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A B S T R A C T

The object of this study was to evaluate the effect of bioactive glass (BG) size on mineral formation on

dentin surfaces. Totally demineralized dentin discs were treated using BG suspensions with different

particle sizes: i.e., microscale bioactive glass (m-BG), submicroscale bioactive glass (sm-BG) and

nanoscale bioactive glass (n-BG). Field-emission scanning electron microscopy and 3D profile

measurement laser microscopy were used to observe the surface morphology and roughness. It was

found that all BG particles could promoted mineral formation on dentin surfaces, while plug-like

depositions were observed on the dentin discs treated by n-BG and they were more acid-resistant. The

present results may imply that n-BG has potential clinical application for dentin hypersensitivity

treatment.

� 2016 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Chinese Chemical Letters

jo u rn al h om epag e: ww w.els evier .c o m/lo cat e/cc le t
1. Introduction

Dental hypersensitivity (DH) occurs when dentin is exposed to
various types of stimuli such as thermal, evaporative and tactile. It
manifests as a short sharp pain without other forms of dental
defect or pathology [1]. Occlusal wear, toothbrushing, dietary
erosion, and gingival recession may all lead to this problem [2]. At
present, two main methods are used in the treatment of DH: tubule
occlusion [3] and nerve activity blockage [4]. The reduction of
dentin permeability through tubule sealing is expected to be an
effective way of DH treatment [5].

Bioactive glass (BG) is calcium phosphosilicate cement that has
been proven to relief DH by yielding hydroxyapatite deposition on
the dentin surface [6]. Early forms of BG were synthesized with
a traditional melting method and their diameters were relatively
large [7]. As regards DH treatment, Mitchell et al. stated that
application of BG with an average diameter of 1–20 mm to a
demineralized dentin surface could reduce the fluid conductance
through the dentin tubules [8]. Furthermore, Vollenweider et al.

compared nanoscale BG (n-BG) synthesized using flame spray
with traditional 45S5 BG. Their research demonstrated that the
n-BG released Ca2+ and Si2+ more quickly than its counterpart,
which was beneficial for dentin mineralization [9]. However, the
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flame-spray-synthesized BG had a broad size distribution [9] and
different chemical composition compared to the 45S5 [9,10], and
thus the effect of chemical composition on mineral formation
cannot be excluded. Recently, the sol–gel method has been widely
applied in BG synthesis [11,12]. Compared with the melting
method, the sol–gel method requires relatively lower tempera-
tures of approximately 600–700 8C, or even lower when calcium
methylethoxide is used as the calcium precursor [13]. Further, the
sol–gel BG may have uniform composition, mesoporous surface,
and higher specific surface area. In addition, the form, size, and
dissolution rate of sol–gel BG may be easily controlled [14].

In recent years, Chen et al. have fabricated new n-BG [15] and
submicroscale BG (sm-BG) [16] using sol–gel technique. In this
study, the application of these newly developed BG particles in
the mineral formation on dentin surface were explored and
particular attention was paid to the effect of BG particle size.

2. Experiment

2.1. Materials

The composition of all BG particles used in this study were
same: 58% SiO2, 33% CaO, and 9% P2O5 (w/w) [15,17,18]. The
following particle sizes were employed: microscale BG (m-BG)
synthesized by acid-catalyzed sol–gel method: 2–20 mm (Fig. 1a)
[17,19]; mono-dispersed sm-BG synthesized by alkali-catalyzed
sol–gel method: approximately 500 nm (Fig. 1b) [18,20] and n-BG
 Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Surface morphology of BG. Surface morphology of (a) m-BG, (b) sm-BG and (c) n-BG by FE-SEM analysis.
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synthesized by acid-alkali-catalyzed sol–gel method: 20–30 nm
(Fig. 1c) [15,17]. Both the sm-BG and n-BG particles were regularly
spherical, whereas the m-BG particles were irregularly agglomer-
ate. Our early studies [17,18] have reported the surface areas, total
pore volumes and average mesopore sizes evaluated via N2

adsorption experiments, the data was shown in Table 1. All the
BG particles used in this study were prepared by the National
Engineering Research Center for Human Tissue Restoration and
Reconstruction, South China University of Technology.

