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ABSTRACT

Novel branched silicone methacrylate was developed. The mechanical and biological properties of the resin sys-
tem were investigated to select the formula proportion with the best overall performance. The novel silicone-con-
taining monomers were combined with an incremental sequence of glass filler concentrations in commonly used
Bis-GMA/TEGDMA (50/50, wt./wt.) dental resin systems. Physicochemical properties, surface properties, anti-
bacterial adhesion effect, anti-biofilm effect, protein adsorption, and cytotoxicity were evaluated. The results
showed that BSMs did not affect the double bond conversion of dental resin, but could reduce volumetric shrink-
age (p < 0.05). The BSM containing resins can resist protein and bacteria adhesion (S. mutans) because it has
increased hydrophobicity and a lower free energy surface (p < 0.05). However, there were no statistically signifi-
cant differences in cytotoxicity, surface roughness, and double bond conversion rate. Overall, the results indicate
that changes in a material’s properties are not strictly proportional to its composition. Synthetic silicone resin
methacrylate can reduce the polymerization shrinkage, have low surface energy and anti-adhesion properties. Sili-
cone composite resin containing 70% matrix has the best comprehensive properties. The silicone methacrylate
composite represents an innovative method to improve the properties and reducing secondary caries.
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1 Introduction

Dental resin composites (DRCs) are widely used biomaterials that have been designed to counteract
dental caries. Their excellent aesthetic and biocompatible properties have made them popular and are
gradually replacing the amalgams that were previously the first choice of dental restorations [1,2].
Although great efforts have been made to optimize the physicochemical and mechanical properties of
resin composites [3], these materials still exhibit several disadvantages, such as tending to accumulate
more biofilm than other restorative materials [4]. Secondary caries, which is associated with the
accumulated biofilm, is the primary complication of resin composite restorations [5]. A common
modification strategy is to directly add antibacterial agents into resin composites. In the past, many
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antibacterial agents have been added to dental resin composites, including chlorhexidine (CHX) [6], silver,
zinc-oxide [7], 12-methacryloxydodecylpyridium bromide (MDPB) [8], dimethylaminohexadecyl
methacrylate (DMAHDM) [9], and bioactive glass (BAG) [10].

To extend the lifetime of an oral cavity restoration, the susceptibility of restorative materials to the
adhesion of microorganisms must be considered. Bacterial adhesion is the most essential phase in biofilm
creation because it is a reversible adhesion [11]; thus, changing DRCs to be anti-adhesion against bacteria
should also be an efficient strategy to limit biofilm formation. Microbial colonizer adhesion to dental
materials is linked to the physical and chemical characteristics of the material surface [12]. The
characteristics of the surface, such as the surface roughness, surface free energy, and surface chemistry,
may substantially affect bacterial adhesion [13].

The most essential component that causes early bacterial adherence to a smooth surface appears to be
surface free energy (SFE). The amount of germs that cling to material surfaces is affected by the presence
of polar and nonpolar components [14]. Based on a previous study, polished titanium surfaces showed
higher percentages of bacterial adhesion than the implant material with low SFE [15]. Due to the low
SFE of silicone-based materials, they have been applied in the development of antifouling coatings [16].
In our previous research, we synthesized two types of silicone methacrylates (SMAs) named respectively
as SMA-ME and SMA-MEO, and we incorporated them into a Bis-GMA/TEGDMA resin system. Our
research found that SMAs containing cured resins could reduce bacterial adhesion due to their lower
SFE. However, the flexural strength of SMAs with cured resins was only half that of controls [17].

Commercial dental resin composites usually contain inorganic fillers with a mass ratio of 60–80 wt%
[18]. The role of inorganic fillers is endowing resin composites with excellent mechanical properties, and
reducing polymerization shrinkage and water absorption [19]. In this research, SMA-MEO-20% resin
system was introduced as resin matrix and mixed with an series of concentrations of glass fillers (65%,
70%, and 72% mass ratio) to prepare dental resin composites. We investigated the effect of filler
concentration on the degree of double bond conversion, mechanical properties, surface free energy,
surface roughness, biocompatibility, protein repellency, and so on of SMA-MEO containing resin
composites. The hypotheses were as follows: (1) a certain amount of inorganic fillers could reinforce
SMA-MEO to satisfy the ISO standard requirement on flexural properties; (2) SMA-MEO containing
dental resin composites would still have an anti-adhesion effect against S. mutans and the anti-adhesion
effect would not be influenced by the filler concentration.

