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Abstract: In the oral microenvironment, bacteria colonies are easily aggregated on the tooth-restoration
surface, in the manner of a biofilm, which usually consists of heterogeneous structures containing
clusters of a variety of bacteria embedded in an extracellular matrix, leading to serious recurrent
caries. In this contribution, zero-dimensional (0D) bismuth (Bi) quantum dots (QDs) synthesized by
a facile solvothermal method were directly employed to fabricate a Bi QD/polydimethylsiloxane
(PDMS)-modified tooth by simple curing treatment. The result demonstrates that the as-fabricated Bi
QD/PDMS-modified tooth at 37 °C for 120 min not only showed significantly improved hydrophobic
performance with a water contact angle of 103° and 115° on the tooth root and tooth crown, respec-
tively, compared to that (~20° on the tooth root, and ~5° on the tooth crown) of the pristine tooth,
but also exhibited excellent antibacterial activity against S. mutans, superior biocompatibility, and
biosafety. In addition, due to the highly photothermal effect of Bi QDs, the antibacterial activity of the
as-fabricated Bi QD/PDMS-modified tooth could be further enhanced under illumination, even at a
very low power density (12 mW cm~2). Due to the facile fabrication, excellent hydrophobicity, supe-
rior antibacterial activity, and biocompatibility and biosafety of the Bi QD/PDMS-modified tooth, it
is envisioned that the Bi QD/PDMS-modified tooth with a fascinating self-cleaning and antibacterial
performance can pave the way to new designs of versatile multifunctional nanocomposites to prevent
secondary caries in the application of dental restoration.

Keywords: bismuth; quantum dots; nanocomposite; self-cleaning; antibacterial

1. Introduction

Dental caries, a prevalent oral disease, is a very complicated interaction between
fermentable carbohydrates and acid-producing bacteria [1], which is severely affected by
many factors, such as oral hygiene, saliva composition, and dietary carbohydrates [2].
In general, bacteria adhered to the surface of a tooth easily aggregates and secretes a
thick matrix of exopolymers that intimately covers and firmly protects bacterial colonies
in the manner of a biofilm, thus rendering the bacteria more resistant under ambient
conditions [3,4]. In recent years, much research on dental antibacterial resins or adhesives
has been conducted [5,6]. For example, in 2021, Choi et al. [7] reported that a Zwitterionic
polymer-based coating exhibited superior hydration and anti-polyelectrolyte effect with
a reduction of 85% and 80% in ex vivo and in vivo biofilm formation, respectively. In
addition, several groups have paid attention to the addition of silver (Ag) nanoparticle
(NP) or quaternary ammonium salt into the substrate in the material fabrication due to
their excellent antibacterial property [3,4,8,9]. However, the biofilm-based Clear Overlay
Appliance (COA) fabricated by these strategies (i) is easily cracked and has to be frequently
changed, (ii) suffers from strong adhesion which leads to the severe aggregation of bacteria
and dust on the surface, and (iii) the leakage of antibacterial agents causes an unavoidable
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cytotoxicity [10-12]. Therefore, it is necessary to develop a novel dental retainer with
low-cost and no-toxicity or low toxicity for excellently bacterial activity.

Artificial self-cleaning materials are capable of creating an extremely water repellent
surface, where water droplets enable the formation of approximately spherical shapes
to pick up and remove bacteria, dust, and even viruses in the process of rolling, which
hold great potentials in the remarkable reduction of bacterial adhesion on the substrate
surface [13-16]. Until now, many examples have demonstrated that self-cleaning surfaces
with a contact angle above 90° play vital roles in antifouling and antibacterial applica-
tions [17-21]. For instance, in 2022, Narain et al. [18] developed a sugar-responsive and
self-cleaning surface with a dual-functional property which not only greatly reduced the
bacteria adhesion but also largely promoted the formation of a hydrophilic surface with
excellent biocompatibility. Moreover, in 2021, it was reported that the introduction of poly-
dimethylsiloxane (PDMS) could not only largely lower the surface energy of substrates for a
self-cleaning function but also significantly enhance their mechanical and chemical stability
for practical applications [20]. However, few reports have focused on the hydrophobic
surface to remarkably reduce antibacterial adhesion for dental applications so far.

The past decades have witnessed a rapid development in monoelemental Xenes, such
as graphdiyne, antimonene, bismuthene, and tellurene, which are promising materials in
a variety of fields, including applications in antibacterial activity, optoelectronic devices,
photothermal therapy, photocatalysis, energy storage, and multifunctional systems [22-29].
In recent years, Bi nanostructures have drawn extensive attention due to their fascinating
properties, such as a high surface area, easy functionalization, narrow bandgap, high X-ray
attenuation coefficient, low toxicity, and high stability [30-33]. It was demonstrated that Bi
nanostructures, such as Bi nanoparticles (NPs) [34], and mesoporous silica supported Ag-Bi
NPs [35,36], exhibited superior antibacterial performance without antibiotics due to their
facile controllability, poor drug resistance, and negligible side effects. The above-mentioned
features merit Bi nanostructures as ideal candidates for cost-efficient, stable, and non-toxic
antibacterial agents.

In this contribution, zero-dimensional (0D) Bi quantum dots (QDs) were for the first
time incorporated into a polymer matrix, PDMS, for dental applications. The 0D Bi QDs
with an average diameter of 16 nm and an average thickness of 13 nm were successfully
synthesized by a facile solvothermal method. With regard to the high hydrophobicity
of PDMS, the PDMS solution was used to evenly distribute Bi QDs to obtain uniform Bi
QD/PDMS nanocomposites, which were directly dropped onto the surface of the pristine
tooth to form a stable surface after being cured for a predetermined time. The result demon-
strates that the as-obtained Bi QD/PDMS-modified tooth not only exhibited a superior
hydrophobic behavior, but also displayed an excellent antibacterial activity. Moreover, due
to the excellent photothermal effect, the antibacterial activity of the Bi QD/PDMS-modified
tooth showed a significant improvement under an external illumination, even at a very
low power density (12 mW cm~2), indicating that external light can largely enhance the
efficiency of bacteria-killing. In addition, the Bi QD/PDMS-modified tooth exhibited a low
cell toxicity towards periodontal ligament fibroblasts and periodontal ligament stem cells.
Because of the facile synthesis, superior self-cleaning behavior, excellently antibacterial
activity and highly photothermal effect, and low cell toxicity, it is envisioned that the Bi
nanostructure-based self-cleaning material can provide a fundamental guidance for the
antibacterial activity in the field of dentistry, and offer versatile opportunities to exploit
high-performance nanostructure-based heterostructures for highly efficient, cost-effective,
and smart dental biomaterials.

