
����������
�������

Citation: Ikeda, H.; Kawajiri, Y.;

Sodeyama, M.K.; Yano, H.T.;

Nagamatsu, Y.; Masaki, C.;

Hosokawa, R.; Shimizu, H. A

SiO2/pHEMA-Based

Polymer-Infiltrated Ceramic Network

Composite for Dental Restorative

Materials. J. Compos. Sci. 2022, 6, 17.

https://doi.org/10.3390/jcs6010017

Academic Editor: Francesco

Tornabene

Received: 19 December 2021

Accepted: 4 January 2022

Published: 5 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

A SiO2/pHEMA-Based Polymer-Infiltrated Ceramic Network
Composite for Dental Restorative Materials
Hiroshi Ikeda 1,* , Yohei Kawajiri 1,2, Minako Kibune Sodeyama 1,2, Haruka Takesue Yano 1,2, Yuki Nagamatsu 1,
Chihiro Masaki 2, Ryuji Hosokawa 2 and Hiroshi Shimizu 1

1 Division of Biomaterials, Department of Oral Functions, Kyushu Dental University, Fukuoka 803-8580, Japan;
r16kawajiri@fa.kyu-dent.ac.jp (Y.K.); mnk.sodeyama613@gmail.com (M.K.S.);
r21yano@fa.kyu-dent.ac.jp (H.T.Y.); yuki-naga@kyu-dent.ac.jp (Y.N.); r14shimizu@fa.kyu-dent.ac.jp (H.S.)

2 Division of Oral Reconstruction and Rehabilitation, Department of Oral Functions, Kyushu Dental University,
Fukuoka 803-8580, Japan; masaki@kyu-dent.ac.jp (C.M.); hosokawa@kyu-dent.ac.jp (R.H.)

* Correspondence: r16ikeda@fa.kyu-dent.ac.jp; Tel.: +81-93-582-1131; Fax: +81-93-592-1699

Abstract: SiO2-poly(2-hydroxyethyl methacrylate) (pHEMA)-based composites have been widely
used as biomaterials owing to their biocompatibility. However, they have not yet been applied
as tooth restorative materials because of their poor mechanical properties. In the present paper,
we develop a novel SiO2/pHEMA-based composite with a polymer-infiltrated network (PICN)
structure for use in dental restorative materials. A mixture of SiO2 nanoparticles and a poly(vinyl
alcohol) binder was sintered at 950 ◦C to fabricate a porous SiO2 block. A monomer mixture
containing 70 wt%-HEMA/30 wt%-ethylene glycol dimethacrylate and a benzoyl peroxide initiator
was infiltrated into the porous SiO2 block and heat-polymerized to fabricate the SiO2/pHEMA-based
composite with a PICN structure. The composite was characterized according to its mechanical
properties, surface free energy, and bonding properties with a dental adhesive. The flexural strength
was 112.5 ± 18.7 MPa, the flexural modulus was 13.6 ± 3.4 GPa, and the Vickers hardness was
168.2 ± 16.1, which are similar values to human teeth. The surface free energy of the polar component
of the composite was 19.6 ± 2.5 mN/m, suggesting that this composite has an active surface for
bonding with the adhesive. The composite bonded well to the adhesive, in the presence of a silane
coupling agent. The SiO2/pHEMA-based composite was demonstrated to be a potential candidate
for dental restorative materials.

