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Abstract

Objectives To synthesize a silver-doped bioactive glass/mesoporous silica nanoparticle (Ag-BGN@MSN), as well as to inves-
tigate its effects on dentinal tubule occlusion, microtensile bond strength (MTBS), and antibacterial activity.

Materials and methods Ag-BGN@MSN was synthesized using a modified “quick alkali-mediated sol-gel” method.
Demineralized tooth disc models were made and divided into four groups; the following treatments were then applied:
group 1—no treatment, group 2—bioglass, group 3—MSN, group 4—Ag-BGN@MSN. Next, four discs were selected
from each group and soaked into 6 wt% citric acid to test acid-resistant stability. Dentinal tubule occlusion, as well as
the occlusion ratio, was observed using field-emission scanning electron microscopy. The MTBS was also measured to
evaluate the desensitizing effect of the treatments. Cytotoxicity was examined using the MTT assay. Antibacterial
activity was detected against Lactobacillus casei, and ion dissolution was evaluated using inductively coupled plasma
optical emission spectrometry.

Results Ag-BGN@MNSN effectively occluded the dentinal tubule and formed a membrane-like layer. After the acid challenge,
Ag-BGN@MSN had the highest rate of dentinal tubule occlusion. There were no significant differences in MTBS among the
four groups (P> 0.05). All concentrations of Ag-BGN@MSN used had a relative cell viability above 72%.
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Conclusions Ag-BGN@MSN was successfully fabricated using a modified sol-gel method. The Ag-BGN@MSN biocomposite
effectively occluded dentinal with acid-resistant stability, did not decrease bond strength in self-etch adhesive system, had low

cytotoxicity, and antibacterial effect.

Clininal relevance Dentinal tubule sealing induced by Ag-BGN@MSN biocomposite with antibacterial effect is likely to in-

crease long-term stability in DH.

Keywords Bioactive glass - Mesoporous silica - Nanoparticle - Antibacterial effect - Remineralization - Dentin hypersensitivity

Introduction

Dentin hypersensitivity (DH) is a common problem en-
countered by dentists in clinics. The condition is character-
ized by dentin exposure and is accompanied by sudden and
sharp pain and discomfort in the presence of heat, steam,
contact, osmotic pressure, or chemical stimulation. The
cause of this dentin exposure is loss of enamel due to abra-
sion, attrition, or acid erosion; gingival recession caused by
gingivitis or periodontal surgery may also play a role [1-3].
The reported incidence rate of DH ranges from 4 to 74%;
the reason for this broad variation is differences in research
methods and subjects [4-8]. With regard to the mechanism
of DH, the literature has presented a number of theories—
namely the “direct innervations,” “odontoblast receptor,”
and “hydrodynamic” theories. Recently, the hydrodynamic
theory in particular has become widely accepted [9].

Clinicians have taken various approaches to DH treatment:
(1) nerve desensitization, (2) protein precipitation, (3) dentinal
tubule plugging, (4) dentin adhesive sealing, (5) dentin bond-
ing agents, and (6) various laser treatments [1]. Some of these
treatment methods have successfully occluded the dentinal
tubules and blocked fluid flow, thus reducing clinical symp-
toms. However, these methods are limited in that their depth
of penetration is limited to the dental surface. For this reason,
exposure to dietary acid re-exposes the dentinal tubules,
resulting in a short-lasting treatment effect and relapse of hy-
persensitivity [10-13].

Thus, effective occlusion of dentinal tubules and long-
lasting stability upon exposure to dietary acid is necessary to
ensure that DH is effectively treated [14, 15]. Furthermore, in
clinical circumstances, since tooth sensitivity is often accom-
panied by enamel defects, resin-based restoration is frequently
required, and clinicians must ensure that DH treatment does
not affect the bonding strength of the resins [16].

Mesoporous silica nanoparticles (MSNs) are widely used
in the biomedical field because they have a stable structure,
large surface area/mass ratio, high adsorbability, and high
thermostability and chemostability. Because of the stability
and high transportation ability of MSNs, they are often used
as the ideal mediator of medicines, genes, and functional
nanoparticles [17, 18]. In particular, Tian et al. reported that
MSNs coated with Ca®* or PO,> can effect dentinal tubule
occlusion and remineralization [19].
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Similarly, bioactive glasses (BGs) have been used as bio-
medical materials to encourage osteogenesis because of their
osteoconductivity and ion-release capability. Therefore,
in vitro research has suggested that BGs can induce
remineralization on the dentin disc surfaces [20]. BG nano-
particles (BGNs) have a larger surface area/mass ratio than
conventional BGs, as well as greater illumination intensity,
hydrophobicity, and wettability. For this reason, BGNs affect
cell adhesion and confer bonding properties on host tissue,
and they therefore have increased bioactivity [21, 22].
Additional advantages, such as soft tissue regeneration,
wound healing, and antibacterial effects, can be obtained
when the ions Ag*, Cu*, and Sr** are superinduced during
BG synthesis [23, 24]. In particular, silver has broad antibac-
terial activity, and the addition of Ag" ions is the most com-
mon approach to synthesizing biomedical materials that have
antibacterial capabilities [25]. It follows that silver-doped
BGNs (Ag-BGNs) would have all the characteristics of
BGNSs, as well as an antibacterial effect [26].