2 Materials and Methods

2.1 Materials
The silicon methacrylate SMA-MEO was synthesized according to our previous research [17]. 2,2-Bis

[4- (2-hydroxy-3-methacryloxy-propoxy)-phenyl]propane (Bis-GMA) and triethyleneglycol dimethacrylate
(TEGDMA) were obtained from Sigma–Aldrich Co., USA. Mucin from bovine submaxillary was provided
by Hefei Biomei Biotechnology Co., Ltd., China. Dental glass fillers (GM 27884, 0.7 μm) were from
SCHOTT AG (Mainz, Germany).

2.2 Preparation of Dental Resin Composites
SMA-MEO was introduced to Bis-GMA/TEGDMA (50 wt%/50 wt%) at a mass ratio of 20 wt%,

followed by 0.7 wt% CQ and 0.7 wt% DMAEMA as a photoinitiation system. The mixture was stirred
until a uniform resin system was obtained. Subsequently, inorganic fillers were introduced into the
prepared resin system and mixed with a high-speed mixer (DAC150 FVZ-K, Hauschild, Hamm,
Germany) at a speed of 2500 rpm until well-combined. The prepared dental resin composites were
marked as SMA-MEO-65%, SMA-MEO-70%, and SMA-MEO-72% according to content of inorganic
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fillers in the composite resin. Dental resin composites without SMA-MEO were prepared according to the
same protocol and marked as control-65%, control-70%, and control-72%.

2.3 Measurement of Double Bond Conversion (DC)
The double band conversion of composites was obtained by the intensity variation of the characteristic

peak attributed to the double bond in methacrylate before and after photopolymerization. The attenuated total
reflection (ATR) spectra of dental resin composites were recorded with a Nicolet iS50 FT-IR instrument
equipped with an ATR accessory at a resolution of 4 cm−1 through 4 scans. A mold with a diameter of
5.0 mm and a thickness of 2.0 mm was used to add each of the composites, and the spectra were
recorded in the unpolymerized state. Afterwards, the samples were irradiated with a light-curing lamp
(Demi Ultra, Kerr Co., USA) for 40 s. Finally, the spectrum of the cured sample was collected. DC was
obtained according to the normalized peak area related to the double bond group (1638 cm−1) and
internal phenyl ring (1608 cm−1) as follows:

DC ¼ 1� ðAC¼C=AphÞ40
ðAC¼C=AphÞ0

� �
� 100% (1)

where AC=C and Aph are the surface peak areas of C=C and phenyl ring, respectively. Every dental resin
composite was measured in five replicates (n = 5).

2.4 Measurement of Volumetric Shrinkage
According to ISO 17304:2013(E), the volumetric polymerization shrinkage was assessed by measuring

the density variations before and after photopolymerization through an analytical balance with a density test
kit. Every sample was weighed separately in water and air before and after photopolymerization. The
following equation determines the density of the specimens:

r ¼ M1 � q0
M1 �M2

(2)

where ρ is the density of the specimen, M1 is the weight of the specimen in air, M2 is the weight of the
specimen in water medium, and ρ0 is the density of the water medium at the measured temperature. Then
the volume shrinkage (VS) can be calculated based on the following formula:

VS ¼ qc � qu
qc

� �
� 100% (3)

where ρu is the density of the sample before photopolymerization, and ρc is the density of the polymerized
specimen. Every composite was measured in six replicates (n = 6) before and after polymerization.

