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Phytic acid derived bioactive calcium phosphosilicate (PSC) glasses with a high phosphate content were

synthesised by using non-toxic phytic acid as a phosphorus precursor. This study aimed to verify the

effects of PSC on the odontogenic differentiation and dentin–pulp complex-like tissue regeneration of

dental pulp cells (DPCs). Nitrogen adsorption, field-emission scanning electron microscopy, Fourier

transform infrared spectroscopy, pH measurement, and inductively coupled plasma optical emission

spectroscopy analyses were performed to characterise PSC. Classical 45S5 bioactive glasses (45S5) were

used as positive control. Cell proliferation (1, 3, 5, 7 and 9 days), odontogenic-related gene expression

levels (3 and 7 days) and mineralisation ability (21 days) of human DPCs (hDPCs) were evaluated with

methylthiazol tetrazolium assay, real-time polymerase chain reaction and alizarin red staining after hDPCs

from third molars were treated with PSC or 45S5 extractions. Rat molar crowns with pulp tissues covered

by PSC or 45S5 were transplanted subcutaneously into nude mice for 2 and 6 weeks to demonstrate their

biological effects in vivo. Results revealed that the specific surface area of PSC was larger than that of

45S5. The PSC also induced hydroxycarbonate apatite precipitation earlier than 45S5. pH was slightly

increased when the amount and dissolution time of PSCs were increased. By comparison, pH was

remarkably increased by 45S5. The amounts of Si and P ions released by PSC (0.1 mg mL�1) were larger

than those released by 45S5. Cell proliferation, mRNA expression levels of dentin sialophosphoprotein,

dentin matrix protein 1 and osteocalcin and mineralisation of hDPCs were also more strongly promoted by

PSC than by 45S5. In vivo, the amount of induced typical dentin-like tissues with odontoblast-like cells

generated on the interface between materials and pulp tissues was higher in PSC than in 45S5. Only

collagen-like tissues were observed in groups without bioactive glasses. These findings suggested that PSC

enhanced the odontogenic differentiation of DPCs and dentin–pulp complex-like tissue regeneration. The

PSC might be a potential candidate for vital pulp preservation and regeneration of the dentin–pulp complex.
Introduction

Since bioactive glasses (BGs) were rst introduced by Hench in
the early 1970s, BGs with different synthetic methods, chemical
components, particle sizes and morphological characteristics
y, Peking University School and Hospital

outh, Haidian District, Beijing 100081, P.

.cn; Fax: +86-10-62173402; Tel: +86-10-

and Material Technology of Stomatology,

logy, 22 Zhongguancun Avenue South,

a

ciences, State Key Laboratory of Polymer

y, Chinese Academy of Sciences, 2 Beijing

t, Beijing 100190, P. R. China

hool and Hospital of Stomatology, 22

rict, Beijing 100081, P. R. China. E-mail:

93402; Tel: +86-10-82195518

tion (ESI) available. See DOI:

hemistry 2017
have been synthesized and used as promising materials in bone
and dental hard tissue regeneration.1 Although BGs for dentin
regeneration have been rarely examined, other BGs, including
calcium phosphosilicate BGs, have been reported. For example,
the ionic dissolutions of 45S5 and 58S,2 BG particles alone or BG
particles with scaffolds, such as collagen, gelation and poly
caprolactone,3–6 promote the odontogenic differentiation and
mineralisation of human dental pulp cells (hDPCs) in vitro. 58S
particles induce dentin–pulp complex formation aer hetero-
topic transplantation in vivo.7 45S5 as a pulp capping agent in
mini swine molars induces the formation of a reparative dentin
bridge.8,9 However, acute inammation or pulp tissue necrosis
caused by 45S5 for tissue regeneration has yet to be evalu-
ated.8,10 BGs also require 1 to 2 years before they disappear from
the body; consequently, the long-term effect of silica and the
slow degradation of BGs have caused another problem.11

