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ABSTRACT: The size and structure of inorganic fillers have a
significant effect on the mechanical properties of dental resin
composites. In this work, we report the use of spray-drying for the
efficient construction of SiO2 colloidal nanoparticle clusters (SCNCs)
as novel dental fillers, yielding spherical and closely packed structures
with diameters of 1−3 μm. The superior performance of the resin
composites can be obtained by filling 70 wt % SCNCs assembled with
60 nm silica colloids as building blocks in the dental resin matrix. As
compared to silica microparticles with a similar average size and
primary monodispersed silica nanoparticles, SCNCs have a better
strengthening effect on the mechanical properties of resin composites
owing to their unique nano−micro secondary structures. This spray-
drying strategy enables the construction of multicomponent fillers. This is very promising for the development of
multifunctional high-performance restorative resin composites.

1. INTRODUCTION

With the rapid development of nanotechnology, various
nanomaterials are being explored as novel tools for a vast
range of applications, including energy conversion and
production, electronics, biomedicine, catalysts, environment,
and consumer products.1−6 In particular, the biomedical
applications have attracted wide attention, owing to their
significance for human beings.7−9 Nowadays, dental caries is
one of the most common oral diseases. Improper treatment
may lead to secondary infections and systemic diseases, such as
arthritis, heart disease, and chronic nephritis.10 Hence, reliable
restorative materials are of great importance and becoming
highly required. Among most of the reliable restorative
materials, dental restorative resin composites are becoming
more and more popular because of their superior esthetic
performance, excellent mechanical properties, biocompatibility,
and reasonable clinical performance.11−14 Dental resin
composites mainly consist of an organic matrix and multi-
functional inorganic fillers.15−18 Organic matrixes are capable
of rapid polymerization in the presence of water and oxygen,
essentially consisting of cross-linking dimethacrylates18−20 and
a photoinitiator system. Inorganic fillers can provide excellent
mechanical, optical, antimicrobial, and radiopaque proper-
ties.21−23

Inorganic fillers for dental resin composites mainly include
SiO2, alkaline glasses, hydroxyapatite, metal oxides (such as

ZrO2, Al2O3, TiO2, and ZnO), and other compounds.16,24−26

Among them, SiO2 particles are the earliest and most widely
used fillers due to their outstanding mechanical properties and
low costs.14 These resin composites can be further
distinguished by the characteristics of fillers, especially their
particle sizes and structures.27−31 Initially, dental composites
possessed a filler particle size far exceeding 1 μm. These
materials have excellent mechanical properties and a high filler
content, but are difficult to polish and have a weak abrasion
resistance.20,32,33 To improve the long-term esthetic perform-
ance, researchers began to formulate nanocomposites.15,34 The
related studies indicate that nanofillers can maintain the
surface smoothness of composites, but the filler content in
these materials is relatively low owing to the high specific
surface areas and the easy agglomeration of nanoparticles,
thereby resulting in a high viscosity and poor mechanical
strength.20,22,35−37 Subsequently, the appearance of hybrid
fillers, which combines microfillers and nanofillers, can solve
the previous problems to some extent.11,38−40 However, the
presence of micron or submicron fillers still affects the
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comprehensive properties of the composites. There are still
significant challenges in the structure design of inorganic fillers.
In recent years, a new type of filler called “nanocluster” has

been developed, which is defined as a secondary structure or
aggregation with a size in the submicron or micrometer range
and composed of individually dispersed nanoparticles.41 The
secondary structure of nanoparticles leads to enhanced
collective properties, which cannot be obtained in the bulk
materials.42−45 So far, the reported fillers of SiO2−ZrO2 and
SiO2 nanoclusters for fabricating high-performance dental resin
composites were prepared by the sintering process and the
coupling reaction,13,37,41 respectively. However, these two
methods cannot fabricate nanoparticle clusters (NCs) with a
regular morphology and good dispersity. Furthermore, the
sintering temperature reached as high as 1300 °C, meaning a
very high energy consumption. This process may cause the
damage of hydroxyl groups on the surface of silica particles to a
certain degree, reducing the modification effect of the silane
coupling agent and weakening the performance of the resin
composites. The coupling process, although performed at
room temperature, is complicated and time-consuming,
making mass production difficult. Therefore, a versatile
method is needed to be developed, which continuously
assembles NCs with a regular shape for dental restorative
resin composites with a better comprehensive performance.
Spray-drying is a simple, efficient, and reproducible drying

