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Abstract: (1) Background: This study compares the antibacterial effect of coated and impregnated
flexible dentures with magnesium oxide nanoparticles (MgONPs) against Streptococcus mutans.
(2) Methods: the study used flexible denture material discs. The experimental groups were uncoated
dics (control), 5% MgONPs coated discs (coated), and 5% MgONPs impregnated discs (impregnated).
The homogenous distribution of MgONPs within the matrix was determined using scanning electron
microscopy (SEM), and surface roughness and modulus elasticity were also measured. The antibac-
terial efficacy was tested against Streptococcus mutans in suspension and biofilm. The adhesion of
microorganisms was assessed using an adherence assay test, optical light microscopy, and turbidity
test. (3) Results: The nanoparticles were successfully coated or impregnated on the substrate and
caused a significant increase in roughness. The effect of 5% MgONPs was significant (p < 0.05). The
flexible denture samples whether coated or impregnated with 5% MgONPs effectively inhibited
the growth of microorganisms. The Streptococcus mutans growth was 2.5 folds higher in control
compared to coated samples, while Streptococcus mutans growth was 1.5 folds higher in control
compared to impregnated samples. Furthermore, this study confirmed there was a homogenous
distribution of MgONPs for both coated and impregnated groups. (4) Conclusions: It was found that
addition of 5% MgONPs can prevent the attachment of Streptococcusn mutans to flexible removable
denture material. Additionally, the antibacterial effect was higher in the coated-samples compared to
impregnated-samples.

Keywords: prosthodontics; dental materials; nano dentistry; nano coatings

1. Introduction

There are many options for replacing missing teeth, and removable dentures is one of
them [1,2]. Various materials are available for denture fabrication. Polymethyl methacrylate
(PMMA) has long been used as a denture material [3,4]. However, it has disadvantages such
as insertion in undercut areas, brittleness, and allergy to methyl methacrylate monomer.
In recent times, flexible removable partial dentures have become quite popular as they
possess unique physical and esthetic properties as well as excellent retention. In spite
of all these benefits, they have some difficulty in adjustment and polishing [5,6]. Thus,
an unpolished surface will lead to the formation of irregularities and roughness. The
surface roughness of prostheses will provide niches in which the microorganisms are
protected from sheer forces and oral hygiene measures. Subsequently, the probability of
bacterial accumulation will be increased compared to smooth surfaces [7,8]. Nowadays,
nanotechnology can offer some advantages in improving biomaterials. Nanoparticles, due
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to their small size and their colloidal behavior, exhibit an excellent adherence on the surfaces
which facilitates their use in biomaterials as a coating or impregnation [9–11]. Furthermore,
nanostructure biomaterials can produce better responses between the material surface
and biological entities [12–15]. For example, MgO NPs exhibited biocidal activity against
bacteria and spores [16,17]. The antibacterial activity of MgO NPs depends on many factors;
among them, whether they are coated or impregnated into the biomaterial. There might
be a difference in mechanical properties and/or antibacterial activity of nano-coated vs.
impregnated biomaterials. Limited studies have been undertaken comparing the coated vs.
impregnated nanoparticles on denture materials; also, limited MgONPs are used for this
purpose. Thus, the main aim of this study was to investigate the antibacterial properties
of coated and impregnated flexible dentures with MgO NPs against Streptococcus mutans
without interfering with physical and mechanical properties.

2. Materials and Methods
2.1. Experimental Design

The experiment used flexible denture discs (Valplast International Corp, Nylon 12,
East Northport, NY, USA) prepared according to the manufacturer’s instructions. The
experimental groups were; uncoated discs (control), 5% MgO NPs coated discs (coated),
and 5% MgO NPs impregnated discs (impregnated), (n = 10). To test the antibacterial
activity, Streptococcus mutans were grown on the surface of specimens for 24 h and then
adherence of bacterial cells on the surface of specimens was investigated. To investigate
the morphology and confluence of the bacterial cells after the experiment, another set of
specimens was assigned to be examined under the microspore after 24 h growth on the
control, coated, and impregnated specimens (n = 3).

