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The aim of this study was to investigate the influence of bimodal silica nanostructures comprising of SiO2 nano-
particles (SiO2 NPs, ~70 nm) and SiO2 nanoclusters (SiO2 NCs, 0.07–2.70 μm) on physical–mechanical properties
of resin-based composites (RBCs). SiO2 NPs and SiO2 NCs were prepared with the Stöber method and the cou-
pling reaction, respectively, then silanized and employed as fillers to construct RBCs using amixture of bisphenol
A glycerolate dimethacrylate (Bis-GMA) and tri(ethylene glycol) dimethacrylate (TEGDMA) as the organic ma-
trix. Results showed that the properties of RBCs were influenced by the filler ratios of bimodal silica nanostruc-
tures, and the appropriate amount of SiO2 NPs could effectively increase the activating light efficiency and
filler packing density of RBCs. Among all experimental RBCs, RBC 50–20 (SiO2 NPs:SiO2 NCs=50:20,wt/wt) pre-
sented the highest degree of conversion (71.6±1.1%), the lowest polymerization shrinkage (2.6±0.1%), and the
enhanced flexural strength (104.8 ± 4.4 MPa), flexural modulus (6.2 ± 0.3 GPa), and compressive strength
(205.8 ± 14.3 MPa), which were improved by 44%, 19%, 28%, 48%, and 42% in comparison with those of RBC
0–60 (SiO2 NPs:SiO2 NCs = 0:60, wt/wt), respectively. Besides, in vitro cytotoxicity evaluation of RBC 50–20
indicated its acceptable cytotoxicity. Although the best performance was achieved by commercial Z350 XT, the
introduction of bimodal silica nanostructures might provide the enhanced physical–mechanical properties of
RBCs, compared with those of RBC 0–60 reinforced with unimodal SiO2 NCs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Clinical use of light-cured dental restorative composites has in-
creased rapidly due to their distinguished esthetics and biocompatibili-
ty, compared with metallic dental amalgams [1]. However, the main
reason for failure is still secondary caries followed by fracture of restora-
tion [2,3].

Resin-based composites (RBCs) generally consisted of a polymeric
matrix admixed with silanized inorganic fillers and photo-initiators,
and could be cured to form the polymer network structure under the
light irradiation. The development of RBCs has resulted in the optimiza-
tion of filler types, compositions and loading, leading to an enhance-
ment in their physical–mechanical properties [4–7]. Satterthwaitea
et al. [6,7] found out that shrinkage values were lower for RBCs contain-
ing different sizes of spherical fillers with appropriate weight ratios
compared to those with irregular fillers. Wang et al. [8] introduced the
novel porous diatomite and nano-sized silica particles as co-fillers to in-
crease the mechanical performance of RBCs by regulating their filler
compositions. These works are related to the development of hybrid
RBCs, which have been launched into the dental market and widely
used in clinical application, owing to their intermediate esthetics and
excellent mechanical performance compared with macro-filler and
micro-filler based composites [9].

A recent response to the challenge of combining excellent esthetics
and mechanical performance is the application of nanotechnology,
and thus “nanoclusters (NCs)” described as a combination of individual-
ly dispersed nano-sized particles and their agglomerations have been
introduced as inorganicfillers tomeet all requirements of both posterior
and anterior restorations to themost degree [10]. The latest commercial
product is Z350 XT (3M ESPE, St. Paul, MN, USA) containing silica and
zirconia nanoparticles (NPs), which are partially calcined to prepare
micron-sized cluster fillers using the “bottom to top” method and then
silanized prior tomixingwith polymer matrix. These NCs provide a dis-
tinct reinforcingmechanism and the improved resistance to crack prop-
agation and water corrosion, compared with micro-filler or hybrid
based composites, resulting in the significant improvement in the
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Table 1
Compositions of the commercial resin composites (RBCs).

