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Abstract
Dental pulp tissue is vulnerable to infection. Entire pulp amputation followed by pulp-space
disinfection and filling with an artificial rubber-like material is employed to treat the infection –
commonly known as root-canal therapy. Regeneration of pulp tissue has been difficult as the tissue
is encased in dentin without collateral blood supply except from the root apical end. However, with
the advent of the concept of modern tissue engineering and the discovery of dental stem cells,
regeneration of pulp and dentin has been tested. This article will review the early attempts to
regenerate pulp tissue and the current endeavor of pulp and dentin tissue engineering, and
regeneration. The prospective outcome of the current advancement in this line of research will be
discussed.
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A tooth is a complex structure built by cells originated from both ectoderm and mesoderm.
Enamel is made by ameloblasts, which are derived from ectoderm, and these cells disappear
after hard-tissue formation is complete. Dentin is produced by odontoblasts that are derived
from ectomesenchyme. These cells continue to exist in the pulp throughout a person’s life.
Recent advances in tissue engineering have drawn scientists to test the possibility of tooth
engineering and regeneration. Tooth regeneration is normally referred to as the regeneration
of the entire tooth or root that can be integrated into the jaw bone. This technology is still at
its infancy and when it matures, it may be used to restore missing teeth and replace artificial
dental implants [1–5]. 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.

Dental pulp is a soft connective tissue and its main functions are to produce dentin, and maintain
the biological and physiological vitality of the dentin. In addition, it possesses a highly
responsive sensory nervous system that generates unbearable pain when the tooth is inflicted
by mechanical trauma, chemical irritation or microbial invasion. Owing to the small volume
of pulp tissue encased in dentin – an unyielding space, with blood supply only from one end
at the root apex – pulp tissue is vulnerable to external insults. When infected, it is difficult for
the immune system to eradicate the infection owing to the lack of a collateral blood supply.

For reprint orders, please contact: reprints@futuremedicine.com

NIH Public Access
Author Manuscript
Regen Med. Author manuscript; available in PMC 2010 July 1.

Published in final edited form as:
Regen Med. 2009 September ; 4(5): 697–707. doi:10.2217/rme.09.45.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Partially removing the infected pulp, a procedure termed partial pulpectomy, has been proven
to be ineffective as infection may still be left behind. Therefore, this approach is no longer
commonly practised by clinicians. Clinically, when pulp is diagnosed with irreversible pulpitis,
in other words, no treatment can reverse the situation regardless of the amount of remaining
normal pulp tissue, the entire pulp is amputated by pulpectomy. The pulp space is then
disinfected and replaced with a rubber-like material, gutta percha. This treatment protocol has
been a common clinical practice for decades. Many breakthroughs have been made in clinical
endodontics since its recognition by the American Dental Association as a dental specialty in
1963, however, the innovations have been heavily focused on the technical aspects. For
example, the constant improvement of instruments that are used to clean and enlarge the root
canal space, and modification of the filling materials that are used to fill the canal space.

As mentioned, the volume of the mature pulp tissue is very small (~10–100 μl). The
regeneration of such a small volume of soft tissue should be relatively simple compared with
that for larger organs or tissues. However, it is considered a difficult task to engineer and
regenerate the entire pulp and its main product, dentin, owing to: the unique anatomical location
of the pulp tissue, which is encased within dentin with mainly one apical foramen to allow
angiogenesis for the engineered tissue; the unique microstructure of pulp tissue, in other words,
the different types of cells (e.g., odontoblasts) in different layers or zones and complex
innervation; the specific location of dentin, which is located only peripherally of the pulp tissue;
and the highly organized structure of dentin with well-aligned dentinal tubules.

Attempts to regenerate pulp tissue were tested in the 1960s and 70s but without success. It was
not until the late 1990s when modern tissue-engineering technology began to emerge that pulp-
tissue regeneration was re-investigated [6–8]. This endeavor halted owing to the lack of
isolation and characterization of pulp stem cells that potentially may differentiate into
odontoblasts. Regenerated pulp tissue should be functionally competent, for example, capable
of forming dentin to repair lost structure. Reports have shown that isolated pulp cells can be
induced to differentiate into odontoblast-like cells and generate dentin-like mineral structure
in vitro [9,10]. The in vivo evidence of pulp cells capable of generating dentin was demonstrated
by Gronthos et al., who showed that a human pulp/dentin complex can be formed ectopically
in immunocompromised mice [11]. This discovery shed new light on the possibility of
regenerating pulp/dentin for clinical applications.

