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ABSTRACT
The purpose of this investigation is to determine the impact of
titanium dioxide nanotubes (TiO2-n) on the mechanical and anti-
bacterial properties of bulk-fill composite resin. TiO2-n were syn-
thesized in laboratory conditions using the hydrothermal method.
Varying amounts of TiO2-n were included in the bulk-fill compos-
ite resin. Microhardness, surface roughness, and the three-point
bending test were used to determine the mechanical properties
of the composite. After the flexural strength test, the fractured
surfaces of the composite resin were examined with a high-reso-
lution scanning electron microscope. The antibacterial activity of
Streptococcus mutans (S.mutans) and Lactobacillus Casei (L.casei)
was assessed using a direct contact test. The statistical examin-
ation was completed using IBM SPSS Statistics 22. Group differen-
ces were compared using the Kruskal Wallis and Dunn tests
(p< 0.05). The addition of TiO2-n did not change the roughness
of the bulk-fill composites (p> 0.05). Adding 0.5% and 1% TiO2-n
increased the microhardness of the bulk-fill composite (p< 0.05).
Adding TiO2-n did not change the three-point bending results of
the bulk-fill composite (p> 0.05). Though adding TiO2-n did not
have an antibacterial impact on S.mutans (p> 0.05), adding 0.5%
TiO2-n produced an antibacterial impact on L.casei in daylight
(p< 0.05). The addition of 0.5% and 1% TiO2-n increased the
microhardness of the top surface of the bulk-fill composite with-
out negatively affecting surface roughness or the composite’s
three-point bending properties Adding 0.5% TiO2-n to the com-
posite resin produced an antibacterial impact on L.casei
in daylight.
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1. Introduction

Composite resins are preferred in aesthetic dentistry because they offer mechanical and
physical properties similar to dental tissues, possess good aesthetic properties, and offer
sufficient resistance to chewing forces [1]. Traditional composite resin materials should
be placed in the cavity in 2-mm layers. However, applying a dental composite using
this type of incremental placement technique requires light-curing each increment
individually and is time-consuming for the patient and the dentist. There is also an
increased possibility of air bubble inclusion or moisture contamination between indi-
vidual increments of resin composite restoration [2]. The development of composite
resins has come to the fore for counteracting the adverse effects of layering technique
and polymerization shrinkage [3–6]. Bulk-fill composites are divided into two catego-
ries with mechanical and physical properties that vary according to the inorganic filler
content [7]. These categories consist of high-viscosity (condensed) bulk-fill composites
and low-viscosity bulk-fill composites. Low-viscosity bulk-fill composites have advan-
tages like low elastic modulus; lower stress during polymerization shrinkage; and better
adaptation to cavity walls, especially on irregular surfaces [8,9].

Despite the many advantages and widespread clinical application of composite res-
ins in recent years, there are still some limitations to their clinical performance. These
limitations can cause restorations made with composite resins to fail and may result in
restorations that must be changed. The two main causes of failure reported in the lit-
erature are secondary caries and fractures [10–14]. In addition, composite resins tend
to form more biofilms than other restorative materials and tooth enamel [15,16]. High
biofilm accumulation in composite resin restoration may contribute to the progression
of secondary caries [17].

To improve the mechanical and antibacterial properties of composites, various
materials have been added to composite resins, including metal oxides such as nanofil-
ler, glass fiber, silver, and titanium dioxide nanotubes (TiO2-n) [18–21]. Unlike nano-
particles, nanotubes are characterized by a high surface-to-volume ratio. The hollow
structure of the nanotubes provides space to interlock with the matrix on the inner and
outer surfaces of the pipes [22]. As a result, higher interface amounts improve the
mechanical properties of composite resin material [23].

Previous studies have explored improving the general performance of dental materi-
als by adding TiO2-n to polymeric materials [24–28]. One recent study reported that
when TiO2-n was added to a low-viscosity dental composite, three-point bending and
fracture strength were improved [26]. Yu et al. reported that the use of 0.1%, 0.25%,
and 0.5% TiO2-n resulted in a significant change in the mechanical properties of
experimental composite resins. The addition of functionalized or non-functionalized
TiO2 nanoparticles to composite resins has been shown to increase both the mechan-
ical performance and the antibacterial potential of composites [29–32]. It has also been
reported that the addition of functionalized TiO2 nanoparticles to dental adhesives can
prolong the clinical life of restorations [25,33]. Generally, methacrylate acid is used for
the functionalization of TiO2-n. However, this functionalization requires an additional
step. There are a limited number of studies on the addition of TiO2-n to bulk-fill com-
posites. The purpose of this study is to evaluate the microhardness, surface roughness,
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three-point bending, and antibacterial properties of low-viscosity bulk-fill composite
resin with and without different proportions of TiO2-n in functional groups.