Resin composite Matrix type Particle type Manufacturer

Esthet-X
(Shade A3)

• Bis-GMA
• Bis-EMA
• TEGDMA

• Silicate glass particles (b1 μm)
• Nanosilica (0.04 μm)
• Filler loading: 77 wt.%

Dentsply, York, PA, USA

Z350 XT
(Shade A3)

• Bis-GMA
• UDMA
• TEGDMA
• Bis-EMA (6)
• PEGDMA

• Non-agglomerated/non-aggregated silica filler (20 nm)
• Non-agglomerated/non-aggregated zirconia filler (4–11 nm)
• Aggregated zirconia/silica cluster filler (0.6–10 μm)
• Filler loading: 78.5 wt.%

3M ESPE, St. Paul, MN, USA

Bis-GMA is bisphenol A glycerolate dimethacrylate.
Bis-EMA is ethoxylated bisphenol A glycol dimethacrylate.
TEGDMA is tri(ethylene glycol) dimethacrylate.
UDMA is urethane dimethacrylate.
Bis-EMA (6) is hexaethoxylated bisphenol A glycol dimethacrylate.
PEGDMA is polyethylene glycol dimethacrylate.
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strength and the longevity of the restoration [11,12]. However, the new
preparative ways of cluster fillers suitable for resin restorative
applications and the relevant reinforcing mechanism still need to be
explored clearly.

In our previous work, RBCs with bimodal silica nanostructures in-
cluding SiO2 NPs and SiO2 NCs as fillers at the optimum weight ratio
have been developed and confirmed to possess excellent wear resis-
tance, due to the reduced interparticle spacing and the increased filler
packing, leading to the lower wear volume and the smoother worn sur-
face with respect to that of the microhybrid Esthet-X (Dentsply, York,
PA, USA), which was also comparable with that of Z350 XT [13]. There-
fore, as a continuation of this work, the relevant physical–mechanical
properties will be further estimated so as to investigate the effect of
the bimodal silica nanostructures on degree of conversion, polymeriza-
tion shrinkage, mechanical performance, as well as the cytotoxicity of
RBCs, compared with those of Esthet-X and Z350 XT.

2. Materials and methods

2.1. Materials

Anhydrous ethanol, tetraethoxysilane (TEOS), ammonia solution
(25–28 wt.%), cyclohexane, n-propylamine, and 3-methacryloxypropyl
trimethoxysilane (γ-MPS) were received from Sinopharm Chemical
Reagent Co., Ltd (SCRC, Shanghai, China). 3-Aminopropyl triethoxysilane
Fig. 1. Representative scheme of the fabrication of light-cured
(APTES), 3-glycidoxypropyl trimethoxysilane (GPS), bisphenol
A glycerolate dimethacrylate (Bis-GMA), tri(ethylene glycol) dimetha-
crylate (TEGDMA), camphorquinone (CQ) and ethyl 4-dimethylamino
benzoate (4-EDMAB) were purchased from Sigma-Aldrich Chemical
Co. (Milwaukee, USA). Human dental pulp cells (HDPCs)were obtained
from Shanghai Ninth People's Hospital Affiliated Shanghai Jiaotong
University School of Medicine (Shanghai, China). Dulbecco's modified
eagle's medium (DMEM; Gibco, Grand Island, NY, USA), fetal bovine
serum (FBS; Hyclone, Logan, UT, USA), penicillin and streptomycin
(Shanghai Sanda Jinyi Tech Info Co., Ltd., Shanghai, China), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-
Aldrich, Milwaukee, USA), dimethyl sulfoxide and glutaraldehyde
(Simopharm Chemical Reagent Co., Shanghai, China) were acquired
and used as received. Furthermore, commercial microhybrid Esthet-X
(Dentsply, York, PA, USA) and nanocomposite Z350 XT (3M ESPE,
St. Paul, MN, USA) were introduced as controls in this work, which
were specified in Table 1, based on their technical profile.

2.2. Methods

2.2.1. Silanization of inorganic fillers
Inorganic fillers consisted of SiO2 NPs (~70 nm) and SiO2 NCs (0.07–

2.70 μm), which were prepared using the Stöber method and the
coupling reaction between epoxy and amino functionalized SiO2 NPs,
respectively, according to our previous work [13]. Subsequently, these
resin composites with silanized SiO2 NPs and SiO2 NCs.



Fig. 2. Degree of conversion of experimental resin composites reinforced with silanized
SiO2 NPs and SiO2 NCs of different mass ratios, as well as commercial Esthet-X and Z350
XT. *p b 0.01, compared with RBC 0–60; (−) p N 0.01, compared with Esthet-X;
#p N 0.01, compared with Z350 XT.
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inorganic particles were silanized with γ-MPS to introduce vinyl func-
tional groups on their surface so as to polymerize with methacrylate-
based resin matrix during the light-curing process.

