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Abstract

Pulp-dentin regeneration in the apical region of immature permanent teeth represents a significant clinical challenge. Tissue
engineering approaches using bioactive molecules and scaffolds may have the potential to regenerate the natural apical structure
of these teeth, representing a superior alternative to existing treatment regimens. The aims of this study are (i) to evaluate the
VitroGel 3D system, an animal origin-free polysaccharide hydrogel, as a possible injectable scaffold for pulp-dentin regeneration
and (ii) to investigate the effects of stromal cell-derived factor-1x (SDF-1x) and bone morphogenetic protein-2(BMP-2)
cotreatment on odontogenic differentiation of human stem cells from apical papilla (SCAP) cultured in the VitroGel 3D system.
The morphology, viability and proliferation of SCAP cultured in the VitroGel 3D system were measured via scanning electron
microscopy (SEM), live and dead cell staining and CCK-8 assays. Alkaline phosphatase (ALP) activity, real-time reverse
transcriptase polymerase chain reaction (real-time RT-PCR) and Western blot analysis were further used to evaluate the
odontogenic differentiation of SCAP cultured in the VitroGel 3D system in vitro. Finally, the odontogenic differentiation was
assessed in vivo through ectopic subcutaneous injection. The results showed that SCAP cultured in 3D hydrogel demonstrated
favorable viability and proliferation. SDF-1o and BMP-2 cotreatment enhanced odontogenic differentiation-related gene and
protein expression in vitro and promoted odontogenic differentiation of SCAP in vivo. In conclusion, the present study demon-
strated that the VitroGel 3D system promoted SCAP proliferation and differentiation. Moreover, SDF-1c cotreatment had
synergistic effects on BMP-2-induced odontogenic differentiation of human SCAP cultured in the VitroGel 3D system both
in vitro and in vivo.
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has been reported that the tissues generated in the pulp space
after revascularization are mainly three types of tissue:
intracanal cementum along the dentinal walls, bone-like tissue
and periodontal ligament-like tissue (Wang et al. 2010; Chen
et al. 2015; Carmen et al. 2017). This type of growth may not
result in real pulp-dentin regeneration in the pulp space. Thus,
there is significant interest in the exploration of more effective
methods to enhance pulp-dentin regeneration in the pulp space
of immature permanent teeth. Tissue engineering techniques
using bioactive molecules and scaffolds may be able to pro-
duce apex regeneration (e.g., pulp-dentin regeneration in the
apical region) of immature permanent teeth. SCAP, derived
from a developing tissue (apical papilla) in the apical region,
have been used as a superior cell source for pulp-dentin re-
generation (Lovelace et al. 2011; Huang et al. 2009).

As is well-established, the pulp space (root canal system) is
an irregular cavity with a large number of lateral branch root
canals and divergent root tips. Within the root canal system, an
ideal scaffold should provide adequate root canal modeling
and adaptation (Rosa et al. 2013), retain sufficient structural
support in the center of the canal space and provide a micro-
environmental niche favorable for dental-derived stem cell
proliferation and differentiation into odontoblast-like cells
(Liu et al. 2018; Chrepa et al. 2017). At present, injectable
hydrogel has emerged as a beneficial cell carrier for the repair
of irregularly shaped root canal systems and, ultimately, pulp-
dentin regeneration (Cavalcanti et al. 2013; Dissanayaka et al.
2015; Muller et al. 2018). In our study, the VitroGel 3D cell
culture system, an animal origin-free polysaccharide hydrogel
system, was used as a cell carrier for pulp-dentin regeneration.
This system closely mimics the natural extracellular matrix
(ECM) environment and has been shown to successfully sup-
port 3D cultures of various cell types, such as human pancre-
atic islet cells, human iPSCs and breast cancer cells
(Mahauad-Fernandez and Okeoma 2018).

An important morphogenic factor, BMP-2, has not only
been shown to promote and maintain osteogenesis (Langer
and Vacanti 1993) but is also essential for odontoblast differ-
entiation and dental pulp vascular regeneration (Yang et al.
2017). It has been reported that BMP-2 plays a key role in
the differentiation of deciduous tooth stem cells into odontoid
cells (Bessa et al. 2008). Furthermore, BMP-2 treatment alone
or in combination with collagen matrix on the dental pulp
cutting surface can promote the formation of prosthetic dentin
(Razzouk and Sarkis 2012; Seo et al. 2015). SDF-1«x is a
chemokine that belongs to the CXC subfamily, which has
been reported to play a critical role in the recruitment, migra-
tion and differentiation of hematopoietic stem cells, mesen-
chymal stem cells (MSC) and endothelial progenitor cells
(Zaruba and Franz 2010; Park et al. 2018; De-Colle et al.
2017). Recently, it was reported that SDF-1o promotes odon-
toblast differentiation of dental pulp cells and the combination
of SDF-1« and dental pulp stem cells (DPSC) could promote
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pulp regeneration in vivo (Nam et al. 2017; Kim et al. 2014).
However, the synergistic effects of BMP-2 and SDF-1x on the
odontogenic differentiation of human SCAP have not been
reported previously. In this study, we investigate the ability
of the VitroGel 3D system to serve as an injectable scaffold
to promote the proliferation and differentiation of human
SCAP. Furthermore, we characterize the effects of cotreatment
with BMP-2 and SDF-1« on the odontogenic differentiation
of human SCAP cultured in the VitroGel 3D system both
in vitro and in vivo.

