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Study on Occluding Dentinal Tubules with a Nanosilver-Loaded
Silica System In Vitro
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ABSTRACT: The effects of most clinical treatments for dentin
hypersensitivity are not long-lasting. To overcome the defects, the
mesoporous silica nanoparticles and silver nanoparticles entered the
field of oral materials. This study aimed to synthesize a novel, low-
cytotoxic dentin desensitizer and investigate its occlusion effects on
dentinal tubules. The biphasic stratification approach, a chemical
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assay showed that Ag-MSNs@nSiO, slowly released silver ions and

had nearly no cytotoxicity. An electron microscope was used to

observe the blocking effects on the dentinal tubules of sensitive tooth disc models, which were randomly divided into the following
four groups: a deionized water group, a 5.9 M silver nitrate solution group, an Ag-MSNs@nSiO, group, and a Gluma desensitizer
group. There were no significant differences in the relative area of open dentinal tubules between the Ag-MSNs@nSiO, group and
the Gluma desensitizer group (P > 0.0S). Detection of protein structures showed that multilevel structures of bovine serum albumin
in dentin tubules were significantly changed by silver ions from Ag-MSNs@nSiO,. These results suggest that nearly noncytotoxic Ag-
MSNs@nSiO, was successfully synthesized by a series of methods. Ag-MSNs@nSiO, occluded dentin tubules immediately and
effectively. Moreover, the blockage effects may be enhanced and maintained by continuous condensation of proteins in dentinal
tubules.

B INTRODUCTION

Dentin hypersensitivity is a common disease in dental clinics
characterized by transient and sharp pain caused by temper-
ature and mechanical or chemical stimulation.' It is
hypothesized that external stimuli cause fluid flow in the
dentin tubules, stimulatinzg sensory nerve endings and causing
dentin hypersensitivity.” Therefore, the current clinical
methods for the treatment of dentin hypersensitivity are to
seal dentinal tubules, such as nerve desensitization, protein
precipitation, dentinal tubule plugging, and dentin adhesive

sensitivity.” Some substances were loaded to MSNis to increase
the efficacies. For example, Tian et al. found that MSNs had
both desensitization and antibacterial effects on dentin with
incorporated epigallocatechin-3-gallate, Ca**, and P.” Because
silver ions denatured and coagulated proteins and had
extensive antibacterial effects, the addition of silver was the
most common method for synthesizing biomedical materials.””
Silver nanoparticles (AgNPs), a new material, have a significant

. . . . . . 10
increase in antibacterial effects compared with silver.

sealing.” However, the effects of most dentin desensitizers are
not long-lasting because the blocked dentinal tubules on the
dentin surface are usually re-exposed in response to dietary
abrasion.” Therefore, a new desensitizer is needed to block
dentin tubules effectively and lastingly.

Mesoporous silica nanoparticles (MSN) has many good
properties, for example, a unique hollow structure, a large
surface area/mass ratio, a high stability, low cytotoxicity, and
so on. It has been widely used in the biomedical field and often
used as the ideal mediator for medicines and genes.5 Recent
studies showed that MSNs could resist dietary acid and
mechanically fill dentin tubules to treat dentin hyper-
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However, high concentrations of silver ions resulted in
blackened teeth and corroded mucous membranes, affecting
the aesthetics of teeth and damaging tissues."' AgNPs can also
be changed significantly in terms of physical and chemical
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properties and toxicity,'> which makes it possible the return of
silver to the field of oral materials.

Some studies have reported the effects of AgNP-loaded
MSNs (Ag-MSNs) on blocking the dentinal tubules. For
example, Jung et al. reported that a silver-doped bioactive
glass/mesoporous silica nanocomposite successfully blocked
the dentinal tubules, in which silver ions and bioactive glasses
were added to increase bioactivity.'’ In addition to
mechanically blocking dentinal tubules, silver ions slowly
released from Ag-MSNs could continuously coagulate proteins
to block dentinal tubules, which has not been reported.
Moreover, there were no reports on reduction in the
cytotoxicity of Ag-MSNs. To control the release of silver
ions and their cytotoxicity, coating Ag-MSN with a shell is
worthy of study.

This study is designed to synthesize a novel, low-cytotoxic
dentin desensitizer, AgNP-loaded and nonporous silica-
encapsulated mesoporous silica (Ag-MSNs@nSiO,), and to
investigate its cytotoxicity, mechanically blocking effects on
dentin tubules and the effects on protein aggregation in dentin
tubules.

B MATERIALS AND METHODS

This study was conducted in accordance with the standards
outlined in the American Chemical Society’s Ethical Guide-
lines to Publication of Chemical Research and was approved
by the Medical Ethics Committee of Chenggong Hospital,
Fujian Medical College, China (approval number 2017XJS-
001-01). Oral and written informed consents had been
obtained from all donors. No unexpected or unusually high
safety hazards were encountered.

