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1 Department of Prosthetic Dentistry, School of Dentistry, University of Selcuk, Konya 42079, Turkey;
cisellkisa@gmail.com

2 Department of Medical Microbiology, School of Medicine, University of Kafkas, Kars 36100, Turkey;
drarslanugur@gmail.com

3 Department of Medical Microbiology, School of Medicine, University of Selcuk, Konya 421331, Turkey;
ciftcinurullah72@gmail.com

* Correspondence: necladt@gmail.com

Abstract: Background and Purpose: This study aimed to evaluate the flexural strength, color change
and antimicrobial effect of silver–zeolite nanoparticles (NPs) in acrylic resin materials. Methods: Fifty-
six disc-shaped acrylic resin samples were divided into four groups (n = 7) according to concentrations
of silver–zeolite NPs (0%, 2%, 4%, 5%). Discs were contaminated with C. albicans and S. mutans.
The antimicrobial effect was tested by inoculating contaminated discs on Tryptic soy agar (TSA),
Sabouraud Dextrose Agar (SDA), Tryptic soy broth (TSB), and Sabouraud dextrose broth (SDB).
Forty rectangular 65 × 10 × 2.5 mm acrylic resin specimens were also classified into four groups
(n = 10) according to concentrations of silver–zeolite NPs. For the color change, L, a, and b values of
rectangular specimens were examined with a spectrophotometer. A three-point bending test was
also performed using a Devotrans device to determine the flexural bond strength of rectangular
specimens. Scanning electron microscope analysis (SEM/EDX analysis) was also performed. Results:
In this study, the antimicrobial effect increased with the concentration of silver–zeolite NPs added to
acrylic resin discs. In our study, adding 2% silver–zeolite NPs was more effective against C. albicans.
The antimicrobial effect against S. mutans increased with concentration of silver–zeolite NPs (<0.001).
The colonization of C. albicans was significantly reduced by silver–zeolite NPs. A significant increase
was observed in the color change as the nanoparticle percentage ratio increased (p < 0.001). The
flexural strength values of the groups containing 2% and 4% nanoparticles were found to be clinically
acceptable. Conclusions: The study showed that bacterial and fungal colonization is significantly
reduced by adding silver–zeolite nanoparticles to acrylic resin discs. Based on its antimicrobial,
physical, and mechanical properties, we recommend adding 2% silver–zeolite nanoparticles to the
acrylic resin material for optimal results.

Keywords: acrylic resin; antimicrobial activity; nanoparticle; silver; zeolite; color change; flexural
strength

1. Introduction

Polymethyl methacrylate (PMMA) is commonly used in prosthetic dentistry for eden-
tulous patients due to its aesthetic appeal, easy handling, affordability, and stability in the
oral cavity. Denture base materials are also widely used in the manufacture of orthodontic
removable appliances such as temporary dentures, placeholders, and functional appli-
ances [1]. One of the most common problems is that the space maintainer, while using these
appliances, has the potential for plaque accumulation due to their surface porosity and food
retention configuration, which increases the bacterial activity of the cariogenic oral flora for
patients and dentists [2]. PMMA is considered to be the material of choice for prosthetic
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base fabrication due to its low cost, water solubility/absorption, and adequate durability.
However, some of the disadvantages of this material are its dimensional instability, residual
monomer content, and poor mechanical properties, particularly its poor impact resistance.
Poor mechanical properties often lead to internal and external fractures of the denture base.
Different approaches have been adapted to improve the mechanical and microbiological
properties of PMMA denture base material [3]. The insertion of prosthetic devices into the
oral cavity affects the oral microflora and results in accumulation of microorganisms on the
prosthetic surface. Such fouling of denture surfaces can lead to a number of oral diseases
and consequently to the replacement of the denture [4].

The oral cavity is a complex environment where microorganisms compete for space
and nutrients. Especially in elderly and immunocompromised patients, these microor-
ganisms can distribute and trigger systemic diseases such as infective endocarditis and
aspiration pneumonia, which are the main causes of morbidity and mortality [5]. Since
microorganisms accumulate on removable prostheses’ surfaces, they can damage soft tissue
and oral health [6], impairing the effectiveness and quality of prosthetic treatment [7].
Although systemic or topical antifungal therapies have been recommended to reduce
fungal infection, many barriers limit their use, such as antimicrobial resistance, poor oral
hygiene, cost, and the routine of applying proper denture cleaning and strict local treat-
ment [8]. Studies have shown that Streptococcus mutans and Lactobacillus casei may have
cariogenic potential due to their acidogenic and aciduric abilities [9]. Oral candidiasis is
the most common infection of the oral mucosa in patients (approximately 72%) using full
dentures [10,11].

Geriatric patients are unable to provide effective hygiene and care due to poor motor
coordination, cognitive impairment, or memory loss [12]. For this reason, clinical trials
have been made to prevent or reduce the adhesion and accumulation of microorganisms
on the prosthesis surface [13]. The oral microflora is a complex ecosystem that includes a
wide variety of microbial species [14]. More than 700 different types of bacteria have been
identified in the human oral cavity so far, and most of them are associated with plaque [15].
Bacteria help Candida adhesion to the denture base and mucosa by producing extracellular
polymers and increasing acidity, creating optimal conditions for fungal growth. The oral
cavity consists of many surfaces covered with a large number of bacteria, and some of
them may form biofilm [16]. The aesthetic properties of dental materials have become
very popular and essential today. These materials should have a shiny and smooth surface
and maintain their smoothness in the oral environment for a long time. Smooth surfaces
provide an aesthetic appearance and prevent the formation of the biofilm layer that causes
plaque retention. Among the bacterial species in the oral flora, S. mutans plays the most
important role in plaque formation since it is the first microorganism to adhere to the
surface [17]. Candida species are members of oral flora, and they are commonly responsible
for opportunistic infections in the oral cavity. Using glycoprotein adhesins, Candida albicans
attaches to the epithelial cells in the mouth, including the buccal mucosa, tongue, teeth,
and oral prostheses. Although the conditions for growth in the oral cavity are unfavorable,
C. albicans can still proliferate in saliva because it contains glucose [18]. Opportunistic oral
pathogens can colonize on acrylic materials and cause dental infections such as denture
stomatitis. Currently, it is a common practice to add antimicrobial agents to dental materials.
Silver nanoparticles can be added to acrylic resin materials to prevent bacterial colonization
by S. mutans, Escherichia coli, and Staphylococcus aureus. In addition to their antibacterial
effect, nanoparticle-added acrylic resins have shown antifungal properties against the
adhesion of C. albicans [19]. In the design of a removable prosthesis, durability is one of the
most important mechanical properties to ensure that the prosthesis is effective, safe, and
serves for a reasonable period of time. Flexibility must be high to protect the underlying
soft tissues by absorbing masticatory forces. It must have a high elastic limit to prevent
permanent deformation when stretched [20]. It must have sufficient mechanical strength
to resist fracture under repeated chewing forces. It should be dimensionally stable. It
must have adequate wear resistance. In the last two decades, experiments have been
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carried out involving particles, fibers, and fillers of different shapes, sizes, forms, and
orientations [21,22].

