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Abstract
In the present work, the synthesis of novel nanocomposite polymer resins with silica bearing triazole functional groups was realized.
Silica nanoparticles were produced by sol-gel method known as stöber process. Then the surface was modified with 1H-1,2,4-
triazole to form functional silica nanoparticles. Dental nanocomposites were produced by insertion of functional nanoparticles into
the Bis-GMA/TEGDMA different weight fractions. The initiator system was CQ/EDMAB:0.1:0.4 wt%, and then
photopolymerization was carried out by means of LED light having wavelength of 450 nm–500 nm and power density of
1000 mW/cm2. FT-IR used to confirm the final structures of the functional nanoparticles as well as nanocomposites. The surface
morphology of the materials was analyzed by SEM and thermal properties were studied by TGA. Cytotoxicity test and mechanical
test were carried out to evaluate cell viability and mechanical properties of the materials, respectively. Sorption and solubility were
conducted on the different formulations to obtain the mean sorption and solubility values of the materials. The test results
demonstrated that the composition of the nanocomposite resins significantly changed their properties compared to control samples.
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1 Introduction

In dental treatment, polymer composite resins seems to
be promising materials have been used for several de-
cades [1, 2]. The interest toward this direction is increas-
ing to solve the drawbacks of long-term performance of
this kind of materials in clinical dentistry [3]. The prob-
lems related to previous dental resins are poor wear re-
sistance, volumetric shrinkage during polymerization,
restoration failure due to inadequate mechanical strength,
and stability [4]. The shrinkage leads to marginal leak-
age, large incidence of secondary dental caries, and high
potential for discoloration [5]. These problems greatly
affect the longevity of dental composite restoration.

To improve clinical performance of dental composite resins,
various attempts have been made since their development on
the filler volume and polymer matrix [6]. Determining the filler
volume is based on the particle size, silanization, loading [7],
and formation of new particles [8, 9]. Particle size and filler
volume can greatly influence the physical properties of dental
composites [7]. Whereas, examination of the polymer matrix is
essentially focused on new monomers formation [10–12].
Polymerization shrinkage decrease as filler volume fraction
increase, while hardness, compressive strength, elastic modu-
lus, and flexural strength increase [7].

Filler modifications, which include optimizing filler con-
tent [13], packing [14], and hybrid fillers development [15]
have been recognized as alternative and effective approaches
to increase the performance of polymer based composite
resins. Furthermore, growth of nanotechnology applications
has shown that incorporating nanomaterials [16–18] in fillers
offers advantages such as improving mechanical properties,
reducing polymerization shrinkage, and the rate of wear.
Presently, the majority of resin- based composites include in-
organic nanoparticles to enhance the performance [19].
Nanoparticles have a high specific surface area and rich sur-
face functional groups which are reasons for the improvement
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[20]. Even though nanoparticles have considerable advan-
tages, further progress is needed to achieve long-term satisfac-
tory restorations for clinical therapy [21, 22]. Azole scaffold is
still considered as the most viable structure for the production
of more effective antimicrobial agents. It has been reported to
have remarkable antibacterial activity on methicilin-resistant
strains of staphylococcus aureaus. However, azoles still have
weakness in their spectra, potencies, safety and pharmacoki-
netic properties. Several attempts have been made to change
the structures of the available effective azole drugs to enhance
their antimicrobial potency and selectivity [23]. The produc-
tion of dental composites with multifunctional nanoparticle
fillers could be promising for restorative dentistry. It can pro-
vide homogeneous distribution in the polymer matrix, com-
patibility, better percent conversion, improve mechanical
properties and increase the lifetime.

In this paper, silica nanoparticles were synthesized via Stöber
process and were surface-modified and functionalized with 1H-
1,2,4-triazole to form functional silica nanoparticles.Dental nano-
composites were produced by photopolymerization of functional
nanoparticle incorporated BisGMA/TEGDMAmixture using an
initiator system (CQ/EDMAB). Nanoparticles and nanocompos-
ites were characterized by FT-IR, SEM and TGA. Cytotoxicity
test, mechanical analysis, sorption and solubility tests were con-
ducted and interpreted according to control samples.

