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Abstract Our aim is to investigate the cytobiological effects
of autologous platelet-rich fibrin (PRF) on dental pulp stem
cells (DPSCs) and to explore the ectopic and orthotopic pos-
sibilities of dental pulp revascularization and pulp-dentin
complex regeneration along the root canal cavities of the tooth
by using a novel tissue-engineered transplant composed of
cell-sheet fragments of DPSCs and PRF granules. Canine
DPSCs were isolated and characterized by assaying their
colony-forming ability and by determining their cell surface
markers and osteogenic/adipogenic differentiation potential.
The biological effects of autologous PRF on DPSCs, includ-
ing cell proliferation, alkaline phosphatase (ALP) activity and
odonto-/osteogenic gene expression, were then investigated
and quantified. A novel transplant consisting of cell-sheet
fragments of DPSCs and PRF granules was adopted to regen-
erate pulp-dentin-like tissues in the root canal, both

subcutaneously in nude mice and in the roots of canines.
PRF promoted the proliferation of DPSCs in a dose- and
time-dependent manner and induced the differentiation of
DPSCs to odonto-/osteoblastic fates by increasing the expres-
sion of the Alp, Dspp, Dmp1 and Bsp genes. Transplantation
of the DPSC/PRF construct led both to a favorable regenera-
tion of homogeneous and compact pulp-like tissues with
abundantly distributed blood capillaries and to the deposition
of regenerated dentin along the intracanal walls at 8 weeks
post-operation. Thus, the application of DPSC/PRF tissue
constructs might serve as a potential therapy in regenerative
endodontics for pulp revitalization or revascularization.

Keywords Pulp revascularization . Dental pulp stem
cells . Platelet-rich fibrin . Cell sheets . Regenerative
dentistry

Introduction

Pulp exposure, infection and necrosis can be caused by dental
trauma and caries, both of which are prevalent dental problems.
Under these circumstances, the dental pulp should typically not
be preserved and endodontic treatment is the most common
clinical treatment. Although themethods for root canal treatment
are constantly being researched and improved and the success
rate continues to increase, some problems still exist. One poten-
tial problem is that the teeth receiving the root canal therapy will
become brittle because of the lack of nutrition from the dental
pulp blood and can be easily fractured over time. Furthermore,
some dentin is lost during the preparation of the root canal; this
will thin the root canal wall and thus reduce its resistance capa-
bility. Hence, regenerative endodontics, which attempts to fill
the canal with vital tissue to help the pulp/dentin be revitalized or
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revascularized and thus to restore its function to the original
state, has gained much attention over the past decade (Kim
et al. 2010).

Researchers have applied the concept of tissue engineering
technology to test whether pulp/dentin can be regenerated in
the root canal space (Nakashima and Huang 2013). One key
classification of these studies is whether they are based on the
use of exogenous cells, that is, whether they are cell-based or
cell-free (Kim et al. 2010). Although a chemotaxis-based ap-
proach by utilizing cell homing rather than cell delivery for
pulp-like tissue regeneration has been proposed in an ectopic
model (Kim et al. 2010), many other cell-free approaches have
not demonstrated the regeneration of pulp and dentin in canals
from which the pulp tissue is completely removed (Lin et al.
2013; Wang et al. 2010). The stem-cell-based approach has
demonstrated that pulp/dentin tissues can be regenerated in
the emptied root canal space with blood supply (Hargreaves
et al. 2008; Huang et al. 2010b; Iohara et al. 2011;Murray et al.
2007; Nakashima and Huang 2013; Rosa et al. 2013; Sloan
and Smith 2007). To identify a suitable cell population for this
goal, many odontogenic stem cells, including dental pulp stem
cells (DPSCs; Gronthos et al. 2000), periodontal ligament stem
cells (PDLSCs; Seo et al. 2004), stem cells from human exfo-
liated deciduous teeth (SHED; Cordeiro et al. 2008), and stem
cells from apical papilla (SCAP; Sonoyama et al. 2008) and
some non-odontogenic stem cells, including adipose-derived
stem cells (ADSCs; Hung et al. 2011), bone marrow mesen-
chymal stem cells (BMSCs; Li et al. 2007; Yu et al. 2007),
embryonic stem cells (ESCs; Ohazama et al. 2004), neural
crest cells (NCCs; Jiang et al. 2008) and even hair follicle stem
cells (HFSCs; Wu et al. 2009), have been selected for screen-
ing. Studies have demonstrated that all odontogenic stem cells
have a certain degree of multipotency in vitro and form pulp-
dentin complexes combined with scaffold materials in vivo,
except for PDLSCs, which tend to form bone-like tissues
in vivo. In contrast, non-odontogenic stem cells other than
BMSCs have not yet been confirmed to have the potential
for tooth regeneration. Among these cell types, postnatal
DPSCs have the most potential as stem cells for endodontic
tissue regeneration (Gronthos et al. 2002; Murray et al. 2007;
Nakashima et al. 2004, 2009). The transplantation of DPSCs
with tooth slices or scaffold materials in vivo has demonstrated
that DPSCs can differentiate into odontoblasts and further form
the structure of pulp-dentin complexes (Gronthos et al. 2002;
Huang et al. 2006a, b). However, other investigators have em-
phasized that these types of pulp-dentin complex tissues are
incomplete because of a lack of some growth factors that are
essential for cell differentiation (Iohara et al. 2004; Liu et al.
2004). Thus, the independent transplantation of DPSCs is
more likely to form osteoid dentin or calcified tissues instead
of a pulp-dentin complex (Yang et al. 2009; Zhang et al. 2006).

As one of the key ingredients required for pulp regenera-
tion, an ideal scaffold must provide space for cells and growth

factors, have an excellent biological compatibility, be easy to
shape and be biodegradable with no toxic byproducts
(Prescott et al. 2008). Although hydroxyapatite/tricalcium
phosphate (HA/TCP) ceramic powder (Gronthos et al. 2000,
2002; Miura et al. 2003) and a copolymer of poly-D, L-lactide
and glycolide (PLG; Huang et al. 2008, 2010b) have often
been used as scaffolds for pulp regeneration, they are exoge-
nous and have certain limitations in terms of their degradation
rates. Platelet-rich fibrin (PRF) is a second-generation platelet
concentrate. Themain components of PRF are collagen fibrins
that can be degraded over time, as in a blood clot. A significant
number of platelets embedded in the PRF framework are ac-
tivated during fibrin remodeling and the α-chain is then
degranulated and releases multiple growth factors in a natural
ratio and at a natural rate. In addition, PRF contains the ma-
jority of the types of leukocytes in the blood and these leuko-
cytes can take up active roles in anti-inflammatory and
immune-regulatory activity (Dohan Ehrenfest et al. 2009).
Based on these properties, we consider that PRF meets the
requirements for two key aspects of the three characteristics
that are necessary for tissue-engineered pulp-dentin com-
plexes by serving as an ideal scaffold and a persistent source
of multiple growth factors on a natural scale, whereas the
possible effects of PRF on DPSCs, which have the potential
for odontoblast-like cell differentiation, are still currently un-
known. In addition, the three-dimensional (3D) structure of
PRF might also be optimal for stem cell delivery and for the
formation of pulp-like connective tissues but this still requires
confirmation in further experiments.

