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Abstract: Purpose: This in vitro study aimed to evaluate and compare the physical and antimicrobial
properties of provisional resin modified with two different nanoparticles, namely, silicon dioxide
(nano-SiO,) and titanium dioxide (nano-TiO;). Methods: A commonly used commercially available
polymethyl methacrylate (PMMA) provisional resin (Unifast III; GC Corp) was modified with nano-
SiO; and nano-TiO; at different concentrations (1% wt. and 2.5% wt. respectively), while one
unmodified group was used as a control. Rectangular specimens (60 x 10 x 3.3 mm) for strength
(MPa) and elastic modulus, and square specimens (10 x 10 x 3.4 mm) for surface roughness (Ra,
um), hardness (VHN), and Candida albicans adhesion (colony forming unit, CFU/mL) were prepared
and grouped into five groups (n = 10) according to (nanoparticles) NPs type and concentration.
After polymerization, the specimens were finished and polished and then subjected to thermal
cycling (5000 cycles). Analysis of variance and post-hoc Tukey test were used for data analysis
(e = 0.05). The scanning electron microscope (SEM) was used for fracture surface analysis and C.
albicans count. Results: The addition of 1% nano-SiO; significantly increased the flexural strength,
and 1% nano-SiO, contributed to the highest flexural strength value, while 2.5% nano-SiO, and
nano-TiO, showed non-significant increases (p > 0.05). The elastic modulus increased significantly
for both NPs. Among the NP-modified groups, the nano-5iO; groups showed an increased elastic
modulus compared to the nano-TiO, groups. The hardness significantly increased with NPs addition
with no significant differences between NPs-modified groups. Surface roughness increased with
2.5% nano-TiO, addition, while 1% nano-TiO; and nano-SiO; showed non-significant differences.
Nano-5iO; and nano-TiO; significantly decreased C. albicans adhesion, and nano-TiO, groups were
significantly superior in their antimicrobial effect compared with nano-5iO,. Conclusions: Low
nano-SiO; addition increased the flexural strength of provisional resin. The addition of NPs increased
elastic modulus and hardness and decreased the C. albicans adhesion to provisional resin. Nano-5iO,
did not alter the surface roughness, while 2.5% of nano-TiO, increased the surface roughness.
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1. Introduction

Provisional crown and fixed partial denture (FPD) restorations play an important role
during prosthodontic treatment. From its derived name, a provisional restoration should
provide multiple purposes, including function [mastication, esthetics, and phonetics],
protection [dental and periodontal], occlusal stability, and diagnostic assessment prior
to fabrication of the final definitive restoration [1]. In addition, it prevents leakage into
dentinal tubules by protecting the prepared dental tissue until permanent prostheses are
placed [2].

Nevertheless, most provisional materials, regardless of chemistry, are prone to sorp-
tion, which results in changes in color when they are exposed to or immersed in staining
media. Color stability of the provisional restoration can be affected by a variety of factors,
such as material composition, polymerization method, degree of polymerization, surface
properties, water sorption, and solubility, reactivity with surrounding media, chemical
reactivity with different staining from dietary intake, and oral hygiene [3]. According to
Barghi and Simmons’ qualitative assessment, auto-polymerizing acrylic resin provisional
restorations frequently manifest deficiency in marginal adaptation [4]. In another study
by Lepe et al., they found that polymerization shrinkage of the acrylic resin would have
a significant influence on the fit of the provisional restorations; they reported volumet-
ric polymerization shrinkage for PMMA is 6%, in contrast to 1% to 2% for composite
materials [5].

Another important factor is susceptibility to microbial adhesion. Provisional restora-
tions that are worn for extended periods of time allow bacterial colonization on their
surfaces. This reveals that bacterial colonization on provisional prosthetic materials is
greater than that on permanent prosthetic materials due to their high surface roughness
and limited marginal adaptation [6]. On the other hand, the amount and quality of bacterial
deposition on surfaces can be affected by a variety of surface properties. Surface roughness
increases microbial adherence, which is difficult to remove from pits and grooves [7]. The
species of bacteria is another important aspect of bacterial adhesion [8]. Streptococci are
one of the most common “early colonizing bacteria” and are known as the primary patho-
genesis of tooth caries. Candida albicans (C. albicans), is the most common opportunistic
pathogen intra-orally [9].

Nanoparticles are tiny particles ranging in size from 1 to 100 nm. They have been
introduced into different dental materials to enhance their mechanical properties and for
reinforcement [10]. Efforts have been made to fulfill these objectives by adding structural
components such as metals and ceramics, as well as filler particles containing zirconia,
silica, alumina, glass fiber, tin, and copper [11]. It is important to realize that the type,
size, shape, and concentration of inorganic nanoparticles determine how they alter the
properties of the end product [11].

Silicon dioxide nanoparticles (nano-SiO;) have gained noticeable attention from re-
searchers due to their promising performance. Silica nanoparticles are considered a valid
additive for the reinforcement of dental resins [12]. From a biomedical perspective, silica
nanoparticles have been implemented as reinforcement fillers for PMMA resins due to
their high surface energy and total pore volume, which also promotes their antimicrobial
behavior [13].

