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ABSTRACT

Objective. This study aims to prepare an organic-inorganic composite with a nanoscale
dual-network structure composed of a ceramic skeleton and infiltrated resin to mimic the
mechanical properties of human enamel.
Methods. A porous silica block was obtained by sintering a green body composed of SiO,
nanoparticles and poly(vinyl alcohol) organic binder. Methyl methacrylate monomers were
infiltrated into the porous silica block and thermally polymerized to form poly(methyl
methacrylate) (PMMA). A monolithic SiO,-PMMA composite was obtained, and its nanoscale
structure was investigated. Its mechanical properties were characterized by Vickers hard-
ness, elastic modulus, and flexural strength tests.
Results. The SiO,—-PMMA composite had a nanoscale dual-network structure composed of a
silica-ceramic skeleton with PMMA-filled continuous 10-20 nm sized pores. The mechani-
cal properties of the composite depended on the SiO, content, which could be adjusted by
modifying sintering time of the porous silica block. The mechanical properties of the com-
posite exhibited wide variations with Vickers hardness values of 54-756, elastic moduli of
7-54 GPa, and flexural strengths of 75-120 MPa.
Significance. The preparation of a SiO,-PMMA composite with a dual-network structure at
the nanoscale was demonstrated, and the composite was characterized with respect to its
hardness compatibility with human enamel.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

manufacturing (CAD/CAM) systems, many CAD/CAM compos-
ites with superior mechanical properties have been developed
for indirect restorative materials such as dental crowns [3-5].

Organic-inorganic composite materials for dental restorations
have been extensively studied over the past decades [1,2]. With
recent advances in computer-aided design/computer-aided
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The CAD/CAM composites used for crown restorations are
required to exhibit mechanical properties similar to those
of human enamel for a successful biomimetic restoration.
To mimic the mechanical properties of human enamel, both
hardness and elastic modulus are important factors. These
mechanical properties of composite materials depend on the
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Fig. 1 - Classification of dental organic-inorganic
composites: (a) dispersed-filler (DF) structure and (b)
dual-network (DN) structure.

complexes and microstructures of the organic and inorganic
components. The composite structure of dental CAD/CAM
composites can be roughly classified into two groups [4]:
dispersed-filler (DF) and dual-network (DN) structure, which
are drawn schematically in Fig. 1.

The DF structure shown in Fig. 1(a) is composed of a
polymer matrix with dispersed inorganic fillers. This DF struc-
tural category can be further sub-divided into four or more
groups based on the filler size: nanofiller (<100 nm), micro-
filler (>several pm), hybrid fillers containing both nanofillers

rnm

SiO,-PVA |
debinding
and

sintering

and microfillers, and nanocluster fillers made from a mix-
ture of nanofiller and polymer. Many practical and commercial
products have been developed using DF composites, although
differences exist in filler size, composition, content, and poly-
mer matrix [2]. Meanwhile, the DF structure of the composites
is mechanically compatible with human dentin and not with
human enamel [3,6].

The DN structure is shown in Fig. 1(b) and is composed
of co-continuous phases of ceramic skeleton and resins. DN
structure is generally fabricated by infiltrating monomers into
the continuous pores of pre-sintered ceramics, followed by
polymerization [7]. Due to this unique fabrication process, the
DN structure formed in the composites is called a polymer
infiltrated ceramic network (PICN) [8]. The mechanical prop-
erties of the DN structural composites are closer to those of
enamel, compared with those of the DF structure. Indeed,
many basic investigations demonstrated that the PICN struc-
tures of Vita Enamic and related materials exhibit similar
mechanical properties to those of human enamel [9-15]. These
results suggest that the DN (or PICN) structural composite
would be suitable for mimicking human enamel, at least in
terms of its mechanical properties. Although DN structures
can be further sub-divided based on the complex scale of the
ceramics and polymers, they are limited in terms of struc-
tural types to the micrometer scale. Therefore, no reports on
the enamel bio-mimic mechanical properties of DN composite
materials at the nanoscale have been published.