2 Experimental

2.1 Materials

Bis-phenol A glycidyl dimethacrylate, Bis-GMA (>98%),
Trimetheylene glycol dimethacrylate, TEGDMA (99%),
Camphorquinone (CQ) (Mw = 166.22 g/mol 97%),
Dimethy l fo rmamide , DMF (99 .8% anhydrous ) ,
Tetrahydrofurane, THF (≥99.9%), Ethanol (≥99.8% (GC)),
Tetraethoxysilane, TEOS (99.999% trace metals basis),
NH4OH (28.0–30.0% NH3 basis), Ethyl-4-dimethylamino ben-
zoate, EDMAB (≥99%), and 1,2,4-triazole (≥95% (TLC)), were
purchased from Sigma-Aldrich Chemicals.MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and HepG2
cells were obtained from Thermofisher Scientific.

2.2 Sample Preparation

The starting material, silica nanoparticles were produced via typ-
ical stöber process from TEOS according to previous work
[24–26]. Surface modified silica nanoparticles were synthesized
by the reaction of nSiO2 with epichlorohydrin with a similar
method as mentioned before [27]. The reaction of epichlorohy-
drin nanosilica occurred in THF. After reaction completion, the
modified nanosilica was collected, washed four times with 1:4
ratio of ethanol/ water mixture and kept wet for further reaction.

To synthesize 1H-1,2,4-triazole functional nanosilica,
modified epoxy silica nanoparticles were dispersed in 10 ml
of dimethylformamide (DMF). Excess amount of the 1H-
1,2,4-triazole was included in the reaction system and heated
at a temperature of 80 °C [28]. The mixture was stirred under
nitrogen environment for 24 h. A solid mixture was formed
which was collected and washed four times with 1:4 solution
of ethanol and distilled water to remove unreacted remnants. It
was then dried in an oven at 80 °C.

Table 1 Different formulations of resin composites series A

Nanoparticles Type Series Wt%

1H-1,2,4-triazole functional silica nanoparticles A1 10

A2 20

A3 30

A4 40

A5 50

A6 60

Fig. 1 FT-IR spectra nanosilica and
functional silica (a) of composites
A series and uncured (b)
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Fig. 2 SEM of nanosilica (a) functional nanosilica (b) the nanocomposite series A20-A60 (c)
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Nanocomposites were synthesized (series A1-A6) at various
weight fractions of the functional nanoparticles. Firstly, the
monomers Bis-GMA and TEGDMA (50:50 wt%) were blend-
ed by stirring at a temperature of 50 °C. Functional nanosilica
was added at different weight percentages ranging from 10% to
60 wt%. The mixing was done by continuous stirring for about
30 min until getting homogenous mixture. This process was
followed by insertion of initiator/co-initiator systemmade up of
CQ (0.1 wt%) and EDMAB (0.4 wt%) and then the mixture
homogenized by stirring to get transparent mixture. The paste
was filled in Teflon mold (5 mm diameter by 3 mm thickness).
Photopolymerizationwas done with a LED light source for 60 s
and hard rigid pellets were obtained (Table 1).

3 Characterizations

All samples were dried under vacuum and stored in a glove
box before FT-IR spectra analysis. The data was recorded in
the range 4000–400 cm−1 and a resolution of 4 cm−1 in ATR
system with Bruker Alpha-P.

Thermal stabilities and percentage modification of func-
tionalized fillers and composites were examined by thermo-
gravimetric (TG) analysis with a Perkin Elmer STA 6000. The
samples (~5 mg) were heated from room temperature to 700o

C under N2 atmosphere at a heating rate of 10o C min−1.
Nanoparticle and Nanocomposite surface morphologies were

examined by using scanning electronmicroscope (SEM),Philips
XL30S-FEG. The samples were gold coated before the SEM
analysis. SEM was operated at acceleration voltage of 10 kV.

