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Effect of different sizes of bioactive glass-coated mesoporous silica
nanoparticles on dentinal tubule occlusion and mineralization
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Abstract
Objectives To synthesize two different sizes of bioactive glass-coated mesoporous silica nanoparticles (BGN@MSNs) and to
investigate their effects on dentinal tubule occlusion and remineralization.
Materials and methods Two different sizes of mesoporous silica nanoparticles (MSNs) were synthesized using the Stöber
method (368A, 1840A) and coated with bioactive glass nanoparticles (BGNs) using a modified quick alkali-mediated sol-gel
method (368B, 1840B). Sensitive tooth disc models were prepared and divided into six groups and the following treatments were
applied: group 1—no treatment, group 2—bioglass, group 3—368A, group 4—368B, group 5—1840A, and group 6—1840B.
Then, five discs were selected from each group and soaked in 6 wt% citric acid to test acid resistance. Dentinal tubule occlusion
and occlusion ratio were observed using field-emission scanning electron microscopy. In vitro mineralization tests using simu-
lated body fluid solution were performed to evaluate the remineralization effect of the treatment.
Results All samples effectively occluded the dentinal tubule and formed a membrane-like layer. After acid treatment, 1840B
(group 6) exhibited the highest rate of dentinal tubule occlusion. Remineralization was observed in 368B and 1840B, and 1840B
exhibited the fastest remineralization.
Conclusions Dentinal tubule remineralization induced by the BGN@MSN biocomposite can be used to stabilize long-term
prognosis in dentin hypersensitivity. The 1840B induced the most efficient remineralization, and its smaller size and larger
surface area were effective for remineralization.
Clinical relevance The BGN@MSN biocomposite with its smaller size and larger surface area was more effective for
remineralization and dentinal tubule sealing.
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Introduction

Dentin hypersensitivity (DH) is a common problem in dentist-
ry, with a prevalence of 4–74% [1]. The most widely accepted

DH mechanism is the hydrodynamic theory proposed by
Brännström [2]. Recently developed DH treatments have fo-
cused on the management of the hydrodynamic pain mecha-
nism. Pain can be reduced either by reducing fluid flow in the

Yong Hoon Kwon and Yong-Il Kim contributed equally to this work.

* Yong Hoon Kwon
y0k0916@pusan.ac.kr

* Yong-Il Kim
kimyongil@pusan.ac.kr

1 Department of Orthodontics, Dental Research Institute, Pusan
National University Dental Hospital, Geumoro 20, Mulgeum,
Yangsan 50612, South Korea

2 School of Materials Science and Engineering, Pusan National
University, Busandaehak-ro 63beon-gil, Geumjeong-gu,
Busan 46241, South Korea

3 Department of Oral Physiology, School of Dentistry, Pusan National
University, Busandaehak-ro 49, Mulgeum, Yangsan 50612, South
Korea

4 Department of Orthodontics, School of Dentistry, University of
North Carolina, Chapel Hill, NC 27599, USA

5 Department of Dental Materials, Pusan National University,
Busandaehak-ro 49, Mulgeum, Yangsan 50612, South Korea

6 Institute of Translational Dental Sciences, School of Dentistry, Pusan
National University, Busandaehak-ro 49, Mulgeum, Yangsan 50612,
South Korea

Clinical Oral Investigations (2019) 23:2129–2141
https://doi.org/10.1007/s00784-018-2658-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s00784-018-2658-9&domain=pdf
http://orcid.org/0000-0003-3889-2545
mailto:y0k0916@pusan.ac.kr
mailto:kimyongil@pusan.ac.kr


dentinal tubules or by blocking nerve reactions in the pulp.
Attempts have been made to reduce fluid flow in the dentinal
tubules by physically or chemically altering the smear layer,
closing the tubules, or by using desensitizing agents [3–6].
However, even if the tubules are closed, they can be re-
exposed due to exposure to dietary acids, thereby shortening
the effects of the desensitizing agents.

