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Purpose: The aim of this study was to investigate the effect of various mass fractions of 10- 
methacry-loyloxydecyl dihydrogen phosphate (MDP)-conditioned or unconditioned zirconia 
nano- or micro-particles with different initiator systems on the mechanical properties of 
nanohybrid resin composites.
Methods: Both light-cured (L) and dual-cured (D) resin composites were prepared. When 
the mass fraction of the nano- or micro-zirconia fillers reached 55 wt%, resin composites 
were equipped with dual-cured initiator systems. We measured the three-point bending- 
strength, elastic modulus, Weibull modulus and translucency parameter of the nanohybrid 
resin composites containing various mass fractions of MDP-conditioned or unconditioned 
zirconia nano- or micro-particles (0%, 5 wt%, 10 wt%, 20 wt%, 30 wt% and 55 wt%). A Cell 
Counting Kit (CCK)-8 was used to test the cell cytotoxicity of the experimental resin 
composites. The zirconia nano- or micro-particles with MDP-conditioning or not were 
characterized by transmission electron microscopy (TEM), Fourier infrared spectroscopy 
(FTIR), and X-ray photoelectron spectroscopy (XPS).
Results: Resin composites containing 5–20 wt% MDP-conditioned or unconditioned nano- 
zirconia fillers exhibited better three-point bending-strength than the control group without 
zirconia fillers. Nano- or micro-zirconia fillers decreased the translucence of the nanohybrid 
resin composites. According to the cytotoxicity classification, all of the nano- or micro- 
zirconia fillers containing experimental resin composites were considered to have no sig
nificant cell cytotoxicity. The FTIR spectra of the conditioned nano- or micro-fillers showed 
new absorption bands at 1719 cm−1 and 1637 cm−1, indicating the successful combination of 
MDP and zirconia particles. The XPS analysis measured Zr–O–P peak area on MDP- 
conditioned nano- and micro-zirconia fillers at 39.91% and 34.89%, respectively.
Conclusion: Nano-zirconia filler improved the mechanical properties of nanohybrid resin 
composites, but cannot be the main filler to replace silica filler. The experimental dual-cured 
composites can be resin cements with better opacity effects and a low viscosity.
Keywords: resin composite, nano-zirconia filler, MDP, initiator system, mechanical 
property, translucence

Introduction
Resin composites are currently the preferred materials for both direct and indirect 
dental restorations, but have a higher failure rate than traditional amalgam for posterior 
restorations in long-term studies,1,2 This can lead to the fracture of the inner resin 
restorations and is the main reason for clinical failure.3,4 Further improvements in the 
mechanical properties of dental resin composites remain a concern.
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Fillers are responsible for most of the mechanical 
properties of the resin restorations.5 Consequently, current 
studies are usually devoted to developing and optimizing 
fillers, including the filler type (silica, zirconia, hydroxya
patite), size, and shape.5–7 The size of the particles initially 
added to the resin composites are distributed from 10 to 50 
μm, and fillers of this type are defined macrofillers. 
Microfilled and hybrid composites appear with a decreas
ing size and widening size distribution of the particles.8

The introduction of nanotechnology is a recent develop
ment in the field of composite resin materials, including 
nanofilled and nanohybrid resin composites.9 Nanohybrid 
resin composites are the most popular, because they 
improve the distribution of fillers in the matrix by combin
ing nanoparticles with submicron particles to achieve better 
mechanical, chemical, and optical properties.10–12 Studies 
on nano- or nanohybrid-fillers still focus on silica fillers. 
Silica particles are the first fillers used because of their 
appropriate refractive index, low cost, easy synthesis, sim
ple modification, high strength and good elastic modulus 
when added to resins.5,13,14 However, in pursuit of the 
mechanical properties of resin composites to improve the 
long-term success rate in posterior restoration, researchers 
and manufacturers have focused on zirconia particles. 
Nano-zirconia particles have been added to resin compo
sites as reinforcing or toughening components due to their 
unparalleled mechanical strength.15,16 They show effective
ness at enhancing flexural strength and wear resistance.17,18

However, surface treatment of inorganic fillers can 
improve the dispersion of the fillers in the matrix and 
strengthen the combination of the fillers and the matrix. 
The chemical bonds with the resin matrix need to be 
strengthened because inorganic fillers fail to form chemical 
bonds with an organic resin matrix at the microscopic 
level.19 The nanohybrid resin composites require a surface 
treatment to prevent a significant agglomeration in the 
nanoparticles.20 The silanization of silica is a conventional 
step to promote its combination with the resin matrix while 
the current surface modification of zirconia remains 
immature.21 The phosphate ester monomer (MDP) can con
dition zirconia ceramic restorations as a functional mono
mer to achieve chemical bonds with resin cement.22–24 

Recent studies confirmed that Bis-GMA and UDMA resin 
composites with a bit MDP-conditioned nano-zirconia fil
lers could obtain superior flexural strength, elastic modulus 
and surface hardness in vitro, versus resin composites with 
unconditioned zirconia fillers.17,18,25 This surface treatment 

similar to the silanization of silica fillers can lead to nano- or 
micro-zirconia fillers as the main fillers of resin composites.

