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Low-shrinkage resin-based photocurable liquid crystalline epoxy nanocomposite has been investigated
with regard to its application as a dental restoration material. The nanocomposite consists of an organic
matrix and an inorganic reinforcing filler. The organic matrix is made of liquid crystalline biphenyl epoxy
resin (BP), an epoxy resin consisting of cyclohexylmethyl-3,4-epoxycyclohexanecarboxylate (ECH), the
photoinitiator 4-octylphenyl phenyliodonium hexafluoroantimonate and the photosensitizer champhor-
quinone. The inorganic filler is silica nanoparticles (~70-100 nm). The nanoparticles were modified by an
epoxy silane of y-glycidoxypropyltrimethoxysilane to be compatible with the organic matrix and to
chemically bond with the organic matrix after photo curing. By incorporating the BP liquid crystalline
(LC) epoxy resin into conventional ECH epoxy resin, the nanocomposite has improved hardness, flexural
modulus, water absorption and coefficient of thermal expansion. Although the incorporation of silica fil-
ler may dilute the reinforcing effect of crystalline BP, a high silica filler content (~42 vol.%) was found to
increase the physical and chemical properties of the nanocomposite due to the formation of unique
microstructures. The microstructure of nanoparticle embedded layers was observed in the nanocompos-
ite using scanning and transmission electron microscopy. This unique microstructure indicates that the
crystalline BP and nanoparticles support each other and result in outstanding mechanical properties.
The crystalline BP in the LC epoxy resin-based nanocomposite was partially melted during exothermic
photopolymerization, and the resin expanded via an order-to-disorder transition. Thus, the post-gelation
shrinkage of the LC epoxy resin-based nanocomposite is greatly reduced, ~50.6% less than in commercial-
ized methacrylate resin-based composites. This LC epoxy nanocomposite demonstrates good physical
and chemical properties and good biocompatibility, comparable to commercialized composites. The
results indicate that this novel LC nanocomposite is worthy of development and has potential for further
applications in clinical dentistry.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Methacrylate resin-based dental restorative materials exhibit
intrinsic shrinkage problems resulting from the free volume reduc-
tion that occurs due to the linking of methacrylate monomer and
oligomer during photocuring. This free volume reduction is at the
nanometer scale (i.e. reduced entropy) and cannot be compensated
for by very small picometer-scale volume increases, such as those
that occur when carbon-carbon sigma bonds (154 pm) are formed

* Corresponding author at: Institute of Polymer Science and Engineering,
National Taiwan University, Taipei, Taiwan. Tel./fax: +886 2 3366 4078.
E-mail address: suwf@ntu.edu.tw (W.-F. Su).

from carbon-carbon double bonds (147 pm) during polymeriza-
tion. The contraction stress of shrinkage can lead to tooth structure
damage and the formation of internal gaps between restorative
materials and the original tooth structure [1-3]. Polymerization
shrinkage can be reduced using large molecule resins or other resin
types [4]. Special methacrylate monomers and oligomers have
been designed to reduce the polymerization shrinkage of restor-
ative resins [5-9]. Recently, liquid crystalline (LC) and crystalline
acrylates have been reported to reduce shrinkage. Photopolymer-
ization of methacrylate resins via visible light irradiation is an exo-
thermic reaction. The released heat melts the crystalline acrylate
and results in a disordered structure (order-to-disorder transition).
The volume expansion from this type of order-to-disorder
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transition compensates the free volume loss that arises from poly-
merization. Thus, effective shrinkage reduction is achieved using
crystalline or LC resin as one component of the organic matrix in
resin-based restorative composites [10-13].

LC resins are monomers and oligomers that contain rigid rod
segments (mesogens) on the main chain or side chain of the mole-
cule and form highly crystalline domains under certain conditions.
For instance, when thermotropic LC resin is heated to its LC state,
the ordered crystalline structure can be locked upon cooling. The
ordered structure can be further enhanced by electrical or magnetic
fields. Moreover, the crosslinking functionality of LC resins can
alignment the mesogen in a specific direction. High mechanical
strength, bonding strength and thermal conductivity have been
achieved by curing the LC resin under these conditions, due to for-
mation of a self-reinforcing crystalline structure [10,14-21].

LC epoxy resins have an additional advantage over LC methac-
rylate resins in that they reduce volume shrinkage. The ring-
opening polymerization of the epoxy resin frees its constrained
three-member ring structure, which results in a much larger free
volume increase compared to that from the curing of methacrylate
resin [22]. Thus, the overall volume shrinkage of epoxy resin is
much less than that of methacrylate resin after curing. Due to both
a high degree of conversion and low polymerization shrinkage,
epoxy resins have been investigated for application as dental
restorative materials [13,17,23-26]. The LC epoxy resin 4,4'-
bis(2,3-epoxypropoxy) biphenyl (BP), can be cured with various
curing agents, and shows good mechanical and thermal properties
after curing [17,18,21,27]. Accelerated curing kinetics are observed
when BP resin is reinforced with BP-grafted multi-walled carbon
nanotubes (MWCNT) and cured using diaminodiphenylsulfone,
due to the extremely high thermal conductivity of the MWCNT.
A dendriticcrystalline structure is formed during curing that re-
sults in a large improvement in the physical and chemical proper-
ties of the composite [28,29].

The purpose of this study is to develop low-shrinkage epoxy re-
sin-based nanocomposite using LC epoxy resin. By incorporating LC
epoxy resin into a conventional epoxy resin-based nanocomposite,
one could expect to observe extremely low shrinkage due to the
occurrence of low-shrinkage ring-opening polymerization and vol-
ume expansion from order-to-disorder transition during curing.
The physical and chemical properties of the nanocomposite could
also be improved by the crystalline character of the LC epoxy resin.

2. Materials and methods
2.1. Materials

The following chemicals were used as received from suppliers
without further purification to prepare nanocomposites: Snowtex-
ZL colloidal silica (40 wt.% solid content of 70-100 nm SiO;; Nissan
Chemical Industries, Ltd., Tokyo, Japan), 3,4-epoxycyclohexylmeth-
yl-(3,4-epoxy)cyclohexanecarboxylate (ECH, 90%; Aldrich Chemi-
cals, Milwaukee, USA), y-glycidoxypropyltrimethoxysilane (GPS,

Table 1
Composition of commercial resin-based dental restorative materials.

