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Dentin hypersensitivity treatment is not always successful owing to the exfoliation of the blocking layer.
Therefore, efficiently delivering a desensitization agent into the dental tubule is critical. Nanomotors are
widely used as in vivo drug delivery systems owing to their strong power and good biocompatibility.
Herein, we report a kind of self-propelled bioglass Janus nanomotor with a Pt motion unit (nBGs@Pt) for
application in dentin hypersensitivity that was prepared via a simple sol—gel method and magnetron sput-
tering method, with an average size of 290 nm. The Pt layer as the power unit provided the dynamics to
deliver the bioglass (desensitization agent). Using hydrogen peroxide as a fuel, the nBGs@Pt could auto-
matically move in different media. In addition, the nBGs@Pt with a mesoporous structure demonstrated
good hydroxyapatite formation performance. An in vitro dentin pressure model was used to verify the
blocking ability of the nBGs@Pt in dentin tubules. The dynamics of the nBGs@Pt was sufficient to resist
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the outflow of dentin fluid and movement into the dentin tubules, with a blocking rate of 58.05%. After
remineralization, the blocking rate could reach 96.07% and the formation of hydroxyapatite of up to
10 pm or more occurred. It is expected that this study will provide a simple and feasible new strategy for
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1. Introduction

Dentin hypersensitivity (DH) is a common dental problem that
affects many people. The hydrodynamic theory explains the
severe pain in dentin sensitivity." Because of exposed dentinal
tubules, any stimulation, such as temperature, mechanical,
and chemical stimulation, will often increase the fluid flow
within the dentinal tubules, leading to short-term severe
pain.> So far, blocking the exposed dentin tubules with a
desensitization agent is an effective way to prevent stimu-
lation.? In general, an ideal desensitization agent should be
able to produce long-term stable minerals that can effectively
block the interior of dentinal tubules and form a mineralized
layer on their surface.” Until now, several excellent desensitiz-
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the painless treatment of dentin sensitivity.

ing agents have been invented and have proven to have good
blocking abilities.” Among them, bioactive glasses have shown
good biological activity®® and are widely used as dental
materials.”"! Compared with conventional (micrometer-sized)
bioactive glasses, the nanoscale offers a wider range of appli-
cations in bone substitution, dental applications, and bone
tissue engineering.'> Radial mesoporous bioactive glasses
show good hydroxyapatite (HA)-forming ability owing to their
radial mesoporous structure and high specific surface area,"
which allow them to serve as a blocking layer to cut-off stimu-
lation. However, the blocking layer is above the surface,
instead of going into the dentin tubule, and so the therapeutic
effect always eventually fails, and the tooth sensitization
resumes due to daily tooth brushing or chewing.'* So a
method to efficiently deliver bioactive glasses into the dental
tubule is critical.

Nanomotors as a micro-scale power device can convert
other forms of energy into kinetic energy, making the particles
move autonomically.">° The unique physical properties and
different driving strategies of nanomotors allow them to
perform multiple tasks, such as anti-bacteria, environmental
interactions, opening cell membranes, or delivering drugs
in vivo precisely.”’ >’ Compared with other types of nanomo-
tors, chemically driven nanomotors have lower weight, a
higher thrust-to-weight ratio, and lower energy consumption
and are thus widely used in a wide range of applications.?®
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Pt is often used as the power unit of chemical-driven nanomo-
tors owing to its stable chemical properties and high catalytic
efficiency.>® Hydrogen peroxide (H,0,), a platinum catalytic
substrate fuel, is currently widely used as a flushing solution
for dental treatment.*®*' Based on this, we developed a kind
of nanomotor that uses H,0, as fuel. Nanomotors are expected
to deliver bioactive glasses into dentin tubules and seal them
from the inside, thus avoiding stripping of the surface-block-
ing layer to maintain the long-term efficacy as an efficient drug
carrier.