2.2. Preparation of the Stock Dispersions and Nanoparticles Characterization

The magnesium oxide nanoparticles used for the experiments were purchased from
Research Nano Material, Inc., US-3310-2020, Houston, TX, USA, with a purity of 99+% and
20 nm. Briefly, 1 g L−1 stock dispersion of MgO NPs was initially prepared in ultrapure
water. The stock solution was sonicated for 4 h to disperse the nanomaterials (35 kHz
frequency, Fisherbrand FB 11010, Germany), before preparing secondary stocks of 5 mg L−1,
the MgO NPs were autoclaved (1218C for 15 min at 15 psi pressure) to ensure sterility.

2.3. Specimen Preparation

The samples were prepared in a disc shape with a diameter of 10 mm and thickness of
2 mm. For the first treatment group (coated), the specimens were prepared according to
the manufacturer’s instructions. To ensure sterility, each specimen was treated with 3 mL
of 0.5% (v/v) chlorhexidine digluconate (R4, Septodont, Ltd., Maidstone, UK) for 5 min.
Chlorhexidine digluconate was then aspirated from the surface of the specimen and the
surface was washed twice with 5 mL of phosphate-buffered saline (PBS). Afterward, the disc
surfaces were coated with MgO NPs aqueous solutions (5 mg L−1) prepared in ultrapure
water (see below). The coating process started by adding 2 mL of the MgO NPs solution
on each disc for 24 h to allow particle precipitation on the specimen surface. Finally, the
excess solution was gently aspirated to leave a thin MgO NP coating on the surface of the
specimens. For the third treatment group (impregnated), 5% MgO NPs powder was added
to the flexible denture; then, the samples were prepared according to the manufacturer’s
instructions. For the second and third groups after sample preparation, each disc was
treated with 3 mL of 0.5% (v/v) chlorhexidine digluconate (R4, Septodont, Ltd., UK) for
5 min to ensure sterility. Chlorhexidine digluconate was then aspirated from the surface of
the specimen and the surface was washed twice with 5 mL of phosphate-buffered saline
(PBS).
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2.4. Assessment of the Surface Roughness

The surface roughness of each specimen was measured by using a digital profilometer
(Surftest-402; Mitutoyo, Kawasaki, Japan). The profiler was set to move a diamond stylus
across the specimen surface under a constant load. Each line was scanned for 10 s with a
constant force of 4 mN (0.4 gf) on the diamond stylus (stylus type = 5 µm radius). The value
for the surface roughness was obtained from the digital scale. The Ra value (µm)—defined
as “the mean value of all absolute distances of the roughness profiles from the mean line
within the measuring distance”—is the figure for the overall roughness of a surface. Three
measurements were taken for each specimen. The data were analyzed using one-way
ANOVA (Version 16).

2.5. Assessment of the Modulus Elasticity

The modulus of elasticity of control, coated, and impregnated specimens (n = 10) was
measured using the three-point bending test and by calculating the modulus of elasticity
according to the formula E = L3m/4bd3 with

E being modulus of elasticity (N/mm2); L being support span (mm);
m being the gradient of the initial straight-line portion of the load detection curve

(N/mm);
b being the width of the tested specimen (mm); d being the thickness of the tested

specimen (mm).
A total of 10 specimens were tested.

2.6. Scanning Electron Microscopy (SEM)

A scanning electron microscope was used to determine the homogenous distribution
of MgO NPs within flexible denture samples. For each group, five samples were prepared
as described above. The samples had a dimension of 10 mm and 2 mm in thickness. The
samples were cleaned in an ultra-sonicator in the organic solvent (alcohol) to remove any
particular waste and residues. Then, they were mounted on SEM grids. The samples were
coated with gold using an Emitech K550 gold sputter coater. Samples were imaged and
elementally analyzed using an SEM, JEOL/JSM-7001F, Instruments INCA X-ray analysis
system with a voltage of 20 KV, at a working distance of 10 mm. After the coating, the
samples were mounted to the mounting stub using carbon paint. The sample was mounted
to the device at 45◦ to produce a larger surface area for the electron beam to bombard the
sample. Data analysis was performed using Aztec 2.0 software.