Bioactive glasses (BGs) emit sodium, calcium, and
phosphate ions to raise the pH and create an ideal environ-
ment for remineralization [7]. BGs are effective for treating
hypersensitivity by closing approximately 90% of the den-
tine tubules, but these closures have low strength and the
smear layer is easily removed by brushing the tooth [8].
Mesoporous silica nanoparticles (MSNs), which are porous
particles 50–300 nm in diameter with a spiracle of 2–6 nm,
are also widely used as an ideal medium for drug, gene,
and functional nanoparticles in the biomedical field due to
its stable structure, large surface area, adsorption, and ther-
mal and chemical stability [9, 10]. Tian et al. investigated
the dentinal tubule closure and remineralization capability
of Ca2+- or PO4

(3-)-coated MSNs [11]. Our previous study
also developed bioactive glass nanoparticle-coated meso-
porous silica nanoparticles (BGN@MSNs) to reduce the
reopening after acid challenges and improve dentinal tu-
bule sealing, considering the large surface area of MSN
and high bioactivity of BGN [12]. In the previous study
of BG, the variation of mesoporous structure and the nano-
particle size increase the bonding properties [13, 14].
Therefore, it is expected that the smaller the particle size
and the surface area grows, the dentin tubule occlusion and
remineralization will increase. But insufficient studies
have been performed regarding these subjects.

Thus, the purpose of this study was to synthesize
BGN@MSNs of different sizes by coating BGN on mesopo-
rous silica nanoparticles synthesized with various particle
sizes to investigate the effect of particle size and surface area
and to examine the effects of the different-sized BGN@MSNs
on the occlusion and remineralization of dentinal tubules. The
null hypothesis was that there were no differences of dentinal
tubule occlusions and remineralizations according to the par-
ticle sizes of BGN@MSN.

Materials and methods

Synthesis of two different-sized BGN-coated MSNs

Two different-sized MSNs were synthesized according to the
BStöber method^ described by Stöber et al. [15]. Briefly,
211 mg of cetyltrimethylammonium (CTAC, Sigma-Aldrich,
St. Louis, MO, USA), 17.7 g of deionized water (DIW),
175 mL of methanol (99.9%), and 7.2 g of aqueous ammonia
solution (28%) were mixed for 15 s at room temperature.
Then, either 368 or 1840 μL of tetraethyl orthosilicate
(TEOS, Sigma-Aldrich, St. Louis, MO, USA) was added to
the solution and mixed for 3 s. The mixture was sealed and
aged for 20 h at room temperature. After aging, it was washed
with methanol (99.9%) and dried at 60 °C. Subsequently, the
surfactant was removed by 10 h of calcination at 550 °C to
obtain the MSN (diameter of 368A 300–400 nm, 1840A 150–
250 nm).

The Bquick alkali-mediated sol-gel method^ of Xia et al.
[16] was modified to coat the synthesized MSNs (368A,
1840A) with BGN. Briefly, 2.8 mL of 2 M HNO3, 13.9 mL
of DIW, and 1.0 g of MSNs were added to 50 mL of ethanol
and sonicated. Then, 21.6 mL of TEOS was added and vigor-
ously stirred at room temperature for 30 min, and 2.2 mL of
triethyl phosphate (TEP, Sigma-Aldrich, St. Louis, MO) was
subsequently added and stirred for 30 min. Afterwards,
14.04 g of Ca(NO3)2∙4H2O was added and stirred for
30 min and 2 M NH4OH was added until the pH reached
4.5. After aging at 60 °C for 24 h, the white precipitate was
removed and ethanol was added, stirred, and dried in an oven
at 80 °C. The final sample was obtained by calcination at
600 °C for 5 h (368B and 1840B). Table 1 summarizes the
four samples.

Characterization of the different-sized BGN@MSNs

The synthesized MSNs and BGN@MSNs were characterized
by X-ray diffraction (XRD) to determine the crystal state of
the samples using an Ultima IV multipurpose XRD system
(Rigaku, TheWoodland, TX, USA) at 40 kVand 40 mA, with
a scanning speed of 0.1°/min. Wide-angle XRD was

Table 1 Description of the
samples Samples Synthesis method Amount of TEOS

(μL) in the Stöber
method

Composition

368A The Stöber method 368 MSN

368B The Stöber and quick alkali-mediated
sol-gel method

368 BGN-coated
MSN

1840A The Stöber method 1840 MSN

1840B The Stöber and quick alkali-mediated sol-gel
method

1840 BGN-coated
MSN
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performed in the 2θ range from 10 to 80°, and small-angle
XRD was performed from 0.5 to 10°. The functional groups
were examined using the attenuated total reflectance (ATR)
method of the Fourier-transform infrared spectroscopy (FT-
IR) on a spectrum GX FT-IR spectrometer (PerkinElmer
Inc., Waltham, USA).

