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Abstract: Dental nanocomposite resins have been proposed as potential restorative materials that are
inevitably challenged with dynamic oral conditions. This investigation focused on the contribution
of miscellaneous silane blends, used as coupling agents, to the ultimate performance of dental
nanocomposite dimethacrylate resins. Herein, silica nanoparticles were initially silanized with
functional/functional or functional/non-fuctional silane mixtures (50/50 wt/wt). Fourier transforms
infrared (FTIR) spectroscopy and thermogravimetric analysis (TGA) verified the modification of
nanosilica. The organomodified nanoparticles were then inserted into Bis-GMA/TEGDMA based
resins by hand spatulation process. Scanning electron microscopy (SEM) findings revealed a broad
distribution of fillers in the polymer network when reactive silanes and their corresponding blends
were used. Furthermore, optical profilometry results showed that the presence of functional/non-
functional mixtures can produce relatively smooth composite surfaces. Polymerization shrinkage
was found to be limited upon the decrease of the degree of conversion regarding all the tested silane
mixtures. The functional/functional silane blend assured the highest flexural properties and the
lowest solubility after the storage of the nanocomposite in water for 1 week at 37 ◦C. The above
experimental data could contribute to the proper designing of dental nanocomposite resins which
may fit the modern clinical applications.

Keywords: dental nanocomposite resins; organosilane blends; functional silanes; silica nanoparticles

1. Introduction

Over the last decades, composite resins dominated as dental restorative materials
especially due to superior aesthetics, better operability, and toxicity concerns associated
with amalgam [1]. In the oral cavity, dental restoratives are subjected to extremely dynamic
conditions affecting their longevity such as high masticatory forces, pH and temperature
variations, water sorption, bacterial attack, and enzymatic changes [2–4], while they are
often challenged with polymerization shrinkage and marginal microleakage [5]. From
the chemical point of view, dental composite resins mainly consist of methacrylate-based
monomers like 2,2-Bis[p-(2′-hydroxy-3′-methacryloxypropoxy) phenylene]propane (Bis-
GMA) and 1,6-bis(methacryloxy-2-ethoxycarbonylamino)-2,4,4-trimethylhexane (UDMA),
co-monomers like triethylene glycol dimethacrylate (TEGDMA), reinforcing inorganic
micro- and/or nanofillers (e.g., glass, silica, quartz), as well as organosilane compounds
constituting the coupling agent between the polymer matrix and the reinforcing filler.

A strong binding between matrix-filler is generally assured through the covalent bond
formation provoked by the presence of bifunctional trialkoxy silanes. The aforementioned
process usually involves the copolymerization reaction between the methacrylated groups
of monomers and the vinyl groups of the (meth)acrylic segment of the silane, as well as the
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condensation reaction between the silanol groups of filler and the corresponding interme-
diate silanols of silane produced after the hydrolysis of its alkoxy segments [6]. Hence, the
derived siloxane Si-O-Si linkages lead to the formation of interface adhesion between the or-
ganic matrix and inorganic filler. This, in turn, might facilitate the stress transition from the
flexible matrix to the stiffer filler particles resulting in improved mechanical performance
of the dental composite resin [7–9]. Besides, this link contributes to the enhancement of the
overall performance of the composite by protecting the filler against fracture while improv-
ing the resistance to hydrolytic degradation [10–12]. The successful matrix-filler bonding de-
pends on the optimal matching between the organic functional group of the resin monomer
and the functional group of the silane [13]. Undoubtedly, the most commonly functional
silane coupling agent used in dental composites is 3-(trimethoxysilyl)propyl methacrylate
(γ-MPS), which is proven to provide high interfacial stability, thus ensuring promising
ultimate physicochemical and mechanical properties of the composite resin [14–23]. Other
typical organofunctional silane coupling agents such as 3-acryloxypropyltrimethoxysilane
(ACPS) [24], N-allylaminopropyltrimethoxysilane [25], quaternary ammonium silane
compounds (QASiC) [26], 3-styrylethyltrimethoxysilane [24], vinyltrimethoxysilane [24],
3-(isocyanato)propyltriethoxysilane (UDMS) [24,27,28], 3-aminopropyltriethoxysilane
(APTES), 3-glycidoxypropyltrimethoxysilane (GPS) [29,30], and styrylethyltrimethoxysi-
lane (SETMS) [31] have also been extensively studied in the research field of dental
composite resins.

Except for functional organosilanes, non-functional silanes containing an additional
hydrolysable alkoxy group instead of a C=C group can also be utilized. For instance, the hy-
drophobic nature of octyltrimethoxysilane (OTMS) usually renders it preferable toward the
limitation of the hydrolysis phenomena over the matrix-filler interfacial region [27,31–33] in
dental composites, even if it interacts through weaker van der Waals forces. In some cases,
non-functional silanes may have two silicon atoms, each one with three alkoxy groups
capable of forming extensive cross-linking networks [34] into the composite. The bis-
1,2-(triethoxysilyl)ethane (BTSE) [13,24,35–39], bis-[3-(trimethoxysilyl)propyl]amine [37],
bis-1,6-(trichloroxysilyl)ethane (BISET), bis-1,6-(trichloroxysilyl)hexane (BISHEX), and bis-
1,8-(trichloroxysilyl)octane (BISOCT) [40] are considered to serve as typical cross-linker
silanes. In such a way, the formed stiff siloxane films can hinder the diffusion of water
molecules inside the network [13], increasing the hydrolytic stability of the composite resin.