2.2. Dentin disc preparation

In total, 18 intact human third molars were collected with
ethical approval and informed donor consent, and were stored
in distilled water containing 0.9% NaCl at 4 8C. 1-mm-thick dentin
discs were created using a hard histotome (SP1600, Leica,
Germany) to discard the enamel and pulp and then the dentin
surfaces were then wet ground using SiC paper (600 grit) so as to
increase their smoothness. The dentin discs were subsequently
wiped to remove the surrounding enamel and divided into four
parts using diamond burrs. The dentin discs were immersed in 17%
ethylenediaminetetraacetic acid (EDTA) (pH 7.4) for 1 wk, so that
completely demineralized discs were obtained. The BG particles
were mixed with deionized water to form BG suspensions with a
liquid/powder ratio of 0.1 mL/0.05 g.

The dentin discs were randomly divided into four groups
labeled m-BG, sm-BG, n-BG, and CTR (control). Each group
contained 18 discs. The m-BG, sm-BG, and n-BG discs were
separately embrocated with the m-BG, sm-BG, and n-BG suspen-
sions, respectively, using a brush for 20 s. Next, they were washed
with deionized water for 20 s and then placed into artificial saliva
(AS). The CTR discs were placed into the AS directly. The AS was
composition of 1.5 mmol/L of CaCl2, 50 mmol/L of KCl, 0.9 mmol/L
of KH2PO4, and 20 mmol/L Tris, with a pH of 7.4 [21].

2.3. Evaluation of sealing ability

Field-emission scanning electron microscopy (FE-SEM; S4800,
JEOL, Tokyo, Japan) was used to observe the surface morphology of
the dentin discs. After one week, six discs were collected randomly
from each group and rinsed with deionized water for 20 s. The
discs were then observed using FE-SEM for the cross sectional and
longitudinal sectional views. Prior to the microscopic observation,
the discs were coated with gold (5 min, 50 mTorr). The cross
Table 1
The surface areas, total pore volumes and average pore diameters of BG.

Sample Surface area

(m2 g�1)

Total pore volume

(cm3 g�1)

Average pore

diameter (nm)

m-BG 28.020 � 0.1 0.113 � 0.01 15.5042 � 0.02

sm-BG 38.087 � 0.1 0.382 � 0.01 4.015 � 0.03

n-BG 63.545 � 0.2 0.230 � 0.01 15.0104 � 0.03
sectional surface elemental compositions of the 1-wk discs were
evaluated using an energy-dispersive X-ray spectroscope (EDS)
attached to the FE-SEM. FE-FEM and Image-J software (Version
1.48, National Institutes of Health, USA) were used together to
assess the sealing ratios of the dentin tubules. The Image-J
software was used to observe six 2000� magnified FE-SEM images
of the dentin disc surfaces from each group. Hence, the overall
open dentin tubule area (S), the average area of a single dentin
tubule (s), and the number of dentin tubules (N) were measured in
each case. The sealing ratios were calculated as

Sealing ratio ¼ 1�S

Ns

� �
�100%:

After two weeks, the remaining twelve discs were collected
from each group and rinsed with deionized water for 20 s. Six discs
were observed the morphological changes on the disc surfaces
using FE-SEM.

2.4. Study of acid resistance

The other six discs immersing in BG suspensions for two weeks
were used to evaluate the roughness. A 3D profile measurement
laser microscope (LM, VK-X200, Keyence, Japan) was used to
measure the initial roughness (Ra) at two locations on each disk.
The discs were then submerged in cola (pH 2.45) for 2 min and
again rinsed with deionized water for 20 s. The roughness was
measured for a second time (Ra0). After drying, the FE-SEM was
used to observe the morphological changes on the disc surfaces.

2.5. Statistical analysis

The sealing ratio and Ra data were reported as mean � standard
deviation (SD) values. Comparisons of the dentin tubule sealing ratios
of the 1-wk groups were conducted with t-tests. The dentin surface Ra

and Ra0 values of the four groups before and after the cola immersion,
and the corresponding roughness variance values, were also compared
using t-tests. Differences were considered significant at P < 0.05.

3. Results and discussion

3.1. Dentin-tubule sealing

The FE-SEM analysis showed that, following immersion in 17%
EDTA for one week, the dentin tubules of the initial demineralized
discs were completely open (Fig. 2a and b). Moreover, the EDS
spectra indicated that the surface elements present on the
demineralized dentin discs were carbon, oxygen and gold
(Fig. 2c). Therefore, calcium and phosphorus were absent; this
demonstrated that the discs were completely demineralized.