By way of comparison of the two substances above,
MSNs have a large surface area/mass ratio, but lack bioac-
tivity, while BGNs have a smaller surface area than MSNs,
but larger bioactivity [27]. Therefore, dentinal tubule oc-
clusion and sealing using an Ag-BGN-coated MSN (Ag-
BGN@MSN) biocomposite material is worthy of study as
a treatment option for DH. However, no proper research
has yet been carried out on this subject.

Thus, the aim of the present study was to synthesize an Ag-
BGN@MSN biocomposite material, as well as to investigate
the materials characteristics, including whether it can occlude
dentinal tubules effectively, maintain stability in the presence
of acid, preserve microtensile bond strength (MTBS), and
confer an antibacterial effect.

Materials and method
Synthesis of an Ag-doped BGN-coated MSN

The MSNs (200 nm) were purchased from Sigma-Aldrich
(St. Louis, MO, USA), and the Ag-BGN@MSN was syn-
thesized using a modified version the “quick alkali-
mediated sol-gel” method described by Xia et al. [28].
Briefly, 2.8 ml of 2 M HNO3, 13.9 ml of deionized water
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(DIW), and 1.0 g of MSNs were added to 50 ml of ethanol.
Next, 21.6 ml of tetraethyl orthosilicate was added, and the
preparation was vigorously stirred at room temperature.
Triethyl phosphate (2.2 ml) was then added, and the prepa-
ration was stirred again for 30 min. Subsequently, to prepare
1, 3, and 5% Ag-BGN@MSN, Ca(NO;),-4H,0 was added
(13.50, 12.76, 11.91, respectively), and the preparation was
stirred for another 30 min. Next, AgNO3 was added (0.15,
0.44, and 0.7, respectively), and the preparation was stirred
for 1 h, followed by aging for 24 h at 60 °C. After gelation,
the preparation was oven dried at 80 °C. The final sample
was obtained after calcination for 5 h at 600 °C.

Characteristics of the material

The MSNs and final samples were characterized as follows.
X-ray diffraction (XRD) patterns were obtained using an
Ultima I'V multipurpose XRD system (Rigaku, The wood-
land, TX, USA) at 40 kV and 40 mA, with a scanning speed
of 0.1°/min. Functionalized surfaces were investigated
using the ATR method of Fourier transform infrared spec-
troscopy (FT-IR); specifically, the Spectrum GX FT-IR
Spectrometer (PerkinElmer Inc., Waltham, USA) was used.
Furthermore, using an adsorption analyzer (autosorb-iQ;
Quantachome, Boynton, FL, USA), the N, adsorption-
desorption isotherms were processed. The distributions of
specific surface area and pore size were measured using the
Brunauer—Emmett-Teller (BET) and Barrett—Joyner—
Halenda (BJH) methods, respectively. The shape of the
samples was observed using field-emission scanning elec-
tron microscopy (FESEM; SUPRA25; Carl Zeiss,
Germany). A 200-kV field-emission transmission electron
microscope (FETEM; TALOS F200X; FEI, Hillsboro, OR,
USA) was used to observe the samples, and qualitative anal-
ysis of the Ag inside the samples was performed using fast
analytical energy-dispersive X-ray spectroscopy.

Fabrication of samples and experimental design

This study was reviewed and approved by the Institutional
Review Board of 00000 Hospital (PNUDH-2016-033).
Thirty-two premolars that had been extracted as part of ortho-
dontic treatment were obtained after informed consent had
been given. The teeth were stored in 0.5% thymol solution
at 4 °C, and they were used within 3 months. Using a low-
speed diamond saw (Struers Accutom-50; Ballerup,
Denmark) underwater, a 1-mm thick dentin disc was prepared
by slicing the teeth perpendicular to the longitudinal. The disc
was polished for 60 s using 320- and 600-grit silicon carbide
(SiC) polishing paper. Next, the disc was soaked in 1 wt%
citric acid solution for 20 s and rinsed thoroughly by water
spray. In this way, the dentinal tubule of the disc was opened
to create a demineralized tooth model [17]. The discs were

then divided randomly into four groups (n = 8 in each): group
1—no treatment (control); group 2—slurry prepared using
100 mg of BG 4585 (45 Si0-24.5 Ca0-24.5 Na,0-6P,0;
Aladdin Industrial Corporation, Shanghai, China) was applied
to the dentin surface using a rotary cup for 30 s under low
speed; group 3—slurry prepared using 100 mg of MSNs and
200 pL of DIW was applied using the same method as in
group 2; group 4—slurry prepared using 100 mg of Ag-
BGN@MSNs and 200 pL of DIW was applied to the dentin
surface using the same method as in group 2.