Based on these prominent features, we investigated the
biological effects of various concentrations of PRF on
DPSCs in vitro. Once we identified the optimal ratio of the
seed cells and compound growth factors, a cell transplant sys-
tem consisting of cell-sheet fragments of DPSCs and PRF
granules was designed to regenerate pulp-like tissues in the
root canal space both subcutaneously in nude mice and in the
root canals of canines. As part of our series of studies on pulp-
dentin and periodontal tissue regeneration with stem cell/PRF
constructs (Zhao et al. 2013), the present study might provide
new insights into the regeneration of pulp/dentin tissue and
benefit patients with revascularized or revitalized teeth.

Materials and methods

Isolation and characterization of DPSCs

Canine DPSCs were isolated and cultured according to previ-
ously reported protocols with slight modifications (Gronthos
et al. 2000; Huang et al. 2006b). Briefly, three canines (ap-
proximately 5 months old) were obtained from the Animal
Center, Fourth Military Medical University. Following gener-
al anesthesia (xylazine hydrochloride injections [0.1 ml/kg
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injection] supplemented with pentobarbital sodium [30 mg/kg
injection]) and local anesthesia (Primacaine: 4 % articaine
with 1:100,000 tartaric acid epinephrine), pulp tissue was ob-
tained from the upper first molar on the right by using a barbed
broach and was immersed into an ice-cold phosphate-buffered
saline (PBS; Hyclone, Road Logan, Utah, USA) solution con-
taining 100 U/ml penicillin (Sigma-Aldrich, St. Louis, Mo.,
USA) and 100 μg/ml streptomycin (Sigma-Aldrich) for trans-
fer to the laboratory. After removal of approximately 2 mm
from the apical region, the remainder of the pulp was washed
several times with PBS and then minced into small cubes
(0.5 mm3). The tissue cubes were digested with a solution of
3 mg/ml collagenase (type I) supplemented with 4 mg/ml
dispase (both from Sigma-Aldrich) in 2 mlα-minimum essen-
tial medium (α-MEM,Hyclone) for 30min in a cell incubator.
Then, the cells were passed through a 70-μm strainer to obtain
single-cell suspensions. The cells were plated into 60-mm
plates (Nunc, Thermo, Denmark) and cultured in α-MEM
supplemented with 15 % fetal bovine serum (FBS;
Hyclone), 0.292 mg/ml glutamine (Hyclone), 100 units/ml
penicillin/streptomycin (Hyclone) and 50mg/ml ascorbic acid
(Sigma-Aldrich) at 37 °C in a humidified atmosphere of 5 %
CO2 and 95 % air to obtain passage 0 (P0) single-cell-derived
clones. Cell cultures at P3-P5 were used for the following
in vitro study.

For colony-forming unit fibroblast assays, the canine
DPSCs (at P3) were seeded at a density of 1×103 cells/well
onto 90-mm dishes and cultured in α-MEM supplemented
with 10 % FBS for 8 days. The medium was changed every
3 days. The cells were fixed, stained with 0.1 % toluidine blue
for 15 min and then observed by phase-contrast microscopy
(IX70, Olympus, Tokyo, Japan). Only the aggregates contain-
ing more than 50 cells were scored as colonies.

Canine DPSCs (at P3) were used for flow cytometry anal-
ysis of cell surface markers, by using a previously reported
procedure (Dissanayaka et al. 2011; Zhao et al. 2013). A cell
suspension with a concentration of 1×106 cells/ml was used
for the identification of several cell markers, according to the
manufacturer’s instructions, including STRO-1 (Santa Cruz
Biotechnology, Santa Cruz, Calif., USA), CD146 (Abcam,
Cambridge, Mass., USA), CD90 (Abcam), CD29 (Abcam),
CD45 (Abcam) and CD34 (Santa Cruz Biotechnology). The
analysis was performed with a Vantage Cell Sorter (Becton &
Dickinson, Mountain View, USA) and the data were analyzed
by using the Mod-Fit 2.0 cell cycle analysis program (Becton
& Dickinson).

The multi-directional differentiation ability of canine
DPSCs (at P3) was detected by using mineral nodules and a
lipid-formation assay in vitro (each cell line in four wells,
which were randomly divided for the various inductions).
Briefly, the cells were seeded into 6-well plates (Nunc) at a
concentration of 2×105 cells/well. When they reached 80 %
confluence, the osteogenicmedium (α-MEM containing 10%

FBS, 50 mg/ml ascorbic acid, 10 nM dexamethasone, and
10 mM β-glycerophosphate) or adipogenic medium (α-
MEM containing 10 % FBS, 100 nM dexamethasone,
0.5 mM 3-isobutyl-1-methylxanthine, and 50 mM indometh-
acin) was then changed and refreshed at 3-day intervals to
induce differentiation. After 3 weeks of osteogenic induction
or 5 weeks of adipogenic induction, the cells were stainedwith
alizarin red (pH 4; Sigma-Aldrich) or fresh Oil Red O solution
(Sigma-Aldrich) for 15 min. The mineral nodules and lipid
areas were then observed. All images were captured (600D,
Tokyo, Japan).

Preparation, light microscopy and scanning electron
microscopy of PRF

Venous blood (20ml from each canine) was collected from the
jugular vein for PRF preparation by using a previously report-
ed protocol (Dohan et al. 2006; Zhao et al. 2013). Briefly, the
blood was centrifuged at 400g for 10 min without
anticoagulation and then compressed with a sterile gauze to
obtain a fibrin membrane. The PRF membrane was fixed and
the morphology was observed by using both light microscopy
(BX50; Olympus Optical, Tokyo, Japan) and scanning
electron microscopy (S-4800; Hitachi, Tokyo, Japan).

Construction of DPSCs/PRF

The canine DPSCs (at P3) obtained in the previous section
were placed into six-well plates at a density of 1×104 cells/
well in complete medium until they reached subconfluence.
Vitamin C was then added at a concentration of 48 μg/ml for a
further incubation until the edge of the cell sheet became
slightly rolled up; this is thought to indicate cell-sheet matu-
ration. A region of the cell sheet was saved for ultrastructural
observation and the remaining fraction was used to construct
the DPSCs/PRF. Vein blood was collected from the jugular
vein of the donor canine for PRF preparation, as previously
described and these PRFs were then cut into small pieces
(0.5×0.5×0.5 mm) and planted into the dish containing the
cell sheet for one additional week. Both the cell sheet and the
DPSCs/PRF were fixed with glutaraldehyde at 4 °C for 1 h,
dehydrated in a graded ethanol series and then observed and
captured by scanning electron microscopy (S-4800; Hitachi,
Tokyo, Japan).

Effects of PRF on DPSCs

The canine DPSCs (at P3) were co-cultured with increasing
concentrations of PRF membrane in six-well plates (Nunc) at
a density of 1×104 cells/well. Based on previous experiments
for the study of PRF application in vitro and in vivo (Zhao
et al. 2013), one PRF membrane extracted from 10 ml of
blood was defined as the standard amount of PRF and the
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DPSCs were then divided into three experimental groups,
each of which was treated with a different Bconcentration^
of PRF (1/8, 2/8, or 3/8 of the standard amount of PRF ex-
tracted from 10 ml of blood); cells without PRF served as the
control (control group).