2.2.2. Preparation of experimental RBCs
Experimental RBCs were fabricated following our reported proce-

dure [13], and the representative scheme was presented in Fig. 1.
Silanized filler particles were premixed with resin matrix (Bis-GMA/
TEGDMA = 70/30, wt/wt), and then thoroughly blended into a three-
roll extruder (EXAKT 80E, Exakt Apparatebau GmbH& Co., Norderstedt,
Germany) with photo-initiators (CQ/4-EDMAB = 0.2/0.8, wt/wt). The
weight fractions of inorganic fillers were 60 wt.% and 70 wt.%, and
mass ratios of SiO2 NPs to SiO2 NCs were fixed at 0:60, 25:45, 30:40,
35:35, 40:30, 50:20, 53:17, 60:0, and 70:0, respectively.

The obtained uncured RBC pasteswere placed into the silicon rubber
molds, covering the surface with a glass slide, and photo-polymerized
with a LED curing unit (SLC-VIII B, 430–490 nm, 1000 mW/cm2,
Hangzhou Sifang Medical Apparatus Co., Ltd., Zhejiang, China) for 60 s
on each side. The distance between the light tip and the sample surface
was kept at 3–5mm. The preparedRBCswere then stored in thedark for
2–3 days at room temperature, and polished with progressively silicon
carbide abrasive papers before testing.

Among all materials, RBC 0–60 (SiO2 NPs:SiO2 NCs = 0:60, wt/wt)
was filled with the maximum content of silanized SiO2 NCs, while RBC
25–45 (SiO2 NPs:SiO2 NCs = 25:45, wt/wt) and RBC 53–17 (SiO2

NPs:SiO2 NCs= 53:17, wt/wt) represented their limit compositions, re-
spectively, which suggested the corresponding RBC pastes could turn
into discontinuous fragments if more fillers were introduced. Besides,
RBC 0–60 and RBC 0–70 were filled with 60 wt.% and 70 wt.% silanized
SiO2 NPs, respectively [13].

2.3. Characterization

2.3.1. Degree of conversion
Degree of conversion (DC) of RBCswas analyzed on a FTIR spectrom-

eter (Nicolet 8700, Bruker Optik GmbH, Ettlingen, Germany), equipped
with an attenuated total reflectance crystal (ATR), operating with 32
scans at a resolution of 4 cm−1. FT-IR spectra were recorded for each
RBC before and after curing. Then, DC of each RBC was determined
from the ratio of absorbance intensities of aliphatic C_C bond
(1638 cm−1) against internal standard of aromatic C_C bond
(1608 cm−1) [14]. Three trials were conducted for each material. The
DC (%) was then calculated from formula (1):

DC %ð Þ ¼ 1–Rcured=Runcuredð Þ � 100 ð1Þ

where R = band height at 1638 cm−1/band height at 1608 cm−1.

2.3.2. Polymerization shrinkage
Polymerization shrinkage was calculated from the densities mea-

sured according to the Archimedes' principle [15]. Each specimen of un-
cured and cured RBCs was carefully stuck on a light fiber and fixed on
the steelyard hook of the balance, so the weight of each sample in air
and in deionized water was measured with an electronic balance
accurate to ±0.001 g (JA5003, Changzhou Keyuan Electronic Instru-
ment Co., Ltd., China, n=5) [16], and thus the density of each specimen
before and after curing was calculated using the following relation (2)
[17].

ρ ¼ ma

ma−mw

� �
� ρw−ρað Þ þ ρa ð2Þ

Where ρ = the density of sample (g/cm3), ma = the mass of the
sample in air (g), mw = the mass of sample in deionized water (g),
ρw = the density of deionized water at the exactly measured tempera-
ture (g/cm3), and ρa = the density of air (0.0012 g/cm3).
Finally, the polymerization shrinkage of each specimen was deter-
mined by the following Eq. (3) [17]:

Polymerization shrinkage %ð Þ ¼ ρcured−ρuncured

ρcured

� �
� 100 ð3Þ

where ρuncured= the density of the uncured specimen (g/cm3), ρcured =
the density of the cured specimen (g/cm3).

2.3.3. Mechanical properties
(1) Flexural strength and flexural modulus.

Six rectangular-shaped specimens (25 mm × 2 mm × 2 mm)
were prepared from each RBC pastes and irradiated for 90 s
from each side. According to ANSI/ADA specification NO. 27-
2009 (ISO-4049), flexural strength (FS) and flexural modulus
(FM) of the cured RBCsweremeasured by a three-point bending
test using a universal testing machine (WDW-300, Changchun
Kexin Equipment Co., Ltd., Changchun, China), with 20 mm
span and 0.75 mm/min cross-head speed.