technology, which has been widely used in various fields, such
as food, chemical, pharmaceutical, and functional materi-
als.46−51 In this study, we use spray-drying to continuously and
rapidly construct novel dental fillers of SiO2 colloidal
nanoparticle clusters (SCNCs) with a regular shape and a
closely packed structure. The effects of the inlet temperature,
flow rate of compressed air, solid content of the nano-
dispersion, and primary particle size on the construction of
SCNCs were explored in detail. This route can also be
expanded to produce other single or multicomponent dental
fillers, such as ZnO colloidal nanoparticle clusters, SiO2−ZnO

composite clusters, and SiO2−ZrO2 composite clusters.
Furthermore, dental resin composites filled with SCNCs
were fabricated. The relationships between the primary particle
size, the amount of filler, and the mechanical properties of the
resin composites were investigated. Silica microparticles with a
similar average size of SCNCs and the corresponding primary
silica nanoparticles were selected for the comparative studies.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. Tetraethyl orthosilicate

(TEOS), absolute ethyl alcohol (CH3CH2OH), ammonium
hydroxide (NH3·H2O), acetic acid (CH3COOH), n-propyl-
amine, and cyclohexane were bought from Sinopharm
Chemical Reagent Beijing Co., Ltd. 3-Methacryloyl trimethox-
ypropylsilane (γ-MPS) was purchased from Alfa Aesar (China)
Chemical Co., Ltd. Bisphenol A glycerolate dimethacrylate
(Bis-GMA), triethylene glycol dimethacrylate (TEGDMA),
camphorquinone (CQ), and ethyl 4-dimethylamino benzoate
(4-EDMAB) were bought from Shanghai Aladdin Biochemical
Technology Co., Ltd. The ZnO nanodispersion was bought
from Xiamen NMT Technology Co., Ltd. The ZrO2
nanodispersion was prepared previously.52

2.2. Preparation of SCNCs. As a raw material for spray-
drying, the silica nanodispersions were synthesized based on
the improved Stöber method. To make 60 nm SiO2, 30 mL of
TEOS was added into 190 mL of ethanol. The obtained
solution was further added into a flask with the mixed solution
of 70 mL deionized water, 6.4 mL NH3·H2O, and 190 mL
ethanol with stirring at 60 °C. The whole reaction process
lasted for 4 h. The size of silica nanoparticles was adjusted by
changing the concentration of NH3·H2O.
The SCNCs were constructed by spray-drying the silica

nanodispersion in a spray dryer (B-290, BÜCHI Labortechnik
AG, Switzerland). Figure 1 shows the spraying system and
corresponding schematic diagrams. In a typical preparation
process, the SiO2 nanodispersion with a solid content of 3 wt
% was atomized in a nozzle at a feed rate of 0.4 L/h, a flow rate

Figure 1. Spraying system of the spherical SCNC structure: (a) structure of the spray dryer ((1) air inlet; (2) spray nozzle; (3) spray cylinder; (4)
cyclone separator; and (5) product collection vessel) and the schematic of the spray-drying process used to prepare SCNCs; (b) photograph of the
spray dryer; (c) proposed spherical structure formation process.
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of 480 L/h, and an inlet temperature of 100 °C. The solvent in
the atomized droplets was instantaneously evaporated in a
spray cylinder. The formed SCNCs were separated from a gas
stream by a cyclone separator and immediately collected by a
product collection vessel.
For a comparison, the monodispersed silica nanopowders

with an average size of 60 nm were obtained by freeze-drying
the corresponding silica nanodispersion at −50 °C for 55 h in a
freeze dryer (LGJ-10F, Beijing Songyuanhuaxing Technology
Develop Co., Ltd., China). In addition, silica microparticles
with an average size of 2 μm were prepared.53