Therefore, new compositions of BGs should be developed to
improve their processability, bioactivity and biodegradability
for dentin–pulp complex regeneration.
RSC Adv., 2017, 7, 22063–22070 | 22063
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Phytic acid derived bioactive calcium phosphosilicate
glasses (PSC) are synthesized with phytic acid (inositol hexaki-
sphosphate, IP6) as a phosphorus precursor to increase its
phosphate content to 22.7 wt%.12 Phosphate in BGs separates
into a phosphate rich bilayer and promotes hydroxycarbonate
apatite (HCA) formation because of the bioactive properties of
BGs.1 Phosphate materials exhibit good biocompatibility and
bioresorbability, and changes in the phosphate content in BGs
affect the bioactivity and degradation rates varying from hours
to several weeks.11 PSC is also bioactive at high phosphate
contents with a reduced onset temperature of calcinations, and
its structural characteristics resemble those of calcium phos-
phates in physiological media.13 Therefore, the bioactive prop-
erties of PSC are different from those of other BGs with different
phosphorus precursors.14

This study aimed to verify the effects of PSC on the odonto-
genic differentiation of DPCs in vitro and dentin formation in
vivo for dentin–pulp complex regeneration.
Materials and methods
PSC preparation

Traditional melt 45S5 (45 wt% SiO2, 24.5 wt% CaO, 6 wt% P2O5

and 24.5 wt% Na2O) and the sol–gel PSC (48.2 wt% SiO2, 29.1
wt% CaO and 22.7 wt% P2O5) were used. PSC was prepared in
accordance with previously described methods.12 Phytic acid is
a naturally derived compound, and its chemical structure is
illustrated in Fig. 1. In brief, phytic acid was rstly mixed with
ethanol and water. Tetraethylorthosilicate (Sinopharm Chem-
ical Reagent Co., Ltd.) and Ca(NO3)2$4H2O (Sinopharm Chem-
ical Reagent Co., Ltd.) were added to form sols. The sols were
sealed and allowed to gel. The resultant gels were aged at
ambient temperature for 2 days and dried at 60 �C for 1 week
and at 120 �C for another 2 weeks. The dried gels were heated to
400 �C and exposed to this temperature for 1 h to produce sol–
gel PSC.
Characterisation of PSC particles

The particle size distributions of PSC were evaluated by using an
LA-950 laser particle size analyzer (Horiba, Japan). The specic
Fig. 1 The molecular structure of phytic acid.

22064 | RSC Adv., 2017, 7, 22063–22070
surface area of the PSC particles was measured through N2

adsorption at 77.35 K (Nova 4200e, Quantachrome, USA). The
specic surface area of the particles was calculated on the basis
of a Brunauer–Emmett–Teller plot of an adsorption–desorption
isotherm by using adsorption points in the P/P0 range from
0.05–0.35 (NOVA Win soware, Quantachrome, USA).

Apatite-forming ability of PSC in a simulated body uid (SBF)

PSC and 45S5 (0.1 mg mL�1) were separately immersed in SBF
(Na+ 142, K+ 5.0, Mg2+ 1.5, Ca2+ 2.5, Cl� 147.8, HCO3� 1.0 and
SO4

2� 0.5 mmol L�1)15 for 12, 24 and 72 h. The solids were
collected and characterised through eld-emission scanning
electron microscopy (FE-SEM, S4800, JEOL, Japan) and Fourier
transform infrared spectroscopy (FTIR, Nexus, USA).

pH and ion concentration of PSC extractions

PSC and 45S5 extractions were prepared in accordance with
a previously described method.2 In brief, PSC and 45S5 were
separately incubated in Dulbecco's Modied Eagle Medium
(DMEM, Gibco, Gaithersburg, MD) at concentrations of 0.01,
0.1, 1, 2, 4 and 8mgmL�1 for 24 h and at 0.1, 1 mgmL�1 for 1, 3,
6, 12 and 24 h at 37 �C. The incubated samples were centrifuged
at 14 000g min�1 for 10 min, and the supernatants were
collected and ltered through a 0.22 mm lter (Millipore, Bill-
erica, MA). The pH of the extractions was determined by using
a pH meter (pHS-3C pH Automation, China).

The Si, Ca and P concentrations in the PSC and 45S5
extractions (0.1 mg mL�1, 24 h) were detected through induc-
tively coupled plasma optical emission spectroscopy analysis
(ICAP 6300, Thermo Electron Corporation, Waltham, MA).
DMEM was set as the control group.

PSC extraction (0.1 mg mL�1), 45S5 extractions (0.1 mg
mL�1) and DMEM supplemented with 10 v/v% foetal bovine
serum (FBS, Hyclone, Logan, UT), 2 mmol L�1

L-glutamine and
100 U mL�1 penicillin–streptomycin (Gibco, Gaithersburg, MD)
were used for cell culture in the following experiments.

