to create a functional pulp tissue within cleaned 
and shaped root canal systems [ 5 ,  17 ,  20 ,  52 ]. One of the fi rst signs that this could 
be achieved was reported in 1996. The team led by David Mooney engineered 
pulp-like tissues in vitro utilizing fi broblast obtained from human adult dental 
pulp seeded in a synthetic extracellular matrix made of polyglycolic acid fi ber-
based meshes. Histological analysis performed after 60 days from implantation 
showed that the cells were capable to proliferate and form a new tissue with gen-
eral appearance and cell density similar to native dental pulp [ 60 ]. In 2004,  autog-
enous transplantation   of pulp cells stimulated with bone morphogenetic protein 2 
(BMP-2) into amputated pulp of dogs induced the formation of reparative dentin 
formation [ 61 ]. These and other studies shed a light that cell-based regenerative 
endodontics could be on the horizon of clinicians in the future. Since then, a series 
of proof-of principles research have been published showing the feasibility of 
regenerating functional human dental pulp using tissue engineering principles and 
dental stem cells. 

 To prove the potential of dental stem cells to induce pulp regeneration in vivo, 
several reports use the  Tooth Slice/Scaffold of Dental Pulp Tissue Engineering 
model  . This strategy allows for the generation of a dental-pulp-like tissue via the 
transplantation of human dental pulp stem cells seeded in a biodegradable scaffold 
cast within the pulp chamber of human tooth slices [ 62 ]. This model was used to 
show the ability of SHED to generate dental pulp-like tissue in vivo by the Nör’s lab 
in 1996. There, SHED were seeded into poly- L -lactic acid (PLLA) scaffolds cast in 
1 mm thick tooth slice and transplanted into the subcutaneous space of immuno-

  Fig. 2    ( a ) After 8 weeks of transplantation,  SHED   were able to differentiate into odontoblasts 
( open arrows ) that were responsible for the dentin-like structure (D) formation on the surfaces of 
the HA/TCP scaffold (HA). ( b ) In situ hybridization showed that the tissue formed had human 
origin ( open arrows ). ( c ) The black dashed line represents interface between newly formed dentin. 
( d ) bone (B) generated by host cells in the same SHED transplant shows no reactivity to the DSPP anti-
body. Adapted from Miura et al. [ 22 ] (Copyright (2003) National Academy of Sciences, U.S.A.)       
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compromised mice. After 4 weeks, a well-vascularized pulp-like tissue was formed 
in the pulp chamber space. Notably, there was a layer of odontoblast-like cells 
expressing  dentin sialoprotein   (DSP)    lining the dentin surface. Although these cells 
were morphologically similar to odontoblasts, including the eccentric polarized 
position of the nucleus at the basal part of the cell body, no new dentin deposition 
was observed [ 46 ]. 

 The capability of  SHED   to differentiate into fully functional odontoblasts 
capable of generating tubular dentin in vivo was observed later (Fig.  3 ). For this, 
SHED were seeded a  poly- L -lactic acid (PLLA)   scaffold cast in a tooth slice and 
implanted subcutaneously into the dorsum of mice, which received one injection 
of tetracycline hydrochloride every 5 days. After 32 days from implantation, the 
dentin disks presented well-defi ned fl uorescent lines originated from the chelation 
of calcium ions in the newly deposited dentin. The dental pulp generated dis-
played positive protein expression for  dentin sialophosphoprotein (DSPP)   and 
 dentin matrix protein 1 (DMP-1)  . Interestingly, the rate of dentin formation by 
SHED was far superior (14.1 μm/day) as compared to the one observed for the 
human dental pulp used as control (3.3 μm/day) [ 27 ]. Growth rates of 4–15 μm/
day have been reported for primary dentin depending on the stage of development 
and age of the tooth [ 63 ].

   DPSC were also used to regenerate pulp-like tissue using a  similar approach. 
By seeding DPSC in a collagen-based scaffold along with a growth- factor (DMP-
1) it was possible to engineer pulp-like tissue after 6 weeks from subcutaneous 
transplantation in mice. However, in this study, no odontoblast-like cells were 
found on the surface of pre-existing dentin surface and the quality of the pulp-like 
tissue obtained appeared to be less promising as the ones obtained using  PLLA 
scaffold   [ 64 ]. These drawbacks can be related to the contraction that collagen scaf-

  Fig. 3    SHED differentiate into functional odontoblasts that generate new tubular dentin in vivo. 
( a ) The pictures show samples retrieved from mice after 32 days after implantation. ( b ) RT-PCR 
analysis showed the high expression of DSPP and DMP-1 on tissues engineered on tooth slice/
scaffolds seeded with SHED. Reprinted from Journal of Dental Research, 89/8, VT Sakai, Z 
Zhang, Z Dong, KG Neiva, MA Machado, S Shi, CF Santos and JE Nör, SHED differentiate into 
functional odontoblasts and endothelium, 791–796, Copyright (2010), with permission from 
SAGE Publications       

 

Dental Stem Cells for Pulp Regeneration



156

fold experiences leading to a size reduction proportional to the density of cells 
seeded in it [ 65 ]. 