Chemicals and Reagents. Cyclohexane, ammonium
nitrate, silver nitrate, cetyltrimethyl ammonium chloride
(CTAC), sodium citrate, sodium borohydride, ammonia
water, and anhydrous ethanol were purchased from Sinopharm
Chemical Reagent Company Limited, Shanghai, China.
Triethanolamine and anhydrous toluene were bought from
Xilong Scientific Company Limited, Shantou, Guangdong,
China. Tetraethyl orthosilicate was obtained from Alfa Aesar
Chemical Reagent Company Limited, Shanghai, China. 3-
Aminopropyltrimethoxysilane was acquired from Aladdin
Industrial Corporation, Shanghai, China. Bovine serum
albumin (BSA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were purchased from Sigma-
Aldrich, Saint Louis, Missouri, USA.

Synthesis of Ag-MSNs@nSiO,. First of all, the meso-
porous silica nanoparticles were achieved via the biphase
stratification approach as reported with a little modification."*
48 mL of (25 wt %) CTAC solution and 0.36 g of TEA were
added to 72 mL of water and stirred gently at 60 °C for 1 h in
a 250 mL round-bottomed flask. Then, 40 mL of (20 v/v %)
TEOS in cyclohexane was carefully added to the water—
CTAC—TEA solution, and the mixture was kept at 60 °C in an
oil bath under magnetic stirring. The reaction system was
maintained at 60 °C for 24 h. MSNs were obtained after being
extracted with a 0.6 wt % ammonium nitrate (NH,NO;)
ethanol solution at 60 °C for 18 h. The amino-functional
MSNs (amino-MSNs) were achieved via a postgrafting
strategy. 10 mL of toluene, 50 mg of MSNs, and 1 mL of 3-
aminopropyltriethoxysilane were mixed and stirred in a
constant temperature oil bath at 110 °C for 8 h. The amino-
MSNs were lyophilized to obtain the dry powder after being
washed several times with ethanol. Nanosilver-decorated

MSNs (Ag-MSNs) were synthesized through a chemical
reduction method."”” 10 mL 5.6 mg/mL amino-MSN water
dispersion and 6 mL 0.425 mg/mL silver nitrate aqueous
solution were mixed. Then, 0.1 mg/mL sodium citrate aqueous
solution and 0.01 M sodium borohydride aqueous solution
were added to synthesize Ag-MSNs. Finally, the Stober
method'® was used to coat the shell of Ag-MSNs. 1 mL of
10 mg/mL Ag-MSNs water dispersion was mixed with 8 mL
ethanol and 80 xL of ammonia water. 60 or 120 uL of TEOS
was added to the mixture above to obtain products named as
Ag-MSNs@nSiO,-60 and Ag-MSNs@nSiO,-120. The prod-
ucts were lyophilized, stored at 4° C, and protected from light
until the next use.

Testing of the Material Characteristics. Scanning
electron microscopy (SEM; SUPRA S5 SAPPHIRE; Zeiss,
Baden-Wurttemberg, Germany) and transmission electron
microscopy (TEM; Tecnai F30, Philips-FEI, Amsterdam,
Netherlands) were used to obtain the morphology of the
samples. The morphology of the MSNs was observed using
SUPRA 55 SAPPHIRE at 10 kV. The size distribution of Ag-
MSNs@nSiO, was obtained by calculating the size of
nanoparticles in the micrograph at a magnification of 10°X.
TEM, high-angle annular dark field imaging in the scanning
TEM (HAADF—STEM), and energy-dispersive spectroscopy
(EDS) observations were performed on a Tecnai F30
transmission electron microscope with an accelerating voltage
of 200 kV equipped with a postcolumn Gatan imaging filter
(GIF-Tridium). For TEM measurements, the samples were
dispersed in ethanol and then dried on a holey carbon film Cu
grid.

Inductively coupled plasma atomic emission spectroscopy
(ICP-AES; IRIS Intrepid II XSP; Thermo Fisher Scientific
incorporated, Waltham, Massachusetts, USA) was used to
measure the silver content of Ag-MSNs@nSiO,. An X-ray
powder diffraction (XRD) investigation was carried out with a
polycrystal X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan) using Cu Ka radiation. Fourier transform infrared
(FTIR) spectra were recorded with a spectrophotometer
(Nicolet iS50 FT-IR; Thermo Fisher Scientific incorporated,
Waltham, Massachusetts, USA) using KBr pellets. Nitrogen
adsorption—desorption measurements were conducted with a
porosity analyzer (ASAP 2020M; Micromeritics Instrument
Corporation, Atlanta, Georgia, USA). The Brunauer—Em-
mett—Teller (BET) specific surface area (ABET) was
calculated from the adsorption data in the relative pressure
(P/Py) ranging from 0.04 to 0.1. The pore size (D,)
distribution was calculated from the adsorption branch of the
isotherms using the Barrett—Joyner—Halenda (BJH) formula.

