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AbstrAct
The clinical translation of stem-cell-based dental 
pulp regeneration will require the use of injectable 
scaffolds. Here, we tested the hypothesis that stem 
cells from exfoliated deciduous teeth (SHED) can 
generate a functional dental pulp when injected into 
full-length root canals. SHED survived and began to 
express putative markers of odontoblastic differentia-
tion after 7 days when mixed with Puramatrix™ 
(peptide hydrogel), or after 14 days when mixed with 
recombinant human Collagen (rhCollagen) type I, 
and injected into the root canals of human premolars 
in vitro. Roots of human premolars injected with 
scaffolds (Puramatrix™ or rhCollagen) containing 
SHED were implanted subcutaneously into immuno-
deficient mice (CB-17 SCID). We observed pulp-like 
tissues with odontoblasts capable of generating new 
tubular dentin throughout the root canals. Notably, 
the pulp tissue engineered with SHED injected with 
either Puramatrix™ or rhCollagen type I presented 
similar cellularity and vascularization when com-
pared with control human dental pulps. Analysis of 
these data, collectively, demonstrates that SHED 
injected into full-length human root canals differenti-
ate into functional odontoblasts, and suggests that 
such a strategy might facilitate the completion of root 
formation in necrotic immature permanent teeth.
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IntrODuctIOn

Forceful displacements of teeth, such as intrusion and avulsion, can result in 
rupture of the apical blood vessel network and dental pulp necrosis. Pulp 

necrosis interrupts dentinogenesis, leading to incomplete root formation (i.e., 
narrow dentin walls, large pulp chamber) and teeth prone to fracture upon sec-
ondary trauma (Cvek, 1992). The routine endodontic treatment for these cases 
allows for infection control, but does not facilitate the completion of root forma-
tion and protection against external root resorption. Tissue-engineering-based 
approaches have been considered an attractive strategy for dental pulp regen-
eration (Nakashima and Reddi, 2003; Nör, 2006; Rosa et al., 2011). The devel-
opment of a clinically relevant strategy for dental pulp tissue engineering will 
require the characterization of injectable scaffolds that maintain stem cell viabil-
ity during transplantation and enable a functional dental pulp to be generated.

Although mesenchymal stem cells can be found in many oral tissues (e.g., 
bone, periodontal ligament, gingivae), dental pulps from exfoliating primary 
teeth are an attractive source because they constitute a relatively “disposable” 
post-natal tissue from which stem cells can be readily isolated. Stem cells 
from human exfoliated deciduous teeth (SHED) are highly proliferative and 
capable of generating a dental pulp-like tissue and to differentiate into odon-
toblasts (Miura et al., 2003; Cordeiro et al., 2008; Casagrande et al., 2010; 
Chadipiralla et al., 2010) and endothelial cells (Sakai et al., 2010; Bento  
et al., 2013). Proof-of-principle experiments have used fairly rigid scaffolds, 
as for example poly(L-lactic acid (PLLA), cast within tooth slices and trans-
planted into mice (Cordeiro et al., 2008; Sakai et al., 2011). Although such a 
strategy provides valuable mechanistic information on the potential of dental 
pulp stem cells in pulp regeneration, it presents shortcomings: (A) The use of 
tooth slices does not take into full account the three-dimensional geometry of 
root canals. It is known that cytokine transport, cell signaling, and tissue 
development are influenced by the geometry of the environment where the 
cells are placed (Engler et al., 2006; Gelain et al., 2007). (B) While oxygen/
nutrient diffusion might be sufficient for the maintenance of cell survival and 
metabolism in tooth slices, the quick generation of functional microvessel 
networks is required to maintain cell viability in full-length root canals. (C) 
The clinical translation of rigid scaffolds is hindered by the inherent difficul-
ties of casting a scaffold that penetrates and adapts to the dentin walls 
throughout the entire root canal. For such reasons, the development of inject-
able scaffolds that can be used in full root canals is a key step toward clini-
cally relevant pulp regeneration.