Recent advances in nanotechnology, such as nanoparticles, nanofibers, and nanotubes,
have been used for PMMA reinforcement [23]. Among inorganic antimicrobial agents, silver
nanoparticles have been most widely used to fight infections since ancient times [24,25].
Nano-sized (nm) inorganic particles of silver have rapid and broad-spectrum efficacy due
to their sustained release of silver cations (Ag+) [26,27]. This form appears to be more
effective compared to micro-sized silver powder (µm), which shows lower antimicrobial
activity due to its limited surface area [28].

Silver nanoparticles are one of the most commonly used nanoparticles because of their
ductility, electrical and thermal conductivity, and antimicrobial activity [29]. Zeolites are
crystalline made of aluminum silicate with void spaces ranging from 3 to 10 angstroms. An-
timicrobial cations, such as silver and zinc, can get trapped in zeolite pores and be replaced
with other cations from the environment over time [30]. When ions are available, they con-
tact microorganisms and suppress their growth by inactivating enzymes, interrupting RNA
replication, and blocking respiration through oxidative stress [30,31]. In dentistry, dental
caries and candidiasis are common illnesses in the oral cavity, causing health problems for
many people worldwide. Bacteria and yeast in the mouth are responsible for the reason
of these conditions. Candida albicans is the most common cause of fungal infections in the
oral mucosa, particularly in elderly patients who wear full dentures. Studies have shown
that antimicrobial zeolites are effective against aerobic and anaerobic bacteria and Candida
species [32,33]. This study aimed to investigate the antimicrobial effect of acrylic resins
containing different amounts of silver–zeolite nanoparticles. Drawbacks associated with
the use of silver nanoparticles and other silver-based materials include nanoparticle aggre-
gation and deterioration of composite mechanical properties, aesthetic incompatibility due
to color changes resulting from the reduction of Ag+ to Ag◦, and short-term antimicrobial
activity [4]. While improving the mechanical properties of a denture base acrylic resin, it is
also of great importance not to compromise its physical properties [34].

This in vitro study aims to investigate the effect of silver zeolite, an antimicrobial
nanoparticle, on the microbiological, optical, and mechanical properties of acrylic resin
when added to heat-polymerized acrylic resin at different ratios. The null hypothesis
of the study is that silver–zeolite nanoparticles added to dental acrylic resins will not
have an antimicrobial effect on saliva-contaminated dental acrylic and will not change its
mechanical and physical properties.

2. Results
2.1. Surface Topography

The surface topography roughness of the silver–zeolite nanoparticle (NP) samples
incorporated into heat-cured acrylic resin was examined using Scanning Electron Mi-
croscopy (SEM) (Figure 1). SEM and EDX analysis confirmed the presence of silver–zeolite
nanoparticles within the dental acrylic. Surface roughness was assessed through the SEM
images, which revealed that roughness increased with higher nanoparticle concentrations
compared to the control group (Figure 1). Higher nanoparticle concentrations led to the
formation of hollow areas and noticeable indented and protruding surfaces. In the 4%
and 5% nanoparticle groups, the pit surface areas significantly expanded (Figure 1). This
increased surface roughness, characterized by visible porous structures, could facilitate
the colonization of rapid biofilm-forming microorganisms such as Candida. Therefore, it
is crucial to carefully adjust the nanoparticle concentration in acrylic resin materials to
minimize surface roughness and mitigate potential microbial colonization.
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Figure 1. Surface topography of the discs by SEM images. (A) Control group surface topography 
(from left to right 300×/500×/1000× magnification); (B) 2% NPs added discs surface topography 
(from left to right 300×/500×/1000× magnification); (C) 4% NPs added discs surface topography 
(from left to right 300×/500×/1000× magnification); (D) 5% NPs added discs surface topography 
(from left to right 300×/500×/1000× magnification). 

2.2. Energy-Dispersive X-ray Analysis 
Scanning electron microscope and energy-dispersive X-ray (SEM/EDX) analy-

sis(Hitachi S-4100 FE-SEM/EDS, Tokyo, Japan) of Ag-denture acrylic was carried out in a 
field emission electron microscope attached to an SEM at an accelerated voltage of 20 keV. 
Energy-dispersive X-ray (EDX) analysis was carried out to determine the presence of ele-
ments in the samples from each group (2%, 4%, 5%) containing NPs (Figure 2). As a result 
of EDX analysis, the calculated atomic percentage of silver was found to be 1.01 in the 2% 
group. These results confirmed the inclusion of silver in the 2% group in dental acrylic 
samples. EDX analysis showed 7.14 as the calculated atomic percentage of silver in the 4% 
group. EDX results also highlighted the presence of silver in the 4% group in dental acrylic 
samples. As another result of EDX analysis, the calculated atomic percentage of silver was 

Figure 1. Surface topography of the discs by SEM images. (A) Control group surface topography
(from left to right 300×/500×/1000× magnification); (B) 2% NPs added discs surface topography
(from left to right 300×/500×/1000× magnification); (C) 4% NPs added discs surface topography
(from left to right 300×/500×/1000× magnification); (D) 5% NPs added discs surface topography
(from left to right 300×/500×/1000× magnification).