On the other hand, dual silanization is a process of inorganic filler modification
with blends of functional with non-functional silanes in diverse mass ratios. The con-
cept is generally based on the combining effect of the high reactivity derived from the
functional silane and the hydrophobicity attributed to the non-functional silane, thus
resulting in a robust matrix-filler interface in the composite. This technique finally of-
fers improved handling properties of the uncured paste, a higher degree of double bond
conversion during photopolymerization, better mechanical properties, and lower water
sorption and polymerization stresses [33]. In particular, when blends of MPS/OTMS
(50/50 wt/wt) and UDMS/OTMS (50/50 wt/wt) were used to silanize silica nanoparticles
in Bis-GMA/TEGDMA composites, they were found to impart almost the same resistance
against water sorption, whereas the sorption in ethanol/water solution was higher for
the UDMS/OTMS blend. Moreover, composites with MPS/OTMS blend presented lower
solubility than those containing UDMS/OTMS in both aqueous solutions [27]. The work-
ability of the uncured composite paste containing silanized silica with MPS/OTMS can
be better by increasing the mass fraction of OTMS, but the flexural modulus and strength
decreased as the ratio of OTMS raised to 7.5% and 10% [32,33]. Biaxial flexure strength was
higher for composites with MPS/OTMS modified silica in comparison with SETMS/OTMS
(1/1 mass ratio), even if the strength was enhanced due to the presence of the latter [31].
Dual silanization of silica by incorporating the cross-linker BTSE in blends with MPS, ACPS,
and UDMS showed that ACPS/BTSE can result in the highest flexural strength, whereas
water uptake significantly reduced for MPS/BTSE blends [24].
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In the present study, dental nanocomposite resins were synthesized by incorporating
silica nanoparticles silanized with functional silanes of different polarity and non-functional
silane individually, as well as with blends of different functional/non-functional and
functional/functional silanes. More specifically, the gold standards of MPS, ACPS, and
OTMS were preferred as control silanes, while the influence of the blend systems ACPS-
OTMS and MPS-ACPS in the physicochemical and mechanical properties was investigated
for the first time.

2. Materials and Methods
2.1. Materials

The monomers triethylene glycol dimethacrylate (TEGDMA), 95%, 2,2-Bis[p-(2′-hydroxy-
3′-methacryloxypropoxy)phenylene]propane (Bis-GMA), and the solvent cyclohexane,
≥99.5%, were all provided by SIGMA-ALDRICH CHEMIE GmbH (Steinheim, Germany).
The co-initiator 2-(dimethylamino)ethyl methacrylate (DMAEMA), 99%, and initiator
camphorquinone, 98%, were purchased from J&K Scientific GmbH (Pforzheim, Germany).
A commercially available fumed silica nanopowder, AEROSIL OX 50, specific surface
area (BET) 35–65 m2·g−1 and purity ≥ 99.8%, was supplied by EVONIK GmbH (Hanau-
Wolfgang, Germany). The 3-(trimethoxysilyl)propyl methacrylate (γ-MPS), 98%, used as
a conventional methacrylate functionalized silane coupling agent, was purchased from
J&K Scientific GmbH (Pforzheim, Germany). The octyltrimethoxysilane (OTMS), 96%,
and 3-(trimethoxysilyl)propyl acrylate (ACPS), 92%, were provided by SIGMA-ALDRICH
CHEMIE GmbH (Steinheim, Germany). The catalyst propylamine, ≥99.0%, was supplied
from Merck KGaA (Darmstadt, Germany). All other chemicals used were of reagent grade.

2.2. Surface Modification of Nanosilica with Quaternary Ammonium Silane Coupling Agents

The minimum weight percent of silane theoretically needed for the silica silanization
was calculated according to the following equation [32,41]:

Organosilane (wt%) =
Filler surface area

(
m2·g−1)

Silane surface coverage (m2·g−1)
×100

Taking into account a nanosilica with 50 m2·g−1 specific surface area and γ-MPS
molecules with 2525 m2·g−1 surface coverage [42], a 2 wt% amount of γ-MPS relative to
silica was required for a complete silanization. Given that the molecular weights of the
OTMS and ACPS silanes (234.41 and 234.32) are close to that of γ-MPS (248.35), the weight
percent required for the minimum coverage of the silica will be about 2 wt%. However, the
silane amount of 10 wt% relative to silica was considered to ensure a complete coverage of
silica surface by silane [27].

The silica nanoparticles were silanized on the basis of the Chen and Brauer technique [43]
by using either each silane alone (MPS, OTMS, ACPS) or blends of MPS/OTMS (50/50 wt/wt),
ACPS/OTMS (50/50 wt/wt), and MPS/ACPS (50/50 wt/wt) respectively. Briefly, the
nanosilica (5.0 ± 0.05 g), the organosilane (0.50 ± 0.01 g), cyclohexane (100 mL), and
n-propylamine (0.1 ± 0.01 g) were mixed using a mechanical stirrer at room tempera-
ture for 30 min and then at 60 ◦C for 30 min. The solvent and volatile by-products were
then removed at 60 ◦C by means of a rotary evaporator. The organically modified silica
nanopowder (S.MPS, S.OTMS, S.ACPS, S.MPS/OTMS, S.ACPS/OTMS, S.MPS/ACPS) was
further heated at 100 ◦C for 1 h in the rotary evaporator and finally dried at 80 ◦C in a
vacuum oven for 20 h. The amount of each component in the final nanoparticles formed is
included in Table 1.
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Table 1. Materials used to prepare each nanoparticle.