The N2 adsorption-desorption isotherms were measured
using an adsorption analyzer (autosorb-iQ; Quantachome,
Boynton, FL, USA). The specific surface area and pore size
distribution were measured by the Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods, respec-
tively. The morphology of the samples was observed using a
200-kV field-emission transmission electron microscope
(200 kV FETEM, TALOS F200X; FEI, Hillsboro, OR, USA).

Size effects on in vitro dentin tubule occlusion
and acid resistance stability

Fabrication of sensitive tooth samples

According to the protocol reviewed and approved by the
Institutional Review Board of Pusan National University
Dental Hospital (PNUDH-2016-033), 60 premolar teeth were
collected after obtaining informed consent of the donors. The
teeth were stored at 4 °C in a 0.5% thymol solution and used
within 1 month of collection. Dentin discs 1 mm in thickness
were prepared perpendicular to the longitudinal axis of the
tooth under the enamel-dentin junction with a low-speed dia-
mond saw (Struers Accutom-50; Ballerup, Denmark). The
discs were polished using 320- and 600-grit silicon carbide
(SiC) polishing paper for 60 s each. Subsequently, the discs
were soaked in 1 wt% citric acid solution for 20 s and washed
completely with water to form a sensitive tooth model by
opening the dentinal tubules of the disc [17].

Dentin tubule occlusion test

The samples were randomly divided into six groups as
follows:

Group 1: No treatment (control)
Group 2: Slurry prepared at a ratio of 100 mg of Bioglass
45S5 (BG, 45 SiO2-24.5 CaO-24.5 Na2O-6P2O, 20–
50 μm, Aladdin Industrial Corporation, Shanghai,
China) was applied to the dentin surface at a low speed
for 15 s using a rotary cup, then applied again for an
additional 15 s so that the total application time was 30 s.
Group 3: Slurry prepared at a ratio of 100 mg
368A/200 μL deionized water was applied to the dentin
surface in the same manner as described for Group 2.
Group 4: Slurry prepared at a ratio of 100 mg
368B/200 μL deionized water was applied to the dentin
surface in the same manner as described for Group 2.

Group 5: Slurry prepared at a ratio of 100 mg 1840A/
200 μL deionized water was applied to the dentin surface
in the same manner as described for Group 2.
Group 6: Slurry prepared at a ratio of 100 mg 1840B/
200 μL deionized water was applied to the dentin surface
in the same manner as described for Group 2.

After each sample was prepared and rinsed thoroughly with
deionized water, five randomly selected dentin discs (n = 5)
were used for each group, and the remaining discs for were
used for the acid resistance stability test (n = 5).

Acid resistance stability of occluded dentine tubules

After desensitizing treatment, five discs per group were
soaked in 6 wt% citric acid solution (pH 1.5) for 60 s and
were washed thoroughly with deionized water to confirm re-
sistance to a strongly acid environment.

FESEM assessment of dentinal tubule occlusion and acid
resistance stability

After storing the samples in a 100% humidified atmosphere at
37 °C for 30 days, the dentin discs were dissected in the
longitudinal direction of the teeth to examine the treatment
surfaces and cutting plane of each disc. The samples were
rinsed with water, dehydrated, and sputter-coated with plati-
num. Subsequently, field-emission scanning electron micros-
copy (FESEM; SUPRA25; Carl Zeiss, Oberkochen,
Germany) assessments were performed to observe changes
in the exposed dentinal tubule occlusion after each treatment.
The two portion of each dissected disc (number of FESEM
image = 10) was observed at magnifications of × 2000, and
the occlusion of the dentinal tubules was confirmed by calcu-
lating the area ratios of the occluded dentinal tubules (area of
occluded tubules/total tubules area) using Image J software
(version 1.50; NIH, Bethesda, MD, USA) (http://imagej.nih.
gov/ij/docs/guide/146-29.html).

In vitro mineralization test

Simulated body fluid (SBF, Biosesang; Seoul, Korea), main-
tained at a pH of 7.3–7.4, was used to assess in vitro mineral-
ization. First, 100 mg of 368A, 368B, 1840A, and 1840B was
added to 15 mL of SBF solution and soaked at 37 °C for 1, 10,
and 30 days. After soaking, the SBF solution was removed
and the samples were washed three times with distilled water
for 5 min. After drying the sample at 80 °C, the functional
groups present were examined by FT-IR measured from 2000
to 600 cm−1 at a 4 cm−1 resolution.
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Statistical analysis

A one-way ANOVA analysis of variance was used to compare
FESEM images of dentinal tubule occlusion and acid resis-
tance stability. All statistical analyses were performed using
the language R program (R Foundation for Statistical
Computing, Vienna, Austria).