Dental pulp tissue Engineering in 
Full-length human root canals
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The nanofiber hydrogel PuramatrixTM 
is a self-assembling peptide that has 
shown promising results in neural and 
cardiac tissue regeneration (Davis et al., 
2005; Gelain et al., 2007; Thonhoff  
et al., 2008). We have recently shown 
that this hydrogel maintained the via-
bility and supported the odontoblastic 
differentiation of dental pulp stem cells 
(DPSC) in vitro (Cavalcanti et al., 
2013). Collagen-based scaffolds are 
also attractive for dental pulp tissue 
engineering, considering that collagen 
is a major component of human dental 
pulps. Notably, collagen has been 
shown to support DPSC survival and 
growth (Gebhardt et al., 2009). The 
development of human recombinant 
collagen (rhCollagen) matrices is 
attractive from a translational stand-
point because they are potentially safer 
than animal collagen and because they 
enable a crosstalk to occur between 
cells and extracellular matrix from the 
same species. Indeed, rhCollagen type I 
scaffold has shown promising results when used for bone and 
corneal regeneration (Yang et al., 2004; Merrett et al., 2008). 
Here, we tested the suitability of injectable scaffolds (i.e., 
Puramatrix™, rhCollagen type I) for dental pulp tissue engi-
neering using SHED transplanted into full-length root canals 
of human premolars.

MAtErIAls & MEthODs

shED survival and proliferation in three-dimensional 
Injectable scaffolds in vitro

Pooled SHED cells obtained from Dr. Songtao Shi (Miura et al., 
2003) were re-suspended (105 cell/mL, passages 3-8) in 20 µL 
of 0.2% PuramatrixTM (BD Biosciences, Bedford, MA, USA) or 
rhCollagen type I (human recombinant BDTM Fibrogen Collagen 
Type I; BD Biosciences) and cultured in triplicate wells of 
96-well plates. Cells were fixed in 3.7% formaldehyde (Sigma-
Aldrich, St. Louis, MO, USA) for 10 min at room temperature, 
washed in PBS, and then stained for Actin-F (Alexa Fluor 488 
phalloidin; Invitrogen, Grand Island, NY, USA) and ProLong 
Gold anti-fade reagent with DAPI (Invitrogen). Cells were 
counted by means of a grid under a fluorescent microscope in 3 
independent experiments. After 1 or 7 days, confocal micros-
copy (LSM 510 META; Zeiss, Thornwood, NY, USA) was used 
to obtain images in Z–stack for FITC (λ = 488 nm) and DAPI 
(λ = 350 nm). Images and projections were reconstructed with 
IMARIS 7.0 (Bitplane, St. Paul, MN, USA). Here, and through-
out this work, statistical analyses were performed with either the 
t test or one-way analysis of variance (ANOVA), followed by 
post hoc tests with SigmaStat 2.0 software (SPSS, Chicago, IL, 
USA).

Odontoblastic Differentiation in vitro

The crowns of immature human premolars extracted for orth-
odontic reasons in 12- to 14-year-old patients were sectioned, 
and the dental pulps were carefully removed without touching 
the predentin. The cervical end of each root was cut to standard-
ize the length to 11 mm. The apical openings ranged from 1 to 
3 mm. Teeth were cleaned and disinfected with ethylic alcohol 
and thoroughly washed with PBS (Invitrogen). Roots were kept 
in a vertical position by stabilizing them with inverted Transwell 
inserts (BD Falcon) in such a way that only the apical third of 
the root was immersed in cell culture medium. SHED were re-
suspended in 50 µL of PuramatrixTM or rhCollagen type I and 
injected into the roots of human premolars (n = 24 teeth/experi-
mental condition). After 7 to 28 days, SHED were removed 
from the root canals, and RNA purification (TRIzol Reagent; 
Invitrogen), amplification (SuperScript III Platinum Kit; 
Invitrogen), and RT-PCR for DMP-I, DSPP, and MEPE were 
performed, as shown previously (Casagrande et al., 2010). RNA 
obtained from human third molars was used as control. Negative 
controls were SHED grown in regular cell culture flasks, or 
SHED mixed with injectable scaffolds in the absence of root 
structure.