Clinical advantage with pulp/dentin regeneration
Although the success rate of endodontic treatment is relatively high (78–98%) [12–15], there
are many problems associated with this aggressive treatment, including the following:

• Endodontic procedures are technically sensitive; mishaps occur including blockage
of the root-canal space, and breakage of instruments in the canals and perforations
[16–21], which will leave infected tissue behind or even cause loss of the tooth;

• If dealing with an immature tooth that has little dentin structure after loss of pulp
tissue, endodontic treatment cannot prevent its susceptibility to fracture from
traumatic injuries [22–26];

• Teeth after endodontic treatment lose a significant amount of tooth structure. Post-
space plus crown preparation sacrifices more tooth structure, which weakens the tooth
[27–29];

• Pulpless teeth have no sensation to irritations, rendering caries progression unnoticed
by patients. Long-term studies have demonstrated that tooth loss is higher for
endodontically treated teeth than nontreated teeth owing to secondary caries and
complex restoration-associated problems [30–33].
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The potential of pulp tissue to regenerate lost dentin is well known. When pulp tissue is exposed
owing to the loss of the overlaying dentin, direct pulp-capping therapy can allow the pulp to
form new dentin, which is termed a dentin bridge. Using various cement-based materials for
pulp capping, such as calcium hydroxide and more recently mineral trioxide aggregate (MTA),
has been well documented and studied [34,35]. When the tooth is further damaged, regeneration
of dentin becomes difficult as it requires a healthy pulp, which may be compromised by the
disease. Ideally, the regenerated dentin should not replace the pulp space.

Two types of pulp engineering/regeneration can be considered based on the clinical situations:
one is partial pulp regeneration and the other is de novo synthesis of pulp. It has been observed
that pulpal infection and inflammation is compartmentalized until the entire pulp tissue
undergoes necrosis [36,37]. Before complete pulp necrosis, the remaining pulp tissue may be
recoverable after disinfection and help to regenerate the lost portion. To enhance the
regeneration, engineered pulp tissues may be inserted into the pulp space to facilitate the entire
recovery of pulp tissue and the generation of new dentin. When the entire pulp tissue is lost,
de novo synthesis of pulp must take place in order to regenerate the tissue.

Early attempts at pulp regeneration
Regeneration of any tissue back to its original condition has been a long quest in all medical
disciplines. To enhance regeneration, blood clots have been used as a rich source of growth
factors to help tissue repair. Creating hemorrhage to fill into the surgical site has been a routine
practice for certain conditions in surgery. In endodontics, this idea was tested by Ostby in the
1960s to determine if filling the canal space with a blood clot could lead to regeneration of
pulp tissue [38]. In the 1970s, similar experiments were conducted by another group and
generation of soft connective tissue was observed. The average ingrowth of the tissue into the
canal was only 0.1–1.0 mm [39]. The pitfall of this approach is that pulp tissue is different
from the periapical tissue, therefore pulp regeneration made by cells from the adjacent tissues
is unlikely. Evidence has shown that when there is a total loss of pulp tissue due to trauma, the
canal space is filled in by periapical tissues including bone, periodontal ligament and
cementum, but not pulp [40,41].

Modern concept of pulp tissue engineering
The modern concept of tissue engineering emerged in the late 1980s and one of the key
components of this modern concept is the utilization of synthetic biodegradable materials as a
scaffold to hold ex vivo-expanded tissue cells. The scaffold provides a 3D environment for
cells to attach and grow, therefore mimicking the in vivo condition. In addition, these synthetic
matrices can be fabricated such that it may form any desired shape and carry required growth
factors to guide the process of cell differentiation and tissue formation. Generally, tissue-
engineering technology involves generating tissue or organ constructs in vitro for subsequent
implantation. The biodegradable material can be synthetic polymers (e.g., poly(D-L-lactide-
co-glycolide) [PLG]) or processed biological products (e.g., collagen matrix or gel) [42–44].

