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Titanium dioxide nanoparticles (TiO,NP) have gained interest in the dental field because of their multiple uses in addition to their
antimicrobial effect. One of the applications in dentistry involves the incorporation into poly methyl methacrylate (PMMA) resin.
However, there is a lack of evidence on their effects on the behavior of the resulting nanocomposite. Therefore, the present review
aims to screen literatures for data related to PMMA/TiO, nanocomposite to figure out the properties of TiO, nanoparticles, methods
of addition, interaction with PMMA resin matrix, and finally the addition effects on the properties of introduced nanocomposite
and evidence on its clinical performance. Regardless of the latest research progress of PMMA/TiO, nanocomposite, the questionable
properties of final nanocomposite and the lack of long-term clinical evidence addressing their performance restrict their wide
clinical use. A conclusive connection between nanoparticle size or addition method and nanocomposite properties could not be

established.

1. Introduction

The numerous advantages of poly methyl methacrylate
(PMMA) make it the most dominant polymer used as
denture base material. The ease of processing, low cost, light
weight, stability in the oral cavity, and aesthetic properties are
of these advantages [1]. However, this material is not ideal in
every aspect. PMMA resin denture base material has poor
surface properties and weak mechanical properties including
impact and flexural strengths [2]. Therefore, resins should
be reinforced using different materials to enhance their
properties. Recently, nanotechnology invaded the dental field
and initiated investigative research projects to explore the
possible applications and expected benefits within dentistry.
Itis of paramount importance to know the science behind this
nanotechnology to know how to utilize it to our advantage.
Polymeric nanocomposites are made of polymer matrix and
filler at the nanoscale [3]. Literature shows that nanoscale
reinforcing agents produce new mechanical and physical

properties, which create a new class of nanocomposites [4].
In dentistry, many attempts have been made to create an
improved version of PMMA with the addition of different
nanosized fillers [5]. The properties of the new composite
material depend on the nature of the added nanoparticles,
their size, and morphology [6].

The science and applications of nanotechnology are con-
stantly evolving as we witness new products being introduced
into the market. This comes with great responsibility to insure
the safety, efficiency, and applicability of such new tech-
nologies. Although nanomaterials generally offer superior
properties, their mechanical properties fall short in compar-
ison to pure materials. Lately, worldwide research showed
several advancements in the nanocomposite field after the
extensive research on mechanical and physical properties
of these nanocomposites [7]. Different nanoparticles have
been incorporated into the polymer matrix. Among these
is TiO,NP with its unique properties [7, 8]. The literature
investigated the effect of TiO,NP on some properties of
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PMMA. But a comprehensive study on the overall per-
formance of PMMA nanocomposite was not observed. In
addition to that, the relation between final properties of the
composite and the actual structure is not available. One of
the goals of the present study is to review the effectiveness of
TiO,NP addition to PMMA for dental applications. It also
seems necessary to determine the best percentage of filler
required to improve the properties as well as the method of
reinforcement to control future applications.

Up to November of 2018, database search on Google
scholar, PubMed, and Scopus was conducted using the
key words “Denture base; Polymethylmethacrylate (PMMA);
TiO, nanoparticles; Physical properties”. Forty-eight articles
were found (Figure 1). Only 21 articles written in English
language were included, where the titanium nanoparticles
were incorporated into PMMA denture base material. The
twenty-seven excluded articles did not fulfill the inclusion
criteria. Few of the excluded articles were investigating
the effect of surface coating with titania layer on physical
properties (6 articles) and three others used microsized
titania particles. Other excluded articles were investigating:
a mixture of two nanofillers (ZrO,/TiO,), (Fe,05/TiO,)
(2 articles), the addition of barium titanate as a filler (3
articles), the addition of titania nanotubes (1 article), mica
or zirconia/ABW (Aluminum borate whiskers) reinforced
denture base acrylic (2 article), gallates modified titanium
nanoparticles (1 article), and PMMA not used for denture
bases (3 articles). Two excluded papers lacked full experi-
mental data, three papers were reviews, and one paper was
not in English language. The selected articles were reviewed
to extract all data related to PMMA/TiO, nanocomposite
and to figure out the properties of TiO,NP, method of
addition, interaction with PMMA resin matrix, effects on the
properties of newly introduced nanocomposite, and finally
evidence on their clinical performance.