Mechanical properties of the disc-shaped test specimens
with 5 mm diameter and 3 mm thickness were tested in a
Universal Testing machine by using a compression fixture.
The speed of cross-head was 0.1 mm/min. Stress (MPa)-strain
(%) curves were recorded and the mechanical parameters of
“Young’s modulus (E)”, “compression strength or maximum
stress”, and “strain at break or failure” were determined.

Surface morphologies of the samples were determined
using scanning electron microscope with specifications:
Philips XL30S-FEG. Also, all samples were gold sputtered
before the analysis.

Before solubility and sorption test, cured composite
samples were kept to dry in an oven at 37o C for 24 h.
These samples were further placed in desiccators to dry
for 2 h. For each formulation composition, dried sample
were measured severally till a constant mass mo was
found. The samples were immersed in water in separate
sample bottles and kept in an oven at 37o C for 3 weeks.
After this period, the samples were taken and rinsed with
water. The water from the surface of the specimen was
wiped out till there was no visible moisture. These sam-
ples were waved in the air for 15 s. Lastly, the samples
were weighed. For all the samples the mass (m1) was
recorded. The samples were again kept in the desiccators
to dry following the same cycle as mention above at the
temperature of 58o C. The specimen was weighed again
and mass (m2) was obtained. To obtain constant mass for
any test sample, the steps was repeated accordingly.

Solubility and sorption tests were carried out to investigate
water sorption (A) and water solubility (S) of the dental com-
posites materials in accordance with oysaed & Ruyter 12 for-
mula which is given as A =m1-m2/v and S =mo-m2/v, where
m1 is the sample weight before immersion, m1 is the sample
weight after immersion, and m2 is the sample weight after
immersion and desiccation. V is the volume of the specimen
in cubic millimeters.

For cytotoxicity studies the dental composites were casted
in the form of discs by using Teflon-based mold containing
uniformed wells of 3 mm thickness and 5 mm diameter. The
control discs of the same measurements were made of Teflon,
as well. In the tissue culture hood, the discs were sterilized for
20 min with UV light and transferred into 15 ml conical tube.
Sequentially, the specimens were washed with %70 ethanol
and deionized water, and left to dry in the hood for 5 min.

Fig. 3 TGA thermograms of series A and unfilled dental nanocomposites

Table 2 Sorption and solubility values of composite A series

Composite Sorption value
(mg/mm3)

Solubility value
(mg/mm3)

A1 0.072 0.052

A2 0.088 0.099

A3 0.123 0.068

A4 0.148 0.138

A5 0.138 0.257

A6 0.376 0.570
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Each disc was then placed into an individual well of 24-well
plate and pre-incubated in 1 ml of DMEM for 15 min.

HepG2 cells (ATCC) were seeded at 1 × 105cells/well in a
24-well plate containing DMEM supplemented with 4.5 g/l
glucose, 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin,
and 100 μg/ml streptomycin. Then, it was pre-incubated

overnight at 37 °C and 5% CO2. After that, the cells were
added to the discs of various formulations and incubated for
24 h. Following incubation, all wells were washed with
500 μL of 1 × PBS and incubated with 0.3 mg/ml of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) in 1 × PBS at 37 °C for 3 h. The resulting formazan

Fig. 5 Plot of mean & SD values for (a) compression strength, (b) strain at break & (c) elastic modulus for composite A & blank

Fig. 4 Water solubility and
sorption of composites A series
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crystals were solubilized by removing MTT solution and
adding 450 μL of DMSO. The absorbance was measured at
570 nm by Thermo Scientific spectrophotometer.