Four discs were randomly selected from each group,
and the rest of the discs were prepared for post-treatment.
To examine resistance to strong acidic conditions, after
applying samples in dentin disc, the discs were soaked
in 6 wt% citric acid solution (pH 1.5) for 60 s and rinsed
thoroughly using DIW (n =4).

Field-emission scanning electron microscopy assessment
of dentin tubule occlusion

The completed samples were stored in a 100% humidified
atmosphere at 37 °C for 14 days. To evaluate each disc’s
treatment and cutting surfaces, the discs were dissected
through the longitudinal axis. They were water sprayed and
dried to allow sputter-coating with platinum. The change in
the exposed dentinal tubule occlusion was then observed
using FESEM. The center of each disc was observed using
%2000, x5000, and x10,000 microscopic magnification. To
calculate the area ratio of the occluded dentinal tubules (area
of occluded tubule/the total tubule area), Image J (version
1.50; NIH, Bethesda, MD, USA) was used.

Microtensile bond strength test

To expose the mid-coronal dentin, 20 extra premolars were
dissected parallel to the occlusal plane using low-speed dia-
mond saw. The exposed surface was then polished using 600-
grit SiC paper and soaked for 20 s in 1 wt% citric acid solu-
tion. Subsequently, the tooth models were randomly divided
into four groups (n =35 in each). Each group was treated using
the methods mentioned in “Microtensile bond strength test”;
the samples were then rinsed using water spray for 30 s and
air-dried. The following procedure was used to evaluate the
effect of the desensitizing treatment on MTBS: Clearfil SE
Bond (Kuraray Co., Osaka, Japan) was applied to the dentin
surface, according to the manufacturer’s instructions. Next, 4-
mm height resin composite (Filtek Z 100; 3 M ESPE, St Paul,
MN, USA) build-ups were prepared and light-cured for 20 s
using an LED curing unit (DEMI; > 1000 mW/cm?; Kerr
Corporation, Middleton, WI, USA).

The samples were stored in 37 °C DIW for 24 h; each
sample was then truncated perpendicular to the bonding inter-
face to obtain eight beams with dimensions of 0.9 mm X
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0.9 mm. Each beam was then fixed to the MTBS tester (Bisco;
Schaumburg, IL, USA) using cyanoacrylate adhesive, and the
tensile force was set for a cross-head speed of 1 mm/min.

Cell culture and cytotoxicity assay

Human dental pulp cells (HDPCs) were separated from the
healthy human dental pulp tissue of premolars that had been
extracted for orthodontic treatments. The separated pulp tissue
was cultivated in an a-modified essential medium
(Dulbecco’s modified Eagle’s medium; LM001-01;
Welgene, Seoul, South Korea). Next, 10% fetal bovine serum
(Gibco, CA, USA), 100 units/mL penicillin, and 100 mg/mL
streptomycin were added to the medium at 37 °C ina 5% CO,,
humidified atmosphere. The medium was replaced every
2 days. The in vitro cytotoxicity of Ag-BGN@MSNs was
examined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay. Specifically, Ag-
BGN@MSN was placed in a 96-well plate (0, 10, 20, 40,
80, 160, and 320 pug/mL density, mixed with DIW), and the
DIW was evaporated. Subsequently, 10,000 HDPCs were
seeded on each well and cultivated for 24, 48, or 72 h at
37 °C in 5% CO,. Next, 5 mg/ml of MTT (Sigma-Aldrich,
St. Louis, MO, USA) was added to each well; this was follow-
ed by 3 h of cultivation. Subsequently, the samples were
washed using dimethyl sulfoxide for 5 min, and their optical
density was measured at a wavelength of 540 nm.
Experiments were triplicated for comparison.

Antibacterial activity test

Next, 200 ul MSN and 1, 3, and 5% Ag-BGN@MSN (0,
200, 300, 400 pg/ml in DIW) was placed in a 96-well
plate and the DIW was dried out. Lactobacillus (L.) casei
(kete3260) (1.0 x 10° CFU/ml) was then cultured in de
Man, Rogosa, and Sharpe (MRS) medium at 37 °C in
5% CO, for 24 h. After cultivation, the optical density
was measured at a wavelength of 650 nm.