99%; Acros, Geel, Belgium), 4-octylphenyl phenyliodoniumhexaflu-
oroantimonate (OPIA, 99%; General Electric Co. New York, USA) and
champhorquinone (CQ, 97%; Aldrich Chemicals, Milwaukee, USA),
anhydrous methanol (99.95%; Mallinckrodt Chemicals, Chester-
field, UK) and anhydrous tetrahydrofuran (THF, 99.9%; Acros, Geel,
Belgium).

BP was synthesized according to our previously reported proce-
dure [17]. Four commercial resin-based dental restorative materi-
als, Estelite Sigma (shade A3; Tokuyama Dental, Tokyo, Japan),
Permisa (shade A3; Kerr Corporation, Orange, United States), Polo-
filSupera (shade A3; Voco, Cuxhaven, Germany) and Z350XT
(shade A3; 3 M ESPE, St. Paul, USA), are referred to as CMR1,
CMR2, CMR3 and CMR4, respectively. They were used to compare
resin-based nanocomposites and commercial dental restorative
materials. The overall weight percent of commercial resin-based
materials and their filler content was measured using a thermo-
gravimetric analyzer (Pyris 1 TGA, Perkin Elmer, USA). The results
are summarized in Table 1. Detailed sample preparation and the
testing conditions for the thermogravimetric analysis (TGA) are de-
scribed in Sections 2.4 and 2.5.2.

2.2. Preparation of the organic matrix: light-curable epoxy resins

In this study, we used “E-BPXX” to denote the formulations of a
series of light-curable epoxy resins. The first letter “E” refers to the
ECH epoxy resin, while “BP” represents the biphenyl liquid epoxy
resin. Finally, “XX” indicates the wt.% of BP in the resin mixture
of ECH and BP. For instance: E-BPO0O and E-BPO7 indicate a resin
system without BP and one with 7 wt.% BP as compared to neat re-
sin weight, respectively. All formulations in the series contain the
same amount of photoinitiating system (a mixture of 4.00 wt.% of
photoinitiator OPIA and 2.00 wt.% of photosensitizer CQ based on
the weight of the ECH/BP resin mixture). Five resin formulations
with varying amounts of LC epoxy resin were prepared, and their
compositions are summarized in Table 2. The actual weight per-
cent of each component was slightly lower than the number indi-
cated on the name of the sample because the formulation was
designed and prepared using a two-stage synthesis: the resin com-
position was prepared first and the photoinitiating system was
added later to give the final formulation.

To prepare each formulation, we weighed each component with
milligram accuracy, as shown in Table 2. First, BP resin was added to
ECH epoxy resin to make neat E-BP resin in an Al-foil = covered flask
that was shielded from visible light. The photoinitiator OPIA and the
photosensitizer CQ were added to the neat E-BP resin. Finally, the
photocurable E-BP resin was obtained by heating the mixtures to
100 °C in an oil bath and stirring for 1 h to ensure homogeneity.

2.3. Preparation of resin-based nanocomposites
E-BPXXZLYY is used to name the formulations prepared for two

series of resin-based nanocomposites in this study. The first five
letters, “E-BPXX”, represent the resin composition. The letters

Sample Composition” Inorganic filler™
name Type of resin Filler (wt.2)
CMR1 ~20 wt.% mixture of bis-GMA and TEGDMA 82 wt.% fillers of silica, zirconia and composite filler 68.33
CMR2 20-35 wt.% of TEGDMA Trimodal filler of prepolymerized filler, 0.4 um barium glass and 40 nm  72.89
nanoparticles
CMR3 ~25 wt.% mixture of bis-GMA and UDMA 76.5 wt.% fillers of 0.5-2 um micron filler and 50 nm nanoparticle 71.64
CMR4 ~20 wt.% mixture of bis-GMA, UDMA, PEGDMA, TEGDA, 78.5 wt.% nanocluster comprised of 20 nm silica and 4-11 nm zirconia 72.94
bis-EMA (6) nanoparticles

" According to the data sheet of commercial resins. Bis-GMA: bisphenol-A glycidyldimethacrylate; TEGDMA: triethylene glycol methacrylate; UDMA: urethane dimethac-
rylate; PEGDMA: polyethylene glycol dimethacrylate; Bis-EMA (6): ethoxylatedbisphenol-A dimethacrylate(bisphenol-A: ethylene glycol = 1: 6).

" As determined by thermogravimetric analysis.
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Table 2
Composition of various nanocomposite resins.

Sample name Composition (wt.%)

ECH BP OPIA cQ G-Si-NP
E-BPOO 94.34 0 3.77 1.89 0
E-BP05 89.62 4.72 3.77 1.89 0
E-BPO7 87.74 6.60 3.77 1.89 0
E-BP10 84.91 9.43 3.77 1.89 0
E-BP15 80.19 14.15 3.77 1.89 0
E-BP0O0ZL20 76.33 0 3.05 1.53 19.08
E-BP00ZL40 57.91 0 2.32 1.16 38.61
E-BP00ZL60 39.06 0 1.56 0.78 58.59
E-BP07ZL20 70.99 5.34 3.05 1.53 19.08
E-BP07ZL40 53.86 4.05 2.32 1.16 38.61
E-BP07ZL60 36.33 2.73 1.56 0.78 58.59

" ECH: conventional cyclohexylmethyl-3,4-epoxycyclohexanecarboxylate epoxy
resin; BP: LC biphenyl resin; OPIA: 4-octylphenyl phenyliodoniumhexafluoroan-
timonatephotoinitiator; CQ: champhorquinone photosensitizer; G-Si-NP: y-glyci-
doxypropyltrimethoxysilane modifiednanosilica.

“ZL” represent the type of SiO, nanoparticle, with 70-100 nm size
(Snowtex-ZL colloidal silica) used in the formulation. The last two
letters, “YY”, indicate the weight percent of SiO, in the nanocom-
posite. For example, E-BPO0ZL20 means the nanocomposite was
made from ECH epoxy resin without BP liquid epoxy resin and with
~20 wt.% SiO, nanoparticles. E-BP07ZL20 means the nanocompos-
ite was made from ECH epoxy resin with ~7 wt.% BP liquid epoxy
resin and ~20 wt.% SiO, nanoparticles.

Six formulations of resin-based nanocomposite were prepared;
their compositions are summarized in Table 2. To prepare each
nanocomposite, the surface of SiO, nanoparticles was modified
with GPS to make epoxy-functionalized silica nanoparticles [25],
which we called G-Si-NP. The modified SiO, (G-Si-NP) was mixed
with the above resin system to make a resin-based nanocomposite.
The GPS silane contains two functional groups: silane and an epoxy
oxirane ring. After reacting with SiO, nanoparticles, the silane
group reacts with the hydroxyl group of SiO, nanoparticles, but
its epoxy group remains unreacted. The GPS-modified SiO, can
render the SiO, compatible with the epoxy resin, and the epoxy
group can be linked with epoxy resin with chemical bonds after
curing. A detailed experimental procedure follows.