Titanium dioxide nanoparticles (nano-TiO;) have desirable properties. They are
chemically inert, resistant to corrosion, biocompatible, and inexpensive [14]. They have
a high refractive index, which aids in improving their optical properties in addition to
their antibacterial properties, as reported in the literature [15]. Due to their favorable
behavior, nano-TiO, have been incorporated into PMMA in the dental field of research [16].
Nano-TiO, primarily offer heat stability. As a result, the desired properties of NPs are not
affected by the heat produced during the polymerization process, which exerts a positive
impact on polymerization shrinkage [17]. Existing studies suggest that introducing surface-
treated nano-TiO, into a PMMA matrix leads to reduced shrinkage stress [18]. According
to Acosta-Torres et al., a PMMA matrix containing TiO, showed less surface porosity in
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comparison to unmodified PMMA [19]. On the other hand, other studies have presented
adverse effects, especially on flexural strength, associated with nano-TiO, and nano-5iO,
incorporated into dental resins [20].

Provisional restorations may require long-term presence in the oral cavity. For durabil-
ity, provisional materials with high strength to withstand different types of stresses while
also demonstrating appropriate surface characteristics with antimicrobial activities are
required. The incorporation of nanoparticles was suggested, and it has the potential to
overcome the drawbacks of unmodified resins. However, there is a lack of research that
investigates the effect of different nanoparticles, such as nano-5iO; and nano-TiO,, on the
strength and antifungal activity of provisional resins. Therefore, this study was conducted
to evaluate and compare the strength, surface properties, and C. albicans adherence to pro-
visional resins modified with different nanoparticles, nano-5iO,, and nano-TiO,. The null
hypothesis stated that the addition of nanoparticles had no significant effect on the strength,
surface roughness, hardness, and C. albicans adhesion to nanocomposite provisional resins.

2. Materials and Methods
2.1. Sample Size Calculation

After sample size calculation with 80% power, 95% confidence interval, and 0.05
significance level, fifty bar shape specimens (60 x 10 x 3.3 mm) were prepared for flexural
strength, and 100 square specimens (10 x 10 x 2 mm) were prepared for evaluating surface
properties and C. albicans adhesion.

2.2. Specimens Fabrication and Distribution
2.2.1. Nanocomposite Mixture Preparations

The materials used and specifications are detailed in Table 1. Before nanocomposite
resin mixture preparation, both nanopowders were treated with a silane coupling agent to
create reactive groups that allowed good bonding between the resin matrix and nanopar-
ticle surface. For the silanization process, nano-5iO, and nano-TiO; were treated with
3-(trimethoxysilyl) propyl methacrylate (Shanghai Richem International Co., Ltd., Shang-
hai, China). Concentrations of 1 and 2.5 wt% of silanized nanoparticles were measured
using a digital scale and mixed with the auto-polymerizing acrylic resin powder (Unifast
III; GC Corp., Yongin-si, Repubic of Korea). In order to achieve homogeneous mixtures
with even particle distributions, the prepared mixtures were further mixed and stirred for
30 min using an electric mixer.

Table 1. Nanomaterials used and their specifications.

Materials

Brand Names Specifications

Auto-polymerizing acrylic resin (Unifast I1I, A2; GC Corp)

Powder: ethyl-methyl methacrylate polymer,
polymethylmethacrylate, barbituric acid derivative,
organic copper compound, pigments

Liquid: methyl methacrylate, N,N-dimethyl-p toluidine
trimethylolpropane, ethylene glycol dimethacrylate

Silicon dioxide nanoparticles
(nano-Si0y)

AEROSIL R812; Evonik Degussa, =~ White color, 99.5% purity,
Essen, Germany), Average size 15 nm

Titanium dioxide nanoparticles Sigma-Aldrich, Co., St Louis, MO, White color

(nano-TiOy)

USA Average size = 26 nm

The particle size distributions of the two types of nanoparticles (nano-5iO; and nano-
TiO,) were evaluated using transmission electron microscopy (TEM; Morgagni 268, FEI,
Czech Republic at 80 kV). For TEM, a small amount of the powder of the two types of
nanoparticles was dispersed into ethanol using an ultrasound sonicator for about ten
minutes. The dispersion of the nanoparticles was then deposited onto TEM grids with
a carbon film. The grids were air-dried and mounted on a TEM machine for imaging.
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Several images were recorded to estimate the size of the nanoparticles [21-23]. The average
size of the particles was measured to be about 16 and 26 nm for nano-SiO, and nano-
TiO;,, respectively (Figure 1). The mixing of the nanoparticles into the PMMA matrix was
confirmed and evaluated by scanning electron microscopy (SEM, TESCAN, VEGA3, Czech
Republic at 20 kV). For SEM, powders of pure PMMA, PMMA coated with nano-SiO,, and
PMMA coated with nano-TiO, were dispersed onto a doubled-sided carbon film, and then
samples were sputter-coated with a gold sputter coating machine (Q150R Plus—Rotary
Pumped Coater) in order to make the samples suitable for SEM imaging. For comparison,
SEM micrographs of the pure PMMA matrix are also shown in Figure 2. After mixing, the
PMMA spheres were coated with either nano-5iO, or nano-TiO;.
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Figure 1. (A,C) TEM images of nano-SiO, and nano-TiO, while (B,D) histogram image showing the
particle distribution and average size of nano-5iO, and nano-TiO,, respectively.
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Figure 2. SEM micrographs of (A) Pure PMMA matrix, (B) PMMA coated with nano-SiO, and
(C) PMMA coated with nano-TiO,. The pure PMMA spheres showed clear morphology without the
appearance of any type of nanoparticles. The scale bars are 100 pm.
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2.2.2. Mold Used for Disc Specimens Preparations