Keywords: dental material; restorative material; biocompatible; PICN; silica; HEMA

1. Introduction

Biomimetic concepts have been widely adapted for the development of advanced
biomaterials that imitate the biological functions, mechanical properties, or tissue mor-
phologies of natural life forms [1]. For example, many studies have focused on developing
biomaterials that mimic the hard tissues of enamel and dentin for tooth restoration, wherein
a mechanical compatibility with teeth is one of the most important properties of a tooth
restorative material. In contemporary dental restorative materials, polymer-infiltrated
ceramic network (PICN) composites are the closest materials to human teeth (enamel and
dentin) in terms of their mechanical properties, such as their hardness and elasticity [2,3].
A PICN composite consists of dual network structures of a ceramic skeleton and a polymer
(resin) that infiltrates into the continuous pores of the ceramic [2,4,5]. This microstructure
differs significantly from a conventional dispersed-filler (DF) composite, which consists of
ceramic particles dispersed in a polymer matrix. Owing to the unique PICN structure, the
mechanical properties of PICN composites, such as their hardness and elastic modulus, are
superior to those of DF composites and are relatively close to those of enamel. The excellent
mechanical compatibility of the PICN composite allows its application as a restorative
material for dental inlays, onlays, and crowns [6,7]. PICN composites have also been
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studied with the aim of improving their mechanical properties through focusing on their
microstructures, especially the ceramic skeleton. As a result, silica (SiO2)-based [8–10],
aluminosilicate-based [11,12], and zirconia-based [13,14] composites have been developed.
Among the previously reported PICN composites, the SiO2-based PICN composites con-
sisting of appropriate polymers, such as SiO2/PMMA [8], SiO2/pTEGDMA [10], and
silica/pUDMA [9], are similar to enamel in terms of their hardness, and comparable to
dentin in the context of the elastic modulus. Hence, SiO2-based PICN composites are
expected to be applied as restorative materials for teeth.

Poly(2-hydroxyethyl methacrylate) (pHEMA) is a hydrophilic polymer that is fre-
quently used in biomaterials [15,16]. SiO2/pHEMA-based composites have also been
developed for use in biomaterials owing to their superior biocompatibility compared to
pHEMA alone [17–19]. In terms of dental applications, pHEMA has been frequently used in
dental adhesives, such as resin cements [20,21]. However, SiO2/pHEMA composites have
yet to be established for application in tooth restorative materials, such as dental crowns. As
previously reported, the DF composites composed of SiO2/pHEMA exhibit water-swelling
properties [19], which result in a soft-gel behavior in an aqueous environment, and prevent
the use of SiO2/pHEMA-based composites in the mouth, since tooth restorative materials
must be rigid. In contrast, PICN structural composites tend to be rigid due to the ceramic
skeleton present in their structure. However, SiO2/pHEMA-based composites with PICN
structures have yet to be reported.

Thus, the aim of this study is to develop a novel PICN composite composed of
SiO2/pHEMA for application as a tooth restorative material. Initially, the composite is
prepared via the sol–gel method, followed by sintering and polymer infiltration processes.
In the infiltration process, the sintered porous SiO2 monolith was immersed into the
appropriate liquid monomer mixture, followed by heat polymerization. The obtained
composite was then characterized according to its mechanical properties and bonding
properties, to demonstrate the possibility of its application in tooth restorative materials.

2. Materials and Methods
2.1. Materials

The reagents used for the preparation of the SiO2/pHEMA-based composites are
listed in Table 1.

Table 1. Reagents used to prepare the SiO2/pHEMA-based composite.

Acronym Material Type Regent Name
(Product Name) Purity (%) Product Company

SiO2 Ceramic
Silica

nanoparticles
(Aerosil® 300)

99.8
NIPPON AEROSIL
CO., LTD., Tokyo,

Japan

PVA Binder Poly(vinyl
alcohol) 78–82 *

FUJIFILM Wako Pure
Chemical Corp.,

Tokyo, Japan

HEMA Monomer 2-hydroxyethyl
methacrylate 95.0

FUJIFILM Wako Pure
Chemical Corp.,

Osaka, Japan

EGDMA Cross-linker Ethylene glycol
dimethacrylate 97

Tokyo Chemical
Industry Co., Ltd.,

Tokyo, Japan

BPO Initiator Benzoyl
peroxide 97.0 Alfa Aesar, Haverhill,

MA, USA
* Saponification degree.