(2) Compressive strength.
Compressive strength (CS) of RBCswas also evaluated by a univer-
sal testingmachine with cylindrical specimens (Φ 4mm× 6mm)
and cross-head speed of 0.75mm/min. Six sampleswere loaded to
failure in compression.

2.3.4. Cross-section morphologies
A field scanning electron microscope (S-4800 Hitachi, Tokyo, Japan)

was used to investigate the fracture surfaces of RBCs after the three-
point bending tests, operating at 5 kV.

2.3.5. Cell viability assays
(1) Isolation and culture of HDPCs.

All procedures were approved by the Ethics Committee of
Shanghai Ninth People's Hospital Affiliated to Shanghai Jiao
Tong University School of Medicine. Informed consent was ob-
tained from each patient. Dental pulp tissue was isolated from
premolars or third molars as previously described [18]. The iso-
lated pulp tissuewasminced into 1–2mm3 pieces, and then plat-
ed in a petri dish and cultured in DMEM containing 20% FBS, 0.5%
penicillin, and 0.5% streptomycin at 37 °C in 5% CO2. The culture



Fig. 3. Polymerization shrinkage of experimental resin composites blended with silanized
SiO2 NPs and SiO2 NCs of different mass ratios, as well as commercial Esthet-X and Z350
XT. *p b 0.01, compared with RBC 0–60; (+) p b 0.01, compared with Esthet-X;
#p N 0.01, compared with Z350 XT.
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medium was changed every three days. HDPCs isolated from
dental pulp tissue at passages 3 were used for this study.

(2) MTT assay.
A total of 104 HDPCs perwell were plated in 48-well tissue culture
plates (TCPs), and their viability on selected RBCs (RBC 0–60, RBC
50–20, RBC 70–0, Esthet-X and Z350 XT) with the size of Φ
10 mm × 1 mmwas evaluated using MTT assay [19]. At different
time points (1, 3, and 5 days) after initiation of culture, 50 μL
MTT (0.5 mg/mL) was added into each well for additional 4 h
incubation. Subsequently, the medium was subsequently re-
moved, and 300 μL DMSO was added to dissolve the formazan
crystals. Then, the optical density was measured at a wavelength
of 490 nm using amicroplate reader (Elx 800, Bio-Tek, Burlington,
VT, USA). Mean and standard deviation for the triplicate wells for
each sample were reported.
To further examine the cytotoxicity, the morphology of HDPCs
grown onto these five selected RBCs was characterized with FE–
SEM. Before analysis, cells grown onto different composite sam-
ples were fixedwith 2% glutaraldehyde for 2 h at 4 °C, dehydrated
with a series of gradient ethanol solutions (50%, 70%, 80%, 90%,
95%, and 100% vol.%) for 10 min each, and air-dried. Then, the
samples were gold sputter-coated and observed by FE–SEM
(S-4800 Hitachi, Tokyo, Japan) with an operating voltage of
10 kV.

2.3.6. Statistical analysis
One-way analysis of variance (ANOVA)was performed to determine

the statistical significance of all experimental data, using SPSS 13.0 soft-
ware. In all evaluations, p b 0.01 was considered statistically significant.

3. Results

3.1. Degree of conversion

DC values of all RBCs are presented in Fig. 2. Comparedwith the low-
est DC of RBC 0–60 (49.8±0.8%), RBC 60–0 andRBC 70–0 presented the
significantly higher value of 64.6 ± 1.0% and 69.4 ± 4.1% (p b 0.01), re-
spectively, which was still lower than that of RBC 50–20 (71.6 ± 1.1%,
p b 0.01) and RBC 53–17 (67.3 ± 1.4%, p b 0.01), with the increasing
amount of SiO2 NPs in bimodal silica nanostructures.Moreover, the con-
version value of RBC 50–20 and RBC 70–0 did not show statistical signif-
icant difference (p N 0.01), in comparison with Esthet-X (76.2 ± 2.6%)
and Z350 XT (68.3 ± 1.0%), respectively.