Release of Silver lons In Vitro. To test the releasing rate
of silver ions, we used atomic absorption spectrometry (AAS;
Shimadzu, Tokyo, Japan). The dispersions of Ag-MSNs@
nSiO, and Ag-MSNs at the same concentration were prepared
using simulated body fluid (SBF) as the solvent. After being
protected from light in a 37 °C water bath, the supernatants
were collected at the time points of 0.5, 1, 2, 4, 12, 24, 48, 72,
96, and 120 h. The concentration of silver ions was measured
by AAS. Then, the actual concentration of silver ions at every
time point was calculated according to the following formula'”

t—1
14
thorr = Ct + _Z Ct
v 0
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Ag-MSNs@nSiO,

Figure 1. Morphology. SEM images of MSNs (A), TEM images of Ag-MSNs (B), and TEM images of Ag-MSNs@nSiO, (C).
Abbreviations:mesoporous silica nanoparticles (MSNs), silver nanoparticle-loaded MSNs (Ag-MSNs), and silver nanoparticle-loaded and

nonporous silica-encapsulated mesoporous silica (Ag-MSNs@nSiO,).

Cicon is the actual concentration of silver ions released at time ¢,
C, is the concentration of silver ions in the sample removed at
time ¢, v is the volume of the release medium removed and V is
the total volume of the release medium.

The SBE contained the following (g/L):'® NaCl, 7.996;
NaHCO,, 0.350; KCl, 0.224; K,HPO,-3H,0, 0.228; MgCl,-
6H,0, 0.305; CaCl,, 0.278; and Na240,, 0.071, adjusted to pH
7.35 with Tris.

For comparison, the experiment was repeated three times.

Cytotoxicity Assessment. Cytotoxicity assays are among
the first in vitro bioassay methods used to predict toxicity of
substances.'” Mouse embryonic fibroblasts (NIH-3T3; China
Center for Type Culture Collection, Wuhan, Hubei, China)
were cultivated in a-modified essential medium (Dulbecco’s
modified Eagle’s medium; LMO001-01; Welgene Company,
Seoul, South Korea) supplemented with 10% (v/v) fetal
bovine serum, penicillin (100 U/mL), and streptomycin (100
ug/mL) at 37 °C under 5% CO,.

The cytotoxicity of Ag-MSNs@nSiO, against NIH-3T3 was
examined using the MTT cell viability assay. First, NIH-3T3
with a cell density of 5*10*/mL was planted on a 96-well plate
at a volume of 200 uL/well. Subsequently, a series of
concentrations of MSNs, Ag-MSNs, and Ag-MSNs@nSiO,
were added to the wells so that final concentrations became 0,
10, 20, 40, 80, 160, and 320 ug/uL, and incubated for 24, 72,
and 120 h. Then, MTT (S mg/mL) was added to the wells and
incubated for another 2 h at 37 °C. The optical density (OD)
value at 490 nm wavelength was measured using an enzyme-
labeled instrument (POLARstar Omega; BMG Labtech,
Offenburg, Germany). The cell viability of the blank control
(untreated cells) was set as “100%” and the absorbance of each
sample was compared to that of the blank control. For
comparison, the experiment was repeated three times.

Specimen Preparation and Experimental Design of
Dentinal Tubular Occlusion. Premolars of humans free of
defects and caries, which were extracted as part of orthodontic
treatment, were obtained after informed consent had been
given and stored in 0.5% thymol solution at 4 °C. Using a low-
speed diamond saw (SYJ-160; Milliren Technologies incorpo-
rated, Northern California, USA), a 1 mm-thick dentin disc
was obtained 1 mm above the enamel. The central area of the
dentin disc with a diameter of 5 mm was defined as the
experimental area, polished with a 600-mesh, a 800-mesh, and
1000-mesh grit silicon carbide (Hubei Yuli sand belt Company
Limited, Wuhan, China) for 30 s, pretreated with 6% citric acid
(Ping an Medical Equipment Trading Company Limited, Hua
county, Henan, China) for 20 s, cleaned with deionized water
for 1 min, and kept in 0.5% thymol solution at 4 °C.

Before experimenting, the specimens were pretreated with
2% BSA (Cohn Fraction V, pH 5.2; SIGMA ALDRICH, Saint
Louis, Missouri, USA) aspirated into the dentin tubules to
simulate the components of fluid proteins in dentinal
tubules.”’ Ag-MSNs@nSiO, powders were mixed with SBF
to obtain 2, 4, and 6% Ag-MSNs@nSiO, dispersions. Then, a
dentin disc was divided into four equal parts, three parts were
treated with 2, 4, and 6% Ag-MSNs@nSiO, dispersions using
the gas pressurization technique,”’ and then their occlusion
effects were compared.