Materials and methods
Isolation and identification of human SCAP

Disease-free impacted third molars at the stage of root devel-
opment (from 6 patients aged between 16 and 18 years, male
and female) were extracted from patients at the Stomatological
Hospital of the Fourth Military Medical University following
a protocol approved by the Institutional Review Board of the
Fourth Military Medical University. We confirm that all
methods were performed in accordance with the relevant
guidelines and informed consent was obtained from all pa-
tients. Briefly, the extracted teeth were transported in 15 mL
centrifuge tubes to the laboratory on ice within 2 h of collec-
tion. The apical papilla was isolated from the teeth, minced
and digested with 3 mg/mL collagenase type I at 37 °C for
45 min. After washing three times with phosphate-buffered
saline (PBS, pH 7.4, Sigma-Aldrich, St Louis, MO, USA),
cells were suspended in o-modified of Eagle’s Medium (o
MEM, Gibco, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS, Gibco, Australia), 100 U/mL
Penicillin and 100 pg/mL streptomycin (Sigma-Aldrich),
seeded at a density of 2 x 10° cells/well in 6-well plates and
cultured in an incubator at 37 °C in 5% CO,. The medium was
changed every 2 days and cells were passaged when they
reached 80% confluence. For immunofluorescence assays,
5x 10 cells (p4)/coverslip were fixed in 4% paraformalde-
hyde, permeabilized with 0.5% Triton X-100, blocked with
1% bovine serum albumin (BSA) for 30 min and incubated
with primary antibodies against CD105 (1:200 dilution; Santa
Cruz Biotechnology, Inc., CA, USA), CD146 (1:200 dilution;
Santa Cruz Biotechnology) and STRO-1 (1:200 dilution;
R&D Systems Inc., Minneapolis, MN, USA). Dilutions with-
out primary antibodies served as negative control. These in-
cubations were followed by incubation with secondary FITC-
conjugated goat-anti-mouse IgG (1:1000 dilution; Abcam,
Cambridge, UK) or Cy-3-conjugated goat-anti-mouse IgG
(1:2000 dilution; R&D) antibodies; the cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI). All anti-
bodies were used according to the manufacturer’s instructions.
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Odonto/osteogenic and adipogenic differentiation

Cells were seeded onto 12-well plates at a density of 2 x 10*
cells/mL, grown to 70% confluence and incubated in odonto/
osteogenic differentiation medium containing 10% FBS, 1%
penicillin—streptomycin, 10 nmol/L dexamethasone, 50 mg/L
ascorbic acid and 10 nmol/L 3-glycerophosphate (all
purchased from Sigma-Aldrich) or an adipogenic medium
containing 10% FBS, 1% penicillin—streptomycin, 0.1 uM
dexamethasone, 0.2 mM indomethacin, 0.01 mg/mL insulin
and 0.5 mM IBMX (all purchased from Sigma-Aldrich) for
4 weeks. Cultures were fixed in 4% paraformaldehyde for
30 min, washed and stained with 1% Alizarin Red S (pH =
4.2, Sigma-Aldrich) or 2% Oil red O (Sigma-Aldrich) for
15 min.

Cell viability and proliferation of human SCAP
cultured in VitroGel 3D system

VitroGel 3D solution was purchased from TheWell
Bioscience (NJ, USA). After preheating to 37 °C, the
VitroGel 3D solution was diluted 1:2 with deionized water.
Next, the diluted hydrogel solution was gently mixed with cell
suspensions using either a microfluid shifter or rapid vortex
oscillation. The cell-hydrogel mixture was transferred to 96-
well cell culture plates with 50 pL mixture per well and incu-
bated in an atmosphere of 5% CO, at 37 °C for 20 min. The
final cell concentration of the mixture was 2.5 x 10 cells/well.
For 2D cell culture, SCAP were seeded into 96-well plates
(2.5 x 10° cells/well) without hydrogel and cultured at 37 °C
in an atmosphere of 5% CO,. Then, 100 uL culture medium
was added into every well. The medium was changed every
3 days. At days 0, 1, 4 and 7, 10 uL CCK-8 (Dojindo
Laboratories, Kumamoto, Japan) was added into every well
and incubated for 3 to 4 h. The absorbance was measured at
450 nm using a microplate reader (Power Wave 340, Bio-
TEK, USA).

For live and dead cell staining, the cell-hydrogel mix-
ture was inoculated in an immunofluorescence chamber
(5% 10° cells/well) (Corning Costar, Rochester, NY,
USA) and cultured for 4 days. The medium covering
the hydrogel was removed. Then, the hydrogel was
washed with PBS 3 times. Live and dead cell staining
solution (Live-Dead Cell Staining Kit, Biovision, San
Francisco, CA, USA) was prepared and added directly
to the hydrogel. The solution was incubated at 37 °C
for 15 min in the dark. Images were acquired with an
Olympus FV1000 confocal microscope (Olympus,
Japan) using FV10-ASW3.1 Viewer software via layer-
by-layer scanning of the hydrogel mixture. One hundred
twenty different layer images were superimposed over
one another to create a composite image.