The Snowtex-ZL colloidal silica solution was centrifuged
(Eppendorf Centrifuge 5810) at 10,000 rpm for 20 min. After
centrifugation, the water-based solvent was decanted and
70-100 nm silica nanoparticles were redispersed in anhydrous
methanol. After repeating centrifugation and methanol washing
two more times, the pH of the colloidal silica/methanol solution
was adjusted to 4.5 using acetic acid to make an ~25 wt.% SiO,
colloidal methanol solution. The exact concentration of the SiO,
colloids was determined using TGA by heating the sample from
100 to 650 °C at 10 °C min~! under nitrogen.

G-Si-NP with a weight ratio of silica/GPS = 1/0.1 were prepared
by mixing a SiO, colloidal methanol solution and GPS in a flask
with stirring at 50 °C for 24 h. The exact amount of G-Si-NP in
the solution was determined using TGA. Each E-BPOOZL resin-
based nanocomposite was prepared according to the composition
listed in Table 2. We first weighed out each component (G-Si-NP
solution, ECH, OPIA and CQ) to milligram accuracy in a flask cov-
ered with aluminum foil. The mixture was stirred for 1 h at room
temperature and then the solvent in the mixture was removed un-
der vacuum (~10~2 mm Hg) for 4 h. Each BP epoxy resin that con-
tained E-BPO7ZL resin-based nanocomposite was prepared
according to the composition listed in Table 2. Again, the G-Si-
NP, ECH, OPIA and CQ were weighed and placed in a flask covered
with aluminum foil. The mixture was then stirred for 1 h followed
by solvent removal under vacuum (~10~> mm Hg) for 1 h to obtain

the part I mixture. The 7 wt.% BP epoxy resin, based on the total
weight of resin matrix (E-BP0O7 resin series), was dissolved in
THF to make an ~10 wt.% solution. The solution was poured into
the part I mixture and stirred for 1 h at room temperature to en-
sure homogeneity. The solvent in the final mixture was again re-
moved under vacuum (~10~2mm Hg) for 4h to obtain a
solvent-free resin-based nanocomposite. The determination of
the viscosity of the nanocomposite is described in the Supplemen-
tary information S1.

2.4. Preparation of cured composite samples

A disk sample, 5 mm (diameter) x 2 mm (thick), was prepared
by casting uncured resin-based nanocomposite in a stainless steel
mold covered with a glass slide and cured under visible light (hal-
ogen lamp, Optilux 501, Kerr Corporation) at 500 mW cm~2 inten-
sity for 40 s on both sides. A beam sample, 25 mm (length) x 1 mm
(width) x 1 mm (thickness), was prepared by casting resin in a
stainless steel mold covered with a glass slide. Because the beam
size of the visible light was ~6 mm in diameter, the whole length
of the sample was cured in five sections every 5 mm from left to
right along its length. Each section was cured for 40 s. Because
the physical and chemical properties of photocured resin-based
dental restorative material can be further improved by dark reac-
tions after curing [32], all samples were post-cured at 100 °C for
24 h. The post-cure procedure was adapted to simulate actual clin-
ical curing of photocured dental restorative material. The details of
the determination of curing depth and the post-cure condition are
described in the Supplementary information S2 and S3,
respectively.

2.5. Characterization of photocurable epoxy resins and resin-based
composites

2.5.1. Photocuring of resins

The photocuring of the epoxy resins was monitored by photo
differential scanning calorimetry (photo-DSC; Perkin Elmer Dia-
mond DSC equipped with a light source, OmniCure Series 2000).
The 3-5 mg epoxy resin sample filled an aluminum pan and the
heat of reaction with light irradiation at 25 °C was monitored un-
der an N, stream.

2.5.2. Thermal stability of resins and resin-based composites

The thermal stability of visible-light-cured E-BP epoxy resin
was probed using a Pyris 1 TGA thermogravimetric analyzer. The
thermal stability is expressed by the decomposition temperature
at 5 wt.% loss of sample. The powder samples for the TGA test were
prepared from cured disk samples by breaking them with a ham-
mer and grinding into a finer powder using an alumina mortar
and pestle. A 7-10 mg sample of ground powder was weighed in
a platinum pan and the sample was heated from 100 to 650 °C at
10 °C min~! under nitrogen (n =1 for each composite).

The dimensional stability of cured samples was monitored by
probing the coefficient of thermal expansion (CTE) using a thermo-
mechanical analyzer with a standard expansion quartz probe (TA
Instruments Q400, USA) (n =1 for each composite). A disk sample
was tested from —10 to 110 °C at a heating rate of 5 °C min~! under
N,, and the CTE of composites was calculated from 0 to 100 °C
using TA Instruments Universal Analysis 2000 software.

2.5.3. Mechanical properties of cured resins and resin-based
composites

Hardness tests of cured epoxy resins and composites were con-
ducted on disk samples using a Shimadzu HMV Micro Hardness
Tester equipped with a Vickers diamond probe under a loading
force of 50 g and a loading time of 10 s (n =5 for each cured epoxy
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resin or composite). The Vickers hardness number (VHN) is calcu-
lated according to the formula of VHN = 1.85 P/d?, where P is the
applied force and d is the size of the diamond probe.

The flexural strength and flexural modulus of resin-based com-
posites were evaluated by a three-point bending test using a PT-
1066 tensile strength tester (Perfect International Instruments
Co., Taiwan) with a crosshead speed of 1 mm min~' and a support
span width of 20 mm (n = 5 for each composite). Flexural strength
and flexural modulus of resin-based composites were calculated
according to the equations & = 3FmaxL/2bh? and Ef = (F;L3)/(4bh3d),
where Fp.x is the maximum force during test, L is the support span
width, b is the width of sample, h is the thickness of sample and d is
the deflection due to the force F; applied to the beam.

2.5.4. Morphology and microstructure of cured resins and resin-based
composites

The LC and crystalline behavior of samples were studied using
polarized optical microscopy equipped with a heating and shearing
apparatus (Leica DM 2500M microscope equipped with a cross
polarizer, a Leica DFC 420C digital camera and a Linkam CSS450
optical shearing system). For observation of the LC phase of neat
BP epoxy resin, samples were heated at a rate of 2 °C until they be-
gan to melt at 165 °C. The temperature was held until the BP epoxy
resin had completely melted, and the sample was then cooled at a
rate of 0.5 °C min~!. When birefringence appeared at 162 °C, the
temperature was held constant to observe the LC phase. Other
samples were observed at room temperature to obtain polarized
optical microscope (POM) images of the crystalline structure.