Twenty-five dentin disks were selected randomly. Each
dentin disc was divided into four equal parts and then treated
as described above with deionized water, 5.9 M silver nitrate
(AgNO;) solution, 4% Ag-MSNs@nSiO,, and Gluma desensi-
tizers (Heraeus Kutzer, Wehrheim, Germany) to observe the
staining effects and tubule-occluding effects on the dentin
surface. Then, each part was cut into half to observe the
longitudinal section. All dentin specimens were desiccated,
Au—Pd alloy sputter-coated, and observed using a scanning
electron microscope at S kV.

The occluding degree on the dentinal surface was quantified
using scanning electron microscopy and image analysis
(Image-Pro PLUS 6.0; Media Cybernetics, Maryland,
USA).”* Three images were taken at a constant magnification
of X1000 with a 50 ym scale bar from the central portion of
each sample. The images were saved as TIF files for image
analysis and the relative area of open dentinal tubules was
calculated.

The length of the precipitate in the dentinal tubules was
measured from the dentinal surface to the bottom of the
precipitate.

Detection of Multilevel Structural Changes of Bovine
Serum Albumin in Silver lon Solution. The powders were
mixed with SBF to obtain 4% Ag-MSNs@nSiO, dispersions.
After 24 or 120 h at 37 °C, the supernatants of the dispersions
were obtained after filtration and centrifugation and named
Ag* (24 h) and Ag" (120 h). The silver ion concentrations
were detected by ICP—AES. The AgNO; solution was
prepared with the same concentration as that of Ag* (24 h).

2% BSA was mixed with SBF, Ag" (24 h), Ag* (120 h), and
AgNO; solution at 37 °C for 24 h. The secondary structures of
BSA were detected by circular dichroism (CD) spectroscopy
(J-810; JASCO Corporation, Tokyo, Japan), and the spectra
were measured in a 1 cm path length cell with a measurement
range of 190—260 nm at 0.5 nm intervals and a scan speed of
200 nm/min. CDSSTR software (available at http://lamar.
colostate. edu/~sreeram/CDPro) was used to obtain the
secondary structure content data.”® Ultraviolet and visible
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Figure 2. Characterization of materials. (A) Size distribution of Ag-MSNs@nSiO,. (B) X-ray powder diffraction patterns of MSNs, Ag-MSNs, and
Ag-MSNs@nSiO,. (C) Fourier transform infrared spectra of semifinished MSNs, MSNs, and amino-MSNs. (D) EDS of Ag-MSNs. (E) Nitrogen
adsorption—desorption isotherms. (F) Pore volume distribution of amino-MSNs, Ag-MSNs, and Ag-MSNs@nSiO,. Abbreviations: mesoporous
silica nanoparticles (MSNs), silver nanoparticle-loaded MSNs (Ag-MSNs), silver nanoparticle-loaded and nonporous silica-encapsulated
mesoporous silica (Ag-MSNs@nSiO,), and MSNs modified by the amino group (amino-MSNis).

spectroscopy (UV-2600; Unico instrument Company Limited,
Shanghai, China) was employed to observe the conformational
changes of BSA through scanning in the ultraviolet range of
190—350 nm with the AgNO; solution as a reference. Dynamic
light scattering (DLS; MPT-2; Malvern Instruments Limited,
Shanghai, China) was employed to detect the BSA molecular
hydrodynamic radius (Rh) and the particle size distribution.

Statistical Analyses. The data were analyzed using Origin
7.5 software (OriginLab, Northampton, Massachusetts, USA)
and were shown as mean + SD. Student’s t-test was applied to
analyze the significant differences when evaluating the release
rate of silver ions, the relative cell viability, the dentinal tubule-
occluding effects, and the size distributions of BSA. P < 0.05
was considered statistically significant.

B RESULTS

Morphology of the Materials. To observe the morpho-
logical change of the materials during the synthesis, SEM and

19599

TEM were employed. The SEM image confirmed that MSNs
have a spherical porous structure (Figure 1A). The TEM
image of Ag-MSNs at a high magnification showed that bright
spots of silver nanoparticles were uniformly distributed in
MSNs (Figure 1B). The TEM image of Ag-MSNs@nSiO,
(Figure 1C) showed that a uniform silica layer was generated
on the surface of Ag-MSNs with incorporated bright spots.
These results suggest that Ag-MSNs@nSiO, was successfully

synthesized.
Characterization. Particle Size. Figure 2A shows that the

average size of Ag-MSNs@nSiO, was approximately 128 nm
according to TEM.