Scanning electron microscopy

Six hundred microliters of mixture was seeded into 24-well
plates (2 x 10° cells/well) and cultured for 24 h at 37 °C in an
atmosphere of 5% CO,. Samples were taken at days 1, 4 and
7. The samples were rinsed in deionized water, fixed with
2.5% glutaraldehyde overnight, freeze-dried at — 80 °C over-
night and then transferred into a freeze-dryer (FD5-2.5 SIM)
for 24 h. The specimens were then sputter-coated with gold
and observed under a scanning electron microscope (Hitachi
S3400 N, Japan) at an accelerating voltage of 10 kV.

Real-time RT-PCR

A 700 puL mixture was inoculated into 12-well plates
(5% 10° cells/well). The experimental groups were divid-
ed into 4 groups: a BMP-2 group, an SDF-1« group, a
BMP-2+SDF-1« group and a control group without stim-
ulation. The concentrations of recombinant human BMP-
2 protein (PeproTech, Inc., USA) and recombinant human
SDF-1«x protein (PeproTech) were both 100 ng/mL. The
BMP-2+SDF-1« group was treated with SDF-1« for 2 h
at 37 °C prior to BMP-2 stimulation. Total RNA from
each mixture was extracted using Trizol (Takara Bio
Inc., Shiga, Japan) at days 3, 7 and 14 following the
manufacturer’s protocol and cDNA was synthesized using
a Prime Script RT reagent kit (Takara, Dalian, China).
The expression levels of target genes were quantified by
real-time RT-PCR using a SYBR Premix Ex Taq II kit
(Takara) and determined using an ABI 7500 Real-Time
PCR System (Biosystems 7500 System, Foster City, CA,
USA). The primer sequences of the target genes are listed
in Table 1. RNA expression was normalized to GAPDH
expression. All reactions were assessed in triplicate.

ALP activity assay

A 500 puL mixture was inoculated into 24-well plates
(2x10° cells/well). The experimental groups were the
same as described previously for real-time RT-PCR as-
says. At days 3, 7, 11 and 14, the ALP activity of each
well was assayed using an ALP kit (Beyotime, Shanghai,
China). The mixture was washed twice with PBS and
lysed with 50 pL RIPA lysate (Beyotime). After cracking
on ice for 5 min, the lysed solution was centrifuged at
12,000g/min at 4 °C for 10 min. The supernatant was
isolated to determine the total ALP protein level and ac-
tivity according to the manufacturer’s protocol. The opti-
cal density (OD) was determined using a microplate read-
er (Power Wave 340, Bio-TEK, USA) at an absorbance
of 405 nm.
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Table 1 Real-time RT-PCR

primers Genes Forward primer Reverse primer
ALP CCAAGGACGCTGGGAAATCT TATGCATGAGCTGGTAGGCG
Runx-2 CCCGTGGCCTTCAAGGT CGTTACCCGCCATGACAGTA
BSP GCGAAGCAGAAGTGGATGAAA TGCCTCTGTGCTGTTGGTACTG
DMP-1 ACTGTGGAGTGACACCAGAA AGCTGCAAAGTTATCATGCA
CACA GATCC
DSPP GCATTTGGGCAGTAGCATGG CTGACACATTTGATCTTGCTAGGAG
OCN GCCAGGCAGGTGCGAAGC GTCAGCCAACTCGTCACAGTCC
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA

Western blot assay

A 700 pL mixture was inoculated into 12-well plates (2 x 10°
cells/well). The experimental groups were the same as de-
scribed previously for the real-time RT-PCR and alkaline phos-
phatase activity assays. SCAP were incubated in medium with-
out BMP-2 or SDF-1« as a control group. At days 3 and 14, the
samples were lysed in RIPA buffer supplemented with protease
inhibitors and subjected to ultrasonication at a low frequency.
Supernatants containing total proteins were harvested after cen-
trifugation and the protein concentrations were measured via
bicinchoninic acid protein assay (Beyotime). Primary antibod-
ies against runt-related transcription factor 2 (Runx-2) (12556,
Cell Signaling Technology, MA, USA), dentin matrix protein 1
(DMP-1) (ab103203, Abcam), dentin sialophosphoprotein
(DSPP) (sc-73632, Santa Cruz Biotechnology), bone
sialoprotein (BSP) (5468, Cell Signaling Technology),
osteocalcin (OCN) (sc-73464, Santa Cruz Biotechnology), or
GAPDH (8884, Cell Signaling Technology) were used accord-
ing to the manufacturer’s recommendations. Proteins were ex-
tracted, resolved by SDS-PAGE and then transferred to
0.22 um polyvinylidene difluoride (PVDF) membranes. After
blocking in QuickBlock™ Blocking Buffer (Beyotime) for 1 h
and probing with the indicated primary antibodies at 4 °C over-
night, the membranes were rinsed and incubated with dilutions
of appropriate secondary antibodies conjugated with horserad-
ish peroxidase (Cell Signaling Technology) for 1 h at room
temperature followed by incubation with an enhanced chemi-
luminescence kit (Bio-Rad, USA) for a few seconds. Signals
were captured using a ChemiDoc MP system (Bio-Rad) and
Image Lab software (Bio-Rad). GAPDH was used as an inter-
nal control.