3.2. Polymerization shrinkage

Polymerization shrinkage for RBCs with different mass ratios of SiO2

NPs and SiO2 NCs is depicted in Fig. 3. It could be observed that all
shrinkage values of the following materials RBC 0–60 (3.2 ± 0.1%),
RBC 60–0 (3.4 ± 0.1%), RBC 70–0 (3.1 ± 0.1%), and Esthet-X (3.3 ±
0.1%)were above 3.0%. Comparedwith RBC0–60, the shrinkagewas de-
creased from 2.9± 0.1% for RBC 25–45 to the lowest 2.6 ± 0.1% for RBC
50–20 (p b 0.01), and then increased slightly to 2.7 ± 0.2% for RBC 53–
17 (p b 0.01), with the increasing content of SiO2 NPs in RBCs blended
with bimodal silica nanostructures, which were also significantly
lower than that of Esthet-X (p b 0.01). Although the lowest shrinkage
was achieved by Z350 XT (2.5 ± 0.1%), both RBC 50–20 and RBC 53–
17 showed no difference compared with this control group (p N 0.01).

3.3. Mechanical properties

Mechanical properties of all RBCs are displayed in Fig. 4. For mate-
rials reinforced with unimodal inorganic fillers, RBC 0–60 exhibited
the lowest FS, FM, and CS of 82.0 ± 6.1 MPa, 4.0 ± 0.2 GPa, and
144.6 ± 7.6 MPa, respectively, which were similar with those of RBC
60–0, but significantly lower than those of RBC 70–0 (94.3 ± 3.1 MPa,
5.8± 0.8 GPa, and 160.3± 6.9MPa; p b 0.01) with higher filler loading.

Fixing the filler content to 70 wt.% of RBCs reinforced with bimodal
silica nanostructures, their mechanical properties presented a gradual
increase to the maximum for RBC 50–20 (104.8 ± 4.4 MPa, 6.2 ±
0.3 GPa, and 205.8 ± 14.3 MPa), and then a slight decrease for RBC
53–17 with the increasing supplement of SiO2 NPs, which were signifi-
cantly lower than those of Z350 XT (FS: 120.8 ± 4.9 MPa, FM: 8.1 ±
0.5 GPa, and CS: 253.9 ± 5.0 MPa), respectively (p b 0.01). While, com-
pared with another control group Esthet-X (110.6 ± 3.3 MPa, 5.0 ±
0.2 GPa, and 232.0 ± 16.6 MPa), the optimum RBC 50–20 showed a sig-
nificantly higher FM (p b 0.01) and no significant difference in FS and CS
(p N 0.01).

3.4. Cross-sectional morphologies

Fracture morphologies of representative RBCs after the three-
bending tests are presented in Fig. 5. It clearly showed that inorganic
particles of all RBCs were well adhered to the resin matrix without
exposed fillers examined.

3.5. In vitro cytotoxicity analysis

Fig. 6 shows the cell viability of TCPs and selected RBCsunder the dif-
ferent culture time. Compared with TCPs, it could be clearly observed
that the viability of HDPCs on all RBCs showed significant difference
(p b 0.01), except that of Esthet-X after 1 day culture (p N 0.01) and
RBC 50–20 after 3 days of culture (p N 0.01), respectively. The viability
of HDPCs cultured onto RBC 50–20 was much higher than that onto
RBC0–60 after 1 day and 3 days of culture (pb 0.01), and showednodif-
ference at the time point of 5 days (p N 0.01). For the optimum RBC 50–
20, more attention should be focused on its cell viability compared with
commercial products. As can be seen from Fig. 6 that the viability of RBC
50–20 was significantly lower than that of Esthet-X after 1 day culture
first (p b 0.01), which showed no significant difference on culture
days of 3 and 5 (p N 0.01). While, for the other control group, statistical
significant difference was assessed for RBC 50–20 and Z350 XT after
each culture period (p b 0.01). Furthermore, FE–SEM micrographs in
Fig. 7 present that all RBCs were able to allow HDPCs to be attached at
the different culture time, and the detailed cellmorphology could be ob-
served from the insets showing the magnified region, as the arrows in-
dicated. RBC 50–20 had the similar cell attachment viability to the



Fig. 4.Mechanical properties of experimental resin composites filled with silanized SiO2 NPs and SiO2 NCs of different mass ratios, as well as commercial Esthet-X and Z350 XT: flexural
strength (a), flexural modulus (b), and compressive strength (c). *p b 0.01, compared with RBC 0–60; (−) p N 0.01, compared with Esthet-X; #p N 0.01, compared with Z350 XT.