2.3. Silanization of Fillers. SCNCs and other silica
particles were silanized with γ-MPS according to our previous
method before mixing with the resin matrix.34

2.4. Preparation of Dental Resin Composites. The
dental resin matrix for all formulations consists of a
photoactivated combination of Bis-GMA and TEGDMA at a
mass ratio of 1:1. The ratio of the photoinitiator (CQ) to the
coinitiator (4-EDMAB) was 1:4, together accounting for 1 wt
% of the resin matrix. The modified inorganic fillers were
manually premixed with the resin matrix until all of the
powders were completely wetted. Subsequently, the composite
paste was uniformly mixed using a three-roll extruder (TR50M,
Trilos Precision Equipment Co., Ltd., China) with a speed of
40 rpm. The roller gaps of feeding and exporting were 9 and 5
μm, respectively.
The specimens were prepared by filling into a silicone mold

with an unpolymerized material. The upper and lower surfaces
of the mold were covered by glass slides. All specimens were
photopolymerized for 120 s (60 s on each side) using LED
light curing (SLC-VIII B, 430−490 nm, Hangzhou Sifang
Medical Apparatus Co., Ltd., China). The cured specimens
were then removed from the molds and polished using carbide
abrasive papers.
2.5. Characterization. The size, dispersity, and morphol-

ogy of the SiO2 nanoparticles were confirmed by transmission
electron microscopy (TEM) (JEOL-7800, JEOL, Japan)
operating at 120 kV. The size and the morphology of NCs
were observed with scanning electron microscopy (SEM)
(JSM-6701F, JEOL, Japan). An image analysis and processing
software (Image-Pro Plus 6.5, Media Cybernetics Inc.) was
used to determine particle size distributions by measuring
more than 200 particles in the SEM images. The specific
surface area and pore size of SCNCs were estimated based on
an N2 adsorption-desorption analysis by a BET specific surface
area analyzer (Autosorb-iQ-MP, Quantachrome). The silan-
ized SCNCs were identified by Fourier transform infrared
spectroscopy (FTIR) (Nicolet 6700, Nicolet Instrument Co.)
in the range of 4000−400 cm−1. Thermogravimetric (TG)
analysis was performed by a thermogravimetric analyzer
(TG209F3, NETZSCH, Germany) from 50 to 900 °C with
a heating rate of 10 °C/min in an N2 atmosphere.
Flexural properties of dental resin composites were evaluated

with a universal testing machine (CMT6503, MTS Industrial
Systems Co., Ltd., China) in accordance with the International
Standard Organization (ISO) Specification No. 4049. Six
specimens with a size of 25 mm × 2 mm × 2 mm were
prepared from each material. The specimens were bent in the
universal testing machine with 20 mm span and 0.75 mm/min
crosshead speed until the fracture occurred. The cylindrical
specimens (Φ 4 mm × 6 mm) were tested in the compression
mode using the universal testing machine with a crosshead
speed of 0.75 mm/min to obtain compressive strength. Vickers

microhardness was measured using cylindrical samples (Φ 6
mm × 4 mm, n = 6) on a microhardness tester (HXD-
1000TMC/LCD, Shanghai Taiming Optical Instrument Co.,
Ltd., China) with a load of 50 g for 10 s.

2.6. Statistical Analysis. The statistical significance was
compared, using one-way analysis of variance with the Tukey
method at a p-value of 0.05.

3. RESULTS AND DISCUSSION
3.1. Preparation of SCNCs. The process started with

simultaneously injecting the SiO2 nanodispersions at a certain
feed rate and compressed air at another flow rate to atomize
the nanodispersions into microdroplets (Figure 1a). Mean-
while, the droplets were heated by a gas stream at a specific
temperature, and the solvent began to be evaporated. Liquid
evaporation from the droplet surface exposes the nanoparticles
at the receding liquid−vapor interface to the vapor phase. As
the surface energy of a solid−vapor interface is higher than that
of a liquid−vapor interface, the nanoparticles migrate toward
the droplet center to minimize their surface energy.54 SCNCs
were obtained when the droplets evaporated, and nanoparticles
were assembled (Figure 1c). It is remarkable that the process
parameters of the spray dryer, including the inlet temperature
and flow rate of compressed air, and the conditions of raw
materials such as the solid content and the primary particle
size, have significant influences on the morphology, particle
size, and dispersibility of SCNCs.