The null hypotheses of this study are as follows:

1. The addition of TiO2-n in different proportions increases the microhardness of
low-viscosity bulk-fill composite resin.

2. The addition of TiO2-n in different proportions does not affect the surface
roughness of low-viscosity bulk-fill composite resin.

3. The addition of TiO2-n in different proportions does not affect the three-point
bending of low-viscosity bulk-fill composite resin.

4. The addition of TiO2-n in different proportions to the low-viscosity bulk-fill
composite is effective against S.mutans and L.casei.

2. Materials and methods

2.1. Synthesis of TiO2-n

Titanium dioxide nanopowder (anatase; particle size < 25 nm; 99.7% purity) was used
for the synthesis of titanium dioxide nanotubes (Sigma-Aldrich, Taufkirchen,
Germany). A hydrothermal synthesis method was used to synthesize TiO2-n due to its
ease of use. All operations prior to nanotube production were carried out in the fume
hood with the necessary safety measures. A total of 120mL of 10M NaOH solution
was prepared, and 1.2 grams of TiO2 nanoparticles were added to the alkaline solution.
The solution obtained was subjected to homogenization in an ultrasonic bath for 1 h to
prevent nanoparticle clustering. At this point, the solution was ready for hydrothermal
synthesis and was thus connected to the reflux device. Additional hydroxylic functional
groups on the surface of synthesis products can be obtained using a reflux tube.
Obtaining functional groups during synthesis in nanotubes reduced possible agglomer-
ation without any additional functionalization process. The solution was first kept at
30 �C for 2 h and then was brought to 110 �C and held for 72 h using a heater with a
magnetic stirrer. After this, the solution was diluted with distilled water using the filtra-
tion apparatus. Dilution continued until the pH was neutralized. The TiO2-n mixture
was obtained as a result of filtration, transferred to the ceramic evaporator vessel, and
kept in a 120 �C oven for 14–16 h to evaporate all water.

2.2. Characterization of TiO2-n

Characterization of TiO2-n was performed using Fourier-transform infrared (FTIR)
spectroscopy (100 FTIR Spectrometry, Perkin Elmer, USA) and Raman Spectroscopy
(Renishaw Streamline, Germany) devices. To determine the morphology of the TiO2-n,
a high-resolution scanning electron microscope (SEM) was used (FEI brand QUANTA
FEG 250 ESEM, FEI, USA) with high vacuum mode (110 Pa pressure), a high vacuum
detector at 30 kV voltage, and 3.0 spot values, and 50,000x and 400,000�
magnification.
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2.3. Adding TiO2-n to composite resin

The TiO2-n was transformed into an acetone solution and subjected to probe hom-
ogenization for 10min to prevent clustering over time. The solution was then heated to
remove the acetone. The TiO2 percentage was calculated according to the weight of the
composite to be used at 0.1%, 0.5%, and 1%, and the TiO2-n was weighed using a pre-
cision scale. The TiO2-n was then manually added to the low-viscosity bulk-fill compo-
sites (Estelite Bulk-Fill Flow, Tokuyama Corp, Japan) (A2 Shade) and handled with
speculation for 20min. Three experimental groups were prepared using these compo-
sites, and one control group was prepared using a composite without TiO2-n.

2.4. Surface roughness test

The samples were prepared by one researcher (R.€O.) Samples were prepared in cylin-
drical Teflon molds (2mm height and 10mm diameter) using a transparent matrix
strip and rigit microscope slides on both surfaces (n¼ 6). The samples were then poly-
merized with an LED light device for 20 sec. Polymerization was performed by posi-
tioning the light guide tip so that it was in contact with the glass slide on the top
surface of the specimen. The upper surface of the specimens was polished with alumi-
num oxide polishing discs (Sof-lex, 3M ESPE, USA) for 10 sec in accordance with the
manufacturer’s instructions, progressing from coarse to fine. After each disc applica-
tion, the samples were washed with an air-water spray and dried. The discs were
renewed after each use. All samples were stored in an opaque glass bottle in distilled
water at 37 �C. Surface roughness was measured three times from different areas using
the profilometer device Mahr M300C (Carl-Mahr, Germany). Mean and standard devi-
ation values were determined in Ra.