Research teams led by Mooney and Rutherford tested pulp regeneration using modern tissue-
engineering concepts by growing pulp cells onto a synthetic polymer scaffold of poly(glycolic
acid) (PGA) and performed in vitro and in vivo analyses [6–8]. Their approaches are basically
a proof-of-principle to test whether cultured pulp cells can grow well and produce matrix on
PGA, and whether the engineered pulp can be vascularized using in vivo study models.
However, owing to the lack of the technology to isolate stem cells in pulp tissues that can give
rise to odontoblasts and make dentin in vivo, this line of research was discontinued.

Several papers that signified the possibility of regeneration of pulp and dentin clinically were
reported by Shi and colleagues. A type of pulp cells termed postnatal dental pulp stem cells
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(DPSCs) were found to exhibit the characteristics of mesenchymal stem cells (MSCs) and,
most importantly, the ability to form an ectopic human pulp-/dentin-like complex, as well as
to form dentin-like structures on an existing human dentin surface in immuno-compromised
mice [11,45,46]. Besides DPSCs, several other types of stem cells or progenitor cells from
dental tissues have been isolated and characterized, these are stem cells from exfoliated
deciduous teeth (SHED) [47], periodontal ligament stem cells [48], stem cells from apical
papilla (SCAP) [5,49] and dental follicle progenitor cells [50]. These postnatal populations
have MSC-like qualities, including the capacity for self-renewal and multilineage
differentiation potential [51].

Dentistry has taken note on the potential of these cells for clinical applications. In the field of
endodontics, the term regenerative endodontics has been coined and it advocates the
requirement for research on the understanding of these stem cells, and their use for the
regeneration of endodontic tissues including pulp and dentin [52–54] (see Figure 1, the
potential applications of dental stem cells for dental tissue regeneration).

The biology of dental stem cells
Stem cell biology has emerged as one of the fundamental underpinnings for regenerative
medicine. In order to effectively regenerate tissues via tissue-engineering technologies,
understanding the biology of stem cells has become an essential basis for the planning and
execution of the engineering and regeneration process.

Stem cell niche—The stem cell niche, in general, is still an elusive term as the exact location
of niches of specific stem cells is still largely unknown. The stem cell niche for hematopoietic
stem cells is better understood [55], whereas the niches for MSCs are still unclear. Limited
information has suggested that the location of the MSC niche is the perivascular areas [56,
57]. The existence of stem/progenitor cells in pulp tissue that can give rise to newly
differentiated pulp cells, especially the highly specialized cells odontoblasts that produce
dentin, has been long known. Using STRO-1, CD146 and pericyte-associated antigen (3G5)
as markers, the DPSC niche in human dental pulp was found to be localized in the perivascular
and perineural sheath regions [57]. These STRO-1+/CD146+ DPSCs form a dentin–pulp-like
complex in vivo, similar to the multiple colony-derived DPSCs. The STRO-1-positive region
in the pulp of deciduous teeth is similar to that of permanent teeth, also in the perivascular
regions. STRO-1 staining of apical papilla has shown that the positive stain is located in the
perivascular region as well as other regions scattered in the tissue [5]. STRO-1/CD146/CD44
staining of the periodontal ligament has shown that it is mainly located in the paravascular
region and small clusters of cells are in the extravascular region [58], suggesting that these are
the niches of periodontal ligament stem cells.

Stem cell markers—Dental stem cells are considered a population of MSC-like cells,
therefore markers that have been used for identifying MSCs are also used for dental stem cells,
such as the positive markers: STRO-1, CD13, CD44, CD24, CD29, CD73, CD90, CD105,
CD106, CD146, Oct4, Nanog and β2 integrin, and the negative markers: CD14, CD34, CD45
and HLA-DR [57,59–64]. Like all MSCs, dental stem cells are also heterogeneous and the
various markers listed previously may be expressed by subpopulations of these stem cells
[45]. Subpopulations expressing c-kit+/CD34+/STRO-1+ DPSCs or SHED were reported to be
multipotent stem cells, although c-kit and CD34 are known to be markers for hematopoietic
lineages of cells [65,66]. Side population cells exist in porcine dental pulp exhibiting stem cell
properties with self-renewal and multipotency for dentinogenesis, chondrogenesis,
adipogenesis and neurogenesis [67]. In a dog animal model, a subfraction of the side population
of pulp cells, CD31−/CD146− cells, were found to regenerate partially removed pulp tissue in
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the pulp chamber [68]. The human counterparts of these subpopulations of DPSCs are yet to
be reported.