2.2. Energy-Dispersive X-ray Analysis

Scanning electron microscope and energy-dispersive X-ray (SEM/EDX) analysis (Hitachi
S-4100 FE-SEM/EDS, Tokyo, Japan) of Ag-denture acrylic was carried out in a field emission
electron microscope attached to an SEM at an accelerated voltage of 20 keV. Energy-
dispersive X-ray (EDX) analysis was carried out to determine the presence of elements
in the samples from each group (2%, 4%, 5%) containing NPs (Figure 2). As a result of
EDX analysis, the calculated atomic percentage of silver was found to be 1.01 in the 2%
group. These results confirmed the inclusion of silver in the 2% group in dental acrylic
samples. EDX analysis showed 7.14 as the calculated atomic percentage of silver in the 4%
group. EDX results also highlighted the presence of silver in the 4% group in dental acrylic
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samples. As another result of EDX analysis, the calculated atomic percentage of silver was
found to be 11.25 in the 5% group (Figure 2). These results also confirmed the inclusion of
silver in the 5% group of dental acrylic specimens. As seen in (4%) and (5%) SEM/EDX
graphics and images, as the percentage of nanoparticles increased, the displayed amount
of silver nanoparticle increased and the presence of silver was proven (Figure 2).
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Figure 2. Ag Images with SEM/EDX in the (A) 2%, (B) 4%, and (C) 5% (respectively, up to
down) groups.

2.3. Optical Test Results

In line with the findings of our study, there was a significant difference between the
groups in the ∆E2000 color analysis of all groups with each other. A significant increase
was observed in the 2%, 4%, and 5% groups compared to the control group (p < 0.001).
Compared to the 0% group, the highest color change was observed in the 5% group (Table 1).
It was determined that there was a color change with the increase in nanoparticle ratio
(Figure 3).
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Table 1. Comparison of ∆E2000 values of heat-polymerized acrylic resin samples according to groups.

Group n Min Max Mean SDPMA p

0–2% 10 2.48 3.48 2.87 0.27 a

<0.001

0–4% 10 4.91 5.88 5.41 0.36 b

0–5% 10 5.72 6.63 6.17 0.27 c

2–4% 10 2.78 4.06 3.23 0.44 d

2–5% 10 3.46 5.09 4.22 0.44 e

4–5% 10 1.25 1.84 1.52 0.21 f

N: Number of samples, Min: Minimum, Max: Maximum, Mean: Mean SD: Standard deviation. One-way analysis
of variance, a–f: There is no difference between groups with the same letter.
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Figure 3. ∆E2000 color change of the groups.

2.4. Flexural Strength Test Results

The Kruskal–Wallis test was used statistically to test whether there was a difference
between the average flexural strength values of the groups to which silver–zeolite nanopar-
ticles were added at different rates. The results of this analysis are given in Table 2.

Table 2. Flexural strength test results by groups.

Groups n Min Max Mean SD p

0% Ag/Z 10 76.80 84.00 80.28 a 2.49

<0.001
2% Ag/Z 10 56.40 75.60 65.40 b 5.46

4% Ag/Z 10 48.00 79.20 65.40 b 10.99

5% Ag/Z 10 37.20 69.60 60.36 c 10.25
Kruskal–Wallis test, a–c: There is no difference between groups with the same letter. N: Number of samples, Min:
Minimum, Max: Maximum, Mean: Mean, SD: Standard deviation.

No significant difference was observed in the mean values between the 2% and 4%
groups. There was a significant difference between the groups (p < 0.001). When Figure 4
is examined, it is determined that the average values of the groups containing 2% and
4% nanoparticles were the same, and the strength value was lower than the 0% group.
The group containing 5% nanoparticles was found to have lower flexural strength than
all groups. In our results, a decrease was observed from 0% (80.28) to 2% (65.40), and no
flexural strength change was observed between 2% (65.40) and 4% (65.40). However, the
flexural strength decreased in the group in which we increased the nanoparticle ratio from
4% to 5% (Figure 4).
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2.5. SEM Analysis

As a result of the three-point bending strength test, it was observed that the fracture
line in acrylic samples increased as the ratio of silver–zeolite nanoparticles increased in
the SEM analysis. In general, mirror, mist, and hackle fracture regions are formed in the
images on the fracture surface of polymers. The mirror region is the initial stage of fracture,
and crack growth is very slow. This region was observed to be very large in the 0% control
group (Figure 5a). In Figure 5c, the crack line in the 0% control group is very few and small.
In the 0% control group, the fracture line is less pronounced, and the number of cracks is
less. A thin mist zone surrounds the mirror zone. When the energy is concentrated in the
bifurcation form where the crack line reaches rapid propagation, the hackle zone surrounds
the mist zone (Figure 5b/Hackle zone). The number of nano-fractures increased in the 2%
group (Figure 6c). When the SEM images of the 4% group were examined, it was observed
that the nano-cracks became larger as the nanoparticle percentage increased (Figure 7b). It
was observed that there was an increase in nanoparticle agglomeration compared to the 2%
group. In the group containing 5% nanoparticles, the hackle zone was enlarged, and the
cracks (Figure 8c) were indicated by arrows, and the lines appeared longer and wider.
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2.6. Antimicrobial Test Results

Bacterial and fungal colonization on the discs was evaluated using three different
methods. First, XTT and PMS solutions were added to the discs, and color changes, which
correlated with microorganism concentration, were measured using a spectrophotometer
(Figure 9). Second, contaminated discs were inoculated onto TSA and SDA plates, and
the results were evaluated after 24–48 h of incubation. Third, discs were incubated in TSB
and SDB broth for 6 h, then plated onto TSA and SDA media, with colony counts assessed
after 24–48 h of incubation. None of the control groups exhibited antimicrobial activity. For
all acrylic resins, the addition of 2% silver zeolite was sufficient to impart antimicrobial
activity against the test strains.
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In each well, concentrations were measured using a spectrophotometer. The mini-
mum, maximum, mean, and standard deviation values were obtained by measuring the
cell density of C. albicans at a wavelength of 490 nm (Table 3). One-way analysis of vari-
ance (ANOVA) revealed a statistically significant difference among the C. albicans groups
(p = 0.001).

Table 3. Measurement of microorganism concentration with spectrophotometer.

Group Mean ± SD Min–Max p

S. mutans (490 nm)

0% Group 0.272 ± 0.079 a 0.128–0.361

<0.001
2% Group 0.120 ± 0.014 bc 0.103–0.140
4% Group 0.128 ± 0.015 b 0.117–0.158
5% Group 0.097 ± 0.018 c 0.080–0.131

C. albicans (490 nm)

%0 Group 0.154 ± 0.010 b 0.138–0.170

<0.001
2% Group 0.119 ± 0.017 a 0.100–0.143
4% Group 0.155 ± 0.023 b 0.132–0.199
5% Group 0.145 ± 0.012 b 0.128–0.159

One-way variance analysis, a–c: There is no difference between groups with the same letter. Min: Minimum, Max:
Maximum, SD: Standard deviation.