Cells from the various groups were cultured in α-MEM
containing 10 % FBS for 6 h for cell adhesion and a
predetermined amount of PRF was then added. Half of the
medium was changed on the third day and the medium was
subsequently completely changed every 3 days. On each day
of the 7-day culture period, the PRF membranes were re-
moved, and the cells were digested and suspended in 3 ml
medium for cell counting. The results from the various groups
were statistically compared. The alkaline phosphatase (ALP)
activity on days 7 and 14 and the mRNA expression levels of
Alp, dentin sialophosphoprotein (Dspp), dentin matrix protein
1 (Dmp1) and bone sialoprotein (Bsp) on days 7, 14 and 21
were used to determine the effects of PRF on cell differentia-
tion, by using methods described in a previous study (Zhao
et al. 2013). Briefly, the cells were initially cultured in α-
MEM containing 10 % FBS for 48 h. The medium was then
changed to calcification medium (α-MEM containing 10 %
FBS, 50 mg/ml ascorbic acid, 10 nM dexamethasone, and
10 mM β-glycerophosphate) and the PRF was added simul-
taneously. Half of the medium was changed on the third day
and the medium was then completely changed every 3 days.
Two milliliters of ALP-staining solution (a mixture of 10 ml
buffer, 33 μl BCIP [5-bromo-4-chloro-3-indolylphosphate]
and 66 μl NBT [nitro blue tetrazolium chloride; Beyotime
Institute of Biotechnology, Nantong, China]) was added to
each well and incubated for 30 min at room temperature in
the dark. Representative images were captured and the inte-
grated optical density (IOD) of the blue stain of the cytoplasm,
which is considered an indicator of ALP activity, was ana-
lyzed by using Image-Pro Plus 6.0 software (Media
Cybernetics, Silver Spring, Md., USA). For real-time poly-
merase chain reaction (PCR) analysis, the total cellular RNA
was isolated and the relative gene expression levels of Alp,
Bsp, Dspp and Dmp1 were evaluated (Takara RNA PCR kit
AMV; Takara Shuzo, Tokyo, Japan). The reaction product
was quantified by using a relative quantification tool (CFX
Manager; Bio-Rad) with GAPDH (glyceraldehyde-
phosphate dehydrogenase) as a reference gene. The primer

sequences for Gapdh, Alp, Bsp, Dspp and Dmp1 (Sango
Biotech, Shanghai, China) are listed in Table 1.

Transplantation of DPSC/PRF construct into ectopic
transplantation model

The effects of the DPSC/PRF construct on the regeneration of
dental-pulp-like tissue were evaluated by using animal
models, including both nude mice and canines (Fig. 1).
Freshly extracted human teeth were used for the root fragment
preparations (Huang et al. 2010b). The radicular portions were
cut into sections approximately 6–7 mm long and the root
canals were then prepared and enlarged to 1–3 mm in diame-
ter. One end of the canal was sealed with mineral trioxide
aggregate (MTA) cement (Dentsply Endodontics, Tulsa,
Okla., USA) of approximately 2-mm thickness. Thus, the
available space in the canal was approximately 4–5 mm long.
The root fragments were wrapped with sterile PBS-soaked
gauze, placed in an incubator to cure the MTA and then im-
mersed in 17 % ethylenediamine tetraacetic acid (EDTA) for
10 min and 19 % citric acid at room temperature for 1 min to
remove the smear layer. Next, betadine was used for 30 min
and 5.25 % NaOCl for 10–15 min for disinfection and steril-
ization. Finally, the root fragments were rinsed with and im-
mersed in PBS containing antibiotics and then incubated for
another 7 days to ensure that they were not contaminated.

The canine DPSCs (at P3) were cultured into cell sheets
and cut into fragments (0.5×0.5 mm), whereas autologous
PRF was cut into small granules (0.5×0.5×0.5 mm). The
transplanted DPSC/PRF construct for the subsequent ectopic
or orthotopic pulp-like tissue regeneration was obtained by
combining cell-sheet fragments of DPSCs with PRF granules
at the ratio that we had selected from the previous section.

Forty-eight tooth fragments were transplanted subcutane-
ously into the dorsal regions of 24 nude mice (six-week-old
males; Fourth Military Medical University Animal Center,
Xi’an, China), with two transplants per subject, according to
the grouping of the inserted grafts: Group I, the DPSC/PRF
construct; Group II, cell-sheet fragments of the DPSCs only;
Group III, PRF granules only; and Group IV, no graft, which
was considered the control group. The mice were anesthetized
with 1 % sodium pentobarbital and two longitudinal incisions
were made on the dorsal side of each nude mouse for two

Table 1 Primers used in real-
time polymerase chain reaction
(Gapdh glyceraldehyde-
phosphate dehydrogenase, Alp
alkaline phosphatase,Dspp dentin
sialophosphoprotein, Dmp1
dentin matrix protein 1, Bsp bone
sialoprotein)

Gene Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′)

Gapdh TGCCACCCAGAAGACCGT GGATGACCTTGCCCACAGC

Alp GGCTGGAGATGGACAAGTTC CTCGTTTCCCTGAGTCGTGT

Dspp AAGTGGTGTCCTGCGTGAA TTTCTGGCTTTCCTGTGACC

Dmp1 GTGCCCAAGATACCACCAGT CACCTCCTACCCAGTGTCC

Bsp AACGATTTCCAGTTCAGAGCA CCATAGCCAGGTGTAGCAGAG
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tooth-fragment transplantations. Because of the various sizes
of the root canals and the diverse healing abilities of the nude
mice, the sizes of the transplanted grafts were normalized by
filling the canals. Thus, the transplanted graft volumes per unit
area of the root canal among the different experimental groups
could be considered relatively equal. The wounds were su-
tured tightly to obtain primary closure. At 8 weeks post-sur-
gery, the mice were killed and the tooth fragments were re-
moved for histological analysis.

Transplantation of autologous DPSC/PRF construct
into the canine model

Three canines (six- to eight-month-old males), obtained from
the Animal Center (Fourth MilitaryMedical University), were
involved in the present study. The pulp tissue of the upper left
first molar of each canine was used to isolate DPSCs accord-
ing to the above-mentioned method. This study was per-
formed in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by

the Animal Research Ethics Committee of the Fourth Military
Medical University (Xi’an, China) and every effort was made
to avoid animal suffering at each stage of the experiment.

The obtained DPSCs (at P3) were labeled with 5-bromo-2′-
deoxyuridine (BrdU; Sigma-Aldrich) at a concentration of
10 μM for 24 h and then cultured in standard medium con-
taining 48 μg/ml vitamin C for cell sheet formation. The ma-
ture cell sheets were stripped and cut into cell-sheet fragments
that were approximately 0.5×0.5 mm in size. At the same
time, approximately 20–30 ml of blood was collected from
the jugular vein of the cell donor canines for PRF preparation,
as described previously; the PRFwas then formed into a mem-
brane and cut into small pieces (approximately 0.5×0.5×
0.5 mm) in a sterile dish. The canine DPSC/PRF construct
for the following pulp-like tissue regeneration was obtained
by combining cell-sheet fragments with PRF granules at the
ratio that we had selected previously.