However, the translucence and refractive index of zirconia 
particles are not desirable compared with those features of 
silica particles.17,26 It remains unclear whether the translu
cence of the resin would be affected as the nano-zirconia filler 
content increases. Moreover, resin materials with low translu
cence and a high refractive index are insufficiently cured by a 
light-cured initiator system.27 Consequently, an appropriate 
initiator system must be used to allow for acceptable polymer
ization kinetics and conversions in opaque resin materials.

This study investigated the effect of various mass frac
tions of MDP-conditioned or unconditioned zirconia nano- 
or micro-particles with different initiator systems on the 
mechanical properties of Bis-GMA-based nanohybrid resin 
composites. We then analyzed the possibility of zirconia 
nano- or micro-particles as the main fillers that replaced silica 
particles. The null hypotheses were that nano- or micro- 
zirconia fillers would not improve the mechanical properties 
of Bis-GMA-based resin composites, regardless of the mass 
fractions (i); 10-MDP conditioned zirconia fillers would not 
influence the mechanical properties of the materials (ii); 
moreover, initiator systems would not influence the mechan
ical properties of Bis-GMA-based resin composites contain
ing zirconia nano- or micro-particles (iii).

Methods
Study Design and Materials Tested
In this in vitro study, 34 light-cured (L) and dual-cured (D) 
nanohybrid resin composites were designed according to 
Table 1 to evaluate the flexural strength, translucence and 
cytotoxicity, as the total mass fraction of fillers was 60 wt%. 
The fillers were composed of micro-silica and nano-zirco
nia (0 wt%, 5 wt%,10 wt%, 20 wt% and 30 wt%) particles 
with silica as the main filler, or nano-silica and micro- 
zirconia (40 wt%, 50 wt%, 55 wt% and 60 wt%) particles 
with zirconia as the main filler, wherein silica fillers were all 
conditioned with 3-methacryloxypropyltrimethoxysilane 
(γ-MPS). Morphological observation, Fourier transform 
infrared spectroscopy (FTIR) analysis and X-ray photoelec
tron spectroscopy (XPS) analysis were performed on the 
MDP-conditioned zirconia particles.

Surface Treatments and Morphological 
Observations of Zirconia and Silica Fillers
MDP primer was prepared with the following formulation:18 

10 wt% MDP, 88.8 wt% ethanol, 0.3 wt% camphorquinone 
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(Aladdin, China) and 0.9 wt% 4-dimethylamino-benzoic 
acid ethyl ester (EDMAB) (Aladdin, China). Nano- and 
micro-zirconia particles (Ruiteng Alloy Materials Co., Ltd., 
China) were immersed in the MDP primer at a concentration 
of 1 g/mL and then dispersed ultrasonically for 10 min for a 
complete reaction. After storage for 12 h in the dark, the 
reaction mixture was filtered and rinsed three times with 
ethanol to remove excess unreacted MDP. Treated fillers 
were then centrifuged for 10 min and dried in an oven at 
65°C.

The γ-MPS primer was prepared with the following 
formulation:28 γ-MPS (Macklin, China) 0.5 g, cyclohexane 
(Sinopharm, China) 100 mL, and propylamine (Sinopharm, 
China) 0.1 g. Both nano- and micro-silica particles were 
immersed in γ-MPS primer at a concentration of 5 g/100 
mL, following by stirring at room temperature for 30 minutes 
and then at 65°C until the solvent volatilized. Finally, the 
powder was dried in an oven at 65°C.

Nano- and micro-zirconia particles and nano- and 
micro-silica particles were individually observed by TEM 
(Tecnai 12, Philips Corp., Netherlands) and SEM (MAIA3 
TESCAN, Czech Republic).

Characterization of MDP-Conditioned 
Zirconia Filler by Fourier Transform 
Infrared Spectroscopy (FTIR) and X-Ray 
Photoelectron Spectroscopy (XPS)
FTIR (Nicolet 6700, Thermo Scientific, USA) was used to 
detect the modification of the MDP-conditioned zirconia 
powder. The powder was mixed with KBr under pressure, 
and FTIR analysis was performed in transmission mode in 
the range of 3500–500 cm−1. The free P–O bond stretching 
vibration normally occurs in the range of 1200–950 cm−1, 
and peak separation processing was carried out in that 
range using Peakfit 4.12 software. Unconditioned zirconia 
was employed as a control.

The efficacy of the functionalization procedure was 
also assessed by XPS (Escalab 250xi, Thermo Fisher 
Scientific, UK) with monochromatic A1Kα radiation 
(photoenergy = 1486.6 eV, energy step size = 0.05 eV). 
The O1s spectra were processed using XPS Peak 4.1 soft
ware with the Lorentz–Gauss ratio fixed at 80%. The 
relative content of surface chemical bonds (Zr–O–P) was 
determined according to the peak area.