This study aims to prepare a novel organic-inorganic com-
posite with DN structure at the nanoscale (Fig. 1) to mimic
the mechanical properties of human enamel. To achieve the
ideal goal, a novel preparation process was first developed, as
described in Fig. 2. Silica (SiO,) and poly(methyl methacrylate)
(PMMA) were chosen as the inorganic and organic compo-

ica SiCh-PMMA

MMA :;Ztranon Composite

polymerization

Fig. 2 - Flow chart of the preparation process of the SiO,-PMMA composite via porous silica and PMMA infiltration.

Fig. 3 - FE-SEM images of the porous silica blocks obtained by sintering the SiO,-PVA green body at 1130 °C for (a) 1 min, (b)

4h, and (c) Sh. The scale bar indicates 300 nm.
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Fig. 4 — (a) BET surface area, (b) total pore volume, and (c)
pore size distributions of the porous silica blocks obtained
by nitrogen sorption measurements via the BJH method
using a porosimeter. The porous silica blocks were
fabricated by thermal debinding the SiO,-PVA green body
at 600 °C followed by sintering at 1130 °C for a given time.

nents of the composite, respectively. To demonstrate the
bio-mimicking mechanical properties of the novel SiO,-PMMA
composite, we evaluated the hardness and elastic modulus
of the prepared composite and addressed the possibility for
mimicking human enamel.

2. Material and methods
2.1. Preparation of the SiO,—~PMMA composite

Fig. 2 shows a simple overview of the preparation proce-
dure of the SiO,-PMMA composite. First, the SiO,-poly(vinyl
alcohol) (PVA) green body was prepared, then debinded and
sintered to form a porous silica block. Subsequently, liquid
methyl methacrylate (MMA) was infiltrated into the porous
silica block, followed by thermal polymerization, to obtain the
Si0,-PMMA composite.

Six grams of fumed silica nanoparticles with a mean diam-
eter of 7nm (Aerosil 300, Nippon Aerosil, Japan) was added to
54 g of purified water at pH 3 and dispersed under ultrasoni-
cation for 1h. Meanwhile, 11.4 g of a 10 wt% PVA solution was
obtained by dissolving a PVA powder (Wako Pure Chemical,
Japan) in purified water. The prepared SiO, suspension and
PVA solution were mixed using a magnetic stirrer at 30°C for
24, resultingin a SiO,-PVA slurry. The slurry was then poured
into a Teflon container and dried in an oven at 30 °C for 7 days.
Consequently, a solid-state monolithic SiO,—PVA green body
was obtained.

Thermal debinding of the fabricated SiO,-PVA green body
was performed in an electric furnace at 600°C for 3h in air;
this process combusts the PVA binder in the green body. By
following this debinding process, the green body was sintered
to form a porous silica block at 1130°C in air for a given time
(Imin, 1h,2h,3h,4h, or5h). The detailed fabrication process
for the SiO,-PVA green body and silica blocks is described in
previous reports [16,17].

The resulting porous silica block was immersed in MMA
(Wako Pure Chemical, Japan) dissolved with 0.5wt% benzoyl
peroxide (BPO, Alfa Aesar, USA) at room temperature. The
infiltration behavior of the MMA into the porous silica block
was monitored by the naked eye because the appearance of
the block was changed from opaque to transparent follow-
ing MMA impregnation. After immersion for 24h, the MMA
infiltrated block looked transparent. Prior to thermal poly-
merization, the MMA infiltrated block was removed from the
BPO-containing MMA solution and immersed in another MMA
solution without BPO. Thermal polymerization of the MMA
infiltrated block was performed at 60°C while immersed in
the MMA solution. In this “inside-out polymerization pro-
cess,” the MMA infiltrated into the silica was polymerized
gradually from the inside to the outside because the BPO
concentration in the MMA decreased from the inside to the
outside of the composite. This BPO concentration gradient
resulted from the immersion of the MMA-infiltrated silica in
BPO-free MMA solution. During polymerization, the surround-
ing MMA gradually infiltrated the composite in accordance
with polymerization shrinkage. As a result, pore generation
owing to polymerization shrinkage could be moderated and
a dense composite was obtained. After adequate polymeriza-
tion time, excess PMMA on the sample surface was removed by
mechanically polishing or cutting. Note that no silane treat-
ment was performed to prepare the composite. Finally, the
transparent SiO,-PMMA composite block was obtained, as
shown in Fig. 2.
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Fig. 5 - FE-SEM images of the SiO,-PMMA composites obtained from the porous silica blocks sintered at 1130 °C for (a)