Herein, we chose nano radial mesoporous bioactive glasses
(nBGs) prepared by a modified sol-gel method as the core,
applied single-sided Pt asymmetric modification via magne-
tron sputtering as the power units, and successfully prepared
self-actuating hydroxyapatite (HA)-forming mesoporous Janus
nanomotors (nBGs@Pt), as shown in Scheme 1. We first inves-
tigated the morphology, size, zeta potential, and objective
images of the nanomotors, and then respectively studied the
motion behaviors of the nanomotors under different con-
ditions and their biosafety to human gingival fibroblasts or
mice. Finally, in vitro dentin disks were utilized to study the
treatment effectiveness.

2. Materials and methods
2.1 Materials

Cetyltrimethylammonium tosylate (CTA-Tos, >99%), 1-butyl-3-
methylimidazolium triuoromethanesulfonate ([BMIM] OTF),

View Article Online

Nanoscale

triethanolamine (TEA, >99%), tetraethyl orthosilicate (TEOS,
>99%), triethyl phosphate (TEP, >99%), calcium nitrate tetra-
hydrate (CN, >99%), and doxorubicin (DOX, >99%), were pur-
chased from MACKLIN, Shanghai. Polycarbonate films were
purchased from Safelab, Beijing. Artificial saliva (ASL),
Ringer’s solution, and Cell Counting Kit-8 (CCK-8) were pur-
chased from Phygene, Fuzhou. Human gingival fibroblasts
(HGFs) were purchased from ATCC. The teeth were obtained
from the Second Affiliated Hospital of Harbin Medical
University and their use was approved by the Medical Ethics
Committee (YJSKY2022-384). All laboratory animals were pur-
chased from the Animal Experiment Center of the Second
Affiliated Hospital of Harbin Medical University and their use
was approved by the Animal Ethics Committee of the Harbin
Medical University, Harbin, China.

2.2 Synthesis of the nBGs@Pt

The nBGs were synthesized using our improved method in
accordance with the reported method.** With CTA-Tos as a sur-
factant, [BMIM] OTF ionic liquid as a cosurfactant, TEA as a
mineralizing agent, water as a solvent, TEOS as a silicon
source, TEP as a phosphorus source, and CN as a calcium
source, monodispersed nBGs with center-radial large pores
were prepared by the sol-gel method.

Briefly, a mixture of 0.96 g CTA-Tos, 0.3 g [BMIM] OTF,
0.105 g TEA, and 50 mL water was strongly stirred at 80 °C for
1 h to form a surfactant solution. Subsequently, 7.29 g TEOS
was quickly added to the surfactant solution. The above

Scheme 1 Self-propelled bioglass Janus nanomotors composed of a body (bioglass) and power unit (Pt layer). With the addition of fuel, the Pt
layer catalyzes hydrogen peroxide decomposition and generates power by forming differential concentration on both sides of the Janus nanomotor.
The mesoporous structure provides a large specific surface area to make the nanomotor form HA rapidly. The motors are sent to the dentinal tubule

and can penetrate in-depth and then form HA as a blocking layer.
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mixture was stirred at 80 °C at a speed of 1000 rpm for 2 h at
80 °C. Then, 0.1 g TEP was quickly added into the mixture
with stirring at a speed of 1000 rpm for another 1 h. The white
precipitate was collected by centrifugation, washed 3 times
alternately with ethanol and water, and then dried in the air at
60 °C overnight. Next, an appropriate amount of CN was dis-
solved in 5 mL ethanol, and the above dried white powder was
then added into the CN solution and then shaken for up for
24 h. After natural drying, the above powder was placed in a
Muffle furnace and calcined in the air at 650 °C for 3 h.
Finally, the white powder was redispersed with ethanol and
stored at 4 °C for future use.

The prepared nBGs were uniformly dispersed on the glass
sheet to form a monolayer of particles. Platinum was coated
on the exposed side by a magnetron vacuum sputtering instru-
ment (QUORUM Q150R Plus) at a pressure of 2.5 mTorr and a
power of 200 W. The Janus particles were collected by ultra-
sonic treatment and washing alternately with water and
ethanol three times. After drying in air at 60 °C, the obtained
nBGs@Pt was stored in ethanol at 4 °C for future use.