The experimental model of pulp-like tissue regeneration
was established based on a previously reported procedure with
slight modifications (Ishizaka et al. 2012). Briefly, the pulp
chambers of all of the double-rooted premolars (six upper

Fig. 1 Scheme for dental-pulp-like tissue regeneration strategy in animal
models. The preparation of cell-sheet fragments involved the ex vivo
expansion of the dental pulp stem cells (DPSCs) and the harvest of the
cell sheets and their fragments. Platelet-rich fibrin (PRF) was prepared
from blood drawn from the jugular vein and the membrane was cut into

granules for DPSC/PRF construct engineering. The DPSC/PRF con-
struct, the cell sheet fragments, or the PRF granules were transplanted
into human root fragments in nude mice and into the canals of premolars
in canines to evaluate the regeneration of dental-pulp-like tissues in the
various groups
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premolars and four lower double-rooted premolars for each
canine) were exposed by using a no. 3 round carbide bur in
a high-speed handpiece and the pulp tissues were completely
removed by using barbed broaches under general anesthesia
and local anesthesia (as previously described). Each root was
assumed to be one sample, for a total of 60 samples. The
apical foramina of the experimental samples were then en-
larged to a diameter of 0.7 mm using a no. 70 K-file
(MANI) without additional root canal preparation. After irri-
gation with 5 ml physiological saline, the root canals were
dried with sterile paper points. The 60 canals of the three
canines were randomly divided into three groups according
to the transplantation graft that was used: Group I, the DPSC/
PRF construct; Group II, cell-sheet fragments of DPSCs only;
and Group III, PRF granules only. The maxillary central and
lateral incisors were used as blank controls (Group IV), with
their pulp tissues being removed and root foramina being en-
larged as previously described but being filled only with nat-
ural blood clots and without any exogenous transplanted
grafts. The single-root teeth, the first premolars, were used
as positive controls for observing the normal development of
the canine dentin-pulp tissues. Given the different shape and
bulk of each canal, difficulties were encountered in ensuring
that the quantity of cells was identical. Therefore, the trans-
plantation grafts were placed into the root canals by using a
root-canal paste carrier to ensure that the grafts contacted
the apical tissue up until 1 mm below the root canal orifice.
Thus, the quantity of transplanted grafts was normalized to
ensure that the transplanted graft volume per unit area of
the root canal among the different experimental groups was
relatively equal. Following the siphoning of the fluid driven
from the grafts, the coronal portions of the root canal were
sealed three times with 1–2 mm calcium hydroxide
(Dycal), 1 mm glass ionomer (Fuji IX) and composite
(Z350; 3 M Dental Products; St Paul, Minn., USA). Eight
weeks after transplantation, the canines were killed and the
teeth were extracted for histological analysis after separa-
tion from the root furcation.

Histological staining

The human tooth root fragments and the canine premolars and
incisors were fixed in 4% paraformaldehyde at 4 °C for 7 days
and then demineralized in a 15 % solution of EDTA
(Hongyan, Tianjin, China) at pH 6.8. The teeth were embed-
ded in paraffin and sectioned parallel to the long axis of each
tooth at a thickness of 5 μm. Three sections were stained from
each sample and were subjected to hematoxylin-eosin (HE)
staining, Masson staining and immunostaining against BrdU
(Sigma-Aldrich) and DSPP (Bioss, Beijing, China). The de-
tailed protocols are briefly described as follows. For modified
Masson’s staining, deparaffinized sections were re-fixed in
Bouin’s solution for 1.5 h at 60 °C to improve staining quality

and then rinsed with running tap water for 5–10min to remove
the yellow color. For HE staining, sections were stained in
hematoxylin iron working solution for 8 min, differentiated
in hydrochloric-acid-ethanol for 2 min and washed in running
tap water for 10min. After being stained with Ponceau fuchsin
acid solution for 4 min and washed in distilled water, the
sections were differentiated in 1 % phosphomolybdic acid
solution for 5 min and then transferred directly (without rins-
ing) to aniline blue solution and stained for 5 min. The sec-
tions were then rinsed briefly in distilled water and differenti-
ated in 1 % acetic acid solution for 1 min, followed by a rapid
dehydration step through 95 % ethyl alcohol and absolute
ethyl alcohol (to remove the Biebrich scarlet-acid fuchsin
staining) and a clearing step in xylene. To trace the
transplanted DPSCs, immunohistochemical staining of BrdU
was performed by using an integrated retrieval method, which
used 0.1 % Triton X-100/0.1 % citrate buffer and trypsin to
enhance permeability, 0.1 mol/l cold HCl to remove the his-
tones from the chromosomes, 2 mol/l HCl to denature the
double-stranded DNA and Na2B4O7 to reconstruct the alka-
line environment. The primary antibody was a mouse poly-
clonal to BrdU (diluted 1:500; Sigma-Aldrich). For DSPP
staining, the deparaffinized sections were digested by a trans-
parent fatty acid enzyme and then protease, each for 30 min at
37 °C and then immersed in 3 % H2O2 for 10 min to quench
endogenous peroxidase activity. After incubation with normal
goat serum to block non-specific binding, the sections were
incubated with primary antibody (rabbit anti-canine DSPP,
diluted 1:200 to 1:500) overnight at 4 °C. After three washes
in PBS, bound antibodies were reacted with biotinylated goat
anti-rabbit IgG secondary antibody (ZSGB-Bio; Beijing,
China) for 15 min at 37 °C. The sections were then developed
with the ABC reagent (ZSGB-Bio) by using the diaminoben-
zidine chromogen for 7 min. Finally, the sections were stained
with hematoxylin for 10 s and differentiated with
hydrochloric-acid-alcohol (three times) and ammonia for
1 min. The histometric observations were performed by using
a projection microscope (BX50, Olympus Optical, Japan) and
the images were captured (DP25, Olympus) and analyzed. All
data were collected and analyzed by the same investigator to
reduce bias and error.

Statistical analysis

The in vitro experiments were conducted in triplicate and re-
peated three times on separate occasions. The results are
expressed as the means ± standard deviation and were com-
pared by using one-way analysis of variance (ANOVA) in
combination with the Newman-Keuls post-hoc test. The re-
sults were statistically analyzed by using the software SPSS
17.0 (SPSS; USA) and a level of P<0.05 was accepted as
statistically significant.
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Results

Isolation and identification of DPSCs

The adherent cells derived from single-cell suspensions dem-
onstrated a shuttle-like morphology and proliferated and grew
into colonies within 5 days (Fig. 2a). The mesenchymal stem
cell (MSC) properties of these putative stem cells were char-
acterized by assaying their colony-forming ability, character-
izing their cell surface markers and evaluating their
osteogenic/adipogenic differentiation potential. The cells pos-
sessed a good capacity to form colonies when plated at low
densities (Fig. 2b, c). The detection of surface molecule ex-
pression revealed that the DPSCs were positive for
mesenchymal-associated markers, such as STRO-1, CD146,
CD90 and CD29 (Fig. 2d–g) and negative for hematopoietic
markers, such as CD34 and CD45 (Fig. 2h, i). After 3 weeks
of osteogenic induction, cultured DPSCs had formed exten-
sive amounts of alizarin-red-positive mineral deposits, dem-
onstrating their osteogenic potential (Fig. 2j). Meanwhile, af-
ter 5 weeks of adipogenic induction, Oil-Red-O-positive cells

were observed, providing convincing evidence of their
adipogenic differentiation ability (Fig. 2k). The above results
suggested that we had successfully obtainedDPSCs from pulp
tissues.