Cell proliferation assay

hDPCs were isolated from impacted third molars of patients
aged 19–25 years with patients' consent and ethical approval
(PKUSSIRB-2013014) and in accordance with previously
described methods.7,16 In brief, hDPCs were seeded into a 96-
well plate (5 � 103 cells per well) and cultured overnight. The
culture medium was replaced with PSC extraction, 45S5
extraction or DMEM. Methylthiazol tetrazolium (MTT) assay
(Sigma, USA) was used to determine the viability of hDPCs at 1,
3, 5, 7 and 9 d. The optical density (OD) at 490 nm of the
samples was determined using an ELx808 absorbance micro-
plate reader (BioTeK Instruments, Winooski, VT).

Odontogenic-related gene expression of hDPCs by real-time
PCR

hDPCs were seeded into a 6-well plate (5 � 103 per cm2) and
the culture medium was replaced with PSC extraction,
45S5 extraction or DMEM when the cells reached 80–90%
This journal is © The Royal Society of Chemistry 2017
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Table 2 Samples with the PSC transplanted in vivoa

Grading of the histologic
sectionsb
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conuence. Aer 3 and 7 d, the total RNA of hDPCs was
extracted, reverse-transcribed and subjected to real-time PCR.7

The primers set for real-time PCR are shown in Table 1.
Observation
period Numbers of samples 1 2 3 4 Mean score

2 weeks
CTR 5 0 0 5 0 3
45S5 7 3 0 0 4 2.71
PSC 7 5 0 0 2 1.86

6 weeks
CTR 5 0 0 5 0 3
45S5 7 5 0 0 2 1.86
PSC 7 6 0 0 1 1.43

a Means for each group in each sub item of the criteria: 1 ¼ highest
result and 4 ¼ lowest result. b Score of 1: samples with hard tissue
deposition and without pulp tissue necrosis; 2: samples with hard
tissue deposition and pulp tissue necrosis; 3: samples without hard
Mineralisation ability assay by alizarin red staining

The PSC and 45S5 particles (0.1 mg mL�1) coating on a 24-well
plate were prepared as previously described.7 The hDPCs (5 �
103 per cm2) were seeded into a coated plate and the culture
medium was changed into DMEM with osteo/dentinogenic
medium (OM) as previously described when the cells reached
80–90% conuence.17 The cells cultured in DMEM were used as
the negative control group. Aer 14 d, the cells were xed and
incubated in alizarin red (0.1 wt%, 30 min) (Sigma, USA). Aliz-
arin red was destained with cetylpyridinium chloride
(100mmol L�1, 30 min) (Sigma, USA) and the OD of the samples
at 562 nm was determined.
tissue deposition and pulp tissue necrosis; 4: samples without hard
tissue deposition and with pulp tissue necrosis.
Effects of PSC on dental pulp tissue in vivo

The animal experiments were approved by the Animal Use and
Care Committee of Peking University (LA2011-057) and the
ARRIVE Guidelines checklist of this report was included in the
ESI le.† The experiments were conducted as previously
described.7 Thirty-eight rst molars were obtained from 4 week
old Sprague-Dawley rats, and the teeth were cut into the crown
and root parts at the tooth neck. All of the crowns were
randomly divided into three groups: crowns covered with PSC
powder (n ¼ 14), 45S5 powder (n ¼ 14) on the cross-section of
the coronal pulp and crowns alone as the control (n ¼ 10). All
of the samples were randomly transplanted subcutaneously
into nude mice. Aer 2 and 6 weeks, the samples were
retrieved, xed, decalcied (10 wt% EDTA) and embedded in
paraffin. The sections (5 mm) were histologically analysed with
haematoxylin–eosin staining (HE) and Masson's trichrome
(Baso Diagnostic Inc., China) staining according to the
manufacturer's recommendation.