2.7. Isolation and Identification of Streptococcus mutans Clinical Strains

The bacteria were isolated from the dental plaque of a patient. The sample was taken
from carious lesions using the tip of sterilized toothpicks. Subsequently, the toothpick
was cut and then placed in 1 mL of sterile normal saline. The homogeneous suspension
was obtained after vortexing the sample for one minute, and was then diluted by sterile
phosphate-buffered saline and plated on blood agar and Mitis Salivarius agar (MSA)
(Himedia, Mumbai, India), which was supplemented with 1% potassium tellurite solution.
The plates were incubated anaerobically at 37 ◦C for 48 h. After incubation, the colonies
were morphologically checked and biochemically tested. Granular colonies with a frosted
glass appearance exhibited either an alpha or gamma hemolysis pattern on blood agar, and
hydrolyses aesculin was identified as Streptococcus mutans.

2.8. Preparation of Bacterial Suspensions

A single colony of Streptococcus mutans was inoculated in a brain–heart infusion broth
(BHIB) in the screw-capped tube and incubated for 24 h. at 37 ◦C. Then, a concentration
of 1.5 × 108 CFU/mL was prepared. Once the bacteria were prepared, the samples were
placed in each of the bacteriological cups. Each cup was filled with 15 mL BHI Brain Heart
Infusion. Afterward, the samples (control, coated, and impregnated) were placed in the
cups separately (n = 10). All cups were incubated for 24 h at 37 ◦C under aerobic conditions.
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After incubation, the samples were moved to new sterile cups filled with 15 mL fresh BHIB.
Then, the biofilm was allowed to be grown for 24 h at 37 ◦C under aerobic conditions. At
the end of the experiment, the samples were gently removed from the cups and rinsed by
dipping them into the PBS solution 3 times for approximately 75 s in order to remove the
unattached cells. To check whether a biofilm developed on the surface of the samples, the
specimens were tested by adherence assay test and turbidity test.

2.9. Assessment of Mg Release

In the actual experiment, after 24 h bacterial exposure to the test groups, 0.4 mL of
BHIB was collected and acidified with 20 µL of 70% nitric acid, and the Mg+2 content of the
aliquot was measured via inductively coupled plasma mass spectrometry ICP-MS (ICP-MS,
X Series 2, Thermo Scientific, Hemel Hempstead, UK) against matrix-matched standards.

2.10. Adherence (Trubidity) Test

Adherence assay tests were used to investigate whether Streptococcus mutans had
grown on the surface of the tested samples. The samples were removed from the plates
and rinsed with PBS solution 3 times for approximately 75 s to remove the unattached cells.
Then, for fixing the attached cells, specimens were treated with 100% ethanol for 3 s and left
to dry in sterile plates. Specimens were stained using sterilized Methylene Blue stain (0.1%)
for 1 min and, subsequently, were evaluated under the microscope (Olympus Microscope
SZ-1145 CHI with transmitted light magnification 40×).

For turbidity assessment, spectrophotometry was used to obtain relative estimates of
cell density. Since cells are turbid, less light will pass through the cuvette as the cell density
increases. To estimate cell density after incubation, the specimens were gently removed
from the cups and rinsed by dipping them into the PBS solution 3 times for approximately
75 s, then each sample was re-suspended in 2 mL of PBS and vortex shaken for 2 min at
maximum speed to release cells from the samples. After that, the sample was removed
and cells in the obtained solution were sonicated for 3 min to destroy cell aggregates, then
the suspended biofilms were placed in 96-well plates and the absorbance was measured at
490 wavelengths. A turbidity test was conducted for both the suspended bacteria in BHIB
and the attached (adhered) bacteria on the surface.

2.11. Statistical Analysis

Dara are mean ± S.E.M and were analyzed using Statgraphics, version 16. Standard
skewness and standard kurtosis were used to determine whether the data were normally
distributed. One-way ANOVA and Tukey’s test were used to locate significant differences
between the variables using a 95% confidence limit. p values < 0.05 were considered
statistically significant.

3. Results

The results showed that the nanoparticles were successfully applied on the substrate,
which increased surface roughness of both coated and impregnated specimens but de-
creased the modulus elasticity while impregnated into the substrate. Moreover, there was a
reasonable release of Mg to the external media. Regarding the antibacterial activity, both
treatment groups showed significantly higher antibacterial activity compared to the control.
Coated specimens were even more antibacterial than impregnated ones.