In vivo odontogenic differentiation of subcutaneous
injections

Six hundred microliters of mixture was inoculated into 12-
well plates (5 x 10° cells/well). The experimental groups were
the same as described previously for real-time RT-PCR exper-
iments. The cell-hydrogel mixture was cultured with BMP-2
(100 ng/mL) or SDF-1x (100 ng/mL) depending on the
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experimental protocol in vitro for 7 days prior to injection.
With the approval of the Experimental Animal Management
Committee, 8 immunodeficient nude mice (6 weeks old, NU/
NU, Vital River Laboratory Animal Technology, Beijing,
China) were used in these experiments. The operative proce-
dures were as follows: 1% pentobarbital sodium was used to
anesthetize nude mice. Then, the mixture was randomly
injected into subcutaneous pockets of nude mice on both sides
of the body lateral to the dorsal midline. Each mouse had two
injection sites. After 8 weeks of implantation, experimental
animals were euthanized with carbon dioxide. Specimens
were harvested and fixed in 4% paraformaldehyde tissue fix-
ation solution overnight. Some specimens were randomly se-
lected from each group for decalcification in 10% EDTA
(pH = 7.4) for 3 weeks. After dehydration and paraffin embed-
ding, 4 um-thick tissue sections were prepared for histological
and immunohistochemical examinations. Hematoxylin and
eosin (H&E) staining and Masson’s trichrome staining were
used for histological examination following the manufac-
turer’s protocol.

Some of the specimens were without demineralization to
evaluate the hard tissue formation capability. Briefly,
undecalcified sections were stained with Von Kossa staining
and Image-Pro Plus 7.0 software (Media Cybernetics, Silver
Spring, USA) was used to quantitatively analyze the areas of
newly mineralized tissue.

For immunohistochemical staining, the sections were
washed in PBS three times (5 min/wash) after antigen
repairing, followed by peroxidase, serum, avidin and biotin
blocking for 15 min each, respectively. Primary antibodies
mouse monoclonal antibody against human DSPP [LFMb-
21] (1:50 dilution, sc-73632, Santa Cruz Biotechnology),
mouse monoclonal antibody against human osteocalcin
[OC4-30] (OCN) (1:100 dilution, ab13418, Abcam), rabbit
polyclonal antibody against mouse CD31 (1:100 dilution,
ab28364, Abcam), or mouse monoclonal against human nu-
clear antigen antibody [235-1] (1:100 dilution, ab191181,
Abcam) were incubated with the sections at 4 °C overnight.
A goat anti-mouse or goat anti-rabbit HRP-AEC cell and tis-
sue staining kit (R&D), including a biotinylated secondary
antibody, was subsequently applied to the sections according
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to the manufacturer’s protocol. Dilutions without primary an-
tibodies served as negative controls. The sections were then
counterstained with hematoxylin and mounted. Five randomly
selected fields from each tissue section (n =3/group) were
imaged with a light microscope (Olympus). The number of
CD31-positive blood vessels was determined using Image-
Pro Plus 7.0 software (Media Cybernetics).

Statistical analyses

Data reported in this study are expressed as the mean =+
standard deviation (SD) of at least three independent ex-
periments. Statistical analysis was performed using SPSS
Statistics 20.0 software. The statistical significance of the
differences between two groups was analyzed by one-
way ANOVA or Student’s ¢ test at a significance level
of P <0.05.

Results
Isolation and characterization of human SCAP

In this study, human SCAP were successfully isolated from
the apical papilla. From morphological observation, the pri-
mary cells showed clone-like growth after they were incubat-
ed for 3 to 4 days. The cultures were notably heterogeneous
and contained cells that ranged from narrow and spindle-
shaped to large and polygonal (Fig. 1a). Putative stem cells
obtained from cell clones that had been grown for 2 weeks
were characterized by multiple lineage differentiation testing
and immunofluorescence staining. After 4 weeks of odonto/
osteogenic or adipogenic induction, small round Alizarin red-
positive mineral nodules (Fig. 1b) or red-positive staining lip-
id droplets (Fig. 1¢) formed in the SCAP cultures, indicating
their ability to undergo multiple lineage differentiation.
Immunofluorescence staining of SCAP revealed that ex
vivo—expanded cells positively expressed the mesenchymal
surface markers STRO-1 (Fig. 1d-d”), CD105 (Fig. le—¢”)
and CD146 (Fig. 1£-1).

In vitro cell viability and proliferation of human SCAP
cultured in the VitroGel 3D system

Scanning electron microscopy (SEM) was used to observe
SCAP proliferation over 7 days in the VitroGel 3D system
(Fig. 2a—b”’). The control group (hydrogel alone without
cells) showed a highly interconnective porosity with circular
macropores and a sufficient number of interconnected pores
(Fig. 2a, b). At day 1, cells in the hydrogel were evenly dis-
persed as small balls in interconnected pores with a small
amount of extracellular matrix (Fig. 2a’, b’). At 4 days, the
number of round cells increased along with the amount of

extracellular matrix increased (Fig. 2a”, b”). At 7 days, a large
amount of extracellular matrix was secreted by cells entrapped
in interconnected pores (Fig. 2a’, b””). A marked amount of
cellular pseudopodium was observed. Cell proliferation as-
says (Fig. 2d) revealed that cells proliferated faster at days 1,
4 and 7 than that at day 0 in both 3D hydrogel culture and 2D
culture (P < 0.05). However, no significant differences in cell
proliferation were observed between the 3D culture and 2D
culture (data not shown). In the live and dead cell staining
assays (Fig. 2¢), living cells were stained green and dead cells
were stained red. A majority of cells in the hydrogel at 4 days
were alive, indicating its favorable biocompatibility.