2. Materials and Methods
2.1. Materials
Bismuth neodecanoate (technical grade) and 1-octadecene (90%) were purchased

from Sigma-Aldrich, Shanghai, China and used upon receipt. 1-dodecanethiol (DDT, 98%)
was purchased from Macklin chemistry Co., Ltd., Shanghai, China, and used as received.
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Tri-n-octylphosphine (TOP, 90%), toluene (99.9%), acetone (99.9%), tetrahydrofuran (THF,
99.9%), potassium chloride (KCL, 99.9%), hydrochloric acid (HCl, 99.9%), and potassium
hydroxide (KOH, 99.9%) were purchased from Aladdin chemistry Co., Ltd., Shanghai,
China, and used as received. Hydroxyl-terminated PDMS (Sylgard 184A) and a curing
agent (Sylgard 184B) were supplied by Dow Corning Corporation, Hangzhou, China. Hu-
man periodontal ligament fibroblasts were purchase from Procell Life Sci & Tech Co., Ltd.,
Wuhan, Hubei, China. Calcein-AM/PI Double Stain kit cell staining agent was purchased
from YESEN Biotechnology Co., Ltd., Shanghai, China. The cultivation procedure of peri-
odontal ligament stem cells was carried out according to the previous research methods
in our group [37,38] and was approved by the ethics committee of the Affiliated Hospital
of Nantong University, Nantong, China. S. mutans (ATCC25175) was purchased from
Shanghai Bioresource Collection Center, Shanghai, China. Orthodontic premolars from
patients aged 14-22 years were collected from the outpatient clinic of the Department
of Dentistry, Affiliated Hospital of Nantong University, Nantong, China, after obtaining
informed consent from all patients and parents of adolescents. The extracted human molars
with complete surfaces were selected and cleaned for standby.

2.2. Synthesis and Characterization of 0D Bi QDs

The uniform Bi QDs were synthesized according to Son’s previous reports. Typically,
0.723 g of bismuth neodecanoate (1 mmol) was added to 5 mL of 1-octadecene. The
mixture solution was degassed at 120 °C for 2.5 h in a vacuum to remove water and
oxygen. The solution was then heated to 80 °C with vigorous stirring, followed by the
addition of 0.24 mL of DDT, and maintained at this temperature for 10 min. After the
addition of DDT, the initially colorless solution turned yellow, indicating the formation of
bismuth dodecanethiolate complex. Afterwards, the bismuth dodecanethiolate complex
solution was cooled to growth temperature, and then 1 mL of TOP was injected into the
solution and continued to age at this temperature. The Bi QDs were precipitated by the
addition of a 10:1 (v/v) mixture of acetone and THE, then retrieved by centrifugation, and
washed for several times with a 10:1 (v/v) mixture of acetone and THF. Finally, Bi QDs
were redispersed in common nonpolar solvents such as toluene to form long-term stable
colloidal dispersions.

The morphology and dimension of the as-synthesized Bi QDs were determined by
both transmission electron microscopy (TEM, FEI Tecnai G2 F30, Hillsboro, OR, USA)
and atomic force microscopy (AFM, Bruker, with 512 pixels per line, Beijing, China).
High-resolution transmission electron microscopy (HRTEM, Hillsboro, OR, USA) was
also conducted to determine the atomic arrangement. A high-resolution confocal Raman
microscope (HORIBA LabRAM HR800, Paris, France) was performed to record the Raman
spectra at room temperature under an excitation wavelength of 633 nm. UV-Vis-NIR
absorption spectroscopy was recorded in the spectral range of 200-1000 nm using a UV-Vis
absorbance spectrometer (Cary 60, Agilent, Beijing, China).

2.3. Preparation of Bi QD/PDMS-Modified Tooth

The suspension containing the mixture of Bi QDs and PDMS (Sylgard 184A: Sylgard
184B = 10: 1) with a Bi QD concentration of 0, 200, 400, or 800 ppm was directly dropped
onto the surface of the pristine tooth. The pristine tooth was completely covered by the
excess Bi QD /PDMS mixture. Afterwards, the Bi QD/PDMS-coated tooth was cured at a
predetermined temperature (27 °C, 37 °C, 47 °C, 57 °C, and 67 °C) for a certain time (30 min,
60 min, 90 min, 120 min, 150 min, 180 min, and 210 min) to obtain a Bi QD/PDMS-modified
tooth. Here, the Bi QD/PDMS-modified tooth with a Bi QD concentration of 0 ppm is
abbreviated as PDMS-modified tooth.

2.4. Hydrophobicity Evaluation

The water contact angle measurements were performed by an optical contact angle
measuring instrument (JGW-360B, Beijing, China) at room temperature. A total of 5 puL.
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droplets were dropped onto tooth root and tooth crown for measurement. Each experiment
was repeated 3 times.

2.5. Antibacterial Activity Evaluation

In order to evaluate the efficiency of the as-fabricated Bi QD/PDMS nanocomposite
against cariogenic bacteria, S. mutans was chosen, and a direct contact test was used
to evaluate the antibacterial activity. The Bi QD/PDMS-modified tooth with different
concentrations (0, 200, 400, or 800 ppm) of Bi QDs in the Bi QD/PDMS nanocomposite
were placed into a disc with a diameter of 8 mm and thickness of 0.5 mm and the disc
was placed in deionized water for 1 h in order to remove free Bi QDs on the surface. After
being sterilized by ultraviolet illumination for 2 h, 10 uL suspension containing S. mutans
(~10° CFU mL~!) was poured on the surface of each disc. For better contact between the Bi
QD/PDMS nanocomposite and suspension, a polyethylene film was used to gently cover
the suspension surface on the tooth. After anaerobic incubation for 24 h, both the discs and
PE film were put into a test tube containing 10 mL of axenic physiological saline where the
bacteria were totally eluted by shaking and collected. Afterwards, 100 pL of the diluted
eluent was transferred on an agar plate for 24 h anaerobic incubation, the groups with a
quantity of bacterial colony between 30 to 300 in each gradient were chosen to calculate
the quantity of original live bacteria in the discs. The control group was also set under the
same conditions in the absence of the Bi QD/PDMS-modified tooth. The entire experiment
was repeated 3 times.

