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Abstract Objectives: This study aimed to determine the antibacterial effectiveness of adding zirconia (ZrO2NPs),
silver (AgNPs), and titanium dioxide (TiO2NP) nanoparticles in various concentrations to 3D-printed denture resin
against C. Albicans, S. pyogenes, and S. aureus. Methods: Power analysis was used to count the in vitro samples.
Using World Health Organization calculations, a research power of 80%, a significance level of 5%, and an error
margin of 5% were determined. The antimicrobial efficacy of 150 disk-shaped specimens with a diameter of 15 X 2
mm of unmodified (n= 15) and modified (n= 135) 3D-printed denture resin specimens after the addition of silanated
ZrO2NPs, AgNPs, or TiO2NPs (h= 45) in varying concentrations (n= 15) of 0.5%, 1%, and 1.5% were compared
using three oral bacteria (Streptococci pyogenes, Staphcoccous Aureus, and Candida Albicans) as test subjects.
Colony forming units (CFUs) were counted as part of the antimicrobial test. The CFUs count was statistically
analyzed using the one-way ANOVA test. Patients subjected to antimicrobial test. Results: When the three tested
nanoparticles (ZrO2NPs, AgNPs, and TiO2NPs) were added, the bacterial count significantly decreased as
compared to the unmodified 3D-printed resin, according to the results. Additionally, the findings showed that as the
concentration of the studied nanoparticles increased, so did their antibacterial activity. At 1.5% and 1%20
concentrations, the AgNPs' antibacterial activity was negligible. However, the in vitro study's findings showed that,
in terms of the kinds of microorganisms studied, there were no appreciable variations between the three tested
nanoparticles.Conclusions: The antibacterial activity of the resin used in 3D printing was significantly affected by
the inclusion of ZrO2 NPs, AgNPs, and TiO2NPs.
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1. Introduction

Comparing computer-aided manufacturing (CAM) to
conventional fabrication methods demonstrates that it has
the benefit of avoiding several error-prone stages, such as
impression, waxing, and casting [1,2]. This is supposed to
increase prosthesis precision and reduce error causing
causes. Additionally, because modeling and production
are automated processes, there is a general reduction in
fabrication time and cost [3]. The technology of
Computer-aided design- Comparing computer-aided
manufacturing (CAD-CAM), which comprises subtractive
methods and additive methods, popularly known as 3D
printing and fast prototyping, can currently be used to
create removable dentures [4].

A manufacturing process that constructs objects one
layer at a time is known as a 3D printing [4,5,6]. The
capacity of 3D-printing technologies to immediately
receive Computer-aided design (CAD) data and swiftly

create a new digital model has enabled the revolution of
3D printing in dentistry, which makes it possible to
fabricate a full denture foundation without the use of
molds or cutting tools [4,7]. It has advantages in terms of
the enhancement of tissue adaptation and the simplicity of
duplicating pre-existing dentures in addition to the shorter
time that operations and lab work require [6,7,8,9].

The use of 3D printing technology may produce dental
prostheses with undercuts, voids, intricate internal
geometrical components, and anatomical landmarks while
also eliminating operator and procedural errors [5]. The
3D-printed resin was used as denture base resin because of
its quick development as well as due to the numerous
benefits it offers over traditional approaches. Moreover,
the next industrial revolution's key technology is another
way to define47 it [4].

A serious issue that became apparent over time with
repeated use of acrylic resin material is its insufficient
antibacterial activity, which permits bacterial and fungal
species to cling and colonize the surface of the restoration
[10]. To prevent bacterial growth around the restoration,
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an antibacterial restorative material would be ideal [11].
The introduction of nanoparticles into dentistry was done
to improve the material qualities [5]. However, NP-based
compounds have been used as a unique weapon against
microbial resistance and multi-drug resistance [12].

Nanoparticles offer higher levels of fungicidal action
than conventional antifungal drugs because they can enter
host cells and tissues more successfully, even in small
amounts [13].