Results

Characterization

X-ray diffraction

Figure 1 shows the XRD patterns of the 368A, 368B, 1840A,
and 1840B samples. From the small-angle XRD spectra, the
368A and 1840A samples exhibited a single, broad reflection
peak, indicating that the samples have a disordered
mesostructure. These peaks were not observed in the 368B
and 1840B samples, which suggests the formation of a disor-
dered mesostructure due to the coating of BGNs. In the wide-
angle XRD, the 368A, 368B, 1840A, and 1840B samples
exhibited a non-crystalline structure, suggesting an amor-
phous state.

Fourier-transform infrared spectroscopy

The chemical compositions of the 368A, 368B, 1840A, and
1840B samples were determined by FT-IR spectroscopy
(Fig. 2). In Fig. 2a, silicate adsorption bands at approximately
1060 and 800 cm−1 were observed for all samples,
representing the symmetric stretching mode and asymmetric
stretching vibration of Si–O–Si, respectively. However, in the
FT-IR spectra of 368B and 1840B, the Si–O–Si peaks are
reduced, which is related to the bioactive glass covering the
silica surface. The peak at 1635 cm−1 in the 368A spectrum
(Fig. 2b) is associated with the Si–O–H vibration (silanol

groups linked to H2O molecules). Bands at 1223 and
803 cm−1 arise from Si–O–Si vibration, and the band at
973 cm−1, from the Si–OH bending deformation. The FT-IR
spectrum of 368B is shown in Fig. 2c and is similar to that of
368A. Peaks in the vicinity of 798 cm−1 likely arise from the
P–O bending of the PO4

3− groups. The weak bands observed
at approximately 1489 and 1428 cm−1 are related to the resid-
ual carbonate groups in the precursor. In Fig. 2d, the FT-IR
spectrum for 1840A is very similar to that of 368A, and the
FT-IR spectrum for 1840B (Fig. 2e) is very similar to that of
368B.

N2 adsorption

The porosity of the 368A, 368B, 1840A, and 1840B samples
was evaluated using N2 adsorption-desorption isotherms (Fig.
3). The 368A, 368B, 1840A, and 1840B samples exhibited a
type IV isotherm when capillary condensation occurred due to
the pore structure. All samples showed a type H4 hysteresis
loop, typically seen in a composite of micropores and
mesopores. Table 2 shows the results of specific surface area
(SBET), pore volume (Vp), and pore diameter (Dp) determined
by the BET and BJH methods. The pore size increased from
1.15 (368A) to 2.51 nm (368B) and 2.30 (1840A) to 3.07 nm
(1840B). The specific surface area decreased rapidly from
849.35 (368A) to 266.77 m2/g (368B) and 634.34 (1840A)
to 263.19 m2/g (1840B). These results show that the pores of
368A and 1840Awere filled with BGNs. In addition, the total
pore volume decreased from 0.49 (368A) to 0.31 cm3/g
(368B) and 0.73 (1840A) to 0.40 cm3/g (1840B).

Field-emission transmission electron microscopy

The shapes of the prepared samples were studied using
200 kV FETEM. In the FETEM images (Fig. 4a, c), 368A
showed a diameter of 300–400 nm and 1840A a diameter of
150–250 nm. The coated BGN crystals observed in the 368B
and 1840B samples exhibited a size of 30–50 nm (Fig. 4b, d).

Fig. 1 a Small-angle XRD
patterns of the 368A, 368B,
1840A, and 1840B samples. b
Wide-angle XRD pattern of the
368A, 368B, 1840A, and 1840B
samples
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Inspection of the FETEM images reveals that an ordered
mesoporous structure was adopted and BGNs were coated in
the composite.