Materials

Code
Fumed Silica
Nanopowder

(AEROSIL OX 50)

3-(Trimethoxysilyl)propyl
methacrylate (γ-MPS)

(Amount wt% Relative
to Silica)

Octyltrimethoxysilane
(OTMS) (Amount wt%

Relative to Silica)

3-(Trimethoxysilyl)propyl
acrylate (ACPS) (Amount

wt% Relative to Silica)

Neat silica 100% - - -
MPS

√
10 - -

OTMS
√

- 10 -
ACPS

√
- - 10

MPS-OTMS
√

5 5 -
ACPS-OTMS

√
- 5 5

MPS-ACPS
√

5 - 5

2.3. Preparation of the Uncured Dental Composite Pastes

Five groups of experimental composites were prepared by initially mixing a Bis-
GMA/TEGDMA base (50:50 wt/wt) which contained camphorquinone (0.2 wt%) and
DMAEMA (0.8 wt%) as a photo-initiating system. Afterward, the neat nanosilica, S.MPS,
S.OTMS, S.ACPS, S.MPS/OTMS, S.ACPS/OTMS, and S.MPS/ACPS nanoparticles were
individually inserted in the resin by manual mixing until the powder was completely
wetted with organic matrix, and the obtained mixture was ultrasonicated for 10 min. The
nanofiller loading was determined to 60 wt% to ensure paste handling properties almost
similar to a commercial dental composite resin.

2.4. Measuremens
2.4.1. Characterization of the Organically Modified Nanosilica

KBr disks of the obtained silica nanopowders were initially prepared by means of
a manual hydraulic press and then measured by using a Spectrum One Perkin-Elmer
FTIR spectrometer (PerkinElmer Inc., Waltham, MA, USA) in the scanning range of
3200–1350 cm−1. The resolution of the equipment was 4 cm−1. A commercial software
Spectrum v5.0.1 (Perkin-Elmer LLC 1500F2429) was used to process and calculate all the
data from the spectra.

Thermogravimetric analysis (TGA) was performed with a SETARAM SETSYS TG-
DTA 16/18 instrument (Setaram instrumentation, Lyon, France). The Calisto program was
employed to collect and process the data. The samples (8 ± 0.2 mg) were placed in 170 µL
alumina crucibles, while a blank measurement was performed and subsequently was
subtracted by the experimental curve in order to eliminate the buoyancy effect. Nanosilica
powder samples were heated from ambient temperature up to 750 ◦C in a 10 mL·min−1 N2
flow at the heating rate of 10 ◦C min−1. Continuous recording of both sample temperature
and sample weight was carried out. Thermal degradation onsets were taken from the initial
peak of the derivative of the TGA curve across the mass loss transition.

2.4.2. Surface Morphology Measurements of Nanocomposite Resins

Scanning electron microscopy (SEM) was carried out using a JEOL JSM-6390LV (JEOL
USA, Inc., Peabody, MA, USA) scanning microscope (0.5–30 kV) with a high resolution
of 3 nm and equipped with an energy-dispersive X-ray (EDX) INCAPentaFETx3 (Oxford
Instruments, Abingdon, UK) microanalytical system. All the studied surfaces were coated
with carbon black to avoid charging under the electron beam. The samples were probed
with a beam of electrons focused into a spot on the sample surface and the Smile ShotTM

software was used to capture the microphotos.
For surface roughness measurements, circular specimens (10 × 2 mm) were prepared

by filling a Teflon mold. The mold surfaces were overlaid with glass slides covered
with a Mylar sheet to avoid air entrapping and adhesion of the final set material. The
assembly was held together with spring clips and irradiated by overlapping on both
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sides with a LED polymerization unit (Bluephase® Style M8, Ivoclar Vivadent AG, FL-
9494, Schaan, Liechtenstein) at 800 mW·cm−2 ± 10%. Each overlap irradiation lasted for
40 s. A radiometer (Hilux, Benlioglu Dental Inc., Ankara, Turkey) was used to verify the
output irradiance of the light-curing device. All specimens were polished under water
refrigeration using sandpaper with increasing grit (#400, 600, 1250) for 10 s at 150 rpm
with an automatic polishing machine (Jean Wirtz TF250/2, Dusseldorf, Germany). The
average surface roughness was evaluated by vertical scanning interferometry (VSI) using
a 3D optical profilometer (Contour GT, BRUKER, Tucson, AZ, USA) and magnification
×10 Vision64™ software was used to acquire the data and compute the mean surface
roughness in Sa units (nm) of each image. Five images were taken from each specimen and
3 specimens (n = 3) from each group were tested.