As per the recommendation of the International Organization for Standardization
(ISO) 20795-1:2008.40, a split metal mold with dimensions of 60 x 10 x 3.3 mm was
fabricated to produce 50 rectangular specimens for flexural strength tests [24,25]. For
surface properties (surface roughness (Ra, pm), hardness (VHN)), and Candida albicans
adhesion (CFU), square specimens (10 x 10 x 3.4 mm) were prepared and grouped into five
groups (1 = 10). The 50 specimens were divided into 5 groups (n = 10) based on nanoparticle
concentration (1 and 2.5 wt%) of nano-S5iO, and nano-TiO,, and an unmodified control
group was obtained.

2.2.3. Specimens’ Preparations

The polymer/monomer ratio was prepared according to the manufacturer’s recom-
mendation. The mix was placed into molds with some overfill and then covered with a
metal plate under pressure. The molds were covered with metal and placed in a pressure
pot at 45 °C and 0.2 MPa for 15 min. After polymerization, any resin flashes were removed
using a tungsten carbide bur and polished using a sandpaper disc. A digital caliper was
used to evaluate the specimen dimensions, and specimens with proper dimensions and
showing no voids and irregularities were stored in distilled water at 37 °C for 48 2 h.

2.3. Thermal Cycling Process

Before testing, all specimens were subjected to thermal cycling (5000 cycles) in a
thermal cycling machine (Thermocycler THE-1100, Mechatronik GmbH, Feldkirchen-
Westerham, Bavaria, Germany) with 5-55 °C/30s of dwell time.

2.4. Specimens Testing
2.4.1. Flexural Strength (MPa) and Elastic Modulus (GPa) Measurement

To determine the flexural strength and elastic modulus of the material, a three-point
bend test was performed (Electropuls E3000; Instron, High Wycombe, UK). A 3 point flexure
apparatus with two 50 mm apart vertical rods was used to load the specimens horizontally
at the midpoint with 5-kN at a crosshead speed of 5 mm/min until the specimen fractured,
and then the fracture load was determined. Each specimen was measured for flexural
strength using S = 3FL/2bh? where S stands for flexural strength in MPa, F stands for
fracture load in N, L stands for distance between the two vertical rods (50 mm), b stands
for specimen width (10 mm), and h represents specimen thickness (3.3 mm). The elastic
modulus was calculated from E = FL3 /4bh3d, where E is the elastic modulus (MPa), F is the
load (N) at a convenient point (P) along the straight line of the tension/deformation curve
(that is, elastic deformation), and L, b, and h represent the same values in the previous
equation of FS. Whereas d is the deflection at point P [10,24,25].

After fracture, the fractured surfaces were analyzed using scanning electron mi-
croscopy (SEM, TESCAN, VEGA3, Czech Republic at 20 kV) to determine the characteristics
and topographical features of the fractured surfaces. The fractured samples were mounted
onto a metallic stub using double-sided tape, keeping the fractured side upward, and
then sputter-coated with gold (Q150R Plus—Rotary Pumped Coater). The gold coating
was applied in order to minimize the charging effects and to improve the image quality
during the scanning of the samples. The mode of fracture was analyzed according to the
surface topography, which indicated ductile fracture, rougher and irregular, requiring
higher energy before deformation and fracture (see Figure 3). The brittle fracture exhibited
a smooth surface and consequently fractured relatively easily and immediately [25].
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Figure 3. FTIR spectra of the pure resin, 1% nano-SiO,, 2.5% nano-SiO;, 1% nano-TiO,, and 2.5%
nano-TiO; specimens showing the characteristics bands of PMMA matrix.

2.4.2. Hardness (VHN) Measurement

According to the ASTM(C1327-15 standard, all specimens were tested for surface
hardness using a Vickers hardness tester (MicroMet 6040, Buehler Ltd., Lake Bluff, IL, USA).
Each specimen was subjected to a load of 50 g for 20 s on three different spots (at least
2 mm apart) by using a Vickers hardness indenter. The readings were digitally converted
by a measuring machine, followed by an average calculation of 3 readings per specimen.

2.4.3. Surface Roughness (Ra, tM) Measurement

A non-contact optical profilometer (Contour Gt-K 3D optical profiler; Bruker Nano
GmbH, Berlin, Germany) was used to obtain the initial surface roughness readings. Prior
to evaluation, the specimen surface was finished and stored in distilled water for 72 h.
Performing Ra of all samples was conducted by measuring three readings at equidistance in
different areas. These areas were vertically scanned under 20 x ¢ magnification with speed
set as 0.5 mm/s and cutoff at 0.8 mm. The traced image was analyzed with integrated
software in accordance with International Organization for Standardization 4287 [26]. The
average of these three readings was obtained for each sample. The arithmetic mean of the
three measurements for each test sample was used to obtain the average surface roughness
value of each sample [27].