2.2. Preparation of the SiO2/pHEMA-Based Composite

The SiO2/pHEMA composite was prepared using a modification of our previously
reported procedure, for the preparation of a SiO2/PMMA composite with a PICN struc-
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ture [8]. More specifically, SiO2 nanoparticles (6 g) with 7 nm of mean diameter were
added to purified water (54 g) at pH 3 and dispersed under ultrasonication for 1 h. In
addition, a 10 wt% poly(vinyl alcohol) (PVA) solution (11.4 g) was obtained by dissolving
PVA powder in purified water. The prepared SiO2 suspension and PVA solution were then
mixed, and a 4 wt% aqueous solution of Na2B4O5(OH)4·8H2O (1 mL) was added under
magnetic stirring at 30 ◦C for 24 h to obtain a SiO2–PVA slurry. This slurry was then poured
into a Teflon container and dried in an oven at 30 ◦C for 7 d. Consequently, a solid-state
monolithic SiO2-PVA green body was obtained. Thermal debinding of the green body
was performed in an electric furnace at 600 ◦C for 3 h under air, followed by sintering at
950 ◦C to form a porous silica block. The resulting porous silica block was immersed in
a liquid monomer mixture (30 wt% HEMA and 70 wt% ethylene glycol dimethacrylate
(EGDMA) and 0.5 wt% benzoyl peroxide (BPO)) for 1 d at 25 ◦C. Thermal polymerization
of the monomer mixture-infiltrated block was performed at 60 ◦C for 2 d, followed by
treatment at 80 ◦C for 1 d to give the desired SiO2/pHEMA-based composite.

2.3. Structural Characterization

The prepared SiO2/pHEMA-based composite was analyzed by Fourier transform
infrared (FT-IR) spectroscopy, using a spectrometer (IRSpirit, Shimadzu Corp., Kyoto,
Japan) equipped with an attenuated total reflection (ATR) unit.

2.4. SEM Observation

The microstructure of the filler was observed using a field emission scanning elec-
tron microscopy (FE-SEM; S-4300, Hitachi High-Tech Corp., Tokyo, Japan). Prior to the
observation, the sample was coated with platinum via a sputtering.

2.5. Mechanical Properties

The prepared SiO2/pHEMA-based composite was cut and polished using emery
papers up to #2000 to fabricate bar-shaped samples (width = 4 mm, length = 14 mm,
thickness = 1.2 mm). The flexural strength and modulus of each bar sample was measured
using a universal testing machine (AGS-H, Shimadzu Corp., Kyoto, Japan), according to
the three-point bending test procedure given in the ISO standard [22]. A support span of
12 mm and a crosshead speed of 1 mm/min were used. After the 3-point bending test, the
fractured sample was used for the Vickers hardness test, which was carried out using a
hardness tester (HMV-G21ST, Shimadzu Corp., Japan) with a load of 200 g and a dwell
time of 15 s. Ten samples were used for each mechanical test (n = 10).

2.6. Surface Characterization

The surface of the prepared SiO2/pHEMA-based composite was characterized ac-
cording to its surface free energy (SFE) via contact angle measurements, as described in a
previous study [23]. More specifically, the contact angles of two test liquids (distilled water
and diiodomethane) were measured using a contact angle meter (DMe-211, Kyowa Inter-
face Science Co., Ltd., Saitama, Japan). The surface free energies, dispersive components
(γd), polar components (γp), and total surface free energies (γtotal), were calculated from
the measured contact angles using the Owens–Wendt theory [24]. Ten samples were used
in the test (n = 10).