Table 1 Groups According to Different Mass Fractions of MDP-Conditioned or Unconditioned Zirconia Nano- or Micro-Particles 
(Wt%)

Conditioned with γ-MPS Unconditioned Conditioned with MDP

Micro-Silica 
Fillers

Nano-Silica Fillers Micro- 
Zirconia 
Fillers

Nano- 
Zirconia 
Fillers

Micro- 
Zirconia 
Fillers

Nano- 
Zirconia 
Fillers

60si 60

55si+5zr 55 5
55si+5Mzr 55 5

50si+10zr 50 10

50si+10Mzr 40 10
40si+20zr 50 20

40si+20Mzr 40 20

30si+30zr 30 30
30si+30Mzr 30 30

20si+40zr 20 40

20si+40Mzr 20 40
10si+50zr 10 50

10si+50Mzr 10 50

5si+55zr 5 55
5si+55Mzr 5 55

60zr 60

60Mzr 60

Note: The size of the main filler is measured in microns, and that of the auxiliary filler in nanometers.
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Preparation of Experimental Resin 
Composites
Bisphenol A-diglycidyl methacrylate (Aladdin, China) and 
triethylene glycol dimethacrylate (Aladdin, China) were 
used as the resin matrix. The light-cured (L) and dual- 
cured (D) resin composites were formulated according to 
Table 1.

The light-cured groups configured the single-paste resin 
composites. Its components were Bis-GMA:TEGDMA (7:3 
ratio) co-monomer, camphorquinone (0.5 wt%) as the photo
sensitizer, and dimethyl-p-toluidine (1 wt%) as co-initiator.18

The dual-cured groups configured two resin pastes 
containing the following ingredients:29

The base paste was Bis-GMA:TEGDMA (7:3 ratio) 
co-monomer, camphorquinone (0.5 wt%) as the photosen
sitizer, and dimethyl-p-toluidine (1 wt%) as the co-initia
tor. The catalyst paste was Bis-GMA:TEGDMA (7:3 ratio) 
co-monomer and benzoyl peroxide (0.5 wt%) as self-poly
merization promoter.

Nevertheless, resin materials in the total of 14 groups 
(L-20si+40zr, L-20si+40Mzr, L-10si+50zr, L-10si+50Mzr, 
L-5si+55zr, L-5si+55Mzr, L-60zr, L-60Mzr, D-20si+40zr, 
D-20si+40Mzr, D-10si+50zr, D-10si+50Mzr, D-60zr and 
D-60Mzr) cannot be molded successfully and did not sub
mit to evaluate the three-point bending strength, translu
cence and cytotoxicity.

Scanning Electron Microscopy (SEM) and 
Energy-Dispersive Spectrometry (EDS) 
Mapping
Each group of cured resin was polished flat with 1000-, 
2000-, 3000-, and 4000-grit SiC papers, ultrasonically 
washed in water for 10 min, and dried. The samples 
were then coated with gold and examined by SEM 
(MAIA3 TESCAN, Czech Republic) at an accelerating 
voltage of 15 kV in backscattering electron mode. The 
EDS maps were collected to reveal the elemental distribu
tions (Si/Zr/O/P/) within the resin composites.

Three-Point Bending Strength, Elastic 
Modulus, and Weibull Analysis
According to ISO 4049, each group of resin was formed 
respectively in silicone molds (2×2×25 mm3) covered with 
Mylar film to reduce the effects of oxygen inhibition. They 
were then pressed by a glass plate to remove excess resin. 
The resin composites then were light-cured for 20 s on 

both sides. The test specimens were carefully removed 
from the mold, measured by electronic calipers and then 
polished flat. The error range of the final thickness of 
specimens was limited within 0.1 mm. Each group of 
resins included 15 samples. These were then stored in a 
thermostatic water bath at 37°C for 24 h while avoiding 
light. Subsequently, the three-point bending strengths of 
the specimens with a bracket spacing of 20 mm were 
evaluated using a universal testing machine at a crosshead 
speed of 0.5 mm/min until failure. The elastic modulus 
values of specimens were recorded directly in the software 
connected to the universal testing machine (3365 
ElectroPuls; Instron, USA). The three-point bending 
strength (σ) was calculated as σf ¼ 3Fl=2bh2, where F is 
the maximum load (N) exerted on the specimen, l is the 
distance (mm) between the supports, b is the width (mm), 
and h is the thickness (mm). Based on the three-point 
bending strength (σf) of the data, the failure probability 
(Pf) was evaluated by Weibull analysis using the following 

formula: Pf ¼ 1 � exp � σf
σθ

� �mn o
, where σf is the bending 

strength, σθ is the scale parameter, and m is the Weibull 
modulus. The probability of failure may be estimated from 
the following formula: Pf ¼ i � 0:5ð Þ=N, where i is the 
strength ranking arranged in ascending order, and N is the 
number of specimens. The Weibull modulus (m) is a 
measure of the variability in the results and is determined 
by linear regression using the least-squares method as 
follows: lnln 1

1� Pf
¼ mlnσf � mlnσθ, where the slope 

gives m, and mlnσθ is the intercept.