2.5 Measurement of Water Sorption and Solubility
Water sorption (WS) and solubility (SL) of the resin composites were calculated basing on the ISO

4049:2019(E) standard. Every composite was placed into a cylindrical stainless-steel mold with 15 mm in
diameter and 1 mm in thickness followed by a transparent Mylar sheet. Curing was applied by a light-
curing lampfor 40 s. A total of five specimens were produced for each group. Afterwards, the specimens
were kept in a desiccator until no significant mass change of specimens was detected, using by an
analytical balance (with an accuracy of 0.1 mg) to obtain the equilibrium mass M1. Then, the specimens
were kept in 50 mL deionized water in individual tubes at 37°C. At regular intervals, the specimens were
carefully taken out of water, and weighed. This procedure was continued until an equilibrium mass was
obtained (recorded as M2). Finally, the specimens were desiccated in a vacuum oven at 60°C and the
mass at equilibrium state was recorded as M3. The WS and SL of the specimens were counted by the
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following equations:

WS ¼ M2 �M3

V
� 100% (4)

WS ¼ M1 �M3

V
� 100% (5)

where V is the volume of the specimens.

2.6 Three-Point Bending Test
Rectangular specimens with a size of 2 mm × 2 mm × 25 mm were prepared in half-split stainless steel

and photo-cured by a light-curing lamp as mentioned on each open side (40 s for one portion until the entire
specimen was cured). Sixteen specimens were made for each composite and randomly separated into two
groups. Before testing, half (n = 8) of the specimens were stored in a desiccator for one week, and
another half (n = 8) of the specimens were immersed in distilled water at 37°C until no significant mass
change of the specimens was observed. All specimens were subsequently fractured via a computer-
controlled universal testing machine (AGS-10KN, Shimadzu Co., Japan) with a 20 mm span at a cross-
head speed of 1.0 mm/min. The flexural strength (FS) and flexural modulus (FM) were calculated
depending on ISO 4049:2019(E), and both values were directly gotten by the software according to the
set procedure.

2.7 Measurement of Contact Angle and Surface Free Energy (SFE)
Every composite paste was added into a disc mold of 10 mm in diameter and 1 mm in thickness between

two transparent Mylar sheets, and photo-cured by light-curing unit as mentioned for 40 s on each open side.
Every specimen was polished using SiC papers (FEPA #4000) in a grinding machine (MPD-1,
Guangxiangzhiyang Instrument, Ltd., Shanghai, China) using water as a lubricant to obtain a smooth
surface. Then, every specimen was cleaned by sonication for 30 min in distilled water. Afterwards, the
specimens were desiccated before testing. Six specimens (n = 6) were fabricated for every composite.

The contact angle on the surfaces of the specimens was measured at room temperature according to the
sessile drop technique using a video contact angle system (SDC-100, Dongguan SINDIN Precision
Instrument Co., Ltd., Dongguan, China). The contact angles were assessed with two liquids of known
surface free energy (distilled water and diiodomethane), and the surface free energy of every specimen
was calculated by Owens-Wendt approach. The results were directly obtained by the software according
to the calculation procedure. All assessments were performed using a 2-μL droplet of liquid and
measured after stabilization at the surface for 20 s.

2.8 Measurement of Surface Roughness
The specimens for the surface roughness test were made with the same fabrication process as the

specimens for the contact angle measurement. The roughness of every specimen was measured by using a
surface roughness tester (Leeb432, Chongqing Leeb17 Instrument Co., Ltd., Chongqing, China) with an
accuracy of 0.001 μm. The surface of the specimen was in the same horizontal plane as the roughness
sensor before testing, and the roughness value was directly obtained by the tester. Six specimens were
prepared for each composite.

2.9 Measurement of Mucin Adsorption
The specimens for the mucin adsorption assessment were made with the same fabrication process as the

specimens for the contact angle measurement. Six (n = 6) specimens were fabricated for every composite.
The amount of mucin adsorption of every specimen was determined by Bradford method. All specimens
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were immersed in PBS for 2 h before testing. Then, the specimens were immersed in individual tubes with
1 mL mucin solution at 37°C for 24 h. This solution had a concentration of 0.4 mg of mucin per 1 mL PBS.
After the specimen had been removed, 20 mL of Bradford reagent was mixed with the mucin solution and the
mixture was homogenized by ultrasound for 1 min. The absorbance of the mixture at 595 nm was measured
via a UV-vis spectrophotometer (UV755B, Shanghai Yoke Instrument Co., Ltd., Shanghai, China). The
concentration of mucin solution was calculated as follows:

C ¼ 674:63xOD R2 ¼ 0:9946 (6)

where C is the concentration of mucin solution, xOD is the optical density of mucin solution with Bradford
solution.