Multiple differentiation potential—Dental stem cells display multidifferentiation
potential with the capacity to give rise to at least three distinct cell lineages: osteo/odontogenic,
adipogenic and neurogenic. Differences have been noted between the dental stem cell
populations and bone marrow-derived MSCs, where dental stem cells appear to be more
committed to odontogenic rather than osteogenic development [11]. Subpopulations of DPSCs
and SHED appear to have osteognic potential as well as chodrogenic, adipogenic and
neurogenic potentials [47,65,69,70]. Table 1 summarizes the known differentiation potentials
for dental stem cells. Further characterization of subpopulations of DPSCs has been reported
demonstrating that distinct stem/progenitor cells expressing embryonic neural-crest cell
makers appear to exist and possess multiple differentiation potential [71].

Suitable cell types for pulp/dentin engineering & regeneration
Among the identified dental stem cells mentioned previously, DPSCs, SHED and SCAP are
potentially suitable cell sources for pulp/dentin regeneration because they are derived from
pulp tissue or the precursor of pulp. DPSCs and SCAP are known to form a pulp–dentin
complex when transplanted into immunocompromised mice [5,11,45], whereas SHED form
mineralized tissue without the distinct pulp–dentin complex [47]. Whether other types of stem
cells, such as bone marrow-derived MSCs, can differentiate into odonto-blasts and make dentin
is questionable. Hu et al. demonstrated that mouse crude bone marrow cells rarely give rise to
dental cells and only c-kit+-enriched bone marrow cells can acquire the characteristics of
odontoblasts. Nonetheless, this phenomenon requires the interactions between oral epithelial
cells and the enriched bone marrow cells [72]. Using a rat model, Yu et al. compared the
odontogenic capability between bone marrow mesenchymal stromal cells and DPSCs by co-
culturing these cells with apical bud cells (ABCs). They discovered that recombined DPSCs/
ABCs formed typical tooth-shaped tissues with balanced amelogenesis and dentinogenesis,
whereas bone marrow mesenchymal stromal cells/ABC recombinants developed into atypical
dentin–pulp complexes without enamel formation [73]. These findings indicate that utilizing
bone marrow cells to regenerate pulp/dentin is a less straightforward approach than using
DPSCs, SCAP and SHED. Multipotent dermal cells incubated with a conditioned medium of
embryonic tooth germ cells can behave similarly to DPSCs by undergoing odontogenic
differentiation, demonstrated in a rat model [74]. Therefore, other sources of MSCs may be
guided to become a source of dentinogenic cells by embryonic tooth germ cells.

De novo regeneration of pulp
Total loss of pulp tissue can result from infection or trauma. To regenerate pulp tissue from
scratch, pulp stem cells seeded into a scaffold and implanted into the canal space is a practical
approach. Since the blood supply is an issue for pulp regeneration in the dead-end root-canal
space, a proof-of-principle approach to test pulp regeneration disregarding this blood supply
issue was undertaken using a tooth-slice model [75]. In this approach, a horizontal section of
a tooth slice, 1 mm thick, was generated from human teeth. The pulp-chamber space of the
slice was then cast and filled with a biosynthetic scaffold, poly-L-lactic acid (PLLA). SHED
were then seeded onto the scaffolds and the tooth slices transplanted into the subcutaneous
space of immunocompromised mice. Well-vascularized pulp-like tissue was formed in the pulp
chamber space after 2–4 weeks of implantation (Figure 2). In addition, odontoblast-like cells
expressing DSP, an odontoblast-specific gene in pulp tissue, were found to localize against the
existing dentin surface. No new dentin, however, was observed to form on the existing dentin
surface.
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Dental pulp stem cells were also used to regenerate pulp-like tissue using a similar approach
as the above with a tooth-slice model. Collagen was the scaffold to carry the DPSCs along with
a growth-factor dentin matrix protein-1. Pulp-like tissue was formed 6 weeks after the
transplantation of the construct in the subcutaneous space of immunocompromised mice [76].
The quality of the pulp-like tissue with collagen used as the scaffold appears to be less optimal
compared with using PLLA. Moreover, no odontoblast-like cells were found located against
the existing dentin surface. The problem with using collagen gel as a scaffold for carrying
DPSCs to regenerate pulp is that severe contraction occurs. It was discussed in our previous
study that dental pulp cells seeded into collagen gel caused dramatic contraction with a size
reduction down to approximately 30% and the level of contraction is proportional to the density
of cells seeded [52]. We performed a similar in vivo study except a tooth-fragment model was
used in which a section of human tooth roots, approximately 6–8 mm in length, were obtained.
The canal content was totally removed and the space enlarged to 1–3 mm in diameter with one
end of the canal opening sealed with a cement, MTA (Figure 3A). Collagen gels containing
DPSCs were filled into the canal space and the tooth fragment constructs implanted into the
subcutaneous space of severe combined immunodeficiency mice. It was revealed that using
collagen as a scaffold for pulp regeneration in the pulp-canal space, the collagen/cell constructs
appeared to have contracted and failed to fill into the deeper part of canal space. No odontoblast-
like cells were observed on the dentinal wall either (Figure 3B). We later utilized PLG as a
scaffold to carry DPSCs, packed into the canal space and the constructs transplanted into the
subcutaneous space of severe combined immunodeficiency mice. The emptied canal space was
filled with regenerated well-vascularized pulp-like tissue 4 months later (Figure 3C). In
addition, a layer of dentin-like mineral tissue deposited onto the canal’s dentin wall was
observed.