2.4.4. Microbial Assay
Candida Conditions, Preparation, and Culture

The standard strain of C. albicans (ATCC 10231) was obtained from the American
Type Culture Collection (ATCC) and stored in glycerol media (30%) at —86 °C in the
College of Medicine, IAU. C. albicans were spread on Sabouraud dextrose agar (SDA)
plates and cultured at 37 °C for 48 h. Inoculating a freshly isolated colony into 4 mL
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Sabouraud dextrose broth (SDB Acumedica Co., Manufacturers, Lansing, Michigan) was
performed overnight, and it was shaken subsequently for 24 h followed by centrifuging to
collect the cells. Collected cells were washed twice with phosphate-buffered saline (PBS)
and were suspended again for concentration standardization by a spectrophotometer to
1.7 x 107 [21,22].

Biofilm Formation and Colony Forming Unit Assay

The prepared acrylic disks were cleaned ultrasonically, followed by sterilization by
subjecting the specimens to ultraviolet (UV) light for 30 min [23]. The sterilized specimens
were submerged in a 12-well plate containing 200 puL of SDB suspension with the reference
strain C. albicans and incubated at 37 °C for 48 h. The specimens were then washed twice
to remove non-adherent cells. Subsequently, the specimens were placed in sterile tubes
containing 1 mL PBS and sonicated for 15 min. To detach adherent cells from the specimen
surface, Candida colonies were counted. A vortex machine was used, followed by specimen
centrifugation, as detailed in a previous study [28]. Ten milliliters of the centrifuged
solution was serially diluted, spread on a petri dish containing SDA, and incubated for
24 h at 37 °C [28]. The colonies of C. albicans per quadrant were counted using a marker
pen counter (colony counter “Scienceware- bel-art products”, Wayne, NJ, USA). Then the
total number of colonies was multiplied by the dilution factor exhibited Candida colonies
count (CFU/mL) [28].

2.5. Statistical Analysis

Data analysis was performed by using SPSS (Statistical package for social sciences). A
test for normality checking was performed using the Shapiro-Wilk test. Results from the
test were statistically insignificant; hence, the data were found to be normally distributed.
Hence, parametric tests were performed for inferential analysis. One-way ANVOA was
employed to study the effects of concentration levels of nanoparticles on the tested proper-
ties. In addition, Tukey’s post-hoc test was performed for pairwise comparison. Two-way
ANOVA was used to study the interaction effect of groups and nanoparticles on the tested
properties. All p-values considered statistically significant if they were less than 0.05.

3. Results
FTIR Finding

The formation of functional groups of pure, nano-5iO, and nano-TiO, incorporated
resins was investigated by Fourier Transformed Infrared (FTIR) using transmission spec-
troscopy (Hartmann & Braun, MB series). The FTIR spectra were recorded between 4000
and 400 cm !, as shown in Figure 3. The FTIR spectra of pure and nanoparticles incorpo-
rated resins (1% nano-SiO;, 2.5% nano-SiO;, 1% nano-TiO,, and 2.5% nano-TiO, specimens)
showed similar types of bands and characteristic features. FTIR results prove that the ad-
dition of NPs, either nano-5iO, or nano-TiO,, did not change the chain structure of the
nanocomposite but only varied the intensity of the bands.

Table 2 shows the two-way ANOVA results for all tested properties, and significant dif-
ferences were found for all tested properties in terms of nanoparticle type and concentration
(p <0.001). Table 3 summarizes the mean, SD, and significance within the nano-modified
groups and between all groups for all tested properties. The addition of 1%-nano-SiO,
significantly increased the flexural strength (p < 0.001) in comparison to the control group,
while 2.5% showed no significant differences in flexural strength (p = 0.084). The addition
of nano-TiO; significantly increased the flexural strength (p < 0.001) at both concentrations,
with no significant differences between 1% nano-TiO, and 2.5% nano-TiO, (p = 0.062).
Among all NP-modified groups, the highest flexural strength value was recorded with
1% Nano-5iO; significantly, while no significant differences were observed between other
NP-modified groups (p > 0.05).
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Table 2. Two-way ANOVA results for all tested properties.
Source Type Il Sum Df Mean Square F p-Value
of Squares
Intercept 425,481.130 1 425,481.130 10,049.591 <0.001 *
NPs * % 1558.899 5 311.780 7.364 <0.001 *
Flexural strength (MPa)
Error 2286.260 54 42.338
Total 429,326.290 60
Intercept 476,617,087.548 476,617,087.548 6570.068 <0.001 *
NPs * % 5,386,949.656 5 1,077,389.931 14.852 <0.001 *
Elastic modulus (GPa)
Error 3,917,360.380 54 72,543.711
Total 485,921,397.585 60
Intercept 28.228 1 28.228 1919.824 <0.001 *
NPs * % 1.458 5 0.292 19.831 <0.001 *
Surface roughness (pum)
Error 0.794 54 0.015
Total 30.480 60
Intercept 35,175.516 1 35,175.516 14,324.379 <0.001 *
NPs * % 225.962 5 45.192 18.404 <0.001 *
Hardness (VHN)
Error 132.605 54 2.456
Total 35,534.083 60
Intercept 70,702,957.067 1 70,702,957.067 7928.958 <0.001 *
Candida adhesion NPs * % 27,782,477.933 5 5,556,495.587 623.131 <0.001 *
(CFU/mL) Error 481,521.000 54 8917.056
Total 98,966,956.000 60
* statistically significant at 0.05 level of significance.
Table 3. Mean, SD, and significance of tested properties for the pure and reinforced groups.
. Nano-SiO,-Modified Groups Nano-TiO,-Modified Groups
. Contro
Tested Properties 1% 2.5% Post-H. 1% 2.5% Post-H
(Mean - SD) (Mean + SD) (Mean + SD) oS (Mean + SD) (Mean + SD) oSt
Flex“(r;};;e“gth 79.76 (5.3) 949 (10.7) 83.4 (6.1) ¥4 <0.001 * 83.4 (4.8) A 83.9 (4.8) A 0.141
Elastic modulus (GPa) 2413.9 (296.7) 3180.1 (163.2) > 3053.1 (280.7) *4 <0.001 * 2963.2 (304.3) *B 2886.4 (247.2) ¥B <0.001 *
S“rfacfi(r’[‘:)gh“ess 0.67 (0.2) A 0.56 (0.1) » 057 (0.1) A 0.078 0.62 (0.1) #A 1.02 (0.1) <0.001 *
Hardness (VHN) 21.6 (1.0) 24.9 (2.3) @A 25.4 (1.9) @4 <0.001 * 25.1 (1.0) @A 26.7 (1.6) @4 <0.001 *
Can(cgggjﬂ‘ffio“ 2045.0 (124.7) 700.4 (113.5) > 627.8 (46.2) ¥A <0.001 * 535.5 (65.8) P 559.5 (55.0) P <0.001 *