2.3 Characterization of the nBGs@Pt

An appropriate amount of nBGs@Pt in ethanol was dispersed
on a silicon slice and carbon film. Scanning electron
microscopy (SEM, HITACHI SU5000) at 20 kV and transmission
electron microscopy (TEM, ThermoFisher Scientific Talos200X
S) at 200 kv were used to observe the morphology of the par-
ticles. Energy dispersive X-ray spectroscopy (EDS, HITACHI
SU5000) was used to determine the distribution of elements.
Laser particle size analysis (Zetasizer Lab, Malvern) was per-
formed to measure the mean particle size and zeta potential.
The particles were analyzed by X-ray diffraction (XRD,
PANalytical B.V. X’Pert PRO).

2.4 Motion analysis of the nBGs@Pt

An appropriate amount of nBGs@Pt was ultrasonically dis-
persed in water. The dispersion and the fuel (1: 1) were added
to the surface of the slides together, and the nBGs@Pt trajec-
tory was observed with an inverted optical microscope
(OLYMPUS IX71) and recorded at the same time. The trajec-
tories of the nBGs@Pt in different concentrations of fuel H,O,
(1%, 3%, 5%, w/v) with the same water medium and nBGs@Pt
in 3% H,0, fuel with different media (ASL and Ringer’s solu-
tion) were observed. Image] was used to analyze the movement
trajectory in 3 s (random 30 particles) and then the time-MSD
curve was drawn based on a previous research method.??

The diffusion coefficient was measured using a laser par-
ticle size analyzer (Zetasizer Lab, Malvern). The nBGs@Pt dis-
persion was configured in a suitable concentration, and then
diluted with H,0, to 3% using H,0, ASL, and Ringer’s solu-
tion respectively. Next, an appropriate amount of fuel was
taken for the sample pool according to the manufacturer’s
instructions, and then an appropriate amount of dispersion
was added into the fuel (no bubbles in the sample pool). The
diffusion coefficients of nBGs@Pt in water (no fuel), with
different concentrations of fuel (1% H,0,, 3% H,0,, 5%
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H,0,), and different media (ASL and Ringer’s solution) with
fuel of 3% H,0, were separately measured. The measurements
were repeated 10 times and the average was taken to draw the
image.

2.5 Invitro toxicity tests

The cell lines were incubated at 37 °C under an atmosphere of
5% CO,. HGFs were selected to detect the in vitro cytotoxicity
of nBGs@Pt using the CCK-8 kit. HGFs (100 pL per well) were
inoculated in 96-well plates and cultured for 24 h. Then, 10 pL
of nBGs@Pt with different concentrations (1, 0.5, 0.25, 0.125,
and 0.1 mg mL™") or normal saline were added and incubated
at 37 °C for 48 h, and then 10 pL CCK-8 solution was added to
each well. After incubation for 3 h, the absorbance (450 nm) of
each group was detected to calculate the cell viability.

2.6 Invivo toxicity tests

Female BALB/c mice (4-6 weeks old) were selected to test the
toxicity of nBGs@Pt. A total of 12 mice were randomly divided
into the nBGs@Pt group and the control group. The mice in
the nBGs@Pt group were given the nBGs@Pt dispersion by
gavage for 3 consecutive days, while the mice in the control
group were given normal saline. After administration, the mice
were weighed for 10 d, then the arterial blood was collected for
routine blood examination. The mice were sacrificed after col-
lecting the blood. The main organs (heart, liver, spleen, lung,
and kidney) were collected and hematoxylin and eosin staining
(H&E) was performed on them.

2.7 Ex vivo dentin tubule blocking experiments

An appropriate amount of nBGs@Pt in ASL was taken in 3 cuv-
ettes, respectively, with the fresh ASL renewed every 24 h. The
particles were collected by centrifugation respectively at 1, 4,
and 7 d and then washed 3 times with water and ethanol and
then dried. The final product was observed by SEM and ana-
lyzed by XRD.