As regards the 1-wk specimens treated with the three different
BG suspensions, all the disc surfaces exhibited material and



Fig. 2. Characterization of demineralized dentin. FE-SEM images of (a) surface morphology and (b) exposed dental tubules. (c) Dentin-surface element composition.
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mineral deposition. In addition, the dentin tubules were partly
sealed (Fig. 3a–c). Besides, the dentin surfaces and tubules of the
CTR samples exhibited some deposition formation (Fig. 3d). The
1 wk sealing ratios of the m-BG, sm-BG, n-BG, and CTR groups
were 38.63 � 7.5%, 48.01 � 6.85%, 68.02 � 4.22%, and 25.38 � 8.53%
(n = 6), respectively. Thus, the n-BG result was significantly higher
than those of the other three groups (P < 0.05). Dentin tubule
exposure is the physical pathogenesis of DH, and an in vivo study has
shown that the majority of dentin tubules are open in dentin
hypersensitive areas [22]. The m-BG, sm-BG, and n-BG specimens
examined in this study all exhibited mineral formation promotion on
the dentin surfaces, which would relieve DH.

Previous studies have demonstrated that BG could promote
mineral formation on dentin surfaces. Apatite formation occurs
through a series of interdependent sequential reactions. Briefly,
the BG dissolves through hydrolysis to release calcium ions (Ca2+)
and phosphate ions (PO4

3�), the Si–O–Si bridges break to yield a
SiO2-rich surface layer; this acts as a heterogenic nucleation site.
Positively charged Ca2+ interacts with the negatively charged
PO4

3� in the surrounding fluid to form an amorphous calcium
Fig. 3. Representative surface FE-SEM images and element compositions. (a–d) Cross s

element composition after one week. (i–l) Longitudinal sectional FE-SEM images of the d

by the arrows). A mineral layer to a depth of 10 mm in the dental tubules for the n-BG
phosphate. The amorphous calcium phosphate crystallizes to form
apatite [23]. The CaO and SiO2 content of the BG and the particle
size and volume surface area can influence the solubility, which in
turn affects the mineral formation [24,25]. Therefore, to prevent
differences in the components from influencing the results, three
BG particles with the same components but different particle sizes
were used in this study. Thus, the effect of the BG size on the
mineral formation on the dentin surface could be evaluated.
Further, as residual minerals from partially demineralized dentin
cannot be distinguished from newly formed minerals by FE-SEM,
completely demineralized dentin was used.

The EDS spectra indicated that the surface elements for all the
BG groups were carbon, phosphorus, and oxygen. In addition, the
m-BG and sm-BG groups also contained silicon (Fig. 3e–g). Semi-
quantitative analyses indicated that molar composition for the
dentin surface deposition of m-BG was 5.79% SiO2, 29.43% CaO, and
11.15% P2O5. The surface deposition molar composition of sm-BG
was 6.71% SiO2, 49.92% CaO, and 27.05% P2O5, and that of the n-BG
was 56.07% CaO and 26.97% P2O5. The CTR composition was 18.25%
CaO and 8.42% P2O5 (Fig. 3h). The Ca/P ratios of the dentin surface
ectional FE-SEM images of the surface morphology after one week. (e–h) Surface

ental tubules. Newly formed minerals bars in the sm-BG group tubules (j, indicated

 group (k, between the arrowhead).
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depositions were higher than that of the natural hydroxyapatite
(Ca/P = 1.67), which might be explained by the residual BG on the
dentin surfaces.

For the longitudinal section view, there seemed no obvious
mineral deposited in the dental tubules for the m-BG and CTR
groups (Fig. 3i and l), while some mineral bars can be seen in the
sm-BG treated group (Fig. 3j, arrow showed). As regards the n-BG
treated disc, about a 10 mm width newly formed mineral layer
could be found in the dental tubules (Fig. 3k, between the
arrowhead).

Based on the magnified images, it was apparent that some
materials and small mineral deposition were present on the disc
surface and in the tubules of the m-BG group (Fig. 4a, indicated by
the arrow). Materials were present on the surface and in the
tubules of the sm-BG group (Fig. 4b, indicated by the arrowhead),
with newly formed minerals present in the tubules themselves
(Fig. 4b, arrow). As regards the n-BG group, newly formed minerals
were apparent in the tubules; they were attached closely to the
tubular walls such that the dentin tubules were closed (Fig. 4c,
arrow). Finally, only loose minerals were apparent on the CTR
specimen disc surfaces (Fig. 4d).