* statistically significant at 0.05 level of significance. The same small letters in each row indicate statistical
insignificance between pairs of nanoparticles. The same capital letters in each row indicate statistical insignificance
between pairs.

Figure 4 presents a comparative SEM analysis of the fractured surfaces of the unmod-
ified and NP-modified groups. The unmodified group (no addition of NPs) exhibits a
smooth background with faint lamellae as its main features. In contrast, the NP-modified
groups reveal distinct surface features attributable to the addition of NPs. In the nano-
5i0, modified group, two different concentrations (1% and 2.5%) were investigated. At
a nano-SiO; concentration of 1 %, deeper and more uniform lamellae are clearly evident,
signifying a pronounced effect of nano-5iO; on the surface topography. However, with a
higher concentration of 2.5% nano-5iO,, clusters become apparent, suggesting a shift in the
surface morphology due to the increased NPs content. For the nano-TiO, modified group,
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similar surface topography is observed with both concentrations. The fractured surfaces
in this group are characterized by fewer lamellae, a lower number of NPs, and a limited
formation of clusters compared to the nano-SiO, group.

(a) control

(b) 1% nano-Si02
(c) 2.5% nano-Si02
(d) 1% nano-TiO2
(e) 2.5 nano-TiO2

Figure 4. Representative SEM images of tested groups at 1000 x magnification. Scale bars represent
100 pum.

For elastic modulus, the addition of NS showed a significant increase in the elastic
modules (p < 0.001) in comparison to the unmodified group with no significant change
in 1% and 2.5% nano-SiO, addition in elastic modules. The addition of nano-TiO; signifi-
cantly increased the elastic modulus (p < 0.001) at both concentrations, with no significant
difference between 1% Nano-TiO; vs. 2.5% Nano-TiO,. In between all NP-modified groups,
the elastic modulus of nano-SiO, showed an increase compared to nano-TiO, while there
were significant differences between other NP-modified groups (p > 0.05).

For surface roughness, the addition of nan-TiO, did not show any significant change
in surface roughness among all groups (p = 0.078). The addition of nano-TiO; significantly
decreased the surface roughness (p < 0.001) at both concentrations, with significant differ-
ences observed between 1% Nano-TiO; and 2.5% Nano-TiO,. In between all NP-modified
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groups, the highest surface roughness value was recorded with the addition of Nano-TiO,
significantly, while no significant differences between other NP-modified groups.

The addition of 1%-Nano-5iO, and 2.5% has significantly increased the hardness in
comparison to the unmodified control group (p < 0.001), while 2.5% and 1% showed no
significant differences between them. The addition of Nano-TiO; significantly increased
the hardness (p < 0.001) at both concentrations, with no significant differences between
1%Nano-TiO; vs. 2.5%Nano-TiO,. Among all NP-modified groups, the highest hardness
value was recorded with 2.5% Nano-TiO, significantly, while no significant differences
were observed between the other NP-modified groups (p > 0.05).

For C. albicans adhesion (Figure 5), the addition of 1%-Nano-5iO, and 2.5% has sig-
nificantly decreased Candida adhesion in comparison to the unmodified control group
(p < 0.001), while 2.5% and 1% showed no significant differences between them. On the
other hand, the addition of nano-TiO, significantly decreased Candida adhesion (p < 0.001)
at both concentrations, with no significant differences between 1% Nano-TiO, and 2.5%
Nano-TiO,. Among all NP-modified groups, the highest decrease was recorded with
1% Nano-TiO; significantly, while there were significant differences between other NP-
modified groups (p > 0.05).