The isolated dentin disks were prepared according to the
reported method,**?* in which freshly extracted maxillary
third molars aged 20-40 years old were selected, disinfected
after scraping off the soft tissue, soaked in normal saline, and
stored at 4 °C. The excess dental tissue was removed with a
grinding wheel and 2 mm thick dentin disks were formed. The
disks were stored at 4 °C in normal saline after EDTA etching.

The dentin tubule was filled with dentin fluid, which was
constantly drained due to the presence of pressure in the pulp
cavity. To construct the in vitro dentin pressure model in our
study, Ringer’s solution was used to simulate the dentin fluid
and the pressure of the pulp cavity was simulated by hydraulic
pressure (controlled by adjusting the distance between the
fluid level and the dentin disk to a height of 27 ¢cm), according
to previous studies.*®*” Each dentin disk was fixed on the
polymer cover and all the sides were sealed with wax to make
sure no liquid flowed except on the surface of the dental disk.
Before the experiments, each fixed dentin disk was soaked in
Ringer’s solution and vacuumed for 20 min to make sure the
disks were filled with liquid.

Nanoscale, 2023, 15, 19681-19690 | 19683
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The nBGs@Pt or nBGs were ultrasonically dispersed in
water, respectively. Then, 10 pL dispersion was added and
10 pL fuel in the dentin disk pressure model and kept under
that condition for 10 min, which was recorded as 1 treatment.
Then, the dentin disk was removed, gently brushed with a
toothbrush 10 times, and then rinsed alternately with ethanol
and water three times. The same method was adopted to treat
the dentin disk pressure model three times. The SEM images
of the dentin disks from the nBGs group and nBGs@Pt group
after 1 or 3 treatments were randomly taken. If a single dentin
tubule was blocked by more than 50%, it was recorded as a
blocking success. As long as it was noted that particles were
entering into the dentin tubules, it was considered an entry
success. The blocking rate and entry rate were calculated
according to the images.

2.8 Invitro dentin mineralization experiments

The dentin disks that had been treated three times by
nBGs@Pt in “Section 2.7” were recovered and incubated with
ASL at 37 °C. The immersion solution was changed every 24 h.
After 7 d incubation, the surface morphology of the dentin
disks was observed by SEM, and then the sample was carefully
broken to avoid contamination of the fractured side, and the
longitudinal section of HA formation was observed by SEM.

2.9 Statistical analysis

All data are expressed herein as the mean + standard deviation
(S.D.). A one-way analysis of variance followed by the ¢-test was
applied in all the statistical comparisons.

3. Results and discussion
3.1 Synthesis and characterization of the nBGs@Pt

The nBGs@Pt was prepared as shown in Fig. la. Fig. S1f
shows the characteristic of the nBGs. The TEM image (Fig. 1b)
shows that the nBGs@Pt was spherical and arborescent with a
radial large mesoporous structure. This structure provides a
large specific surface area, which can accelerate HA formation.
A typical nBGs@Pt Janus nanomotor particle is shown in
Fig. 1c, where it can be seen that after precious metal depo-
sition, the Pt-coated layer at the higher left part is brighter,
prompting the Janus structure. The EDX image (Fig. 1d)
showed that the Pt element was highly concentrated in the
higher left part of the particles, confirming the successful Pt
deposition. Fig. 1le shows the size distribution of the
nBGs@Pt, with the greatest spread being around 290 nm. The
diameter of the nanoparticles observed in the SEM images was
in accord with the size measured by laser size analysis. Fig. 1f
shows the zeta-potential change before and after precious
metal deposition. The zeta potential of the nBGs was
—10.7 mV and for nBGs@Pt was —12.91 mV, showing the exist-
ence of the Pt layer led to a slight potential decrease. That
means Pt was successfully incorporated. There was a SiO, peak
(amorphous phase) at 20°-30°, while the characteristic peaks
of Pt appeared at 40°, 46°, and 68°(PDF#01-071-3756) in the
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XRD spectrum (Fig. 1g). These results confirm that we had suc-
cessfully prepared nBGs@Pt with a Janus structure.