3.1. Specimen Characterization Using Scanning Electron Microscope (SEM)

The scanning electron microscope was used to determine the presence and homoge-
nous distribution of the MgO NPs within the flexible denture material for all the tested
groups. The specimens were examined at zooming levels 600×, 20 KV. The SEM images
of the control group showed a clear surface without any particles (Figure 1A). However,
SEM images of coated samples showed the distribution of nanoparticles on the surface of
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flexible denture samples (Figure 1B). Moreover, the impregnated samples also showed the
presence of nanoparticles on the surface, as shown in (Figure 1C).
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Figure 1. SEM Image of: (A) control flexible denture sample at 600× level. (B) Flexible denture
sample coated with 5% MgO NPs at 600× level. (C) Flexible denture sample impregnated with 5%
MgO NPs at 600× level.

3.2. Surface Roughness Values

According to the ANOVA results for the surface roughness values, there were sig-
nificant differences among the groups (p < 0.05). The control group showed the lowest
roughness value, while the impregnated and coated groups showed the highest roughness
values. The surface roughness of the control was significantly lower than the modified
samples (Table 1).

Table 1. Surface roughness (Ra) values of the specimens.

Groups Surface Roughness, Ra (µm)

Control 0.31 ± 0.03 A

Coated 0.89 ± 0.04 B

Impregnated 0.72 ± 0.05 B

Data are mean ± S.E.M. Different letters indicate significant differences between the groups (n = 7). One-way
ANOVA (p ≤ 0.05).

3.3. Modulus of Elasticity Values

The data revealed significant differences between coated and impregnated specimens
(p ≤ 0.001). However, there were no statistically significant differences between the control
and coated samples (Figure 2).
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3.4. Assessment of Mg Release to the BHIB

Results showed that the Mg content of the external media was significantly higher
in coated specimens compared to the impregnated specimens, measuring 0.6 ± 0.02 and
0.2 ± 0.03, respectively. Mg content in the control was below the detection limit (Figure 3) .
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Figure 3. Magnesium concentration in the BHIB after 24 h. Data are mean ± S.E.M. Different letters
indicate significant differences between the groups. One-way ANOVA (p ≤ 0.05).

3.5. Microscopic Examination of the Microbes on the Specimens

Microscopic growth of Streptococcus mutans was detected on all tested samples.
Figure 4A shows that the cells (Streptococcus mutans) were well adhered to the surface
of the control specimen. Cell confluence was increased in the control compared to coated
and impregnated specimens. However, less growth was observed microscopically on
coated and impregnated samples when compared with the control group. Nevertheless,
less growth was seen on the coated samples when compared to impregnated samples, as
shown in (Figure 4B,C).
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Figure 4. Microscopic images of Streptococcus mutans grown on flexible denture material. (A) Strepto-
coccus mutans grown on control sample, (B) Streptococcus mutans grown on coated samples with 5%
MgO NPs, (C) Streptococcus mutans grown impregnated sample with 5% MgO NPs. Note that the
coated sample shows less bacterial coverage compared to others. The grey color means microbial-free
surface (specimen surface). Olympus microscope SZ-1145 CHI with transmitted light magnification
40× was used (n = 3) scale bar = 10 µm.

3.6. Assessment of Antibacterial and Antibiofilm Activity

The turbidity values of the BHIB (suspension) in control, coated, and impregnated
groups were 1.8 ± 0.2, 0.2 ± 0.06, and 1 ± 0.07, respectively, and the coated group showed
significantly less turbidity compared to the control (one-way ANOVA, p = 0.001), (Table 2).
Regarding the turbidity in the biofilms, the turbidity of the control, coated, and impregnated
samples was (0.55 ± 0.06), (0.1 ± 0.04), and (0.2 ± 0.02), respectively (Table 3). This indicates
that there was more bacterial growth in the control compared to the coated and impregnated
specimens. Moreover, bacterial growth on impregnated specimens was significantly more
than on the coated specimens.

Table 2. Assessment of antibacterial properties of the coated/impregnated MgONP against Strepto-
coccus mutans in suspension.

Groups Absorbance at 595 nm

Control 1.8 ± 0.2 a

Impregnated 1 ± 0.07 b

Coated 0.2 ± 0.03 c

Data are mean ± S.E.M (n = 10). Different letters indicate statistical difference from each other. One-way ANOVA
p ≤ 0.05.