In vitro odontogenic differentiation of human SCAP
cultured in the VitroGel 3D system with BMP-2
and SDF-1a treatment

To determine the effects of BMP-2 or SDF-1x on the
odontogenic differentiation of SCAP, the expression levels
of genes related to the odontogenic differentiation such as
ALP, Runx-2, BSP, DMP-1, DSPP and OCN were assayed
by real-time RT-PCR (Fig. 3a—f). The expression levels of
ALP, Runx-2, BSP, DMP-1 and OCN genes in the treated
groups were almost all significantly upregulated compared
to their control groups at days 3, 7 and 14 (P < 0.05), whereas
the difference in expression levels of the DSPP gene between
these groups was only significant at days 7 and 14 (P < 0.05).
Increased expression of ALP and Runx-2 appeared at day 7,
whereas elevated expression of BSP, DMP-1, DSPP and OCN
appeared at day 14. The expression levels of ALP, Runx-2,
DMP-1, DSPP and OCN at day 7 in the BMP-2+SDF-1«x
group were significantly higher than those in the BMP-2 or
SDF-1a groups (P <0.05). The expression levels of ALP,
DMP-1 and OCN at day 14 in the BMP-2+SDF-1x group
were significantly higher than those in the BMP-2 or SDF-
lo groups (P <0.05), whereas the DSPP expression levels
were only significantly upregulated at day 14 in the BMP-2+
SDF-1« group relative to the SDF-1c group (P < 0.05).
Interestingly, BSP expression levels were significantly down-
regulated at day 14 in the BMP-2+SDF-1«x group relative to
both the BMP-2 and SDF-1« group (P < 0.05).

The ALP activity of SCAP in response to BMP-2 or SDF-
lx at days 3, 7, 11 and 14 after 14 days of mineralization
induction is shown in Fig. 3(g). The ALP activity of all groups
increased until day 14, with the exception of day 3. Compared
with the control group, treatment with BMP-2 or SDF-1«x
markedly increased ALP activity at days 11 and 14
(P<0.05); compared with the other groups, the BMP-2+
SDF-1a group showed markedly increased ALP activity at
day 14 (P <0.05).

When SCAP in hydrogel were treated for 3 days (Fig. 4a,
a’), the protein expression level of Runx-2 in SCAP was sig-
nificantly upregulated in the treated groups relative to their
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Fig. 1 Multiple lineage
differentiation and surface
molecule characterization of
SCAP. (a) The morphological
observation of primary culture
SCAP at day 3. (b) Alizarin red S
staining for mineralized nodules
after odonto/osteogenic induction
for 4 weeks. (c) Oil red O staining
for lipid droplets after adipogenic
induction for 4 weeks. (d—{)
Immunofluorescence staining of
ex vivo—expanded SCAP re-
vealed positive expression of
STRO-1 (d-d”), CD105 (e—¢”)
and CD146 (f-f). Bars in (a, ¢),
100 pm; bar in (b), 500 pm; bar in
(d-f), 50 um

DAPI

control group (P < 0.05). Additionally, the protein expression
level of Runx-2 in the BMP-2+SDF-1« group was signifi-
cantly higher than that in the BMP-2 or SDF-1x group
(P <0.05). However, the protein expression level of DMP-1
in the SDF-1a group was significantly elevated compared to
either the BMP-2 group or the BMP-2+SDF-1« group at day
3 (P<0.05). After 14 days of treatment (Fig. 4b, b’), the
protein expression levels of DMP-1 and DSPP in the BMP-2
group and the BMP-2+SDF-1« group were remarkably up-
regulated compared to their control group (P <0.05).
Moreover, the protein expression levels of DMP-1 and
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DSPP in the BMP-2+SDF-1 group were significantly higher
than those in the SDF-1« group (P <0.05). The protein ex-
pression levels of BSP in the BMP-2+SDF-1« group and the
SDF-1« group were significantly elevated relative to those in
the BMP-2 group at day 3 (P <0.05) (Fig. 4c, ¢’); however,
the levels in the BMP-2+SDF-1« group decreased significant-
ly at day 14 (Fig. 4d, d’). This finding is consistent with the
results of the RT-PCR experiments. The protein expression
level of OCN was significantly increased in the treated groups
relative to the control group at day 3 (Fig. 4¢, ¢’); BMP-2 and
SDF-1« treatment significantly enhanced the protein
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Fig. 2 Proliferation profile of SCAP cultured in the VitroGel 3D system.
(a—b”’) SEM imaging of SCAP at days 1, 4 and 7 (hydrogel without cells
served as the control). The yellow arrow indicates round cells. White
arrows indicate cell pseudopodia. Bars in (a—a”’), 500 um; bar in (b,
b’), 100 um; bar in (b”, b™’), 50 um; (c) live and dead cell staining of

expression level of OCN compared to treatment with either
BMP-2 or SDF-1« alone at day 14 (P <0.05) (Fig. 4d, d’).