2.5. Vickers microhardness test

Composite samples were prepared using the same cylindrical Teflon molds (2mm
height and 10mm diameter; n¼ 6). Vickers hardness measurements were performed
on the bottom and top surfaces of all samples at a load of 200 g for 15 sec (Shimadzu,
Tokyo, Japan). Three measurements were taken from three different regions, and the
average of these measurements was calculated.

2.6. Three-Point bending test

For the three-point bending test, a specially designed stainless steel mold (2� 2 �
25mm) that met ISO standards (4049: 2009) was used [34]. A metal mold was placed
on the transparent band on the rigit microscope slide, and flowable bulk-fill composite
resin was placed into the mold. A smooth surface was created by placing transparent
tape and a microscopic slide on top again. Samples from five different regions were
polymerized for 20 sec each using an LED light device (n¼ 8) [35]. The prepared sam-
ples were kept in distilled water at 37 �C for 24 h in an opaque glass bottle. Samples
were subjected to three-point bending on a 15-mm device in a universal testing
machine (Shimadzu, Japan), and flexural force was applied at a speed of 1mm/min
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[35]. The maximum force value at which the fracture occurred was recorded in
Newton units. The following formula was used when calculating the flexural strength
in MPa (r).

r ¼ 3FL/2wh2

r: Flexural strength

F: Maximum force at break (N)

L: Width of the test setup where the force is applied (mm)

w: Width of the sample (mm)

h: Thickness of sample (mm)

The fracture surfaces were examined by HR-SEM (FEI brand QUANTA FEG 250
ESEM, FEI, USA).

2.7. Direct contact test

Two different bacterial species, Streptococcus mutans (ATCC 25175) and Lactobacillus
casei (ATCC 4646), were selected to evaluate the antibacterial effectiveness of bulk-fill
composite resin materials with TiO2-n added in different percentages. The antibacterial
activities of the prepared composite resins were evaluated using a direct contact test.

The direct contact test was carried out according to the guidelines provided by
Weiss et al. (1996). For each study and control group, the bottoms of 11 wells in a 96-
well sterile ELISA plate were covered with the materials. The ELISA plates were steri-
lized using H2O2 gas plasma sterilization. 10 ml of bacterial suspension prepared with
24 hr cultures of each bacteria resuspended in fresh brain heart infusion (BHI; Merck
Darmstadt, Germany) broth (approximately 106 cfu/ml) were placed directly on each
material. In addition, a positive control group was formed by adding 10ml of bacteria
suspension to 10 material-free wells. A negative control group was formed by adding
sterile broth to the single remaining material-covered well. . The bacterial suspension
was kept at 37 �C for 1 h in a humid environment on a shaker to allow the liquid to
evaporate. BHI broth (200ml) was added to each of the wells and gently stirred for
2min; 10 ml were then transferred to another plate with an adjacent set of wells con-
taining fresh medium (200 ml), and the materials were mixed. The growth kinetics of
bacteria was monitored using a microplate spectrophotometer at 620 nm wavelength
(Genesys TM 10S UV-Vis, Thermo Scientific, USA) every 3 hr for a total of 24 hr.
Automixing prior to each reading ensured homogeneous bacterial cell suspension.
Data were recorded according to the optical density values obtained.

2.8. Statistical analysis

To evaluate the findings, IBM SPSS Statistics 22 (SPSS IBM, Turkey) programs were
used. The suitability of the parameters for the assumption of a normal distribution was
evaluated with the Shapiro-Wilks test. The Kruskal-Wallis test was used to compare
parameters between groups, and Dunn’s test was used to determine the group that
caused the difference. The Mann-Whitney U test was used for upper and lower surface
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comparisons, while the Friedman test and Wilcoxon sign test were used for in-group
comparisons of parameters. Significance was evaluated at the p< 0.05 level.