2.6. Cytotoxicity Analysis

Data collection on cell viability on contact with the surface of the modified tooth was
performed by a fluorescent microscope (Olympus, IX73). Cell viability and proliferation was
tested using Cell Counting Kit-8 (CCK-8, Beyotime, China) according to the manufacturer’s
instruction. Then, 10 uL CCK-8 was added per well in 96-well plates and incubated at
37 °C for 2 h. The optical density was measured at 450 nm. The optical density (OD) value
was detected to acquire the cell survival rate of each group using Equation (1)

Cell viability = (OD, — ODy)/(OD, — ODy) 1)

where ODg, OD}, and OD, denote the OD value of the experimental group, blank group,
and control group, respectively. Cell live/dead staining was performed to investigate the
cytotoxicity of the modified tooth using Calcein-AM/PI Double Stain kit. Periodontal
ligament fibroblasts were cultured on a Bi QD/PDMS disc for 24 h and collected by
centrifugation at 1000 rpm for 5 min. The cells were stained with 2 uM calcein-AM (live
cells, green fluorescence) and 4.5 uM PI (dead cells, red fluorescence) for 15 min at 37 °C in
the dark.

3. Results

The schematic diagram of the Bi QD/PDMS-modified tooth with both self-cleaning
and antibacterial activity is presented in Figure 1. Figure 2 presents the structural character-
ization of the as-synthesized 0D Bi QDs. The TEM image shows that the Bi QDs were very
uniform with an average diameter of 28.6 nm (Figure 2a). The HRTEM image exhibits a
clear lattice fringe of 0.33 nm (Figure 2b), which can be indexed to the (012) plane of the
Bi crystal [33]. The AFM image presents the typical morphology of the 0D Bi QDs with
a uniform distribution (Figure 2c) and the corresponding heights were measured to be
25.6 nm and 20.7 nm (Figure 2d). Raman spectroscopy was also employed to study the
as-synthesized 0D Bi QDs, as seen in Figure 2e. The main peaks at 69.4 and 95.6 cm !, can
be assigned to the Eg and Ay, first-order Raman modes of Bi crystal, respectively [22,24].
The peak intensity ratio of A1/Eg increased with the decrease in the layer number, i.e.,
the Bi QDs showed a significantly increased Ajg/Eg value, which is consistent with the
previously reported Bi nanostructures [24,28]. Moreover, the as-synthesized 0D Bi QDs
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displayed a broadband absorption from 200 nm to 650 nm (Figure 2f), which indicates that
they have great potential for UV-Vis photoresponsive applications.

]

o o

Je Bi QD/PDMS
pre-cured solution

Solution Self-cleaning
< —B'e""‘"g
)
PDMS solution Bi QD/PDMS mixture
%
\
* @D T Self-cleaning &
Bi QD Pristine tooth Live bacteria Dead bacteria antibacterial activity

Figure 1. The schematic diagram of the Bi QD/PDMS-modified tooth with both self-cleaning and
antibacterial activity.
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Figure 2. Structural characterization. (a) TEM image and (b) HRTEM image of the as-synthesized 0D
Bi QDs, (¢) AFM image and (d) the corresponding height profile of the 0D Bi QDs, (e) Raman spectra
of bulk Bi and 0D Bi QDs, and (f) UV-Vis-NIR spectrum.

The Bi QD/PDMS nanocomposites were fabricated by a simple solution blending,
then directly deposited onto the surface of a clean pristine tooth, and cured for a prede-
termined time at certain temperature to obtain a Bi QD/PDMS-modified tooth. Notably,
regardless of whether the droplet was on the tooth root or tooth crown, the contact angle
was remarkably enhanced after the modification by PDMS (Figure 3a,b,d,e), and this was
attributed to the excellent hydrophobicity of PDMS [20]. It is noted that PDMS in the Bi
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(a)

Pristine tooth PDMS-modified tooth
(b) (c)

QD/PDMS nanocomposites can not only greatly lower the surface energy but also maintain
the chemical and mechanical stability after the curing process and have no shrinkage be-
cause no monomers are involved to polymerize. Besides, it can be observed that the contact
angles for the Bi QD/PDMS-modified tooth with 400 ppm Bi QDs in the Bi QD/PDMS
nanocomposite (Figure 3c,f) are well-maintained compared to those of the PDMS-modified
tooth (Figure 3d,e), verifying that a tiny amount of 0D Bi QDs have no obvious effect on
the hydrophobicity of the tooth studied. Besides, the SEM image confirms that there was a
clear polymer aggregation observed (Figure S1). Furthermore, the optical images of the
pristine tooth and modified teeth in Figure 3g display that there was no severe aesthetic
effect for the modified teeth.

Bi QD/PDMS-
modified tooth

Figure 3. The change of § and morphology after the modification of pristine tooth. The pictures for
6 on the tooth root for (a) pristine tooth, (b) PDMS-modified tooth and (c) Bi QD/PDMS-modified
tooth; the pictures for 6 on the tooth crown for (d) pristine tooth, (e) PDMS-modified tooth and (f) Bi
QD/PDMS-modified tooth. (g) The picture for real pristine tooth and modified tooth.