From the concentration of mucin solution, the amount of mucin adsorbed on the specimen per area
(AMA) was calculated as follows:

AMA ¼ ðCb � CaÞV
S

(7)

where Cb and Ca are the concentrations of mucin solution before and after measurement, respectively. V is
the volume of the tested mucin solution; S is the surface area of the specimen.

2.10 Measurement of Bacterial Adhesion
Streptococcus mutans (S. mutans, ATCC 25175) was cultured in brain heart infusion (BHI) broth and

adjusted to approximately 1 × 107 CFU/mL for the bacterial adhesion experiment.

After sterilization by ultraviolet rays for 1 h, the composite flakes (10 mm in diameter and 1 mm in
thickness) were separated in one well of the 24-well culture plate, where 1 mL of bacteria suspension was
inoculated. The samples were anaerobically incubated at 37°C for 24 h and then washed twice with PBS.
Afterwards, every specimen was transferred into a 5-ml centrifuge tube containing 3 ml PBS and
vigorously vortexed to collect the bacteria from the surface. The suspension was serially diluted, and
colonies were counted using anaerobic cultures for one day on BHI plates The colony counts of
S. mutans were calculated. The experiment was repeated three times.

2.11 Evaluation of Anti-Biofilm Properties
The specimens for the live-dead staining experiment and MTT assay were prepared using the method in

2.7. Each specimen was placed into 1 ml of bacterial solution adjusted to approximately 1 × 107 CFU/ml in a
24-well microplate. After 24 h of anaerobic incubation at 37°C, the disks were washed twice with PBS and
stained using the BacLight live/dead kit (Invitrogen Life Technologies, Carlsbad, CA, USA). In short, 1.5 μL
SYTO 9 and 1.5 μL propidium iodide were mixed in 1 ml of distilled water to stain each sample for 15 min.
After being gently rinsed with distilled water, the specimen was examined by a confocal laser scanning
microscope (CLSM; FV3000, Olympus, Japan), where living bacteria appear green and dead bacteria
appear red. The biomass of biofilm formed on the composite was calculated using the Image J program.
CLSM experiments were repeated three times, and one representative image of each experiment is presented.

The metabolic activity of S. mutans biofilms was investigated using the MTT test. Biofilm-covered disks
were inserted into a fresh 24-well plate after they had grown for 24 h. Each well was filled with 30 μL ofMTT
dye (5.0 mg/mL) and 300 μL of BHI medium, which was incubated for 4 h at 37°C in 5% CO2. Afterwards,
the samples were transferred into a new 24-well plate, and 300 μL of Formazan reagent was added to
solubilize the crystals. After treating each well for 3.5 h in a darkroom, 100 μl of the solution was
collected and analyzed at 570 nm using a microplate reader (SpectraMax M5, Molecular Devices,
Sunnyvale, CA, USA).

JRM, 2022, vol.10, no.12 3205



2.12 Evaluation of Cytotoxicity
The discs were prepared as described in 2.7 and disinfected by UV light for 1 h in an aseptic

environment. The extract solution of the composite resins was obtained by immersing these materials in
culture medium (2 ml/dick) at 37°C for 1 day. Each concentrate was diluted with fresh culture medium to
1:1 of its original concentration and stored at 4°C. In addition, L-929 mouse fibroblasts were used for this
cytotoxicity test. Specifically, these cells were cultured in minimum essential medium (MEM) with 10%
fetal bovine serum and 1% penicillin/streptomycin at 37°C in 5% CO2, and then placed into 96-well
plates (100 μL/well) at a density of 4 × 104 cells/mL in medium. After the cells sufficiently adhered to
the wall (after 24 h), the cultivation medium was substituted with the extracts and incubated for another
24 h. Cytotoxicity was detected using the CCK8 assay. The negative control group was cells cultured in
pure cell medium, and the blank control (no cells) was used. Ten microliters of CCK-8 reagent (Dojindo,
Kyushu, Japan) and 90 μL of fresh medium were added to each well and incubated for 2 h in the dark.
Then, the value of optical density (OD) at 450 nm was measurement by a microplate reader. The
experiment was replicated four times.