3.2 Analysis of the motion behaviors of the nBGs@Pt

Based on the Pt on one side of the nanomotors, H,O, was
decomposed catalytically into H,O and O,, which could also
convert chemical energy into kinetic energy. Fig. 2a shows the
theory of the nBGs@Pt movement. Here, Pt as a catalyst pro-
motes H,O, decomposition, so the concentration of H,0, at
this side decreases and then produces a concentration differ-
ence, so the surrounding solution flows here and generates a
relative motion with nBGs@Pt, pushing the nBGs@Pt forward.

The motion ability of the nBGs@Pt under different media
and different concentrations of fuel were investigated. Fig. 2b
shows the typical trajectory under different circumstances in 3
s. We replotted these trajectories and compared them (Fig. 2c).
When the medium was water, with the increase concentration
(1%-5%) of the additional fuel (H,0,), the path of nBGs@Pt
was continuously lengthened. Meanwhile, the nBGs@Pt also
could move automatically a long way in ASL and Ringer’s solu-
tion as the medium with 3% H,O,. A motion video of all the
nanomotors shown in Fig. 2b and c¢ was recorded, see Videos
S1 and 2.}

The mean square displacement (MSD) in Fig. 2d confirmed
the autonomous motion ability of the nBGs@Pt. The squared
displacement was linear over time without fuel, which proved
that the nBGs@Pt underwent Brownian motion in water,
which is consistent with previous research.>® When the fuel
was added, the curve was parabolic, indicating that the nano-
motors moved spontaneously, and the diffusion coefficient
also increased with the increase in the fuel concentration
(Fig. 2e). Under the condition of 5% H,0, and 3% H,0, as
fuel, the curve was obviously parabolic. When 1% H,0, was
used as fuel, the curve was relatively smooth, but the nanomo-
tors could still move automatically. Although adding 5% H,0,
demonstrated a good motion capacity, it is important to con-
sider that H,O, with a high concentration can damage oral
tissue if used incorrectly, and so we chose 3% H,0, for the
further fuel tests. Also, 3% H,0, is already widely used as a
flushing solution in dentistry. We used the same method to
further investigate particle motion in a simulated oral environ-
ment by selecting ASL and Ringer’s solution as the medium
(3% H,0, as fuel), respectively. The curve was a parabola,
meaning the nBGs@Pt were still moving automatically in ASL
and Ringer’s solution. The viscosity of ASL was higher than
Ringer’s solution, so the path length of ASL was shorter, and
also for MSD. The diffusion coefficient also indicated there
was an increase in motion. Dentin fluid was continuously dis-
charged at a rate of 0.35 pL min~" em™> in the absence of
external stimulation.®® We assumed that the diameter of each
dentin tubule was 3 pm. Then we calculated the fluid flow rate
in a single dentin tubule (v = Q/S, where Q is the rate of flow
and S is the cross-sectional area), and found the fluid flow rate
was 0.0583 um s~', much lower than the flow rate measured in
Ringer’s fluid (1.0561 pm s~ from MSD). We suppose that
when the nBGs@Pt enter the dentin tubule, the decrease in

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The preparation and characterization of the nBGs@Pt Janus nanomotor. (a) The preparation process image of the nBGs@Pt. (b) The bright
field TEM image of the nBGs@Pt. (c) The dark field TEM image of the nBGs@Pt. (d) The EDX images of the element distribution: Pt, P, O, Ca. (e) The
size distribution of the nBGs@Pt. (f) The zeta potential of nBGs and the nBGs@Pt. (g) The XRD spectrum of nBGs@Pt.