FESEM observation of dentinal tubule occlusion
and acid resistance stability

Figure 5 shows the effect of dentinal tubule occlusion
observed on the top surfaces of groups 1–6 before (A)
and 30 days after (B) exposure to 6 wt% citric acid solu-
tion for 1 min. The images of group 1 (Fig. 5(A1)) show
dentin surface with no smear layer and open dentinal

tubules after immersion in 1 wt% citric acid solution for
20 s and 30 days after exposure to 6 wt% citric acid
solution for 1 min (Fig. 5(B1)), the diameters of the den-
tinal tubules increased. Groups 2 (Fig. 5(A2)), 3 (Fig.
5(A3)), 4 (Fig. 5(A4)), 5 (Fig. 5(A5)), and 6 (Fig.
5(A6)) show each 368A, 368B, 1840A, and 1840B parti-
cle, respectively, penetrated and partially occluded the tu-
bules. Thirty days after exposure to 6 wt% citric acid
solution for 1 min, groups 2 (Fig. 5(B2)), 3 (Fig.
5(B3)), 4 (Fig. 5(B4)), 5 (Fig. 5(B5)), and 6 (Fig.
5(B6)) show decreased number of particles covering the
tubule surfaces.

Fig. 2 a FT-IR spectra of the
368A, 368B, 1840A, and 1840B
samples. b The bands of 368A at
1223 and 803 cm−1 are from Si–
O–Si vibrations and 973 cm−1

arises from Si–OH bending
deformation. c The spectrum of
368B, which is very similar to that
of 368A. Peaks in the vicinity of
798 cm−1 arise from the P–O
bending of the PO4

3− groups. The
weak bands observed at
approximately 1489 and
1428 cm−1 arise from the residual
carbonate groups of the precursor.
d The 1840A spectrum, which is
very similar to that of 368A. eThe
spectrum of 1840B, which is very
similar to that of 368B
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Figure 6 shows the effect of dentinal tubule occlusion
observed on the longitudinal surfaces of groups 1–6 be-
fore (A) and 30 days after (B) exposure to 6 wt% citric
acid solution for 1 min. In group 1, Fig. 6(B1) shows a
larger diameter of the dentinal tubule (star) than Fig.
6(A1). Groups 2 (Fig. 6(A2)), 3 (Fig. 6(A3)), and 5
(Fig. 6(A5)) partially filled the dentinal tubules with their
particles, respectively. Groups 4 (Fig. 6(A4)) and 6 (Fig.
6(A6)) filled the dentinal tubule walls more densely with
particles and occluded the dentinal tubules. After 30 days
of exposure to 6 wt% citric acid solution, in groups 2
(Fig. 6(B2)), 3 (Fig. 6(B3)), and 5 (Fig. 6(B5)), the par-
ticles disappear which occluded the dentinal tubule ori-
fice. In addition, the depth of MSN particles in the re-
maining tubules in groups 3 (Fig. 6(B3)) and 5 (Fig.
6(B5)) decreased. In groups 4 and 6, more tubules were
occluded than in the other groups and a membrane-like
layer completely covering the dentin surface was formed
(Fig. 6(B4, B6)).

Occluded area ratio analysis

Table 3 shows the area ratio of the occluded dentinal tubules
before applying the 6 wt% citric acid solution for 1 min in
each group. After applying 6 wt% citric acid, the area of oc-
clusion of the dentinal tubules decreased in all groups. No
statistically significant difference in the area ratio before the
application of 6 wt% citric acid was observed between groups,
except for that of the BG group. After the application of 6 wt%
citric acid, the area of occlusion decreased for each group. The
BG group showed the biggest decrease (20%) in terms of the
occlusion area, and occlusion areas in the 368A and 1840A
groups were reduced by approximately 17%. The BGN-
coated 368B and 1840B groups showed the smallest decrease.
Of the five groups, the 1840B group had the least amount of
area reduction (7%), and the area of occlusion remaining in
the dentinal tubule after acid application was not significantly
different from that of the 368B group, though its area was the
largest, suggesting high acid resistance stability.

In vitro bioactivity assay

Figure 7 shows the FT-IR spectra, indicating the changes in
the composition after exposure of samples to SBF solution for
1, 10, and 30 days. The silicate adsorption bands near 1060
and 800 cm−1 were observedmost strongly and silicate-related
peaks near 1635, 1223, 973, and 803 cm−1 were observed
before treatment with SBF solution, as shown in Fig. 2. In
addition to silicate, weak bands at approximately 1489 and
1428 cm−1 were also observed, which are related to the peak

Table 2 N2 adsorption results

Samples SBET (m
2/g) Vp (cm

3/g) Dp (nm)

368A 849.35 0.49 1.15

368B 266.77 0.31 2.30

1840A 634.34 0.73 2.30

1840B 263.19 0.40 3.07

SBET (m
2 /g) the surface area, Vp (cm

3 /g) the total pore volume for pores
with radii, Dp (nm) average pore radius
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of the carbonate groups, and another at approximately
798 cm−1 from the PO4