This study was conducted to evaluate the antimicrobial
activity of incorporating zirconia, silver, and titanium
dioxide nanoparticles with different concentrations to 3D-
printed acrylic denture base resins against (Staphcoccous
Aureus, Streptococci pyogenes, and Candida Albicans).

2. Materials and Methods

Power analysis was used to count the in vitro samples.
Using World Health Organization calculations, a research
power of 80%, a significance level of 5%, and an error
margin of 5% were determined. For 150 specimens in total,
ten groups (n = 15/per group) were made, one group of
3D-printed resin that was left unmodified, and nine groups
of resin that had been modified (n = 135) using silanated
zirconia (ZrO2NPs), silver (AgNPs), or titanium dioxide
(TiO2NP) (Sigma-Aldrich, USA) with an average
granular size of 40 nanometers and a surface area of 9
m2/g, based on analyses by transmission electron
microscope and scanning electron microscope in different
concentrations of 0.5%, 1%, and 1.5%.

Specimens’ Preparation

To improve the bonding between the individual
nanoparticles and the resin matrix the various
nanoparticles were added after the silane coupling agent
had been dissolved in acetone, and the mixture was
agitated for 60 minutes, and the acetone was then removed
using a rotary evaporator, and the silanized nanoparticles
were obtained after cooling. The silanized nanoparticles
were introduced to the 3D-printing resin after being
weighed on an electronic scale and the fluid resins
containing silanized nanoparticles were fully mixed and
stirred for 30 minutes using a magnetic stirrer [5]. A disc
shape specimen with a diameter of (15 X 2 mm) was
virtually created using open-source CAD technology and
CAD software (3Shape Cambridge) and saved in an STL
file formatted. The previously created disc design was
uploaded as an STL file to the software, which was then
received by a 3D printer (EPAX 3D, North Carolina, USA)
utilizing digital light printing (DLP). The photo-
polymerized liqguid MMA monomer was poured through
the nozzle of the 3D printer in successive layers with a
50um layer thickness at 90° [14]. Isopropyl alcohol
solution (99.9%; ultra-pure; Sigma-Aldrich, USA) in an
ultrasonic  cleaner  (Fisherbrand™;  ThermoFisher
Scientific, USA) was used to clean and remove any
residues from the printed discs before curing. The
specimens were then polymerized by ultraviolet (UV)
radiation using a specialized UV light-curing box (Bredent,
Bre. Lux Power Unit 2, Germany) under nitrogen pressure.
The post-curing procedure involved wiping each specimen
with isopropyl alcohol and submerging it in a bowl of

glycerol. According to the manufacturer's instructions, the
post-curing procedure took place in a post-curing unit for
10 minutes [5,15]. (Figure 1)

Figure 1. A Photograph Showing 3d Printed Specimens
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Figure 2. A photograph of agar media with 3D printed specimens

Antimicrobial testing procedures

Each specimen was sterilized with 70% isopropyl
alcohol before testing its antimicrobial activity. To create
the adjusted inoculum, a reference strain of C. Albicans
(ATCC 10231) was grown on Sabouraud dextrose agar at
30°C for 48 h [5,11]. The strain of S. pyogenes (UA159)
was employed, and the bacteria were grown in 5 milliliters
(mL) of brain heart infusion broth culture (BHI) for 24
hours in an aerobic environment at 37°C [11]. However,
to create the adjusted inoculum, Luria Agar medium was
utilized for S. aureus [16]. Each group specimens were
sterilized and then placed in a 48-well plate with 500 mL
of each media and 50 mL of inoculated bacterial
suspension for 24 hours [5,11]. The bacterial solution was
adjusted to 1.0 X106 colony-forming units (CFUs) /mL for
standardization of the bacterial count [11]. Pipette-
harvested bacteria from biofilms on discs were diluted to a
concentration of 106 times before being planted into agar
plates in the amount of 50 mL [5,11]. The bacterial cells
were counted using a CFU approach that involved streaking
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a properly diluted solution over agar media and incubation
for 24 hours at 37°C [5]. Three times the trials were run
with the same outcomes in107 duplicate. (Figure 2)

Statistical analysis

We assessed the data's normality using the Shapiro-
Wilk and Kolmogorov-Smirnov tests. A one-way
ANOVA test was used to compare the shear and flexural
bond stresses. A statistical cutoff point of P <0.05 was
employed.