The mean fungal concentration in the control group was 0.154, which decreased to
0.119 in the 2% silver–zeolite group. In contrast, the concentrations in the 4% and 5% groups
increased compared to the 2% group. Statistically, no significant difference was observed
between the 4% and 5% groups and the control group. The acrylic resins with 2% silver–
zeolite nanoparticles demonstrated the optimal antimicrobial effect against C. albicans
colonization (Figure 10). Additionally, the minimum, maximum, mean, and standard
deviation values for bacterial concentration were obtained by measuring S. mutans with a
spectrophotometer at 490 nm (Table 3). One-way analysis of variance (ANOVA) revealed
a statistically significant difference between the mean values of the S. mutans groups
(p < 0.001). Concentration levels decreased with increasing silver–zeolite concentration
among the groups (Figure 10).
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Figure 10. Differences in C. albicans and S. mutans concentrations.

The optimal antimicrobial effect against S. mutans was achieved with acrylic resins
incorporating 5% silver–zeolite nanoparticles. Contaminated discs were inoculated onto
TSA (for S. mutans) and SDA (for C. albicans) media. Discs contaminated with C. albicans
were incubated at 37 ◦C for 24 h, whereas discs contaminated with S. mutans were incubated
at the same temperature for 48 h. The control group exhibited no antimicrobial activity. A
reduction in the colony number of C. albicans and S. mutans was observed in accordance
with the concentration of silver–zeolite nanoparticles incorporated into the acrylic resin
discs (Figure 11). Additionally, contaminated discs were inoculated into TSB and SDB
media, incubated for 4–6 h, and then 10 µL samples were plated onto SDA and TSA. After
24–48 h of incubation, a substantial decrease in colony numbers was noted, correlated with
increasing concentrations of silver–zeolite nanoparticles (Figures 12 and 13). The mean
colony number (CFU/mL) of C. albicans is detailed in Table 4.
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Figure 11. Inoculation of contaminated discs with S. mutans and C. albicans. (a) S. mutans, a1 no
silver–zeolite NPs added, a2 discs with 2% silver–zeolite NPs, a3 discs with 4% silver–zeolite NPs,
a4 discs with 5% silver–zeolite NPs; (b) C. albicans, b1 no silver–zeolite NPs added, b2 discs with 2%
silver–zeolite NPs, b3 discs with 4% silver–zeolite NPs, b4 discs with 5% silver–zeolite NPs.
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Table 4. Colony number of different groups (CFU/mL).

C. albicans S. mutans

0% 100,000 (100,000–100,000) c 100,000 (50,000–100,000) b

2% 80,000 (50,000–90,000) bc 0 (0–0) a

4% 10,000 (5000–50,000) ab 0 (0–0) a

5% 5000 (5000–20,000) a 0 (0–0) a

p <0.001 <0.001
Kruskal–Wallis test; a–c There is no difference between groups with the same letter for each column.

According to the Kruskal–Wallis test analysis, there was a statistically significant
difference on the C. albicans colony number between the groups with silver–zeolite NPs
and the control group (p < 0.001). As seen in Table 4, there was a significant decrease in the
amount of C. albicans, but the bacterial growth did not stop totally. Therefore, C. albicans
was found in each group even in a small number. While it was 100,000 CFU/mL in the 0%
control group, it was 80,000 CFU/mL in the 2% group; It was calculated as 10,000 CFU/mL
in the 4% group and 5000 CFU/mL in the 5% group. The mean values of S. mutans colonies
(CFU/mL) are shown in Table 2. According to the results of Kruskal–Wallis test analysis,
the groups with silver–zeolite NPs had a statistically significant difference compared with
the control group (p < 0.001). According to our results, on average, 100,000 CFU/mL
bacteria was found in the control group. There was no bacterial growth in the other groups.
Therefore, our results show that silver–zeolite NPs have effect on bacterial growth. As seen
in the graphics, the number of S. mutans colonies decreased significantly, and statistically
significant difference was found between the control group and the others (p < 0.001).

3. Discussion

Acrylic resins are commonly used for making denture bases due to their easy manu-
facturing process, low cost, light weight, good appearance, and suitable properties for the
oral environment [35]. Acrylic resins used for removable denture bases require improved
mechanical properties to withstand repetitive chewing forces in the oral cavity [36]. Studies
have shown that the strength properties of acrylic resins can be enhanced by integrating
them with fibers, nanoparticles, and nanotubes [4,8,36]. Researchers are still searching
for biocompatible nanomaterials to enhance the mechanical and biological properties of
acrylic resins [37]. The accumulation of microorganisms that cause denture-associated
stomatitis can be caused by surface roughness exceeding the acceptable limit of acrylic
resins [38]. It is well established that denture bases made from heat-cured acrylic resin can
serve as a breeding ground for microorganisms, leading to recurring infections in denture
wearers [39]. Currently, there is a trend of incorporating antimicrobial agents into dental
materials. The process has benefits such as the ability to prevent or reduce bacterial and
fungal colonization by releasing agents [19]. The null hypothesis of the study was that
silver–zeolite nanoparticles added to dental acrylic resins would not have an antimicrobial
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effect on saliva-contaminated dental acrylic and would not change its mechanical and
physical properties. Based on the study’s analysis results, the null hypothesis of the study
was rejected.

One of the most popular antimicrobial investigation method is colorimetric measure-
ment with XTT. It converts live bacterial cells’ mitochondrial activities into tetrazolium
salts that turn into a water-soluble orange formazan dye after the reaction [40,41]. The
formazan products formed as a result of the rapid reaction are measured in the colori-
metric spectrophotometer [30]. We used XTT colorimetric substrate in our study due to
its numerous beneficial properties. In accordance with the scientific literature, we used a
spectrophotometer to measure the optical density at 490 nm [6,42].

In Li et al.’s study, dental acrylic samples with 1%, 2%, 3%, and 5% silver were
examined using a confocal scanning laser microscope. No significant effect was observed
in the groups added at rates of 1%, 2%, and 3%, except for the 5% group which showed a
significant decrease [43]. In a study, different concentrations (0–5%) of zeolite nanoparticles
were added to heat-polymerized PMMA resin. Results showed that 2% zeolite addition
rate was optimal for both mechanical and antimicrobial properties against C. albicans [44].
The results of this study are fully consistent with our findings. Our study concludes that
the ideal nanoparticle concentration for optimum antimicrobial effect against C. albicans
was 2%. In Casemiro et al.’s study, they added silver chino zeolite nanoparticles in varying
concentrations (2.5%, 5%, 7.5%, 10%) to dental acrylic, and they reported that it had an
antimicrobial effect against C. albicans and S. mutans strains [36]. Kuroki et al. found out
that adding 1% silver–zeolite nanoparticles to dental acrylic reduced colonization of S.
mutans compared to the control group [45]. We have found that adding silver nanoparticles
to dental resin materials reduces bacterial and fungal colonization, similar to previous
studies [46,47].