2.4.3. Physicochemical Properties

Polymerization shrinkage kinetics were conducted according to the “bonded-disk”
method which was initially published and further refined by Watts and co-workers [44–46].
Briefly, a disk-shaped unset specimen with dimensions of 1.0 mm × 8.0 mm
(height × diameter) was formed and centrally positioned upon a 3-mm-thick rigid glass
plate. A flexible cover-slip diaphragm, supported by an outer peripheral brass ring with
internal diameter circa 15 mm, was rested on the upper surface of the specimen disk so as to
be adherent. A uniaxial LVDT (linear variable displacement transducer) measuring system
was positioned centrally onto the cover slip. The signal from the LVDT was transmitted to
a computer by a transducer indicator (E 309, RDP Electronics Ltd., Wolverhampton, UK)
and a high-resolution analog-to-digital converter (ADAM-4016 acquisition module). The
data acquisition was supported by the datalogger software AdvantechAdam/Apax.NET
Utility, version 2.05.11. Measurements records were taken by continuous irradiation of
specimens with the above LED polymerization unit for 5 min directly from beneath the
glass plate at room temperature. Five repetitions (n = 5) were performed at each specimen.
Strain was calculated as:

ε(%) = 100× ∆L
L0

where ε (%) represents the strain (%) and ∆L and L0 are the shrinkage displacement and
the initial specimen thickness, respectively.

Polymerization kinetics were performed by placing a small amount of each composite
between two translucent Mylar strips, which were pressed to produce a very thin film.
The films of unpolymerized composites were exposed to visible light as previously de-
scribed, and immediately scanned by a Spectrum One Perkin–Elmer FTIR spectrometer
(PerkinElmer Inc., Waltham, MA, USA) at different curing time intervals (0, 5, 10, 15, 20, 25,
30, 40, 60, 80, 120, 180 s). A spot of samples was placed between two NaCl crystals and spec-
tra were obtained over the 4000–600 cm−1 region and acquired with a resolution of 4 cm−1

and a total of 32 scans per spectrum. A commercial software Spectrum v5.0.1 (Perkin-Elmer
LLC 1500F2429) was used to process and calculate all the data from the spectra.

The area of aliphatic C=C peak absorption at 1637 cm−1 and the aromatic C=C peak
absorption at 1580 cm−1 were determined utilizing a base line technique which proved the
best fit to the Beer-Lambert law [47]. The aromatic C=C vibration was used as an internal
standard. The percent degree of monomer conversion (DC%) of the cured specimen, which
expresses the percent amount of double carbon bond reacted at each time period, was
determined according to the equation:

DC(%) =

1−

(
A1637
A1580

)
polymer(

A1637
A1580

)
monomer

× 100

Sorption of water and solubility characteristics were determined according to the
method described in ISO 4049 [48]. For this purpose, four specimen discs (15 mm diameter
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× 1 mm thickness) were prepared for each composite material by filling a Teflon mold
with the unpolymerized material as described above. The samples were irradiated for
40 s on each side by dividing them into nine overlapping irradiation zones and using the
abovementioned LED polymerization unit. All the specimens were placed in a desiccator
and transferred to a pre-conditioning oven at 37 ± 1 ◦C. After 24 h they were removed,
stored in a second desiccator (23 ± 1 ◦C) for 2 h, and weighed to an accuracy of ±0.1 mg
using a Sartorius TE 124S balance (Sartorius AG, Goetingen, Germany). This cycle was
repeated until a constant mass (m1) was obtained. The mean thickness and mean diameter
of each specimen were measured by means of a digital micrometer with± 0.02 mm accuracy
in order to calculate the volume (V). The discs were then immersed in water at 37 ± 1 ◦C
for 7 days. Afterwards, they were removed, blotted dry to remove excess liquid, waved in
the air for 15 s and weighed (m2). The specimens were then reconditioned to a constant
mass (m3) in the desiccators using the previously described cycle.

The values for water sorption, Wsp (µg/mm3), were calculated according to the
following equation:

Wsp =
m2 −m3

V
where: m2 is the mass of the specimen (µg) after immersion in water for 7 days, m3 is the
mass of the reconditioned specimen (µg), and V is the volume of the specimen (mm3).

The values for solubility, Wsl (µg/mm3), were calculated from the formula:

Wsl =
m1 −m3

V

where: m1 is the conditioned mass (µg) of the specimen prior to immersion in water.

2.4.4. Mechanical Properties

For flexural tests, bar-specimens were prepared by filling a Teflon mold (2 mm ×
2 mm × 25 mm) with unpolymerized paste in accordance with ISO 4049 [48]. The mold
assembly was irradiated by overlapping on both sides with the abovementioned LED
polymerization unit. Each overlap irradiation lasted for 40 s. Ten specimen bars (n = 10)
were prepared for each nanocomposite. The specimens were stored in water for 7 days at
37 ± 1 ◦C after curing. Afterward, they were bent in a three-point transverse testing rig
with 20 mm between the two supports (3-point bending). The rig was fitted to a universal
testing machine (Testometric AX, M350-10kN, Testometric Co. Ltd., Rochdale, UK). All
bend tests were carried out at a cross-head speed of 0.5 mm·min−1 until fracture occurred.
The load and the corresponding deflection were recorded. The data were collected and
processed by means of the software WinTest Ananlysis CX Version 3.5.30.10. The flexural
modulus (E) in GPa and flexural strength (σ) in MPa were calculated according to the
following equations:

E =
F1l3

4bd1h3 10−3 and σ =
3 Fmax l

2bh2

where: F1 is the load recorded in N, Fmax is the maximum load recorded before fracture in
N, l is the span between the supports (20 mm), b is the width of the specimen in mm, h is
the height of the specimen in mm, and d1 is the deflection (in mm) corresponding to the
load F1.