1min, (b) 4h, and (c) 5h. The scale bar indicates 300 nm.

2.2.  Characterization of the SiO,—~PMMA composite

To identify the complex structure of the prepared samples,
both the silica block and SiO,-PMMA composite were eval-
uated as follows. The morphologies of the silica block and
Si0,-PMMA composite were observed by field emission scan-
ning electron microscopy (FE-SEM, JSM-6340F, JEOL, Japan).
The surface area and pore size distribution of the samples
were calculated using the Brunauer-Emmett-Teller (BET)
method [18] and the Barrett-Joyner-Halenda (BJH) method
[19], respectively, using nitrogen adsorption-desorption
isotherms obtained using a nitrogen sorption porosimeter
(QuadraSorb SI, Quantachrome Instruments, USA). The total
pore volume of the samples was also obtained from the
isotherms.

The degree of conversion (DC) of C=C bonds in PMMA of
the SiO,-PMMA composite was determined using a Fourier
transform infrared (FT-IR) spectrometer (FT/IR-6300, Jasco,
Japan) with a diffuse reflectance apparatus. Two characteristic
bands 1637 cm~! (stretching of methyl methacrylate C=C) and
1720 cm~! (stretching of carbonyl group C=0) were used to cal-
culate the DC of polymerization [20]. The ratios of absorbance
intensities were calculated before and after polymerization
using the following equation:

o [A(C=C)/A(C=O)] olymer
DC (%) = ( A= C/AC=0) Poy > x 100

]monomer

where A(C=C) is the absorbance intensity of the methyl
methacrylate peak and A(C=0) is the absorbance intensity of
the internal standard peak. All measurements were performed
eight times.

The elastic modulus and flexural strength of the pre-
pared samples were determined by a three-point bending
test according to ISO 10477: 2004. Each SiO,-PMMA composite
was cut into a bar shape 25x2 x2mm in size using a dia-
mond wheel saw and polished using emery papers. The bar
specimens (n=8) were loaded until fracture using a mechan-
ical testing device (AGS-H, Shimadzu Corp., Tokyo, Japan)
at crosshead speed of 1mm/min with a three-point bend-
ing setup (20-mm supporting span). The fractured specimens
after the flexural strength measurements were subjected to
a Vickers hardness measurement. The Vickers hardness (Hv)
of the Si0O,—~PMMA composite was examined using a hardness
tester (HMV-G21ST, Shimadzu, Japan) with an applied load of

1.96N for 15s. The measurements were performed in tripli-
cated on each specimen (total n =24 for obtaining each value).

The amount of inorganic filler in the SiO,-PMMA compos-
ite was determined by a calcination method as follows. Each
hardness-tested-specimen was weighed using an electric bal-
ance. Subsequently, the specimens were heat-treated at 700 °C
for 5h in air to burn the organic matter (PMMA). After the
heat-treatment, the weight of residue was measured and the
inorganic content was calculated from the difference between
the specimen weights before and after heat-treatment (n=_8).
In this study, it was assumed that the obtained inorganic con-
tent was equal to that of SiO,.

2.3.  Statistical analysis

The results were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey multiple comparison test, using
statistical software EZR (Saitama Medical Center, Japan) [21].
The significance level was set at 0.05 for all analyses.