The microstructure of samples was studied using scanning elec-
tron microscopy (SEM; JEOL JSM-6700F field emission scanning
electron microscope, accelerating voltage of 10 kV). The fracture
surface of the cured composite samples was examined by SEM
after the three-point bending test. Before SEM observation, the
sample was affixed to the holder using carbon tape and coated
with platinum to improve the sample conductivity and the image
quality.

The microstructure of cured samples was further studied by
transmission electron microscopy (TEM; JEOL JEM 1230 electron
microscope, accelerating voltage of 100 kV). The ultrathin TEM
samples were prepared using a Leica EM UC6 ultramicrotome ma-
chine equipped with a Drukkerultramicrotome knife. The 45° Cut-
ting edge was used to obtain a thin film sample of ~100 nm at
room temperature. The sample was loaded on a 200-mesh copper
grid to be examined by TEM.

2.5.5. Measurement of water absorption of cured resin-based
composites

The water absorption of the cured resin-based composite was
determined by the weight difference before and after reflux in boil-
ing water (n=5 for each composite). The disk sample was first
weighed after post-curing and cooled to room temperature in a
desiccator overnight. The cured sample was refluxed in deionized
water at 100°C for 24 h. After reflux, each disk sample was
weighted after cooling to room temperature and any surface water
was wiped off. The weight change represents the water absorption
of each disk sample.

2.6. Measurement of post-gelation shrinkage of the composite

Post-gelation shrinkage during photopolymerization of resin-
based composites (n = 5 for each sample) was probed using a strain
gauge method [30,31]. The strain of resin-based composites was
detected and recorded using a single axial strain gauge (EA-06-
062AP-120, Vishay Intertechnology Inc., Malvern, USA) linked to
a Vishay Stress Analysis Data System 5000. An uncured sample
was added to a round poly(methyl methacrylate) mold (5 mm

diameter, 1 mm thickness) on the strain gauge with a distance of
~1 mm between the upper surface of the mold and the curing light
(Optilux 501, Kerr Corporation). The data analysis system was zer-
oed for the first 5s and the uncured sample was irradiated with
visible light for 40 s. The data points of strain were continuously
recorded and visible light irradiation started at 5.00s. The post-
gelation shrinkage was calculated from the highest point of each
strain curve to the leveled strain value at 185.00 s.

2.7. Cell culture and cytotoxicity

The cytotoxicity of the resin-based nanocomposite was evalu-
ated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) assay and the lactate dehydrogenase (LDH)
assay. The MTT assay is based on the reduction of yellow tetrazo-
lium bromide to a purple formazan product by mitochondrial dehy-
drogenases in active cells. The LDH assay is based on the presence of
LDH inside living cells; when cells are damaged or dead, LDH is re-
leased to the medium. The relative amount of dead cells can be ob-
tained by detecting LDH activity. The following chemicals were
used for cytotoxicity tests: phosphate-buffered saline (PBS; Biolog-
ical Industries, BeitHaemek, Israel), MTT Cytotoxicity Detection Kit
(Chemicon, Temecula, USA), LDH Cytotoxicity Detection Kit (Takara
Bio, Shiga, Japan), Dulbecco’s modified Eagle’s medium (DMEM;
Gibco-BRL, Paisley, UK), fetal bovine serum (FBS, Gibco-BRL), peni-
cillin/streptomycin (P/S; Gibco-BRL), ethylene oxide (99.9%, Aldrich
Chemicals, Milwaukee, USA), dimethyl sulfoxide (DMSO; 99.9%,
Aldrich Chemicals) and HCI (1 N; Aldrich Chemicals).

MG-63 human osteosarcoma cell lines (American Type Culture
Collection, Rockville, MD, USA), were cultured in DMEM supple-
ment with 10% FBS and 1% P/S and maintained at 37 °C in a humid-
ified incubator with 5% CO, (SCA-165D, ASTEC, Fukuoka, Japan).
For cytotoxicity tests, the cured samples (2 mm thickness x 5 mm
diameter disk) were first sterilized using ethylene oxide (10.5 psi,
130 °F for 12 h), then five sterilized disk samples of each composite
were immersed in 12.00 ml DMEM at 37 °C in the incubator for
72 h to extract the soluble or toxic species. The condition medium
for cytotoxicity tests contained 100 pl of extract solution and
100 pl of culture medium in each well of the cell culture plate.
The MTT and LDH assays were conducted to quantify cytotoxicity
after loading for 1, 3 and 7 days, respectively. The culture medium
without the extract but under all the same conditions was used as
a control. The extracts of CMR1, CMR2, CMR3, CMR4, E-BPO0ZL60
and E-BP07ZL60 were named exD-CMR1, exD-CMR2, exD-CMR3,
exD-CMR4, exD-E-BP0O0ZL60 and exD-E-BPO7ZL60, respectively,
and the blank sample of the 72-h-incubated DMEM was named
72iD. Six culture media were prepared for each test. The results
are presented as the mean # standard deviation (SD).

To conduct the MTT assay, a stock solution of MTT was prepared
by dissolving MTT in PBS at a concentration of 5 mg ml™!, sterilized
by Millipore filtration and stored protected from ambient light. The
upper layer of the conditioning medium was removed from the
wells after 1, 3 and 7 days, then 30 pl of MTT solution was added
to each well and was incubated at 37 °C for 3 h. After removing
the unreacted MTT solution from the well, 50 pul of DMSO was
added to each well and the plate was agitated for 15 min on a sha-
ker to dissolve any formazan crystals. The optical density (OD) of
the formazan solution in each well was measured at 570 nm using
an absorbance microplate reader (BioTek ELx800, Winooski, VT,
USA).

To conduct the LDH assay, each 10 pl of upper layer condition-
ing medium sample was mixed with 100 pl of LDH kit solution. The
mixture was placed in a 96-well plate and incubated at 37 °C for
30 min. After incubation, 50 plof 1 N HCI was added to each well
to stop the reaction, and OD values of reduced nicotinamide ade-
nine dinucleotide (NADH) at 490 and 630 nm were measured using
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the microplate reader. The results of the LDH assay were calculated
by subtracting the OD at 630 nm from that at 490 nm.