L1 Properties of TiO,NP. TiO,NP has proved to have antimi-
crobial properties. Moreover, it is a cheap biocompatible
material, chemically stable, free of toxicity, resistant to cor-
rosion with high strength, and high refractive index [8, 18,
23, 30]. Furthermore, the literature showed that even the
slight addition of TiO,NP reinforcing agent to a polymeric
material affects the electrical, optical, chemical, and physical
properties of the resulting hybrid material [9, 31].

Its photocatalytic ability promoted it to be known as an
antimicrobial agent encouraging its addition to biomaterials
(11, 12, 20, 23, 25]. TiO,NP have been found effective against
a wide range of microorganisms including gram-positive
and gram-negative bacteria, fungi, and viruses [11, 23, 25].
The antimicrobial effect could be attributed to the surface
properties and structure of the nanoparticles, including;
nanocrystalline TiO,, hydrophilic surface effect, infrared
reflectivity, and noncontact antimicrobial activity. Therefore,
TiO,NP have been recommended as filler in polymeric
materials [24].

1.2. Methods of PMMA/TiO, Nanocomposite Preparation.
Resulting properties of the hybrid material (PMMA/
TiO,NP) will depend on the dispersion of the nanoparticles
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within the matrix, which is directly related to the added
amount [9]. To achieve good dispersion of nanoparticles
within polymers, different methods of TiO,NP addition
were suggested. It is either added to acrylic powder or
monomer. The addition of TiO,NP to acrylic powder was
suggested where the required percentages were weighed and
thoroughly mixed with acrylic powder. To attain a uniform
mixture and homogenous distribution of TiO,NP, ultrasonic
mixer, mortar, and pestle, high-energy ball milling and
silanization of particles were all employed in which ball
milling seemed to be the most effective method [16, 19, 21-
23]. In another method, TiO, nanoparticles were mixed with
the acrylic powder up to 20 min in an amalgamator to obtain
a homogenous mix [15, 21]. Others mixed the nanoparticles
with resin powder by hand to create the desired filler/powder
ratio [13, 14].

Addition of TiO,NP to liquid monomer is another
method of filler incorporation within acrylic resin [22].
Investigators added nanoparticles to acrylic monomer to
prepare monomer/TiO,NP in different concentrations. To
insure uniformity, ultrasonic dispersion was done [10, 24].
The monomer containing NP was sonicated for 60 min before
mixing with PMMA powder [32]. Others were sonicated
using a probe at 120 W and 60 KHz for 3 min to prevent
nanoparticles agglomeration and insure homogeneity of the
mixture [18, 25].

An additional method called twin-screw extraction pro-
cess was developed to disperse the particles into the PMMA
[9, 33, 34]. TiO,NP was mixed with the acrylic and extruded
using ZSK-25 twin-screw extruder at 210°C and screw speed
of 250 rpm. Nanocomposite granules were then dried at 80°C
for 2 h using dryer unit of injection molding machine [34].

Hence, the properties of nanocomposites depend on the
interactions between the polymer matrix and the filler, sug-
gesting the importance of functionalized TiO,NP [35, 36]. As
revealed by a previous study, PMMA nanocomposite based
on functionalized TiO,NP demonstrated better mechani-
cal and physical properties [30]. One reported method of
silanization used 100 ml of ethanol solution (70 vol%) with
adjusted pH of 4.5 through titrating with 99.9% acetic acid.
Following that, silane-coupling agent (TMSPM) was added
to ethanol solution and mixed. A hundred grams of TiO,NP
were added to TMSPM-ethanol solution and mixed for 20
minutes followed by probe sonication for 30 minutes. The
mixture was then left to dry for 14 days and the resulting
powder was a silanized TiO,NP [18, 37]. Others modified
the titania nanoparticles using methacrylic acid (MA) by
dispersing 10 g of nanoparticles into 250 ml iso-propanol and
125 ml of MA into 80°C ultrasonic bath for 8h. The resulting
compound was dried at 85°C after infiltration and washing
(14].