In order to study the effect of curing time and curing temperature on the hydropho-
bicity of the as-fabricated Bi QD/PDMS nanocomposites, the Bi QD/PDMS mixture was
directly dropped onto a pristine tooth and cured for a predetermined time at a certain tem-
perature. The water contact angle (f) on the tooth root and tooth crown for the as-fabricated
Bi QD/PDMS nanocomposites cured for 120 min at different curing temperature is pre-
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sented, as seen in Figure 4a—d. It can be observed that both the 0s on the tooth root and tooth
crown remarkably increased when the curing temperature increased from 27 °C to 37 °C,
i.e., the average 6s on the tooth root and crown at a curing temperature of 27 °C are 86.5°
and 82.6°, respectively, while they reached up to 103° and 111°, respectively (Figure 4a,b),
revealing the excellent in-air hydrophobicity. However, as the curing temperature further
increased, both the s on the tooth root and tooth crown keep relatively stable (Figure 4a,b),
illustrating that the curing temperature of 37 °C is sufficient to make the formation of the
hydrophobic Bi QD/PDMS nanocomposites on a pristine tooth. Figure 4c,d also presents
the pictures for 6 on the tooth root and tooth crown at different curing temperatures for
120 min, respectively. In addition, the influence of curing time on the hydrophobicity of
the as-fabricated Bi QD/PDMS nanocomposites at a curing temperature of 37 °C can be
seen in Figure 4e-h. Figure 4e,f shows that both the 8s on the tooth root and tooth crown
increased with the curing time prolonged from 30 min to 120 min, yet both of them reached
an equilibrium state as the curing time further increased, indicating that the curing process
for 120 min at 37 °C is essential for the formation of Bi QD/PDMS nanocomposites on
a pristine tooth with excellent hydrophobicity. The pictures for 6 on the tooth root and
tooth crown at different curing times at the curing temperature of 37 °C can be seen in
Figure 4g,h, respectively. Moreover, the optical view of the as-fabricated Bi QD/PDMS
nanocomposites with different concentrations of Bi QDs in Figure S2a shows that the color
of the as-fabricated Bi QD/PDMS nanocomposites became slightly darker with the con-
centration of Bi QDs. Common liquids, such as water, milk, and coffee, can be sufficiently
repelled by the as-fabricated Bi QD/PDMS nanocomposites (Figure S2b), due to the low
surface energy caused by PDMS. Moreover, the aesthetic of the PDMS-modified tooth
maintains very well compared to that of pristine tooth due to the intimate contact between
the pristine tooth and PDMS. The result indicates that this Bi QD /PDMS nanocomposite
can shed new light on new designs of the nanostructure/polymer matrix nanocomposites
at low temperatures for high-performance self-cleaning dental materials.

The disk diffusion measurement of the pure 0D Bi QDs with different concentrations
can be seen in Figure S3 and Table S1. The result shows that the mean diameter (d) distinctly
increased with the concentration of the pure 0D Bi QDs, demonstrating that the pure 0D Bi
QDs indeed have high antibacterial activity, similar to Ag nanoparticles (NPs) [39], N-doped
TiO, NPs [40], and Ca-doped SiO; NPs [41], and can further improve the antibacterial
efficiency under light illumination due to the excellent photothermal effect [22,24,42]. The
antimicrobial activity of the Bi QD/PDMS nanocomposites with different concentrations
of 0D Bi QDs on the S. mutans culture is shown in Figure 5. It can be seen that in the
control solution without a pristine tooth, PDMS and Bi QDs displayed a rapid growth of
S. mutans in the dark, and even when diluted 10 times, bacterial colonies were still clearly
observed (Figure 5a). The individual cultured bacterial colony is presented in Figure S3.
More importantly, the bacterial colonies gradually decreased with the increase in the Bi
QDs in the Bi QDs/PDMS nanocomposites (Figure 5b—e), indicating that the Bi QDs in the
Bi QD/PDMS nanocomposites on the surface of a pristine tooth can play a vital role in the
antibacterial activity in dental applications. Additionally, the cultured bacterial colonies
were also characterized by the SEM technique, as shown in Figure 5f-i. The result shows the
same trend as that tested by the agar plates. The detailed change of the cultured bacterial
colonies can be also seen in Figure 5j. Therefore, the present work developed a new kind of
nanocomposites without polymerization shrinkage, which can greatly reduce the bacterial
adhesion due to the excellent hydrophobicity of PDMS, and significantly inhibit the biofilm
growth due to antibacterial activity.
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times at the curing temperature of 37

To further improve the antibacterial activity of the Bi QD/PDMS nanocomposites, the
agar dilution method against S. mutans was conducted under dark and light conditions, as
shown in Figure 6. Due to the excellent photothermal effect of 0D Bi QDs, [22,24,42] the
antibacterial activity of the Bi QD /PDMS nanocomposite with 400 ppm Bi QDs significantly

i.e., the bacterial count was reduces to 1.58 x 10° CFU mL ! after

being treated under light with an extreme low power density of 12 mW cm ™2, while it is

improved (Figure 6a,b),

5.11 x 10° CFU mL~! conducted in the dark (Figure 6¢), suggesting that the 0D Bi QDs in
the Bi QD/PDMS nanocomposites can greatly facilitate the antibacterial activity. Moreover,

the Bi QD/PDMS nanocomposites also present excellently antibacterial stability even after

one month storage (Figure 54). Based on this, the dental materials with multifunctionalities,
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such as photothermal effect, drug delivery, and drug control release can be rationally
designed and experimentally achieved in the next scenario. In addition, the same trend is
observed by the agar plate tests as that of the pure Bi QDs, confirmed by SEM measure-
ment Figure S5), verifying that the antibacterial activity of Bi QDs was not significantly
affected after the introduction of PDMS, similar to those of resin-based composites, such as
core-shell chlorhexidine/amorphous calcium phosphate NP-incorporated resin compos-
ites [43], glass-ionomer- incorporated resin composites [44], and nano ZnO-incorporated
resin composites [45].

(OB (hg8

)

[
o
X
2

Bacterial count (CFU mL-!

0 Control 0 200 400 800
Concentration of Bi QDs (ppm)

Figure 5. The influence of the Bi QDs content in the Bi QD/PDMS nanocomposite on the antibacterial
performance. Plate photographs of S. mutans after incubated for 24 h under dark: (a) control, (b)
0 ppm Bi QDs, (c) 200 ppm Bi QDs, (d) 400 ppm Bi QDs, and (e) 800 ppm. SEM image of S. mutans
under dark: (f) control, (g) 0 ppm Bi QDs, (h) 200 ppm Bi QDs, (i) 400 ppm Bi QDs, and (j) 800 ppm.
(k) Data statistics from the SEM image.