2.8. Statistic analysis

All measurement data for resin-based composites is presented
as the mean + SD, except for the measurements of curing behaviors
by photo-DSC, thermal stability by TGA and thermal expansion
coefficient by thermal mechanical analysis (TMA). Statistical sig-
nificance was calculated using a one-way analysis of variance fol-
lowed by Student’s t-test. A p value of less than 0.05 indicates an
acceptably significant difference between two groups of results.

3. Results
3.1. Compositions of resins and composite

Table 1 summarizes the composition of four commercial meth-
acrylate resin-based composites. Table 2 illustrates the composi-
tion of 11 epoxy-resin-based nanocomposites. Fig. 1 shows the
chemical structures of the two epoxy resins used in this study.

3.2. Characterizations of photocurable epoxy resins and resin-based
composites

Fig. 2 shows the hardness and thermal stability of different
compositions of organic matrix (E-BP series cured epoxy resin).
Fig. 3 shows the morphology of neat LC epoxy resin and organic
matrices containing different amounts of LC BP, as evaluated by
polarized microscopy.

Fig. 4 illustrates the hardness, flexural modulus, flexural
strength and water absorption of epoxy resin-based nanocompos-
ites with various silica contents. Fig. 5 shows the morphology of
epoxy resin-based nanocomposite containing ~60 wt.% silica from
SEM studies. Fig. 6 shows TEM images of epoxy resin-based nano-
composites with (E-BP07ZL60) and without (E-BPO0ZL60) LC epoxy,
highlighting the distinct morphologies of the two nanocomposites.

Fig. 7 compares the hardness, flexural modulus, flexural strength
and water absorption of the LC epoxy resin-based nanocomposites
(E-BPO7ZL60) and the four commercial methacrylate-based
composites. The thermal expansion coefficients of the composites,
as measured by TMA, were 96.56 umm°C"! for E-BPOO,
67.63 umm~'°C"! for E-BP00ZL20, 47.03 pmm~'°C"' for E-
BP00ZL40, 39.66 um m~'°C! for E-BPO0ZL60, 75.11 pm m~'°C!
for E-BP07, um m~'°C"! for E-BP07ZL20, 39.53 um m~'°C"! for E-
BP07ZL40, 33.35 umm~'°C™! for E-BP07ZL60, 41.99 um m~'°C!

e

3,4-epoxycyclohexylmethyl-(3,4-epoxy)cyclohexanecarboxylate (ECH)

0] -~
KOO

4, 4'-bis(2,3-epoxypropoxy) biphenyl epoxy resin (BP)

Fig. 1. Chemical structures of conventional epoxy resin (ECH) and LC biphenyl
epoxy resin (BP).

for CMR1, 4532 pumm~'°C™! for CMR2, 32.76 umm~'°C™! for
CMR3 and 29.15 um m~1°C"! for CMR4.

3.3. Measurement of post-gelation shrinkage of composites

Fig. 8 presents the post-shrinkage behaviors of composites; dif-
ferences were observed between the LC epoxy resin-based nano-
composite (E-BP07ZL60), the epoxy resin-based nanocomposite
(E-BP0O0ZL60) and the four commercial methacrylate-based
composites.

3.4. Cytotoxicity of cured composites

Fig. 9 shows the cytotoxicity results of composites; differences
were observed between the LC epoxy resin-based nanocomposite
(E-BP07ZL60), the epoxy resin-based nanocomposite (E-BPO0ZL60)
and the four commercial methacrylate-based composites.

4. Discussion
4.1. Optimization of compositions of organic matrix

A series of resin compositions with varying amounts of BP LC
epoxy resin in ECH epoxy resin (E-BP series of epoxy resins) was
prepared to determine the optimal formulation of organic matrix.
The synthesized BP resin is an oligomer with 26 mol.% hydroxyl
groups. The epoxy resin is photocured through ring-opening poly-
merization using a cationic photoinitiator made from either aryl
iodium or aryl sulfonium salt with a stable anion such as hexa-
fluorophosphate (PF;) or hexafluoroantimonate (SbFy). A free rad-
ical ion is generated upon photoinitiation that further reacts with a
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Fig. 2. (a) Hardness and (b) thermal stability of E-BP series cured epoxy resins. E-

BPOO resin contains no LC BP epoxy resin; E-BP05, E-BP07, E-BP10 and E-BP15
resins contain 5, 7, 10 and 15 wt.% BP, respectively.
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Fig. 3. POM images of (a) neat LC BP epoxy resin, (b) epoxy resin sample with 7 wt.% BP resin (E-BP07ZL00), uncured nanocomposite resin containing silica at (c) ~10 vol.% (E-
BP07ZL20), (d) ~24 vol.% (E-BP07ZL40), (e) ~41 vol.% (E-BP07ZL60) and (f) light-cured E-BPO7ZL60 nanocomposite resin.

proton to generate a strong Lewis acid such as H*PFg or H"SbF;
and initiate the ring-opening polymerization [32]. Thus, the hydro-
xyl groups in the BP LC epoxy resin function as co-initiators that
accelerate photopolymerization. In this study, we used an iodium
salt initiator of OPIA. The crystalline structure of BP that remained
after curing reinforces and improves the performance of ECH epoxy
resins. The improvements in mechanical properties and thermal
stability were evaluated with a hardness test and TGA, respec-
tively. The resin containing 6.6 wt.% of BP epoxy resin (E-BP07)
exhibited the highest hardness (Fig. 2(a)) and highest thermal
decomposition temperature (Tq, determined by 5 wt.% loss temper-
ature of sample, Fig. 2(b)) among the samples in the series. The BP
resin is expected to act as a reinforcing filler and curing accelerator
in the organic matrix. It is interesting to note that this reinforcing
effect is optimized at 6.6 wt.% of BP; for samples with a higher BP
content, the excess BP induces an accelerated polymerization rate
that results in early vitrification and a low degree of polymeriza-
tion, as shown in the TGA analysis. The results indicate that weight
loss occurred at as low as ~160 °C for resin systems with higher or
lower than optimal BP concentrations. Because the weight loss
possibly arose from uncured ECH, the E-BPO7 resin formulation
was selected to fabricate a series of resin-based nanocomposites
(E-BPO7ZL series) to study the effect of nanoparticle concentration
on BP crystalline behavior in the nanocomposite. In addition, the E-
BPOO resin formulation (without BP) was used to prepare nano-
composites (E-BPOOZL series) as a control for comparison.