1.3. Behavior of TiO,NP toward PMMA. In addition to
NP size and shape, its interaction with PMMA matrix is
considered a main factor of reinforcement effectiveness,
which depends on the surface characterization of the NP.
Chatterjee (2010) studied the interaction between PMMA
and TiO,NP and found that they interact chemically and
physically [9]. The TiO,NP can react with -COOR group
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FIGURE 1: Study design.

of PMMA polymer in two different ways. One way is the
formation of H-bond between carbonyl group (-C=0) and
surface hydroxyl group (-OH) of TiO,NP. The other way is
the binding of TiO,NP with two oxygen atoms of -COOR by
a bidentate coordination to Ti*" cation [9]. When TiO,NP
come to the surface, they form crosslinks with PMMA [9]. As
the amount of TiO,NP loading within the PMMA increases,
this bonding also increases. All this is possible because of
the hydroxyl group on the surface of TiO,NP and the -
C=0 (Carbonyl), -OH (Hydroxyl), -COOH (Carboxyl), and
-COOR (Ester) groups in the polymer matrix. The cross
linking has been confirmed by Fourier-transform infrared
spectroscopy (FTIR) [22, 33].

The dispersion of the TiO,NP within the matrix hin-
ders polymer chain movements due to the strong adhesion
between the TiO,NP and PMMA. As a result, better modulus
is seen with TiO,NP-PMMA composite materials [9]. Other
investigators reported increased stiffness of the composite
material and decreased PMMA mobility [19]. This may be due
to the large interface of TiO,NP when wrapped in PMMA,
which possesses a smaller dielectric coefficient. There will be
a strong electric interaction between them resulting in an
electric dipole layer at the nanoparticle surface. In terms of

the atomic bonding, the origin of the nonlinear refractive
index may be due to the hyperpolarizability of Ti-O pairs [21,
38]. Moreover, the addition of spherical nanoscale particles is
capable of filling the interpolymeric spaces, which was found
to enhance the polishability of the material [15].

1.4. Properties of PMMA/TiO, Nanocomposite. As men-
tioned earlier, PMMA is the most predominant polymer-
based material for dentures. However, its mechanical and
surface properties are low [39]. The addition of any material
to improve the antimicrobial properties of the PMMA should
not have an adverse effect on the mechanical properties.
In reverse, it is highly preferred to add a material that will
improve both biological and mechanical properties [34].
TiO,NP is commonly used as a coloring agent and filler. It
is capable of increasing the toughness of polymers producing
a composite material with superior properties [40]. With the
added antimicrobial property, it is incorporation into PMMA
resins is extensively used in oral removable appliances [41].
Therefore, the properties of the nanocomposite were screened
in this review to evaluate the reliability of TiO,NP as
an additive to improve the performance of PMMA/TiO,
nanocomposite denture base material.



1.4.1. Antimicrobial Activities. TiO,NP were found to have
an intrinsic antimicrobial property due the production of
cytotoxic oxygen radicles [26]. TiO,NP are ideal additives
because of their nontoxicity and chemical stability. However,
under certain conditions they have an antimicrobial ability
[41]. When they are exposed to UV-light in the presence
of oxygen and water, they decompose and oxidize other
compounds; organic and inorganic. Therefore, they can
be considered as antimicrobial additive [41]. Furthermore,
TiO,NP had the ability to inhibit the adherence of cariogenic
bacteria in planktonic phase as well as in later phases of
biofilm formation. The addition of TiO,NP to PMMA resin
used for dentures or other oral appliances will have a positive
effect against microbial colonization [42].

Anehosur et al. (2012) found that the addition of 3
wt% TiO,NP to PMMA produced a positive antimicrobial
effect. It had the ability to reduce microbial number, which
prevents quorum sensing thereby halts plaque formation
on PMMA/TiO, nanocomposite surface [11]. Due to the
photocatalytic property against microorganisms, patients will
be able to maintain the hygiene of their dentures easily
by exposing them to solar energy/light sources to activate
the TiO,NP [11]. On the same way, Alrahlah et al. (2018)
reported a 50% and 90% decrease in bacterial cell attach-
ment of E. faecalis and P. aeruginosa, respectively, with the
mere addition of 3% TiO,NP [43]. Likewise, Totu et al.
(2017) investigated the effect of incorporating TiO,NP into
a 3D-printed PMMA denture in an attempt to improve
denture antimicrobial characteristics and found that even the
small addition of 0.4% of TiO,NP to PMMA resulted in a
nanocomposite that prevented the colonization of microor-
ganisms and further formation of biofilm [24]. As a result,
TiO,NP could be incorporated into denture PMMA resin to
successfully fabricate antimicrobial dentures [24]. The large
active surface area of the nanoparticles compared to their
small size makes them highly effective in low percentages
of addition. It was found that as low as 0.4%, 1% and 2.5%
TiO,NP inhibited the growth of Candida. As reported in
the literature, TiO,NP caused a halt in the cellular enzymes
and increased cell wall permeability causing cell death
[44].