Microstructure and ultrastructure of PRF, of DPSC cell sheets
and of DPSCs/PRF

PRF, a fibrin clot, was located in the middle of the tube after
the blood was centrifuged (Fig. 3a). When the plasma was
removed, the PRF presented a resistant and translucent mem-
brane. The microstructure and ultrastructure of the PRF ob-
tained from the canines were similar to those of PRF obtained
from humans, as reported previously (Zhao et al. 2013), that
is, the majority of the leukocytes accumulated in the limited
junctional area between the red corpuscles and the PRF clot,
whereas almost no cells were observed in the upper PRF area
(Fig. 3b). Ultrastructural observation revealed that the PRF
was a three-dimensional network structure that consisted of
fibrin fibers assembled from multiple fibers and fibrillae
(Fig. 3c) and that the red blood cells, platelets and leukocytes

Fig. 2 Isolation and
identification of DPSCs. a
Adherent cells derived from a
single-cell suspension
proliferated into a cluster within
5 days. Bar 50 μm. b, c Passaged
cells still performed at a high
capacity, with colony-forming
units forming, after being plated
at a low density. Bar 200 μm. d–i
Cytometric flow analyses
indicated that the DPSCs were
positive for the mesenchymal-
associated markers STRO-1,
CD146, CD90 and CD29 and
negative for the hematopoietic
markers CD34 and CD45. j, k
Representative figures showing
the multi-directional
differentiation ability of the
DPSCs. j After 3 weeks of
osteogenic induction, mineralized
nodules were formed that stained
with alizarin red. Bar 200 μm. k
After 5 weeks of adipogenic
induction, lipid vacuoles were
observed stained with Oil Red O.
Bar 100 μm
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were distributed in the lower area (Fig. 3d). The cell sheet was
composed of multiple layers of cells that were well extended
and closely arranged with the same polarity and amount of
extracellular matrix (Fig. 3e). After 1 week of co-culture,
layers of cells firmly adhered to the PRF structure to form
an integral construct of DPSCs/PRF (Fig. 3f).

Effect of PRF on DPSCs

For cell proliferation, the cell numbers in the 2/8 and 3/8 PRF
groups were much higher than those in the control group from
the fourth day (P<0.01), although no significant difference
was seen between these two test groups (P>0.05). In contrast,
the cell numbers in the 1/8 PRF group showed no significant
difference from that of the control (P>0.05) and exhibited
only a very small increase throughout the initial 6-day incu-
bation period (Fig. 4a).

For cell differentiation, the ALP activities of the DPSCs
were detected by staining (Fig. 4b). The mean IOD of the
images was then determined by using Image-Pro Plus 6.0
software at days 7 and 14 for statistical analysis (Fig. 4c).
The PRF enhanced the ALP activity of the DPSCs in a
dose-dependent manner at day 7 (P<0.05; Fig. 4c), with con-
tinuing increases over time, even when the PRF was removed.
Among the tested groups, the 3/8 PRF group displayed the
highest value at each time point (P<0.05; Fig. 4c). Real-time

PCR analyses were used to evaluate the expression of typical
odontogenic/osteogenic genes, including Alp, Dspp, Dmp1
and Bsp, in the canine DPSCs when co-cultured with PRF
for 7 days. The various genes showed different expression
trends. Specifically, PRF significantly increased the expres-
sion of Alp and Dspp throughout the experimental period.
This effect was significant for Alp at day 7 (P<0.05;
Fig. 4d–f) and for Dspp at days 7 and 14 (P<0.05; Fig. 4g–
i) but it was not significant over time. Interestingly, both the 2/
8 and 3/8 PRF significantly increased the expression ofDmp1
(P<0.05) but the 1/8 PRF only moderately upregulatedDmp1
expression at 21 days (P<0.05; Fig. 4j–l) and even slightly
downregulated its expression at 7 days. As an index of osteo-
genic differentiation, Bsp expression was inhibited to variable
degrees at 7 and 14 days compared with the control group
(P<0.05); however, this effect was not found at day 21
(Fig. 4m–o). In sum, PRF promoted the odonto-/osteoblastic
differentiation of canine DPSCs.

Effects of DPSC/PRF construct on pulp regeneration

Based on the above-mentioned results that the 3/8 PRF group
(with 3/8 PRF extracted from 10 ml of blood) showed the
strongest effects of increasing proliferation and odonto-/oste-
oblastic differentiation for one piece of DPSC membrane cul-
tured in standard six-well plates at a density of 1×104 cells/

Fig. 3 Structural observations of PRF, of a cell sheet of DPSCs and of the
construct of DPSCs/PRF. a PRF forms a fibrin clot after the blood is
centrifuged. b Panoramic image of the microstructure of the PRF
membrane. Hematoxylin and eosin staining. Magnification: ×40. c–f
Ultrastructure of PRF and DPSCs/PRF. Scanning electron microscopy.
c Overwhelming majority of PRF is composed of fibrin fibers with a few

fibrillae with smaller diameters. Bar 2 μm. d Functional components,
including plentiful platelets and leukocytes, were embedded in the
lower region of the PRF, together with some red blood cells (RBC). Bar
10 μm. e Large number of cells arranged closely with the same polarity to
form a cell sheet. Bar 20 μm. f Cell sheet and PRF adhered firmly to form
an integral construct of DPSCs/PRF. Bar 20 μm
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well, the DPSC/PRF transplants for the following ectopic or
orthotopic pulp regeneration experiment were constructed by
combining cell-sheet fragments of DPSCswith PRF granules at
a ratio of eight pieces of cell sheets obtained from standard six-
well plates combined with PRF derived from 30 ml of blood.

Pulp regeneration after ectopic transplantation

All of the tested animals were clinically healed at 8 weeks
post-surgery, without any inflammation of the surgical sites
or root fragment exposure (Fig. 5). Their histologic variables
were observed and compared among the different groups. The
emptied canals in Group I were filled with well-organized
vascularized pulp-like tissues, presenting significant numbers
of cells and the establishment of an extracellular matrix and
some newly formed capillaries were present, whereas most of
the PRF had degraded (Fig. 5a–c). A continuous layer of min-
eralized tissues (dentin-like tissues) with variable thickness
and a few embedded cells were observed between the

regenerated pulp and canal dentinal walls; this layer formed
processes and was tightly connected to the regenerated dentin
(Fig. 6a). In Group II, an uneven layer of newly mineralized
tissue was observed underneath the MTA cement and along
part of the intracanal (Fig. 5d–f) but this tissue was much
thinner than that in Group I. The human dentinal tubules ex-
tended processes into the newly formed tissues without gaps
(Fig. 6b). The canal space was filled with a significant number
of transplanted cells and showed the establishment of an ex-
tracellular matrix. In addition, HE and Masson staining
showed that the regenerated pulp tissues were rich in collag-
enous fibers but lacked new blood capillaries (Fig. 5e, f). In
Group III, the majority of the PRF had degraded and some
homing cells grew into the canal and the space among the PRF
granules (Fig. 5g, h). However, neither functional pulp-like
structure nor blood capillaries could readily be observed, as
evidenced by the Masson’s tri-chrome staining and almost no
dentin-like tissues were found along the intracanal walls
(Fig. 5h, i), except for an extremely thin layer of slightly