Considering the damage to human cells for the Bi QD /PDMS nanocomposites, two
main cells in the dental field, periodontal ligament fibroblasts and periodontal ligament
stem cells, were selected to study the effect of the concentration of Bi QDs in the Bi
QD/PDMS nanocomposite on the cytotoxicity, as shown in Figure 7. It can be seen in
Figure 7a,b that the cytotoxicity of Bi QD/PDMS nanocomposites for both of periodontal
ligament fibroblasts and periodontal ligament stem cells increased with the increasing
concentration of Bi QDs in the Bi QD/PDMS nanocomposites. It should be noted that when
the concentration of Bi QDs in the Bi QD/PDMS nanocomposites reached up to 800 ppm,
most of the cells keep their vitality, i.e., when the concentration of Bi QDs was 800 ppm,
the average optical density (OD) of the periodontal ligament fibroblasts and periodontal
ligament stem cells were 0.863 and 0.933, respectively. Moreover, the fluorescence images
for the periodontal ligament fibroblast cell viability treated by the Bi QD/PDMS-modified
tooth with different concentrations of 0D Bi QDs are also presented, as shown in Figure 7c.
Note that there are negligible dead cells observed for the Bi QD/PDMS nanocomposite
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with 400 ppm Bi QDs, while dead cells can be seen when the concentration of Bi QDs is 800
ppm, indicating that the as-fabricated Bi QD/PDMS nanocomposites hold great promise in
practical dental applications.
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Figure 6. The antibacterial performance of the Bi QD/PDMS-modified tooth. Plate photographs of
S. mutans for the Bi QD/PDMS-modified tooth incubated for 24 h (a) in the dark and (b) under light
with a power density of 12 mW cm 2. (c) The comparison of the antibacterial performance for the Bi
QD/PDMS-modified tooth with 400 ppm Bi QDs in the Bi QD/PDMS nanocomposite.
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Figure 7. Cytotoxicity of the Bi QD/PDMS-modified tooth with different concentrations of Bi QDs
toward (a) periodontal ligament fibroblasts and (b) periodontal ligament stem cells. The two curves
are normalized based on the control groups. (c) Live/dead fluorescence images for the periodontal
ligament fibroblast cell viability treated by Bi QD/PDMS-modified tooth with different concentrations
of Bi QDs for 24 h in the dark. The periodontal ligament fibroblast cells were stained by Calcein-
AM/PI Double Stain kit.

4. Conclusions

In this contribution, the Bi QD/PDMS nanocomposites with both excellent antibac-
terial activity and hydrophobicity were rationally designed and elaborately synthesized
by tuning the curing temperature and time of PDMS. The water contact angle of the new
nanocomposites on both the tooth root and crown remarkably increased in the existence
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of the cured PDMS, showing excellent hydrophobicity for self-cleaning behavior towards
common liquids. The antibacterial activity of the Bi QD/PDMS nanocomposites displayed
an apparent reduced CFU count with the increasing concentration of Bi QDs. Moreover,
the antibacterial activity could be largely enhanced under light illumination even at an
extremely low power density (12 mW cm~2), due to the photothermal effect of Bi QDs.
Additionally, the cytotoxicity of the Bi QD/PDMS-modified tooth demonstrates that there
was no severe damage to the normal cells. It is envisioned that the novel Bi QD/PDMS
nanocomposite can pave the way to new designs for high-performance nanostructures
with multifunctionalities to efficiently protect dental health in daily life.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12213911/s1, Figure S1: SEM image of the surface of the
as-fabricated Bi QD/PDMS-modified tooth with 400 ppm Bi QDs in the Bi QD/PDMS nanocomposite;
Figure S2: (a) The optical images of the as-fabricated Bi QD/PDMS nanocomposites with different
concentration of Bi QDs, and (b) the optical images of various liquid droplets setting on the as-
fabricated Bi QD/PDMS nanocomposites; Figure S3: Inhibition halo of the Bi QDs against Streptococcus
mutans strain NG8; Figure S4: The antibacterial performance of the Bi QD/PDMS-modified tooth after
one month storage. Plate photographs of S. mutans for the Bi QD/PDMS-modified tooth incubated
for 24 h (a) in dark and (b) under light with a power density of 12 mW cm™2. (c) The comparison
of the antibacterial performance for the Bi QD/PDMS-modified tooth with 400 ppm Bi QDs in the
Bi QD/PDMS nanocomposite; Figure S5: SEM image of an individual cultured bacterial colony;
Table S1: The mean diameters of the inhibition halos of the pure Bi QDs with different concentrations.

Author Contributions: Conceptualization, M.W., X.F. and W.H.; methodology, M.W.; formal analysis,
Y.H. (Yingzi Hu) and Z.X,; investigation, Y.H. (Yi Hu) and M.W.; data curation, Y.H. (Yingzi Hu),
Y.H. (Yi Hu), L.H. and Y.Z.; writing—original draft preparation, M.W. and W.H.; writing—review
and editing, M.W. and W.H.; visualization, M.W.; supervision, W.H.; project administration, W.H.;
funding acquisition, M.W., X.F. and W.H. All authors have read and agreed to the published version
of the manuscript.

Funding: The study was supported by the National Natural Science Foundation of China (Grant
Nos. 61805147 and 52103316), Postgraduate Research & Practice Innovation Program of Jiangsu
Province (Grant No. SJCX22_1620), and Nantong City Science and Technology Projects Funds (Grant
No. MS12020030).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Ethic approval number KY2022-089-01.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: There is no competing interest to declare.