Translucency Parameter
Each group of resin composite samples (n=10, diameter 
6 mm, thickness 1.5 mm) was prepared (Table 1). We sub
sequently used a dental colorimeter (ShadeEye NCC; Shofu, 
Japan) to measure the color parameters of each sample under 
a black background (L* = 27.83, a* = −0.48, b* = −0.98) and 
white background (L* = 94.64, a* = 0, b* = 1.48) according 
to CIEDE2000 color space. The experiment was performed 
under the D65 standard illuminant. The instrument was cali
brated before the test. A CIEDE2000 color difference 
between groups was calculated as follows: 

E00 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð L
KLSL
Þ

2
þ C

KCSC

� �2
þ H

KHSH

� �2
þ RT

C
KCSC

� �
H

KHSH

� �r

, where L, C and H is the differences in lightness, chroma, 
and hue for a pair of samples in CIEDE2000, and RT is a 
function (the so-called rotation function) that accounts for the 
interaction between chroma and hue differences in the blue 
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region. The weighting functions, SL,SC and SH are used to 
adjust the total color difference for the variation in the loca
tion of the color difference pair in the L, a, b coordinates and 
the parametric factors, KL,KC and KH are the corrected terms 
for experimental conditions. The parametric factors of the 
CIEDE2000 color difference formula were set to 1.

Cytotoxicity Experiment
The groups with the highest flexural strength were selected in 
light- and dual-cured resin; unpolymerized resin composites 
were made into resin specimens with a diameter of 0.6 cm 
and a thickness of 0.15 cm. Each group had 10 resin speci
mens, resulting in a total surface area of 8.478 cm2. The 
extracting liquid was prepared according to the ISO10993- 
12 international standard. After sterilizing with a UV lamp 
for 30 min, 10 test pieces were placed in a centrifuge tube, 
and 2.5 mL of DMEM (Gibco, USA) complete medium was 
added according to the standard of the surface area of speci
mens/volume of medium = 1.25 cm2/mL. All specimens 
were water stored at 37 °C for 24 h; we then collected the 
extract.

The L929 mouse fibroblast cells (Cell Bank of the 
Chinese Academy of Sciences, Shanghai, China) were 
seeded in 96-well plates at a density of 5000 cells/well, 
and the experimental groups were cultured with their 
respective elutes. A control group was replaced with 
DMEM medium containing 10% fetal bovine serum 
(Gibco, USA). Subsequently, the CCK-8 reagent 
(Dojindo Molecular Technology, Kumamoto, Japan) was 
used to detect cytotoxicity. After incubation for 24, 72, and 
120 h, a microplate reader (SpectraMax M5; Molecular 
Devices LLC, Sunnyvale, CA, USA) was used to measure 
the optical density (OD) at 450 nm. Wells with the CCK-8 
solution but without cells were used as the blank control. 
Optical density values (OD) were represented as the mean 
of absorbance for 5 wells from each group. Cell cytotoxi
city was evaluated according to the relative growth rate 
(RGR) of the cells, and RGRs were calculated using the 
following equation:

The RGR= OD of the experimental group – OD of the 
blank group/OD of the control group – OD of the blank 
group × 100%.

As mentioned above, another 24-well plate was used 
for the cultivation of L929, with a cell density of 5×105/ 
mL. Different eluents were used to replace the culture 
medium containing 10% fetal bovine serum, after incuba
tion for 24, 72, and 120 h. The morphological changes of 

the fibroblasts were directly observed and photographed 
by a phase-contrast microscope (Nikon, Japan).

Statistical Analysis
We separately analyzed three-point bending strength, and 
TP values of the resin composites using SPSS 22 (IBM 
SPSS Inc., Chicago, IL, USA). After verifying normal 
distribution and homogeneity of the variance via 
Levene’s test, we used a multivariate ANOVA and least- 
significant-difference to compare differences between 
groups. We considered P < 0.05 statistically significant.

Results
FTIR
Figure 1A and B show the FTIR spectra of unconditioned 
and MDP-conditioned nano- or micro-zirconia fillers 
within the range of 3500–500cm−1 and the peak-fitted 
spectra of MDP-conditioned nano- and micro-zirconia fil
lers within the range of 1200–950 cm−1. The absorption 
bands at 2930 cm−1 and 2850 cm−1 correspond to the – 
CH2– stretching vibration.30 The peaks of MDP-condi
tioned nano- and micro-zirconia fillers located at 
1719 cm−1 due to C=O stretching vibration and absorption 
peaks near 1637 cm−1 were attributed to the C=C bond.31 

The peaks corresponding to the P–O bond of MDP-condi
tioned nano-zirconia fillers were located at 985.5 and 
1082 cm−1 while those for MDP-conditioned micro-zirco
nia fillers were located at 972.6 and 1083.7 cm−1.25