Histological results were evaluated by two observers who
were blinded in terms of groupings. Each sample was evaluated
on the basis of the scores of the extent of dental pulp necrosis
and hard tissue formation according to the criteria described in
previous studies.18,19 The standards of scoring are listed in Table
2: 1 indicates the highest result and 4 denotes the lowest result.
Table 1 Oligonucleotide primer sequences

Target gene

Forward primer (F, 50–30)

Reverse primer (R, 50–30)

DSPP F: CTGTTGGGAAGAGCCAAGATAAG
R: CCAAGATCATTCCATGTTGTCCT

DMP-1 F: AGGAAGTCTCGCATCTCAGAG
R: TGGAGTTGCTGTTTTCTGTAGAG

OCN F: AGCAAAGGTGCAGCCTTTGT
R: GCGCCTGGGTCTCTTCACT

GAPDH F: GAAGGTGAAGGTCGGAGTC
R: GAGATGGTGATGGGATTTC

This journal is © The Royal Society of Chemistry 2017
Statistical analysis

Data were expressed as mean � standard deviation (SD) and
assessed through one-way ANOVA or Mann–Whitney U test.
Statistical signicance was analysed with SPSS 19.0. P < 0.05 was
considered statistically signicant.
Results
Characterisation of PSC

As revealed by the LA-950 laser particle size analyser (Horiba,
Japan), the average particle diameters of PSC (Fig. 2b) and 45S5
(Fig. 2a) were 21 � 12 and 15 � 11 mm, respectively. The specic
surface areas of PSC and 45S5 veried by N2 adsorption exper-
iments were 53.5 and 1.2 m2 g�1, respectively. The average
particle diameter of PSC was larger than that of 45S5, and the
specic surface area of the former was larger than that of the
latter mainly because of the possible contribution of pores
formed during the sol–gel process.
Apatite-forming ability of PSC in SBF

FE-SEM images reveal the surfaces of PSC and 45S5 were
smooth and did not possess apatite precipitates before they
Product size (bp)
GenBank accession
number

129 NM014208.3

100 NM00407.3

63 NM199173.5

225 NM002046.3

RSC Adv., 2017, 7, 22063–22070 | 22065
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Fig. 2 Characterization of the PSC. (a) Particle size distributions of
45S5 by LA-950 laser particle size analyzer. (b) Particle size distribu-
tions of PSC.
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were soaked in SBF (Fig. 3a and e). The surfaces became coarser
and partially covered by mineral precipitates at 12 h soaking in
SBF (Fig. 3b and f). The precipitates gradually grew with
a ower-like layer and covered the whole surfaces at 24 and 72 h
soaking in SBF (Fig. 3c, d, g and h).

FTIR results showed that the characteristic absorption bands
of Si–O–Si bonding were at 1060 and 480 cm�1 before they were
Fig. 3 Apatite-forming ability of PSC in SBF. (a–h) The FE-SEM results sho
in SBF for 0, 12, 24 and 72 h. (i and j) The FTIR results showed spectra of

22066 | RSC Adv., 2017, 7, 22063–22070
soaked in SBF (Fig. 3i and j). However, a double peak near 562
and 603 cm�1 corresponding to the P–O bending vibrations of
the phosphate groups in a crystalline environment appeared at
12 h soaking in SBF. This phenomenon indicated the formation
of hydroxyapatite (HA) minerals. This absorption band of phos-
phate groups became more intense as the duration of soaking in
SBF was prolonged. Therefore, the HA layer continuously grew at
24 and 72 h. Nevertheless, the intensities of the double peak
in PSC were generally greater than those in 45S5 at 12 and
24 h. The weak C–O vibration of the phosphate groups near 869
cm�1 implied the initial presence of sodium hydrogen carbonate
at 72 h.
pH and ion concentration of PSC extractions

Fig. 4a illustrates that the pH of PSC and 45S5 extractions dose-
dependently increased from 0.01 mg mL�1 to 8 mg mL�1 aer
they were incubated for 24 h. The pH of 45S5 extractions
signicantly increased from 7.66 to 8.84, whereas the pH of PSC
extractions only increased slightly from 7.63 to 7.98. Aer
incubation for 24 h, the pH of 45S5 extractions (1 mg mL�1)
rapidly increased from 7.45 to 8.11 during the rst 1 h and then
reached the platform (Fig. 4b). The pH of 45S5 extractions
(0.1 mg mL�1) and PSC extractions (0.1 and 1 mg mL�1)
remained below 7.70, 7.65 and 7.74, respectively (Fig. 4b).