2.13 Statistical Analysis
The date analysis was performed by the SPSS 25.0 (IBM SPSS Software, USA), using the one-way

analysis of variance (ANOVA) and Bonferroni post hoc test with a significance level of p < 0.05.

3 Results and Discussions

Dental resin composites mainly consist of resin matrices filled with silanated inorganic particles of
different shapes and sizes (macro-, micro- and nanofillers) [20]. The resin matrix is a mixture of
polymerizable monomers that contain methacrylate, acrylate, or allylic groups to package the fillers [21].
In addition to the optical and radiopacity properties required for the composite resin, filler particles
bestow most of the observable mechanical properties in the finished material. In clinic, the failure of
composite resin restorations is primarily due to secondary caries, which is caused by an adhering
pathogen on the material surface, such as S. mutans [22]. Optimizing the formula of dental fillers is a
frequent method to increase the performance of DRCs [23]. In the preliminary study, we designed and
synthesized a methacrylate monomer containing an organosilicon group. The synthesized SMAs could
reduce the VS of dental resin, and provide an antibacterial adhesion effect and resistance to protein
adsorption to cured resin. However, it was necessary to address the reduced the flexural characteristics
and increased the water sorption, and solubility after adding SMAs. The current study was designed to
explore the properties of new siloxane containing resin composites, and investigate the influence of the
inorganic filler concentration on the overall properties. Considering the operative property, the maximum
filler proportion was designed at 72 wt% in the resin composite.

In general, the hydrophilicity, mobility, and kinetic parameters of the comonomers dictate the degrees of
conversion, which in turn will influence the degrees of conversion, while there is a significant correlation
between higher conversion rates and improved mechanical properties [24]. The results of the present
study pointed that regardless of the proportion of the fillers, there was no negative effect on the DC of the
composite in Table 1.

Table 1: Degree of conversion (DC) and Volumetric Shrinkage (VS) of the experimental dental resin composites

Resin composite DC (%) VS (%)

Control-65% 63.4 ± 3.6a 4.9 ± 0.5a

SMA-MEO-65% 63.1 ± 1.9A 4.6 ± 0.9A,*

(Continued)
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Volumetric shrinkage is one of the most significant defects in composite restorations. The shrinkage
stress created by polymerization causes microleakages and microcracks in the material inside and
between the material and the tooth tissue interface, which will lead to postoperative tooth sensitivity,
secondary caries, and other complications [25]. The filler volume percentage, the molecular weight and
degree of double bond conversion of the resin matrix, determine the volumetric shrinkage of the
composite [26].

Under the premise that the DCs were at the same level, all groups containing silicon had lower VS
(p < 0.05), and VS has a decreasing trend with increasing glass filler content (p < 0.05) Table 1. Low-
molecular-weight molecules have higher polymerization shrinkage than high- molecular-weight molecules
because the concentration of double bonds in the monomers decreases with the increase in molecular
weight [27,28]. According to our previous research, the newly synthesized methacrylate has a much
higher molecular weight than Bis-GMA. Because the volume of inorganic filler remains constant before
and after curing, increasing its content can help reduce the volume change caused by polymerization
shrinkage [29]. This result can explain the decrease in polymerization shrinkage with an increase in
filling content in the resin composites.

Table 2 shows the water sorption (WS) and solubility (SL) of the composite resins. All SMA-MEO-
containing resin composites had lower WS. The SMA-MEO-72% samples had the lowest WS among all
groups (p < 0.05). For SL, the results of the control decreased with the increasing filler fraction. One-way
ANOVA indicates that there was a significant difference between the results obtained from the
experimental groups and control groups (p < 0.05). The control-65% was higher than the SMA-MEO-
65%, while the control-70% and control-72% were lower than the silicon resin group (p < 0.05).