In vitro ion dissolution test

The characteristics of ion dissolution were evaluated using
inductively coupled plasma optical emission spectrometry
(Optima 8300; PerkinElmer, Waltham, MA, USA). Briefly,
0.5 gof 1, 3, of 5% Ag-BGN@MSN was placed in 5 ml of
x5 stimulated body fluid (Biosesang; Seoul, South Korea),
and the density of the ions eluted was measured after 1, 3, 7,
14, 30, and 90 days.

Statistical analysis

To compare among the groups, one-way analysis of vari-
ance (ANOVA), with Bonferroni’s multiple comparison
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tests, was performed. All statistical analyses were con-
ducted using the R language program (version 3.3.2; R
Foundation for Statistical Computing, Vienna, Austria).

Results
Characterizations
X-ray diffraction

Figure 1 shows the XRD patterns for the MSN, as well as
for the 1, 3, and 5% Ag-BGN@MSN. In the small-angle
XRD (Fig. 1a), the MSNs showed peaks at the (100),
(110), and (200) planes; this matches with the peak planes
of silica. The peaks of the 1, 3, and 5% Ag-BGN@MSN
were similar to each other and matched those of silver.
Unlike the MSNs, the silver-doped MSNs showed invisi-
ble (110) and (200) planes. A similar pattern, with slightly
broadened peaks, was observed for the 1, 3, and 5% Ag-
BGN@MSN, suggesting that the Ag-BGN@MSN core-
shell particles maintain two-dimensional hexagonal
structures.

In the wide-angle XRD (Fig. 1b), all samples showed a
non-crystalline structure, implying that the material is
amorphous.

Fourier transform infrared spectroscopy

To determine the chemical composition of the Ag-
BGN@MNSN, as well as the chemical stability of MSNs as a
core material, the Ag-BGN@MSN was characterized using
FT-IR spectroscopy. As shown in Fig. 2a, the silicate adsorp-
tion bands of all the core material samples could be observed
in all spectra; the peaks at around 1060 and 800 cm ' were
ascribed to Si-O-Si.

However, the FT-IR spectrum showed that the decrease
in the Si-O-Si peak of Ag-BGN@MSN was associated
with shell formation due to the glassy properties of the
BG. In the case of pure MSNs (Fig. 2b), the broad bands
at approximately 3449 cm™' (data not shown) and
1623 cm ™' were ascribed to the presence of Si-O-H vibra-
tion. Other typical bands Si-O-Si vibration occurred at
around 1243 and 808 cmfl, and Si-OH bending deforma-
tion bands can be seen at around 977 cm™'.

The FT-IR spectrum of the 3% Ag-BGN@MSN is present-
ed in Fig. 2c. The spectra of 3% Ag-BGN@MSN revealed
vibration bands similar to those of MSN. However, the two
sharp bands at 1203 and 1219 cm ™' corresponded to silicate
adsorption bands representing Si—O-Si stretching of non-
bridging oxygen atoms within the silicate tetrahedron. The
peak at around 802 cm ' can be attributed to P-O bending
in the PO,>~ groups.
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Fig. 1 a Small-angle X-ray A B
diffraction (XRD) pattern of Ag-
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plate-like particle. Table 1 shows the results of specific surface
area (Sggr), pore volume (Vp), and pore diameter (Dp) using
the BET and BJH methods. The pores in the MSNs measured
2.69 nm in diameter, whereas those in the Ag-BGN@MSN
had a diameter of 2.51 nm. Similarly, their surface area/mass
ratio differed drastically: 902.47 m*/g in MSNs vs. 315.69 m*/
g in Ag-BGN@MSN. These results show that the pores of
MSN were filled with Ag-BGN particles, and that the total
pore volume was markedly greater in the Ag-BGN@MSN
(3.62 cm3/g) than in the MSNs (1.14 cm3/g).

Field-emission scanning electron microscopy
and field-emission transmission electron microscopy using
energy-dispersive X-ray spectroscopy

The shape of the samples was observed using FESEM and
200 kV FETEM. The silica nanoparticle had a diameter of
100-350 nm on the FESEM image (Fig. 4a), while the BGN
on the surface of MSN particle had a size of 30-50 nm (Fig.
4b). A more detailed image could be observed using 200 kV
FETEM. Figure 5a shows the silica matrix surface of an MSN,
and the Ag-BGN clusters coating the silica matrix can be seen
in Fig. 5b. Through observation using 200 kV FETEM, it
could be confirmed that the BGN coated the mesoporous
structure of the compound.

Qualitative analysis of Ag* was performed using fast ana-
lytical energy-dispersive X-ray spectroscopy. Ag” was ob-
served in the 1, 3, and 5% Ag-BGN@MSN (Fig. 6).