In vivo odontogenic differentiation of human SCAP
cultured in the VitroGel 3D system with BMP-2
and SDF-1a pretreatment

Histological examination showed that 8 weeks after injection
in nude mice, all specimens were visible to the naked eye and
wrapped in a thin membrane. Specimens from the BMP-2
group and the BMP-2+SDF-1«x group were encapsulated by
thin pink-colored (vascularized) fibrous connective tissues,

1-e~ 2D culture
-& 3D hydrogel culture

*

2 4 6 8
days

SCAP at day 4. Living cells are stained in green, dead cells are stained in
red. Scale bar=100 pum; (d) quantification of proliferation via CCK-8
assays at days 0, 1, 4 and 7. 3D hydrogel groups compared to their
control: *P < 0.05. 2D culture groups compared to their control: *P < 0.05

whereas specimens in the SDF-1« group and control group
were encapsulated by thin white-colored fibrous connective
tissues. The color of the capsule in the BMP-2+SDF-1 group
was richer, with a much more substantial number of vessels on
the surface, than that in the BMP-2 group (macroscopic ob-
servation, Fig. S1). As shown via H&E staining (Fig. 5a—a”’),
osteoid dentin deposits and abundant collagen matrix were
found in the BMP-2 group and the BMP-2+SDF-1a group,
whereas the mineralization in the SDF-1o group and control
group was minimal. The number of osteoid dentin and blood
vessels in the BMP-2+SDF-1a group was highest among all
of the groups. Masson’s trichrome staining (Fig. 5b—b”’)
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Fig. 3 In vitro odontogenic differentiation of SCAP cultured in VitroGel
3D system with BMP-2 and SDF-1« treatment. Cells were stimulated
with 100 ng/mL BMP-2 or pretreated with 100 ng/mL SDF-1« for 2 h at
37 °C before BMP-2 stimulation. Relative gene expression levels of (a—f)

showed the newly formed collagen and osteoid dentin, with
the collagen stained light blue and the osteoid dentin in dark
blue. The level of collagen in the BMP-2+SDF-1 group was
higher than in the other groups. Several areas of the BMP-2
group and BMP-2+SDF-1 group were positive for DSPP
and OCN protein staining (deep brown areas). In comparison,
DSPP protein expression was reduced to barely present in the
SDF-1« and control group (Fig. 5¢c—d”’).

To investigate whether BMP-2 and SDF-1« promoted vas-
cularization in vivo, tissue slices from each group were stained
with an anti-CD31—a marker for vascular endothelial cells—
antibody for immunohistochemical staining (Fig. 6a—a”’).
Specimens from all groups except the control group showed
positive staining for CD31. A markedly enhanced angiogenic
response was evident in the BMP-2+SDF-1« group, resulting
in a significantly greater average number of CD31-positive
vessels compared to the other groups. Notably, the BMP-2+
SDF-1a group had twice the average number of CD31-
positive vessels compared with the SDF-1a group (Fig. 6b).
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ALP, Runx-2, BSP, DMP-1, DSPP and OCN at days 3, 7 and 14. (g) ALP
activity quantification at days 3, 7, 11 and 14. The treated groups versus
their control group: *P < 0.05. Comparison among intragroup: *P < 0.05

BMP-2 and SDF-1a treatment promote hard tissue
regeneration in vivo

Histological examination of the hard tissue constructs
8 weeks after in vivo implantation was performed via
Von Kossa staining. High levels of black mineralized tis-
sues were observed in the BMP-2+SDF-1« group and
BMP-2 group, which were reduced in the SDF-1x group
(Fig. 7a—a”’).When analyzed via Image-Pro Plus 7.0 soft-
ware, the total area of newly mineralized tissues was sig-
nificantly larger in the BMP-2+SDF-1o group (0.286 +
0.053 mm?) compared with the BMP-2 group (0.158 +
0.028 mm?) and the SDF-1a group (0.071+0.01 mm?)
(**P<0.01) and the mineralized tissue area identified in
the BMP-2 group was significantly more than that in the
SDF-1x group (¥**P<0.01). As expected, no mineralized
tissue was observed in the control group (Fig. 7b). As
shown in Fig. 7(c,c’), a majority of the nuclei of human
cells were stained positively by the antibody for human
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nuclear antigen, confirming the human cell origin of the
cells in the regenerated hard tissues.

Discussion

Choosing an appropriate scaffold is a critical step for robust
tissue engineering strategies, particularly when the scaffold is
placed into a small, closed environment, such as the root canal
system. To more accurately adhere to physiological pulp cav-
ity morphology, injectable cell carriers have been increasingly
used as a new application in dentin tissue engineering scaf-
folds, including hydrogels, chitosan microspheres and
nanofibrous microspheres (Garzon et al. 2018; Huang et al.
2018). However, to date, none of them has been shown to be
ideal for the demands of clinical practice. For example, tradi-
tional injectable solid microspheres may produce a large num-
ber of degradation byproducts and lack biomimetic surface
structures to favorably interact with cells (Garzon et al.
2018). Although nanofibrous microspheres could provide ad-
vantageous adhesion sites, their biodegradability may not be
comparable to injectable hydrogels (Wang et al. 2016). The
hydrogel cross-linking network contains a significant amount
of water, which can provide sufficient nutrition for cell
growth. Moreover, hydrogels not only have superior biocom-
patibility but can also be injected into the root canal system
directly, which reduces operation times and makes for more
effective clinical applications. This approach is highly desir-
able from an endodontic standpoint as injectable scaffolds
may conform more easily to the variable shape of a pulp space
than a solid or even a moldable scaffold.