The ICP results revealed that the ion concentrations of Si and
P in the PSC extractions were higher than those in 45S5 (0.1 mg
mL�1, 24 h) (Fig. 4c).
wed the representative morphologies of the 45S5 and PSC after soaking
the 45S5 and PSC before and after soaking in SBF for 12, 24 and 72 h.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 pH and ions concentration of extractions of PSC. (a) The pH
value assay results showed changes of pH in different BG concentra-
tions after incubation for 24 h (*p < 0.05 vs. CTR, #p < 0.05 vs. 45S5 in
the same concentration) and (b) changes at different time point in 0.1
and 1mgmL�1 (*p < 0.05 vs. PSC in the same concentration). (c) The ICP
results showed the ionic concentrations of Si, Ca, and P in the 45S5 and
PSC extractions (*p < 0.05 vs. CTR, #p < 0.05 vs. 45S5). CTR, control.

Fig. 6 PSC promoted odontogenic differentiation of hDPCs in vitro. (a
and b) The qPCR results showed the mRNA expression of DSPP, DMP-
1 andOCN of hDPCs cultured in extractions of 45S5 and PSC for 3 and
7 days (*p < 0.05 vs. CTR, #p < 0.05 vs. 45S5, n ¼ 3).
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Effects of PSC on hDPCs in vitro

The proliferation rates of the cells treated with PSC and 45S5
extractions were higher than those of the control group from
day 5 to day 9 (Fig. 5). The proliferation rates of the cells in the
PSC group were also higher than those in the 45S5 group from
day 5 to day 9.

Compared with that of the control group, the mRNA
expression levels of DSPP and DMP-1 were signicantly upre-
gulated in the PSC group from day 3 to day 7 (Fig. 6). Their
expression levels were signicantly upregulated only on day 7 in
the 45S5 group. Their expression was higher in the PSC group
Fig. 5 PSC promoted cell proliferation of hDPCs in vitro. MTT assay
results showed the effects of PSC and 45S5 on the cell proliferation of
hDPCs (*p < 0.05 vs. CTR, #p < 0.05 vs. 45S5, n ¼ 3).

This journal is © The Royal Society of Chemistry 2017
than that in the 45S5 group from day 3 till day 7. The mRNA
expression of OCN were signicantly up-regulated only on day 7
in the PSC group and 45S5 compared with that of the control
group, whereas its expression in the PSC group was also higher
than that in the 45S5 group on day 7.
Fig. 7 PSC promoted mineralization of hDPCs in vitro. (a and b) The
alizarin red staining assay results showed generation of mineralized
nodules of hDPCs cultured with 45S5 or PSC particles for 14 days (*p <
0.05 vs. CTR, #p < 0.05 vs. OM, &p < 0.05 vs. 45S5, n ¼ 3). OM, osteo/
dentinogenic medium; CTR, control.

RSC Adv., 2017, 7, 22063–22070 | 22067
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In Fig. 7a, red staining was observed in the PSC group, 45S5
group and OM but not in the control group on day 14. Red
staining was also evident in hDPCs treated with PSC particles. In
Fig. 7b, the density of the red mineralised nodules was higher in
the PSC group than in the other groups. No statistical difference
was found in the 45S5 group, OM and the control group.
Effects of PSC on dental pulp tissue in vivo

Considering dental pulp necrosis and hard tissue formation, we
observed that the scores of PSC (1.86, 1.43) were lower than
those of 45S5 (2.71, 1.86) at 2 and 6 weeks (Table 2). Fig. 8 shows
that collagen-like tissue was generated at the cross-section of
the crowns in the control group at 2 and 6 weeks (Fig. 8a–d). A
new layer of reactive-dentin formed below the primary dentin at
6 weeks (Fig. 8c). 45S5 and PSC stimulated the generation of
dental pulp–dentin complex-like tissue at the cross-section at 2
and 6 weeks (Fig. 8e–l). In the PSC group, the mineralised
matrix was generated on the PSC surface in contact with the
Fig. 8 PSC promoted dentin formation of DPCs in vivo. (a and b) HE staini
image of (a)) and 6 weeks (c and d); (e and i) HE and (i0) Masson staining a
and (f, j and j0) crowns covered with PSC for 2 and 6 weeks (h, l and l0). Th
arrow points to the odontoblastic like cells and the black one points ou
odontoblast-like cells; DL, dentin-like tissue; RD, reactive-dentin.