X-Ray Diffraction. To study the material types, wide-angle
X-ray powder diffraction was applied. The samples of MSN,
Ag-MSNs, and Ag-MSNs@nSiO, showed a noncrystalline
structure between 10 and 35° (Figure 2B), implying that the
material was amorphous.

https://doi.org/10.1021/acsomega.1c02123
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Figure 4. Tubule-occluding effects of 2, 4, and 6% Ag-MSNs@nSiO,. SEM images of 2, 4, and 6% Ag-MSNs@nSiO, occluding dentin tubules on
the dentin surface (A1—A3) and in the longitudinal section (B1—B3). Abbreviations: mesoporous silica nanoparticles (MSNs), silver nanoparticle-
loaded MSNs (Ag-MSNs), silver nanoparticle-loaded, and nonporous silica-encapsulated mesoporous silica (Ag-MSNs@nSiO,).

Fourier Transform Infrared Spectroscopy. To detect
whether the cytotoxic intrapore surfactant, CTAC, was
extracted during the synthesis process, Fourier transform
infrared spectroscopy was performed. Figure 2C shows that the
strong absorption bands at approximately 2849 and 2920 cm™
disappeared after reflux, demonstrating that CTAC was
successfully extracted. Additionally, an absorption band at

19600

1530 cm ™" appeared after amino modification, implying that an

amino group was present as a linking agent (amino-MSNs).
Detection of Silver in Ag-MSNs. EDS analysis of Ag-

MSNs indicated an atomic Ag/Si ratio of 1:87 (Figure 2D),
confirming the existence of silver nanoparticles. ICP-AES
showed that the silver content in Ag-MSNs@nSiO, was
3.506%.
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Figure S. Effects of Ag-MSNs@nSiO, on dentin color. Effects of deionized water (A), 5.9 M AgNO; (B), 4% Ag-MSNs@nSiO, (C), and Gluma
desensitizer (D) on the dentin color. Abbreviations: silver nanoparticle-loaded and nonporous silica-encapsulated mesoporous silica (Ag-MSNs@

nSi0,) and silver nitrate (AgNO;).
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Figure 6. Tubule-occluding effects of Ag-MSNs@nSiO, on dentin. (A1—A4) SEM images on the dentin surface of deionized water, 5.9 M AgNO;,
Ag-MSNs@nSiO,, and Gluma desensitizers occluding dentin tubules. (B1—B4) SEM images in longitudinal section of deionized water, 5.9 M
AgNO;, Ag-MSNs@nSiO,, and Gluma desensitizers occluding dentin tubules. (C) Relative area of opened dentinal tubules (*P < 0.05 vs 5.9 M
AgNO;; **P > 0.05 vs Gluma desensitizer; n = 18). (D) Occlusion depth of 4% Ag-MSNs@nSiO,. Abbreviations: silver nanoparticle-loaded and
nonporous silica-encapsulated mesoporous silica (Ag-MSNs@nSiO,) and silver nitrate (AgNO;). The relative area of opened dentinal tubules

(RA).

N, Adsorption. To assess the porosity of amino-MSNs, Ag-
MSNs, and Ag-MSNs@nSiO,, the nitrogen adsorption
isotherm was measured and found to display a type IV
isotherm, which was associated with the presence of
mesopores, except for Ag-MSNs@nSiO,. Before and after
silver was loaded into amino-MSNs, the Brunauer—Emmett—
Teller (BET) surface area (Figure 2E, red/black) decreased
from 604.30 to 455.70 m?/g, while the pore volume (Figure
2F, black/red) decreased from 0.86 to 0.70 cm®/g and the pore
diameters decreased from 5.20 to 5.10 nm. After nonporous
silica coating, the BET surface area (Figure 2E, green)
decreased to 19.50 m’/g, and the pore volume and pore
diameter were 0.01 cm®/g and 1.30 nm (Figure 2F, green),
respectively. The results indicated that AgNPs were loaded
into the pores of MSNs and the SiO, film covered the entire
sphere.

Release Profiles of Silver lons. To study the influence of the
nonporous silica shell on silver ion release, atomic absorption

19601

spectrometry was used to evaluate the release rate of silver
ions. Figure 3A shows that silver ions rapidly released during
the initial 12 h, then gradually increased until 120 h, with silver
ion concentrations within 9 ppm. The concentrations of silver
ions released from the Ag-MSNs@nSiO, were significantly
lower than those from the Ag-MSNs at 12, 24, 48, 72, 96, and
120 h (*P < 0.05 vs Ag-MSNs@nSiO,; n = 3), indicating that
the SiO, coating significantly reduced the release of silver ions.
Cytotoxicity Assay. Figure 3B—D shows that the relative
cell viability of Ag-MSNs@nSiO, groups were almost 100%,
except 90% in 72 h groups at a concentration of 320 yg mL™",
and 91, 83% in 120 h groups at a concentration of 160, 320 ug
mL~". While the relative cell viability of Ag-MSN groups
decreased significantly at high concentrations (80, 160, and
320 ug mL"), 88, 78, 61% in 24 h groups, and 85, 74, 54% in
72 h groups, and 81, 67, 43% in 120 h groups, respectively.
Effects of Ag-MSNs@nSiO, on Dentin. Tubule-Occlud-
ing Effects of 2, 4, and 6% Ag-MSNs@nSiO,. To find the