Figure 5. Representative Candida albican adhesion images showing Candida colonies (CFU/mL).
(A) Negative control; (B) unmodified group; (C) 1%Nano-SiO,; (D) 2.5%Nano-SiOy; (E) 1%Nano-
TiO,; (F) 2.5%Nano-TiO,.



Prosthesis 2024, 6

962

4. Discussion

PMMA is one of the most commonly used materials for the fabrication of provisional
short- or long-span restorations in dental practice. However, several disadvantages of
PMMA have led to more investigations on how to improve its mechanical and physical
properties. One of these approaches is the addition of NPs to dental resins to improve
their strength and biological behavior. Both nano-5iO; and nano-TiO, have demonstrated
promising performance in enhancing the clinical behavior of modified dental resins in
terms of mechanical properties and antimicrobial activities [20,29,30]. Thus, the present
study utilized nano-SiO, and nano-TiO; as additives for provisional restoration to assess
microbial adherence effects, strength, and surface properties.

Regarding the concentrations selected, different results have been reported in the
literature concerning concentrations associated with higher strength values [20,30,31].
However, it was found that increasing the concentration of NPs to an extent above 5% would
adversely affect the material properties [20,32]. This would reduce the homogeneity of the
modified nanocomposites, which might worsen their surface structure [20,33]. Moreover,
the higher the concentration, the greater the restriction of the polymer chain mobility,
which makes the material more brittle. The flexural strength is also negatively affected by
increased concentrations of NPs above 5%, as it was shown that high NPs concentrations
formed clusters and the presence of these NPs at high concentrations could affect the
degree of conversion and increase the residual monomer, which could act as plasticizers,
eventually reducing the strength values [20,32]. As a result, NPs with concentrations of 1%
and 2.5% were selected for this study to avoid any unfavorable effect of increased content
of NPs.

All specimens were subjected to 5000 cycles of thermal cycling. Thermal aging is an
experimental technique that exposes the tested specimens to a situation comparable to the
actual situations in the oral cavity in terms of temperature values to assess how the material

‘properties would be affected under such conditions [14]. Hence, it is essential to evaluate

the mechanical properties of the tested material that has been subjected to thermal aging to
obtain valid results that are clinically relevant. Five thousands thermal cycles were set to
simulate 6 month of clinical service, according to a study by Morresi et al. [34].

The null hypothesis was rejected, as the current results demonstrated that incorpo-
rating nano-5i0, and nano-TiO; into provisional restoration had an effect on physical,
mechanical, and microbial adherence.

The addition of nano-SiO; at low concentrations increased the flexural strength of
the provisional resin, in agreement with Machado-Santos et al. [35]. This increase may
be attributed to the NPs size, bonding between NPs and the resin matrix, and/or normal
distribution of NPs within the resin matrix. Another possible reason for the increased
strength after the addition of NPs is the crack deflection mechanism, in which, once
impeded in the matrix, these particles tend to deviate from the propagated crack away and
maintain the integrity of the polymer matrix. Moreover, they can prevent the disruption
of polymer chains by filling in the cracks between the polymers [30,36]. In other words,
the concentration of NPs has an impact on the strength of the provisional resins. As
the concentration of nano-SiO; increased above 1%, the strength decreased, which is in
agreement with previous studies [14,30]. The increase in NPs concentration adversely
affects the homogeneity of the matrix, which leads to increased susceptibility to crack
formation [14,37]. Moreover, the higher the surface area of NPs, the higher their tendency
toward agglomeration due to increased surface energy, which is one of the biggest issues in
the utilization of NPs [38]. Therefore, low nano-SiO; is recommended for the reinforcement
and enhancement of the mechanical properties of provisional resins [14]. It is crucially
important to follow the proper concentrations of NPs to achieve optimum properties;
hence, adding nano-5iO; at a low concentration was proven by a previous study to result in
features of ductile nature, which positively improved the flexural strength of the resin [39].
The same study [39] reported the formation of loosely attached clusters, which increased
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stress formation when higher concentrations of NPs were used. This ultimately led to a
decrease in flexural strength.

The effect of nano-TiO; on the flexural strength of PMMA is multifactorial. The most
important factors are the concentration of the particle, along with their interaction with
PMMA [40]. Nano-TiO, addition showed increased values compared with the unmodified
group. However, this increase did not show any significant differences between the two
concentrations. The slight increase may be attributed to the good bonding between the
resin matrix and treated nano-TiO, [41]. In addition, this effect on the stabilization of
polymer chains has been reported in the literature in conjunction with nano-TiO; [41]. It
has been reported that the addition of TiO;, chemically reacts with PMMA through the
ester functional group COOR (oxygen double-bound to carbon—carbonyl along with an OR
group attached to the same carbon). The ester is a carboxylic acid derivative containing
OH, which will be replaced by OR (oxygen reaction variable) during the interaction with
PMMA, which creates a strong bond that retards polymer chain movements, providing a
cross-linking action [41,42]. In contrast, a previous study reported a significant increase
in the strength of self-cured PMMA when nano-TiO, was added at a high concentration
(5%). The usage of self-cured PMMA clarified the reason for the inconsistency between the
results of that study and the current one. The finding of this study is in agreement with
Chen et al. [43], who reported no adverse effect on flexural strength. Other studies [20,44]
have reported a negative effect on the flexural strength of acrylic resins, even with different
concentrations (0.5, 1%, and 3% of nano-TiO;). These variations in results may be attributed
to the difference in resin type and nano-TiO; concentrations.