22068 | RSC Adv., 2017, 7, 22063–22070
pulp tissue (Fig. 8f and h). A regular tubule-like structure was
also detected in the newly generated matrix at 2 weeks (Fig. 8j
and j0), and the dentin-like tissue continuously generated and
thickened at 6 weeks (Fig. 8l and l0). Polarising odontoblast-like
cells appeared along this new dentin layer at 2 weeks (Fig. 8j and
j0), but the phenomenon was not found at 6 weeks (Fig. 8l and
l0). A new layer of reactive dentin was also produced below the
primary dentin at 6 weeks (Fig. 8h). The same phenomenon was
observed in the 45S5 group (Fig. 8e and g). However, the
structures of the tubule- and dentin-like tissue and the polar-
ising odontoblast-like cells were not as typical as those in the
PSC group (Fig. 8i, i0, k and k0). The layer of dentin-like tissue
was also thinner than that in the PSC group at 6 weeks (Fig. 8g
and h).

Discussion

This study described novel BGs called PSC with superior
biocompatibility for dental pulp cells and ability to regenerate
ng assay showed crowns implanted alone for 2 weeks ((b) is amagnified
ssay showed crowns covered with 45S5 for 2 and 6 weeks (g, k and k0),
e red arrow points to the newly generated dentin like tissue; the green
t the BG particles. D, dentin; BG, bioactive glass; P, pulp tissue; ODL,

This journal is © The Royal Society of Chemistry 2017
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dentin–pulp complex to 45S5. PSC could be used as a new
potential bioactive material for the reparation and regeneration
of the dentin–pulp complex.

The biocompatibility of PSC for dental pulp cells and dental
pulp tissue was enhanced. PSC was derived from phytic acid as
a phosphorus precursor and was characterised by several new
features. PSC provided a micro-environment with a stable pH
for cell survival and did not cause severe inammatory
responses of pulp tissues. Cultured cells are susceptible to
changes in pH, and they survive at pH between 6.6 and 7.8.20

Intracellular pH beyond this range causes growth arrest or cell
death of DPCs.20,21 However, intracellular pH increases to 7.8
and thus serves as a permissive or obligatory signal to promote
ALP activity and calcied nodule formation of DPCs.20,21

According to our data for cell proliferation and differentiation
of hDPCs, the pH at approximately 7.8 (7.63–7.98) in the PSC
group was more suitable for cell survival and odontogenic
differentiation than that in the 45S5 group (7.66–8.84). The in
vivo transplantation results were also consistent with those in
the cultured hDPCs in vitro. Previous studies showed that 45S5
as a pulpotomy agent causes an acute inammation phase and
pulp tissue necrosis.10 In our study, the transplantation results
showed that pulp tissue necrosis in the PSC group (3/14) was
lower than that in the 45S5 group (6/14) (Table 2). Therefore, the
biocompatibility of PSC for dental pulp tissue was more effi-
cient than that of 45S5. This observation could occur because
PSC provided more stable or less uctuated pH in the micro-
environment for dental pulp than 45S5 did. The phosphate
concentration in the PSC solution (31.59 � 3.76) was higher
than that in the 45S5 solution (27.78� 2.66). This nding might
cause slight uctuations in the pH of the PSC solution because
the phosphate phase in BGs are mainly orthophosphate
(PO4

3�); a high PO4
3� content in BGs corresponds to a high

buffering ability of BGs.22 Therefore, the biocompatibility of PSC
was greater than that of 45S5 because the former provided
a more suitable pH in the microenvironment for dental pulp
tissues than the latter did.