https://doi.org/10.1021/acsomega.1c02123
ACS Omega 2021, 6, 19596—19605


https://pubs.acs.org/doi/10.1021/acsomega.1c02123?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02123?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02123?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02123?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02123?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02123?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02123?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02123?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
A
154 —BSA+SBF(control)
101 — BSA+Ag*(24h)
> 5. -~ BSA+AgNO
g 5 gNO;
0+
£
= -
O 107
-15+
-20 9
200 210 220 230 240 250
Wavelength(nm)
C
307 —a BSA+SBF(control)
T 251 \ —e— BSA+Ag*(24h)
= % o BSA+Ag*(120h)
< 201 \
bt
3 154 ‘
= 104 \
[}
o N
£ 54 \l
= A,
2 0+ >

2 4 6 8 10 12 14 16 18 20
Hydrodynamic Radius (nm)

B
2.59 — BSA+SBF(control)
- BSA+Agt (24h)
82.0' — BSA+Ag*(120h)
%
_Q1.5-
S
2 1.0+
o
< .54
0.04
200 250 300 350
Wavelength(nm)
) BSA+SBF(control)
o D = BSA+Ag*(24h)
é 7 & BSA+Ag*(120h)
n=3 ¥
g _ 6
S~
o E ;.
oc 3
D -
T 4+
:>:~ =
= )
53
NIZ 24
o
> 14
< 0

Figure 7. Effects of silver ions on BSA. (A) CD spectra. (B) UV—vis absorption spectra. (C) Size distributions of molecular hydrodynamic radius.
(D) Comparison of the average molecular hydrodynamic radius in BSA + SBF, BSA + Ag* (24 h), and BSA + Ag* (120 h) (*P < 0.0S vs control;
*#P > 0.05 vs BSA + Ag* (120 h); n = 3). Abbreviations: bovine serum albumin (BSA), simulated body fluid (SBF), the supernatants of 4% Ag-
MSNs@nSiO, dispersions mixed for 24 h [Ag* (24 h)], silver nitrate solution with the same concentration as that of Ag* (24 h) (AgNO;), the
supernatants of 4% Ag-MSNs@nSiO, dispersions mixed for 120 h [Ag* (120 h)].

appropriate plugging concentration of Ag-MSNS@nSiO,, 2, 4,
and 6% dispersions were selected for comparative experiments.
On the dentin surface (Figure 4A1—A3), the higher the
concentration, the better the occluding effects; however, in the
longitudinal section (Figure 4B1—B3), the occluding depth of
the 4% group was significantly higher than that of the 6%
group, which was only approximately 3 ym from the mouth of
the dentin tubules, indicating that the best occluding
concentration was 4%.

Effects of Ag-MSNs@nSiO, on Dentin Color. To study
the effects of 4% Ag-MSNs@nSiO, on the dentin color, we
compared the staining effects of four different desensitizers on
dentins. 5.9 M AgNO; solution blackened the teeth (Figure
5B), and a similar color was observed for the Gluma group and
the control group (Figure SA,D), while the 4% Ag-MSNs@
nSiO, resulted in a light yellow dentin color (Figure SC).

Comparison of Tubule-Occluding Effects of Deionized
Water, 5.9 M AgNO; 4% Ag-MSNs@nSiO,, and Gluma
Desensitizers. To study the dentinal tubule-occluding effects
of 4% Ag-MSNs@nSiO,, tubule-occluding effects of four
different desensitizers were compared using SEM. Deionized
water could not occlude the dentinal tubules (Figure 6A1,B1);
the 5.9 M AgNO, group (Figure 6A2,B2) showed many
particles adhered to the inner wall of the tubules but no
particles on the surface; both 4% Ag-MSNs@nSiO, and the
Gluma desensitizer almost completely occluded the dentinal
tubules on the dentin surface (Figure 6A3,A4). The Ag-
MSNs@nSiO, precipitates adhered to the tubular inner wall
(Figure 6B3) at a penetration depth of 50.78 + 0.30 pm

(Figure 6D, n = 40). The Gluma precipitates on the tubular
inner wall were similar to diaphragms (Figure 6B4).

The relative area of open dentinal tubules was calculated to
quantify the occluding degree on the dentinal surface. The
relative area of the control was 0.18 + 0.10. The relative area of
Ag-MSNs@nSiO, decreased from 100% for the control to
12.69 + 1.16%, which was significantly lower than that of 5.9
M AgNO; (from 100% for the control to 47.21 + 6.03%), but
no significant difference from that of the Gluma desensitizer
(from 100% for the control to 14.49 + 1.368%) (Figure 6C;
*P < 0.05 vs 5.9 M AgNOyj; **P > 0.05 vs Gluma desensitizer;
n = 18). The results suggested that the tubule-occluding effects
of Ag-MSNs@nSiO, on the dentin surface were much stronger
than those of AgNO;, similar to Gluma desensitizers.