3.1.1. Effects of the Process Parameters of the Spray
Dryer. Figure 2 shows the SEM images of SCNCs obtained at

different inlet temperatures. When the temperature was raised
from 100 to 120 °C, the morphology of SCNCs was changed
from a relatively regular sphere to a nonregular shape. The
possible reason is that the higher temperature leads to a faster
evaporation of the solvent. The droplets expanded to rupture,
thereby generating an irregularity in the shape of the formed
SCNCs.55

Figure 3 presents the SEM images and corresponding
particle size distributions of SCNCs obtained at different flow
rates of compressed air. As the flow rate increased from 240 to
480 L/h, the average particle size of SCNCs rapidly decreased
from 7.73 (Figure 3a) to 1.66 μm (Figure 3c), with a variety of
standard deviations (δ’s) from 4.37 to 0.44 μm. This is because
the role of compressed air is to break up the liquid into
droplets at the nozzle. When a gas−liquid two-phase flow is in
contact at the outer end face of the nozzle, there is a large
relative velocity between the much lower feed rate of liquid
and the higher ejection rate of gas.55 This can generate a
considerable frictional force to atomize the liquid. Therefore,
increasing the flow rate of the compressed air can reduce the
atomized droplet diameter, thereby reducing the size of the as-
formed SCNCs. However, when the gas flow rate was further

Figure 2. SEM images of SCNCs obtained at different inlet
temperatures: (a) 100 °C; (b) 120 °C; flow rate of compressed air
= 480 L/h; solid content = 3 wt %; primary size = 60 nm.
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increased to 600 L/h, the average droplet size remained almost
unchanged due to the critical diameter of the cyclone
separator.55

3.1.2. Effects of the Parameters of the Raw Material for
Spray-Drying. The parameters of the raw material for spray-
drying including the solid content and particle size of primary
silica nanodispersions also affect the formation of SCNCs.50,51

Figure 4 shows the SEM images and corresponding particle
size distributions of SCNCs obtained by spray-drying silica
nanodispersions with different solid contents. As the solid
content increased from 1 to 3 wt % (Figure 4a,b), there was no
significant difference in the average particle size of SCNCs,
which was about 1.6 μm. When the solid content was further
increased to 5 and 9 wt %, the particle size of SCNCs was
increased to 2.34 μm (Figure 4c) and 4.33 μm (Figure 4d),
respectively, while the particle size distribution became wider.
This possibly results from an increase in the number of
nanoparticles contained in the atomized droplets.
Figure 5 shows the TEM images of primary silica

nanodispersions with different particle sizes and the SEM
images of the corresponding SCNCs formed. Clearly, silica
nanoparticles with primary sizes of 20, 40, and 60 nm can be
well-aggregated and densely arranged, thereby forming
excellent SCNCs. However, silica nanoparticles of 80 nm

were not completely formed into clusters and some were still
scattered. There were much larger voids among particles on
the surface of SCNCs. This indicates that larger particles are
not beneficial to the high-quality construction of SCNCs
because of the limited space in atomized droplets. It could be
reasonably inferred that the proper size range of primary silica
nanodispersions is directly related to the size of the nozzle.