4.2. Characterization of organic matrix and composites

The crystalline behavior of neat LC epoxy resin, organic matrix
and composites were evaluated using a POM. The LC phase of the
BP resin was observed at 162 °C (Fig. 3(a)). The BP of the organic
matrix (E-BPO7 resin) exhibited layered crystals in the amorphous
ECH epoxy resin host at room temperature (Fig. 3(b)). When the
content of surface modified silica nanoparticles was 38.61 wt.%
(24.23 vol.%) or higher, the BP crystal size was drastically reduced,
from hundreds to less than ten micrometers. This observation can
be attributed to the decreasing volume fraction of BP in the nano-
composite when the number of silica nanoparticles serving as nu-
clei is increased. BP crystals are thus smaller and better dispersed
in nanocomposites with a high silica nanoparticle content of

41.85 vol.% (E-BP07ZL60) as compared to resin without any silica
(E-BPO7ZL00).

Both series of nanocomposites (with and without LC BP)
showed large increases in hardness with increasing silica content
(G-Si-NP). The increased hardness of both series becomes signifi-
cant in a nonlinear fashion when the silica content is greater than
24.23 vol.%. This is well-known phenomenon of percolation net-
work formation in composites. A high-performance composite
can usually be achieved at a specific filler concentration, called
the percolation threshold [33]. In this study, the percolation
threshold of nanoparticles in the nanocomposite is close to
24 vol.%, consistent with data reported in the literature [34,35].
With the same silica content, LC epoxy resin containing nanocom-
posites (E-BPO7ZL series) exhibit higher hardness than nanocom-
posites without LC epoxy resin (E-BPOOZL series). Although
significant differences in hardness were observed between the
two series (p < 0.05), the difference decreased when the silica con-
tent was more than 24 vol.%. The crystalline BP exhibited the ex-
pected reinforcing effect on the hardness of the nanocomposite.
The organic matrix containing crystalline BP (E-BP07) displayed
higher hardness than the matrix without BP (E-BP00)
(31.70 £ 1.29 VHN vs. 21.77 £ 0.29 VHN). When silica is incorpo-
rated into the nanocomposite, it dilutes the reinforcement effect
of the crystalline BP because the BP content is lowered and the
crystalline BP size is decreased. It is interesting to note that a
72.29% increase in hardness (from 40.34+1.05 to 69.50 +1.24
VHN) is observed in the nanocomposites containing LC epoxy resin
(E-BPO7ZL series) when the silica content is increased from ~24 to
~42 vol.% (~38 to ~58 wt.%). In contrast, the nanocomposites con-
taining no LC epoxy resin (E-BPOOZL series) showed a smaller in-
crease in hardness (38.00%) when the silica volume percent was
increased by the same amount, which is rather unusual. We envi-
sion a unique microstructure for LC resin composites with a high
silica nanoparticle content, and try to deduce the formation mech-
anism of this microstructure below.

The same phenomenon was also observed in the flexural mod-
ulus as we compared the two series of nanocomposites. The aver-
age flexural modulus of nanocomposites with LC epoxy (E-BPOOZL
series) is always higher than that of nanocomposites without LC
epoxy (E-BPO7ZL series) with the same silica content (Fig. 4(b)).
However, the difference between the two series is insignificant
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Fig. 4. Comparison of properties of cured nanocomposite resins without (E-BPO0ZL
series) and with LC resin (E-BPO7ZL series): (a) hardness, (b) flexural modulus, (c)
flexural strength and (d) water absorption. = denotes a significant difference
(p <0.05) between the two series.

(p>0.05) until the modified silica content reaches 24.23 vol.%
(38.61 wt.%). This confirms the formation of a percolation network
in the nanocomposite. The flexural modulus of LC nanocomposites
with 41.85vol.% (58.59 wt.%) modified silica (E-BPO0ZL60) is
9.60 £ 0.26 GPa, which is significantly higher than that of

Fig. 5. SEM images of fracture surface of cured nanocomposite resins containing (a)
no LC resin (E-BPO0ZL60), (b) 6.6 wt.% LC BP resin (E-BP07ZL60) and (c) higher
magnification of detail (red square) from (b).

nanocomposites without LC epoxy resin (E-BPO0ZL60) at
8.05 £ 0.53 GPa. When the modified silica content is increased to
41.85 vol.% (58.59 wt.%), similar large increases in flexural modu-
lus are observed. This increasing trend in the flexural modulus of
nanocomposites containing LC epoxy resin (E-BPO7ZL series) due
to increased silica content was similar to that for hardness, as
discussed above.

The flexural strength of LC epoxy nanocomposites exhibited dif-
ferent trends from those seen for flexural modulus and hardness.
The flexural strength of LC epoxy nanocomposites increases with
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Fig. 6. TEM images of cured nanocomposite resins containing (a) no LCBP resin (E-
BP00ZL60) and (b) 6.6 wt.% LC BP resin (E-BPO7ZL60).

increasing nanoparticle content up to 24.23 vol.% (38.61 wt.%)
(Fig. 4(c)). This strength increased slightly from 99.51 £+ 8.36 to
103.42 £ 12.56 then further to 103.35 + 9.46 MPa when the content
of modified silica of nanocomposite was increased from 10.33 to
24.23 and then to 41.85 vol.%, respectively. This observation dem-
onstrates that the flexural strength of nanocomposites containing
LC BP epoxy resin (E-BPO7ZL series) is limited to ~100 MPa, which
cannot be increased much further by incorporating greater than
10vol.% of silica. As discussed previously, both the flexural
strength and the flexural modulus of nanocomposites without LC
epoxy resin BP continuously increase as the silica content in-
creases. Therefore, crystalline BP can increase the flexural modulus
of nanocomposites but may limit any increase in flexural strength
despite the incorporation of additional silica. This result suggests a
unique new microstructure inside nanocomposites containing LC
epoxy resin (E-BPO7ZL series) when silica is incorporated into the
organic matrix containing LC BP resin (E-BP07).