 Although these studies provide an exciting panorama for regenerative endodon-
tics, the use of tooth substrates with few millimetres in thickness does not fully 
represent the challenges of regenerating a pulp tissue with in complete roots [ 6 ]. 
The larger dimension of the tissue that has to be engineered in addition to the fact 
that vascularization can be available only through the apex, pose important obsta-
cles to be overcome. Hence, some studies aimed to prove that pulp regeneration can 
be achieved in three-dimensional environments. 

 An important step towards stem cells-based regenerative endodontics was 
obtained by a team of researchers who have seeded swine DPSC into the root seg-
ments with 5–6 mm in length and implanted into the jawbone of the adult minipigs. 
After 6 weeks from implantation, the proliferating cells were fi lling the space once 
left by the scaffolds made of collagen or poly(lactic-co-glycolic) acid (PLGA) 
undergoing degradation. At that time, new extracellular matrix had been occasion-
ally deposited in a polar predentin-like pattern on the canal dentinal walls. After 
10 weeks, a continuous layer of cells with columnar or spindle-shaped morphology 
along with the presence of newly formed organic matrix was observed [ 66 ]. An 
interesting fact about this study was that the swine DPSC used were cryopreserved 
for 1 year prior to implantation showing that the DPSC do not lose their potential to 
regenerate dentin/dental pulp-like tissue even after being cryopreserved. 

 Dental pulp tissue formation using DPSC was also achieved within  tooth 
slices   as long as 7 mm in length. Cells mixed with poly- D ,  L -lactide and glycolide 
(PLG) scaffolds were inserted into the canal with internal space ranging from 1 
to 2.5 mm and one end sealed with MTA. Four months after the implantation into 
the subcutaneous of mice, the emptied canal was fi lled with regenerated pulp-like 
tissue. The entire pulp-like tissue was vascularized with a uniform cell density 
resembling the natural pulp. Though the  odontoblast-like cells   were not well 
organized and did not present characteristics of natural odontoblasts, a layer of 
mineralized tissue was deposited onto the dentinal walls and the MTA cement 
used to seal the canal [ 67 ]. However, as MTA is known to release calcium ions 
that induce the formation of calcifi ed barriers [ 68 ] it was not possible to deter-
mine if DPSC alone could induce such extent of calcifi ed tissue deposition. 
Nonetheless, that paper offered great perspectives on the capability of using den-
tal stem cells to induce de novo synthesis of vascularized human pulp-like tissue 
capable to deposit dentin-like tissue onto the surface of root canals [ 67 ]. 

 SHED are also capable to regenerate dental pulp within full-length root canals 
in vivo (Fig.  4 ). Cells were injected in empty roots using either a  self- assembling 
hydrogel or recombinant human collagen type I. The roots were implanted in the 
subcutaneous of mice and after 28 days a human pulp-like tissue was observed 
throughout the extent of the root canals. More excitingly, the engineered pulp was 
capable of generating new dentin at a rate of approximately 10 μm/day. The high 
activity of the functional odontoblasts was supported by a high concentration of 
blood vessels close to the dentinal walls (Fig.  4b ) [ 6 ]. One fact that deserves to be 
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highlighted in this study is that cells were delivered inside the root canals using 
 injectable scaffolds  . As injection is one the most practiced procedures by dentists, 
the learning curve can be shortened for clinicians to apply this technology in 
patients.

        Future Challenges 

 Stem cells-based therapies offer new perspectives targeting dental pulp regenera-
tion and further development of root structure [ 17 ]. Besides that, the two branches 
of the tissue engineering triad (the development of suitable scaffolds to deliver cells 
and fi ne tuning of signalling pathways) still offer several challanges to be solved in 
order to improve the outcomes. 

 Scaffolds are frameworks that provide the support for cells to proliferate, differ-
entiate and generate the desired tissue [ 5 ,  6 ]. Ideally, a scaffold must allow cell 
attachment and migration, permit the localized and sustained delivery of growth 
factors and enable the infl ux of oxygen to maintain the high metabolic demands of 
cells and tissues in formation [ 5 ]. 