To minimize the risk of microbial attachment and plaque formation, it is crucial to
properly finish and polish the external surfaces of prostheses. This is an essential step
in the clinical protocol for fabricating the prostheses. After dentures are used in the oral
environment, surface changes can occur, leading to the formation of rough surfaces that are
more favorable for plaque accumulation. Therefore, regular maintenance and professional
polishing of prosthetic surfaces are necessary to maintain oral hygiene and minimize the
risk of oral infections. In our study, antimicrobial effect against C. albicans at 4% and
5% of nanoparticles concentration were lower than 2%. This is as a result of the surface
roughness having increased with the nanoparticle concentration, and C. albicans can grow
fast and adhere easily to rough surfaces [48,49]. However, in these groups, the number
of Candida colonies decreased according to silver NPs’ concentration. Silver nanoparticle
treatment has previously been reported to induce alterations in the cellular morphology of
C. albicans, with inhibition of Candida hyphae formation [50]. The reason for the increase
in absorbance may be due to the fact that Candida species develop hyphae by progressing
towards ‘mycelial’ development during the incubation period [51]. Hyphae may have
reduced the optical transmittance [51]. It is thought that it may have developed hyphae
later in the experiment, and therefore, the absorbance may have increased.

Spectrophotometer values include the sum of viable and non-viable cells of the mea-
sured solution. However, the optical density measurement of cells is only an approximation
of the colony count (CFU). Therefore, confirming with agar plate is an important control.
The number of viable pathogens present in the suspension is determined by counting
colony (CFU/mL) on agar plate [52,53]. As a result of our statistical analysis, a significant
difference was observed between the groups in C. albicans. The number of C. albicans
colonies had a significant decrease as nanoparticle percentages increased, but the fungal
growth did not stop totally. A statistically significant difference was found among the
groups tested for S. mutans (p < 0.001). Based on our analysis, we found that the addition
of nanoparticles led to an increase in the antimicrobial effect, which was directly propor-
tional to their concentration. There was a significant difference among the groups in the S.
mutans bacteria. As a result of S. mutans colony count, it was seen that the growth stopped
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totally with silver NPs. Optical density measurements and medium count values with a
spectrophotometer have resulted in supporting each other. In the study of Malic et al., 0.2,
0.4, 0.7, and 2% silver zeolite was added to dental acrylic, and they reported that it had an
antimicrobial effect against C. albicans and S. mutans as a result of CFU count [4]. In Abe
et al.’s study, silver zeolite was added to the tissue, resulting in a significant decrease in the
number of C. albicans colonies [19]. Kuromi et al. counted the colony number to evaluate
the antimicrobial effect of dental acrylic added with zeolite against S. mutans bacteria. It
was reported that 1% added zeolite resulted in a significant decrease in the number of S.
mutans colonies compared to the control group [45].

Micrometer and nanometer images of the samples are observed by SEM. In our study,
we observed that the roughness of disc surfaces increased with silver NPs’ concentration
as shown by SEM images of surface topography. We can state that the rough structure on
the surface supports the colonization of yeast on the discs. Ranjitha et al. also studied the
effects of 1% and 2% silver nanoparticle addition on surface roughness of heat-polymerized
acrylic resin. They found higher surface roughness values in the 2% group compared with
the 1% and control group as we reported in our study [29].

In order to confirm the presence of nanoparticles in PMMA, Aljafery and his colleagues
reported the presence of silver and zinc synthesis forms of silver–zinc–zeolite nanoparticle
added to dental acrylic by EDX analysis [47]. Nam et al. also incorporated silver, gold, and
platinum to dental acrylic and visualized the presence of nanoparticles by SEM/EDX [54].
In the study conducted by Kasraei et al., silver nanoparticles were added to polymethyl-
methacrylate, and the presence of nanoparticles was examined by SEM/EDX [55]. In our
study, we performed SEM/EDX analysis on one sample from each group before the test.
Similarly, in our study we performed SEM/EDX analysis on one sample from each group
before the test. The presence of silver was detected in all groups with the EDX images.

This study was conducted under in vitro conditions, which means that the results may
differ from the in vivo activity. Therefore, it is important to carefully control the in vivo
activities of silver NPs in clinical applications through animal models or human volunteers.
The effect of thermal aging in the mouth was not evaluated in our study as a limitation. In
order to support the clinical use of silver–zeolite NPs in dental acrylics, its biocompatibility
can be investigated in further studies. Further studies are still required if the cations may
precipitate within the oral epithelial cell for a long period of time, possibly causing argyria
and disruption of normal microflora [56,57]. The results of Nam et al.’s study implicate that
Ag-denture acrylic might act as a low-releasing antifungal device and therefore could help
geriatric denture wearers who have restricted manual dexterity or cognitive disturbances
to improve their oral hygiene status [12].

It is important to evaluate the mechanical properties of acrylic resins containing
zeolites because removable and complete dentures are subjected to repeated forces [8].
Nevertheless, the addition of small percentages of zeolite to poly (methylmethacrylate)
may be effective against microorganisms; therefore, its effect on mechanical properties may
be less significant than the potential benefits, especially for patients who do not follow an
adequate denture cleaning protocol [9,36,58].