Table 1 N, adsorption results

Samples SBET (m%/g) Vp (cc/g) Dp (nm)
MSNs 902.47 1.14 2.69
Ag-BGN@MSN 315.69 3.62 251

Sger (M’ /g) surface area, V, (cc/g) total pore volume of pores with radius,
D,, (nm) average pore radius

@ Springer

Field-emission scanning electron microscopy
observation of tubule occlusion

Figure 7 shows the tubule-occluding effect in each group. Group
1 (Fig. 7(al)~(d1)) depicts a dentin surface on which there is no
smear layer due to the opening of dentinal tubule after soaking in
1 wt% citric acid solution for 20 s. Group 2 (Fig. 7(a2)—(d2)) and
group 3 (Fig. 7(a3)—~(d3)) show that both the BG and MSN
particles penetrated and partly occluded the tubules. Group 4
(Fig. 7(a4)—(d4)) shows dentinal tubules that are completely
occluded by compacted 3% Ag-BNG@MSN particles.

Fourteen days after soaking dentin disc in 6 wt% citric acid
for 1 min, the amount of particles remaining on the dentin surface
differed among the groups (Fig. 8). The diameter of the dentinal
tubules had increased in group 1 (Fig. 8(al)~(d1)). The amount
of particles covering the tubule surface had decreased in group 2
(Fig. 8(a2)+(d2)) and group 3 (Fig. 8(a3)—(d3)). Furthermore, the
depth of the MSN particle inside the remaining tubule had de-
creased in group 3 (Fig. 8(d3)). More tubule occlusion was ob-
served in group 4 than in the other groups, and a membrane-like
layer which completely covered the dentin surface had been
observed in group 4 (Fig. 8(a4)—(d4)).

Occluding area ratio analysis

Table 2 shows the surface area ratio of the occluded dentinal
tubules in each group before and after application of 6 wt%
citric acid for 1 min. In the MSN and other groups, there was
no significant difference in surface area ratio before and after
the application of 6 wt% citric acid. However, the groups in
which the BG and 3% Ag-BGN @MSNs were applied showed
statistically significant differences (P < 0.05). After the appli-
cation of 6 wt% citric acid, the ratio of occluded surface area
decreased differently in each group. The greatest difference in
this regard was observed in the BG group, while the MSN and
3% Ag-BGN@MSN groups showed little difference. It can be
inferred that acid-resistant stability is higher in the MSN and
3% Ag-BGN@MSN groups.

MTBS test

Figure 9 and Table 3 show the mean and standard devia-
tion of MTBS in each group. One-way ANOVA showed
that there was no significant difference between the con-
trol group and the 3% Ag-BGN@MSN group (P> 0.05),
but the Ag-BGN@MSN group did differ significantly
from the BG and MSN groups (P < 0.05).

Cytotoxicity assay
Figure 10 shows the relative cell viability of the HDPCs exposed

to 1, 3, and 5% Ag-BGN@MSN (0-320 pg/mL). The relative
cell viability was more than 72% in all groups, and there were no
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Fig. 4 Field-emission scanning
electron microscopy images of
the a MSNs and b 3% Ag-
BGN@MSN

54800 15.0kV 11.3mm x100k SE(M)

statistically significant differences in terms of sample density and
time among HDPCS that had gone through 24-, 48-, and 72-h
exposures (Fig. 10a—). There were no significant differences
among the pair-wise comparisons. (P> 0.05 in all cases).

Antibacterial effect test

Figure 11 shows the antibacterial properties of Ag-BGN@MSN.
In the control group, L. casei incubated in MSNs had the highest
light absorbance, indicating the most active bacterial growth.
Light absorbance decreased as the density of 1, 3, and 5% Ag-
BGN@MSN increased, and as the density of Ag* increased,
suggesting that bacterial growth was inhibited.

In vitro ion dissolution test

Figure 12 shows the ion dissolution ability of Ag-
BGN@MSN. Silver was not detected in the control group.
In contrast, concentration of Ag* detected in the Ag-
BGN@MSN group had rapidly increased to 6 ppm in
24 h. After 24 h, the time-dependent increment was not
large, and the absolute concentration remained within
8.5 ppm. The concentration of Ca®* was about 127 ppm
in the control group; it rapidly increased to 300 ppm in the
Ag-BGN@MSN group, showing little decrease or further
increase thereafter. The concentration of PO,>  was
35.1 ppm in the control group; this rapidly dropped after
24 h to 2 ppm, and later to below 1.0 ppm.

Fig. 5 200 kV field-emission
transmission electron microscopy
images of the a MSNs and b 3%
Ag-BGN@MSN

500nm | S4800 15.0kV 11.3mm x100k SE(M)

...........