Few studies reported that the addition of as much as 5wt%
TiO,NP to the PMMA is needed to achieve the antimicrobial
effect [45]. However, with this addition, structural decompo-
sition and material weakening may occur [26].

1.4.2. Surface Properties. Surface microtopography of the
denture is a very important feature in microbial adhesion and
plaque formation and subsequently denture stomatitis.

(1) Surface Roughness. Denture wearers have high prevalence
of poor oral health. This is mostly caused by the surface
contours of the dentures and the irregularities of the oral
mucosa [45]. Many factors were found to have an effect on
the surface roughness (R,) of denture bases, one of which
is the reinforcing material of the acrylic resin [46]. Alwan
and Alameer (2015) found an increase in surface roughness
with the addition of 3wt% of TiO,NP to PMMA denture

International Journal of Biomaterials

base material and attributed this increase to the presence of
nanoparticles on the surface of specimens [18].

To establish a relation between contact angle (wetting)
and the amount of TiO, NP filler in the PMMA resin, Hashem
et al. (2017) found that it is dependent on filler amount.
The addition of 1wt% TiO,NP led to a reduction in surface
wetting while the addition of more filler improved wetting.
This finding confirms the effect of fillers on the surface
of composite material compared to the pure counterpart
[22].

While few investigations were made on surface roughness
of PMMA/TiO, nanocomposite, a significant increase was
reported compared to pure PMMA [18]. As the surface gets
rougher and R, values increase, the surface area increases,
meaning more sites are available for microbial adhesion and
colonization. One of the most common organisms to be
harbored on the surface of acrylic denture bases is C. Albicans
[47]. Studies have reported that the surface roughness of
a denture should not exceed 0.2 ym [45]. Although there
is a direct relation between surface roughness and candida
adhesion (increased roughness increases candida adhesion),
the reduction in candida count confirms the antifungal
properties of TiO,NP.

(2) Hardness. Reports have confirmed that TiO,NP im-
proved the hardness of heat cure PMMA [10, 18]. Xia et
al. (2008) attributed the increase in surface hardness to
two factors: proper filler content and use of silane-coupling
agent which increases the bonding between filler and resin
matrix [48]. The effect on surface hardness was detected with
additions of TiO,NP as low as 1% [21]. In another study
investigating the addition of 0.5%, 1%, and 2%, hardness
values were found to increase with the addition and the
highest values were seen with 2wt% TiO,. Mosalman et al.
(2017) related this to increased number of bonds between
matrix and fillers, which requires more energy to break these
bonds [49]. Hashem et al. (2017) reported an increase in
hardness values that reached 20%, 30%, and 34% more than
pure PMMA with 1%, 2%, and 3% TiO, NP, respectively. This
was explained by the increase in material stiffness due to
presence of rigid particles within the matrix in addition to
reduction of matrix mobility [22].

Alwan and Alameer (2015) concluded that 3% addition
of TiO, caused a significant increase in surface hardness
compared to pure PMMA [18] while Ahmed et al. (2016)
suggested the need of adding 5% TiO, NP to increase surface
hardness of conventional and high impact heat cure acrylic
resin to remarkable values [19]. More recently, Alrahlah et al.
(2018) confirmed the increase in surface hardness of up to
35% with 3% TiO,NP addition. The values of the hardness
measurements were higher at the surface of the composite
resin and decreased as we move inward toward the core of
the material, suggesting higher crosslinking at the surface
[43]. Regarding selection of the most appropriate concen-
tration of filler for inclusion within denture resin, results of
multicriteria decision making (MCDM) method suggested
that a filler content in the range of 2wt% would create a
composite material with improved mechanical properties
including surface hardness [34].
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1.4.3. Mechanical Properties