Mechanical properties of the rectangular resin samples with 0, 2, 4, and 5% silver–
zeolite nanoparticles were evaluated, and color change was also examined after the added
nanoparticles. Researchers have been curiously looking for biocompatible nanomaterials to
improve acrylic resins’ mechanical and biological properties [37]. The flexural strength of
acrylic resin, also called the modulus of rupture, is the property that occurs when the pros-
thesis is subjected to cyclic deformation. It represents the highest stress experienced in this
material at the moment of rupture. The low ability to withstand such deformation under
force is the factor most responsible for the clinical incidence of early fracture of the prosthe-
sis [59]. The frequent fracture of this material in the clinic may be due to low resistance to
impact or bending forces [34]. Kamonkhantikul et al. evaluated the antimycotic, optical,
and mechanical properties of different ratios of zinc oxide nanoparticles in thermosetting
PMMA material [60]. Sodagar et al. found that SiO2 and TiO2 nanoparticles added at 0.5%



Inorganics 2024, 12, 258 14 of 22

and 0.1% decreased the flexural strength of acrylic resins [61]. In light of these studies,
many methods have been tried to strengthen acrylic resin-based materials. In recent years,
inorganic fillers containing various silver and silver ions have been used in different forms,
such as silver–zirconium phosphate, silver–titanium dioxide, and silver–zeolite [62]. How-
ever, despite the antimicrobial advantages of the added modifying antimicrobial agents,
their effect on the mechanical properties of the resins should also be evaluated [62]. Craig
reported that the flexural strength test is the test that best simulates prostheses subjected to
intraoral forces [63]. The flexural strength of materials is measured by uniaxial or biaxial
testing with static and dynamic force loading. Today, the uniaxial three-point flexural test
has been accepted as the standard test by ISO for acrylic resin materials due to its ease of
application and reproducibility. This standard states that the minimum flexural strength
values should be 65 MPa [64]. Azeez et al. [8] added 0.5% silver–zinc–zeolite nanoparticles
to the heat-polymerized acrylic base material and reported a non-significant difference in
the flexural strength test. They stated that the low ratio had little effect on the material.
Casemiro et al. added silver–zinc–zeolite nanoparticles to heat-polymerized acrylic base
material at 0, 2.5, 5, 7.5, and 10% ratios and applied a flexural strength test. They reported
that the results of the mechanical tests indicated that the addition of zeolite may decrease
the flexural and impact strength of acrylic resins in accordance with the findings of previous
studies [36,65,66]. In the study by Murat et al., silver–zeolite nanoparticles were added to
heat-polymerized acrylic at 0, 0.5, 2, and 4%, and flexural strength was evaluated. It was
reported that the mechanical properties of microbial agents added to methacrylate were
in line with similar studies and weakened the mechanical properties [65,66]. Yadav et al.
reported that silver–zinc–zeolite added to acrylic resin at a rate of 5% caused lower flexural
strength than 65 MPa specified in the ISO standard [67]. In this study, similar results were
found, and the average value of silver–zeolite nanoparticles added at 2% was 65.40, while
it decreased to 60.36 in the 5% group. The result in this study was partially similar to the
result of Shibate et al. and Sodagar et al., who found that the flexural strength decreased as
the percentage of nanoparticles increased [60,68].

It is thought that there is a decrease in flexural strength due to the effect of nano-sized
oxides on the internal structure of the polymerized acrylic resin. In addition, the dispersion
of the added nanoparticles in the PMMA matrix affects the conversion of monomers to
polymer, resulting in an increase in unreacted residual monomers that act as plasticizers [60].
The addition of nanoparticles to acrylic resins causes the particles to aggregate and cluster
together in the matrix, forming stress concentration zones and weakening the mechanical
properties of the materials [66,69]. It should be considered that the decrease in flexural
strength may also be due to the porous structure of the zeolite nanoparticle [46]. Unlike
these studies, Kassae et al. reported that adding 0.5% silver nanoparticles did not cause a
significant effect on the flexural strength of PMMA [70]. This result is thought to be due to
the low nanoparticle ratio.

When an antibacterial agent was added, a color change in the denture base resin was
reported due to the silver ion in the antibacterial agent [45,71]. Wakasa et al. reported that
the addition of 1% and 2% silver–zeolite nanoparticles to autopolymerized acrylic resin
did not affect the polymerization of the resin and discoloration of the dental material due
to the silver in it [71]. Such a discoloration was reported to occur due to silver ions in the
antimicrobial agent. It is believed that such discoloration is due to the oxidation of silver
ions on the surface of the material as well as the formation of metal oxides from antibacterial
metal ions during an oxidation–reduction reaction that occurs during polymerization [44].
In the study of Kuroki et al., 1% silver–zeolite nanoparticles were added to PMMA, and
three color parameters (L*, a*, and b*) were measured using the CIE LAB color system
color analysis method to examine the color change [45]. In line with these studies, the color
differences between the groups in our study were quantitatively evaluated by averaging
the measurements made from two points in a spectrophotometer device (Konica Minolta,
Tokyo, Japan). Ren et al. used the CIE ∆E 2000 analysis for the evaluation of two different
colors in dental acrylic [72]. In the present study, color analysis was performed with the CIE
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∆E 2000 LAB color system, which is a more up-to-date approach. Wakasa et al. reported
that the addition of 1% and 2% silver–zeolite nanoparticles to autopolymerized acrylic resin
did not affect the polymerization of the resin and that the dental material changed color
due to the silver content [30]. The color analysis findings of this study were similar to those
of Wakasa et al. In another zeolite nanoparticle study, Kuroki et al. added 1% nanoparticles
and reported a color change [32]. Azeez et al. added 0% and 0.5% silver–zinc–zeolite and
concluded that both groups had a statistically insignificant difference in color change. They
stated that this result was due to the fact that the percentage of zeolite added was less than
2% [8].

In another study by Malic and et al. [4], they showed that silver–zeolite nanoparticles
added with increasing percentages caused intense brown coloration. They stated that
this dark coloration is unacceptable for dental applications. They reported that silver
zeolite treated with silver nitrate did not show such an intense coloration [4]. Therefore,
silver nitrate-treated zeolite was preferred for this study. In this regard, it can be stated
that coloration occurs, but nitrate treatment reduces the color change. Casemiro et al.
added silver–zinc–zeolite nanoparticles to dental acrylic at 0, 2.5, 5, 7.5, and 10% and
observed that the opacity of polymethylmethacrylate increased as the nanoparticle ratio
increased [36]. In this study, similar to the results of the studies in the literature, it was
observed that ∆E values changed as the percentage of nanoparticles added increased as a
result of color analysis.