3. Results

3.1. Characterization of TiO2-n

The crystalline phase of the TiO2-n synthesized with the hydrothermal technique was
determined by Raman spectroscopy and FTIR analyses. Figure 1 presents the results of
the Raman spectroscopy, with the peaks indicating that the TiO2-n has an anatase crys-
tal structure.

The FTIR spectra show the formation of peaks at wavelengths of 3366 cm-1,
1635 cm�1, and 975 cm�1, demonstrating that TiO2-n with H-O-H and –OH bonds
were obtained (Figure 2). The presence of C¼C vinyl bands was detected with bands at
a wavelength of 1635 cm�1. O-H bands were detected at the 3366 cm�1 wavelengths,
while C-C and C¼C stretching vibrations produced the bands seen at the 975 cm�1

wavelengths.

3.2. Scanning electron microscopy (SEM)

The morphology of the TiO2-n powder obtained using the hydrothermal synthesis
method was determined via SEM. SEM images were taken at 400,000� magnification.
The micrographs obtained via SEM are presented in Figure 3 and confirm the hollow
tubular structure of TiO2-n in the size range of 15–20 nm.

Figure 1. Raman spectroscopy of TiO2-n.
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3.3. Surface roughness

The mean surface roughness and standard deviations obtained with a contact profilom-
eter for all the tested composite resins are shown in Table 1. No significant difference
was apparent between the surface roughness values of the control and TiO2-n
groups (p> 0.05).

Figure 2. FTIR spectra of TiO2-n.

Figure 3. (a) SEM images of TiO2-n with � 400.000 magnification (b) SEM images of TiO2-n with
� 50.000 magnification.
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3.4. Microhardness results

Mean microhardness values, standard deviation, and significant differences between
the groups on the top and bottom surfaces are provided in Table 2. The 1% TiO2-n
and 0.5% TiO2-n groups showed significantly higher microhardness values compared
to the control group on the top surfaces (p< 0.05). No significant difference was deter-
mined among other groups (p> 0.05). On the bottom surfaces, the highest microhard-
ness value was obtained in the 0.5% TiO2-n group, and this value was significantly
different from the 1% TiO2-n group (p< 0.05). No significant difference was deter-
mined between other groups (p> 0.05). In all groups, the top surfaces showed higher
microhardness values than the bottom surfaces (p< 0.05).

3.5. Three-point bending test

Mean three-point bending test results, standard deviations, and significant differences
between the groups are presented in Table 3. The 0.5% TiO2-n group showed signifi-
cantly higher three-point bending than the 1% TiO2-n group (p< 0.05). No significant
difference was observed between the other groups (p> 0.05).

3.6. Analyses of fracture surfaces by SEM

Fracture surfaces of the 0.1% TiO2-n group are shown in Figure 4. A brittle-type frac-
ture surface was observed, and spherical filler particles in the composite resin structure
were seen. Nanotube structures were not seen directly as it was coated with polymer
on the fracture surface and added at a low rate.

Fracture surfaces of the 0.5% TiO2-n group can be seen in Figure 5. At this level, the
TiO2-n structures formed bridging to resist fracture against the force applied to the
fracture surface during the three-point bending test (Figure 5(d)).

Table 1. Mean surface roughness, standard deviation, and significant difference between
the groups.

Surface roughness
Control 0.1% TiO2-n 0.5% TiO2-n 1% TiO2-n

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

0.12 ± 0.03 0.20 ± 0.09 0.15 ± 0.03 0.25 ± 0.19
A A A A

Capital letters showed a significant difference between the groups.

Table 2. Mean microhardness values, standard deviation, and significant differences between the
groups on the top and bottom surfaces.

Microhardness
Control 0.1% TiO2-n 0.5% TiO2-n 1% TiO2-n

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Top 51.08 ± 1.71 56.4 ± 4.58 57.99 ± 4.34 59.41 ± 3.37
Aa ABa Ba Ba

Bottom 40.41 ± 1.37 38.35 ± 3.83 43.96 ± 2.24 37.59 ± 3.35
ABb ABb Ab Bb

p 0.004� 0.004� 0.004� 0.004�
Capital letters showed significant differences between the groups, lower letters showed significant differences
between the bottom and top surfaces (p< 0.05).
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When the fracture surface belonging to the 1% TiO2-n group was examined, a brit-
tle-ductile-type fracture surface was observed. A large number of porous structures in
the area indicated by the arrow in Figure 6 indicates that polymerization is insufficient
in the relevant regions of the composite surface. Spherical filler particles in the com-
posite resin structure were also seen.