Weibull analysis was carried out for the results of flexural
strength by using statistical software Minitab 18 (Minitab Inc,
USA). The Weibull distribution is given by following equation

Inln

o mlno — mln
1P o lofs)
n-05
N
where o is the flexural strength, m is Weibull modulus, o is
the characteristic strength, Py is the failure probability, nis the
ranking, and N is the total number of test samples.

Ph=

3. Results
3.1. Nanostructure of the SiO,-PMMA composite

The nanostructure of the porous silica blocks was exam-
ined using FE-SEM and the results are shown in Fig. 3. For
the sample shown in Fig. 3(a), it was confirmed that the sil-
ica nanoparticles were linked to each other and formed a
silica-skeleton network several tens of nanometers in size. In
addition, interspaces within the silica skeleton network can be
seen. In Fig. 3(b) for the sample obtained after sintering for 4 h,
a porous structure was also observed. Compared to the porous
structures shown in Fig. 3(a) and (b), the silica skeleton size for
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Fig. 6 - (a) BET surface area, (b) total pore volume, and (c)
pore size distributions of the Si0,-PMMA composites
obtained by nitrogen sorption measurements via the BJH
method using a porosimeter. The SiO,-PMMA composites
were fabricated using the porous silica blocks sintered at
1130°C for (a) 1 min, (b) 4h, and (c) 5h.

the 4h sintered silica (Fig. 3(a)) is larger than that of the 1min
sintered silica (Fig. 3(b)). On the other hand, for the silica block
obtained by sintering for 5h, interspaces between the silica
skeleton were diminished and a denser structure was formed.

The interspaces within the silica-skeleton network of
the silica blocks were further examined by nitrogen
adsorption-desorption isotherm measurements and the

results are shown in Fig. 4(a)-(c) for the BET surface areas, total
pore volume, and pore size distribution, respectively. The BET
surface area (Fig. 4(a)) and total pore volume (Fig. 4(b)) of the
silica blocks decreased with increasing sintering time. Fig. 4(c)
shows that the pores sizes for all samples are distributed from
approximately 10-20 nm, with no pore larger than 40nm. The
intensities of the distribution peak of the silica blocks decrease
with increasing sintering time. These results indicate that the
silica blocks exhibit opened and continuous nanosized pores,
and their porosity is changed by sintering time.

Fig. 5 shows the FE-SEM images of the Si0,—PMMA compos-
ite prepared by MMA infiltration into the porous silica block
followed by thermal polymerization. In contrast to the struc-
ture of the silica blocks, the Si0,-PMMA composite, as shown
in Fig. 5(a) and (b), formed a dense structure without appar-
ent pores; although a mixture of silica skeleton and infiltrated
PMMA structures was observed. Meanwhile, Fig. 5(c) shows
that a glassy structure was observed in the prepared sample.

Fig. 6 shows the BET surface areas, total pore volume,
and pore size distribution of the SiO,-PMMA composites. As
shown in Fig. 6(a) and (b), the values of the BET surface
area and total pore volume are almost zero for all examined
Si0,-PMMA composites. In addition, the pore size distribu-
tions shown in Fig. 6(c) indicate that no pores were detected
over the examined range.

The SiO, content of the SiO,-PMMA composite as a func-
tion of sintering time determined by the combustion method
is given at Table 1. The SiO, content increased with increasing
sintering time from 46 to 100 wt%.

The results for DC of PMMA of SiO,-PMMA composites
are listed in Table 1. The DC values were independent of
the sintering time and SiO, content. The DC values of the
composites were ca. 73-77, which are lower than those of
PMMA-based resins prepared by thermal polymerization (ca.
90-97%) [22,23], but higher than those of light-cured resins (ca.
50-70%) [20,24,25].