Based on the results of this study, it is essential to restrict the concentration of the
added NPs to a certain limit. As briefly mentioned, higher concentrations of NPs contribute
to a higher tendency toward agglomeration. The agglomerates are weak areas within
the matrix. Hence, once a load is applied, these weak spots are liable to collapse easily,
which causes mechanical failure and degradation [37,38]. In addition, these areas result
in defect formation by shrinkage at their contact area, which in turn prevents the proper
transmission of forces to the entire matrix, negatively affecting the fracture toughness of
the material [45].

The addition of NPs enhanced the elastic modulus of the provisional resin in compari-
son to the unmodified groups. There was a noticeable reduction in the elastic modulus with
high concentrations of NPs; however, it was insignificant. The increase in the elastic modu-
lus with the addition of NPs was in agreement with the results of Topouzi et al. [14], who
found that the addition of NPs increased the elastic modulus in a concentration-dependent
manner. A possible explanation could be related to the attachment of NPs to the modified
organic matrix. Such strong attachment could restrain the macromolecular movement of the
polymer chains, even at high temperatures [46]. However, this restriction acts only on the
zone surrounding the NP, which is limited to a few nanometers. Hence, to achieve a higher
elastic modulus throughout the entire matrix, the dispersion on NPs must be of proper
homogeneity and concentration [47]. The increase in the elastic modulus in response to the
increase in NPs concentration could be attributed to the agglomerates present in the matrix,
which restrain the chain mobility, resulting in more contact area, causing a further increase
in the elastic modulus [48]. However, this would occur at the expense of other mechanical
properties, as discussed before, if no attention was given to the recommendations of proper
concentrations to use.

Our results agree with those of Elkhouly et al. [49], who found that adding nano-TiO,
to PMMA increased the modulus of elasticity, and this increase was in relation to NPs
concentrations. In addition, it has been reported that the modulus of elasticity increases
with increasing NPs concentration, as expected by Chatterjee et al. [16], following the law
of mixtures. In disagreement with the findings of the present study, Panyayong et al. [50]
investigated the effect of nano-TiO, at different concentrations (volume % of 0, 1.0, 2.0, and
3.0) mixed with nano-ZrO; in provisional resins and evaluated their effects on the elastic
modulus. They found that the mixture increased, and there was no significant difference
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between the control group and all percent by volume combinations in modulus of elasticity.
The difference in results regarding the elastic modulus may be due to the fraction used as a
mixture (nano-TiO; /nano-ZrO;).

Hardness is likewise impacted by the ratio of organic to inorganic substances. It
is used to determine a material’s ability to withstand abrasion, resist indentations, and
abrade the opposing structure, and it is used as an indirect way to determine the degree of
polymerization [51]. This investigation revealed that the addition of nano-SiO, and nano-
TiO, increased the hardness at a given level of concentration (1% or 2.5%). The controlled
increase in the NPs content would reduce the spaces available in the matrix between the
particles, creating a more solid structure resisting indentation and withstanding higher
loads [52]. This is the most likely explanation for the increased hardness noted in the results
with increasing concentrations of NPs. The above-mentioned hardness improvement is
due to the strong interfacial adhesion of the NPs with the PMMA matrix.

In a previous study [49] that investigated the addition of different percentages of
nano-TiO, to auto-polymerized resins, it was reported that NPs with a weight of 1.2%
increased the hardness of PMMA. Accordingly, Elkhouly et al. [49] reported that the
hardness increased with increasing NPs concentration. This result is in good agreement
with that of El-Tamimi et al. [53], who reported an 11% hardness improvement due to
the incorporation of NPs. A study was conducted by Shirkavand and Moslehifrad to
investigate the effect of nano-TiO; on the mechanical properties of resins. Their findings
suggested a positive impact of nano-TiO, on the mechanical properties at a particular
concentration (1 wt%), which then decreased with an additional higher amount of nano-
TiO, [18]. In disagreement with Abdelraouf et al. [41], it was found that no significant
differences existed in microhardness with nano-TiO, addition, and this variation may be
due to the high concentration used (5%) in Abdelraouf et al. study.

The roughness of the provisional restoration is a major factor in achieving a good
condition of the material surface, which includes no scratching on the surface and mini-
mizing the collection of food or bacteria. Various mathematical models have been used to
measure surface roughness based on geometric topography. However, researchers mainly
use the average surface roughness (Ra) to analyze the surface roughness [54]. A study by
Alwan and Alameer found an increase in surface roughness with the addition of 3 wt% of
nano-TiO, to PMMA denture base material and attributed this increase to the presence of
nanoparticles on the surface of the specimens [55]. The characteristics of filler particles,
such as their type, size, and shape, and their dispersion into the resin matrix are of great
importance in determining the surface quality of the material [54]. Other important factors
include the degree of conversion, type of resin matrix, and efficiency of bonding at the
interface [54]. The results demonstrated a marginal increase in Ra of the modified PMMA
in correlation with increased concentrations of nano-TiO; and nano-SiO,. This could be due
to the dispersion of the NPs. Most likely, the uncontrolled increase in NPs content would
result in uneven distribution into the matrix, which produces an uneven surface [56].