(1) Flexural Properties. During function, oral appliances
including dentures are exposed to a magnitude of deforming
stresses and any factor that increases the deformation of the
denture base may lead to fracture [17]. One of the factors
that may change the amount of denture deformation is the
additive into the PMMA resin. The effect of TIO2NP addition
on flexural strength of PMMA is partially dependent on
the type of acrylics and the concentration of nanoparti-
cles [19]. In 2013, Sodagar et al. investigated the effect of
adding 0.5% and 1% TiO2NP into PMMA and reported
a decrease in flexural strength. PMMA containing 0.5wt%
showed the lowest values. It was concluded that there is
an inverse relation between the concentration of the filler
and the flexural strength of reinforced PMMA [12]. Han
et al. (2008) reached the same conclusion and related the
results to agglomeration of particles within the matrix, which
makes them stress concentrations areas [50]. Other studies
also reported a reduction in flexural strength [13, 19, 32]
and modulus of elasticity [51] with the addition of TiO,NP.
Hamouda et al. (2014) found that TiO,NP caused a reduction
in flexural strength with no change in flexural modulus [13].
In the same token, Nazirkar et al. in (2014) were exploring
the effect of adding TiO,NP into heat cure acrylic resin on
antimicrobial properties and reported an adverse effect on
flexural strength of the final product [32].

In contrast to previous studies, superior flexural proper-
ties were reported with different concentrations of TiO,NP
added to PMMA than those of normal PMMA [10, 18, 21, 52].
This improvement may be attributed to the effect of silaniza-
tion of TiO,NP [18] or the good dispersion of fillers within
the matrix, which improves modulus, transverse strength,
and ductility [18, 52]. Hashem et al. (2017) found that, with
0.5-3wt% TiO,NP addition, flexural strength and modulus
increased. Moreover, they suggested that reinforced PMMA
could offer superior chemical and mechanical properties
making it a better option for dentures than pure PMMA resin
[22]. On the same way, Rashahmadi et al. (2017) found that
the mere addition of 0.5% TiO,NP improved the flexural
strength and Young’s modulus by 4%. Based on MCDM
results, TiO,NP addition to PMMA is an excellent option
for improving properties of PMMA for dental applications
especially in 2wt% concentration [34]. In a recent study
by Karci et al. (2018), [16] different types (heat- auto-, and
microwave polymerized) of acrylic mixed with 1%, 3%, and
5% nanotio2 were used to test the flexural strength of the
resulting composite. That study came to a conclusion that
the addition of 1% TiO,NP to heat- and autopolymerized
acrylic could improve the flexural strength while it remained
unchanged with 3% TiO,NP and decreased with 5% for all
types of acrylic. This was explained by the increase in agglom-
eration of nanoparticles at higher addition percentages.

In a study by Mosalman et al. (2017), various percentages
of TiO,NP (0.5, 1, and 2wt %) were added to pure PMMA
and found that the flexural strength of all groups stayed
unchanged. Samples with 0.5wt% TiO, NP showed only 3.75%
improvement in flexural strength compared to pure PMMA.
Young’s modulus for all groups was improved with the

highest value seen in samples containing 2wt% TiO,NP
[49].

(2) Impact Strength. With regard to impact strength, the
addition of TiO,NP to heat cured acrylic resin resulted
in a positive effect compared to pure PMMA [18]. Studies
have confirmed this finding with different concentrations
of TiO,NP, including 1% [19, 23], 2wt%[34, 49], and 3wt%
[25]. The same finding was reported after the addition of
silanized TiO,NP [53]. The detected increase in impact
strength was justified by good bonding between PMMA
matrix and TiO, nanofillers. These fillers reside in small
voids between polymer chains and result in slow segmental
motion. Also, they provide large surface area due to their
small size, which helps in energy dissipation [25]. Others
suggested that the nanofillers in the acrylic resin tolerate
most of the applied load while the resin matrix helps in
structural integrity and load distribution, which eventually
inhibits crack propagation [23].