Discussion

From close examination of the synthesized Ag-BGN@MSN, it
could be seen that the BG nanoparticle surrounded the MSN
nanoparticle without invading its structure. This was because
the MSN has excellent surface properties—a large surface area/
mass ratio and pore volume, as well as a unique BGN-covering
structure that is conferred during synthesis, because the MSN’s
high surface porosity acts as a nucleation site [29]. Furthermore,
depending on the amount of silver added during synthesis, dif-
ferent densities of silver were observed on the surface of the
MSN (Fig. 6). In the evaluation using N, adsorption-desorption
isotherms, the surface area/mass ratio had decreased to 1/3 of its
original size, although little decrease in pore radius was observed,
even though the BGNs can affect the pore by forming a structure
in the BGN that covers the MSN [30]. Conversely, the total pore
volume of the Ag-BGN@MSNs had increased, perhaps because
the volume between the BGNs formed through irregular bonding
of the BGN particle to the surface of the MSN (Table 1).
Research into BG as a method of DH treatment has proceeded
for long time [31, 32]. BGs induce remineralization on the dentin
disc surface through ion dissolution and osteoconductivity [19],
and hydroxycarbonate apatite precipitates created from this ion
dissolution mechanically occlude the dentinal tubule [32].
However, BG particles themselves partially hinder the deposition
of Ca®* and PO, thus delaying their effect [33]. In keeping
with these previous observations, incomplete occlusion of the
dentinal tubule was observed in the BG group of the present
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Fig. 6 Fast analytical energy-dispersive X-ray spectroscopy of the a 1% Ag-BGN@MSN, b 3% Ag-BGN@MSN, and ¢ 5% Ag-BGN@MSN

study (Fig. 7(a2)~(d2)). The MSN is a spherical particle with a
diameter of 100350 nm; it showed deeper dentinal tubule oc-
clusion (3—4 pum) than the other materials. However, since the
MSN penetrated the dentinal tubule in the form of a particle,

A1 B1

Fig. 7 Field-emission scanning electron microscopy micrographs (A:
%2000, B: x5000, C: x10,000) of the superior and axial surfaces to
evaluate the tubule-occluding effect in each group. No smear layer was
observed in the dentinal tubules on the images of group 1 (control; al—
dl). *The image from group 2 (BG) shows dentinal tubules that are

@ Springer

compact occlusion of the dentinal tubule to the wall did not occur
(Fig. 7(a3)~(d3)). The Ag-BGN@MSN showed more complete
wall occlusion than the other materials (Fig. 7(a4)—(d4)), with the
BGNs effectively filling the empty space among the MSN

partially occluded to a depth of 1-2 pm (arrow). On the image from
group 3 (MSN), the dentinal tubules are partially occluded to a depth of
3—4 pm, and the particles were scattered. Group 4 (3% Ag-BNG@MSN)
shows dentinal tubules that are completely occluded by particles to a
depth of 2-3 pm (arrow)
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PNU CRF

Fig. 8 Field-emission scanning electron microscopy micrographs (A:
%2000, B: x5000, C: x10,000) of the superior and axial surface to
evaluate the tubule-occluding effect in each group 14 days after
exposure to 6 wt% citric acid solution for 1 min. Images of group 1
(control; al-d1) show an increase in the diameter of the dentinal tubule
(star). The images of group 2 (BG) show a decrease in the number of

particles. Secondarily, dentinal tubule sealing through the forma-
tion of a hydroxycarbonate apatite layer from the BG accelerates
complete occlusion of the tubule.

Acid-resistant stability is a key factor in the long-term prog-
nosis of DH treatment. Citric acid is a very common substance in
the diet; therefore, 6 wt% citric acid was used to simulate the
intraoral environment in the present experiment [14]. In addition,

PNU CRF PNU CRF

particles occluding the dentinal tubules. The image of group 3 (MSN)
indicates that the depth of particle inside of tubule, as well as the number
of particles occluding the dentinal tubule, had decreased. In the image of
group 4 (3% Ag-BNG@MSN), a membrane-like layer (box) covering the
dentin surface can be seen. Most of the dentinal tubules were occluded in
group 4

careful attention must be paid to citric acid, because it can dis-
solve calcium phosphate [34]. The acid-resistant stability was
assessed by observing structural changes in the dentinal tubules.
The size of the dentinal tubule had increased after soaking dentin
disc in a 6 wt% citric acid, as expected (Fig. 8(al)—(d1)). This
was because, in acidic conditions, the degree of mineralization of
peritubular dentin is larger than that of intertubular dentin [14].