We used SEM and TEM to study the differences in morphology
between nanocomposites with and without LC BP resin. The nano-
composite containing 41.85 vol.% silica but no LC BP resin (E-
BP00ZL60) has a rough fracture surface that follows the contour
of silica (Fig. 5(a)), whereas the layer structure of crystalline BP
is observed on the fracture surface of the nanocomposite (E-
BP07ZL60) with the same amount of silica and LC BP resin
(Fig. 5(b)). We refer to this unique microstructure as “nanoparti-
cle-embedded layers” (NPEL). The nanoparticles and layers support
each other, leading to abnormally high hardness and flexural mod-
ulus for the LC resin composites with nanoparticle contents above
the percolation threshold (>24 vol.%). The same reinforcement was
not observed in the flexural strength of nanocomposites containing
LC BP epoxy resin (E-BPO7ZL series). We speculate that a heteroge-

(2)140 ] mm e-8P072L60
120|722 CMR1 2
= S CMR2
z CMR3
‘2 80{==CMR4
Q
B 60
[1+]
i
20
04
(b
=
o
e
)
3
=)
o
E
IS
>
>
9
w

Flexural strength (MPa)

Water absorption (mg/cm’) -

Fig. 7. Comparison of properties of cured LC nanocomposite resin (E-BP07ZL60)
and cured commercial restorative composite resins (CMR1, CMR2, CMR3, CMR4):
(a) hardness, (b) flexural modulus, (c) flexural strength and (d) water absorption. *
denotes that a significant difference (p <0.05) is achieved compared with the
nanocomposite epoxy resin containing LC resin (E-BP07ZL60).

neous microstructure is formed in the LC epoxy nanocomposite of
the E-BP07ZL60 sample (Fig. 5(c)). This unique microstructure re-
sulted from the large amount of silica, which induces the formation
of NPEL in BP LC epoxy resin containing nanocomposite; the layer
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structure of neat BP crystalline domains is distinct from the nano-

particle domains. The failure of flexural strength apparently occurs
at these NPEL; this heterogeneous structure may limit flexural
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strength improvements in nanocomposites with even higher silica
nanoparticle contents. This hypothesis was further confirmed by
the TEM images of LC epoxy nanocomposite sample (E-BPO0ZL60)
(Fig. 6(a)), which show that epoxy modified silica nanoparticles are
well dispersed in the resin matrix. The NPEL microstructure is
clearly visible (Fig. 6(b)), as the silica was embedded in the LC
epoxy resin to create the layer structure. Therefore, when the BP
crystalline layer undergoes large-scale deformations, such as bend-
ing, it will peel off, leading to fracture (Fig. 5(c)). Despite its limita-
tion of flexural strength, crystals obtained from LC BP resin not
only contribute higher flexural modulus but also improve the
physical and chemical properties of nanocomposites compared to
nanocomposites without LC BP.

The water absorption of nanocomposites with and without LC
epoxy resin decreased with increasing silica content because the
solid silica nanoparticles incorporated into the organic matrix are
dense and nonabsorbent. Nanocomposites with LC epoxy resin
(E-BPO7ZL series) exhibit lower water absorption than nanocom-
posites without LC epoxy resin (E-BPOOZL series). A hydrophobic
phenyl structure and dense crystalline BP were incorporated into
the organic matrix, resulting in lower water absorption. The differ-
ence between the two series of nanocomposites was not significant
(p > 0.05) because the BP content was relatively low (6.60 wt.%).
When the silica content increased, the difference in water absorp-
tion between the two series of nanocomposites was larger and sig-
nificant (p < 0.05), due to the presence of low-water-absorption BP
resin.

The CTE of the nanocomposites was evaluated using a thermal
mechanical analyzer. The CTE of the organic matrix (E-BP00) de-
creased by 22.21% by adding 6.60 wt.% LC BP epoxy resin to the con-
ventional epoxy resin ECH (E-BP07). The decrease in CTE is due to
the restriction of thermal motion resulting from the incorporation
of layered BP crystalline. However, the difference in CTE between
the two series of nanocomposites with and without LC epoxy resin
decreases after the incorporation of silica. The decreased CTE was
reduced to 15.91% when the silica content was increased to
41.85 vol.% because the size of crystalline BP in nanocomposites
decreases after the addition of silica nanoparticles.

4.3. Performance comparison of LC resin-based nanocomposites and
commercial resin-based composites

To evaluate the potential application of LC resin-based nano-
composites (E-BP07ZL60 formulation) for dental restoration, the
properties of this LC epoxy nanocomposite were compared to those
of commercial methacrylate resin-based dental restorative materi-
als (CMRs). CMR4 performed best in hardness, flexural strength,
flexural modulus (Fig. 7) and CTE, but displayed the highest water
absorption among the CMRs. Compared with the CMRs, the LC
epoxy nanocomposite exhibited a hardness (69.50 + 1.24 VHN)
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Fig. 9. Results of (a) MTT and (b) LDH assays of MG-63 cells on extracts of cured dental restorative composite resins for 7 days. * denotes a significant difference (p < 0.05)
compared to extracts of cured nanocomposite resin without LC resin (E-BPO0ZL60).
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significantly higher than for CMR1 and CMR2 but similar to CMR3
and significantly lower than CMR4 (100.58 + 3.49 VHN). In general,
the mechanical properties of resin-based composites are greatly
influenced by their inorganic content. According to the TGA results
of the commercial dental restorative resins (Table 1), CMR2 and
CMR4 have almost the same inorganic filler content, but CMR4
exhibits much higher hardness compared to CMR2 (54.96 + 1.75
VHN). This indicates that other factors, such as the type and com-
position of the fillers and the chemical structures of the monomers
and oligomer, may dominate the performance of resin-based com-
posites. The flexural strength of LC epoxy nanocomposite is limited
to ~100 MPa, which is slightly lower than that of CMRs due to the
formation of the heterogeneous NPEL microstructure, which can-
not tolerate large-scale deformation and leads to lower flexural
strength than for the homogeneous structure. Nevertheless, this
value (103.35 £ 9.46 MPa) was not statistically significantly diffe-
ent from those of CMR1 (114.10+6.50 MPa) and CMR2
(114.81 £ 10.14 MPa). The flexural modulus of the LC epoxy nano-
composite was 9.60 * 0.26 GPa, which is higher than those of CMR1
and CMR3 but lower than those of CMR2 and CMRA4. The CTE of the
LC epoxy nanocomposite was lower than those of CMR1 and CMR2
but higher than those of CMR3 and CMRA4. As discussed previously,
the water absorption of the LC epoxy nanocomposite was reduced
by 21.37% compared to the nanocomposite without LC BP epoxy
resin, due to the presence of hydrophobic BP resin. The water
absorption of the LC epoxy nanocomposite is significantly lower
than that of CMR4 (p < 0.05) but higher than all the other CMRs.
The reason why this epoxy nanocomposite has such high water
adsorption is not clear, but we speculate that it is caused by two
main factors. First, it contains relatively low loading of silica
nanoparticles (~58 wt.%) and relatively polar epoxy resin. For
light-cured epoxy resins, unreacted epoxy functional groups can
increase the uptake of water in a water absorption test [23]. Fur-
thermore, both the ether-linked main chain of photopolymerized
epoxy resins and the polar carbonyl group of ECH contribute high
water absorption to ECH-based nanocomposites. By the same
token, the high water absorption of CMR4 may be due to the
ether-linked main chain oligomer of polyethylene glycol dimethac-
rylate (PEGDMA) in the resin composition (Table 1).