3.1.3. Preparation of Other NC Fillers. Other NC fillers
with a single component or multicomponents can also be
conveniently constructed by spray-drying other nanoparticle
dispersions. In particular, a prerequisite for the preparation of
multicomponent NCs is that different nanoparticles need to be
stably and homogeneously dispersed in the same medium.
Figure 6 presents the SEM images of other NCs made of 5 nm
ZnO, SiO2−ZnO (60 nm SiO2 and 5 nm ZnO with a mass
ratio of 1:1), and SiO2−ZrO2 (60 nm SiO2 and 7 nm ZrO2
with a mass ratio of 4:1). Most of the formed NCs still have a
regular spherical shape and the main size of 1−3 μm. Some of
them have doughnut or opal shapes with a concave surface,
which can be considered as the result of an initial deformation
of the droplet.51 Owing to the same content of 60 nm SiO2
with 5 nm ZnO and an obvious size difference of 55 nm,
SiO2−ZnO composite clusters (Figure 6b) display slightly
wrinkled surfaces, different from those of SCNCs with a

Figure 3. SEM images (a−d) and the corresponding particle size distributions (e−h) of SCNCs obtained at different flow rates of compressed air:
(a, e) 240 L/h; (b, f) 360 L/h; (c, g) 480 L/h; and (d, h) 600 L/h; inlet temperature = 100 °C; solid content = 3 wt %; primary size = 60 nm.

Figure 4. SEM images (a−d) and the corresponding particle size distributions (e−h) of SCNCs prepared from silica nanodispersions with different
solid contents: (a, e) 1 wt %; (b, f) 3 wt %; (c, g) 5 wt %; and (d, h) 9 wt %; inlet temperature = 100 °C; flow rate of compressed air = 480 L/h;
primary size = 60 nm.
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primary particle size of 60 nm (Figure 5c). It may be
envisioned that such structured NCs are promising to provide
prolonged antibacterial properties with excellent mechanical
properties, since ZnO nanoparticles are effective antimicrobials
for dental composites.56,57 In addition, when 7 nm ZrO2 was
composited with 60 nm SiO2 at a lower ratio of 1:4, the as-
prepared NCs kept almost the same surfaces with SCNCs.
These composite NCs may have better filling properties since
the radiopacity ability of ZrO2 nanoparticles has been
confirmed.58 Such a spray-drying strategy to produce multi-
functional NC fillers has a great potential in dental resin
composites.
3.2. Characterization of SCNCs. 3.2.1. N2 Adsorption/

Desorption Analysis. To understand the structure of SCNCs
better, the specific surface area and pore diameter of SCNCs
were measured by an N2 adsorption/desorption analysis

(Figures S1 and S2). According to the N2 adsorption/
desorption isotherms (Figure S1), all of the SCNCs show
the mesoporous pathway.59 Figure 7 shows the specific surface

areas and corresponding pore diameters of SCNCs with
different primary particle sizes. As the primary particle size
increased from 20 to 80 nm, the specific surface area of SCNCs
dramatically decreased from 143.1 to 47.5 m2/g. However, the
variation of the corresponding pore diameter with the primary
particle size was opposite to the specific surface area. In this
case, the pores of SCNCs resulted from the interspace among
closely arranged nanoparticles, which rapidly increased from
3.98 to 20.23 nm with the increasing primary particle size.

3.2.2. FTIR Spectra and Grafting Ratios of SCNCs. Figure 8
presents the FTIR spectra and grafting ratios of unmodified

and modified SCNCs prepared using nanoparticles with
different primary sizes. As shown in Figure 8a, all of the
samples exhibit the absorption peaks at 3445 and 1626 cm−1,
corresponding to the O−H stretching and distorting
vibrations, respectively.13 The weaker band at 2982 cm−1

was caused by the CH2 stretching vibration. The intense
absorbing peak at 1103 cm−1 was ascribed to the characteristic
peak of Si−O−Si. In addition, the intense peak at 1722 cm−1

was owing to the CO stretching vibration, demonstrating
that γ-MPS has been successfully grafted onto the surface of
SCNCs.34 The characteristic peak intensity at 1722 cm−1

decreased as the primary particle size increased, indicating a
tendency for a decreasing grafting ratio. The TG analysis was
also applied to quantitatively determine the grafting ratios of
SCNCs (Figure S3). Based on TG results, the graft ratio was
calculated according to the following formula.34 As shown in
Figure 8b, the grafting ratio decreased from 4.75 to 2.99 wt %
with the primary particle size increasing from 20 to 80 nm.
This is because SCNCs with the larger primary particle size
have a smaller specific surface area (Figure 7), thereby
resulting in a smaller contact area with γ-MPS.