3− groups.
The compositional change of samples after exposure to

SBF solution can be seen through a newly formed peak. The
875 (very weak peak), 1350, and 1738 cm−1 peaks are related
to the carbonate band and were observed in the 368A/B
groups at day 30 and 1840A/B at day 1. The 955 cm−1 peak
arising from the phosphate group was observed in the 368B
group at day 10 and in 1840B at day 1 (the 966 cm−1 peak of
the SiOH group was observed in groups 368A and 1840A).
These FT-IR spectra are similar to the spectra observed for
hydroxyapatite [18].

Discussion

Dentin hypersensitivity (DH) is characterized by instanta-
neous, sharp pain usually caused by heat, vapor, contact, os-
motic pressure, or chemical stimulation at the exposed dentin
site caused by enamel loss or gingival recession. Among the
various DH treatments available that are based on the hydro-
dynamic mechanism, the method that blocks fluid flow by
effectively occluding exposed dentinal tubules has been intro-
duced as an effective treatment strategy for DH [19, 20].

The aim of this study was to investigate the effect of occlu-
sion and remineralization of dentinal tubules by controlling
the MSN particle size of the BGN@MSN biocomposite ma-
terial, which is known to be effective in the dentinal tubule
sealing [12]. According to the results of this study, the null
hypothesis was rejected. XRD, FT-IR, N2 adsorption-
desorption isotherms, and FETEM were used to determine
the sizes of the preparedMSN particles (368A, 1840A) which
were synthesized according to the concentration difference of
TEOS and whether BGN was well-coated on the MSNs
(368A, 1840B). The particle sizes of 368A and 1840A deter-
mined through FESEM observation and N2 adsorption were
different (Fig. 4a, c), which indicated that the surface area also
differed (Table 1). This is consistent with a previous study
conducted by Kambara et al. [15]. For the 368B and 1840B
samples, BGN surrounded the structure of the 368A and
1840A MSNs without infringement (Fig. 4b, d). This is

becauseMSNs have a large surface area and pore volumewith
excellent surface properties, and their high surface porosity
provides nucleation sites during the synthesis process, creat-
ing a unique structure where BGN surrounds theMSN surface
[21].

From the N2 adsorption-desorption isotherms, the surface
area before BGN coating was larger for 368A than 1840A, but
1840Awas larger than 368A in terms of total pore volume and
average pore radius. After BGN coating, both surface areas
decreased by more than half and the total pore volume de-
creased because the mesoporous entrances were blocked by
BGN covering the MSN surface [21].

To determine the effect of the different sizes of
BGN@MSN particles on the occlusion of dentinal tubules,
we applied BG, the most commonly used treatment for DH,
and synthesized the 368A, 386B, 1840A, and 1840B samples
on prepared dentin discs and evaluated the morphological
changes of dentinal tubules by FESEM. BG, as a control ma-
terial, induces incremental changes in remineralization and
osteoconductivity through ion release [11], and the resulting
hydroxycarbonate apatite precipitate mechanically occludes
the dentinal tubules [22]. However, in the BG control group,
the decomposition of Ca2+ and PO4

3− is partially blocked by
the glass particles and the action of the bioactive glass is de-
layed, resulting in partially incomplete occlusion of dentinal
tubules (Fig. 6(A2)). The 368A and 1840A samples areMSNs
that penetrate deeper into the dentinal tubules than the BG
group. Both 1840A and 368A could not closely occlude the
dentinal tubules, as both penetrated the target, and 1840Awith
a smaller size penetrated deeper than the 368A particles (Fig.
6(A3, A5)). The 368B and 1840B samples coated with BGN
formed clumps in the dentinal tubules and more closely oc-
cluded the dentinal tubule wall (Fig. 6(A4, A6)). Thus, BGN
fills the spaces generated between the MSN particles.