3. Results

The normality results showed that the data originated
from a normal distribution (parametric data) in all groups
(P>0.05). The ANOVA results revealed that the 0.5%,
1 %, and 1.5 % modified ZiO2NPs, AgNPs, and TiO2NP
3D-printed resin groups had a significantly higher
antimicrobial activity when compared to the unmodified
3D-printed resin (control group). However, for intergroup
comparison, the Tukey HSD test results revealed that
there was no statistically significant difference between
the 0.5% modified ZiO2NPs, AgNPs, and TiO2NP 3D
printed resins groups regarding S. Aureus, S. pyogenes,

and C. Albicans microorganisms at 0.5% NPs
concentrations. Furthermore, in intergroup comparison,
there was no statistically significant difference between
1% modified ZiO2NPs and AgNPs 3D-printed resin
groups regarding S. Aureus, S. pyogenes, and C. Albicans
microorganisms. However, there was a statistically
significant difference between the antimicrobial activity
between the 1.5% modified ZiO2NPs, AgNPs, and
TiO2NP 3D-printed resin groups. (Table 1)

The ANOVA results also revealed that the
antimicrobial activity significantly increased with the
increase of ZiIO2NPs, AgNPs, and TiO2NP, concentration
from 0.5% to 1.5% in the 3D-printed resin. For intergroup
comparison, the Tukey HSD test results revealed that
there was a statistically significant difference between the
antimicrobial activity of the three tested concentrations
(0.5%, 1%, and 1.5%) of the modified ZiO2NPs and
TiO2NPs 3D-printed resin groups for all tested
microorganisms. However, there was a statistically
significant difference between the antimicrobial activity of
the 0.5% and 1% tested concentrations, however, there
was no significant difference between the antimicrobial
activity of the 1% and 1.5% tested concentrations of the
modified AgNPs 3D-printed resin groups for all tested
microorganisms. (Table 1)

Table 1. Comparison of the antibacterial effect at various concentrations

0.5% concentration

Control ZiO2NPs AgNPs TiO2NP p-value
(CFU) (CFU) (CFU) (CFU)
S. Aureus 1.0+0.00 x106 Aa 7344658 x103 Ba 740+66.9 x103 Ba vl 0.002*
720+ 69.9
S. pyogenes 1.0+0.00 x106 Aa 7264655 x103 Bb 731+66.8 x103 Bb 20 08 0.0015*
) 756+ 825 -
C. Albicans 1.0+0.00 x106 Aa 763+63.9 x103 Bc 744+49.9 x103 Bb oo B2 0.008
P-value Tns <0.001% <0.001* <0.001%
1% concentration
Control ZiO2NPs AgNPs TiO2NP P-value
(CFU) (CFU) (CFU) (CFU)
S. Aureus 1.0+0.00 x106 Aa 394+47.7x102 Ba 396+36.4x102 Ba 3z 8T <0.001*
310+ 47.0 .
S. pyogenes 1.0+0.00 x106 Aa 383+50.1x102 Bb 390+38.1x102 Bb P <0.001
C. Albicans 1.0£0.00 x106 Aa 400+41.8x102 B 418+43.1x102 Bb Lz <0.001%
P-value Tns <0.001* <0.001* <0.001*
1.5% concentration
Control ZiO2NPs AgNPs TiO2NP P-value
(CFU) (CFU) (CFU) (CFU)

S. Aureus 1.0+0.00 x106 Aa 268+34.7 x102 Ba 351+17.8 x102 Ca 229+ gg’ x102 <0.001*
S. pyogenes 1.040.00 X106 Aa 263137.8 x102 Bb 345+16.9 x102 Ch 223+ %Z} *102 <0.001*
C. Albicans 1.0+0.00 x106 Aa 279+38.9 x102 Bc 370+18.0x102 Ca 22t 0%

P-value Tns <0.001% <0.001* <0.001%

*: Significant (p<0.05). ns: non-significant. Different uppercase letters mean significant in the same raw. Different lowercase letters mean significant in

the same column.
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4. Discussion