3.7. Antibacterial properties of the groups

The growth curves of the bacteria after the direct contact test are presented in Figures
7 and 8. No bacterial growth was observed in the negative control groups of any of the
experimental groups. Positive control groups showed normal bacterial growth curves.
The plateau stage refers to the stage at which bacterial growth becomes stable. There
was no statistically significant difference in the mean plateau stage of S.mutans between
the groups (18th hour; p> 0.05; Figure 7).

There was a statistically significant difference between the groups in terms of aver-
age L.casei plateau stage (18th hour; p< 0.05). It was observed that the 0.5% TiO2-n
group had a statistically significantly lower value than the 0.1% TiO2-n, 1% TiO2-n,

Table 3. Mean three-point bending, standard deviation, and significant difference between
the groups.

Control 0.1% TiO2-n 0.5% TiO2-n 1% TiO2-n
Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Three-point bending 106.98 ± 14.22 AB 119.15 ± 28.97 AB 116.82 ± 11.36 A 89.50 ± 14.22 B

Capital letters showed a significant difference between the groups.

Figure 4. The fracture surface of 0.1% TiO2-n with � 50 magnification.
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and control groups. No significant difference was measured between the other
groups (p> 0.05).

4. Discussion

To determine the mechanical properties of a low-viscosity bulk-fill composite with
TiO2-n added at different rates, this study tested microhardness, surface roughness,
and three-point bending. In addition, the antibacterial activity of bulk-fill composites
with TiO2-n on S.mutans and L.casei was evaluated via the direct contact test. The
results demonstrate that the addition of TiO2-n did not change the roughness of the
low-viscosity bulk-fill composite; the addition of 0.5% and 1% TiO2-n increased the
microhardness values of the composite; and the addition of 0.1% and 0.5% TiO2-n pro-
tected the three-point bending values, which increased slightly. When the direct con-
tact test results were evaluated, the addition of TiO2-n did not show an antibacterial
effect against S.mutans, but 0.5% TiO2-n resulted in an antibacterial effect against
L.casei in daylight. Thus, the null hypothesis was partially accepted.

Figure 5. SEM image of the fracture surface belonging to the 0.5% TiO2-n (a) � 500 magnification
(b) � 2.500 magnification (c) � 5.000 magnification (d) � 100.000.
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Titanium dioxide is one of the most studied metal oxides that is considered an anti-
bacterial agent, and it improves the mechanical properties of materials. It is typically
synthesized using the alkaline hydrothermal method. This method is advantageous
because it produces pure phase nanostructures in a reproducible and cost-effective
one-step reaction [36]. In the present study, TiO2-n was synthesized by the hydrother-
mal method.

Lima et al. [37] noted that the polymerization of bulk-fill resin-based composites
depends on material composition. Several studies have presented a reasonable depth of
cure at 4mm, confirming manufacturers’ recommendations [38–40]. In contrast, other
studies have related that several bulk-fill resin composites show sufficient polymeriza-
tion but only until a depth of 2 or 3mm [41,42]. In the present study, bulk-fill compo-
sites were prepared in Teflon molds with a 2mm height. Although low-viscosity bulk-
fill composites can be cured in a layer of 4mm, it was thought that the filler ratio
would increase with the addition of TiO2-n, and thus the bottom surfaces would not
sufficiently polymerize.

Patients can detect restorations with the tip of the tongue when the surface rough-
ness is above 0.3 mm Ra. Studies have reported that the critical value of surface

Figure 6. SEM image of the fracture surface belonging to the 1% TiO2-n (a) � 50 magnification
(b) � 500 magnification (c) � 2.500 magnification (d) � 5.000 magnification.
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Figure 7. Growth curves for S.mutans after DCT with study and control groups.

Figure 8. Growth curves for L.casei after DCT with study and control groups.