Fig. 4 Effect of PRF onDPSCs. a Proliferation assessment of the DPSCs
when cultured with a series of doses of PRF (1/8, 2/8, or 3/8 PRF) for
7 days (one PRF membrane was defined as that extracted from 10 ml of
blood). The results are expressed as the means ± standard deviation of the
cell numbers, which, in the 2/8 and 3/8 PRF groups, were significantly
higher compared with that in the control group on the fourth day (d day).
**P<0.01. b, cAlkaline phosphatase (ALP) activities of the DPSCs in the
various experimental groups during a 14-day culture period under in vitro
osteogenic induction. bRepresentative images for the ALP staining of the
DPSCs co-cultured with various doses of PRF (1/8, 2/8, or 3/8 PRF) were

taken.Bar 500 μm. cALP activity was analysed via the integrated optical
density (IOD) of representative images. Data are representative of
means ± standard deviation. * P<0.05; **P<0.01; ***P<0.001. d–o
Relative gene expression levels of Alp (d–f), Dspp (g–i), Dmp1 (j–l),
and Bsp (m–o) from DPSCs after being co-cultured with or without
various doses (1/8, 2/8, or 3/8) of PRF for 7 days in osteoinductive
supplements at various time points (7, 14, and 21 days). Results are
expressed as the means ± standard deviation. aP<0.05, vs control
group. bP<0.05, vs 1/8 PRF group. cP<0.05, vs 2/8 PRF group
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mineralized tissues with many cells embedded (Fig. 6c).
For Group IV, which did not have any transplanted ma-
terials in the root canals, less than half of the canal
space was filled with loose connective tissues, with no
new capillaries or dentin-like tissues (Figs. 5j–l, 6d).

Effects of pulp regeneration in canines

In Group I, at 8 weeks after the transplantation of the DPSC/
PRF construct, the emptied canal space was filled with homo-
geneous and compact pulp-like tissues containing abundant
and evenly distributed blood capillaries (Fig. 7a–c) but some
undegraded PRF was still embedded in the pulp-like tissues.
In this group, the canal dentinal walls were thickened by new-
ly formed mineralized tissue that resembled dentin-like tis-
sues. Notably, the root length and the thickness of the root
canal walls were increased by the deposition of dentin-like

tissues and the apical canal appeared obliterated by calcified
tissues (Fig. 7a). However, higher magnification revealed that
the dentin-like tissue was different from that of a natural tooth
to some degree, with some cells embedded in the dentin-like
tissues and some atypical dentinal tubules that showed the
specific angle of primary dentinal tubules (Fig. 8a). The
odontoblast-like cells were similar to those of a natural tooth
but were fewer in number and lacked the representative cell
polarity of odontoblasts (Fig. 8a). In Group II, the histological
results demonstrated that the pulp-like tissue was composed of
a significant number of cells and a profuse extracellular ma-
trix; however, the structure was similar to that of Group I
(Fig. 7d). Capillaries and collagen were also easily observable
in the canal space (Fig. 7e, f). The dentin-like tissues in the
representative sample of this group were continuous, with a
uniform thickness, which was thinner than those of Group I
(Fig. 7e, f). Although the continued root development of the

Fig. 5 Representative panoramic (a, d, g, j) and local images of pulp
regeneration after ectopic transplantation. a–c In Group I, the canals were
filled with well-organized and vascularized pulp-like tissues and a con-
tinuous layer of dentin-like tissues was deposited along the internal root
canal walls (rP regenerated pulp-like tissues, D dentin, rDD regenerated
dentin on dentin walls, PRF platelet-rich fibrin). d–f In Group II, the
regenerated pulp-like tissues contained fewer new capillaries and the
dentin-like tissue was observed on the surface of the mineral trioxide

aggregate cement and along part of the internal canal walls, with uneven
thickness. g–i In Group III, the newly formed pulp-like tissues consisted
of some PRF granules and homing cells but lacked a functional structure
and capillaries. j–l In Group IV, the newly formed connective tissues were
disordered and loosely arranged. Boxed areas in a, d, g, j are shown at
higher magnification in b, e, h, k. Sections were stained with
hematoxylin-eosin (a, b, d, e, g, h, j, k) andMasson’s tri-chrome staining
(c, f, i, l). Bar 100 μm
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treated teeth could be observed from the deposition of miner-
alized tissues on the root surface and the dentin-like tissues in
the canals, the apical foramen had not yet closed (Fig. 7d).
Higher magnification observations revealed that the pulp-
dentin-like tissue was similar to that of Group I, with embed-
ded cells and dentinal tubules, whereas the odontoblast-like
cells had a more disordered arrangement (Fig. 8b). Compared
with Groups I and II, the structure of the pulp-like tissues in
Group III was much looser and more irregular, with many
undegraded PRF granules (Fig. 7g). Some cells with active
synthesis function were diffusely distributed and had secreted
significant amounts of blue-stained collagen. Without exoge-
nous transplanted cells, a few blood capillaries were observed
and might have been derived from the host homing cells
(Fig. 7h). A moderate layer of mineralized tissue with a vari-
able thickness was deposited onto the primary dentin walls

with obvious incremental lines (Fig. 7h, i). However, com-
pared with Group I, the regenerated dentin-like tissues were
almost parallel with the primary dentinal tubule. Although a
layer of odontoblast-like cells was present beneath the dentin-
like tissues, these cells showed little of the polarized morphol-
ogy possessed by odontoblasts (Fig. 8c). The blank control
root canals, which did not receive any transplanted grafts,
were filled with some deformed connective tissue containing
many red cells but did not show the regular histologic struc-
ture of blood capillaries (Fig. 7j, k). The sample from this
group involved incisors with a narrower canal space and
secondary dentin had obviously been deposited pre-surgery
(Fig. 7k, l). Nonetheless, a thin layer of newly formed
mineralized tissues was seen in some regions with variable
thicknesses (Fig. 8d).

Dspp (the complex of Dsp and Dpp) is a non-collagenous
protein that plays a critical role in tissue mineralization.
Following immunohistochemical staining for Dspp, immuno-
reactive cells were predominantly distributed in the newly
formed pulp-like tissues, especially the cells aligned with
newly formed dentin-like tissues (Fig. 9). However, the ex-
pression intensity was slightly different in the various groups,
with stronger intensity in Groups I (Fig. 9a) and II (Fig. 9b)
and weaker intensity in Groups III (Fig. 9c) and IV (Fig. 9d)
compared with normal teeth (Fig. 9e). Higher magnification
observations of BrdU immunohistochemical staining revealed
that many immunoreactive cells were present in the newly
formed pulp-like tissues in both Groups I (Fig. 9f) and II
(Fig. 9g). In addition, some BrdU-negative cells were present
that probably originated from the host homing cells involved
in the newly formed pulp-like tissues. Interestingly, the
transplanted cells were involved in the formation of blood
capillaries and the majority of the vascular endothelial cells
were BrdU-positive in Group I but BrdU-negative in Group II.
For Groups III (Fig. 9h) and IV (Fig. 9i) and for normal teeth
(Fig. 9j), no BrdU-positive cells were found bcause of the
absence of transplanted DPSCs in these two groups

Discussion

For pulp regeneration, several issues are considered to be nec-
essary for regenerated pulp identification, including
vascularized pulp-like tissues, deposition of new dentin on
the existing dentin surface and the formation of a layer of
odontoblast-like cells (Huang et al. 2010b). Tissue engineer-
ing techniques have been used for pulp regeneration and
mainly refer to two approaches: those that are cell-based and
those that are cell-free (Huang and Garcia-Godoy 2014).
However, few reports demonstrate that pulp-dentin-like tis-
sues can be regenerated by using a cell-free approach
(Huang and Garcia-Godoy 2014). In contrast, the cell-based
method has been used to regenerate pulp/dentin tissues