3.2.  Mechanical properties of the SiO,-PMMA
composite

The results of multiple comparisons of the mechanical prop-
erties of each composite are shown in Table 1. The Vickers
hardness and flexural strength tend to increase with SiO,
content. The Vickers hardness value of the composite was
sensitive to the SiO, content and increased with increas-
ing SiOy, ranging from 54 to 756. The elastic modulus also
increased with increasing SiO, content from 7 to 54 GPa and
the strength increased slightly with SiO; content in the range
of 75-120 MPa. Table 2 shows the results of Weibull analysis of
the flexural strength of composites. A high Weibull modulus
suggests the homogeneity of the blocks. The Weibull modu-
lus values of the SiO,-PMMA composites are ca. 6-12. These
values are close to those of other polymer-infiltrated ceramics
(m=5-12) [7].

4, Discussion

The complex structure of the SiO,-PMMA composite can be
explained as follows, based on the evaluation of the porous
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Table 1 - Mean values (standard deviation) of degree of conversion, SiO, content, and mechanical properties for the

Si0,-PMMA composites.

Sintering SiO, content Degree of Vickers Elastic Flexural
conditions (Wt%) conversion hardness (-) modulus strength
for porous (%) (GPa) (MPa)

silica

1130°C, 1 min 46.0 (0.5) a 76.8 (1.9) 54.2 (2.8) a 6.9 (0.8) a 74.4 (9.3) a
1130°C, 1h 714 (1.2) b 75.1 (2.5) 157.3 (8.2) b 20.5 (0.9) b 84.6 (10.2) ab
1130°C, 2h 82.7 (2.1) 72.8 (3.2) 243.6 (48.9) ¢ 26.4 (3.7) 85.3 (12.2) ab
1130°C, 3h 83.9 (2.7) 74.5 (3.3) 317.7 (53.6) d 26.2 (2.8) 93.3(12.9) b
1130°C, 4h 85.8 (1.9) 73.0 (3.3) 396.5 (76.7) e 27.8(3.2) c 92.3 (8.4) b
1130°C, 5h 100 (0.2) d = 756.8 (73.0) f 53.5(3.0) d 119.2 (10.2)

Different letters represent a significant difference between the groups (p<0.05). n=8 for degree of conversion, SiO, content, elastic modulus
and flexural strength. n=24 for Vickers hardness.

Table 2 — Weibull analysis of the flexural strength of the SiO,-PMMA composites.

Sintering Weibull 95% CI of m Characteristic 95% CI of Sp
conditions modulus, m ) strength, So (MPa)

for porous ) (MPa)

silica

1130°C, 1 min 8.6 5.0-14.5 78.6 a 72.2-85.7
1130°C, 1h 9.6 5.7-16.2 89.0a 82.4-96.1
1130°C, 2h 6.5 4.0-10.6 90.9 ab 81.2-101.7
1130°C, 3h 8.5 4.9-14.6 98.9b 90.7-107.9
1130°C, 4h 12.0 7.1-20.3 96.1b 90.4-102.1
1130°C, 5h 11.7 7.1-19.3 124.0c 116.4-132.1

Different letters represent a significant difference between the groups.

CI; confidence interval.

silica blocks and SiO,-PMMA composites. Figs. 3 and 4 show
that the silica blocks exhibited the porous structure with sil-
ica skeleton networks on the order of tens of nanometers.
Considering the SiO; nanoparticles used as a starting mate-
rial were 7 nm in size, the skeleton network of porous silica is
likely composed of consolidated sintered nanoparticles. Com-
paring the silica skeleton sizes between samples in Fig. 3(a)
and (b), the silica skeleton grew larger with increasing sin-
tering time. In contrast to the porous structure of the silica
block, the SiO,-PMMA composite exhibited a dense struc-
ture without nanosized pores, as shown in Figs. 5 and 6.
This suggests that the PMMA filled in the continuous nano-
sized pores. This can also be judged from the appearance
of the prepared SiO,-PMMA composite. As indicated in the
photograph of the SiO,-PMMA composite shown in Fig. 2,
the SiO,-PMMA composite was transparent, while the porous
silica block was opaque. Generally, the optical transparency
of an organic-inorganic composite is affected by the differ-
ence in refractive indices between the organic and inorganic
components. For the porous silica block, the difference of
the refractive indices between silica (n=1.46) and air (n=1)
is relatively high. This mismatch leads to light scattering
at the interface, making the silica block appear opaque. For
the SiO,-PMMA composite, the difference in the refractive
indices between the silica (n =1.46) and PMMA (n =1.49) is rel-
atively low, resulting in low light scattering at the interface
if the PMMA fills the pores of the silica block. Therefore, the
Si0,-PMMA composite was optically transparent which indi-
cates that it possessed nanosized structure composed of an
infiltrated PMMA network and silica skeleton network with
sintered nanoparticles. Thus, the structure of the SiO,-PMMA