Table 3. Assessment of antibiofilm activity of coated/impregnated MgO-NPs against Streptococcus
mutans.

Groups Absorbance at 595 nm

Control 0.55 ± 0.03 a

Impregnated 0.26 ± 0.01 b

Coated 0.14 ± 0.01 c

Data are mean ± S.E.M (n = 10). Different letters indicate statistical difference form each other. One-way ANOVA
p ≤ 0.05.
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4. Discussion
4.1. Coating Characterization and Mechanical Investigation

The presence and homogenous distribution of the MgO NPs were confirmed for both
coated and impregnated samples with the use of a scanning electron microscope. The
SEM images of coated samples showed even distribution of nanoparticles on the surface,
and also formed small aggregations of nanoparticles, as shown in (Figure 1). Studies have
demonstrated that the smallest metal oxide nanoparticles dissolve more readily, which
creates a good distribution and explains the homogenous distribution of nanoparticles, as
in this study, in which a small size nanoparticle (20 nm) was used for testing antimicrobial
activity [18]. Furthermore, it was found that the metal oxide nanoparticles will aggre-
gate, and it is a sensitive process [19]. The quantity of nanoparticles added to materials
affects their aggregation, as the aggregation reaches the minimum in the case of moder-
ate polymer–filler interaction, which will result in a good dispersion. However, adding
more will increase the aggregation of the nanoparticles. Furthermore, this study showed
that the coated samples showed more aggregation of nanoparticles than the impregnated
samples (Figure 1B,C), and this result was expected, as [20] stated that small size and
large surface area can lead to particle-particle aggregation, making physical handling of
nanoparticles difficult in liquid and dry forms. Nevertheless, in the impregnated samples,
it was shown that traditionally, the dispersion of particles in polymeric materials is difficult
and frequently results in agglomeration, and this aggregation may be due to the attraction
forces between the nanoparticles themselves and between molecules of the polymers [21].
In addition, it may be due to the high adsorption surface energies associated with these
nanofillers, resulting in a strong tendency to form agglomerates and aggregates. Regarding
the modulus elasticity, coated samples showed significantly higher elasticity compared to
the impregnated ones. This finding is supported by another study which found that Mg
nanoparticles agglomerate after impregnation in silicone specimens and, hence, negatively
affect the elasticity [22].

4.2. Antimicrobial Activity

This study showed that the growth of Streptococcus mutans on the samples was con-
firmed microscopically, and it was well-adhered to the surface of samples, indicating easy
adherence of microbes to the flexible denture samples surface after incubation. Like any
other medical device, when flexible denture material is introduced into the body, it will
be susceptible to biofilm formation since it is in contact with the mucosa in the oral cavity.
The explanation of microbes’ adherence to the surface of samples is due to many factors,
such as the high surface hydrophobicity of samples, which interacts strongly with macro-
molecules and adsorbs considerable quantities of protein from the surrounding biological
environment [23]. The protein-coated biomaterial can accelerate the initial attachment of
microorganisms resulting in a formation of a biofilm layer on the surface [24–26]. Regarding
the Mg release to the BHIB, it was found that around 0.5 ppm of Mg was released from
the coated and impregnated specimens. A similar finding was observed in another study,
which measured 0.3 ppm of silver release from silver-coated titanium dental implant disks
to the BHIB. This cause of metal ion release to the biological media in the presence of
organic molecules that accelerates the metal ion release [27].

In this study, both coated and impregnated specimens showed less bacterial adhesion
compared to the control samples, indicating that when samples were modified with MgO
NPs, they acted as an antimicrobial against Streptococcus mutans. This finding is supported
by another study, which found that MgO nanoparticles incorporated into glass ionomer
cement exhibited significantly more antibacterial activity against Streptococcus mutans [28].
This could be explained by a number of mechanisms, such as the release of reactive
oxygen species (ROS), which is proposed to be the dominant mechanism. Furthermore,
ion release from the nanoparticles can cause bacterial death through binding to the cell
membrane [29,30]. Additionally, it has been stated that the increase of the surface area
of MgO particles leads to more effective destruction of the cell wall of the bacteria [31],
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as a larger surface area releases more ions. It was found that the electrostatic interaction
between the bacterial surface and MgO nanoparticles causes cell death [32].