Fig. 5. FE–SEM images of the fracture surfaces of representative resin composites after the three-point bending tests: RBC 0–60 (a), RBC 50–20 (b), RBC 60–0 (c), RBC 70–0 (d), Esthet-X
(e), and Z350 XT (f), respectively.
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Fig. 6. MTT assay of HDPCs viability cultured onto TCPs, RBC 0–60, RBC 50–20, Esthet-X,
and Z350 XT, respectively. &p N 0.01, compared with TCPs; *p b 0.01, compared with
RBC 0–60; (+) p b 0.01, compared with Esthet-X; (−) p N 0.01, compared with Esthet-
X; **p b 0.01, compared with Z350 XT.
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control of Esthet-X after 3, and 5 days of culture, respectively.
While, less HDPCs were penetrated onto RBC 0–60 and Z350 XT.
The cell morphology observation results corroborated the MTT
assay data.
Fig. 7. FE–SEM images of HDPCs grown onto RBC 0–60, RBC 50–20, Esthet-X, and Z350 XT after
the arrows indicated.
4. Discussion

All experimental RBCs were incorporated with different filler com-
positions, and it has been proved that the combination of relatively
small and varied sizefillers could provide amore dense packing, leading
to the increased filler fraction and the fracture strength of composite
materials [13,20]. Therefore, in this present work, the filler loading of
RBCs could be increased to 70 wt.% with the introduction of SiO2 NPs,
compared with that of RBC 0–60 reinforced with SiO2 NCs only. Based
on the improved wear resistance of RBCs reinforced with bimodal silica
nanostructures [13], their effect on the other properties, such as DC, po-
lymerization shrinkage, mechanical performance, and cytotoxicity
assay in vitro were investigated. It should be noted that even the size
of SiO2 NCs reached to several micrometers, their constituent was still
based on SiO2 NPs, which could help us to explore the inherent mecha-
nism of RBCs reinforced with bimodal silica nanostructures.

4.1. Degree of conversion

DC values of all RBCs are presented in Fig. 2. Among all RBCs studied,
flowable Esthet-X was examined to exhibit the highest conversion of
76.2 ± 2.6%, which might be explained by the high reactivity and con-
version produced by a greater proportion of diluents, such as TEGDMA
and Bis-EMA [21].
1, 3, and 5 days of culturing, respectively. The insets show themagnified surface details as
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On the other hand, DCmight also be affected by inorganic fillers. For
RBCs reinforced with unimodal fillers, due to the higher light scattering
of smallerfiller particles, theDCof RBC 60–0washigher than that of RBC
0–60 [22], which was slightly increased for RBC 70–0, due to the in-
creased activating light efficiency frommultiple light scattering by filler
particles at higher filler loading [23]. Furthermore, for RBCs reinforced
with bimodal silica nanostructures at 70wt.%filler loading, differentfill-
er compositions should be attributed for their DC trend. As can be seen
from Fig. 2, DC valueswere increased slightly first, and then reached to a
maximum for RBC 50–20, which suggested that higher light scattering
was obtained with the increasing amount of smaller SiO2 NPs instead
of SiO2 NCs, and hence higher conversion was achieved [1,22,23].
Additionally, it could be speculated that the average filler particle size
of RBC 50–20 was near half the wavelength of the blue light employed,
resulting in the highest light transmittance and the maximum DC,
according to Ruyter and Øysæd [1,24]. While, the slight decline DC of
RBC 53–17 might be due to the decreased average filler size, which
deviated slightly from the half wavelength of irradiation light, with
the extra SiO2 NPs added [24]. However, Z350 XT showed the lower
DC than that of RBC 50–20, which might be owing to the light
attenuation of the wider size distribution of its silica/zirconia cluster
fillers (0.6–10 μm) [6,22,25].

4.2. Polymerization shrinkage

Dental RBCs undergo shrinkage during the polymerization process,
which is attributed to the conversion of intermolecular Van der Waals
distances of the resin-monomers to the covalent bond-lengths, poten-
tially resulting in secondary caries and postoperative pain [26]. Several
factors are influential in determining the shrinkage values, such as the
monomer structure and content, the filler type and composition, as
well as the DC of RBCs [6,27].

Polymerization shrinkage of all RBCs investigated is presented in
Fig. 3. Considering the difference in resin matrix, the flowable Esthet-
X presented the higher shrinkage (3.3 ± 0.1%) than that of the rest con-
ventional composites [28], which was in agreement with generally ac-
cepted conclusion that the higher conversion resulted in the higher
shrinkage of RBCs [21,29]. With respect to inorganic fillers, shrinkage
values of RBCs were inversely related to filler loading [25]. Therefore,
RBC 60–0 presented the highest shrinkage (3.4 ± 0.1%), while RBC
70–0 and RBC 0–60 exhibited the similar decreased values, due to the
increased filler loading (70 wt.%) and the reduced DC, as discussed
above, respectively [25,29].