Table 3 - Vickers hardness and elastic modulus of the

prepared SiO,-PMMA composite, human enamel [26],
and human dentin [26].

Vickers hardness (-) Elastic modulus (GPa)

54-756 7-54
ca. 40-100
ca. 10-30

SiO,-PMMA
Human enamel ca. 300-500
Human dentin ca. 50-100

composite should be classified as having DN structure (PICN
structure) at the nanoscale, as shown in Fig. 1.

The mechanical properties (Vickers hardness, elastic mod-
ulus, and flexural strength) of the Si0O,-PMMA composite were
dependent on the SiO, content, as shown in Table 1. The
SiO, content in the SiO,-PMMA composite can be controlled
by adjusting the sintering time of the porous silica block.
Meanwhile, there are no differences between the DC values
of the composite, as listed in Table 1. Thus, the mechanical
properties of the SiO,—~PMMA composite can be controlled by
changing the sintering time of the porous silica block and the
SiO, content.

The prepared SiO,-PMMA composite with DN structure
at the nanoscale can provide mechanical compatibility with
human enamel and dentin. As listed in Table 3, the Vickers
hardness and elastic modulus of the fabricated SiO,-PMMA
composite were compared to those of human enamel. The
mechanical properties of real human enamel vary over a
wide range [26]. Similarly, the mechanical properties of the
SiO,-PMMA composite can be significantly varied by chang-
ing the SiO, content, as mentioned above. For instance, the
Si0,-PMMA composite with 46 wt% SiO, exhibited a Vickers
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hardness of 54 and elastic modulus of 7 GPa, which correspond
to the values of human dentin. At 86 wt% SiO,, the Vickers
hardness and elastic modulus are 397 and 28 GPa, respectively.
This Vickers hardness value is comparable to that of human
enamel, while the elastic modulus value is slightly less than
that of enamel. Thus, this SiO,—-PMMA composite was compat-
ible with enamel in terms of hardness and with hard dentin
with respect to elastic modulus. The sample composed of
almost 100 wt% SiO, showed a Vickers hardness of 757, higher
than that of enamel, and an elastic modulus of 54 GPa, which
is comparable to that of enamel.

In summary, it was demonstrated that the SiO,-PMMA
composite with a dual-network structure at the nanoscale
exhibited mechanical compatibility with human enamel in
terms of the hardness. However, its elastic modulus was
slightly less than that of human enamel. In future stud-
ies, the elastic modulus of the composite should be able
to reach to that of human enamel by substituting silica
with high-modulus ceramics such as alumina or zirconia.
The organic-inorganic composite with the nanoscale dual-
network structure has potential applications for mimicking
human enamel and dentin.

5. Conclusions

The novel SiO,-PMMA composite with a dual-network struc-
ture at the nanoscale was successfully prepared via MMA
infiltration into a pre-sintered porous silica block followed
by thermal polymerization to form PMMA. The mechani-
cal properties of the composite were affected by the SiO,
content, which can be controlled by changing the sintering
time of the porous silica block. By optimizing the preparation
conditions, the SiO,-PMMA composite achieved compatible
hardness with that of human enamel and an elastic modulus
similar to that of human dentin.
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