concentration of H,0, diminished the motion capacity, mean-
while multiple nBGs@Pt get stuck with each other. Therefore,
we considered that the nBGs@Pt could resist the outflow of
the dentin tubule fluid and enter the dentin tubule. Due to the
limited light transmission of teeth, there is no suitable micro-
scope system for the study of dentin tubules. However, polycar-
bonate films are similar in structure to dentin, and both have
microchannels with an average diameter of 3 pm, which
suggests they can be used as a model for relevant research. We
therefore chose polycarbonate films to simulate dentin tubules
and evaluated the treatment effect with real teeth in in vivo
studies. The video of the nanomotors entering the tubules was
also successfully photographed, as shown in Fig. S2, S3 and
Video S3.F

3.3 Invivo and in vitro toxicity tests

After treatment, the nBGs@Pt were stuck in the dentinal
tubules. Next, we tested the toxicity of the nBGs@Pt to HGFs
and mice. Fig. 3a shows the cell viability after incubation with

This journal is © The Royal Society of Chemistry 2023

1, 0.5, 0.25, 0.125, 0.1 mg mL™~" concentration of the nBGs@Pt
for 48 h, where the cell viability was found to be 105.69%,
115.96%, 103.47%, 106.61%, and 95.32%, respectively,
showing no statistical significance compared with the control.
Fig. 3b shows the LIVE/DEAD staining images of HGFs after
adding different concentrations of the nBGs@Pt, which
showed good safety. The results indicated that nBGs@Pt at
1 mg mL™"' or a lower concentration were safe enough for
HGFs.

Then the mice were intragastrically administered with 1 mg
mL ™" nBGs@Pt. Fig. S41 shows the weight change of the mice
after the intragastric administration. No significant weight loss
occurred in either group. This proved that no acute poisoning
had occurred. For further study, we collected arterial blood
from two groups of mice for routine blood tests. The results
are shown in Fig. 3c. We conducted a statistical analysis of
these data and found no significant difference between the
two groups. Finally, the vital organs of the mice were collected
and H&E staining was performed (Fig. 3d). There was no sig-

Nanoscale, 2023, 15, 19681-19690 | 19685


https://doi.org/10.1039/d3nr03685e

Published on 15 november 2023. Downloaded on 3. 03. 2026 12:30:42.

Paper

a fluid Flow

View Article Online

Nanoscale

/A 4 49
02’! D: @
"t B : g
! Yo% 00t
\ ®_®54: in 3% H,0,+
“ ' n® / Ringer's Solution
“H0.0, ool ‘
Dkt 2T\ 294
By e
il
c e H,0 d20 | == H,0 e
= 1% H,04+ H,0 | W g = 1% H,0,+ H,0 2 16F
= 3% H,0,+ H,0 = 3% H,0,+ H,0 T 14} .
= 5% H,0,+ H,0 | o~ 10 == 5% H,0,+ H,0 ) .
= w= 3% H,0,+ ASL | &= 14 | = 3% H,0,+ ASL =2 R S
.g P ) - 3% H:Q; i 12} == 3% H,0,+ Ringer's Solution .g 1.0F _i_ % s
Sy ‘Wgews Solution| :10 - % sk R o
,. V. =)
~ |3 = of Soet ¥ “
v P KR ”
» /A\\m 4+ é -
N ) 2t £ 02t >
> N =) N I
0 0

X (pixel)

Fig. 2 The motion behaviors analysis of the nBGs@Pt JANUS nanomotor.

A |
00 00 00 P Y o
AR SUIR SR Dy

o o
DU LA L LA Lo

(a) The characterization of the propulsion of nBGs@Pt Janus nanomotors.

(b) The motion trajectory of nBGs@Pt in different situations. (c) The trajectory diagram analysis of nBGs@Pt in different situations. (d) MSD of

nBGs@Pt in different situations. (e) The diffusion coefficient of nBGs@Pt in

nificant histological change found. These results proved that a
1 mg mL™' concentration of nBGs@Pt is safe enough, and
thus this was adopted in the following study.