Paravina et al. reported 1.8 CIE∆E2000 units, which corresponds to the acceptability
threshold of color differences for dentists [73]. Ren et al. reported that the 50% acceptabil-
ity threshold for acrylic resin materials for denture bases was 4.08 CIE∆E2000 units [74].
Similar to this study, Alp et al. accepted the 50% acceptability threshold as 4.08 CIE∆E2000
units [75]. Color differences are graded with numbers from 1 to 5. ∆E00 and ∆Eab based
on perceptibility and acceptability thresholds are derived from value analysis research find-
ings [73]. Grades 5 and 4 correspond to excellent (∆E00 < 0.8) and acceptable color stability
(>0.8 and <1.8), respectively. Grade 3 corresponds to the type of mismatch considered as
moderate color mismatch (>1.8 and <3.6). Grade 2 corresponds to a clearly unacceptable
color mismatch (>3.6 and <5.4), while grade 1 is considered a marked unacceptable mis-
match (>5.4) [73]. According to the clinical acceptability of the ∆E2000 value [76,77], it can
be stated that the 2% group has clinically acceptable results. The color changes of the 4%
and 5% groups are not clinically acceptable values compared to the control group [73].

While the in vitro methodology used in this study offers precise control over exper-
imental variables, it does not fully reflect the complex intraoral environment, especially
due to the exclusion of thermal aging effects commonly encountered in the mouth. Such
conditions, including temperature variations from food and beverages, significantly affect
the longevity and performance of dental materials, a factor not accounted for in laboratory
set-up. The findings of the current study need to be confirmed by in vivo studies. These
subsequent investigations involving the multifaceted dynamics of the human oral cavity
will prove the results’ applicability in a real-world clinical context, thus bridging the gap
between laboratory research and practical dental application.

4. Materials and Methods

A mixture of pure PMMA powder and liquid monomer without silver–zeolite (Ag-Z)
nanoparticles served as the control group. Silver–zeolite (Ag-Z) nanoparticles (Nanokar,
Istanbul, Turkey) with a purity of 99.99% and a particle size of less than one µm were added
in varying amounts: 0% (control), 2%, 4%, and 5% weighed with an analytical balance
(Imıcryl, Konya, Turkey) and mixed with the acrylic in a Speed Mixer device (Imıcryl,
Konya, Turkey) for 2 min at 1000 rpm by the same operator. The materials were then
proportioned, mixed, packed and polymerized following the manufacturers’ instructions.
Fifty-six disc-shaped specimens (12 × 2 mm) were prepared for the antimicrobial assay, and
40 bars (65 × 10 × 2.5 mm) were produced for testing optical and mechanical properties.
These bar samples were fabricated into rectangular prisms, measuring 65 × 10 × 2.5 mm,



Inorganics 2024, 12, 258 16 of 22

in alignment with American Dental Association (ADA) No. 12 standards, and their dimen-
sions were verified using calipers. A special wax (Kışlık, Istanbul, Türkiye) was melted into
the molds to prepare rectangular-shaped patterns. The stainless steel disc and rectangular-
shaped patterns were invested in flasks with dental stone. After the dental stone set,
the flasks were opened and the patterns were removed, leaving rectangular-shaped and
disc-shaped cavities that were used as matrixes for the fabrication of heat-polymerized
acrylic resin specimens. The PMMA powder and liquid monomer (Imicryl, Konya, Türkiye)
were mixed at a powder/liquid ratio of 23.4 g:10 mL and left until the mixture reached the
dough stage. The mixture was then placed into the flask and hydraulic-pressed using a
conventional method. The flasks were placed in a water bath that was heated up to 100 ◦C
and allowed to boil for 45 min to achieve polymerization according to the recommendations.
After cooling to room temperature, the specimens were deflasked, the excess material was
removed using a carbide bur in a low-speed rotary instrument, and wet-polished using
800-, 1000-, 1200-, and 2000-grit silicon carbide paper with a polishing machine (Brightway,
Bursa, Turkiye) at 300 rpm for 30 s. The thickness of all specimens was checked by mea-
suring with an electronic caliper (Absolute Digimatic Caliper, Mitutoyo, Kawasaki, Japan).
The specimens were ultrasonically cleaned for 5 min to remove any debris and dried with
compressed air.

4.1. Antimicrobial Susceptibility Tests

Before microbial assay, samples were incubated in distilled water for 24 h to leach
excess residual monomer. The disc specimens were autoclaved at 121 ◦C and 1 atm pressure
in 20 min and then immersed in sterile artificial saliva. Artificial saliva was prepared at
neutral pH (7–7.4), and chemicals were used as follows: 0.4 g of NaCl (Sigma-Aldrich,
Darmstadt, Germany), 0.4 g of KCl (Sigma Aldrich, Germany), 0.795 g of CaCl2·2(H2O),
0.78 g of NaH2PO4·2(H2O), 0.0005 g of Na2S·9(H2O), 1 g of urea, and 1000 mL of distilled
water. After the artificial saliva was prepared, it was sterilized in the autoclave and stored
in the dark at room temperature

In this study, the standard strains ATCC 97012 C. albicans and RSHM 676 S. mutans
were used to assess bacterial and fungal colonization on the surfaces of acrylic discs
incorporating silver–zeolite nanoparticles. Tryptic soy broth (TSB) and Tryptic soy agar
(TSA) (Biomerieux, Marcy l’Etoile, France) were used for S. mutans, while Sabouraud
dextrose agar (SDA) and Sabouraud dextrose broth (SDB) (Sigma Aldrich, St. Louis, MO,
USA) were used for C. albicans. All the cultural media were prepared according to the
manufacturer’s recommendations and sterilized in an autoclave at 121 ◦C at 1 atm pressure
for 20 min and transferred to the Petri dishes and tubes after cooling.

4.1.1. Contamination of Discs with Microorganisms

The discs were placed into sterile 6 × 4 cell culture dishes. For bacterial studies,
1 mL of Tryptic soy broth (TSB) was added to each well, and for fungal studies, 1 mL of
Sabouraud dextrose broth (SDB) was used. To simulate the human oral environment, 1 mL
of artificial saliva was also added to each well. Suspensions of bacterial and fungal colonies,
adjusted to a 0.5 McFarland standard, were prepared in their respective culture media,
and 1 mL of each suspension was added to the wells to contaminate the discs. Each study
included one well as a sterility control and one as a growth control. The plates were then
covered with parafilm and incubated for 24 h at 37 ◦C. After incubation, the liquid from
each well was removed, and the discs were washed twice with 600 µL of PBS to eliminate
non-adherent microorganisms. The discs were then re-contaminated and incubated for an
additional 24 h.