(3) Tensile Strength. Shirkavand and Moslehifard (2014)
investigated the effect of 0.5wt%, 1wt%, and 2wt% TiO,NP
on tensile strength of PMMA base resins and found that the
tensile strength of nanocomposite was the highest with 1wt%
TiO,NP and the improvement was 35% more compared to
pure PMMA. However, further increase in TiO,NP content
led to an adverse effect [15] due to clustering of TiO,NP.
The fillers work as impurities and act as defects and stress
concentration centers [15, 49]. The same results were also
reported by Ghaheremani et al. (2017) [23]. The increase in
tensile strength is probably attributed to the fact that, follow-
ing the incorporation of nanoparticles into acrylic powder,
the applied load is mainly tolerated by these nanoparticles.
Contrary to previous studies, Chatterjee in 2010 found
that nanocomposite with filler content as high as 5wt% and
15wt% had a 59% and 95% increase in tensile modulus,
respectively, compared to that of pure PMMA [9]. This was
caused by the strong adhesion between TiO,NP and PMMA.
The applied load is transferred through these interfacial
surfaces to the strongest material that is the nanoparticles [9].

1.4.4. Color Stability. It is noteworthy that the reinforcing
filler material should ideally improve the mechanical proper-
ties without causing an adverse reaction to the aesthetics [25,
41]. TiO,NP have whitish color; therefore, the appropriate
percentage of this additive that fulfills the aforementioned
requirement should be considered. An objective evaluation of
the color change is usually done using a spectrophotometer
where the difference between light absorption between dif-
ferent samples is calculated [28]. Aziz in 2018 evaluated the
color change after adding 3wt% of TiO,NP and found that
the amount of light absorbed increased making the reinforced
specimens more opaque compared to pure PMMA. This
change was due to the presence of TiO,NP within the
matrix, which absorbs more light than polymer matrix due
high atomic number [25]. Further studies are required to
determine the proper TiO,NP percentage needed to attain
a PMMA/TiO, nanocomposite with superior properties and
acceptable aesthetics.



1.4.5. Water Sorption, Solubility, and Porosity. Conventional
acrylic resins have voids and porosities that allow water
molecules exchange which could be the leading cause for
water sorption and solubility [18]. The nature of denture resin
material allows it to absorb water, which acts as a plasticizer
and affects the material dimensional stability and denture
durability [41]. The water molecules force themselves between
polymer chains, move them apart, create internal stresses,
and result in crack formation [29]. As reported by Alwan and
Alameer [18], the addition of TiO,NP to heat cure acrylic
resin decreases water sorption and solubility significantly
compared to pure PMMA. Torres et al. (2011) concluded
that PMMA-TiO, -Fe, O, nanocomposites had lower sorption
and porosity values compared to pure PMMA but similar
solubility levels. However, the solubility levels were originally
low, which is important to prevent the adverse effects on oral
structures or polymer functions [41]. Also, as the material gets
more homogenous, it becomes less soluble with lower water
sorption levels [29].

Therefore, the addition of TiO,NP fills the microvoids
and polymer interstitial spaces decreasing the ability of
composite material to absorb water. In addition to that
TiO,NP are insoluble in water and these particles partly
replace the hydrophilic matrix, which decreases water uptake.
The use of silane-coupling agent in silanization process of
TiO,NP could lead to a reduction in the amount of water that
reaches the inner layers of polymer matrix [18].

1.4.6. Thermal Properties. The addition of 3% TiO,NP to
PMMA had no effect on thermal conductivity [25]. The glass
transition temperature (T,) test is done to understand the
thermal stability and determine the temperature at which
the material starts to degrade. As the percentage of TiO,NP
increases, the T, of nanocomposite increases linearly up to

75wt% TiO,. Pure PMMA is stable up to 134°C (1% weight
loss) while PMMA/2wt%TiO, and PMMA/5wt%TiO, are
stable up to 154°C and 180°C, respectively. T, was improved
by 15%-34% with 2%-5% addition of TiO,NP, respectively.
However, further addition of TiO,NP caused a decrease in
thermal stability [33]. Another study by Safi (2014) reported
the positive effect of TiO,NP addition on the T, temperature
of acrylic resin [51]. In a recent study [43], authors evaluated
the effect of adding 1%, 2%, and 3% TiO,NP to PMMA on
thermal behavior and found a slight effect on T,, degradation
temperature, and rate.