Another type of cell that could potentially be a better source for regeneration of pulp/dentin
are SCAP. SCAP are cells from the apical papilla, which is a developing tissue, and these cells
are relatively more robust than DPSCs in terms of population doubling capacity, proliferation
rate, telomerase activity and cell migration ability [5]. Using the same study model as we used
for pulp regeneration with DPSCs, we tested pulp regeneration with SCAP. A high-quality
vascularized pulp-like tissue was formed and, more importantly, a uniformed thickness of a
newly generated dentin-like layer was deposited onto the canal dentin wall, as well as onto the
MTA cement (Figure 3D).

Partial regeneration of pulp
Stem cells may be used to regenerate partially lost pulp and dentin. Nakashima illustrated the
possibility of generating a piece of pulp–dentin complex in vitro as a filling material [77]. This
approach appears difficult as engineering and generating a 3D structure of pulp–dentin complex
in vitro is very technically challenging. No report so far has demonstrated a success with this
design. However, Nakashima’s group was able to demonstrate partial regeneration of pulp
using a dog model by using two approaches:

• Autologous DPSCs were grown as a 3D pellet treated with the growth factor bone
morphogenetic protein-2 and implanted into the space of a partially amputated pulp
chamber. This approach was able to stimulate reparative dentin formation by the
newly differentiated odontoblasts [78];

• A subfraction of a side population of pulp cells (CD31−/CD146−) were mixed with a
collagen scaffold and inserted into the pulp-chamber space where tissues were
removed by pulpotomy. Formation of regenerated pulp tissue with good vacularity
and new dentin deposition was observed in the pulp chamber [68].
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Noncell-based pulp/dentin tissue regeneration
The major hurdle of cell-based therapy is its complexity, including the availability of cells and
the procedures involved in processing the cells. For an extensive tissue defect, cell-based
therapy is inevitable if a complete regeneration of the lost tissue is desired. When the defect is
less extensive, utilization of materials that can induce the mobilization of stem cells from the
adjacent tissue to migrate into the defected site and initiate tissue regeneration is a more
favorable approach with fewer ramifications. Application of recombinant growth factors to the
injured site to enhance the regeneration of dentin has been investigated for repair of the small
amount of dentin lost [79]. Evidence on more extensive regeneration using a noncell-based
approach is still lacking.

Issues on regeneration of functional pulp/dentin
Functional tissue engineering and regeneration is the ultimate goal for regenerative medicine.
Regenerated pulp tissue in the pulp space of a tooth should be vascularized, contain similar
cell density and architecture of extracellular matrix 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. Vascularization may be difficult for teeth in which the apical canal opening for
blood vessel entrance is small (<1 mm). The size of the apical opening would affect the
ingrowth of blood vessels into the engineered pulp tissue. Obviously, the larger the opening,
the more likely that the angiogenesis can occur. Immature teeth with open apices are therefore
the best candidates for pulp tissue regeneration. It was considered that the use of angiogenic-
inducing factors, such as VEGF and/or PDGF, should enhance and accelerate the pulp
angiogenesis. Synthetic scaffolds, such as PLG, can be fabricated with impregnated growth
factors [42,80–83]. Alternatively, the insertion of engineered pulp tissue may have to be
separated into multiple steps [54].