Fig. 6 Higher magnification images of pulp-like tissue regeneration in
nude mouse model. a In Group I, dentin-like tissues (red arrow) depos-
ited along human root fragments lack typical dentinal tubule structure but
are connected with dentinal tubules of human tooth tightly. Odontoblast-
like cells (yellow arrows) are fewer and without polarity (D dentin, rDD
regenerated dentin on dentin walls, Od odontobalsts). b In Group II, the
pulp-dentin-like tissue was similar to that of Group I but demonstrated a
more obvious connection between the dentinal tubules and the regener-
ated dentin-like tissues. c In Group III, an extremely thin layer of miner-
alized tissues with many cells was deposited on the dentin walls. d In the
blank control root canals, no pulp-dentin-like tissues were found in the
canals. Bar 50 μm
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(Huang et al. 2010b; Iohara et al. 2011; Ishizaka et al. 2013).
Much exploration has been undertaken with regard to the
maximization of the differentiation potential toward the target
tissue and thus to ways of optimizing regeneration. In the
present study, PRF was found to promote the proliferation of

DPSCs in vitro and similar results were found in previous
studies that used several other types of adult stem cells
(Dohan Ehrenfest et al. 2010; He et al. 2009; Huang et al.
2010a; Tsai et al. 2009), including our own research on
PDLSCs (Zhao et al. 2013); this proliferation-promoting

Fig. 7 Representative panoramic (a, d, g, j, k) and local images of pulp-
like tissue regeneration in the canine model. a–c In Group I, ideal tissue
regeneration was indicated by the formation of homogeneous and com-
pact pulp-like tissues containing abundant and evenly distributed capil-
laries; the canal dentinal walls were thickened by the apposition of newly
generated dentin-like tissue; the apical canal appeared to be obliterated by
calcified tissues (rP regenerated pulp-like tissues, D dentin, rDD regen-
erated dentin on dentin walls, BV blood capillaries, PRF platelet-rich
fibrin). d–f In Group II, the newborn pulp-like tissues were acceptable
but less dense than those in Group I and the dentin-like mineralized
tissues were thicker than those in Group I. g–i In Group III, the structure
of the regenerated pulp-like tissues was much looser and irregular with

many undegraded PRF granules, whereas the root canal walls were thick-
ened by the deposition of dentin-like tissues. j–l In the control group
(Group IV, lacking any transplanted graft), only some deformed connec-
tive tissues in the canals and a large amount of red cells were found (sD
secondary dentin). m–o With regard to the normal pulp from naturally
developing teeth, the pulp consisted of regularly arranged connective
tissues with abundant blood capillaries and a typical odontoblast layer
(P pulp,Od odontoblasts). Boxed areas in a, d, g, j,m are shown at higher
magnification in b, e, h, k, n. Sections were stained with hematoxylin-
eosin (a, b, d, e, g, h, j, k,m, n) and Masson’s tri-chrome staining (c, f, i,
l, o). Bar 100 μm
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effect was observed because of the multiple natural growth
factors released by PRF. Different doses of PRF might induce
the differentiation of DPSCs into osteo-/odontoblasts in dif-
ferent ways. In summary, the high dose of PRF, namely 3/8
PRF, significantly increased the gene expression of Alp and
Dspp during early phases and facilitated the expression of Bsp
at later stages; all of these genes are expressed in both bones
and teeth and in both osteoblasts and odontoblasts (Gu et al.
2000; Gundberg 2000; Qin et al. 2002; Shiba et al. 2003;
Sumita et al. 2006). However, as a specific protein of hard
tissues (Almushayt et al. 2006; He et al. 2003; Narayanan
et al. 2003), Dmp1 was upregulated by 3/8 PRF throughout
the experimental period, suggesting that 3/8 PRF strongly
regulated mineralization. Although the specificity of each
marker remains a matter of discussion, the four markers to-
gether allow the characterization of the cascade of early events
related to mineralization, odontogenesis or osteogenesis.
These data are at least consistent with previous studies

conducted in vitro (Huang et al. 2010a; Lee et al. 2011). We
further provided evidence that, during co-culturing, the func-
tionally active DPSCs and the PRF fibrin form an integral
structure over time and that this structure resembles that of
PDLSC/PRF, as we reported in a previous study (Zhao et al.
2013), suggesting that this strategy for constructing a tissue-
engineered transplant is feasible and favorable. Subsequently,
the effect of this newly formed DPSC/PRF transplant on pulp-
like tissue regeneration has been validated by using in vivo
experiments both in nude mice with root fragments and in
canines with endodontically treated root canals, all of which
might be more persuasive than either tooth slices or root frag-
ments (Goncalves et al. 2007; Huang et al. 2010b).

Histological and immunohistochemistry staining has re-
vealed increased pulp-like tissue regeneration in the DPSC/
PRF group compared with the pure DPSCs or PRF transplant
groups, with more compact and structurally normal pulp-like
tissues, more newly formed vasculature, thicker newly

Fig. 8 Higher magnification images of pulp-like tissue regeneration in
the canine model. a In Group I, the generated dentin-like tissue was
irregular with nontypical dentinal tubules (red arrows) and embedded
cells. The odontoblast-like cells (yellow arrows) were similar to those
of natural tooth but were fewer in number and lacked the representative
cell polarity that odontoblasts possess (D dentin, rDD regenerated dentin
on dentin walls, Od odontobalsts, red arrows regenerated dentinal tu-
bules, yellow arrows odontoblasts). b In Group II, the pulp-dentin-like

tissue was similar to that of Group I, whereas the odontoblast-like cells
had a more disordered arrangement. c In Group III, dentinal tubules of the
regenerated dentin-like tissues were almost in parallel with those of pri-
mary dentin and the odontoblast-like cells hardly showed polarized mor-
phology that odontoblasts possess. d In the blank control root canals, a
thin layer of newborn mineralized tissues occurs in some regions with
variable thicknesses (D dentin, sD secondary dentin). e Typical structure
of normal dentin-pulp complex. Bar 50 μm

Cell Tissue Res (2015) 361:439–455 451



generated dentin-like tissues and a more obvious odontoblast-
like cell arrangement. The histological results for the nude
mice and canines are consistent. The successful application
of this newly formed construct might be attributable to its
components, namely DPSCs and PRF and to the interaction
between them. DPSCs have been shown to have the ability to
form dentin after being placed subcutaneously in mice
(Gronthos et al. 2000) and the use of cell-sheet fragments
enhances the cell density (Fujita et al. 2009) and preserves
the extracellular matrix because of the lack of enzymatic di-
gestion; the use of these fragments is beneficial for cellular
signal transduction and intercellular communication (Kelm
and Fussenegger 2010). The most important reason for the
successful application is the significant amount of growth fac-
tors that are slowly released by the PRF, which promote the
proliferation and osteogenic/odontogenic differentiation of
DPSCs. The in vivo experiment indicates that some BrdU-
positive cells occur in both Groups I (DPSC/PRF) and II
(DPSCs), which implies that the transplanted DPSCs indeed
participate in the regeneration of pulp-like tissues. However,
the amount of BrdU-positive cells in Group I is much higher
than that in Group II, which again shows that PRF promotes
the proliferation and differentiation of transplanted DPSCs,
with both the transplanted cells and their daughter cells being
involved in tissue regeneration, particularly angiogenesis.
Transforming growth factor-β (TGF-β) has been demonstrat-
ed to be one of the promoters of odontoblast development and
other growth factors, including platelet-derived growth factor
(PDGF), endothelial growth factor (EGF) and insulin-like
growth factor-1, have been shown to regulate the proliferation
and differentiation of odontoblast precursors (Onishi et al.