XPS
XPS spectra of unconditioned and MDP-conditioned nano- 
zirconia and micro-zirconia are shown in Figure 2. We 
detected P spectrum in the wide-scan spectra of MDP- 
conditioned nano- and micro -zirconia (Figure 2A and 
B). According to the XPS O1s spectra of the MDP-condi
tioned nano-zirconia fillers (Figure 2E), we divided peak 
decomposition of XPS O1s spectra into four contributions. 
The peak located at 529.5 eV was attributed to the Zr–O– 
Zr bond, that at 530.5 eV was the Zr–O–P bond, that at 
531.9 eV was the OH– bond and that at 533.1 eV was the 
C–O bond.32 The peak area of Zr–O–P bond was 39.91%. 
In the MDP-conditioned micro-zirconia fillers (Figure 2F), 
we likewise found four component peaks. The peaks 
located at 529.5 eV, 530.6 eV, 531.9 eV, and 533.0 eV 
were attributed to the Zr–O–Zr, Zr–O–P, OH–, C–O, 
respectively.32 The peak area of Zr–O–P bond was 
34.52%.
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Morphology Observation of Zirconia and 
Silica Fillers
The SEM images of micro-silica or micro-zirconia 
particles, and the TEM images of nano-silica or nano- 
zirconia particles are shown in Figure 3. Micro-silica 
(Figure 3A) and micro-zirconia (Figure 3B) were irre
gular particles with a size range of 5–10 μm, and nano- 
silica (Figure 3C) and nano-zirconia (Figure 3E) fillers 
were circular particles with a particle size of 20–50 
nm. Figure 3D and F show the electron diffraction 
pattern of nano-silica and nano-zirconia particles. 
There were no scattering points in the electron diffrac
tion pattern of nano-silica, indicating that it is an 

amorphous structure. Conversely, the diffraction points 
or discontinuous diffraction rings in the electron dif
fraction pattern of nano zirconia revealed that it was a 
crystal structure.

Scanning Electron Microscope (SEM) and 
Energy-Dispersive Spectrometry (EDS) 
Mapping
The SEM images and EDS maps of light-cured (L-55si+5zr, 
L-55si+5Mzr, L-30si+30zr, L-30si+30Mzr) and dual-cured 
(D-55si+5zr, D-55si+5Mzr, D-30si+30zr, D-30si+30Mzr, 
D-5si+55zr, D-5si+55Mzr) resin composites are shown in 
Figure 4. In the light-cured resin composites (Figure 4A), 

Figure 1 (A) FTIR spectra of the MDP-conditioned and unconditioned nano-zirconia fillers in the range of 3500–500 cm−1 and peak-fitted FTIR spectra of MDP-conditioned 
nano-zirconia fillers in the range of 1200–950 cm−1. The peaks corresponding to the P–O bond were located at 985.5 and 1082 cm−1; (B) FTIR spectra of the MDP- 
conditioned and unconditioned micro-zirconia fillers in the range of 3500–500 cm−1 and peak-fitted FTIR spectra of MDP-conditioned micro-zirconia fillers in the range of 
1200–950 cm−1. The peaks corresponding to the P–O bond were located at 972.6 and 1083.7 cm−1. The absorption band of MDP-conditioned nano- and micro-zirconia 
fillers at 2930 and 2850 cm−1 correspond to the –CH2– stretching vibration. The peaks located at 1719 and 1637 cm−1 were attributed to C=O bond and C=C bond, 
respectively.
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Figure 2 (A) Wide-scan X-ray photoelectron spectroscopy spectra of the unconditioned and MDP-conditioned nano-zirconia fillers; (B) wide-scan X-ray photoelectron 
spectroscopy spectra of the unconditioned and MDP-conditioned micro-zirconia fillers; (C) narrow-scan O1s spectra of the unconditioned nano-zirconia fillers; (D) narrow- 
scan O1s spectra of the unconditioned micro-zirconia fillers; (E) narrow-scan O1s spectra of the MDP-conditioned nano-zirconia fillers; and (F) narrow-scan O1s spectra of 
the MDP-conditioned micro-zirconia fillers. I (C–O), II (P–O–H), III (Zr–O–P), IV (Zr–O–Zr), V (OH–) represent the different deconvoluted peaks within the main peak.
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nano-zirconia and micro-silica fillers dispersed well when 
the amount of nano-zirconia fillers is 5 wt%. while the 
proportion of nano-zirconia fillers in resin up to 30%, zir
conia fillers agglomerated apparently. Obvious clusters can 
be observed when resin materials contain 5% MDP-zirconia 
in dual-cured resin composites (Figure 4B) and the degree 
of aggregation raises as the content of zirconia increases. 
However, in the D-5si + 55zr group, parts of the micro- 
zirconia fillers agglomerates split away from the resin sur
face; in contrast, this was not observed in the D-5si + 55Mzr 
group. The SEM images and EDS maps of resin composites 
of L-60si, L-50si+10zr, L-50si+10Mzr, L-40si+20zr, L-40si 
+20Mzr, D-60si, D-50si+10zr, D-50si+10Mzr, D-40si 
+20zr, D-40si+20Mzr are shown in Supplemental 
Figures A and B.

Three-Point Bending Strength, Elastic 
Modulus, and Weibull Analysis
Figure 5A and B shows the three-point bending strengths of 
the light- and dual-cured groups. We did not test the perfor
mance of the 14 ruled out groups mentioned above. All three- 
point bending-strength values conformed to the homogeneity 
of variance and normal distribution (P > 0.05).