2.7. Shear Bond Strength

The shear bond strength between the prepared SiO2/pHEMA-based composite and
the commercial dental adhesive was measured according to a previously reported proce-
dure [23]. The composite was cut into a disk shape (diameter = 10 mm, thickness = 1.5 mm)
and polished using emery papers up to #1000. A commercial silane primer (Porcelain
primer, SHOFU Inc., Kyoto, Japan) containing a silane coupling agent was applied to the
sample surface. Subsequently, resin cement (Resicem, SHOFU Inc., Japan) was loaded onto
the sample surface and light-cured using a light irradiator for 5 min. After this time, the
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cement-cured sample was held under ambient conditions for 60 min and then stored in
distilled water at 37 ◦C for 24 h. The shear bond strength (SBS) tests were conducted using
the universal testing machine at a crosshead speed of 1.0 mm/min with a blade-shaped
loading device. After SBS testing, the debonded surface was observed using an optical
microscope to classify the failure modes as one of three types: adhesive failure at the
adhesive–sample interface, cohesive failure within the sample, or mixed adhesive and
cohesive failure.

3. Results and Discussion

In the practical application of dental materials, tooth restorative materials, such as
dental crowns, are milled from a block-shaped material using a computer-aided design/
computer-aided manufacturing (CAD/CAM) milling system. Hence, the composite should
ideally possess a block shape. To satisfy this requirement, we carried out a preliminary
experiment to fabricate monolithic blocks of the SiO2/pHEMA composites. In the first
preliminary experiment, the sintering temperature of the green body was optimized using
temperatures of 750, 850, 950, and 1050 ◦C, wherein a monolithic block was successfully
obtained at a sintering temperature of 950 ◦C. In contrast, a lack of pores was observed for
the samples prepared at other sintering temperatures, and, in many cases, crack formation
also took place. Subsequently, we optimized the composition of the infiltration monomer
by changing the mixture ratio of HEMA to EGDMA. In the case of 100 wt% HEMA without
the EGDMA cross-linker, the infiltration monomer was not polymerized under the present
heat-polymerization conditions. Indeed, this was achieved only in the presence of EGDMA,
wherein the optimal composition to obtain a cured monomer-infiltrated sample was found
to be 70 wt%-HEMA + 30 wt%-EGDMA.

The FT-IR spectrum of the SiO2/pHEMA-based composite is shown in Figure 1,
wherein characteristic peaks can be observed at ~800 and 1020 cm−1, which were as-
signed to the Si–O–Si symmetric and asymmetric vibrations of SiO2 [25,26]. In addition,
the peaks at ~1720 and 2950 cm−1 were assigned to the C = O and C–H stretching vi-
brations in the ester compounds of pHEMA and pEGDMA [27,28]. Furthermore, the
broad peak at ~3400 cm−1 was assigned to the O–H stretching vibration of the compos-
ite. This result clearly indicates that the prepared composite was composed of SiO2 and
copoly(HEMA/EGDMA).

Figure 1. FT-IR spectrum of the SiO2/pHEMA-based composite. The arrows in the figure show the
composite assignments.

The microstructure of the SiO2/pHEMA-based composite is shown in Figure 2. The
composite has the PICN structure, composed of a SiO2 skeleton and pHEMA-based resin
inside the pores of the skeleton, which forms a nanoscale dual network structure.
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Figure 2. SEM image of the SiO2/pHEMA-based composite.

The mechanical properties, flexural strength, elastic modulus (flexural modulus), and
hardness are the most important properties of a tooth restorative material. Thus, the me-
chanical properties of the SiO2/pHEMA-based composite were examined and are listed
in Table 2. More specifically, it was found that the flexural strength of the composite
(112.5 MPa) was relatively close to that of human dentin (109–160 MPa) [29]. In addition,
the flexural (elastic) modulus of the composite (13.6 GPa) was closer to that of dentin
(ca.10–20 GPa) [30] rather than that of enamel (ca. 40–100 GPa) [30], while the Vickers
hardness value of the composite (168.2) was between those of enamel (~300–400) [30]
and dentin (~50–100) [30]. These results therefore indicate that the mechanical proper-
ties of the composite are similar to those of human teeth. Furthermore, the mechanical
properties of the composite meet the criteria for dental restorative materials based on the
ISO standard [31]. Hence, the SiO2/pHEMA-based composite has sufficient mechanical
properties for application as a tooth restorative material. The mechanical properties of
the SiO2/pHEMA-based composite are similar to those of a SiO2/PMMA-based PICN
composite, which contained a silica skeleton infiltrated with PMMA resin [8]. Considering
the microstructure, these PICN composites have different resin components, but the same
ceramic skeleton. Therefore, it is considered that the unique properties of the SiO2-based
PICN composite was affected by the microstructure of the ceramic skeleton.