The growth of infection may be facilitated by adhesion
to surfaces made of acrylic resin. In the end, this could
result in different degrees of denture-induced stomatitis,
which affects 70% of people who wear dentures [5].
Therefore, in this current experiment, 3 different types of
microorganisms (S. aureus, S. pyogenes, and C. Albicans)
were selected to be tested. This is because it was stated
that C. Albicans is a common bacterium that can cause
Candida-associated denture stomatitis [11]. It was
therefore incorporated into the current investigation.
Furthermore, S. pyogenes, which is frequently found on
the surface of acrylic resins, can compete for bidding sites
but may also encourage yeast adherence [13,17,18]. The
introduction of nanoparticles into dentistry was done to
improve the material qualities [5].

For material used in 3D printing, nanoparticles might
make an appropriate reinforcing approach [4]. To create
antibacterial composites, three inorganic antibacterial
nanoparticles (ZrO2NPs, AgNPs, and TiO2NPs) were
chosen in this experiment to incorporate into the 3D-printed
resin because of their established antibacterial activities, in
particular, have drawn significant attention among the many
NPs that have been utilized [11,19,20,21,22,23].

In  this current investigation  nanoparticles
concentrations of 0.5%, 1%, and 1.5% were selected
because nanoparticles have been studied in the past for
their impacts on the characteristics of 3D-printed denture
bases, including impact strength, elastic modulus,
hardness, and surface roughness [4,5]. In this current
investigation, CFU was used because it is one of the
methods most frequently used for CFUs that is easy to use,
inexpensive, and can calculate the degree of growth
inhibition [5].

The results revealed that all three tested nanoparticles
modified 3D-printed resins inhibited the S. aureus, S.
pyogenes, and C. Albicans microorganisms significantly
when compared with the unmodified 3D-printed resin at
all concentrations. These results agreed with the results of
the previous studies by Chen et al. [11] and Khattar et al.
[5] stated that the PMMA resin or photo polymerizes 3D-
printed resin had no antimicrobial effect against different
tested bacteria.

According to the results of this study, adding ZrO2 NPs,
AgNPs, and TiO2NPs to the resin used in 3D printing
caused a decrease in the number of tested bacterial
microorganisms. This might be a result of nanoparticles'
antimicrobial action, which has been documented in
multiple investigations [5,16,24,25]. The decrease in the
number of bacteria could be related to the presence of
nanoparticles on the specimen surface near the bacterial
cell membrane, which could give the modified resin
antifungal properties [5,11].

Through a variety of methods, including hydrophobic
contact, electrostatic attraction, and van der Waals forces,
nanoparticles can meet one another as they travel through
the bacterial cell membrane and disrupt the metabolic
process. This interferes with the normal budding process
and changes the form and functionality of the cell
membrane [5,10]. This also could explain the significant
antimicrobial results of all tested nanoparticles against the
three different microorganisms in this experiment.

Additionally, the microbial cell's disintegration via the
development of holes, which results in ion outflow and
structural alterations to the cell that ultimately result in
cell death, may have been the origin of the antibacterial
effect [16,26]. Moreover, reactive oxygen species that
may be produced by nanoparticles and cell membranes
interact to enhance cell permeability, which leads to the
release of intracellular contents and eventually to cell
death [5,16,24,25].

The results of this present study revealed that there was
a significant increase in antimicrobial activity of the
modified 3D-printed resins with an increase in different
nanoparticle concentrations from 0.5% to 1.5%. This may
be due to the increased density of ZrO2 NPs, AgNPs, and
TiO2NPs on the specimens' surfaces, it was hypothesized
that high concentrations would have a higher impact based
on the discovery of antibiofilm actions at low
concentrations [5,25,27].