For composites reinforced with bimodal silica nanostructures, the
shrinkage value was reduced abruptly, due to the fact that the number
of reactivemethacrylate groups in RBCswith high filler levels decreased
[30]. Moreover, the shrinkage was decreased with the increasing
amount of SiO2 NPs, which seemed inconsistent with the reported con-
clusion that higher DC produced higher shrinkage, described by Silikas
and Braga [31,32]. However, from the other perspective, the influence
of fillers on the shrinkage was also related to their compositions and
packing density [6,29]. It could be assumed that with the increasing
amount of SiO2 NPs, the interstices existing in RBCs could be gradually
embedded with these small fillers instead of polymeric matrix, poten-
tially resulting in the increased filler packing density, and thus the
movement of formed polymer chains might be further hindered during
the polymerization process, which finally led to the decrease of the
shrinkage to the minimum for RBC 50–20 (2.6 ± 0.1%). While, RBC
53–17 consisting of extra SiO2 NPs presented a slight increasing value,
which might be due to the relatively less filler packing. However, Z350
XT exhibited the lowest shrinkage (2.5 ± 0.1%), comparable with that
of RBC 50–20 and RBC 53–17, which could also be attributed to its
denser packing density, arising from the wider size distribution of silica/
zirconia clusters (0.6–10 μm), and their smaller building blocks (20 nm
SiO2 and 4–11 nm ZrO2), as well as its higher filler content (78.5 wt.%)
[30].
4.3. Mechanical properties

Mechanical properties are an essential aspect for evaluating the clin-
ical applications of RBCs, and the obtained results shown in Fig. 4 not
only approach those reported for some conventional RBCs reinforced
with hybrid fillers (FS = 70–130 MPa, FM = 5–25 GPa, CS = 150–
250 MPa) [16,33] but also meet the minimum FS requirement of
80 MPa and 50 MPa for Type I and Type II restorative composites, re-
spectively, according to ISO 4049 [34].

All related data indicated that RBC 0–60 using SiO2 NCs as unique
fillers presented the lowest FS, FM, and CS, which possibly resulted
from its lower filler loading and packing. As expected, mechanical prop-
erties of composites reinforcedwith bimodal silica nanostructures were
obviously enhanced. That is, with the increasing addition of SiO2 NPs,
the interstices existing in composites might be gradually embedded
with SiO2 NPs rather than resin matrix, accompanying with the in-
creased filler loading and packing, thus resulting in the improved me-
chanical performance, which was in accordance with the reported
work [2,13]. However, less dense packing was achieved by uniform
fillers of a narrow size distribution, such as SiO2 NPs in RBC 60–0 and
RBC 70–0, since the interstitial pore volume was maximized [2], and
thus leading to their worsemechanical performance. Therefore, bimod-
al silica nanostructures containing SiO2 NPs and SiO2 NCs as co-fillers
were introduced.

When theweight ratio of these co-fillers reached an optimum value,
the mechanical properties could achieve the maximum for RBC 50–20,
which were close to those of Esthet-X, but still significantly lower than
those of Z350 XT. However, with the exceeding addition of SiO2 NPs
after the optimum ratio, the amount of “micron-level” SiO2 NCs was
slightly decreased, resulting in the reduced performance for RBC 53–
17, due to the worse mechanical characteristic of SiO2 NPs [8], though
the relatively dense filler packing was kept. This trend was mainly in
agreement with the filler loading and packing discussed above, and
there is nodoubt that Z350XTpresented the highestmechanical perfor-
mance,which could be attributed to its highestfiller loading (78.5wt.%)
and the densest filler packing arising from its building block with small
size (20 nm SiO2 and 4–11 nm ZrO2) [2,8,35].

Preliminary studies focused mainly on the effect of filler type and
loading on properties of RBCs [8,25,36], while the filler packingwas sel-
dom discussed, however, their objects were usually strived to find the
optimum filler compositions, which demonstrated the densest filler
packing actually. Therefore, the type, loading, and packing density of in-
organic fillers should be three fundamental essentials for designing
RBCs with excellent properties. In this present work, the densest filler
packingmight be obtained for RBC 50–20. Therefore, its fracture surface
was further investigated compared with that of Esthet-X and Z350 XT.