 The scaffolds physical and mechanical characteristics must be compatible with 
the surrounding tissues to support specifi c demands in vivo [ 69 – 71 ]. It is widely 
known that stiffness of the substrate play an important role in differentiation of 
stem cells thus. In fact, the physical and mechanical properties of the scaffolds can 
have direct impact in cell differentiation through  mechano transduction   [ 5 ,  69 ,  72 ]. 
Interestingly, the increase of scaffold’ stiffness favours the differentiation of MSCs 
into neurons, myoblasts, and osteoblasts in that order [ 72 ]. DPSC seeded on soft 
matrices  present upregulation of collagen I but downregulation of markers such as 
DSPP, DMP-1 [ 73 ]. In addition, physical features of the scaffolds ( e.g . quantity and 
extension of pores) change the specifi c surface modifying its permeability and 
mechanical properties, infl uencing cell differentiation and tissue formation [ 5 ,  25 , 
 74 ]. Noticeably, higher number and extension of pores can contribute signifi cantly 
for cellularity but compromise scaffold strength [ 74 ,  75 ].  Pore interconnectivity   
also plays a crucial role to sustain tissue growth [ 75 ,  76 ]. Also, the rate of scaffold 
degradation is important to achieve success in tissue engineering therapies. The 
scaffold should ideally reabsorb once it has served its purpose of providing a tem-
plate for tissue regeneration. The degradation ought happen at a rate compatible 
with the new tissue formation [ 5 ,  27 ,  71 ,  73 ,  76 ]. The by-products generated cannot 
be toxic and must be easily cleared or resorbed to minimize the risk of infl amma-
tory response [ 77 ]. 

 The third pillar to be tuned for successful tissue engineering is  cell signalling   [ 5 , 
 52 ]. This is a complex system of communication that governs cell activities indi-
vidually and it can be dramatically changed upon cellular interactions or external 
stimulation. This could be observed when proteins present in dentin disks [ 78 ], 
dentin extract in EDTA [ 79 ] or a tooth-germ conditioned extract [ 80 ] were found 
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  Fig. 4    Dental pulp tissue engineering with SHED injected into human root canals and transplanted 
into immunodefi cient mice. ( a ) Low-magnifi cation and ( b ) high-magnifi cation images of tissues 
formed when SHED mixed with scaffolds (Puramatrix™, rhCollagen type I groups) were injected 
into full-length root canals of human premolars. A vascularized connective tissue occupied the full 
extension of the root canal. Cell densifi cation and many blood vessels were observed along dentin 
walls. Scaffolds (Puramatrix™) injected into the root canals without cells were used as controls for 
SHED. Freshly extracted human premolars were used as tissue controls.  Black arrows  point to 
blood vessels close to the odontoblastic layer. Reprinted from Journal of Dental Research, 92/11, 
V Rosa, Z Zhang, RHM Grande and JE Nör, Dental Pulp Tissue Engineering in Full-length Human 
Root Canals, 970–975, Copyright (2013), with permission from SAGE Publications       
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to supplement the scaffolds as a mechanism of cellular induction. For example, 
there is evidence that the TGF-1 is released from the dentin after injuries [ 81 ] and 
dentin itself can induce the odontogenic differentiation by releasing embedded 
growth factors like transforming growth factor-β1 (TGF-β1) [ 82 ]. Moreover, 
 BMP’s   are involved in the odontoblastic differentiation processes [ 59 ,  83 ] and 
both BMP-2 and 7 present inductive effects in reparative dentinogenesis [ 84 ,  85 ]. 
Nonetheless, SHED undergoing odontoblastic differentiation responds strongly to 
BMP-2 as compared to BMP-7 [ 59 ]. This complex system where molecules can 
trigger different responses creates a very challenging environment for researchers 
developing cell-based therapies. 

 Other challenge that needs to be addressed is the cost of therapies when available 
at large. Comparatively to routine root canal treatments, regenerative endodontics 
requires additional procedures and qualifi ed manpower in order to isolate, expand, 
preserve and prepare cells for use. Undoubtedly, these add extra cost to the process 
that eventually will be directed to patients preventing popularization of the treat-
ments. There are lots of research efforts to optimize process and minimize the num-
ber of procedures impacting the economic burden. History has shown that most of 
the revolutionary technologies became vertiginously popular as they also became 
more affordable. Hopefully, this also can be true for tissue engineering in endodon-
tics (Fig.  5 ).

  Fig. 5    Dental pulp tissue engineered inside root canal using SHED cells ( a ) and natural dental 
pulp from a young premolar ( b ). The engineered tissue occupies the apical portion ( c ). 
Immunohistochemistry with PCNA (proliferating cell nuclear activity) and Factor VIII show a 
proliferative tissue with established blood network ( d ,  e ). Reprinted from Dental Materials, 28/04, 
B Cavalcanti, A Della Bona and JE Nör, Tissue engineering: From research to dental clinics, 
341–348, Copyright (2012), with permission from Elsevier       
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