If a good blood supply can be achieved, optimal cell density and the laying down of high-
quality extracellular matrix should occur. New odontoblasts will form against the existing
dentinal wall that has been chemically disinfected as evidenced by the findings from Nör’s
group [75] and ours [52]. Furthermore, we have demonstrated, as presented herein, new dentin-
like tissue can be deposited onto the canal’s dentinal wall, although the nature of the new
mineral tissue remains to be determined in terms of its mechanical and chemical properties.
The newly formed dentin is known to be weaker than primary dentin during natural pulp
healing. Therefore, it is possible that newly formed dentin from engineering approaches is also
weaker. With respect to innervation, it is likely that generated/regenerated pulp contains
ingrown nerve fibers from and adjacent to natural tissues. DPSCs have been shown to either
produce neurotrophic factors or possess neural differentiation potential [45,84]. However, the
specific innervation at the pulp–dentin complex makes the issue more complicated. The reason
why dentin is so sensitive to various irritations is because of the hydrodynamic activities of
the dentinal tubules in association with the sensory A-δ fibers extending into the dentinal
tubules in the predentin layer. Since the newly generated dentin does not appear to have well-
organized dentinal tubules, even if the regenerated A-δ fibers reach the pulp–dentin junction,
it may not cause the normal dentin sensitivity that natural teeth do.

Future perspective
For cell-based tissue regeneration, the infrastructure required to support stem cell-based
therapy for pulp and dentin regeneration in the clinical practice has to be established. Tooth
and dental stem cell banking are essential to make cell-based therapy practical either for
autologous or allogenic applications. Ultimately, the paucity of stem cells may be resolved by
the generation of induced pluripotent stem cells from somatic cells [85,86] such as dental stem
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cells [Huang GTJ, Unpublished Data]. These cells are potentially immortal and may serve as
an unlimited cell source for regenerative medicine as well as for pulp/dentin regeneration.

Executive summary

Clinical advantage of pulp/dentin regeneration

• The current clinical protocol of endodontic treatment sacrifices tissues in order to
disinfect. After which, no regenerative process can take place as the lost tooth
structure is replaced by artificial materials, which do not strengthen the tooth.

• Regeneration of lost pulp and dentin tissues can reverse the deteriorated tooth and
avoid following more aggressive procedures that cause more tooth structure loss.

Modern concept of pulp/dentin tissue regeneration

• 3D scaffold systems that carry growth factors or cells for regeneration have been
tested in the engineering process of pulp/dentin tissues.

• Discovering dental pulp stem cells catapulted the progress of pulp/dentin
regeneration. Several different stem cells from pulp tissues have been discovered:
dental pulp stem cells from the pulp of permanent teeth, pulp stem cells from
human exfoliated deciduous teeth and stem cells from apical papilla. These cells
have demonstrated characteristics of mesenchymal stem cells with multiple
differentiation potentials.

• Dental pulp stem cells, stem cells from apical papilla and pulp stem cells from
human exfoliated deciduous teeth demonstrate the capability to de novo regenerate
pulp and the former two are also capable of generating new dentin.

Issues on regeneration of functional pulp/dentin

• Owing to the anatomical location of the pulp, which is encased within the dentin
tissue and receives its blood supply only from the apical end, establishing
vascularity may be difficult in cases where the apical opening is less than 1 mm.

• The newly formed dentin is known to be weaker than primary dentin during natural
pulp healing and lacks the ability of stimuli transfer. Regenerated dentin via tissue-
engineering approaches lacks highly organized dentinal tubules. Its mechanical
strength and sensory innervation into the pulp/dentin complex remain to be
investigated.

Future perspective

• For cell-based therapy, the source of cells is an issue. Dental stem cell supply is
limited especially from autologous sources. Not every individual who needs the
regeneration treatment has the cells readily available.