4.4. Cross-sectional morphologies

After the three-bending tests, the fracture surfaces of RBCs could be
examined by FE-SEM,which reflected the interaction between inorgan-
ic fillers and organic matrix. As shown in Fig. 5, inorganic fillers were
completely covered without naked or exposed particles observed,
which confirmed their excellent interfacial adhesion to the resinmatrix,
resulting from the chemical bonding between methacrylate groups and
hydrophobic interactions in γ-MPS and polymer matrix [37]. Besides,
the different sizes of inorganic fillers could be clearly detected in
Fig. 5(e) and (f) for Esthet-X and Z350 XT, respectively, which was in
agreement with their formulation in Table 1.

4.5. Cytotoxicity assay and cell morphology observation

(1) MTT assay
Among all RBCs examined, the cell viabilitywas speculated in the
following order: Esthet-X N RBC 50–20 N Z350 XT N RBC 0–60, as
shown in Fig. 6, which could be attributed to their difference in
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DC values. Briefly, a lower DC leads to the release of unbound re-
sidualmonomers into the culturemedium, resulting in the lower
cell viability [38,39]. Among these four types of RBCs, the maxi-
mum DC was achieved by Esthet-X (76.2 ± 2.6%), followed by
RBC 50–20 (71.6 ± 1.1%), Z350 XT (68.3 ± 1.0%), and RBC
0–60 (49.8 ± 0.8%), which was completely in agreement with
the cell viability discussed above. Therefore, based on these re-
sults, the prescribed RBC 50–20 showed acceptable cytotoxicity.

(2) Cell morphology
The cytotoxicity of RBCs was further confirmed by observing
theirmorphologywith FE–SEM, as seen in Fig. 7. After 1 day, larg-
er cell amount could be detected on most RBCs, except that of
RBC 0–60 (Fig. 7a), which might be attributed to its lowest DC,
as discussed above [38,39]. After 3 and 5 days of culturing,
HDPCs cultured onto RBC 50–20 (Fig. 7e, f) and Esthet-X
(Fig. 7h, i) showed a more stretched-out morphology, due to
their higher DC, compared with those cultured onto RBC 0–60
(Fig. 7b, c) and Z350 XT (Fig. 7k, l). Not only did more cells
were found spread out on RBC 50–20 and Esthet-X, but also
they interacted with the surface of these two RBCs well by
many pseudopodia, which could be detected from their inserted
images. Moreover, the interactions also emerged between the
HDPCs on RBCs, resulting in the overlap of multilayer cells [40],
especially for RBC 50–20 after 5 days of culturing, as shown in
Fig. 7(f). These cell morphology observation results corroborated
with the aboveMTT results, confirming the acceptable cytotoxic-
ity of RBC 50–20 and its potential applications for dental restor-
ative materials, compared with Esthet-X.
One of the limitations of this study is that SiO2 NCswere fabricat-
ed using SiO2 NPs as the only building blocks. Compared with
Esthet-X and Z350 XT, although some properties of experimental
RBCs, such as DC and polymerization shrinkage could be im-
proved by regulating the filler compositions, their mechanical
performance should still be improved greatly, especially consid-
ering the application in posterior restorations under higher mas-
ticatory force. Based on the discussion above, the increased filler
loading and filler packing density of the optimum RBC 50–20
could be further achieved by employing smaller particles directly
or using as the building units, which will be carried out in latter
our studies.

5. Conclusion

RBCs reinforced with bimodal silica nanostructures presented the
improved DC, polymerization shrinkage and mechanical performance,
compared with those of RBC 0–60 and RBC 0–70 reinforced with
unimodal SiO2 NCs or SiO2 NPs, with the introduction of SiO2 NPs. The
obtained RBC 50–20 (SiO2 NPs:SiO2 NCs = 50:20, wt/wt) possessed
the effectively enhanced physical–mechanical properties and desirable
cytotoxicity in vitro, which were comparable with those of Esthet-X,
but still requiring modifications. These results suggested that the intro-
duction of bimodal silica nanostructures as fillers with the optimum
weight ratio could provide a new gateway to design and synthesize
dental RBCs with the enhanced performance. In addition, given to the
superior performance of Z350XT, it could be assumed that the introduc-
tion of smaller nanoparticles could have a positive effect on improving
the comprehensive properties of RBC 50–20, which will be performed
in our future work.
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