1738 R. H. ENGINLER OZLEN ET AL.



roughness in terms of bacterial involvement is 0.20 mm [43]. In the present study, it
was observed that adding TiO2-n in different proportions did not change the surface
roughness of the bulk-fill composite. Although similar surface roughness values were
found between the groups, the highest roughness value (0.25mm) was obtained in the
1% TiO2-n group, and this value exceeds the roughness limit in terms of bacterial
involvement. The surface roughness of restorative materials depends on numerous fac-
tors, such as filler content, size, shape, monomer type, and an effective filler-organic
matrix junction. In the present study, aluminum oxide polishing discs were used to fin-
ish and polish composite specimens. The abrasive particles of polishing systems must
be harder than the fillers of composite resins for an effective finishing and polishing
procedure. If they are not, the polishing system may remove only the soft resin matrix,
leaving the filler particles protruding from the surface of the restorative material. In
addition, insufficiently bonded fillers may debond and dislodge, leaving an irregular
surface. It is possible that more drastically irregular surfaces observed with 1% TiO2-n
occurred due to poor bonding between TiO2-n and the matrix and were left by the
matrix after polishing.

Surface hardness, defined as the resistance to permanent indentation or penetration,
is one of the most important properties used to compare restorative materials. This
mechanical property of restorations should always be taken into account, especially
when the restoration will face significant masticatory force. It has been reported that
the shape, size, percentage by weight, composition, and distribution of filler particles in
composite resins affect the hardness of the material [44]. Xia et al. coated the surface of
TiO2 nanoparticles with organosilane and observed that 0.5% and 1% TiO2 nanopar-
ticles increased the surface microhardness significantly. It is thought that an improve-
ment in a material’s microhardness is achieved by obtaining a more homogeneous
surface as a result of surface modification. However, the agglomeration has also been
observed despite surface modification [24]. Sun et al. [25] evaluated the effect of TiO2

nanoparticles modified with acrylic acid on the mechanical properties of an experimen-
tal composite resin. They observed the highest microhardness value at a rate of 0.06%
TiO2-n, and the mechanical properties of the composite were weakened at values above
1% TiO2 nanoparticles. Unlike previous studies, the present study performed the func-
tionalization process of TiO2-n using a different step instead of methacrylic acid during
the production phase. Hydroxylic functional groups were obtained on the surface of
the nanotubes during synthesis with a one-step reaction. The results of our study show
that the addition of 0.5% and 1% TiO2-n increased the microhardness of the top sur-
face of low-viscosity bulk-fill composite, and the addition of TiO2-n did not change the
microhardness of the bottom surface. It has been reported that filler particles reflect
polymerization light and prevent it from passing to the bottom surface [45]. In this
study, similar microhardness values between the TiO2-n groups and the control group
on the bottom surfaces indicate that TiO2-n did not affect the transmission of light to
the bottom surfaces.

Heintze et al. [46] found that three-point bending and flexural modulus tests can be
used as strong indicators of material durability under stress, and the results of these
tests correlate well with clinical longevity. SEM observations reveal important informa-
tion about the samples used and the mode of failure of the material. Lassila et al. [38]
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reported that there is no direct relationship between filler volume and the three-point
bending of composite resins, and they determined that the strength of adhesion
between a filler particle and matrix may affect flexural strength. Panahandeh et al. [39]
reported that higher three-point bending was found in composite resin with a lower
percentage of filler. Xia et al. [24] evaluated the effect of TiO2 nanoparticles on the
three-point bending of composites, and similar three-point bending results were
observed between the 0.5% TiO2 nanoparticle group and the control group. However, a
significant increase was observed in the group containing 1% TiO2 nanoparticles [24].

Sun et al. [25] evaluated the effect of adding 0.02%–0.5% TiO2 nanoparticles modi-
fied with acrylic acid to the experimental composite resin, finding that the lowest
three-point bending value was 0.5% and the highest 0.06%. Sun et al. suggested that
the decrease in three-point bending despite the increase in concentration may have
occurred due to the agglomeration of TiO2 nanoparticles and insufficient polymeriza-
tion at this concentration level. In contrast with previous studies, the present study
observed similar three-point bending values between groups. Adding TiO2-n did not
change the three-point bending of the bulk-fill composite. The unique results observed
in our study compared to previous studies may be due to the different modifications
applied to the surfaces of TiO2-n.