Table 1 (continued)

Resin composite DC (%) VS (%)

Control-70% 62.6 ± 1.2a 5.6 ± 0.2b

SMA-MEO-70% 62.2 ± 2.5A 3.3 ± 1.2B,*

Control-72% 63.9 ± 3.0a 5.4 ± 1.1c

SMA-MEO-72% 63.5 ± 2.0A 4.2 ± 0.8C,*

Notes: Degree of conversion (DC) (n = 5); Volumetric Shrinkage (VS) (n = 6). aDifferent lowercase letters indicate statistically difference among
control resin composites with different mass ratios of fillers (p = 0.05). ADifferent uppercase letters indicate statistically difference between among
SMA-MEO containing resin composites with different mass ratios of fillers (p = 0.05). *The asterisk refers statistically difference between resin
composites with and without SMA-MEO at the same mass ratio in composite (p = 0.05).

Table 2: Water sorption (WS) and solubility (SL) of experimental dental resin composites experimental dental
resin composites

Resin composite WS (%) SL (%)

Control-65% 2.03 ± 0.08a 1.28 ± 0.04a

SMA-MEO-65% 1.53± 0.07A,* 0.84 ± 0.05A,*

Control-70% 1.75± 0.05b 0.85 ± 0.05b

SMA-MEO-70% 1.72 ± 0.08B 0.99 ± 0.06B,*

Control-72% 1.58± 0.03c 0.65 ± 0.03c

SMA-MEO-72% 1.45± 0.09C 0.76± 0.07C,*

Notes: Water sorption (WS) and solubility(SL) (n = 5). aDifferent lowercase letters indicate statistically difference among control resin composites
with different mass ratios of fillers (p = 0.05). A Different uppercase letters indicate statistically difference between among SMA-MEO containing
resin composites with different mass ratios of fillers (p = 0.05). *The asterisk refers statistically difference between resin composites with and without
SMA-MEO at the same mass ratio in composite (p = 0.05).
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Oral fluids, especially water, can degrade composites. The degree of degradation depends on a number
of factors, such as the chemical composition of the monomer, degree of polymer crosslinking, and
environmental conditions [30]. The values of WS and SLare usually used to evaluate the water resistance
of resin composites. The filler load was reported to be negatively correlated with water sorption [31];
thus, the WS of control group decreased with increasing fillers concentration. However, the influence of
the filler concentration was not linear for SMA-MEO-containing composites. Compared with the the
control group, the SMA-MEO-containing resin composites seemed to have lower WS. One of the most
crucial criteria in predicting water sorption is the hydrophobicity of monomer. All silicone-containing
groups are more hydrophobic than the control groups in Fig. 3A, water contact angle > 90°); thus,
silicone-containing composites have lower WS than the control groups. Similar to the neat resin system,
SMA-MEO-containing composites had higher SL than the control, which should be due to the decreased
interaction between polymeric chains [17].

Figs. 1 and 2 exhibite the flexural strength (FS) and flexural modulus (FM) results before and after the
water immersion (n = 8). Whether before or after water immersion, the FS and FM showed an increasing
trend with increasing of filler concentration in the composites, and the FS of all samples was higher than
50 MPa. The introduction of SMA-MEO had a significant negative influence on FS. After the water
immersion, the FS and FM of all samples significantly decreased (p < 0.05).

The mechanical properties of resin composites are determined by the properties of the fillers and resin
matrix [32]. It is obvious that the mechanical properties of composites were positively correlated with the
content of glass fillers for all groups. The -containing composites had lower flexural strength than the
control, which can be due to the long silicone side chain of SMA-MEO and the lower concentration of
rigid benzene rings, which results in a looser and weaker polymer network structure [33]. Although the
FS of all the SMA-MEO containing resin composites were lower than those of the control groups, they
were all much higher than the requirements of ISO standards in FS; thus, hypothesis (1) is acceptable.

Figure 1: Flexural Strength of experimental dental resin composites before and after water immersion. (A)
before immersion; (B) After immersion
Notes: aDifferent lowercase letters indicate statistically difference among control resin composites with different mass ratios of fillers
(p = 0.05). ADifferent uppercase letters indicate statistically difference between among SMA-MEO containing resin composites with
different mass ratios of fillers (p = 0.05). *The asterisk refers statistically difference between resin composites with and without
SMA-MEO at the same mass ratio in composite (p = 0.05).
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Table. 3 exhibited the surface roughness and the amount of adsorbed mucin of all experimental resin
composites. All polished samples had identical surface roughness. With the same mass ratios of fillers,
the amount of adsorbed mucin on the surface of the SMA-MEO-containing composite was lower than that
on the surface of the control (p < 0.05). For the same resin formulation, resin composites with 65 wt% and
70 wt% fillers had the same amount of adsorbed mucin (p > 0.05), and the amount increased when the mass
ratio of fillers increased to 72 wt%.