Statistical differences were observed between different 
mass fractions of MDP-conditioned and unconditioned 
micro- or nano-zirconia fillers. Versus silica-filled resin 
composites, the addition of nano-zirconia fillers improved 
the flexural strength of the resin composites. The resin 
composites with 5 wt% MDP-conditioned nano-zirconia 
fillers presented the highest flexural strength and exceeded 
140 MPa, while the flexural strength gradually decreases 

Figure 3 (A) SEM image of the unconditioned micro-silica fillers; (B) SEM image of the unconditioned micro-zirconia fillers; (C) transmission electron micrograph of the 
unconditioned nano-silica fillers; (D) electron diffraction pattern of the unconditioned nano-silica fillers; (E) transmission electron micrograph of the unconditioned nano- 
zirconia fillers; and (F) electron diffraction pattern of the unconditioned nano-zirconia fillers.
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Figure 4 (A) SEM images and EDS maps of light-cured resin composites of L-55si+5zr, L-55si+5Mzr, L-30si+30zr, L-30si+30Mzr; (B) SEM images and EDS maps of dual- 
cured resin composites of D-55si+5zr, D-55si+5Mzr, D-30si+30zr, D-30si+30Mzr, D-5si+55zr, D-5si+55Mzr. The arrows represent the pits left by the fillers splitting away 
from the resin surface.
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with the further increase of zirconia content. When the 
mass fractions of micro- or nano-zirconia fillers are >10wt 
%, the resin composites with unconditioned zirconia par
ticles showed better flexural strength than those with 
MDP-conditioned zirconia particles.

Differences were statistically significant from dual- 
cured experimental groups (Figure 5B). When silica was 
utilized as the main filler, the addition of 5 wt%-20 wt% 
unconditioned nano-zirconia filler improved the flexural 
strength of the resin. Conversely, the flexural strength 
was significantly declined when micro-zirconia was used. 
In addition, as opposed to light-cured groups, the MDP 

conditioning in dual-cured groups was unable to further 
enhance the flexural strength.

Table 2 shows the mean values of elastic modulus of 
the light-cured and dual-cured groups. In brief, resin 
composites presented a lower elastic modulus when the 
ratio of nano-zirconia increased, and MDP conditioning 
had no obvious effect on the elastic modulus of the 
resin.

Figure 6A and B show the Weibull distribution of 
the 95% confidence interval of light-cured and dual- 
cured groups. A high Weibull modulus indicated 
a smaller error range and greater structural reliability 
of the material. The Weibull modulus of three-point 
bending strength for each group is >8, indicating 
a reliable date.33

Translucency Parameter
Figure 7A and B show the translucence of the light- and the 
dual-cured groups wherein the translucence of the silica 
group was the highest (over 5). However, the translucence 
of the resin with 5 wt% nano-zirconia fillers decreased sig
nificantly, and the translucence of the resin with 55 wt% 
micro-zirconia fillers was lowest (falling below 0.5).

Cytotoxicity Experiment
We selected experiment groups with highest flexural 
strength (L-55si+5Mzr, L-55si+5Mzr, D-50si+10zr and 
D-50si+10Mzr) individually in light-cured initiator system 
and dual-cured initiator system to evaluate cytotoxicity. 
The relative cell proliferations are shown in Figure 8. 

Figure 5 (A) Mean values of three-point bending strength of the light-cured resin composites; (B) mean values of three-point bending strength of the dual-cured resin 
composites. Same superscript letters (a–d) indicates no significant difference between the groups (P > 0.05).

Table 2 Mean SD Values of Elastic Modulus of the Light- and 
Dual-Cured Resin Composites

Elastic Modulus (GPa)

Light Curing Dual Curing

60si 9.93±0.83a 7.22±0.76b

55si+5zr 9.28±0.56a 8.81±0.58ef

55si+5Mzr 9.71±0.84a 9.25±0.98f

50si+10zr 9.46±0.69a 8.48±0.62e

50si+10Mzr 9.36±0.72a 8.35±0.70de

40si+20zr 8.49±0.39b 7.78±0.45bc

40si+20Mzr 8.53±0.54b 7.88±0.47cd

30si+30zr 8.31±0.70b 7.59±0.84bc

30si+30Mzr 8.40±0.46b 7.44±0.45bc

5si+55zr 6.51±0.51a

5si+55Mzr 6.62±0.67a

Note: Same superscript letters a-f indicate no significant difference between the 
groups (P > 0.05).
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The cell proliferation of the control group was better than 
that of the experimental groups, and there is no significant 
difference between the experimental groups.

The RGR and cytotoxicity grade of each group are 
shown in Table 3. The RGR values of the experimental 
groups were >80%. The cytotoxicity grade was Grade 1, 
and the resin material had no significant cell cytotoxicity.18

Figure 9 shows the growth status of cells in each group 
after 1, 3, and 5 days. The cell morphology was basically 
normal, and the growth trend was similar. After 5 days of 
culture, cells in each group basically covered the bottom of 
the well, suggesting that the biocompatibility was good.