For the 2-wk discs, larger sealing areas compared to those of the
1-wk discs were observed for each group (Fig. 4e–h). Both the m-
BG and sm-BG treated discs exhibited almost completely sealed
tubules, with newly formed platelet-like minerals being apparent
within the tubules (Fig. 4e and f). Some materials were also present
on the sm-BG surface (Fig. 4f, arrowhead). For the n-BG treated
discs, the tubules were completely sealed by plug-like minerals,
which were adapted to the tubule outlines (Fig. 4g, arrow). Because
of the smaller particle size, the n-BG particles can enter the tubules.
The tubule structure then determines the Ca2+, PO4

3�, and OH� ion
deposition and the subsequent apatite propagation [26]. Finally,
Fig. 4. Representative surface FE-SEM images. (a–d) Magnified images of (Fig. 3a–d). N

arrows). (e–h) FE-SEM images of the surface morphology after two weeks. Materials w

minerals were apparent in the tubules of the n-BG specimen (arrow). (i–l) FE-SEM images

sm-BG group dentin surface (arrowhead).
the CTR group discs exhibited a large number of loose minerals on
their surfaces and in the tubules and these tubules were partly
sealed (Fig. 4h).

3.2. Acid resistance

After soaking in cola for 2 min, FE-SEM analysis showed that the
m-BG group tubules were completely open (Fig. 4i). In the sm-BG
case, the depositions collapsed and the dentin tubules were partly
open; however, some materials remained on the surface (Fig. 4j,
arrowhead). In contrast, the n-BG discs continued to exhibit
completely closed tubules (Fig. 4k). Finally, the loose minerals on
the CTR surface disappeared and the tubules were open (Fig. 4l).

After immersion in AS for 2 wk, the 3-D profile displayed by LM
showed smooth surface with a homogeneous jacinth spread for the
n-BG treated discs (Fig. 5c), while the other three groups exhibited
heterogeneous heights with color variation (Fig. 5a, b and d). The m-
BG, sm-BG, n-BG, and CTR Ra values were 0.72 � 0.08, 0.60 � 0.07,
0.51 � 0.04, and 0.91 � 0.10 mm (n = 12), respectively. Following the
cola immersion, the n-BG treated discs retained a relatively smooth
surface compared with the other three groups (Fig. 5e–h). The Ra0

values were 1.03 � 0.13, 0.65 � 0.06, 0.52 � 0.04, and 1.27 � 0.12 mm
(n = 12), respectively. The BG group Ra and Ra0 values were lower than
those of the CTR specimens (P < 0.05), and the n-BG group values were
the lowest overall (P < 0.001). The differences between Ra and Ra0 were
significant for both the m-BG and CTR groups (P < 0.001).

Studies have shown that dentin surface roughness is related to
mineralization, and sealing or blocking the tubules may yield a
smoother surface [27]. Following treatment with the BG suspen-
sions, the dentin surface roughness decreased as the BG group Ra

values were significantly lower than those of the CTR, which
indirectly confirms the occurrence of mineralization. After soaking
ewly formed minerals were apparent in the BG groups tubules (indicated by the

ere obviously present on the sm-BG group dentin surface (arrowhead). Plug-like

 of the surface morphology after soaking in cola. Materials were still apparent on the



Fig. 5. Representative 3D profiles of dentin surfaces exhibited by LM. (a–d) 3D profiles of the surface morphology after two weeks. (e–h) 3D profiles of the surface morphology

after soaking in cola.
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in cola, the roughness variance for the BG groups was lower than
that of the CTR, and the n-BG specimens retained their lower
roughness. This suggested that the mineral formation was more
acid-resistant in the n-BG case. This behavior may be explained
by the fact that the plug-like apatite adapts to the tubule shapes,
and the tubule angles and structures may limit the apatite
displacement and contribute to mechanical retention, thus
increasing the minerals stability. It should be noted that the
surface roughness affects not only the dentin esthetics, but also the
bacteria attachment and plague formation [28]. Through decreased
surface roughness, the dentin obtains increased resistance to
bacterial attachment, which prevents the occurrence of caries in
demineralized dentin.

BG with smaller particle size has larger volume surface area and
can, therefore, make greater contact with neighboring materials;
thus, they exhibit increased dissolution rate [26]. Compared to
the m-BG and sm-BG, it is more easily for the n-BG to promote
mineral formation for dentin tubule sealing, which is effective in
relieving DH.

4. Conclusion

The present study revealed that n-BG not only greatly promoted
mineral formation on the dentin surfaces and tubules compared
to m-BG and sm-BG, but also the minerals produced by n-BG
exhibited greater stability and acid resistance. The n-BG could be
considered as a potential material for the treatment of dentin
hypersensitivity and the promotion of dentin mineralization.
Future research should evaluate the bonding ability between the
newly formed minerals and collagen, along with the mechanical
properties of the mineralized dentin.
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