In DH treatment, resistance to dietary acid is important for
maintaining long-term therapeutic effects. Therefore, acid re-
sistance is an important criterion for the occlusion effect of
dentinal tubules [23]. Citric acid, which is capable of dissolv-
ing calcium phosphate [24], is a common ingredient in many
foodstuffs, and 6 wt% citric acid solution (pH 1.5) was used in
the study [25]. The morphological changes of the dentinal
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tubules observed via FESEM imaging before and after expo-
sure to 6 wt% citric acid solution were evaluated. Dentin discs
without treatment increased the size of the dentinal tubules
after exposure to 6 wt% citric acid solution (Figs. 5 and
6(B1)). This is because of the removal of smear layer and
erosion of peritubular dentin in an acidic environment [25].
For the BG-applied dentin disc, a significant number of BGs
blocking the dentinal tubules were removed, especially the
ones around the tubule orifice, showing reduced depth of oc-
clusion (Fig. 6(B2)).

The area ratio of the occluded dentinal tubules was also
reduced by approximately 20% (Table 3). It is well known
that when BG is exposed to an acidic environment, the calci-
um phosphate deposited in the dentinal tubules is eluted, and
the tubules are reopened.

The ratios of dentinal tubule occlusion were similar in the
other groups, except for BG, but the acid resistance stability
differed depending on BGN coating after exposure to the
6 wt% citric acid solution. For the 368A and 1840A samples,
the occlusion areas of dentinal tubules were reduced by ap-
proximately 17% (P < 0.05, Table 3), presumably because of
the acid resistance of mesoporous silica. This stability can be
explained by the adherence and closure of the dental tubule by
the hydroxyl group that binds silica to the calcium receptors of
the dentin surface [26]. However, the 368B sample showed a
reduction of approximately 10% and 1840B, approximately
7% (P < 0.05, Table 3), after BGN coating. It is presumed that
this increased acid resistance stability is due to the coating of
BGN which filled the spaces between MSN particles in the
368B and 1840B samples, although considerable spaces
remained between the 368A and 1840A particles. In 368A
and 1840A, the particles in the tubule orifice disappeared
and the depth of occlusion decreased. On the other hand, in
368B and 1840B, most of the remaining dentinal tubules oc-
cluded, and the shapes of the particles changed, forming a
membrane-like layer (box) completely covering the dentin
surface (Fig. 6(B3–B6)). This apatite-like layer is thought to
be responsible for the increased acid resistance stability.

While there was no statistical difference from that of 368B,
the dentinal tubule occlusion ratio of 1840B was the highest
after acidic challenge, and in vitro bioactivity assays were
performed to confirm this finding. The 368A, 368B, 1840A,
and 1840B samples were soaked in a SBF solution for 1, 10,
and 30 days, and the composition of the solution was exam-
ined by FT-IR (Fig. 7a–d). The formation of the apatite-like

layer can be inferred through the carbonate and phosphate
bands. Carbonate bands (875, 1350, and 1738 cm−1 peaks)
were produced in all groups, but in 1840A and 1840B, the
band was observed at day 1, whereas for 368A and 368B, the
band was observed at day 30. Thus, it can be deduced that the
particle size influenced the time required for formation of the
carbonate band. This is similar to a previous study in which
nanometer-sized bioactive glass (20–50 nm) led to increased
dentin remineralization compared to micrometer-sized bioac-
tive glass [27]. This is thought to be related to the increased
mechanical maintenance due to tight attachment [28]. On the
other hand, phosphate bands (955 cm−1 peak) were not ob-
served in 368A or 1840A but were observed in 368B at day 10
and in 1840B at day 30. It is conceivable that the composition
of the particles affects the formation of phosphate bands. The
presence of BGN also affects the formation of phosphate and
evenmore so in the case of 1840Bwhose particles are smaller.
This indicates that an apatite-like layer was formed in the
368B and 1840B samples, which is more effective in 1840B
whose particles are smaller. This is consistent with recent
findings that pure mesoporous silica materials (such as
MCM-41) do not exhibit bioactive behavior [29], but
phosphorous- or bioactive glass-doped mesoporous silica ma-
terials induce the formation of apatite layers [30, 31].

In summary, two sizes of BGN@MSN biocomposites were
successfully synthesized, which exhibited acid resistance sta-
bility and remineralization capability with successful occlu-
sion of exposed dentin tubules. Comparing the different-
sized particles of 368B and 1840B, 1840B, having smaller
particle size and larger surface area and pore volume, may
be more effective in treating DH in clinical applications.