Table 2. Mechanical properties of the SiO2/pHEMA-based composite given as mean values (with
standard deviations).

Flexural Strength, MPa Flexural Modulus, GPa Vickers Hardness

112.5 (18.7) 13.6 (3.4) 168.2 (16.1)

In the clinical treatment of tooth restorations, the dental crown is bonded onto the
abutment tooth of the patient using a dental adhesive, and so the dental restorative material
should exhibit a sufficient bonding capability to the dental adhesive. Thus, we evaluated
the bonding properties of the SiO2/pHEMA-based composite in terms of the SFE and
the bond strength. The SFE values of the composite are shown in Figure 3, wherein the
dispersive and polar components were 36.4 ± 0.9 and 19.6 ± 2.5 mN/m, respectively. The
value for the polar component is higher than that of a conventional dental composite with a
DF structure [23], and this unique surface characteristic has a positive effect on the bonding
properties of the composite, as can be seen in Figure 4. More specifically, the SBS (Figure 4a)
significantly increased when using the silane primer, as did the number of cohesive failures,
thereby indicating that the composite bonded strongly to the dental adhesive, and that the
silane coupling agent in the primer was suitable for combination with this composite and
resin cement. It was assumed that the silane coupling agent reacted with the silica skeleton
in the PICN structure. Indeed, similar results can be found in the bond characteristics
between a conventional PICN composite and an adhesive [23,32,33].
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Figure 3. Surface free energies of the SiO2/pHEMA-based composite obtained using the Owens–
Wendt theory.

Figure 4. Bonding properties of the SiO2/pHEMA-based composite. (a) Shear bond strengths
between the composite and the dental adhesive with/without the silane primer. (b) Sample failure
modes after shear bond strength testing.

Overall, these results indicate that we successfully developed a novel SiO2/pHEMA-
based composite with a good mechanical compatibility to teeth and a superior bonding
capability toward dental adhesive. Although SiO2/pHEMA-based composites have been
reported for DF composites [17,19,34–42], there have been no reports into the use of PICN
composites. Since the present SiO2/pHEMA-based composite has a PICN structure, the
mechanical properties of the present composite are superior to those of the conventional
DF composites. This advance provides the opportunity to apply the SiO2/pHEMA-based
composite on biomaterials for hard tissues, such as teeth and bones. This study is therefore
the first to report a SiO2/pHEMA-based composite, and our results demonstrate that
the prepared composite has the potential for application in dental restorative materials,
such as inlays, onlays, and crowns. However, further studies are required relating to the
biocompatibility of this material, such as its cytotoxicity, toward human gingiva. In addition,
the PICN composite has unique microstructure and properties, enabling its application in
industrial fields, such as environmentally friendly materials [43]. This possibility will be
further investigated in future works.

4. Conclusions

A polymer-infiltrated ceramic network composite composed of SiO2 and copoly(HEMA/
EGDMA) was successfully prepared. The flexural strength, flexural modulus, and Vickers
hardness of the composite were 112.5 ± 18.7 MPa, 13.6 ± 3.4 GPa, and 168.2 ± 16.1,
respectively. These mechanical properties of the composite were comparable to those of
human teeth and met the criteria for tooth restorative materials. The prepared composite
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bonded well to the dental adhesive, and it was demonstrated that this composite is a
potential candidate material for dental applications.
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