References

1. Welch, K,; Cai, Y.; Engqvist, H.; Stremme, M. Dental Adhesives with Bioactive and On-Demand Bactericidal Properties. Dent.
Mater. 2010, 26, 491-499. [CrossRef] [PubMed]

2. Selwitz, R.H.; Ismail, A.L; Pitts, N.B. Dental Caries. Lancet 2007, 369, 51-59. [CrossRef]

3. Kim, S.; Park, C.; Cheon, K.-H.; Jung, H.-D.; Song, J.; Kim, H.-E.; Jang, T.-S. Antibacterial and Bioactive Properties of Stabilized
Silver on Titanium with a Nanostructured Surface for Dental Applications. Appl. Surf. Sci. 2018, 451, 232-240. [CrossRef]

4. Lee, SJ.; Heo,M;; Lee, D.; Han, S.; Moon, J.-H.; Lim, H.-N. Preparation and Characterization of Antibacterial Orthodontic Resin
Containing Silver Nanoparticles. Appl. Surf. Sci. 2018, 432, 317-323. [CrossRef]

5. Moussa, D.G,; Fok, A.; Aparicio, C. Hydrophobic and Antimicrobial Dentin: A Peptide-Based 2-Tier Protective System for Dental
Resin Composite Restorations. Acta Biomater. 2019, 88, 251-265. [CrossRef]

6.  Fugolin, A.PP; Navarro, O.; Logan, M.G.; Huynh, V,; Franca, C.M.; Ferracane, J.L.; Pfeifer, C.S. Synthesis of Di- and Triacrylamides
with Tertiary Amine Cores and Their Evaluation as Monomers in Dental Adhesive Interfaces. Acta Biomater. 2020, 115, 148-159.
[CrossRef]

7. Choi, W,; Park, S.; Kwon, J.-S.; Jang, E.-Y.; Kim, ].-Y.; Heo, J.; Hwang, Y.; Kim, B.-S.; Moon, ].-H.; Jung, S.; et al. Reverse Actuation

of Polyelectrolyte Effect for In Vivo Antifouling. ACS Nano 2021, 15, 6811-6828. [CrossRef]


https://www.mdpi.com/article/10.3390/nano12213911/s1
https://www.mdpi.com/article/10.3390/nano12213911/s1
http://doi.org/10.1016/j.dental.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20189237
http://doi.org/10.1016/S0140-6736(07)60031-2
http://doi.org/10.1016/j.apsusc.2018.04.270
http://doi.org/10.1016/j.apsusc.2017.04.030
http://doi.org/10.1016/j.actbio.2019.02.007
http://doi.org/10.1016/j.actbio.2020.08.026
http://doi.org/10.1021/acsnano.0c10431

Nanomaterials 2022, 12, 3911 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Campos, K.PL.; Viana, G.M.; Cabral, L.M.; Portela, M.B.; Hirata Junior, R.; Cavalcante, L.M.; Lourenco, E.J.V.; Telles, D.M.
Self-Cured Resin Modified by Quaternary Ammonium Methacrylates and Chlorhexidine: Cytotoxicity, Antimicrobial, Physical,
and Mechanical Properties. Dent. Mater. 2020, 36, 68-75. [CrossRef]

Jandt, K.D.; Watts, D.C. Nanotechnology in Dentistry: Present and Future Perspectives on Dental Nanomaterials. Dent. Mater.
2020, 36, 1365-1378. [CrossRef]

Park, S.; Jeong, H.-J.; Moon, J.-H,; Jang, E.-Y.; Jung, S.; Choi, M.; Choi, W.; Park, K.; Ahn, H.-W.; Hong, J. Polysilsesquioxane with
Potent Resistance to Intraoral Stress: Functional Coating Material for the Advanced Dental Materials. Appl. Surf. Sci. 2022, 578,
152085. [CrossRef]

Garcia, I.M.; Ferreira, C.J.; de Souza, V.S.; Leitune, V.C.B.; Samuel, S.M.W.; de Souza Balbinot, G.; da Motta, A.S.; Visioli, F,;
Scholten, ].D.; Collares, EM. Ionic Liquid as Antibacterial Agent for an Experimental Orthodontic Adhesive. Dent. Mater. 2019,
35,1155-1165. [CrossRef] [PubMed]

Blocher, S.; Frankenberger, R.; Hellak, A.; Schauseil, M.; Roggendorf, M.].; Korbmacher-Steiner, H.M. Effect on Enamel Shear
Bond Strength of Adding Microsilver and Nanosilver Particles to the Primer of an Orthodontic Adhesive. BMC Oral Health 2015,
15, 42. [CrossRef]

Blossey, R. Self-Cleaning Surfaces-Virtual Realities. Nat. Mater. 2003, 2, 301-306. [CrossRef] [PubMed]

Dong, J.; Wang, D.; Peng, Y.; Zhang, C.; Lai, F; He, G.; Ma, P.; Dong, W.; Huang, Y.; Parkin, I.P; et al. Ultra-Stretchable and
Superhydrophobic Textile-Based Bioelectrodes for Robust Self-Cleaning and Personal Health Monitoring. Nano Energy 2022,
97,107160. [CrossRef]

Wang, M.; Zhang, Z.; Wang, Y.; Zhao, X.; Yang, M.; Men, X.; Xue, Q. Colorful Superhydrophobic Pigments with Superior
Anti-Fouling Performance and Environmental Durability. Chem. Eng. J. 2020, 384, 123292. [CrossRef]

Tsuji, Y.; Yoshizawa, K. Competition between Hydrogen Bonding and Dispersion Force in Water Adsorption and Epoxy Adhesion
to Boron Nitride: From the Flat to the Curved. Langmuir 2021, 37, 11351-11364. [CrossRef]

Chiu, C.-Y,; Yen, T.-].; Chang, Y. Intelligent Sterilizable Self-Cleaning Membranes Triggered by Sustainable Counterion-Induced
Bacteria Killing /Releasing Procedure. Chem. Eng. |. 2022, 440, 135798. [CrossRef]

Asha, A.B.; Peng, Y.-Y.; Cheng, Q.; Ishihara, K ; Liu, Y.; Narain, R. Dopamine Assisted Self-Cleaning, Antifouling, and Antibacterial
Coating via Dynamic Covalent Interactions. ACS Appl. Mater. Interfaces 2022, 14, 9557-9569. [CrossRef] [PubMed]