Discussion
Our previous study proved that adding a small amount of 
zirconia with or without surface treatment was attributed to 
the mechanical properties of the resin composites.18 The 
feasibility of large scale addition of nano-zirconia fillers has 

not yet been studied before. Thus, we investigated the 
mechanical properties of nanohybrid composites with dif
ferent mass fractions of unconditioned or MDP-conditioned 
zirconia filler in micro- or nano-sizes, under various initia
tor systems. Here, nanohybrid fillers were mixed with silica 
and zirconia, and the weight ratio was controlled at 60 wt%. 
In the process of making resin specimens, we found that in 
the total of 14 group specimens cannot be obtained success
fully and the main reasons are as follows: 1) more than 10 
wt% nano-silica fillers could not entirely melt into the 
matrix (L-20si+40zr, L-20si+40Mzr, L-10si+50zr, L-10si 
+50Mzr, D-20si+40zr, D-20si+40Mzr, D-10si+50zr, 
D-10si+50Mzr); 2) the translucence was too low for resin 
materials to be cured completely (L-5si+55zr and L-5si 
+55Mzr); 3) the resin materials were too thin to be shaped 
and molded (L-60zr, L-60Mzr, D-60zr and D-60Mzr). 
Therefore, we did not test the flexural strength, translucence 
and cytotoxicity of these groups.

Figure 6 (A) Weibull distribution plot with 95% confidence intervals of light-cured resin composites; (B) Weibull distribution plot with 95% confidence intervals of dual- 
cured resin composites.
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According to the ISO4049 standard, the flexural 
strength of resin-composite materials should be >80 
MPa,34 and all experimental resin composites with light- 
cured initiator system in the present study met this stan
dard. The three-point bending test shows that the addition 
of nano-zirconia fillers with a light-cured initiator system 

of nanohybrid composites improved the flexural strength 
of resin composites compared to silica-filled resin compo
sites. The flexural strength of the resin decreased as the 
proportion exceeded 10 wt%. The resin composites with 5 
wt% MDP-conditioned nano-zirconia presented the high
est Weibull modulus and flexural strength (>140 MPa). 

Figure 7 (A) Mean values of translucency parameter of the light-cured resin composites; (B) mean values of translucency parameter of the dual-cured resin composites. 
Same superscript letters (a–e) indicates no significant difference between the groups (P > 0.05).

Figure 8 Relative cell proliferations of the experimental groups and the control group.
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This was consistent with the previous experimental 
research,17 both indicating that it has a clinical application 
value to add some amount of surface-conditioned zirconia 
fillers to resin composites. However, when the ratio of 
nano-zirconia particles exceeded 10 wt%, the flexural 
strength of MDP-conditioned groups decreased more sig
nificantly than the unconditioned groups. This may be 
explained by the self-condensation of MDP or interaction 
between γ-MPS and 10-MDP,35 which means that part of 
the MDP may contribute to combine with the resin matrix, 
while a larger part of the MDP may self-condense, further 
promoting the agglomeration of fillers, which led to the 
uneven material distribution.

Previous studies revealed that the inertness of zirconia 
makes it difficult to form chemical bonds with the resin 
matrix.36 Furthermore, there is an obvious tendency for 
nano-zirconia fillers to agglomerate, resulting in fillers that 
are unevenly dispersed. Here, the acid functional monomer 
MDP served to condition zirconia fillers to promote the 
dispersion of nano-zirconia particles in resin and improve 
its binding with the matrix. At one end of the MDP, the 
phosphoric acid group can combine with zirconia to form a 
Zr–O–P bond. At the other end, the carbon-carbon double 
bond can react with the resin matrix.37,38 Theoretically, MDP 
conditioning is conducive to the bonds with fillers in the 
matrix. The infrared spectra of nano- and micro-zirconia 
with surface treatment showed absorbance intensities of the 
MDP C=C peak at 1637 cm−1 as well as MDP C=O peak at 
1719 cm−1, suggesting that chemical reaction occurred 
between MDP and zirconia. This is consistent with the pre
vious experimental results. The Zr–O–P peak occurred at 
100–150 eV in the XPS spectra of MDP-modified micro- 
zirconia filler and nano-zirconia filler. In addition, the corre
sponding O1s spectra showed that the peak area of Zr–O–P 
bond was 30–40%, indicating the effectiveness of MDP- 
conditioned zirconia. However, it was unexpected that 
MDP conditioning depended on the filler content for the 
effective dispersion of the fillers in the resin matrix. 

According to the SEM images and EDS maps, the fillers 
would obviously agglomerate when the ratio of the MDP- 
conditioned nano-zirconia particles exceeded 10 wt% regard
less of the initiator system resin composites. Among the 
resins with the same ratio of fillers, the distribution of fillers 
in the MDP-conditioned group was not improved versus the 
unconditioned group. Even in the D-5si+55Mzr group, fillers 
were exfoliated from the resin matrix. The disordered dis
tribution of fillers significantly and distinctly affected the 
mechanical properties of the nanohybrid composites.

During the process of manufacturing composites, we 
found that the zirconia fillers were prone to agglomerate 
when the MDP-conditioned zirconia was added to the resin 
matrix. As a result, agglomerates must be ground well to 
ensure the fillers are evenly distributed. This may be 
explained by the self-condensation of the 10-MDP molecule 
or the interaction between γ-MPS and 10-MDP, which 
further promotes the agglomeration of zirconia particles. 
The amount of MDP-conditioned zirconia fillers added to 
the resin needs to be controlled. When the MDP-conditioned 
zirconia exceeded a certain percentage, it had adverse effects 
on the uniform dispersion of the fillers in the resin compo
sites, as well as the mechanical properties of the product.