Fig. 5 FESEM images (× 2000) of the top sides of the samples which
were used to determine the tubule-occluding effect in each group. A1–A6
are images before exposure to 6 wt% citric acid solution and B1–B6 are
images 30 days after exposure to 6 wt% citric acid solution for 1 min. In
group 1 (control), B1 shows larger diameter of the dentinal tubule than
A1. In group 2 (BG), 3 (368A), 4 (368B), 5 (1840A), and 6 (1840B), B2–
B6 show a decreased number of particles occluding the dentinal tubule
than A2–A6

Fig. 6 FESEM images (× 2000) of the longitudinal sides of the samples
which were used to determine the tubule-occluding effect in each group.
A1–A6 are images before exposure to 6 wt% citric acid solution and B1–
B6 are images 30 days after exposure to 6 wt% citric acid solution for
1 min. In group 1 (control), A1 shows a dentinal tubule with its smear
layer removed (star) and B1 shows a large diameter of the dentinal tubule
(star). In group 2 (BG), A2 shows partially occluded dentinal tubules with
a depth of 1–2μm (arrows) and B2 shows a decreased number of particles
occluding the dentinal tubule. In group 3 (368A), A3 shows dentinal
tubules partially occluded at a depth of 2–3 μm (arrows) and the
particles in the tubules are scattered. B3 shows reduced particles
occluding the dentinal tubules, which disappeared particles in the tubule
orifice. Also, the occlusal depth is reduced. In group 4 (368B), A4 shows
dentinal tubules were completely occluded by the particles at a depth of
4–5 μm (arrows). B4 shows most dentinal tubules were occluded, and the
shape of the particles changed to form a membrane-like layer (box)
completely covering the dentin surface. In group 5 (1840A), A5 is
partially occluded with particles with dentinal tubules scattered at a
depth of 2–5 μm (arrows) and B5 shows reduced particles occluding
the dentinal tubule with disappeared particles in the orifice of the
dentinal tubule, and decreased occlusion depth. In group 6 (1840B), A6
shows dentinal tubules were 4–5 μm deep (arrows) and the particles were
clustered together and occluded the dentinal tubules. B6 shows most of
the dentinal tubules were closed, and the shape of the particles changed to
form a membrane-like layer (box) completely covering the dentin surface
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However, further in vivo studies should be performed to con-
firm these results. Since this was only in vitro study, there
were limitations to simulate the intraoral environment. From
the in vivo study, other factors including intraoral temperature,

dental biofilm, salivary proteins, food debris, and bacterial
products should be considered. This would increase the pos-
sibility of developing long-term and more effective DH treat-
ment methods.

Conclusion

Long-term stability to acid challenge after dentinal tubule oc-
clusion is an important factor in the treatment of DH. Particle
size and surface area are thought to significantly affect this
process. Therefore, in this study, we synthesized two different
sizes of MSN particles coated with BGN to study the long-
term stability to acid challenge after the occlusion and
remineralization of dentinal tubules. The different-sized
368A and 1840A MSNs and 368B and 1840B MSN coated
with BGN were successfully synthesized by the Stöber and
sol-gel methods, respectively, and characterized by XRD, FT-

Table 3 Area ratio of the occluded dentinal tubule

Groups Occluded area (%)

Before acid challenge After acid challenge

Control – –

BG 78.30 ± 7.68d 58.47±2.98f

368A 86.68 ± 10.45abc 69.70 ± 5.23e

368B 89.08 ± 6.28ab 79.56 ± 8.71cd

1840A 87.70 ± 8.55ab 70.05 ± 7.28e

1840B 89.87 ± 2.21a 82.60 ± 3.28bcd

*One-way ANOVAwas performed. The same superscript indicates that
the differences between values are not significant; P < 0.05

Fig. 7 FT-IR spectra of the compositional changes upon exposure to SBF
solution of groups 368A (a), 368B (b), 1840A (c), and 1840B (d) for 1,
10, and 30 days. a 368A: 875, 1350, and 1738 cm−1 peaks on day 30. b
368B: 955 cm−1 peak appears at day 10 and 875, 1350, 1738 cm−1 peaks

appear at day 30. c 1840A: 875, 1350, 1738 cm−1 peaks appear at day 1. d
1840B: 875, 1350, 1738 cm−1 peaks as well as the 955 cm−1 peak appear
at day 1
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IR, FETEM, and BET. Both 368B and 1840B samples suc-
cessfully occluded dentinal tubules and were acid-resistant,
retaining their remineralization capability. During the in vitro
bioactivity assay and dentinal tubule occlusion experiments,
1840B, with its small particle size and large surface area and
pore volume, may be more effective in treating DH in clinical
applications.
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