Wang, M.; Zhu, J.; Zi, Y.; Huang, W. 3D MXene Sponge: Facile Synthesis, Excellent Hydrophobicity, and High Photothermal
Efficiency for Waste Oil Collection and Purification. ACS Appl. Mater. Interfaces 2021, 13, 47302-47312. [CrossRef]

Wang, M.; Zi, Y.,; Zhu, J.; Huang, W.; Zhang, Z.; Zhang, H. Construction of Super-Hydrophobic PDMS@MOF@Cu Mesh for
Reduced Drag, Anti-Fouling and Self-Cleaning towards Marine Vehicle Applications. Chem. Eng. ]. 2021, 417, 129265. [CrossRef]
Anis, S.F; Lalia, B.S.; Khair, M.; Hashaikeh, R.; Hilal, N. Electro-Ceramic Self-Cleaning Membranes for Biofouling Control and
Prevention in Water Treatment. Chem. Eng. J. 2021, 415, 128395. [CrossRef]

Wang, M.; Hu, Y.; Zi, Y.; Huang, W. Functionalized Hybridization of Bismuth Nanostructures for Highly Improved Nanophotonics.
APL Mater. 2022, 10, 050901. [CrossRef]

Wang, M.; Zhu, J.; Zi, Y.; Wu, Z.-G.; Hu, H.; Xie, Z.; Zhang, Y.; Hu, L.; Huang, W. Functional Two-Dimensional Black Phosphorus
Nanostructures towards Next-Generation Devices. |. Mater. Chem. A 2021, 9, 12433-12473. [CrossRef]

Huang, W.; Zhu, J.; Wang, M.; Hu, L.; Tang, Y.; Shu, Y.; Xie, Z.; Zhang, H. Emerging Mono-Elemental Bismuth Nanostructures:
Controlled Synthesis and Their Versatile Applications. Adv. Funct. Mater. 2021, 31, 2007584. [CrossRef]

Huang, W.; Wang, M.; Hu, L.; Wang, C.; Xie, Z.; Zhang, H. Recent Advances in Semiconducting Monoelemental Selenium
Nanostructures for Device Applications. Adv. Funct. Mater. 2020, 30, 2003301. [CrossRef]

Huang, W.; Hu, L.; Tang, Y.; Xie, Z.; Zhang, H. Recent Advances in Functional 2D MXene-Based Nanostructures for Next-
Generation Devices. Adv. Funct. Mater. 2020, 30, 2005223. [CrossRef]

Huang, W.; Zhang, Y.; You, Q.; Huang, P; Wang, Y.; Huang, Z.N.; Ge, Y.; Wu, L.; Dong, Z.; Dai, X,; et al. Enhanced Photodetection
Properties of Tellurium@Selenium Roll-to-Roll Nanotube Heterojunctions. Small 2019, 15, 1900902. [CrossRef]

Huang, W.; Li, C,; Gao, L.; Zhang, Y.; Wang, Y.; Huang, Z.N.; Chen, T.; Hu, L.; Zhang, H. Emerging Black Phosphorus Analogue
Nanomaterials for High-Performance Device Applications. J. Mater. Chem. C 2020, 8, 1172-1197. [CrossRef]
Kakanakova-Georgieva, A.; Giannazzo, F.; Nicotra, G.; Cora, I.; Gueorguiev, G.K.; Persson, P.O.A.; Pécz, B. Material Proposal for
2D Indium Oxide. Appl. Surf. Sci. 2021, 548, 149275. [CrossRef]

Freitas, R.R.Q.; Brito Mota, F.; Rivelino, R.; Castilho, C.M.C.; Kakanakova-Georgieva, A.; Gueorguiev, G.K. Spin-Orbit-Induced
Gap Modification in Buckled Honeycomb XBi and XBi3 (X = B, Al, Ga, and In) Sheets. J. Phys. Condens. Matter 2015, 27, 485306.
[CrossRef]

Li, D.; Huang, W.; Chu, H.; Li, Y.; Wang, Y.; Zhao, S.; Li, G.; Zhang, H.; Li, D. Passively Q-Switched Near Infrared Lasers with
Bismuthene Quantum Dots as the Saturable Absorber. Opt. Laser Technol. 2020, 128, 106219.

Pan, H.; Huang, W.; Chu, H; Li, Y.; Zhao, S.; Li, G.; Zhang, H.; Li, D. Bismuthene Quantum Dots Based Optical Modulator for
MIR Lasers at 2 pm. Opt. Mater. 2020, 102, 109830. [CrossRef]

Xing, C.; Huang, W.; Xie, Z.; Zhao, ].; Ma, D.; Fan, T.; Liang, W.; Ge, Y.; Dong, B.; Li, J.; et al. Ultrasmall Bismuth Quantum Dots:
Facile Liquid-Phase Exfoliation, Characterization, and Application in High-Performance UV-Vis Photodetector. ACS Photonics
2018, 5, 621-629. [CrossRef]


http://doi.org/10.1016/j.dental.2019.10.007
http://doi.org/10.1016/j.dental.2020.08.006
http://doi.org/10.1016/j.apsusc.2021.152085
http://doi.org/10.1016/j.dental.2019.05.010
http://www.ncbi.nlm.nih.gov/pubmed/31128938
http://doi.org/10.1186/s12903-015-0024-8
http://doi.org/10.1038/nmat856
http://www.ncbi.nlm.nih.gov/pubmed/12728235
http://doi.org/10.1016/j.nanoen.2022.107160
http://doi.org/10.1016/j.cej.2019.123292
http://doi.org/10.1021/acs.langmuir.1c01935
http://doi.org/10.1016/j.cej.2022.135798
http://doi.org/10.1021/acsami.1c19337
http://www.ncbi.nlm.nih.gov/pubmed/35144379
http://doi.org/10.1021/acsami.1c15064
http://doi.org/10.1016/j.cej.2021.129265
http://doi.org/10.1016/j.cej.2020.128395
http://doi.org/10.1063/5.0091341
http://doi.org/10.1039/D1TA02027G
http://doi.org/10.1002/adfm.202007584
http://doi.org/10.1002/adfm.202003301
http://doi.org/10.1002/adfm.202005223
http://doi.org/10.1002/smll.201900902
http://doi.org/10.1039/C9TC05558D
http://doi.org/10.1016/j.apsusc.2021.149275
http://doi.org/10.1088/0953-8984/27/48/485306
http://doi.org/10.1016/j.optmat.2020.109830
http://doi.org/10.1021/acsphotonics.7b01211