4 Results and Discussion

4.1 Ft-IR

FT-IR spectra of nano-SiO2 and functional silica are illustrated
Fig. 1a, and dental polymer composite resins are shown in and
Fig. 1b. Fig 1a shows absorption peaks appeared at 3332 cm−1

and 1633 cm−1 are assigned to the O-H stretching vibration
and O-H distorting vibration, respectively. The broad peak at
1063 cm−1 is attributed to the Si-O-Si formation. The peaks at
1220 cm−1 and 1083 are assigned to the Si-O stretching. After
functionalization of nano silica, the absorption peaks at 1420,
1520 cm−1 and 1670 cm−1 belong to azolic ring.

The characteristic groups peaks for dimethacrylate mono-
mers contained in the composite matrix (BisGMA-co-
TEGDMA) are found in the FT-IR around 3479 cm−1 (medi-
um, wide) due to C—OH groups of Bis-GMA (vibration due
to stretch), while the 3050–3038 cm−1 small peaks are due to
the C—H bonds (or the aromatic H). Peaks at 2963–

2850 cm−1 corresponds to —CH3 and —CH2 groups (asym-
metric and symmetric stretching, strong and sharp) of all
monomers. The strong and narrow peak at 1717–1715 cm−

is due to C=O group of all methacrylates, while the medium,
narrow peak at 1637–1635 cm−1 is due to stretch vibration of
C=C [29]. An absorbance at 1609–1608 cm−1 is also shown
and attributed to the aromatic C=C bonds of Bis-GMA com-
posite matrix. The peaks at 1170–1169 cm−1 is due to C-O
bonds in most of the cases. Even lower, the range of 1250–
950 cm−1 usually contains the characteristic asymmetric
stretching vibrations of the Si-O bonds.

4.2 Morphology of Fractured Composites

The SEM images of the nanoparticles and nanocomposite
series A20-A60 are illustrated in Fig. 2a-c. Fig. 2a demon-
strates silica nanoparticles with size 20–40 nm and Fig. 2b
shows triazole functional silica sizes are ranging from 60 to
90 nm. Fig. 2c gives the surface morphology of the compos-
ites which are smoother at lower functional nanoparticle con-
tents. Surfaces became rougher as the nanoparticle content
increased in the polymer resin. When it reached to 60%, more
clear presence of functional nanoparticles was observed. For
all the A series nanocomposites, a quite good dispersion and
good interfacial adhesion of functional fillers occurred in the
crosslinked polymer matrix.

4.3 Thermogravimetric Analysis

TGA thermograms of nanocomposite series are illustrated for
in Fig. 3. The host matrix and composite materials are stable
up to 100 °C. Above this temperature domain, two step de-
compositions occurred. The first degradation was around
150 °C which can be attributed to degradation of azoles.
Percent loss was between 100 and 350 °C and increased with
the filler content. The second weight loss above 350 °C that
could be attributed to further decomposition of organic matrix
and inorganic phase. As investigated previously, the dental
resins gave a cross-linked 3-D structure and were highly re-
sistant to thermal decomposition in an inert atmosphere. A
great deal of energy is require to break polymer matrix bonds

Table 3 Mean and standard
deviation values of compression
strength, strain at break and
Elastic Modulus for blank & A
composites series

Composites Filler fraction
(wt%)

Compression
strength (MPa)

Strain at break
(GPa)

Elastic modulus
(GPa)

A0(blank) 0 253 ± 66 5.975 ± 0.08 5.37 ± 1.1

A1 10 241 ± 33.3 5.98 ± 1.06 2.9 ± 0.30

A2 20 189.33 ± 18.34 6.68 ± 0.35 3.57 ± 0.83

A3 30 141.33 ± 15.31 7.67 ± 1.67 2.5 ± 0.13

A4 40 138.67 ± 21.13 5.13 ± 0.42 4.46 ± 0.89

A5 50 136 ± 18.25 6.17 ± 0.97 3.71 ± 1.01

A6 60 67 ± 14.14 6.85 ± 0.64 4.0 ± 1.36

Fig. 6 Cell viability mean and SD plots of composites A series
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[30]. Previously, Vouvoudi et al. reported that decomposition
behavior of monomers (Bis-GMA and TEGDMA) are consid-
erably affected by their chemical structure [31].