Fig. 3 shows the contact angle (A) and SFE (B) of experimental resin composites. With the same mass
ratio of fillers, the SMA-MEO-containing groups had a higher water contact angle and lower surface free
energy than the control groups (p < 0.05). For the same resin formulation, the mass ratio of fillers had no
influence on the water contact angle and surface free energy (p > 0.05).

Figure 2: Flexural Modulus of experimental dental resin composites before and after water immersion.
(A) Before immersion (B) After immersion
Notes: aDifferent lowercase letters indicate statistically difference among control resin composites with different mass ratios of fillers
(p = 0.05). ADifferent uppercase letters indicate statistically difference between among SMA-MEO containing resin composites with
different mass ratios of fillers (p = 0.05). *The asterisk refers statistically difference between resin composites with and without
SMA-MEO at the same mass ratio in composite (p = 0.05).

Figure 3: The water contact Angle (A) and SFE (B) of experimental dental resin composites
Notes: aDifferent lowercase letters indicate statistically difference among control resin composites with different mass ratios of fillers
(p = 0.05). ADifferent uppercase letters indicate statistically difference between among SMA-MEO containing resin composites with
different mass ratios of fillers (p = 0.05). *The asterisk refers statistically difference between resin composites with and without
SMA-MEO at the same mass ratio in composite (p = 0.05).
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Biomaterial surface properties, such as surface roughness (SR) and surface free energy (SFE), have a
large influence on bacterial adherence. A rough surface promotes bacterial colonization by enhancing
attachment regions and preventing bacterial colonies from being dislodged. Thermodynamic laws dictate
that a material with a high SFE draws more germs to its surface than one with a low SFE [34]. The
roughness of the material surface will not significantly change with the same polishing technique, so the
surface energy of the material will have a more important impact on the biological adhesion of the
surface. Therefore, to achieve the purpose of anti-adhesion, we need to pay attention to the surface
energy of materials in clinical applications. Silicone-based materials with low surface energy have already
been employed in various industries for bacterial adhesion prevention, anti-fouling, and anti-
contamination [16]. This was the inspiration to introduce silicone groups in the resin matrix. There was
no significant difference between all resin composite in terms of surface roughness (p > 0.05), and the
value of SR was below 0.04 μm. Recently, it was reported that surface roughness had no effect on the
early bacterial attachment on extremely smooth surfaces (Ra 0.02–0.06 m), and there was a positive
association between bacterial adhesion and the surface SFE [35], which was supported by the results of
our study.

The result of CFU counts is shown in Fig. 4. The colonies of S. mutans adherence on the samples of the
SMA-MEO-containing groups were significantly lower than those of the control groups (p < 0.05). The
experimental results of the anti-biofilm property are depicted in Fig. 5. In the CLSM analysis (a), mature
and multilayer biofilm structures were observed on the surfaces of all groups. The living cells are shown
in green while the dead cells are shown in red. The amount of biomass in S. mutans biofilms (c) was
quantified by Image J. The 24 h biofilms formed on the SMA-MEO containing specimens were reduced
in visible biomass compared to the corresponding control groups (p < 0.05). There was no statistical
difference between the groups in the MTT test (d) (p > 0.05).

Upon exposure to the oral environment, the tooth surfaces are immediately covered with a layer of
salivary protein, which is as acquired enamel pellicle [36]. The initial attachment of oral bacteriato the
tooth surface and the subsequent formation of dental biofilms depend on the composition of the acquired
salivary pellicle [37]. This was related to the development of caries. Mucin, which is an active saliva
protein [38], was used to explore the adhesion ability of the new resin protein in this study. As a result of
its low surface energy, SMA-MEO can offer resin composites with resistance to mucin adsorption.