Effects of Silver lons on Bovine Serum Albumin.
Circular Dichroism Response of Bovine Serum Albumin to
Silver lons. The secondary structures of BSA were studied
using CD spectroscopy. As shown in Figure 7A, all curves
showed peaks at 208 and 220 nm representing the transition of
the peptide bonds 7 — 7* and n — #* in the a-helix of BSA.
To analyze the detailed secondary structure changes, the
contents of its components were measured (Table 1). The
percentage of a-helices decreased, while the percentage of the
p-sheet, f-turn, and random coils increased when BSA
contacted both Ag* (24 h) and AgNO,, indicating that Ag"
led to the secondary structure alteration of BSA.

UV-Vis Spectroscopy. UV—vis spectroscopy was per-
formed to study the conformational changes of BSA (Figure
7B). All spectra showed an absorption peak at 208 nm,
indicating the peptide bond 7 — 7% transition of the
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Table 1. Secondary Structure Fractions of Bovine Serum
Albumin Altered by Ag™

solution content (%)
a-helix [-sheet p-turn random coil
BSA + SBF 61.0 7.7 13.8 17.5
BSA + Ag' (24 h) 389 209 154 24.8
BSA + AgNO; 41.3 19.2 15.2 24.3

“Abbreviations: bovine serum albumin (BSA), simulated body fluid
(SBF), the supernatants of 4% Ag-MSNs@nSiO, dispersions mixed
for 24 h [Ag* (24 h)], and silver nitrate solution (AgNO;) with the
same concentration as that of Ag" (24 h).

characteristic C=0-containing polypeptide backbone struc-
ture of BSA. With increasing Ag® concentrations, the
absorption peak decreased, suggesting that the skeleton
structure originally buried in the hydrophobic layer was
exposed to the polar environment, implying that the skeleton
structure became more flexible.

Size Distribution Changes of Bovine Serum Albumin.
To explore whether silver ions caused the aggregation of the
BSA molecules, the size distributions of BSA were investigated
(Figure 7C). In the control group, the average molecular
hydrodynamic radius (RA) of BSA was 3.3 nm, which
increased significantly to 5.3 nm in BSA + Ag" (24 h) and
to 6.2 nm in BSA + Ag" (120 h); there was no significant
difference between the latter two groups, suggesting that
molecular expansion or oligomerization may have occurred
between the BSA molecules (Figure 7D; *P < 0.05 vs BSA,
*%P > 0,05 vs BSA + Ag" (120 h); n = 3).

B DISCUSSION

In the present study, we synthesized a new material, Ag-
MSNs@nSiO,. With the characteristics of slow Ag" release and
nearly noncytotoxicity, Ag-MSNs@nSiO, effectively and
immediately occluded dentinal tubules. Moreover, it induced
structural changes of proteins in the dentine tubules, which
may lead to protein condensation and maintain the blockage
effects. Therefore, it may have good application prospects in
the treatment of dentin hypersensitivity.

MSNs are nanoscale silica particles with hollow pores.
Because of their high specific surface area and pore volume,
MSNss could be used as carriers to encapsulate a series of drugs
for subsequent slow release.”* Besides, SiO, had high acid
resistance stability to withstand the erosion of dietary acid.’
This made it possible to encapsulate some substances and
protect them from dietary acid erosion. In this experiment, we
first synthesized MSNs with an average particle size of 128 nm,
which is an advantage for filling dentinal tubules with a
diameter of 2—3 microns (Figures 1A, 2A); the material was
noncrystalline, consistent with the MSM-41 crystal type™
(Figure 2B). To obtain pure and nontoxic MSNGs, the cytotoxic
intrapore surfactant, CTAC, was successfully extracted (Figure
2C).

Among the many loaded materials, silver nanoparticles were
selected as the main component. However, silver ions have
many disadvantages. Silver nanoparticles became another form
of it we tried to introduce. Considering that the color of silver
nanoparticles was different,'’ smaller size-silver nanoparticles
have become the first choice for the color close to the teeth. In
addition, the toxicity of small-sized silver nanoparticles is also
affected by many factors.”® In our experiment, the Ag-MSNs
showed slow Ag" release and a significant cytotoxicity (Figure