3.4 Exvivo dentin disks blocking and remineralization of the
dentinal tubules

First, we incubated nBGs or nBGs@Pt with ASL to observe the
formation of HA. The final products of the nBGs are shown in
Fig. S5.1 The XRD results showed the characteristic peaks of
HA at 6 = 26°, 32°, 39°, 46°, 49°, and 53°. These peaks corre-
sponded to the crystallinity of HA (PDF#00-055-0592), proving
that the nBGs had a good HA-formation ability. Fig. 4a shows
a SEM image of the final product of the nBGs@Pt incubation
with ASL after 1, 4, 7 d, where it can be seen that the amount
of scaly substance increased over time. The same phenomenon
was observed in the nBGs, as shown in Fig. S5a.7 The amount
of scaly substance was more abundant than for the nBGs@Pt.
Then we performed XRD tests and as shown in Fig. 4b, new
peaks appeared at € = 26°, 32°, 49°, and 53°, but these were
much shorter than in Fig. S5b.T No peaks appeared at 39° and
46° because they were obscured by the peaks of Pt. These
results prove that the Pt coated layer has little effect on the for-
mation of HA and the nBGs@Pt also showed a good HA-for-
mation ability.
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different situations.

When dentin hypersensitivity strikes, all affected teeth are
vital pulp and have a certain pressure in the pulp cavity.
Meanwhile, dentin tubules are filled with dentin fluid, which
drains constantly due to pressure in the pulp cavity. To investi-
gate the entry effect of the nanomotors in this situation, we
chose hydraulic pressure to simulate the pressure in the pulp
cavity and Ringer’s solution to simulate dentin fluid based on
a previous study.>”*? The pressure model is shown in Fig. 4c.
The dentin sensitivity models were constructed by etching
with EDTA. Fig. S6a and bf show the transverse and longitudi-
nal sections of dentin tubules in the dentin sensitivity model.
Those models were treated 1 or 3 times with nBGs and
nBGs@Pt, respectively.

Then, we studied the entry and blocking effect of dentin
tubules after 1 or 3 treatments by nBGs or nBGs@Pt, respect-
ively. Fig. 4d shows the typical SEM image of 1 treatment by
nBGs or nBGs@Pt. Both sets of tubules remained empty,
which we considered was due to the low particle content.
Compared with nBGs, nBGs@Pt were more located in tubules
than around the tubules, which verified that the automatic
motion ability of nBGs@Pt was effective for entering the
tubules. After 3 treatments, the results in Fig. 4e were more
obvious, whereby in the nBGs@Pt model, most dentin tubules
were filled with nanomotors and a few nanomotors were dis-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The iosecurity test of the nBGs@Pt JANUS nanomotor. (a) The cell cytotoxicity test of nBGs@Pt in different concentrations. (b) Gingival fibro-
blast dead and alive staining. (c) The lood routine index: white blood cells, lymphocytes, monocytes, neutrophilic granulocyte percentage, hemo-
globin, red blood cells, hematocrit, blood platelets, comparison of nBGs@Pt with a control. (d) The HE staining of important organs of mice; com-

parison of nBGs@Pt with a control.

tributed around compared with the nBGs. We also consider
that the number of nanomotors also play an important role in
tubules blocking.

In order to quantify the blocking of dentin disks, we
counted the particles after 1 or 3 times treatment respectively
(Fig. 4f). After 1 treatment, the blocking rate of the nBGs@Pt
(6.88%) was higher than for the nBGs (3.86%). The blocking
rate of both groups was still very low due to the low quantity of
particles. The entry rate of the nBGs@Pt (72.97%) exhibited a
statistically significant two-fold increase compared to that of
the nBGs (29.53%), which was attributed to the automatic
motion function. After 3 treatments, the blocking rate
increased for both significantly, whereby the nBGs@Pt
reached 58% and nBGs reached 18%, with statistical differ-
ences between and within the groups. This result confirmed
the previous hypothesis about quantity. The entry rate of the
nBGs@Pt (74.95%) was still more than twice as large as nBGs
(32.72%). Remarkably, the entry rate of the two groups showed
little increase with no significant statistical difference. These
results suggest that the nBGs@Pt was able to resist fluid
outflow and could enter into the tubes without being flushed
out. Based on previous research,*’ in the sensitivity-occurring
zone, 75% of the dentinal tubules were open, whereas in this

This journal is © The Royal Society of Chemistry 2023

study our blocking rate reached 58.05%, which means it is still
able to meet the treatment.