• Establishing dental stem cell banking may be a necessary step and further progress
on establishing individualized induced pluripotent stem cells for dental tissue
regeneration is imminent.
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Figure 1. Source of dental stem cells and use for dental tissue regeneration
Note DPSCs are from pulp of permanent teeth, SHED from exfoliated primary teeth. SHED
have been shown to regenerate pulp, but not dentin as yet [75].
DPSC: Dental pulp stem cell; PDL: Periodontal ligament; PDLSC: Periodontal ligament stem
cell; SCAP: Stem cells from apical papilla; SHED: Stem cells from exfoliated deciduous teeth.
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Figure 2. Engineering of dental pulp tissue with dental pulp stem cells
(A) Strategy for dental pulp tissue engineering. (B) Biodegradable scaffold is prepared within
the root canal and then seeded with stem cells from exfoliated deciduous teeth (SHED) only
or SHED mixed with endothelial cells. A tooth slice containing cells is then implanted into the
subcutaneous tissue of immunodeficient mice. (C) High magnification of the tooth slice/
scaffold showing the interface between scaffold and predentin. (D) Low magnification (×100)
of a dental pulp engineered with SHED and primary human dermal microvascular endothelial
cells 14 days after implantation in an immunodeficient mouse. (E) High magnification (×400)
of the boxed area of the engineered dental pulp presented in (D). Adapted with permission
from [75].
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Figure 3. Root fragment In vivo model for pulp/dentin regeneration
(A) A human tooth root fragment with enlarged canal space was generated. One end of the
canal opening was sealed with MTA cement and the canal filled with poly(D-L-lactide-co-
glycolide) (PLG) scaffold seeded with stem cells. The construct was transplanted into the
subcutaneous space of severe combined immunodeficiency (SCID) mice. The implanted tooth
fragment containing cells/scaffold was removed after several months in the subcutaneous space
of SCID mice and processed for analysis. A longitudinal section of the decalcified sample was
stained with hematoxylin and eosin. (B) Pulp regeneration using human dental pulp stem cells
cast in collagen hydrogel. The implanted tooth fragment containing cells/collagen gel was
removed after 3 months in the subcutaneous space of SCID mice and processed for analysis.
Arrows indicate the regenerated pulp-like tissue only located near the canal opening. (C) Pulp/
dentin regeneration using human dental pulp stem cells seeded in PLG. The implanted tooth
fragment containing cells/PLG was removed after 4 months in the subcutaneous space of SCID
mice and processed for analysis. Black arrows indicate the demarcation between the
subcutaneous tissue from the mouse and the regenerated pulp-like tissue in the canal. Yellow
arrows indicate the newly deposited dentin-like mineral tissue onto the canal dentinal walls.
(D) Pulp/dentin regeneration using human stem cells from apical papilla seeded in PLG. The
implanted tooth fragment containing cells/PLG was removed after 3 months in the
subcutaneous space of SCID mice and processed for analysis. Black arrows indicate the
demarcation between the subcutaneous tissue from the mouse and the regenerated pulp-like
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tissue in the canal. Yellow arrows indicate the newly deposited dentin-like mineral tissue onto
the canal dentinal walls and MTA surface. Scale bar: 1 mm.
MTA: Mineral trioxide aggregate.
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Table 1

Multiple differentiation potential of human dental stem cells (in vitro analysis).
Cell type Multipotentiality Ref.
DPSC Osteo/dentinogenic + [11,45]

Adipogenic +
Chondrogenic +
Myogenic +
Neurogenic +

SHED Dentinogenic + [47,69,87]
Adipogenic +
Chondrogenic +
Myogenic +
Neurogenic +
Osteo-inductive +

SCAP Dentinogenic + [5,49]
Adipogenic +
Chondrogenic ND
Myogenic ND
Neurogenic +

PDLSC Osteo/cementogenic + [48]
Adipogenic +
Chondrogenic +
Myogenic ND
Neurogenic +

DFPC Cementogenic + [50]
Odontogenic +
Adipogenic +
Chondrogenic +
Myogenic ND
Neurogenic ND

BMMSC Odontogenic − [88]
Osteogenic +
Adipogenic +
Chondrogenic +
Myogenic +
Neurogenic +

BMMSC: Bone marrow-derived mesenchymal stem cell; DFPC: Dental follicle progenitor cell; DPSC: Dental pulp stem cell; ND: Not determined;
PDLSC: Periodontal ligament stem cell; SCAP: Stem cells from apical papilla; SHED: Stem cells from exfoliated deciduous teeth.
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