3. Results and Discussion
3.1. Confirmation of Silica Silanization Reaction

FTIR spectra recorded for the hydrophilic nanosilica, as well as for the different
silanized types of nanoparticles, are depicted in Figure 1. The measurements were taken
in the narrow range of 3200–1350 cm−1 in order to avoid any possible attenuation of the
interesting peaks induced by the much stronger intensities at 1100 and 810 cm−1, usually
attributed to Si-O-Si and Si-OH vibrations of the neat nanoparticles [49]. Unlike the non-
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treated silica, the absorbance peaks from 2965 to 2844 cm−1 due to C-H stretching were
detected for the total of the organomodified silica nanoparticles. Fillers modified with MPS,
ACPS, and the blends of MPS-OTMS, ACPS-OTMS, and MPS-ACPS presented a peak at
1730 cm−1 assigned to C=O bonds of the methacrylated groups. The characteristic peak at
1640 cm−1 for the aforementioned silanes and at 1465 cm−1 revealed C=C stretching of vinyl
groups and C-H bending vibrations correspondingly. These FTIR findings rather denote
the successful silanization of silica nanoparticles with each tested organosilane system.

Figure 1. Comparative FTIR spectra between untreated and diverse organomodified silica nanoparticles.

The thermal stability results associated with the pure silica and nanofillers modified
with different silanes and their corresponding blends are illustrated in Figure 2. The TG
plots of residual mass (%) versus temperature (Figure 2a) reflect the different degradation
tendencies due to the presence and the variety of the silicas’ organic content. It can be
seen that the overall mass loss for all tested nanoparticles varied from 3% to 6%. The
samples of silanized silica exhibited mainly a two-step mass loss as the temperature raised
with constant rate. In particular, the first step was accomplished at 300 ◦C with maximum
degradation rates at 235 ◦C, 150 ◦C, 242 ◦C, 240 ◦C, 230 ◦C, and 227 ◦C for MPS, OTMS,
MPS-OTMS, ACPS, ACPS-OTMS, and MPS-ACPS respectively, as was indicated by the
differential thermogravimetric analysis curves, DTG (Figure 2b). This specific step could
be ascribed to the removal of the absorbed moisture in the surface of silica and/or the
removal of physically absorbed organosilanes [23,41]. The second step seemed to take
place over 300 ◦C, that is, between 356–542 ◦C for MPS, 453–586 ◦C for OTMS, 405–567 ◦C
for MPS-OTMS, 355–554 ◦C for ACPS, 387–571 ◦C for ACPS-OTMS, and 322–523 ◦C for
MPS-ACPS (Figure 2a) accompanied with maximum degradation rates at 442 ◦C, 534 ◦C,
518 ◦C, 447 ◦C, 508 ◦C, and 446 ◦C (Figure 2b) correspondingly. The latter step is attributed
to the removal of the silane molecules chemically bonded to the surface of silica and
to the condensation of the surface silanol groups [41]. The non-treated silica showed
a main degradation step relative to the loss of absorbed water molecules, while silane
molecules were absent. Moreover, the silane blends exhibited inflection points within
the temperatures of those of their initial silanes. Regarding the maximum degradation
rates, the tested samples followed the sequence: OTMS > MPS-OTMS > ACPS-OTMS >
ACPS > MPS-ACPS > MPS > Neat silica (Figure 2b). Taking into account the duration of
thermal decomposition, the following decreasing order was observed: ACPS > MPS-ACPS
> MPS > ACPS-OTMS > MPS-OTMS > OTMS > Neat silica, whereas the thermal stability
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of the studied nanoparticles was: Neat silica > MPS > OTMS > ACPS > ACPS-OTMS >
MPS-OTMS > MPS-ACPS (Figure 2a). A combining mass loss in relatively labile silane
blends involving the thermal behavior effect of the starting silanes accounts for their lower
stability in comparison with the individual organosilanes.

Figure 2. (a) TG comparative scans reflecting the different thermal stability of the tested silica nanopar-
ticles; (b) DTG curves for neat and silica nanoparticles treated with different types of organosilanes.

The above TGA observations in combination with the previous results obtained by
FTIR measurements amplify the claim about the successful surface modification of nanosil-
ica either with pure or with blend systems of different organosilanes.

3.2. Surface Morphology Evaluation of the Produced Dental Nanocomposite Resins

Figure 3a–g displays the SEM images which are representative for each dental nanocom-
posite obtained after the insertion of 60 wt% both neat and silane treated silica nanofillers.
It is obvious that composites containing reactive silanes MPS and ACPS (Figure 3b,d), as
well as their corresponding blends (Figure 3e–g), presented an extensive distribution of
fillers, meaning that silica particles (bright regions) are homogeneously dispersed in the
polymer network (dark regions). However, some small aggregates also well-dispersed in
the cross-linked network did not seem to disrupt the overall homogeneity. There are many
literature reports associating the presence of such clusters with the specific limitations
interfering with the widely utilized mixing technique of hand spatulation [31,32,50–52].
The untreated silica and the nanoparticles with non-reactive OTMS (Figure 3a,c) were not
sufficiently dispersed in the polymer matrix, leading to the formation of large clusters in
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some regions and the absence of silica fillers in other sites of the composite surface. The
last observation implied that the absence of a coupling agent or even of a non-reactive
silane incapable of covalent bonding to the polymer matrix may exclude the nanofillers
from the cross-linked network, thus affecting the formation of an integrated matrix-filler
interface. This claim was further supported by the fact that the surface elemental analysis
of the composites reinforced with neat silica and OTMS modified silica revealed different Si
contents along the surface of the composite (Figure 4a,b), while the Si content was almost
constantly distributed for the rest of dental nanocomposite resins (Figure 4c). By comparing
the photos of the dental nanocomposites loaded with the two reactive silanes MPS and
ACPS (Figure 3b,d), with those of the nanocomposites having their blends (Figure 3e–g),
it can be considered that fewer agglomerates were formed by using ACPS and its blends.
This is possibly due to the higher reactivity and ability of the ACPS to achieve a strong
matrix-filler bonding.