Next, we studied the remineralization of nBGs@Pt to dentin
disks. The dentin disks treated by nBGs@Pt 3 times were incu-
bated with ASL for 7 d. Fig. 4g shows the morphology of the
dentin surface after treatment by nBGs@Pt three times, where
it can be seen that the dentinal tubules were full of nBGs@Pt
in both the longitudinal and cross-sectional images. The
important role played by the automatic movement ability of
nBGs@Pt was further verified. Fig. 4h shows the morphology
of the dentin surface after remineralization. After incubation,
most space was filled with HA, and it was hard to distinguish
the morphology of the dentin tubules. As shown in Fig. S7a,f
all the tubules were filled with HA, and the longitudinal
section shows that the interior was also filled by HA
(Fig. S7b¥). We analyzed the SEM images of the dentin disks
after remineralization by image J, counted the area of the
blocked regions, and then calculated the percentage blocking
area over the whole image, and found that the blocking rate
could reach 96.07% (Fig. S7ct). The results proved that both
nBGs@Pt and HA formed by nBGs@Pt have good blocking
effects on dentin tubules. We performed statistical analysis,
respectively, and found the average penetrating depth of the
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nanomotors was 2.3 pm, and the HA sealed up to a staggering
12.7 um, with the deepest ones exceeding 30 pm, as shown in
Fig. S8.1 Those result prove that the nBGs@Pt has a strong
power and good HA-formation ability, which can isolate exter-
nal stimuli and resist stripping effectively.

3.5 Discussion

After precious metal deposition, the Pt layer gives the nBG@Pt
a strong power, which enables it to resist the impact effect of

19688 | Nanoscale, 2023, 15, 19681-19690

dentin tubule fluid and enter the tubules retrograde. The
mesoporous structure gives nBG@Pt a better HA-formation
ability, so it can form a large amount of HA more quickly. The
nBG@Pt can move automatically in the case of a high viscosity
medium and low concentration fuel. In an appropriate concen-
tration of the fuel, nBG@Pt showed good biosecurity. The
in vitro simulated entry experiments also showed its good per-
formance. Compared with nBGs, although the HA-forming
capacity was slightly reduced for nBGs@Pt, due to its ability to

This journal is © The Royal Society of Chemistry 2023
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move it showed a better blocking and entry rate at the dentin
disc in the pressure model. Through the observation of the
longitudinal section, the deepest blocking depth of HA was
more than 30 pm. In the ASL environment, the formation of
HA could connect nanomotors with each other to fill gaps in
the dentin tubules, isolate stimuli, and maintain long-term
efficacy. In addition, bioglass has certain antibacterial pro-
perties,*" thus preventing plaque formation and reducing the
occurrence of caries or periodontal disease.

4. Conclusions

In this study, we successfully prepared a nBGs@Pt nanomotor
for dentin hypersensitivity and achieved a good effect. The
nBGs@Pt displayed a Janus structure with an average size of
290 nm. Pt as a catalyst promoted H,O, to decompose, gener-
ating a concentration gradient, which provided power to make
the nanomotors automatically move even in high viscosity
media. The speed of the nanomotors in Ringer’s solution
could reach 1.0561 pm s™*
liquid outflow and allow them to enter tubules, and to obtain
a high blocking rate and entry rate. The formation of HA could
penetrate more than 10 um into the dentin tubule and main-
tain long-term efficacy. The findings suggest our nanomotors
solution may be a suitable mechanical resistant conservative
treatment option for dentin hypersensitivity. In addition, the
core of the nanomotors also has certain antibacterial abilities,
promoting bone formation ability, which may have certain
application value in the field of periodontal disease treatment.

, which was strong enough to resist
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