1999; Shiba et al. 1998). A previous study revealed that the
delivery of multiple cytokines, including basic fibroblastic
growth factor, vascular endothelial growth factor (VEGF)
and PDGF, alone or in combination with nerve growth factor
and bone morphogenetic protein 7 promotes this effect (Kim
et al. 2010). In addition, the effect of leukocytes trapped in the
PRF is especially noteworthy. Inflammation in the root canal
and periapical region is known to be able to seriously affect
pulp regeneration (Kawashima 2012; Kim et al. 2010).
Therefore, the concentrated leukocytes in the PRF might play
a significant role in anti-inflammatory and immune-regulatory
activity. Notably, in the group containing PRF only (Group
III), i.e., the cell-free group, we also observed a layer of newly
generated mineralized tissues, although they were oriented
almost vertically to the primary dentinal tubules. This phe-
nomenon might be attributed to the seed cells derived from
the homing cells and adjacent cells. PRF promoted the prolif-
eration and differentiation of these cells for the performance of
tissue regeneration, but the number of cells was too limited to
regenerate favorable pulp-dentin-like tissues. Hence, this type
of mineralized tissue was more likely to be tertiary dentin.
According to a previous study, the requirement for generating
new dentin was the differentiation of stem cells into odonto-
blast-like cells, and then each cell extended a process to the
dentinal tubules and produced extracellular matrix (Huang
et al. 2010b). In the present study, we hypothesize that the
proliferation of exogenous cells transplanted into the canal
space is greatly increased by multiple growth factors released
by PRF. Meanwhile, the stem cells close to the dentin walls
are guided by signals released from the dentin and differenti-
ate into odontoblast-like cells and the growth factors in PRF

Fig. 9 Representative images of the immunohistochemical staining of
DSPP (a–e) and BrdU (f–j) for the various groups. DSPP-
immunoreactive cells were predominantly distributed in the odontoblast
layer (a–c, e). Many BrdU-immunoreactive cells were found in Group I

and played a dominant role in the formation of capillary walls (f). The
number of BrdU-positive cells was much smaller in Group II (g) and no
such cells were found in Groups III (h) and IV (i) or in normal teeth (j)
that lacked transplanted cells. Bar 50 μm
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significantly facilitate this process. Subsequently, the
odontoblast-like cells secrete a matrix and form new dentin-
like tissues. The primary dentin and the newly formed dentin-
like tissues can be easily demarcated by the obvious incremen-
tal line between them. However, the newly generated dentin-
like tissues are quite different from the natural tooth in struc-
ture, with irregular dentinal tubules andmany inlaid cells. This
might be explained as follows. During development, each
dentinal tubule is produced by one odontoblast. However, this
one-to-one relationship no longer exists because of the lack of
developmental signaling from the ameloblasts and their mem-
branes (G.T. Huang and Garcia-Godoy 2014); some odonto-
blasts fill more than 1 dentinal tubule, whereas some dentinal
tubules are never occupied (Huang and Garcia-Godoy 2014).
In addition, once the transplanted cells are activated and se-
crete a mineralized matrix too quickly to mineralize, some of
the cells might become embedded in the matrix. Under these
circumstances, the regeneration of a regular and organized
new dentin is impossible.

Based on the results for the immunohistochemical staining
of BrdU, the participation of homing hematopoietic cells and
adjacent cells has been confirmed in the pulp-like tissue re-
generation and is characterized by a significant number of
BrdU-negative endogenous cells in each group. The adjacent
cells are primarily periodontal/periapical tissues. According to
previous studies, the MSCs in the periapical alveolar bone are
more likely to differentiate into osteoblasts (Matsubara et al.
2005), whereas the stem cells in PDL tissues are more likely to
differentiate into cementogenic or osteogenic cells
(Chadipiralla et al. 2010; Seo et al. 2004). Once these cells
are activated to participate in the regeneration procedure, they
probably form osteoid dentin or cementum-like tissues.
Indeed, such tissues were initially reported by Thibodeau
et al. (2007) and subsequently confirmed by many animal
studies (da Silva et al. 2010; Thibodeau et al. 2007; Wang
et al. 2010; Yamauchi et al. 2011a, 2011b; Zhu et al. 2013).
These studies found that the newly formed tissues in root
canals after revitalization procedures of immature teeth with
necrotic pulps are tissues resembling bone, cementum, or peri-
odontal ligaments. Recently, two human cases yielded similar
results (Becerra et al. 2014; Shimizu et al. 2013).

Angiogenesis is thought to be a key factor in pulp regener-
ation, because only the blood vessels are generated in the canal
space, leading to the long-term stability of the newly formed
tissues (Huang et al. 2010b). In this study, the blood capillaries
appearedmost favorable in Group I, where they were similar to
those of normal pulp. Interestingly, the majority of endothelial
cells in the newly formed blood capillaries in this group were
BrdU-positive, indicating that these cells were transplanted
cells or their daughter cells. However, the proportion of
BrdU-positive cells in Group II was much lower. This phe-
nomenon might be attributable to the amount of VEGF that
was released by the PRF, which might have induced the stem

cells to differentiate into epithelial cells and then promote the
growth of new vessels. A similar effect of growth factors on
angiogenesis in pulp has been investigated previously (Kim
et al. 2010) and was consistent with this study. However, the
experimental period was only 2 months. Therefore, in most
cases, the generated dental-pulp-like tissues appeared to be
incomplete. The experimental period should therefore be
prolonged to obtain more powerful evidence for evaluating
the effect of this type of construct. In addition, the American
Dental Association recommends that evoking pulp bleeding in
immature permanent teeth is an important step for regenerative
endodontics (Mao et al. 2012) and this has been established to
regenerate pulp-like tissues. However, such results have not
been found in the present study. One possible reason for this
discrepancy is that evoking blood flow into canals is an unsta-
ble procedure and can be influenced by many complicated
factors, including the stage of tooth development, teeth cate-
gory, operation and the viability of apical tissues.We should be
aware of the uncertainty of the biological responses taking
place in the root canals. Thus, the evoking procedure is not
always an efficient method for pulp revitalization.

Some challenges remain in the application of DPSCs for
dental pulp regeneration, including ethical and commercial is-
sues and the source of seed cells, because pulp regeneration
should not be accomplished at the expense of another healthy
tooth for the isolation of DPSCs. However, for those patients
with wisdom teeth or whose teeth have to be extracted for
orthodontic purposes, autologous DPSCs could be obtained
from the extracted fresh teeth.Meanwhile, the use of PRF could
reduce the cost of dental pulp regeneration by avoiding the
application of commercial exogenous growth factors. Thus,
the present investigation paves the way for further studies to
regenerate dental pulp in clinical settings by utilizing autolo-
gous or allogeneic cells in combination with autologous PRF.

In conclusion, this study provides new insight into dental
pulp regeneration with DPSC/PRF constructs consisting of
cell-sheet fragments of DPSCs and PRF granules at specific
ratios. The results indicate that PRF not only provides a well-
organized scaffold for cell adhesion and migration but also
supplies necessary growth factors for DPSC proliferation and
differentiation. Intracanal transplantation of the DPSC/PRF
constructs could effectively promote the regeneration of
dentin-pulp-like structures both ectopically and orthotopically.
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