Dental pulp tissue Engineering in vivo

SHED stably transduced with GFP were re-suspended in either 
scaffold (6 x 105 cells/mL), injected into the roots of human 
premolars (n = 6), and transplanted subcutaneously into the 
dorsum of 5- to 7-week-old male immunodeficient mice (CB-17 
SCID; Charles River, Wilmington, MA, USA), as shown 
(Appendix Fig. 1). Both sides of the roots were left opened in 

Figure 1. SHED morphology and proliferation in injectable scaffolds in vitro. (A) SHED are 
dispersed and present a round morphology when cultured in PuramatrixTM or rhCollagen type 
I for 1 day. Cells proliferate, elongate, and form clusters after 7 days. Green depicts Actin-F 
staining, and blue depicts DAPI staining (nuclei). (b) Graph depicting proliferation of SHED 
over time when mixed with PuramatrixTM or rhCollagen type I. Cell number throughout the 
experiment was not statistically different when cells were cultured in PuramatrixTM or rhCollagen 
type I, as determined by t test (p > .05).
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these proof-of-principle experiments. Negative controls were 
scaffolds devoid of cells and injected into roots (n = 4). Ten days 
after transplantation, and every 5 days thereafter, intraperitoneal 
injections of 41.6 nmol/g of body weight of tetracycline hydro-
chloride (Sigma-Aldrich) were administered, as described 
(Sakai et al., 2010). Mice were euthanized 35 days after  
transplantation, and the roots were retrieved, fixed in 10% buff-
ered formalin, and demineralized in Decalcifier II (Surgipath, 
Richmond, IL, USA). Untreated immature human premolars 
were used as positive controls for tissue morphology. Apoptosis 
was detected by TUNEL with the In Situ Cell Death Detection 
Kit (Roche, Mannheim, Germany). New dentin deposition was 
assessed by confocal microscopy, as shown previously (Sakai  
et al., 2010). Experiments performed here were approved by the 
appropriate institutional review boards and followed the 
ARRIVE guidelines.

rEsults

To begin the evaluation of the suitability of PuramatrixTM and 
rhCollagen type I for dental pulp tissue engineering, we re- 
suspended SHED in the scaffolds and observed them microscopi-
cally (Fig. 1). While SHED appeared round at day 1, by day 7 the 
cells had become more elongated and formed clusters (Fig. 1A). 
By the end of the experimental period, we observed a 4-fold 
increase in cell numbers for both scaffolds (Fig. 1B). To evaluate 
the differentiation potential under these experimental conditions, 
we re-suspended SHED in PuramatrixTM or rhCollagen type I and 
injected them into human root canals (Fig. 2). For PuramatrixTM, 
we began observing expression of MEPE after 7 days, and by 
day 21 all 3 putative markers of odontoblastic differentiation 
(DSPP, DMP-1, MEPE) were expressed (Fig. 2). Conversely, for 

rhCollagen type I we began observing expression of DSPP and 
MEPE on day 14, and only on day 28 were all markers clearly 
expressed. Notably, neither scaffold, by itself, was capable of 
inducing the odontoblastic differentiation of SHED, indicating 
that dentin-derived morphogenic factors are necessary.

Next, we assessed the capacity of SHED injected into full-
length root canals to generate functional dental pulps in vivo 
(Fig. 3). The tissue formed with SHED injected with either 
PuramatrixTM or rhCollagen type I occupied the full extension of 
the root canal (Fig. 3A). Histologically, it had the appearance  
of a connective tissue containing multiple blood vessels, many of 
them close to the predentin (Fig. 3B). However, the engineered 
pulps appeared to have less dense extracellular matrices when 
compared with those of the control pulps (Fig. 3B). When 
PuramatrixTM (Fig. 3A) or rhCollagen type I (data not show) was 
injected into the root canal without cells, the tissue formed was 
minimal and poorly organized. The quantification of microves-
sel density revealed that engineered pulps generated with both 
scaffolds had vessel density (p > .05) similar to that of the one 
observed in control human dental pulps (Fig. 3C). Likewise, the 
number of cells close to the predentin was similar (p > .05) in 
dental pulps engineered with either scaffold (Fig. 3D). The 
occurrence of apoptotic cells in the engineered dental pulps was 
consistent with that observed in control human pulps (Appendix 
Fig. 2). Using the tetracycline staining technique to mark new 
dentin formation in engineered pulps (Sakai et al., 2010), we 
observed that SHED transplanted in either PuramatrixTM or 
rhCollagen type I were capable of generating new dentin 
throughout the length of the root (Appendix Fig. 3).