According to the International Organization for Standardization (ISO 4049: 2009)
[34], the three-point bending of composite resin to be used in the posterior occlusal
region should not be less than 80MPa [47]. The three-point bending values obtained
in this study varied between 88–118MPa, thereby consistently exceeding 80MPa. The
highest three-point bending value belonged to the group containing 0.5% TiO2-n
(118.76MPa), while the lowest value was observed in the 1% TiO2-n group
(88.07MPa). Although there was no statistical difference, the decrease observed in the
1% TiO2-n group may have resulted from the increased tendency for agglomeration
with the increase in TiO2-n ratio; this change may adversely affect material durability
by causing voids and irregularities. The three-point bending test results were supported
by the SEM examination. Non-polymerized irregular areas were observed in the 1%
group in the examination of fracture surfaces. In the 0.5% TiO2-n group, it was
observed that the nanotube structures bridged at the fracture surface to resist breaking
against the force applied during the flexural strength test. The bridging structures
observed on the fracture surfaces indicate a strong connection between TiO2-n and
the matrix.

While many studies have investigated the effect of antibacterial activity of TiO2-n
against S.mutans, only a limited number of studies have assessed its effect against
L.casei. In the present study, the antibacterial activity of composites with TiO2-n was
evaluated against S.mutans and L.casei, which play an important role in the formation
and progression of caries. Dias et al. [40] synthesized nanoparticles using the polymeric
precursor and hydrothermal method and then added the nanoparticles to the compos-
ite resin at different rates. Antibacterial activity was not observed against S.mutans
with the nanoparticles produced by the hydrothermal method, but nanoparticles pro-
duced by polymeric precursor did demonstrate antibacterial activity against S.mutans.
In the present study, TiO2-n was synthesized via the hydrothermal method, and the
low-viscosity bulk-fill composite with TiO2-n did not show antibacterial activity against
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S.mutans as a result. However, antibacterial activity was observed against L.casei in the
group containing 0.5% TiO2-n. We believe that the antibacterial activity observed in
the present study with low TiO2-n concentration in daylight is related to the morph-
ology of TiO2-n, which resulted from the synthesis method used.

Cai et al. [41] evaluated the antibacterial activity of composite resin with TiO2 nano-
particles under UV light treatment, and the UV-applied group exhibited more effective
antibacterial behavior than the non-UV group. Jing et al. [48] investigated the antibac-
terial activity of TiO2 nanoparticles and nanotubes produced by the sol-gel method
against E.coli. They reported that TiO2 nanoparticles exhibited higher antibacterial
activities than TiO2-n under UV light treatment, but the two offered similar antibacter-
ial activities in the dark due to changes in their microstructure. Jing et al. also noted
that both TiO2 nanoparticles and TiO2-n have less antibacterial activity in the dark
than under UV light. Currently, the UV energy doses required for adequate antibacter-
ial efficacy are highly dangerous to human cells and tissues, so there are concerns
regarding the use of this technology in the oral cavity [49]. Because of these negative
features, we used laboratory light instead of UV light when conducting the direct con-
tact test in this study.

There are certain limitations to our study. The mechanical properties of bulk-fill
composites were evaluated by performing static tests such as three-point bending,
microhardness, and roughness. Radiopacity, optical properties, color change, water
absorption, water solubility, viscosity assessment, wettability, and conversion degree of
composite resins were not evaluated. Instead of the sol-gel method, the hydrothermal
synthesis method was utilized due to its ease of application and other advantages. The
functionalization process of TiO2-n was carried out using a different step instead of
methacrylic acid during the production phase. Future studies are needed that photoca-
talyst TiO2-n under visible light without UV application. The release of TiO2-n into
oral tissues and saliva and its effect on bacterial adhesion was not evaluated in this
study but should be addressed in future studies.

5. Conclusion

This in vitro study evaluated the effect of the addition of different proportions of TiO2-
n to a low-viscosity bulk-fill composite resin on the mechanical and antibacterial prop-
erties of the composite.

1. The addition of TiO2-n did not alter the surface roughness of the low-viscosity
bulk-fill composite resin.

2. Adding 0.5% and 1% TiO2-n increased the microhardness of the low-viscosity
bulk-fill composite resin on the top surface.

3. The addition of 0.1% and 0.5% TiO2-n protected the three-point bending values,
which showed a slight increase, of the low-viscosity bulk-fill composite.

4. Although antibacterial activity was not observed for S.mutans, inclusion of 0.5%
TiO2-n in the low-viscosity bulk-fill composite resin did produce an antibacterial
effect against L.casei in daylight.
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