Figure 3. Cont.
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Figure 3. SEM microphotos taken for dental nanocomposite resins filled with 60 wt% of: (a) neat
silica; (b) MPS; (c) OTMS; (d) ACPS; (e) MPS-OTMS; (f) ACPS-OTMS; and (g) MPS-ACPS-treated
silica nanoparticles (×500 magnification).

Figure 4. Cont.
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Figure 4. EDX elemental analysis spectra showing: (a) typical regions with high Si content for
composites filled with neat silica and OTMS silica; (b) typical regions with low Si content for
composites filled with neat silica and OTMS silica; and (c) typical regions for nanocomposites with
MPS, ACPS, and their combinations between them and OTMS.

Table 2 accumulates the mean surface roughness data (Sα) of the synthesized nanocom-
posite resins after the polishing treatment which is an essential step in dental clinical
practice. Typical topographic surface maps involving a colorimetric scale of the induced
peaks (red regions) and valleys (blue regions) are also provided in Figure 5a–g. The Sα
values obtained for each composite revealed that the different ways of the initial silica
silanization may deeply influence the surface characteristics as they are arranged against
the abrasive effect. Indeed, the nanocomposite resin containing 60 wt% ACPS-modified
silica nanoparticles presented the smoothest surface (Sα = 127.41 nm, Figure 5d), while
relatively irregular areas were characterized by the presence of OTMS (Figure 5c) corre-
sponding to increased average roughness value (Sα = 254.26 nm). In the previous case,
the high reactivity of ACPS silane favors the building of a strong matrix-filler interface
which probably withstands the removal of matrix or/and fillers under the exertion of the
abrasive stresses. The evaluation of surface roughness is well-considered to be crucial
for dental restorative materials in terms of their aesthetics and their longevity in the oral
environment. High values of Sα are generally associated with high risk of mechanical
properties deterioration, plaque formation, solubility of the polymer matrix provoked by
acid attack of bacteria, discoloration, and gingival inflammation [53–56]. Based on the
above criteria, the neat silica (Sα = 308 nm) and OTMS composites could rather not meet
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the clinical criteria due to their remarkably high Sα values, while this trend was captured
by the deep rough canals formed along the surface representing the grinding direction on
the tested specimen (Figure 5a,c). In contrast, smoother surfaces were produced when com-
posites were reinforced with nanosilica modified with blends of MPS and ACPS, whereas
the co-occurrence of OTMS with ACPS somehow limited the total reactivity of the silane
blend ACPS-OTMS, resulting in rougher composite surfaces (Sα = 169 nm, Figure 5f).

Table 2. Surface roughness (median values ± interquartile range, IQR), curing kinetics, and polymer-
ization shrinkage data (median values ± IQR) calculated for the synthesized dental nanocomposite
resins.

Nanocomposite Surface Roughness, Sα (nm) Final DC (%) Total Strain (%)

Neat silica 308.00 ± 336.08 54.5 3.68 ± 0.34
MPS 227.23 ± 204.84 47.2 2.87 ± 0.35

OTMS 254.26 ± 261.40 50.9 3.65 ± 0.15
ACPS 127.41 ± 49.39 48.6 3.35 ± 0.53

MPS-OTMS 140.50 ± 19.00 49.4 3.18 ± 0.39
ACPS-OTMS 169 ± 101.00 49.7 3.51 ± 0.56
MPS-ACPS 171.5 ± 74.00 48.3 2.91 ± 0.60

Figure 5. Cont.
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Figure 5. Surface topography characteristics measured by a 3D optical profilometer after the polishing
treatment of the obtained dental nanocomposite resins containing 60 wt% of: (a) neat silica; (b) MPS;
(c) OTMS; (d) ACPS; (e) MPS-OTMS; (f) ACPS-OTMS; and (g) MPS-ACPS-treated silica nanoparticles.