In this study, the VitroGel 3D hydrogel system, an animal
origin-free polysaccharide hydrogel system, was used as a
scaffold for pulp-dentin regeneration. Compared with tradi-
tional 2D monolayer cell culture, 3D cell culture technology
can more accurately simulate the natural cellular environment
in the host organism; these natural conditions can maintain
intercellular interactions, as well as more realistic biochemical
and physiological reactions. Furthermore, this system is stable
at room temperature at a neutral pH and is ready-to-use after
simple mixing with cell culture medium, which immediately
gelatinizes and stabilizes within 15 min. The speed of the
hydrogel formation and its final strength could be altered by
different mixing ratios of diluted hydrogel solution and cell
culture medium for different clinical applications. SEM imag-
ing showed that the structure and high porosity inside the
VitroGel 3D hydrogel system allows for oxygen, nutrition
and other molecules to easily enter and leave the hydrogel
system. The morphology and behavior of SCAP growth in
the 3D hydrogel system is highly similar to the natural growth
state (Edmondson et al. 2014). Cells can produce endogenous
extracellular matrix proteins and aggregate to form a spherical
3D clone. Moreover, live and dead cell staining experiments

demonstrated that SCAP cultured in hydrogel showed favor-
able viability, with dominant living signals (green) and rarely
observed dead signals (red), indicating its high biocompatibil-
ity. Moreover, CCK-8 assays showed that SCAP were able to
survive and proliferate in the VitroGel 3D hydrogel system
under the examined conditions. This sustained cell viability
in the hydrogel indicates that an injectable scaffold could con-
ceptually be used in regenerative endodontics (Mahauad-
Fernandez and Okeoma 2018; Ferreira et al. 2018).

In addition to suitable scaffold materials, the choice of an
appropriate growth factor is also crucial for pulp-dentin
regeneration. SDF-1« has been shown to be necessary for
tissue repair and regeneration in multiple pathological con-
ditions, such as myocardial infarction (Yu et al. 2010) and
acute kidney injury (Togel et al. 2005). With regard to pulp
injury and regeneration, SDF-1« reportedly promotes the
transmigration and differentiation of dental pulp stem cells
(Jiang et al. 2008a, b). As a large number of clinical trials
have demonstrated that certain doses of BMP-2 can safely
and effectively induce the formation of bone and cartilage
in open bone fractures, the application of BMP-2 in dental
clinical treatment may be feasible as well (Razzouk and
Sarkis 2012). We therefore speculated that compared to
treatment with BMP-2 or SDF-1« alone, cotreatment
would have more beneficial biological effects on
odontogenic regeneration. Our previous study and various
other reports had demonstrated that 100 ng/mL BMP-2 re-
markably promoted the differentiation of SCAP in mono-
layer culture but did not significantly affect cell prolifera-
tion (Wang et al. 2016). A 100 ng/mL SDF-1« was further
shown to promote cell migration without affecting cell pro-
liferation in our pilot study (data not shown). Therefore, we
used these concentrations in our further experiments. To
investigate the synergistic effects of SDF-1x and BMP-2
on SCAP, the expression levels of various genes related to
odontogenic differentiation, ALP activity and protein ex-
pression levels were determined. We demonstrated that
in vitro SDF-1« treatment enhanced BMP-2-induced ALP
activity of SCAP compared with the BMP-2 or SDF-1ax
groups. ALP is a known marker of early osteoblast and
odontoblast differentiation (Harris 1990). Furthermore,
Runx-2 has been shown to be an essential factor for early
osteogenic/odontogenic differentiation, whereas OCN is a
crucial marker of late-stage differentiation (Bruderer et al.
2014). The expression of DSPP can be observed during
odontoblastic differentiation (Gu et al. 2013). In addition,
DMP-1 is highly expressed in odontoblast, bone and ce-
mentum; it may play an important role in the process of
dentin mineralization and is considered a specific marker
of odontoblast (Gibson et al. 2013). Real-time RT-PCR ex-
periments demonstrated that BMP-2 cotreatment with SDF-
1 & enhanced the expression of Runx-2, which promoted the
early odontogenic differentiation of SCAP and upregulated
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<« Fig. 4 Western blot analysis of the effects of BMP-2 or SDF-1« treat-
ment on the protein expression of Runx-2, DMP-1 and DSPP in SCAP.
(a, a’) SCAP treated for 3 days. (b, b’) SCAP treated for 14 days. (c, ¢’
and d, d’) Western blot analysis of the protein expression of BSP and
OCN in SCAP for 3 or 14 days, respectively. Data are shown as means +
SD. Treated groups versus their control group: *P <0.05. Comparison
between groups: “P < 0.05

the expression of later odontogenic differentiation genes,
such as DMP-1, DSPP and OCN. However, in Western blot
analysis, SDF-1« did not significantly enhance the protein
expression levels of DMP-1 and DSPP in the BMP-2+
SDF-1x group at day 14; the trend of protein expression
is consistent with the trend of gene expression. We thought
that proteins expression may take longer than genes