However, the results of this study showed that there
was an insignificant increase in the antimicrobial activity
of different Ag-NPs when concentration increased from
1.0% to 1.5%. This could be related to the agglomeration
of these nanoparticles and cluster formation within the
resin matrix or at the resin surface may be responsible for
the correlation between greater concentrations (1.5%) and
increased cell proliferation when compared to low
concentration (0.5% and 1.0%) [5,25]. On the other hand,
in line with prior work [5,26], the CFU results revealed a
negligible reduction in the bacterial count with the
addition of nanoparticles in higher concentrations.

The results of this present study revealed that the Ag
NPs had a significantly lower antimicrobial effect when
compared with the ZiO2NP and TiO2NP at 1.5%
concentration. These results could be attributed to the
higher tendency of Ag NPs to cluster as it was found that
Ag NPs less than 200 nm in diameter tend to
spontaneously combine, and their stability in air, water, or
sunlight is insufficient for long-term use [11]. It was
stated that in comparison to isolated nanoparticles,
clustered nanoparticles have a smaller surface area when
they aggregate. Only the surfaces near the cluster edges
showed antifungal activity, with the cluster's core being
obscured by the NP agglomeration [5,28]. Moreover, the
results of this study revealed that the ZiO2NPs and AgNPs
had a lower antimicrobial effect than TiO2NPs at
concentrations of 1% and 1.5%. It was affirmed that when
the 3D-printed plastic is photopolymerized by UV
radiation due to the photocatalytic properties of these
TiO2NPs, their antibacterial capabilities can be further
increased by UV illumination.

To achieve more efficacy with less concentration, 3D
printing was preferred [29]. Moreover, this may be a result
of TiO2's inherent photocatalytic properties to UV
irradiation that is used to polymerize the 3D-printed resin.
Another restriction on the use of TiO2 is the quick
recombination of photogenerated electron-hole pairs [11].
Since it was identified that UV in 3D printing activates
TiO2's crystalline form and produces electrons, ROS,
superoxide, and OHe, it may be to blame for this effect of
the TiO2 [24].

The results of this present study revealed that there was
no statistically significant difference in the antimicrobial
activity of each of the ZrO2NPs, AgNPs, or TiO2NPs
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against the different types of tested microorganisms.
Although the precise mechanism of action is still unclear,
the antibacterial mechanism of NPs can be loosely
separated into three groups. The following is a description
of the antibacterial mechanisms: interacting with
bacterial proteins and interfering with protein synthesis;
engaging with bacterial (cytoplasmic) DNA and
blockingr DNA replication; interacting with the
peptidoglycan cell wall and membrane and causing cell
lysis [30]. Because the environment in the oral cavity is
dynamic, this study's specimens were examined under
circumstances that were different from those in the oral
environment. This is because the bacterial activity of
denture surfaces can be affected by the pH, the presence of
certain germs, and saliva [5,10].

The use of 3D printing technology allows for the
creation of customized dentures with tailored
antimicrobial properties. This could be particularly
beneficial for patients with specific oral health needs or
those who are more susceptible to denture-related
infections [13]. Also, the use of nanoparticles as
antimicrobial agents can help mitigate the development of
resistance to conventional antifungal drugs, which has
become a growing concern. Nanoparticles have been
found to be effective against a wide range of
microorganisms, even at low concentrations [31].

Conclusions
Within the constraints of this investigation, it is
suggested that the antimicrobial properties of 3-D printed

resin composites are significantly influenced by the kind
and concentration of antibacterial agents.
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computer-aided manufacturing, CAD: Computer-aided
design, ZrO2NPs: zirconia, AgNPs: silver, UV: ultraviolet,
CFUs: Colony-forming units, DLP: digital light printing.

ACKNOWLEDGEMENT

Nill

Financial Disclosure

Not applicable.

Conflict of Interest

The authors have no financial or proprietary interests in
any material discussed in this article.

Patient Declaration of Consent

Not applicable

Data Availability

Data

is available upon reasonable request from

corresponding auther.

References

[1]

(2]

3]

[4]

5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Cristache C, Totu E, Grosu A, Ene O, Burlibasa M.
Nanocomposite for Rapid Prototyped248 Complete Denture.
Eighteen months follow-up on clinical performance. Revista de
Chimie -Bucharest- Original Edition-. 2019; 70: 387-92.