To evaluate the source of the cells in the engineered dental 
pulps, we transduced SHED with green fluorescence protein 
(GFP) prior to transplantation. Immunohistochemistry for GFP 
confirmed that tissue engineered with the root canals is primar-
ily populated with SHED (Fig. 4A). Proliferative activity, as 
determined by positivity to proliferating cell nuclear activity 
(PCNA), was similar for both scaffolds (p > .05) and compara-
ble with that in control human dental pulps (Figs. 4B, 4C).

DIscussIOn

Studies in the tooth slice/scaffold model showed that SHED dif-
ferentiate into functional odontoblasts capable of generating 
new tubular dentin (Sakai et al., 2010, 2011). These proof-of-
principle studies were performed with 1- to 1.5-mm tooth slices 
in a cast scaffold (PLLA) and do not fully represent the chal-
lenges of regenerating a pulp tissue in complete roots. The larger 
dimension of the tissue that has to be engineered, compounded 
with the fact that vascularization can be obtained only through 
the apex, is a significant obstacle to the engineering of a pulp 
within a full root. Here, we used full roots from extracted human 
premolars and observed that the transplantation of SHED gener-
ated a pulp-like tissue throughout the extent of the root canal. 
Importantly, the engineered pulp was capable of generating new 
dentin. These results represent a critical step forward in the pro-
cess of translating the concept of dental pulp tissue engineering 
to the clinic.

The clinical use of cell-based therapies will require  
the development of scaffolds that enable stem cells to be  

Figure 2. Expression of putative markers of odontoblastic differentiation 
by SHED in vitro. RT-PCR analysis of markers of odontoblastic 
differentiation (DMP-1, DSPP, MEPE) in SHED mixed with scaffolds 
(PuramatrixTM, rhCollagen type I) and injected into human root canals. 
As controls, we evaluated SHED cultured in standard tissue culture 
plates (Control) or SHED cultured in the injectable scaffolds 
(PuramatrixTM or rhCollagen type I) but in the absence of tooth structure 
(Scaffold) for up to 28 days.
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transplanted into root canals (Galler  
et al., 2011). These investigators devel-
oped customized self-assembling hydro-
gels that are highly suitable for dental 
pulp tissue engineering (Galler et al., 
2012). Here, we began the evaluation of 
2 commercially available injectable 
scaffolds, i.e., a self-assembling peptide 
hydrogel (PuramatrixTM) and rhColla-
gen type I. We observed that both scaf-
folds sustained SHED cell survival and 
enabled these cells to express putative 
markers of odontoblastic differentiation 
when injected into root canals (e.g., 
DSPP, DMP-1). Notably, the scaffolds 
by themselves (without surrounding 
tooth structure) were not capable of 
inducing odontoblastic differentiation. 
These results confirmed previous obser-
vations that dentin-derived signaling 
molecules are necessary for odontoblas-
tic differentiation of stem cells 
(Casagrande et al., 2010; AJ Smith  
et al., 2012). But the study reported here 
has a key difference when compared 
with the Casagrande study. Here, we 
injected cells into the full-length root 
and had culture medium covering only 
the apical third of the root, simulating 
the clinical condition where all influx of 
nutrients must come through the apex. 
In the Casagrande study, we had the 
cells in 1- to 1.5-mm-thick tooth slices, 
which facilitate ample diffusion of 
nutrients and oxygen to the cells. 
Interestingly, DSPP was among the first 
putative marker of odontoblastic differ-
entiation to be expressed by SHED. The 
increased expression of DSPP in early 
stages suggests that SHED were quickly 
acquiring the capacity of secreting min-
eralizable dentin matrices (Suzuki et al., 
2009). We also observed that it took 
longer for SHED cells to express all 
odontoblastic markers when they were 
seeded in recombinant human collagen 
than in PuramatrixTM. While we do not 
know the reason for this difference in 
the in vitro experiments, we speculate 
that the higher viscosity of the rhColla-
gen scaffold may have contributed by: 
(A) delaying the migration of SHED 
toward the dentin; and/or (B) slowing 
the diffusion of dentin-derived morpho-
genic signals required for odontoblastic 
differentiation. It appears that the physi-
cal properties of the scaffold, such as 
viscosity, play an important role in den-
tal pulp tissue regeneration.