3.3. Polymerization Kinetics Evaluation

The dependence of the degree of conversion on photopolymerization time is depicted
in Figure 6, and the ultimate DC (%) values gained for the tested nanocomposites are
given in Table 2. According to Figure 6, the optimal curing time was 80 s when the DC
approached the maximum value, while the final conversion of the synthesized dental
nanocomposites fell in the range of 47%–55%, namely relatively close to the literature data
for Bis-GMA/TEGDMA based composites ranging from 46.84% to 75% [17,23,30,57]. It is
clear that an abrupt increase of the DC was achieved within a short period time due to
the auto-acceleration or gel-effect attributed to the influence of the diffusion-controlled
phenomena on the termination reaction [58]. A reduction in the increasing rate of DC was
detected until a curve plateau was drawn, which is ascribed to the movement restriction of
macroradicals due to the presence of the developed polymer network. The relatively low
experimental DC values were obtained by virtue of the high viscosity of the formed mixture
and to the glass-effect described by the effect of the diffusion phenomena on the propagation
reaction, which stabilized and finally determined the DC [58–61]. The above data denoted
the occurrence of high amounts of residual monomers in nanocomposites. A comparison
between the prepared dental nanocomposite resins regarding their DC values eventually
revealed the following sequence: Neat silica composite > OTMS composite > ACPS-OTMS
composite > MPS-OTMS composite > ACPS composite> MPS-ACPS composite> MPS
composite. It is obvious that nanocomposites incorporating silane blends exhibited DC
values within those obtained by using their starting silane constituents. Furthermore,
nanocomposites containing ACPS silane and its corresponding blends yielded higher
conversion than their counterpart reinforced only with pure MPS. This attitude could be
explained by the fact that the ACPS molecule contains one less methyl- group in comparison
with MPS, rendering it more reactive as it constrains the macroradicals movement in a
lower degree due to chemical hindrance. Hence, the ACPS silane provides more available
double bonds which are potentially responsible for the achievement of higher DC values.
Nevertheless, the composites filled with neat silica and OTMS silanized nanoparticles
presented the highest conversions. Such type of nanoparticles have been considered as non-
reactive environments [52], which might contribute to the facilitation of the dimethacrylate
monomer movement during the development of polymer network, thus resulting in the
increase of the number of reactant double bonds. On the contrary, the composite resins
loaded with the functional silanes MPS and ACPS as well as the their blends may act
rather as multifunctional monomers because of their methacrylate moieties, resulting in
the condensed accumulation of the latter on the surface of silica. Under these dominant
conditions, the macroradicals mobility is restricted and, thus, the gelation process occurs
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earlier, triggering the induction of DC in comparison with the nanocomposite resins having
non-functional silanes [28].

Figure 6. Degree of conversion (DC %) versus curing time for the experimental dental nanocomposite
resins reinforced with 60 wt% of different types of silica nanoparicles.

3.4. Polymerization Shrinkage Evaluation

Polymerization shrinkage kinetics are demonstrated in Figure 7, and the ultimate
linear strain values are listed in Table 2. Shrinkage during the photocuring process of a
dental composite resin is attributed to the conversion of van der Waals spaces to shorter
covalent bonds [62] that contribute monomers like TEGDMA [63] into the polymer net-
work. As a result, internal contraction stresses are created, leading to deformation in the
surrounding tooth structure [64]. The real-time strain measurements (Figure 7) showed
a steep augmentation at the early stage of 0.17–1.29 min for the total of nanocomposites,
yielding a profile which is very close to that described by Par et al. [65]. The calculated
values of the ultimate strain recorded for the majority of the experimental nanocomposite
resins are in accordance with those reported by Wang et al. for Bis-GMA/TEGDMA dental
composites incorporating SiO2 particles and fibers, namely in the range of 3.9–2.5% [66].
Kleverlaan et al. also referred to 1.76–5.07% shrinkage regarding 17 commercially available
dental composite resins [67]. Similar values have been also recorded for dental composites
reinforced with clay nanoparticles [68]. Composite resins filled with the MPS-modified
silica nanoparticles showed the lowest setting contraction (2.87%), whilst the addition
of silanized particles with MPS blends increased the strain values. Even higher curing
shrinkage was found for the nanocomposites containing the pure ACPS (3.35%) and its
corresponding blend with OTMS. The highest setting contraction was finally observed
when composites were loaded with non-treated silica and OTMS silanized nanofillers
(3.68% and 3.65% respectively). The inorganic filler percentage, the molecular weight of
involved monomers, and the degree of conversion are some parameters capable of affecting
the shrinkage [62]. Herein, the overall tendency of the strain data almost followed the trend
of degree of conversion, as polymerization shrinkage is directly related to the number of
the reacted double bonds. It is worthy to point out that the enhancement with all the silane
blends resulted in linear strain data within the values recorded for nanocomposites with
the relative individual silanes.
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Figure 7. Time dependence of polymerization shrinkage strain of the synthesized dental nanocom-
posite resins containing 60 wt% of diverse types of untreated and organically modified nanosilica.

3.5. Water Sorption and Solubility Parameters

The weight percentage data of water sorbed by the synthesized dental nanocomposite
resins at 37 ◦C after their storage for 7 days are given in Table 3. It is well-accepted that the
presence of fillers may have a strong impact on the sorption characteristics of the composite
resin [69]. It can be seen that the composite filled with ACPS silanized nanosilica showed
the highest sorption value (2.68 µg/mm3) relative to the other tested materials, maybe as a
result of its strongest hydrophylicity, which is responsible for hydrogen bonding between
ester groups of the methacrylate moiety and water molecules. Furthermore, both pure MPS
and MPS blends containing composites exhibited lower water sorption in comparison with
all ACPS counterparts, probably due to the presence of the additional methyl- group in the
methacrylate segment of MPS, which renders it more hydrophobic. This susceptibility of
the nanocomposites with ACPS and ACPS blends may also be ascribed to the occurrence
of some microvoids detected on their surface by means of SEM (Figure 3d,f,g). As was
expected, the OTMS-composite exhibited the highest water resistance (2.29 µg/mm3) owing
to its non-polar nature. Regarding the dental nanocomposites reinforced with silane blends,
they exhibited an intermediate water sorption performance in comparison with composites
loaded only with the starting silanes. The water uptake for the composite containing neat
silica (2.58 µg/mm3) is due to the free surface silanols of the filler, which easily absorb
water molecules through hydrogen bonding.