Cristache CM, Totu EE, lorgulescu G, Pantazi A, Dorobantu D,
Nechifor AC, et al. Eighteen Months Follow-Up with Patient-
Centered Outcomes Assessment of Complete Dentures
Manufactured Using a Hybrid Nanocomposite and Additive
CAD/CAM Protocol. J Clin Med. 2020; 9.

Abduo J, Lyons K, Bennamoun M. Trends in computer-aided
manufacturing in prosthodontics: a review of the available streams.
Int J Dent. 2014; 2014: 783948.

Alshaikh AA, Khattar A, Almindil IA, Alsaif MH, Akhtar S, Khan
SQ, et al. 3D-Printed Nanocomposite Denture-Base Resins: Effect
of ZrO(2) Nanoparticles on the Mechanical and Surface Properties
In Vitro. Nanomaterials (Basel). 2022; 12.

Khattar A, Alghafli JA, Muheef MA, Alsalem AM, Al-Dubays
MA, AlHussain HM, et al. Antibiofilm Activity of 3D-Printed
Nanocomposite Resin: Impact of ZrO2 Nanoparticles.
Nanomaterials. 2023; 13: 591.262

Clarissa WH-Y, Chia CH, Zakaria S, Evyan YC-Y. Recent
advancement in 3-D printing: nanocomposites with added
functionality. Progress in Additive Manufacturing. 2022; 7: 325-50.
Goodacre BJ, Goodacre CJ, Baba NZ, Kattadiyil MT. Comparison
of denture base adaptation between CAD-CAM and conventional
fabrication techniques. J Prosthet Dent. 2016; 116: 249-56.

Rouf S, Malik A, Singh N, Raina A, Naveed N, Siddiqui MIH, et al.
Additive manufacturing technologies: Industrial and medical
applications. Sustainable Operations and Computers. 2022; 3: 258-74.
Alharbi N, Osman R, Wismeijer D. Effects of build direction on
the mechanical properties of 3D printed complete coverage
interim dental restorations. J Prosthet Dent. 2016; 115: 760-7.

Aati S, Aneja S, Kassar M, Leung R, Nguyen A, Tran S, et al.
Silver-loaded mesoporous silica nanoparticles enhanced the
mechanical and antimicrobial properties of 3D printed denture
base resin. Journal of the Mechanical Behavior of Biomedical
Materials. 2022; 134: 105421.

Chen R, Han Z, Huang Z, Karki J, Wang C, Zhu B, et al.
Antibacterial activity, cytotoxicity and mechanical behavior of
nano-enhanced denture base resin with different kinds of inorganic
antibacterial agents. Dent Mater J. 2017; 36: 693-9.

Gligorijevic N, Mihajilov-Krstev T, Kosti¢ M, Nikoli¢ L,
Stankovi¢ N, Nikolic V, et al. Antimicrobial Properties of Silver-
Modified Denture Base Resins. Nanomaterials. 2022; 12: 2453.
Salgado H, Gomes A, Duarte AS, Ferreira JMF, Fernandes C,
Figueiral MH, et al. Antimicrobial Activity of a 3D-Printed
Polymethylmethacrylate Dental Resin Enhanced with Graphene.
Biomedicines. 2022; 10.

Unkovskiy A, Bui PH-B, Schille C, Geis-Gerstorfer J, Huettig F,
Spintzyk S. Objects build orientation, positioning, and curing
influence dimensional accuracy and flexural properties of
stereolithographically printed resin. Dental Materials. 2018; 34:
€324-e33.

Lin C-H, Lin Y-M, Lai Y-L, Lee S-Y. Mechanical properties,
accuracy, and cytotoxicity of UV polymerized 3D printing resins
composed of Bis-EMA, UDMA, and TEGDMA. The Journal of
Prosthetic Dentistry. 2020; 123: 349-54.

Jangra SL, Stalin K, Dilbaghi N, Kumar S, Tawale J, Singh SP, et
al. Antimicrobial activity of zirconia (ZrO2) nanoparticles and
zirconium complexes. J Nanosci Nanotechnol. 2012; 12: 7105-12.
da Silva WJ, Leal CM, Viu FC, Gongalves LM, Barbosa CM, Del
Bel Cury AA. Influence of surface free energy of denture base and
liner materials on Candida albicans biofilms. J Investig Clin Dent.
2015; 6: 141-6.