Figure 5. TEM images of primary silica nanoparticles with different
sizes and SEM images of the corresponding SCNCs formed: (a) 20
nm; (b) 40 nm; (c) 60 nm; and (d) 80 nm; inlet temperature = 100
°C; flow rate of compressed air = 480 L/h; solid content = 3 wt %.

Figure 6. SEM images of multifunctional NCs: (a) ZnO NCs; (b)
SiO2−ZnO NCs; and (c) SiO2−ZrO2 NCs; inlet temperature = 100
°C; flow rate of compressed air = 480 L/h; solid content = 3 wt %.

Figure 7. Specific surface areas and pore diameters of SCNCs with
different primary particle sizes.

Figure 8. FTIR spectra (a) and grafting ratios (b) of SCNCs prepared
using nanoparticles with different primary sizes.
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3.3. Effect of the Primary Particle Size of SCNCs on
Mechanical Properties of Resin Composites. Resin
composites normally need sufficient mechanical properties to
be accepted as useful dental restorative materials, especially in
locations with heavily occlusal forces. Figure 9 presents the

mechanical properties of the resin composites obtained by
using SCNCs with different primary particle sizes as fillers. The
filling content of SCNCs with a primary size of 20 nm is very
difficult to reach 70 wt %, which may be caused by its large
specific surface area. Therefore, the filling content was fixed at
60 wt % for a comparison. The results demonstrate that the
mechanical performances of resin composites first increased
and then decreased with the increasing primary particle size
from 20 to 80 nm, reaching the highest values of flexural
strength (122.4 ± 8.2 MPa), flexural module (6.48 ± 0.22
GPa), compressive strength (330.7 ±17.6 MPa), and hardness
(39.3 ± 2.2 HV) at the primary particle size of 60 nm. The
possible reason is that the pore diameter of SCNCs
significantly increased with the growing primary particle size
from 20 to 60 nm (Figure 7). Larger pores are more beneficial
to the penetration of the resin matrix into SCNCs. In this case,
organic molecules can be better interwoven into the interspace
of SCNCs, thereby forming stronger interlocking structures
with fillers, which are difficult to break,17 leading to the
improved interfacial adhesion. Obviously, such a positive
action prevailed over the negative effect resulting from the
grafting ratio of SCNCs being reduced owing to their decrease
in specific surface area.
However, the mechanical properties of resin composites

were decreased with further increase of the primary particle
size to 80 nm. This may be ascribed to the lower grafting ratio
(as shown in Figure 8b) and weaker resistance to the applied
force. First, the reduced surface modification of fillers can
reduce the compatibility between the particles and the polymer

surface, which is unbeneficial to the homogeneous dispersion
of inorganic fillers in the resin matrix. The low silane-based
binding agent also makes it difficult to form the chemical
organic−inorganic matrix interconnection, thus leading to
significantly reduced mechanical properties.60 In addition, the
resin composite filled with SCNCs with a primary size of 80
nm has a flat fracture surface (Figure 10a), indicating weak

resistance of the composite to the applied force. The cross
section has a brittle and layered fracture. In comparison, the
resin composite filled with SCNCs with a primary size of 60
nm illustrates a rough fracture surface with a number of curved
and stretched steps (Figure 10c), implying that SCNCs may
deflect the cracks, and the composite has a higher fracture
energy than the resin composite filled with SCNCs with a
primary size of 80 nm.61 A higher-magnification SEM image of
the composite filled with SCNCs with a primary size of 80 nm
(Figure 10b) reveals that most of the SCNCs are crushed to
the original nanoparticles. This is possibly due to the
incompact aggregation of nanoparticles in the SCNCs, as
shown in Figure 5d. However, a mutual permeating structure is
formed between the fillers and the dental matrix, as the resin
composite is filled with SCNCs with a primary size of 60 nm
(Figure 10d). The SCNCs essentially comprise an inter-
connected network of silica nanoparticles, and the silane
coupling agent grafted on the surface of the SCNCs produces
an interpenetrating phase.41 These enable the SCNCs to more
tightly bond with the resin matrix.