In another study by Abdelraouf et al. [41], it was found that adding nano-TiO, at
high concentrations showed no significant differences in surface roughness. This finding
was attributed to the reduced content of homogenously dispersed nano-TiO; in the matrix.
Although no significant differences were found between roughness among the tested
groups, the reduced surface roughness may be clinically helpful in reducing staining
and plaque accumulation. Abdelraouf et al. also analyzed the specimens’ (unmodified
and modified) surfaces using SEM and reported irregularities and porosity associated
with the surfaces of their control group. In contrast, the treated group demonstrated a
homogenous structure with an evident reduction in surface porosity. These findings led to
the assumption that the addition of NPs at the right concentrations produced a structure
with improved properties in the presence of uniformly dispersed NPs [41].
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Nanoparticles may interfere with gram-positive bacteria’s cell function and cause
hyphae to deform, inhibiting their growth. In agreement with their results, adding nanopar-
ticles was associated with an increased antibacterial effect in our study. The addition of
NPs to the auto-polymerized resin resulted in a significant decrease in C. albicans adhesion,
and the maximum reduction occurred with the addition of nano-TiO,. This improvement
in resisting microbial adhesion may be attributed to the antimicrobial activity of nano-TiO,
or its potential aids in enhancing surface properties. It has also been shown that NPs have
an antibacterial effect by inhibiting biofilm formation and cytoplasmic accumulation of
bacteria [57]. Additionally, the effect of adding NPs on the surface characteristics of dental
resins was demonstrated in a study by Yang et al. [58]. In their study, superior surface
properties resulted in denture base materials after coating with nano-TiO,, which reduced
bacterial and fungal adhesion.

In their study, Alzayyat et al. [21] found a significant decrease in C. albicans adhesion
to PMMA when reinforced with nano-SiO,. This finding was attributed to the antifungal
efficacy of nano-5iO; and its effect on improving surface properties. According to a previous
study [59], nano-5iO, demonstrated antifungal behavior when they were introduced into
soft liners at concentrations up to 0.5%. Similarly, Sodagar et al. [60] found a positive, direct
correlation between the concentration of nano-5i0O, and their antimicrobial effect. The
reported antifungal activity of nano-5iO, might be due to the large surface area of the NPs
in contact with C. albicans cell membranes, which is called the nanoparticle-Candida contact
theory. This theory states that nano-5iO, may break through C. albicans cell membranes,
causing a disturbance in membrane permeability and abnormal diffusion of ions [61].
This could be highly destructive to the cell structure, leading to their deterioration [55].
Although further research is needed, the impact of nano-SiO; on C. albicans adhesion
could be similar to that of other antifungal nanoparticles, such as leached ions from the
nanocomposite [55,60,62].

Surface roughness and hardness have a correlation with C. albicans adhesion [21,62].
As the roughness increased, the microbial adhesion increased. It is beneficial to decrease
the surface roughness because it will lead to a decrease in the possibility of stains and
plaque aggregation. Materials with high hardness are more resistant to abrasion, keeping
this material with less surface deterioration and longevity of provisional prostheses. Based
on our results, correlating surface roughness to decreased C. albicans adhesion supports
the antifungal efficacy of provisional restoration using nanocomposite provisional resin
investigated and revealed that it could be used to minimize bacterial adhesion and reduce
the possibility of infection.

The introduced nanocomposites exhibited improved mechanical performance as all
values were higher than the minimum values recommended for flexural strength (50 MPa)
and modulus of elasticity [63]. In addition to the improved surface properties and reduced
C. albicans adhesion, the experimental nanocomposite provisional materials tested in this
study meet the requirements of the standard. Moreover, the impact resistance in the
tested NPs groups exhibited superior performance when compared to that of the control
group, indicating a positive impact of modifying the provisional resin with controlled
concentrations of NPs to overcome the shortcomings related to its physicochemical behavior
and limit the occurrence of failures.

Although incorporating two types of NPs into the PMMA matrix and subjecting them
to thermal aging is of major strength to the current results, the utilization of one resin type
is one limitation of this study. Despite the improvement in the properties of the introduced
nanocomposites modified by the addition of NPs, the manual mixing of the two powders
may exert some limitations in the conducted research as it cannot be completely controlled
like mechanical mixing. Due to the absence of simulation of the oral environment, it is
not known whether these differences in values will be observed clinically in the presence
of saliva and other oral fluids and when prostheses are worn in their real configuration
instead of bars as in the samples tested. The lack of these factors may be a limitation of this
study, but it is an important research area for future in vivo studies. Further investigation is
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encouraged to employ a longer immersion time or use an accelerating protocol to compare
the long-term mechanical performance of the materials. This is specifically beneficial when
making decisions about whether temporary materials should be used for longer periods in
more comprehensive cases.

5. Conclusions
Within the limitations of this study, the following conclusions could be drawn:

e  The strength of the provisional resin increased with low nano-5iO, addition, while
high nano-5iO; and both concentrations of nano-TiO; did not affect the strength
values.

The addition of NPs enhanced the elastic modulus of the provisional resin.
The addition of nano-SiO, did not alter the surface roughness, while high concentra-
tions of nano-TiO; increased the surface roughness.

e  The hardness of both nanocomposite provisional resins increased.
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