Solubility results reflecting the amount of residual monomer extracted by water after
7 days aging at 37 ◦C are also provided in Table 3. During the polymerization process, the
unreacted monomer is entrapped inside the microvoids formed between the macromolecu-
lar chains and remains intact in the cross-linked network. The nanocomposites with OTMS
and OTMS coupling agents indicated the highest monomer release (0.39–0.56 µg/mm3),
maybe due to the absence of methacrylate groups, which could be copolymerized with
the dimethacrylated monomers, thus eliminating the amount of available monomers to
be released in the aqueous environment. The observed tendency MPS composite < MPS-
OTMS composite < OTMS composite was in accordance with the results found by Karabela
et al. [27]. On the other hand, the reactive MPS, ACPS agents either alone or in the form
of blend, can copolymerize with the dimethacrylate monomers and, hence, reduce the
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solubility of the composite in water. The relatively high DC of the composite filled with
untreated silica may account for the controlled solubility to a slight level.

Table 3. Total median values ± interquartile range (IQR) for flexural modulus, flexural strength, and
sorption/solubility parameters for dental nanocomposite resins after storage in water at 37 ± 1 ◦C
for 7 days.

Nanocomposite Sorption, Wsp
(µg/mm3)

Solubility, Wsl
(µg/mm3)

Flexural
Modulus (GPa)

Flexural
Strength (MPa)

Neat silica 2.58 ± 0.51 0.08 ± 0.09 1.59 ± 0.81 15.31 ± 3.66
MPS 2.48 ± 0.43 0.32 ± 0.17 3.66 ± 0.67 44.30 ± 21.23

OTMS 2.29 ± 0.15 0.56 ± 0.13 1.75 ± 0.71 15.38 ± 23.45
ACPS 2.68 ± 0.84 0.16 ± 0.10 3.08 ± 0.40 40.18 ± 7.48

MPS-OTMS 2.34 ± 0.26 0.49 ± 0.15 2.04 ± 0.62 22.21 ± 12.63
ACPS-OTMS 2.52 ± 0.25 0.39 ± 0.16 2.60 ± 0.92 30.65 ± 10.53
MPS-ACPS 2.72 ± 0.29 0.25 ± 0.11 3.30 ± 0.93 42.83 ± 9.20

3.6. Flexural Properties

Comparative charts related to the flexural properties of the experimental dental
nanocomposite resins are represented in Figure 8, while the calculated median values
accompanied by their interquartile range (Q3–Q1) are clearly given in Table 3. According
to the obtained results, the insertion of silanized nanosilica improved the stiffness of the
formed composites. Typical flexural modulus values reported in the literature for ana-
logue composites usually range almost from 1.40 to 4.5 GPa [14,17,19,21,23,25], namely,
overlapping the data of the present study. Higher values up to 9.5–10.3 GPa mentioned
in previous studies [24,28,30,31,66] could be associated with the applied shorter water
aging time intervals. In particular, the overall trend of the modulus increment followed
the scheme: MPS nanocomposite > MPS-ACPS nanocomposite > ACPS nanocomposite >
ACPS-OTMS nanocomposite > MPS-OTMS nanocomposite > OTMS nanocomposite > Neat
silica. The stiffness almost doubled for composites containing MPS (130.19%), MPS-ACPS
(107.55%), and ACPS (93.71%) when compared with the counterpart filled with neat silica.
The higher modulus of elasticity values being yielded by the functional silane-treated
silica nanocomposites could rather be justified by the relatively better dispersion of the
aforementioned particles in the polymer matrix (Figure 3b,d,g). The stiffness trend between
ACPS and ACPS-OTMS composite is in contrast to the results reported by Matinlinna
et al. wherein ACPS was mixed with the non-functional cross-linking silane BTSE [24]. A
possible explanation could be that OTMS can provide three methoxy- groups available
for silica silanization, instead of BTSE with six ethoxy- groups, which can result in more
efficient coupling with silica and ultimately in more stable matrix-nanofiller interface of
the composite.

In the present study, the maximum flexural strength of the composites was found
44.30 MPa, i.e., in some cases much lower than that reported by other researchers [14,15,
21,32,66]. This observation is reliable, as the longer aging time utilized here intended to
simulate an extreme condition as it happens in the oral cavity, where the composite would
be even more effectively exposed to the water molecules, as the latter would have the
time needed to reach a maximum diffusion into the polymer network and highly affect
the mechanical performance. It is noteworthy that a similar to modulus attitude was also
detected for the strength values. The silica silanization caused a nearly 3-fold increase
in the resistance of dental resin against the exerted flexural stresses, especially for MPS
(189.35%), followed by MPS-ACPS (179.75%) and ACPS (162.44%) nanocomposites. The
well-dispersed filler particles in the polymer network of those nanocomposites might be
responsible for the normal stress distribution at the matrix-filler interface, thus limiting
the agglomeration of loadings and finally improving the flexural strength. In terms of the
decreasing series MPS-ACPS composite > ACPS-OTMS composite > MPS-OTMS composite,
it can be stated that these comparative findings are supported by the results of Wilson
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et al. [31], when the functional silane SETMS led to the strength sequence MPS-SETMS
composite > SETMS-OTMS composite > MPS-OTMS composite.

Figure 8. (a) Flexural modulus bar plots; (b) Flexural resistance box plots for the experimental dental
nanocomposite resins filled with different silica nanofillers.

It should be noticed here that it would be interesting to investigate the rheological
properties of the resin prior to curing in order to assess the effect of surface functionality on
the dispersion quality [70]. However, this could be the subject of another publication.
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