Yodmongkol S, Chantarachindawong R, Thaweboon S,
Thaweboon B, Amornsakchai T, Srikhirin T. The effects of silane-



60

[19]

[20]

[21]

[22]

[23]

[24]

International Journal of Dental Sciences and Research

SiO2 nanocomposite films on Candida albicans adhesion and the
surface and physical properties of acrylic resin denture base
material. J Prosthet Dent. 2014; 112: 1530-8.

Municoy S, Antezana PE, Bellino MG, Desimone MF.
Development of 3D-Printed Collagen Scaffolds with In-Situ
Synthesis of Silver Nanoparticles. Antibiotics. 2023; 12: 16.
Sanchez-Salcedo S, Garcia A, Gonzélez-Jiménez A, Vallet-Regi
M. Antibacterial effect of 3D printed mesoporous bioactive glass
scaffolds doped with metallic silver nanoparticles. Acta
Biomaterialia. 2023; 155: 654-66.

Alrahlah A, Fouad H, Hashem M, Niazy AA, AlBadah A.
Titanium Oxide (TiO2)/ Poly methyl methacrylate (PMMA)
Denture Base Nanocomposites: Mechanical, Viscoelastic and
Antibacterial Behavior. Materials. 2018; 11: 1096.

Kubacka A, Ferrer M, Cerrada M, Serrano C, Nchez-Chaves M,
Fernandez-Garcia M, et al. Boosting TiO2-anatase antimicrobial
activity: Polymer-oxide thin films. Applied Catalysis B
Environmental. 2009; 89: 441-9.

Kaurani P, Hindocha A, Jayasinghe R, Pai U, Batra K, Price C.
Effect of addition of titanium dioxide nanoparticles on the
antimicrobial properties, surface roughness and surface hardness
of polymethyl methacrylate: A Systematic Review. [version 1;
peer review: awaiting peer review]. F1000Research. 2023; 12.
Aati S, Shrestha B, Fawzy A. Cytotoxicity and antimicrobial
efficiency of ZrO(2) nanoparticles reinforced 3D printed resins.
Dent Mater. 2022; 38: 1432-42.

[25]

[26]

[27]

(28]

[29]

[30]
[31]

Siddiqui MN, Redhwi HH, Vakalopoulou E, Tsagkalias |,
loannidou MD, Achilias DS. Synthesis, characterization and
reaction kinetics of PMMAV/silver nanocomposites prepared via in
situ radical polymerization. European Polymer Journal. 2015; 72:
256-69.

Gowri S, Rajiv Gandhi R, Sundrarajan M. Structural, Optical,
Antibacterial and Antifungal Properties of Zirconia Nanoparticles
by Biobased Protocol. Journal of Materials Science & Technology.
2014; 30: 782-90.

Chen S-G, Yang J, Jia Y-G, Lu B, Ren L. TiO2 and PEEK
Reinforced 3D Printing PMMA Composite Resin for Dental
Denture Base Applications. Nanomaterials. 2019; 9: 1049.
Elshereksi NW, Ghazali MJ, Muchtar A, Azhari CH. Studies on the
effects of titanate and silane coupling agents on the performance of
poly (methyl methacrylate)/barium titanate denture base
nanocomposites. Journal of Dentistry. 2017; 56: 121-32.

Billings C, Cai C, Liu Y. Utilization of Antibacterial
Nanoparticles in Photocurable Additive Manufacturing of
Advanced Composites for Improved Public Health. Polymers
(Basel). 2021; 13.

Song W, Ge S. Application of Antimicrobial Nanoparticles in
Dentistry. Molecules. 2019; 24.

Wang L, Hu C, Shao L. The antimicrobial activity of nanoparticles:
present situation and prospects for the future. Int J Nanomedicine.
2017; 12: 1227-49.

© The Author(s) 2024. This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