4.1.2. Preparation of XTT and PMS Solutions

XTT (SERVA, Heidelberg, Germany) and Phenazine metasulfate (PMS) (Sigma Aldrich,
USA) were dissolved in sterile Phosphate Buffer Solution (PBS) according to the manufac-
turer’s recommendations. All studies with XTT and PMS were performed in dark room
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conditions. The solutions were prepared fresh on the day of the study, covered with alu-
minum foil to avoid light, and stored in the dark. Then, 790 µL of PBS, 200 µL of XTT, and
10 µL of phenazine methosulfate PMS solution were added to each well and incubated at
37 ◦C for 3 h. After incubation, 100 µL of the solution from each well was transferred to a
new sterile 12 × 8 cell culture plate using a sterile pipette tip.

4.1.3. Bacterial Colonization

Contamination of microorganisms on the discs were studied in several stages after
all discs were contaminated with microorganisms. At first, the discs were taken from the
wells and inoculated by moving them over the appropriate media. Secondly, the discs
were transferred in broth media and incubated for 6 h at 37 ◦C. Following this, 10 µL of
the sample was taken in each well and inoculated onto an agar plate for colony counting.
Thirdly, after adding XTT and PMS solutions to the discs, bacterial concentrations were
measured at 492 nm wavelengths using a spectrophotometer.

4.2. Optical Properties

Before optical and mechanical tests, forty bar specimens according to ADA specifica-
tion No. 12 were incubated in distilled water for 48 h to leach excess residual monomer. To
mimic the oral environment in vitro, all samples were kept in artificial saliva for 1 week in
an oven (Nüve 1020, Ankara, Turkiye). The containers with artificial saliva were rinsed
daily. The tested samples were exposed to light within a wavelength range of 380–780 nm
via a measuring head positioned at a right angle. For each specimen, three repeated
measurements were taken to determine the colorimetric values, i.e., L* (brightness), a*
(red–green proportion), and b* (yellow–blue proportion). For color change, L, a, and b
values were measured from two points on the smoothest surface with a spectrophotometer
(Konica Minolta, Osaka, Japan) in the control group (0%) and samples containing silver–
zeolite nanoparticles at 2, 4, and 5% ratios, and the values were averaged (Figure 11). The
color change was calculated with the formula ∆E2000:
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)

2

+ (
∆C′

KCSC
)

2

+ (
∆H′

KHSH
)

2

+ RT(
∆C′
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)(

∆H′

KHSH
)]

1/2

The parametric factors KL, KC, and KH were all set to 1. The mean of three readings
was recorded, and the value of each specimen was calculated using the CIE-L*a*b*-color
system with a colorimeter.

4.3. Mechanical Properties

After spectrophotometric evaluation, flexural strength was evaluated by a three-point
bending using a Devotrans Device (Imicryl, Konya, Turkiye) to determine the flexural
strength of the same forty bar-shaped specimens according to ADA specification No. 12
at 5 mm/min speed (Figure 12). The samples were placed on the apparatus, which was
placed on supports parallel to each other and 50 mm apart. A load was applied until the
specimen fractured. Flexural strength was calculated as follows:

σ = 3Fl\2bd2

where σ = flexural strength (N/mm2 = MPa), F = the maximum load during fracture
(N), l = the distance between the supports (50 mm), b = the specimen width (mm), and
d = specimen thickness (mm). Scanning electron microscope (SEM) analysis was performed
via the SEM device FEI (Quanta 250 FEG; FEI Ltd., Brno, Czech Republic) at the Selcuk
University Advanced Technology Research and Application Center.

Scanning Electron Microscope (SEM)

Fractured surfaces of the bar-shaped specimens of the control and other groups after
the three-point bending test were randomly selected, gold-sputter-coated, and observed
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using SEM (Quanta 250; FEI Company, Eindhoven, The Netherlands) under acceleration of
20 kV and magnification of 35,000×.

4.4. Statistical Analysis

One-way Analysis of Variance (ANOVA) test was used to determine the significant
difference between groups. When there was a significant difference, Tukey HSD and
Tamhane’s T2 tests were used for multiple comparisons to identify specific differences
between groups. These tests offer a significant determination of the relations among various
groups in the field of microbiological research. The data analysis was performed using
IBM SPSS V23 software. The Shapiro–Wilk test was used to assess normal distribution
conformity with a significance level of p < 0.05.

5. Conclusions

Three different rates of nanoparticles (0%, 2%, 4%, 5%) were added to the heat-
polymerized acrylic resin used as the denture base material. In vitro antimicrobial effects
of nanoparticles were investigated against C. albicans and S. mutans strains. The surfaces of
the samples were analyzed using topographic imaging to determine their level of surface
roughness. The presence of silver nanoparticles was evaluated using SEM/EDX imaging.

According to the spectrophotometer analysis, discs with 2% silver–zeolite nanopar-
ticles were more effective against C. albicans than those with 4% and 5%. Discs with 2%
silver–zeolite nanoparticles showed a significant antimicrobial effect compared to the 0%
group. The reason for the increase in colonization of C. albicans in the 4% and 5% groups can
be attributed to the increased surface roughness. The concentration of nanoparticles had
a significant impact on the decrease of S. mutans colonization. Based on its antimicrobial
and mechanical properties, we recommend adding 2% silver–zeolite nanoparticles to the
acrylic resin material used for denture base material for optimal results. While adding
silver–zeolite nanoparticles provides antimicrobial properties, it also reduces the material’s
structural integrity and alters its aesthetic appearance, highlighting the necessity of bal-
ancing antimicrobial efficacy with mechanical and esthetic properties in dental materials.
In the current study, it was found that the addition of 2% silver nitrate-treated zeolite
nanoparticles to acrylic material used in dental prostheses was satisfactory in terms of both
discoloration and mechanical strength, i.e., the acrylic material was discolored at an accept-
able level, and its mechanical strength remained adequate. However, when the amount
of nanoparticles was increased to 5%, the strength of the material decreased significantly,
i.e., the material became weaker. Specimens prepared with nanoparticles added at 2% and
4% were found to be clinically suitable with a strength value of 65.40 MPa. Moreover, as
the proportion of nanoparticles added to increase the antimicrobial properties increased,
an increase in the color of the material was also observed. However, the silver–zeolite
nanoparticles added at 2% were still within clinically acceptable limits regarding color
change. As a clinical significance; it is advisable to incorporate 2% silver–zeolite nanoparti-
cles into the material of acrylic dental prostheses to impart antimicrobial features while
preserving a balance between mechanical and aesthetic properties. Therefore, this will
make the acrylic dentures more durable and reduce microbial growth, providing both an
aesthetic and functional solution.
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