Figure 3. Dental pulp tissue engineering with SHED injected into human root canals and 
transplanted into immunodeficient mice. (A) Low-magnification and (b) high-magnification 
images of tissues formed when SHED mixed with scaffolds (PuramatrixTM, 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 densification and many 
blood vessels were observed along dentin walls. Scaffolds (PuramatrixTM) 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. 
(c) Graph depicting microvessel density and (D) cellular density of dental pulp tissues 
engineered with SHED injected into full human root canals. Microvessel density and cellular 
density were similar in both experimental conditions and the control group (human pulp), as 
determined by one-way ANOVA.
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The histology of the dental pulps engineered with either scaffold 
showed a connective tissue containing blood vessels and cell den-
sification along the dentin walls. Although this cell layer was not as 
organized as the one found in the control human pulp, the number 
of cells lining the dentin was fairly similar. We observed that the 
numbers of proliferating cells (PCNA-positive) and apoptotic cells 
(TUNEL-positive) were similar for engineered and control pulps, 
indicative of tissue homeostasis in the engineered pulps. The over-
all tissue microvessel density was similar in engineered tissues and 
control human pulps. A high concentration of blood vessels close to 
the dentin walls was observed in the engineered pulps. This finding 
is in line with recent observations that dentin contains functional 
pro-angiogenic factors (Zhang et al., 2011) that support pulp regen-
eration. Finally, a noticeable difference between engineered tissues 
and controls was the higher density of extracellular matrix in the 
human pulps. This might be correlated with the more advanced 
maturation status of the control pulps when compared with the 
30-day-old engineered tissues.

The engineered pulp tissues contained primarily cells that 
were transplanted, not invading murine cells, as demonstrated 
by the predominance of GFP-positive cells. Notably, we 
observed that SHED transplanted into full root canals are capa-
ble of generating new dentin at a rate of approximately 10 µm/
day in both experimental conditions, as demonstrated by tetra-
cycline staining. These findings give support to the concept  
that SHED might constitute a singular source of cells for pulp 

regeneration, capable of differentiating into odontoblasts, vascular 
endothelial cells, resident fibroblasts, and neural cells (Miura et al., 
2003; Huang et al., 2009; Casagrande et al., 2010; Sakai et al., 
2010, 2012) that can generate a functional dental pulp.

This study suggests that the reliance on host cells to regenerate 
dental pulps throughout an entire root canal may pose challenges, 
despite the fact that dentin contains chemotactic factors that induce 
cell migration (Fitzgerald et al., 1990; JG Smith et al., 2012). We 
observed the ingrowth of cells in scaffolds devoid of SHED 
injected into root canals, but the resulting tissue was incomplete and 
disorganized. The authors are aware that the experimental model 
used here has limitations inherent to the transplantation of roots into 
the subcutaneous tissue of mice, and therefore devoid of the apical 
stem cells that are important for pulp regeneration (Sonoyama  
et al., 2008). Nevertheless, these results suggest that chemotactic 
factors would likely have to be incorporated into scaffolds for 
active recruitment of cells from the periapical region in cell-free 
tissue-engineering approaches.

In conclusion, our results show that SHED survive and differen-
tiate into odontoblasts when transplanted into full-length human 
root canals with injectable scaffolds. The pulp tissue generated 
under these experimental conditions contains functional odonto-
blasts capable of regenerating tubular dentin. The clinical transla-
tion of these laboratory findings will require the collaboration of 
pulp biologists, materials scientists, and clinicians to develop safe 
and effective approaches for pulp regeneration.

Figure 4. Characterization of the tissues engineered with SHED. SHED stably tranduced with green fluorescence protein (GFP) were mixed with 
scaffolds (PuramatrixTM or rhCollagen type I) and injected into full-length root canals of human premolars. (A) Immunohistochemistry for GFP 
(brown) confirmed that tissues were formed primarily with SHED transplanted into the root canal. Images were randomly captured from the center 
of engineered dental pulps or control human pulps. Immunohistochemistry with GFP of human dental pulps, and non-specific isotype-matched IgG, 
were used as controls for this experiment. (b) Immunohistochemistry with PCNA (brown) to evaluate cell proliferation in pulps engineered with 
PuramatrixTM or rhCollagen type I. Immunohistochemistry with PCNA of human dental pulps was used as control for this experiment. (c) Graph 
depicting the number of PCNA-positive cells in tissues formed with SHED injected into full-length human root canals. The number of PCNA-positive 
cells was similar in both experimental conditions and the control group (human pulp), as determined by one-way ANOVA.
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