Chatterjee (2010) in another study reported that the
addition of 5wt% TiO,NP caused a 23% increase in T, and
this improvement reached only 3% when the amount of
TiO,NP was increased to 15% [9]. Also, pure PMMA showed
5% weight loss at 217°C while a higher temperature (310°C)
was needed to create the same effect in the PMMA/5wt%TiO,
[9]. Recently, Totu et al. (2018) [14] confirmed the increase
in decomposition temperature for PMMA/TiO,NP compos-
ite suggesting an improved thermal stability. This may be
explained by the reduced intercrystalline distance, interac-
tion, and bond formation between nanoparticles and polymer
chains or the absorption of some energy by the titania par-
ticles increasing the thermal stability. Final decomposition
of the PMMA/TiO,NP composite happened at temperatures
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620-700°C with decreasing pattern of the total mass loss as
the amount of nanoparticles increased.

The thermal stability of TiO,NP added to PMMA inhibits
the degradation of the resin and improves the thermal
stability of the composite material [33]. Another explanation
for thermal stability is the migration of TiO,NP with low
surface energy to the surface of the PMMA resin to form
a heat resistant layer [9]. The decrease in thermal stability
with higher amount of nanofiller may be attributed to the
agglomeration of filler particles rather than forming a filler-
to-matrix interaction. This agglomeration reduces the effect
of heat retardation associated with TiO,NP [33]. TiO,NP
crystalline phase has free electrons that can be associated with
surface reactions. Oxygen that diffused in the nanocomposite
samples was absorbed on the surface of TiO,NP. Hence,
diffused oxygen amount in the PMMA matrix was lower than
in pure PMMA, which led to the slower thermooxidative
degradation of the PMMA matrix [9, 33].

It is knows that PMMA shrinks upon polymerization
causing dimensional changes in the final product. Dimen-
sional stability is also affected by coefficient of thermal
expansion. The result of a study by Hashem et al. (2017)[22]
showed that pure PMMA and PMMA/3%TiO, started to
disintegrate and lose weight at 200°C with 90% weight
loss happening at 400°C for both materials, suggesting no
significant effect of TiO, NP on the melting temperature of the
composite material. This might be explained by the minimal
amount of filler addition or the presence of large number of
decomposition sites within the material [22].

1.4.7. Viscoelastic Behavior. Little work has been done
on the effects of TiO,NP on the viscoelastic behavior
(creep-recovery and relaxation) behavior of PMMA matrix.
Recently, in a study by Alrahlah done to investigate vis-
coelastic properties of TiO,NP-modified PMMA denture
base composite, it was found that the creep-recovery and
relaxation behaviors of PMMA were significantly improved
due to the addition of TiO, NP. Also, the improvement further
increased as the concentration of the nanofiller changed from
1% to 3%. This improvement in the behavior indicates the role
of the nanoparticles in increasing the stiffness of the PMMA
matrix owing to the reduction in its molecular mobility and
free volume [43].

1.4.8. Electrical Behavior. It is imperative to avoid prolonged
contact between oral mucosa and materials with high elec-
trical conductivity. Metallic particles present in restorative
materials my produce a galvanic effect in the highly con-
ductive oral environment causing oral discomfort, changes
in cell proliferation, and immune markers [27, 54]. Totu and
colleagues (2018) [55] studied the effect of adding different
percentages of TiO,NP (0% (control), 0.2%, 0.4%, 0.6%,
1.0%, 2.0%, 2.5%, and 5%) to PMMA used for 3D printing
on the electrical properties of the resulting nanocomposite.
They reported a decrease in material resistance with the
additions of >1% TiO,NP. Also, an increase in electrical con-
ductivity was noted with the addition of 5% TiO,NP. How-
ever, the composite material still maintained its insulating

property.
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2. Overall Performance
and Clinical Significance

It is well understood that advancements in biomaterial
science affect the progression of technologies in any field
including dental prostheses. The introduction of nanomate-
rials had significantly changed the clinical and technolog-
ical aspects of dentistry. In this paper, the latest research
progress on the applications of TiO,NP in prosthodontics
was reviewed. It clearly shows varying responses of phys-
ical and mechanical properties of the modified materials
where a number of properties improved, others deterio-
rated, and few did not change. Their level of effectiveness
as shown in the literature is diverse, being more or less
effective than pure materials. Therefore, to attain removable
prostheses with improved properties and acceptable clinical
performance, the material of manufacture (acrylic resin)
can be enhanced by adding proper percentage of nanofiller,
initial surface treatment of the nanoparticles, and appro-
priate selection of addition method. Authors hope that this
review article would provide some valuable elicitation for
future scientific and technological innovations in the related
field.