4.4. Post-gelation shrinkage of resin-based composites

The total volume shrinkage of epoxy resins was expected to be
lower than that of methacrylate resins, as discussed in the intro-
duction [23,24]. The total volume shrinkage results from two
stages of polymerization: pre-and post-gelation. Usually, a violent
contraction force between the resin and the tooth cavity occurs
after gelation due to a substantial increase in the elastic modulus
of resin [30,36]. To avoid gap formation between the resin and
the cavity, post-gelation shrinkage should be minimized. Using a
strain gauge, post-gelation shrinkage is monitored by finding the
peak of the strain curve, which indicates the starting point of phys-
ical contraction and chemical gelation. The post-gelation shrinkage
of our resins can be calculated from the peak of the strain curve to
its leveling-off point at ~185.00s. Fig. 8(a) shows epoxy resin-
based nanocomposites without LC epoxy resin (E-BPO0ZL60) and
with LC epoxy resin (E-BP07ZL60), which exhibited significantly
lower (p < 0.05) post-gelation shrinkage than all commercial res-
ins. The free volume reduction was reduced during polymerization
by replacing the methacrylate linear structure with the epoxy ring
structure. The LC epoxy resin BP-containing nanocomposite (E-
BP07ZL60) further lowered volume shrinkage, by 18.97% compared
with nanocomposite containing no BP (E-BPO0ZL60). A suppressed
strain curve for E-BP07ZL60 was observed compared with that of
E-BP00ZL60 during visible light irradiation (from 5.00 to 45.00s;
Fig. 8(b)). This observation demonstrates that the nanocomposite

containing LC BP resin (E-BP07ZL60) has a lower contraction rate
after gelation than the nanocomposite containing no BP (E-
BP00ZLOO0). This result may be caused by another mechanism that
occurs during the curing of E-BP07ZL60. Fig. 3(e) and (f) shows that
both the number and size of crystalline BP decreased after light
curing. These results indicate that partial melting of crystalline
BP may occur due to heat generation during polymerization.
Melting is an order-to-disorder transition that induces volume
expansion, and the total volume shrinkage of composites is signif-
icantly reduced by it. Moreover, the gel point of E-BP07ZL60 curing
takes place before that of E-BPO0ZL60 (Fig. 8(b)) under the same
curing process, which means that E-BP07ZL60 was cured faster
than E-BPO0ZL60. The cure behaviors of these two resin systems
were further investigated by photo DSC, as shown in Fig. 8(c).
The photopolymerization of epoxy resin is exothermic. The onset
and the exothermic peak of organic matrix containing liquid crys-
tal epoxy resin (E-BP07) preceded those of matrix without LC
epoxy resin (E-BP00). These curves confirm that the LC epoxy
resin BP accelerated the curing of LC epoxy nanocomposite
(E-BP07ZL60), as discussed in the first paragraph of the Discussion.

4.5. Cytotoxicity of restorative composites

The cytotoxicity of composites was used to determine their bio-
compatibility. Both MTT and LDH assays were used to evaluate
their cytotoxicity by incubation of the composite extracts with a
human osteosarcoma cell line (MG-63) for 7 days. After 1 day,
the MG-63 cells cultured with the extract of commercial resin 1
(exD-CMRT1) and blank (72iD) converted more MTT into violet for-
mazan than the other samples. The absorbance of MTT gradually
increased as the MG-63 cells proliferated with the exD-CMR1
and 72iD with time. Compared with the extracts of the LC epoxy
nanocomposite (exD-E-BPO0ZL60) and the extracts of all the other
CMRs, exD-E-BP07ZL60 shows almost no difference in MTT absor-
bance. This result indicates that the cytotoxicity of the LC epoxy
nanocomposite is comparable to that of commercial resin-based
dental restorative materials.

The cytotoxicity of resin-based composites was further evalu-
ated using an LDH assay. MG-63 cell death in the conditioning
medium containing the extract of the cured composite was quan-
titatively determined by measuring the OD of NADH in the condi-
tion medium after 1, 3 and 7 days of incubation. An increase in the
OD value indicates an increase in cell death (Fig. 9(b)). There was
no significant difference in LDH assay observed among the extracts
of the LC epoxy nanocomposite (exD-E-BP07ZL60) and the com-
mercial resins (except CMR1) after culturing for 1, 3 or 7 days.
The NADH OD value of the extract of the epoxy resin nanocompos-
ite (exD-E-BPO0ZL60) was significantly higher than that of the ex-
tract of the LC epoxy nanocomposite (exD-E-BP07ZL60) at day 7;
this demonstrates that the incorporation of LC BP inhibits cell
death caused by unreacted ECH epoxy resin. The low water absorp-
tion and low CTE characteristics of the LC epoxy nanocomposite
(E-BP07ZL60) suggest that the dense arrangement of molecules ob-
tained from the NPEL microstructure are tied to low cytotoxicity.

5. Conclusions

In this study, we have demonstrate that the physical and chem-
ical properties of epoxy resin-based dental restorative composite
can be greatly improved by incorporation of the LC epoxy resin
BP into the nanocomposite. The crystalline BP resin of LC epoxy
nanocomposite resin (E-BP07ZL60) provides a favorable mecha-
nism of order-to-disorder transition that reduces its post-gelation
shrinkage. A unique microstructure of NPEL is formed at a silica
content of 42 vol.%, which results in an unusually large increase
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in performance of the nanocomposite. The addition of 6.60 wt.%
hydrophobic and dense BP in the organic matrix of the nanocom-
posites (E-BPO7ZL series) improves performance with regard to
hardness, flexural modulus, water absorption and CTE compared
with those of the nanocomposite containing no BP (E-BPOOZL ser-
ies). The flexural strength of LC epoxy nanocomposites is limited to
~100 MPa due to the formation of neat BP layered crystalline with-
out reinforcing nanoparticles. Both the ring-opening reaction and
the order-to-disorder transition of LC epoxy nanocomposite result
in a large reduction in post-gelation shrinkage by 50.57% compared
with the methacrylate resin-based materials. Overall, LC epoxy
nanocomposite (E-BP07ZL60) performs comparably with regard
to physical and chemical properties, as well as cytotoxicity, to
those of commercial methacrylate resin-based materials, which
demonstrates the potential usage of LC epoxy resins for low shrink-
age and high performance dental restorative materials.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 2-5 and 7-9, are
difficult to interpret in black and white. The full color images can
be found in the on-line version, at http://dx.doi.org/10.1016/
j-actbio.2012.07.030.
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