4.4 Sorption and Solubility of the Composite
Electrolytes

The results of sorption and solubility are summarized in
Table 2. Analysis of the series of all the composites indicated
that an increase in both sorption and solubility properties were
detected with an increase in functional nanoparticle content
(Fig. 4). As seen, the composite A1 shows the least water
sorption of 72 μg/mm3 which is comparable with the value
required for ISO 4049 [32]. Then, sorption values increased
slightly with the filler content from A2 to A5. Similarly, sol-
ubility values exhibited similar trend at lower contents up to
40% and then increased. These values implied that high sol-
vent sorption resulted in higher solubility after storage in wa-
ter at 37o C for 3 weeks.

4.5 Mechanical Analysis

The mean and standard deviation values of compression
strength, strain at break and elastic Modulus for blank and
composites series A are illustrated in Figs. 5 and also summa-
rized in Table 3. Conventional dental composites which are
filled with the hybrid fillers have elastic modulus and the
compression strength in the range of 5 to 10 GPa, and 150
to 250 MPa, respectively [33–36]. The mean compression
strength values of some of the composites in this work shows
a considerable improvement in mechanical properties when
compared to dental composites made with hybrid fillers.

Composite A1 has the highest compression strength (241
± 33.3 MPa) compared to blank (253 ± 66 MPa) and it de-
creased with the additive amount. Whereas, the highest elastic
modulus was obtained in composites A4 (4.4628 ± 0.89GPa)
with respect to Blank (5.37 ± 1.1 GPa). Moreover, the com-
posites A1, A2 and A3 demonstrated higher strain at break
whichmay be due to denser crosslinking at lower filler content
and better interaction between host polymer and functional
nano additive.

4.6 Cytotoxicity Test

Cytotoxicity analysis of various formulations reveals potently
toxic and safe candidates. Potent cytotoxicity or its complete
absence is equally useful in various applications of dental
composites. By increasing the filler amount of different for-
mulations, cellular viability was evaluated using the MTT-
based assay by 24 h incubation of cell. To investigate the
cytotoxic potential of novel modified silica nanoparticle-
based dental composites in vitro, each of the freshly synthe-
sized composites was prepared in the shape of a disc using

mold measuring 5 mm diameter and 3 mm thickness disc and
incubated with HepG2 cells. Assessment of viability of cellu-
lar was done using assay of MTT followed by 24 h cell incu-
bation for each of the formulations with increasing the con-
centration. Controls were represented by the same-size discs
made of Teflon. As a result, formulations A-1/hBN were non-
toxic, whereas, A1- A3, were moderately toxic, and A4, A5,
A6, were very toxic compared to the Teflon-made controls, as
observed in Fig. 6.

5 Conclusions

In the present work, polymer nanocomposite resins comprising
various fractions of 1H-1,2,4-triazole modified nanosilica parti-
cles were investigated. Functional silica was produced and then
homogeneously dispersed in the polymer resin matrix as con-
firmed by SEM analysis. Thermogravimetric (TGA) results
showed an adequate thermal stability of nanocomposite up to
at least 100 °C. Water sorption and solubility mean values were
increasedwith the filler amount, i.e., for A1-A6 0.072–0.376mg/
mm3 and 0.052–0.257 mg/mm3, respectively. Cytotoxicity anal-
ysis showed that A1, A2, and A3 are moderately toxic, whereas,
A4, A5, and A6 are very toxic compared to the Teflon-made
controls. The mechanical measurements yielded maximum and
minimum values for compression strength (241 ± 33.3 and 67 ±
14.14 MPa), elastic modulus (2.92333 ± 0.30 and 4.00 ±
1.36 GPa). The results indicated that there is a decrease in the
compression strength and elastic modulus, with increasing the
filler content. It was demonstrated that the nanocomposite resins
so-called A1-A3 are promising candidates and could be sug-
gested for dental application.

Publisher’s Note SpringerNature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.
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