3A—D). The relative cell viability of Ag-MSNs was from 43 to
61% at the concentrations of 160 and 320 ug mL™', which
were far below the basic requirements (70%) of biological
materials.”” Moreover, the direct contact of metal nano-
particles with cells may be one of the reasons for the high
cytotoxicity of metal-loaded MSNs.”® Therefore, a shell is
needed to prevent direct contact between the Ag-MSNs and
tissues, as well as to control the release of silver ions. SiO, is a
component of MSNs. Coating with a silica shell is a promising
method because of the excellent stability, biocompatibility, and
nontoxicity of silica.” In our study, a layer of SiO, was coated
onto the Ag-MSNs to obtain Ag-MSNs@nSiO, (Figures 1C,
2D—F). As shown in Figure 34, the shell of SiO, significantly
reduced the release of silver ions and the cytotoxicity of Ag-
MSNs@nSiO, (Figure 3B—D). The relative cell viability of Ag-
MSNs@nSiO, was all above 80%, significantly higher than Ag-
MSN groups. Therefore, Ag-MSNs@nSiO, would be consid-
ered to have no a cytotoxic potential according to International
Organization for Standardization,”” which may mainly be due
to the protection from the silica shells.

Under an electron microscope, we observed the immediate
desensitization effects of Ag-MSNs@nSiO,. The occluding
effects were related to the concentration of Ag-MSNS@nSiO,,
and the effects of 4% were better than those of 2 and 6%
(Figure 4). To evaluate the occluding effects of 4% Ag-
MSNs@nSiO,, deionized water (control group), 5.9 M AgNO,
solution, and the Gluma desensitizer were selected for
comparison. AgNO; was previously used as a dentin
desensitizer, which exerted desensitizing effects through silver
ions. Gluma desensitizers are commonly used desensitizers in
clinic at present, whose active ingredients were 5%
glutaraldehyde and 35% hydroxyethyl methacrylate.”® Both
AgNO; and Gluma desensitizers blocked dentin tubules
through protein denaturation and aggregation. AgNO;
blackened teeth due to the formation of silver oxide. In our
experiment, the AgNOjs-treated dentine slices were blackened
(Figure SB), and their occluding effects were not as good as
those of the 4% Ag-MSNs@nSiO, and the Gluma desensitizer
(Figure 6A2—A4,B2—B4), which may be the reason why the
traditional AgNO; had been eliminated but the Gluma
desensitizer is widely used in clinic. The Gluma desensitizer
formed a transverse septum-like substance in the dentin lumen
(Figure 6B4) as previously reported.”’ The occluding effects of
Gluma on the dentin surface were similar to that of 4% Ag-
MSNs@nSiO, (Figure 6A3,A4,C), which blocked the dentinal
tubules to a depth of up to SO microns (Figure 6D). These
results showed that Ag-MSNs@nSiO, rapidly and effectively
occluded dentinal tubules as the Gluma desensitizer, but did
not blacken dentin (Figure SC). The immediate desensitiza-
tion effect of Ag-MSNs@nSiO, was due to the size advantage
of nanomaterials.

From Figure 3A, we knew that Ag-MSNs@nSiO, slowly
released silver ions, and the concentration of silver ions
increased over time. The concentration of silver ions depended
on the concentration of the material itself and the thickness of
the silica coating. It is well known that heavy metal ions caused
aggregation and denaturation of protein molecules, which was
microscopically manifested as a change in the multilevel
structure of protein.”> We speculated that silver ions slowly
released from Ag-MSNs@nSiO, might cause protein aggrega-
tion in the dentin tubules and occluded dentinal tubules. Our
results showed that silver ions released from Ag-MSNs@nSiO,
significantly changed the secondary structure of BSA (Figure
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7A, Table 1); the protein skeleton structure became looser
(Figure 7B); and the average molecular hydrodynamic radius
of BSA increased significantly (Figure 7C,D). The changes
occurred slowly and continuously with the release of silver
ions. Even if the nanomaterials on the surface of the dentin
tubules were lost due to daily abrasion, the long-lasting effect
of the silver ions released from the interior of the dentin
tubules would continue, which is similar to the desensitization
effects of glutaraldehyde, the active component of Gluma.
Therefore, we believed that Ag-MSNs@nSiO, could block
dentinal tubules stably and persistently.

B CONCLUSIONS

Ag-MSNs@nSiO, was successfully synthesized by a series of
methods, in which silver ions released slowly because of the
encapsulation of MSNs and the protection of the silica shell.
The relative cell viability of Ag-MSNs@nSiO, was all above
80%, significantly higher than Ag-MSNs groups, so was
considered to have no cytotoxic potential according to
International Organization for Standardization. Under an
electron microscope, it rapidly and effectively sealed dentin
tubules, but did not blacken dentin. Moreover, multilevel
structures of BSA in dentin tubules were significantly changed
by silver ions from Ag-MSNs@nSiO,, which would enhance
clogging effects in dentin tubules continuously. In conclusion,
noncytotoxic Ag-MSNs@nSiO, was successfully synthesized,
which occluded dentin tubules effectively and continuously.
However, because this study is only a study in vitro, its effects
need further clinical verification.
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