Table 2 Surface area ratio of the

occluded dentinal tubule Groups

Occluded area (%)

Before acid challenge* After acid challenge*

BG
MSN
3% Ag-BGN@MSN

49.12 +14.77°
71.62 + 15.65°
83.04 £ 7.51%

74.46 + 12.74°
78.89 + 5.12%
93.14 + 4.88°

The same superscript was used for all means that were not significantly different (P <0.05)

*ANOVA was performed
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Fig. 9 Microtensile bond strength
in the control, BG, MSN, and 3%
Ag-BGN@MSN groups
*ANOVA was performed. The
same superscript is used for all
means that are not significantly
different (P < 0.05)

ab

30
1

25

15

Microtensile bond strength(Mpa)
10

Control

After acid exposure, most of the dentinal surface BG was re-
moved, and the remaining BG was superficially occluding the
tubule entrance (Fig. 8(a2)—(d2)). In addition, the area ratio of the
occluded dentinal tubule had decreased by about 25% (Table 2).
As has been reported previously, the dentinal tubule’s sealing
effect decreased when the BG was exposed to acidic conditions,
confirming that the tubule was reopened as the calcium phos-
phate deposits inside the dentinal tubule were dissolved.

In the MSN-treatment group, the area ratio of dentinal tubule
occlusion was similar to that in BG group. However, after acid-
ic exposure, there was a roughly 7% decrease in the area of the
occluded dentinal tubule, indicating that the MSNs had higher
acid-resistant stability than the BGs (P < 0.05; Table 2). This
phenomenon is likely due to unique acid resistance of mesopo-
rous silica. However, in the MSN-treatment group, there was a
considerable amount of space among the MSNs before acidic
exposure; therefore, the MSNs were washed off by the citric
acid, resulting in a decreased depth of dentinal tubule occlusion
(Fig. 8(d3)).

The Ag-BGN@MSN-treatment group had the highest rate of
dentinal tubule occlusion of all the groups (P <0.05).
Furthermore, the Ag-BGN@MSN-treatment group had a higher
rate of dentinal tubule reopening after acidic exposure than the
MSN group. Nonetheless, the group still showed highest total
ratio of dentinal tubule occlusion (Table 2). In addition, a
membrane-like layer could be observed on the dentin surface

Table 3 Microtensile

bond strength Sample Mean (Mpa)
Control 17.61 +3.63
BG 14.99 +4.76°
MSN 15.16 £ 3.65°
3% Ag-BGN@MSN 19.57 + 7.44°

ANOVA was performed. The same super-
script was used for all means that were not
significantly different (P < 0.05)

BG bioactive glass, MSN mesoporous sili-
ca nanoparticle, Ag-BGN@MSN silver-
doped bioactive glass coated mesoporous
silica nanocomposite

@ Springer

T T T
3% Ag-BGN@MSN

(Fig. 8(d4)). 1t follows that the Ag-BGN@MSN group had the
highest acid-resistant stability.

Moreover, the tubule-occluding ability of MSNs was also
enhanced by adding BGNs, which has high acid-resistant sta-
bility, allowing it to fill the empty spaces among the MSN
particles. This enhanced tubule-occluding ability and apatite
formation inside dentinal tubule likely contributed to the in-
crease in acid-resistant stability.

According to recent research, the silanol group on the MSN
surface creates an active, nano-sized, carbonated apatite [29],
and 50 nm silica nanoparticles inhibit osteoclast differentiation
and induce osteoblast differentiation, so that bone mineral den-
sity increases. However, in the present study, no membrane-like
layer formed in the MSN-treatment group, as was evident from
the observation that pure mesoporous silica materials (MCM-
41) did not present bioactive behavior [35]. Conversely,
phosphorous- or BG-doped mesoporous silica materials induce
the formation of an apatite layer [30, 37]. Like the MCM-41,
MSNs cannot create an apatite layer because it has small pore
size and volume. On the other hand, in the Ag-BGN@MSN
group, a membrane-like layer was likely formed, because Ag-
BGN@MSNs have large pore volume. Additionally, BG di-
lutes ions such as calcium, phosphate, silanol, and sodium to
induce remineralization, a process that becomes faster as the
BG becomes smaller [36]. Thus, MSNs doped with 30-50 nm
BGN probably formed a membrane-like layer in the present
study. In conclusion, because more dentinal tubules were oc-
cluded by Ag-BGN@MSN, there was better tubular wall oc-
clusion in this group. Moreover, because a membrane-like layer
formed, the acid-resistant stability likely increased. Thus, den-
tinal tubule sealing induced by Ag-BGN@MSN is likely to
increase long-term stability in DH treatment.

In a clinical environment, resin restoration follows treat-
ment for DH. For this reason, dentists must investigate how
the DH treatment agent affects the MTBS between dentin and
adhesive. Theoretically, the DH treatment methods that ac-
company dentinal tubule occlusion reduce the bonding
strength, because such methods make it hard for the resin
tag to form, thus interrupting the mechanical locking of the
resin [38]. However, our experimental results showed that
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Fig. 10 Relative cell viability of human dental pulp cells exposed to different densities (0320 pg/mL) of 1%, 3%, and 5% Ag-BGN@MSN for 24 (a),