Nanomaterials 2022, 12, 3911 13 of 13

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Rostamifar, S.; Azad, A.; Bazrafkan, A.; Modaresi, F.; Atashpour, S.; Jahromi, Z.K. New Strategy of Reducing Biofilm Forming
Bacteria in Oral Cavity by Bismuth Nanoparticles. Biomed. Res. Int. 2021, 2021, 6695692. [CrossRef] [PubMed]

Li, W,; Fan, Y;; Lin, J.; Yu, P; Wang, Z.; Ning, C. Near-Infrared Light-Activatable Bismuth-Based Nanomaterials for Antibacterial
and Antitumor Treatment. Adv. Therap. 2022, 5, 2200027. [CrossRef]

Cao, C,; Ge, W,; Yin, J.; Yang, D.; Wang, W.; Song, X.; Hu, Y.; Yin, J.; Dong, X. Mesoporous Silica Supported Silver-Bismuth
Nanoparticles as Photothermal Agents for Skin Infection Synergistic Antibacterial Therapy. Small 2020, 16, 2000436. [CrossRef]
Zheng, Y.; Dong, C.; Yang, J.; Jin, Y.; Zheng, W.; Zhou, Q.; Liang, Y.; Bao, L.; Feng, G.; Ji, ].; et al. Exosomal MicroRNA-155-5p from
PDLSCs Regulated Th17/Treg Balance by Targeting Sirtuin-1 in Chronic Periodontitis. J. Cell Physiol. 2019, 234, 20662-20674.
[CrossRef]

Jiang, R.; Wang, M.; Shen, X.; Huang, S.; Han, ].; Li, L.; Xu, Z,; Jiang, C.; Zhou, Q.; Feng, X. SUMO1 Modification of IGF-1R
Combining with SNAI2 Inhibited Osteogenic Differentiation of Pdlscs Stimulated by High Glucose. Stem Cell Res. Ther. 2021,
12, 543. [CrossRef]

Cheng, L.; Weir, M.D.; Xu, HH.K.; Antonucci, ].M.; Kraigsley, A.M.; Lin, N.J.; Lin-Gibson, S.; Zhou, X. Antibacterial Amorphous
Calcium Phosphate Nanocomposites with a Quaternary Ammonium Dimethacrylate and Silver Nanoparticles. Dent. Mater. 2012,
28,561-572. [CrossRef]

He, Y,; Li, K;; Yang, X,; Leng, J.; Xu, K;; Yuan, Z,; Lin, C.; Tao, B.; Li, X.; Hu, J.; et al. Calcium Peroxide Nanoparticles-Embedded
Coatings on Anti-Inflammatory TiO, Nanotubes for Bacteria Elimination and Inflammatory Environment Amelioration. Small
2021, 17,2102907. [CrossRef]

Zhang, Y.; Huang, C.; Chang, J. Ca-Doped Mesoporous SiO; /Dental Resin Composites with Enhanced Mechanical Properties,
Bioactivity and Antibacterial Properties. |. Mater. Chem. B 2018, 6, 477-486. [CrossRef] [PubMed]

Lei, P; An, R;; Zhang, P; Yao, S.; Song, S.; Dong, L.; Xu, X.; Du, K.; Feng, J.; Zhang, H. Ultrafast Synthesis of Ultra-
small Poly(Vinylpyrrolidone)-Protected Bismuth Nanodots as a Multifunctional Theranostic Agent for In Vivo Dual-Modal
CT/Photothermal-Imaging-Guided Photothermal Therapy. Adv. Funct. Mater. 2017, 27, 1702018. [CrossRef]

Yang, Y.; Xu, Z.; Guo, Y.; Zhang, H.; Qiu, Y.; Li, J.; Ma, D.; Li, Z.; Zhen, P; Liu, B; et al. Novel Core-Shell CHX/ACP Nanoparticles
Effectively Improve the Mechanical, Antibacterial and Remineralized Properties of the Dental Resin Composite. Dent. Mater.
2021, 37, 636-647. [CrossRef] [PubMed]

Miki, S.; Kitagawa, H.; Kitagawa, R.; Kiba, W.; Hayashi, M.; Imazato, S. Antibacterial Activity of Resin Composites Containing
Surface Pre-Reacted Glass-Ionomer (S-PRG) Filler. Dent. Mater. 2016, 32, 1095-1102. [CrossRef]

Hojati, S.T.; Alaghemand, H.; Hamze, F,; Babaki, F.A.; Rajab-Nia, R.; Rezvani, M.B.; Kaviani, M.; Atai, M. Antibacterial, Physical
snd Mechanical Properties of Flowable Resin Composites Containing Zinc Oxide Nanoparticles. Dent. Mater. 2013, 29, 495-505.
[CrossRef]


http://doi.org/10.1155/2021/6695692
http://www.ncbi.nlm.nih.gov/pubmed/33604383
http://doi.org/10.1002/adtp.202200027
http://doi.org/10.1002/smll.202000436
http://doi.org/10.1002/jcp.28671
http://doi.org/10.1186/s13287-021-02618-w
http://doi.org/10.1016/j.dental.2012.01.005
http://doi.org/10.1002/smll.202102907
http://doi.org/10.1039/C7TB02864D
http://www.ncbi.nlm.nih.gov/pubmed/32254527
http://doi.org/10.1002/adfm.201702018
http://doi.org/10.1016/j.dental.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33579529
http://doi.org/10.1016/j.dental.2016.06.018
http://doi.org/10.1016/j.dental.2013.03.011

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis and Characterization of 0D Bi QDs 
	Preparation of Bi QD/PDMS-Modified Tooth 
	Hydrophobicity Evaluation 
	Antibacterial Activity Evaluation 
	Cytotoxicity Analysis 

	Results 
	Conclusions 
	References