Moreover, MgO-NPs could take up halogen gases due to the defective nature of
their surface and their positive charge, resulting in a strong interaction with bacteria.
Furthermore, ref. [33] also stated that the MgO-NPs were adsorbed and dispersed on the
bacterial cell walls, leading to the destruction or disintegration of the cell walls, and then
they penetrated the bacterial cells, leading to leakage of the intracellular contents, which
eventually resulted in cell death. Furthermore, it was demonstrated that the antimicrobial
activity of MgO-NPs can be due to the alkaline effect and the discharge of Mg2+ upon the
entrance of microbial cells [34].

Another explanation for the antimicrobial effect of the MgO NPs is their small size. It
was stated that MgO-NPs, due to their extremely small size, allow many particles to cover
the bacteria cells to a high extent and bring halogen in an active form in high concentration
in proximity to the cell [16]. Studies also showed that the size of nanoparticles is very
effective and plays an important role in antimicrobial effect, and the smaller the size, the
more antimicrobial effect it shows [35]. The antibacterial property of MgO-NPs increases
as the particle size decreases. Thus, the antimicrobial effect of MgO-NPs in this study
could be explained by the fact that small-size nanoparticles (20 nm) were able to penetrate
and damage bacteria cells. A similar study demonstrated that small MgO nanoparticles
had an efficient antibacterial activity against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus), and they confirmed that when the small size of MgO nano-particles
was used, better antibacterial activity would be observed toward E. coli and S. aureus. In
addition, nanoparticles were observed in the cytoplasm of bacteria and suggested that these
nanoparticles penetrated the cell wall and re-formed from individual MgO nano-particles,
indicating a clear size effect on antibacterial activity [36].

It was clarified that the antimicrobial effect could be due to the high surface area of
nanoparticles. Once the size of MgO NPs decreases, the surface area increases [37]. Thus,
the increase in surface area determines the potential number of reactive groups on the
particle surface, which are expected to show high antibacterial activity. It was also found
that when the particle size of MgO is under 15 nm, the surface energy increases, leading
to an increase in the aggregation effect [38]. Once a larger particle size is formed due to
aggregation, the interaction with bacteria will be inhibited and the bactericidal efficiency
becomes lower [39]. In addition to the particle size-dependent antibacterial effect of MgO
nanoparticles, the dosage-dependent antibacterial activity of MgO-NPs was also confirmed.
For instance, a study demonstrated the antibacterial effect of MgO nanoparticles against E.
coli with a dosage of 7.5 µg/mL–17.5 µg/mL and confirmed that these doses can be used in
medical applications [40]. Additionally, it was verified that 3 mg/mL MgO nanoparticles
would be enough to kill all bacterial cells of Escherichia coli and Salmonella [41]. Thus, in
this study, 5% MgO NPs were used and showed an antibacterial effect against Streptococcus
mutans, and this dosage for both groups (coated and impregnated) was enough to cause
loss of bacterial attachment to the surface of the samples.

This study also confirmed that when the samples were coated, more bacterial de-
attachment was observed compared to impregnated samples with the same dosage of
MgO nanoparticles. A study showed that the rationale behind adding nanoparticles to the
samples is to inhibit or retard the growth of microorganisms, and the SEM images showed
that most agglomeration occurred on the surface compared to on the core surface [42].
The significantly higher antibacterial activity of the coated compared to the impregnated
specimens could be explained by the fact that coated samples release more ions than
impregnated ones and also because of the higher direct contact between the nanoparticles
and the microbes.

5. Conclusions

The coating/impregnation process was successful and caused a significant increase
in the surface roughness. Within the limitations of this study, it was concluded that the
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addition of 5% MgO NPs can prevent the attachment of Streptococcus mutans to a flexible
denture prosthesis. In clinical situations, bacterial and fungal infections occur at lower
doses, suggesting that the current dosage would be very effective indeed, and perhaps a
lower concentration of MgO NPs could be used also. Furthermore, this study confirmed
that the antibacterial effect of the MgO NPs as a coating was higher than impregnated
flexible denture materials.
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