Based on this review, TiO,NP were found to be enhancers
in some aspects, modifiers in some, and insignificant in oth-
ers. The effect depends mainly on NP size, addition method,
surface treatment, and loading percentage. Although the size
of NP ranged between 5 nm and 350 nm, the results of the
studies were not justified based on the nanofiller size, and
a clear link between size and effect was not established. For
that, further investigations to relate the resulting properties
to nanoparticle size are required.

Variations in the results were mainly related to filler
mode of addition. The addition of nanoparticles to acrylic
monomer was considered more effective owing to better
dispersion of NP within the monomer. In this method, the
dominant improvement was noticed in mechanical prop-
erties while physical properties were slightly affected. It is
worth noting that with this technique the polymer: monomer
ratio may be affected. Therefore, mixing the nanofiller
with acrylic powder has been suggested and studied. Till
now, no study can be found that compares between the
effects of different modes of addition (nanofillers addition
to powder or monomer). Based on this review, further
investigations of the above-mentioned point are necessary
as well as the proper way to establish the proportion of
polymer/monomer ratio for each method; hence nanofiller
addition interferes with the manufacture’s recommended
ratios.

The percentage of addition also plays a role in resulting
properties. While the range of addition was very broad
(0.5-30wt%), low percentages resulted in improved prop-
erties compared to higher percentages. Simple addition of
1-2wt% ratios exhibited improved properties, while increas-
ing the filler content more than 5wt% significantly weakened
the final nanocomposites. In fact, the bonding between
TiO,NP and resin matrix is a critical factor to achieve the
desired properties of nanocomposite. As showed in Table 1,
the treatment of NP with saline coupling agents improved the

properties in comparison to untreated particles. Therefore,
NP surface treatment is recommended.

According to Table 1, inconsistencies in prepared spec-
imen sizes for the same test were seen, which may have
contributed to variations in the results between studies
experimenting with the same filler percentage. This reflects
a major error in the methodologies of the studies where the
test should have been done according to standardized spec-
imens’ dimensions and testing procedures. Testing should
follow an internationally accepted standardization proto-
col like the ADA specifications for denture base polymers
to make it possible to compare results between different
studies.

Titanium nanoparticles remain under focus because of
the antimicrobial efficacy against candida species despite
their negative effect on a number of properties. Incorporation
of TiO,NP into PMMA matrix proved to have antimicrobial
effects, specifically on candida species [24]. Not to be lost in
this discussion is the effect of TiO,NP surface modification
on antimicrobial properties of the final product. It was shown
that modification with noble metals such as (Ag, Au, Pt,
and Pd) on TiO,NP surface enhanced the photocatalytic
ability of the nanoparticles and bactericidal activity thereafter
[12].

Even with this number of studies on recently introduced
TiO,NP into PMMA, no clear evidence on the clinical
applicability of this nanocomposite has been demonstrated.
Further investigations are required to interpret and confirm
the chemical structure changes in PMMA/TiO, nanocom-
posite and also to determine the need from otherwise for
surface treatment as well as the proper percentage of addition
that will not affect the final product adversely.

Research to improve upon existing nanomaterials is still
ongoing with emphasis on efficiency. Although the science
behind nanotechnology is intriguing, the lack of long-term
evidence addressing their clinical performance restricts their
wide clinical use. Overall, there is an essential requirement to
investigate the durability of these PMMA/TiO, composites in
different environmental conditions to extend the applicability
of these hybrid materials.

3. Conclusion

Based on the current review, we could conclude that
the addition of TiO,NP to PMMA denture bases is still
questionable for working as a reinforcing material and
requires further investigations following the ADA specifica-
tions. These investigations must explore the chemical and
structural changes happening in the nanocomposite after
TiO, addition. The improvements in properties mentioned
above were dominantly seen with lower concentrations of
TiO, and the increase in the amount of added nanopar-
ticles caused adverse effects on resulting PMMA/TiO,
composite.

In conclusion, there is an essential need to investigate the
clinical performance and durability of these nanocomposites
in different conditions simulating the oral environment to
verify their applicability and provide an insight of possible
future researches in this field.
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