48 (b), and 72 h (¢)

there were no significant differences between any of the three
groups and the control group (P > 0.05). This was likely due to
the following factors: 10-methacryloyloxydecyl dihydrogen
phosphate, the monomer of the Clearfil SE Bond, in addition
to its mechanical locking, reacts and bonds with free calcium

to provide extra bonding force between resin and dentin [39].
Similarly, the BG, MSN, and Ag-BGN@MSN solutions in-
crease surface wettability and reduce surface tension. High
surface wettability and low surface tension contribute to a
low contact angle and high surface energy, which generally

Fig. 11 Antibacterial properties
of MSNs and 1, 3, and 5% Ag-
BGN@MSN (0-1000 pg/mL;
24 h)
0.751
£
S 050+
(2]
©0
o}
(o}
0.25
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1% Ag-BGN@MSN
3% Ag-BGN@MSN
5% Ag-BGN@MSN
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Fig. 12 Changes in a Ag" concentration over time, b calcium concentration over time, and ¢ phosphate concentration over time

help mechanical locking and adhesion [40]. Furthermore,
weak sections of the hybrid layer would be complemented
by precipitates below the dentin collagen [41]. For the same
reasons, bonding strength probably does not decrease after the
treatment agent is applied.

Ag-BGN@MSN must have low cytotoxicity to be used
clinically. For this reason, in vitro cytotoxicity was evaluated
using the MTT assay. When 0-320 pg/mL density of 1, 3, and
5% Ag-BGN@MSN was applied to HDPCs for 24, 48, and
72 h, all the Ag-BGN@MSNs had a relative cell viability
above 72% (Fig. 10). Thus, Ag-BGN@MNSN is likely to be
biocompatible, and it can therefore be used in vivo.

To evaluate the antibacterial ability of the silver ions added
during synthesis, L. casei was used. L. casel, usually produces
lactic acid during glucose fermentation; it can readily be found
on deep caries lesions, and is rarely found before caries devel-
opment or during early tooth decay. In particular, it acts as a
pioneering microorganism when caries progress into the den-
tin [42]. When L. casei was incubated in 0400 pg/mL density
of 1, 3, 5% Ag-BGN@MSN, bacterial growth was inhibited
by more than 50% (Fig. 11). It follows that Ag-BGN@MSN
has an antibacterial effect against L. casei.

Finally, to evaluate in vitro changes in ion density that
depend on bioactivity, stimulated body fluid was used,
which has a similar composition and ion density to that of
human plasma. Remineralization and antibacterial ability
was estimated by measuring the density of Ca** and PO,
" ions required for remineralizaition, as well as that of

@ Springer

Ag*—an ion related to antibacterial ability. In 1, 3, and
5% Ag-BGN@MSN, the Ag™ density had increased rapidly
to about 6 ppm within 24 h, and it remained at this level
afterwards. Based on previous studies, which have stated
that when any Ag" density higher than 0.05 ppm presents
an antibacterial effect against Staphylococcus aureus and
Escherichia coli [43], it can be assumed that 1, 3, and 5%
Ag-BGN@MSN all have an antibacterial effect. The den-
sity of Ca** rapidly increased to about 300 ppm within 24 h,
and it either decreased or increased subsequently. This oc-
curred because the Ca”* balance resulted from the vitreous
component of the Ag-BGN@MSN [2]. Since the vitreous
component releases cations into the media, an increase in
Ca”* density is observed, and as an apatite layer is later
formed, the density of Ca®" is partly decreased. The density
of phosphate rapidly dropped as time passed, probably be-
cause of phosphate crystallization [44].

To summarize, the Ag-BGN@MSN biocomposite is capa-
ble of successful occlusion of dentin tubules; in addition, it has
acid-resistance stability. Because Ag-BGN@MSN does not
affect bonding strength, it has little cytotoxicity, and it presents
an antibacterial effect. Therefore, it is considered to be effec-
tive in the treatment of DH.

However, the intraoral environment is different from an
experimental set up, so further in vivo study is required.
Moreover, further assessment of the antibacterial ability of
silver against other harmful bacterium besides L. casei may
be needed.



Clin Oral Invest (2019) 23:253-266

265

Conclusion

In the present study, BG and MSN were used as sub-
stances that present a treatment effect by effectively oc-
cluding the dentinal tubule. It can be confirmed that an
Ag-BGN@MSN biocomposite, which was synthesized
using an applied version of the BG synthesis method
(the sol-gel method), was successfully processed using
XRD, FT-IR, FESEM, FETEM, and BET. For the treat-
ment of DH, Ag-BGN@MSN successfully occluded the
exposed dentin tubule; it also presented acid-resistant sta-
bility. Finally, it did not hinder the MTBS between dentin
and the adhesive system, did not have cytotoxicity in the
in vitro experiment, and presented an antibacterial effect.
Thus, it can be confirmed that the Ag-BGN@MSN
biocomposite compound is an effective material for the
treatment of DH.
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