Higher Si and P concentrations released from PSC contrib-
uted to the more effective stimulation of the odontogenic
differentiation of hDPCs and the formation of HCA layer than
those released from 45S5. The rate of ionic dissolution and the
HCA formation of BGs are important evidence of BG bioac-
tivity.23 Ionic dissolution products from BGs promote the cell
proliferation and differentiation of osteoblastic cells and
DPCs.2,7,24 Furthermore, 15–30 ppm Si and 60–90 ppm Ca
induce osteostimulation,25–27 but favourable ion concentrations
for the odontogenic differentiation of DPCs remain unclear. In
this study, the ion concentrations for the odontogenic differ-
entiation of DPCs were 13.96–19.04 ppm Si, 73.16–74.22 ppmCa
and 27.78–31.59 ppm P. The amounts of Si and P (19.43 ppm Si,
31.59 ppm P) released by PSC were larger than those released by
45S5 in the dissolution. The rate of ion release is largely
dependent on the specic surface area of BG particles.28 More
ions were released by PSC than by 45S5 possibly because the
surface area of PSC was 45 times greater than that of 45S5. High
Si and P concentrations in the appropriate concentration range
are more effective for cell proliferation and odontogenic
This journal is © The Royal Society of Chemistry 2017
differentiation of hDPCs.2,7 The apatite-forming ability of PSC
was also stronger than that of 45S5 (12 h vs. 72 h) possibly
because Ca2+ in PSC is mainly located near the phosphate
tetrahedron, which resembles calcium phosphates in physio-
logical media,13 although the Ca2+ concentration in the PSC
dissolution was not higher than that in the 45S5 dissolution.
PSC with a higher HCA formation ability than 45S5 was also
likely more suitable for bonding to hard and so tissues of
dentin–pulp complex because HCA layer is essential for the
rapid bonding of BGs to bone and so tissues.

Molecular events also conrmed that the odontogenic
differentiation and dentin formation of dental pulp cells could
be promoted to a greater extent by PSC than by 45S5 because of
the improved bioactivity of the former. Although the ionic
dissolutions of PSC and 45S5 upregulated the mRNA expression
levels of DSPP, DMP-1 and OCN, the mRNA expression levels of
DSPP and DMP-1 on day 3 and the expression levels of the three
genes on day 7 were more upregulated by PSC than by 45S5.
These investigated genes were identied as specic markers of
the odontogenic differentiation of hDPCs in previous
studies.29–31 The generated proteins from DSPP and DMP-1 are
special non-collagenous proteins in dentin and possibly
responsible for the initiation and modulation of dentin min-
eralisation.30,32,33 The difference in the upregulation of these
gene expressions in hDPCs by PSC and 45S5 resulted in varia-
tions in the generation of mineralised nodules of hDPCs in vitro
and dentin formation in vivo in our study.

The regeneration of dentin–pulp complex-like tissue with
odontoblast-like cells, predentin and tubule-dentin-like tissues
promoted by PSC was more efficient than that induced by 45S5.
To conrm the interaction between BGs and dental pulp
tissues, we produced tooth crown models of dentin–pulp
complex regeneration in vivo.7 When the whole section-face is
covered, BGs can interact with pre-existing odontoblasts and
underlying dental pulp cells. In the absence of infection, the
pre-existing odontoblasts in all of the groups survived and their
reactionary responses were detected at the pulp–dentin inter-
face. The reparative responses were found in the PSC and 45S5
groups but not in the control group. DPCs were stimulated by
PSC to differentiate into polarising odontoblast-like cells and
the secretion of the generated cells was promoted to regenerate
a continuous layer of dentin-like tissue with well-organised
dentinal tubules.

These phenomena were more remarkable in the presence of
PSC than in the presence of 45S5, although 45S5 performed
a similar function. However, dentin generated by 45S5 was less
regular and thinner than that produced by PSC. The typical
features of the reactionary/reparative responses of the dentin–
pulp complex include the generation of the classical structure of
odontoblasts and tubular dentin tissues.34 For instance, odon-
toblasts are columnar and polarisable cells are arranged along
the border of the mineralisation front in the dentin–pulp
interface, while one long cytoplasmic-attached extension
remains behind and embedded in dentinal tubules in the
calcied matrix.35 This typical pulp–dentin complex structure is
a unique characteristic of dentin and thus differentiates this
part from other hard tissues.36 The typical pulp–dentin complex
RSC Adv., 2017, 7, 22063–22070 | 22069
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structure could also be observed in the interaction between
bioactive glasses and dental pulp tissues for the reparation and
regeneration of the dentin–pulp complex in the PSC group. For
tissue regeneration, the degradation speed of the biomaterial
with the generation of new tissues is an important factor.37

Nevertheless, the degradation ability of PSC should be further
investigated.

Conclusion

In conclusion, the biocompatibility and bioactivity of PSC were
more remarkable than those of 45S5. The induction of odon-
togenic differentiation and dentin formation of DPCs facilitated
by PSC were more efficient than those stimulated by 45S5. This
novel PSC bioactive glass might be a potential candidate for
dentin–pulp complex regeneration.
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