3.4. Effect of the Filler Content of SCNCs on
Mechanical Properties of Resin Composites. The filler
content is one of the key factors in the optimization of filler
compositions for dental resin composites.62 Figure 11 shows
the mechanical properties of the resin composites obtained at
different SCNC contents. It can be seen that the mechanical
properties of resin composites were increased with the
increasing SCNC content from 40 to 70 wt %. Particularly,
the flexural modulus and hardness had a significant increase of
75 and 114%, respectively. This is because the inorganic filler
and organic resin have different rigidities, thereby leading to
the occurrence of the initial crack of resin composites at the
interface between the filler and the resin.63 The interface
promotes stress distribution during loading. Hence, the
maximum stress concentration factor decreases with the
increasing filler content, which is beneficial to the great
improvement of the mechanical properties of resin compo-
sites.34

Figure 9. Effect of the primary particle size of SCNCs on the flexural
strength (a), flexural module (b), compressive strength (c), and
hardness (d) of resin composites. *p < 0.05 compared with the resin
composite filled with SCNCs with a primary particle size of 60 nm.

Figure 10. SEM images of the fracture surfaces of resin composites
filled with SCNCs with the primary sizes of 80 nm (a, b) and 60 nm
(c, d).
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3.5. Comparison of Mechanical Properties of Resin
Composites Filled with SCNCs, Silica Microparticles of
Similar Size, and Primary Nanoparticles. For a compar-
ison, the silica microparticles with an average size of 2 μm and
monodisperse silica nanoparticles with a size of 60 nm
obtained by freeze-drying the corresponding silica nano-
dispersion were adopted as counterparts (Figure S4). Figure
12 shows the mechanical properties of resin composites

obtained by filling 70 wt % silica microparticles (2 μm), silica
nanoparticles (60 nm), and SCNCs with an average size of
about 2 μm assembled from a primary size of 60 nm,
respectively. The dental resin composite reinforced with
SCNCs had an obvious improvement (p < 0.05) in flexural
strength and compressive strength compared to the other two
fillers. Especially, compared with silica microparticles with a
similar size, SCNCs dramatically increased the flexural strength
by 36% and compressive strength of resin composites by 70%.
SCNCs also endowed resin composites with a higher flexural
strength and compressive strength by 17 and 19%, as

compared to primary monodisperse silica nanoparticles.
These results further demonstrate the unique advantage of
the nano−micro-structured fillers of SCNCs in improving the
mechanical properties of resin composites compared with
nanofillers or microfillers.13,37,64 Furthermore, SCNCs have an
ability to absorb and dissipate the crack stress by collapsing
into preexisting cluster pores or losing debris from the main
cluster structure.41 The ability to deform and dissipate the
accumulated fatigue load stress can enhance the resistance to
premature breakage in the resin composite system.41

4. CONCLUSIONS

In this study, we report the use of spray-drying as an efficient
methodology to rapidly and continuously construct SCNCs
with a size of 1−3 μm, a regular shape, and closely arranged
particles. The effects of the inlet temperature, flow rate of
compressed air, solid content, and particle size of the initial
silica nanodispersion on the morphology and the size of
SCNCs were investigated, and the obtained optimal conditions
were 100 °C, 480 L/h, 3 wt %, and 20−60 nm, respectively.
More importantly, this strategy has been applied to the
preparation of other NC fillers. Further mechanical perform-
ance tests indicate that superior properties of resin composites
can be achieved at the primary particle size of 60 nm and a
filler content of 70 wt %. Furthermore, compared to silica
microparticles with a similar average size and primary silica
nanoparticles, SCNCs can impart composite resins with
obviously improved mechanical properties. Therefore, this
study will provide a new method for the efficient preparation of
high-quality SCNCs as fillers for dental restorative resin
composites.
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