Table 3: Surface roughness and protein absorption of the experimental dental resin composites

Resin composite Surface roughness (μm) AMA (μl/cm2)

Control-65% 0.019 ± 0.008a 11.66 ± 2.36a

SMA-MEO-65% 0.029 ± 0.008A 6.86 ± 2.61A,*

Control-70% 0.022 ± 0.008a 10.65 ± 2.11a

SMA-MEO-70% 0.034 ± 0.015A 5.09 ± 1.40A,*

Control-72% 0.021 ± 0.010a 14.99 ± 2.89b

SMA-MEO-72% 0.027 ± 0.009A 10.83 ± 1.65B,*

Notes: Surface roughness and protein absorption (n = 6). aDifferent lowercase letters indicate statistically difference among control resin composites
with different mass ratios of fillers (p = 0.05). ADifferent uppercase letters indicate statistically difference between among SMA-MEO containing resin
composites with different mass ratios of fillers (p = 0.05). *The asterisk refers statistically difference between resin composites with and without SMA-
MEO at the same mass ratio in composite (p = 0.05).
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Figure 5: The results of anti-bacterial biofilm test. (A) Live/Dead staining (B) Three dimensional imaging of
plaque biofilm staining (C) Biomass (D) MTT
Notes: aDifferent lowercase letters indicate statistically difference among control resin composites with different mass ratios of fillers
(p = 0.05). ADifferent uppercase letters indicate statistically difference between among SMA-MEO containing resin composites with
different mass ratios of fillers (p = 0.05). *The asterisk refers statistically difference between resin composites with and without
SMA-MEO at the same mass ratio in composite (p = 0.05).

Figure 4: The colony counts of S. mutans on the surfaces of experimental dental resin composites after 24 h
incubation
Note: *The asterisk refers the statistical difference between resin composites with and without SMA-MEO at the same mass ratio in
composite (p = 0.05).
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The formation of plaque biofilm is based on the early colonized bacteria [39]. The first colonizing
bacteria in the oral cavity are streptococci and actinomycetes [40]. The results of adhesion and film
formation of S. mutans on each composite group showed that the colonies and biomass on the surface of
SMA-MEO-containing composites were significantly lower, but there was no apparent color difference in
the images presented by live/death staining, and the results of MTT test also showed no statistical
difference from the control groups. Furthermore, no statistically significant difference was evident
between the mean scores of groups with various filler contents in regard to the adhesive resistance of
silicone resin. We could assume that hypothesis (2) is true. Although investigations of enzymatic
tetrazolium salt reduction were initially employed in eukaryotic cell research, MTT tests are now
routinely used for microbial cell viability assessments [41]. All of the above results indicated that the
SMA-MEO-containing composites can only reduce bacterial adhesion, but not kill or inhibit the growth
of bacteria. Interestingly, the SMA-MEO-70% had the lowest protein adhesion. It was consistent with
some results from mechanical property tests, suggesting that this ratio had the best overall performance.

Fig. 6 shows the results of cytotoxicity test (CCK-8). The toxicity was generally low for all experimental
resins tested, as shown in the graph. Biocompatibility is necessary for the safety of dental resin composites.
When polymerization reactions are incomplete or the resin matrix is degraded, residual monomers and
byproducts can leak into the oral environment, causing cytotoxicity [42]. CCK-8 has been widely used to
study cell proliferation and cytotoxicity because of its ease of use, quick detection, high sensitivity, and
great reproducibility [43]. The cytotoxicity of the three groups of produced resin composites revealed that
they are possibly safe for clinical use based on cytotoxicity grade requirements. Composite resins
containing SMA-MEO had a higher monomer dissolution rate but did not inhibit cell growth, which
suggested that the new monomer may be more biocompatible than the conventional monomer.

4 Conclusions

Inorganic fillers of 65 wt% to 72 wt% can be added to SMA-MEO resin composites to meet ISO
standard requirements regarding flexural properties. In conclusion, silicon based resin composites could
be used to decrease polymerization shrinkage, bacterial adhesion, and protein adsorption. They had no
negative effects on the biocompatibility of the complex. Moreover, the 70% BSM group had the best
mechanical and biological properties, which could guide the further formulation of composite materials.

Figure 6: CCK-8 results from extractions of experimental dental resin composites (p = 0.05)
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