Fig. 5 Histological and immunohistochemical analyses of tissues
regenerated in vivo after subcutaneous injection for 8 weeks. (a—a”’)
H&E staining; (b—b”’) Masson’s trichrome staining; (c—c””)
immunohistochemical staining of DSPP; (d—d”’) immunohistochemical
staining of OCN. Compared with the control group, the BMP-2 group and
the BMP-2 and SDF-1« group formed a marked amount of red collagen
matrix (indicated by the green arrow), osteoid dentin (indicated by the

expression. And this may be due to an insufficient stimulus
for protein synthesis. It may be that if we extend the treat-
ment time or increase the treatment concentrations, there
may be significant changes (Lee et al. 2015;
Zwingenberger et al. 2016). Our results indicated that
SDF-1x and BMP-2 have synergistic effects on the odon-
toblast differentiation of SCAP, which is consistent with
previous studies in other cell types (Kim et al. 2014).
Zhu et al. demonstrated that SDF-1« is required for oste-
ogenic differentiation induced by BMP-2 in C2C12 and
ST2 cells in vitro (Zhu et al. 2007). Hosogane et al. also
reported a similar regulatory role of SDF-1o in BMP-2-
induced osteogenic differentiation of human and mouse
MSCs (Hosogane et al. 2010).

MP

o N

AP

black arrow) and vascularization (indicated by the dark blue arrow) in the
tissue margin in the H&E staining. The osteoid dentin was stained dark
blue and the marked mineralization deposition was observed via
Masson’s trichrome staining. Positive DSPP protein staining was indicat-
ed by the red arrow. Yellow arrows indicate positive OCN protein stain-
ing. Scale bar =100 pm
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Fig. 6 Immunohistochemical staining for CD31 showed increased vessel
formation in the BMP-2+SDF-1« group compared with the other groups.

25

(a—a”’) Representative images of CD31-positive vessels (arrows) in the
grafts from each group. Scale bar = 50 um; (b) quantitative analysis of the

An appropriate scaffold should be biodegradable and able
to facilitate cellular infiltration, vascularization, cell differen-
tiation and eventual replacement by the appropriate tissues.
The results of our in vivo experiments revealed that the
SDF-1a group did not show significant mineralization,
whereas substantial mineralization was observed in the
BMP-2+SDF-1o group at week 8. This indicated that SDF-
1o might function in differentiation and regeneration in the
presence of BMP-2. Furthermore, the presence of red,
vascularized, thin fibrous connective tissues in the BMP-2+
SDF-1a group indicated abundant angiogenesis, one of the

~ »
BMP-2+SDF-1

Fig. 7 Histological analysis of hard tissue regeneration in vivo. (a—
a”’)Von Kossa staining and (b) measurement of the area of newly formed
mineralized tissue. (¢, ¢”) Immunostaining for human nuclear antigen and
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keys to successful tissue engineering. Lataillade et al. showed
that SDF-1« treatment could induce proliferation and mediate
the mobilization and homing of hematopoietic stem/
progenitor cells (Gazitt 2004). Moreover, BMP-2 can stimu-
late angiogenesis by activating angiogenic signaling path-
ways. Thus, the additive effects of the cotreatment of SDF-
1o and BMP-2 might be explained by potentiated cell mobi-
lization and angiogenesis. In addition, DSPP- and OCN-
positive staining were primarily found in the BMP-2 group
and BMP-2+SDF-1« group. The combined effects of SDF-
lx and BMP-2 improved odontogenic differentiation of
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SCAP in vivo, which is consistent with previous reports (Shen
et al. 2016; Zwingenberger et al. 2014). Notably, although
osteoid-like tissue formations were observed, the formed tis-
sues did not show the typical tubular dentin structure and was
quite distinct from actual dentin tissue. This might be attrib-
utable to the absence of a suitable microenvironment for
odontogenic differentiation. The microenvironment is dynam-
ic and is composed of cells, growth factors and ECM, which
directly affects the formation of tissues in vivo. For an
odontogenic differentiation environment, the epithelial mes-
enchymal signals are critically involved in odontogenesis and
tubular dentin formation. Microenvironment such as root seg-
ment, dentin matrix and various signaling molecules plays an
important role in tooth development and formation. Our study
only involved subcutaneous implantation in nude mice, which
is different from microenvironment in root canal in vivo re-
ferring to multiple signal molecules and stem cells. This will
be our next study. Further experiments characterizing the
VitroGel hydrogel system with growth factors for pulp-
dentin engineering are necessary to understand how the hy-
drogel behaves in regeneration experiments in situ and in rel-
evant clinical conditions. More specifically, it may be impor-
tant to explore the mechanisms of SDF-1« effects on BMP-2-
induced odontogenic differentiation in human SCAP.

In summary, this study provides important evidence that
the VitroGel 3D culture system shows good biocompatibility
and its injectable characteristics may be applicable in multiple
fields. This specific system has many advantages for bridging
in vitro and in vivo studies through 3D cell culture and be-
yond. Our present in vitro and in vivo studies showed that
cotreatment of SCAP cultured in the VitroGel 3D system with
BMP-2 and SDF-1« had additive effects on odontogenic dif-
ferentiation. These results indicate that the VitroGel system
may serve as a promising scaffold for chair-side regenerative
endodontic procedures and may, in concert with other factors,
lead to pulp-dentin regeneration.
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