The current test results show that the light-cured resin 
composites presented a significant decrease in translucence 
when adding only 5 wt% zirconia fillers. We speculate that 
the efficiency of light-cured initiator system alone would 
be reduced or even eliminated. In this study, the translu
cence of the silica group was >5. However, the translu
cence decreased to 1 when 5 wt% nano-zirconia fillers 
were added to the resin. The transparency decreased 
below 0.5 when the micro-zirconia fillers increased to 55 
wt%. Therefore, it was necessary to introduce a self-cured 
system into the resin containing a large ratio of zirconia 
fillers. However, the flexural strength and elastic modulus 
of dual-cured resin still failed to be satisfied because the 
flexural strength of the nanohybrid resin composites failed 
to exceed 120 MPa in the dual-cured groups.

Table 3 Relative Growth Rate (RGR) and Cytotoxicity Grade (CG) of Resin Composites

24h 72h 120h

RGR CG RGR CG RGR CG

L-55si+5zr 86.07% 1 82.00% 1 84.61% 1

L-55si+5Mzr 88.07% 1 92.89% 1 86.62% 1
D-50si+10zr 85.67% 1 92.40% 1 84.48% 1

D-50si+10Mzr 85.67% 1 85.70% 1 84.94% 1
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Figure 9 Cell morphology in each group after 1 (A, D, G, J, M), 3 (B, E, H, K, N) and 5 (C, F, I, L, O) days of cell culture. (A–C): L-55si+5Zr group; (D–F): L-55si+5Mzr 
group; (G–I): D-50si+10zr; (J–L): D-50si+10Mzr; and (M–O): control group.
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As the zirconia content increased, the flexural strength of 
dual-cured resin composites first increased and then decreased; 
samples containing 10 wt% nano-zirconia fillers were the best. 
The resin composites with untreated nano-zirconia had better 
flexural strength than the MDP-conditioned groups, and the 
flexural strength in the groups with 30 wt% and 55 wt% MDP- 
zirconia was lower than 80 MPa. Nevertheless, we acknowl
edge that in terms of the mechanical properties of the resin, the 
dual-cured initiator system failed to show the expected advan
tages over the light-cured groups.

Fortunately, the low translucence also has positive 
effects: it improves the masking ability. The results found 
that adding some amount of zirconia fillers in resin compo
sites increases the mechanical properties and masking abil
ity, conforming to the ISO4049 standard, wherein the 
flexural strength of resin luting cements should be >50 
MPa. We also found that the addition of a large proportion 
of nano- or micro-zirconia fillers sharply increased the 
fluidity of material in the related pre-experiment. Since 
the molecular mass of zirconia is larger than that of silica, 
the volume of zirconia filler is significantly smaller than that 
of silica at the same quality, which means that the specific 
surface area of zirconia is much smaller than that of silica, 
which may cause the resin composites containing a large 
proportion of zirconia to have better fluidity, suggesting 
resin composites with similar formulation were possible as 
a clinical resin cement. Furthermore, it is beneficial for high 
translucence ceramic restorations to bond with discolored 
teeth while in the dual-cured system. These resin materials 
containing an experimentally high proportion of nano-zir
conia fillers have advantages for the bonding of ceramic 
restorations in which light cannot reach directly, such as the 
bonding of posts, inlays and endocrowns.

We next evaluated the biocompatibility of experimental 
nanohybrid composites for potential clinical applications via 
cytotoxicity testing. Here, we used groups with the highest 
flexural strength in light-cured and dual-cured groups (L-55Siz 
+5Mzr, L-55Si+5MZr, D-50Si+10Zr, and D-50Si+10MZr). 
The groups were used for the CCK-8 test to detect the prolif
eration of fibroblast L929. According to the current results, the 
cell proliferation rates of four resin material extracts after 5 
days were 84.61%, 86.62%, 84.48%, and 84.94%. The cyto
toxicity level was Grade 1, according to the cytotoxicity grade 
standards, suggesting they are safe for clinical application due 
to the slight cytotoxicity. Based on previous studies, the mono
mer residues caused by the incomplete curing of resin compo
sites such as Bis-GMA, TEGDMA, UDMA, and HEMA 
affect cell proliferation and thus interfere with the cellular 

redox system resulting in oxidative stress; thus, the cell cycle 
stagnates at a specific stage.39 In addition, resin materials 
present in the oral environment for the long term can be 
degraded by physical abrasion, chemical reactions and various 
enzymes; the degradation products likewise cause 
cytotoxicity.40

Conclusion
Based on results from the present study, and within its 
limitations, the null hypotheses can be rejected, and the 
following conclusions may be drawn: Adding nano-zirco
nia fillers improved the mechanical properties of resin 
composites, but it was not advisable to replace silica fillers 
as the main filler, because the resin composites with 5 wt% 
MDP-conditioned nano-zirconia exhibit the best mechan
ical property. When the content of the zirconia fillers 
reached 55 wt%, the dual-cured system was essential for 
nanohybrid composites to be cured, which had a better 
opacity effect and met the ISO standard, making it poten
tially useful as a resin-luting cement. Adding MDP-condi
tioned zirconia fillers did not increase the cell cytotoxicity 
of nanohybrid composites.
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