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Purpose: Antibacterial and antibiofilm properties of magnesium oxide nanoparticles (MgONPs) mixture assessed against
Streptococcus mutans (S. mutans), in addition to examining MgONPs varnish impact on the preservation of the tooth color and
inhibition of methylene blue diffusion to the enamel.

Methods: MgONPs mixture was prepared in deionized water (DW), absolute ethanol (E), and rosin with ethanol (RE), named
varnish. The antibacterial and antibiofilm capacities of MgONPs mixtures were tested by agar well diffusion, colony-forming unit
(CFU), and biofilm inhibition microtiter methods in triplicate and compared to sodium fluoride varnish (NaF) and chlorhexidine
mouthwash (ChX). A spectrophotometer was used to record basic tooth color. The artificial demineralization was initiated for 96
h. Then, experimental materials were applied to the corresponding group, and 10-day pH cycles proceeded. Then, the color was
recorded in the same ambient environment. The methylene blue diffusion was evaluated by staining the samples for 24 h. After that,
the diffusion test was calculated by a digital camera attached to the stereomicroscope.

Results: The agar well diffusion test expressed a significant inhibition zone with all MgONPs mixtures (p = 0.000), and maximum
inhibition zone diameter associated with MgONPs-RE. The same finding was observed in the CFU test. Additionally, 2.5%, 5%, and
10% MgONPs-RE varnish showed strong biofilm inhibition capacity (p = 0.039) compared to NaF and ChX groups that inhibit biofilm
formation moderately (p = 0.003). The study shows that the 5% MgONPs-RE varnish maintains basic tooth color with minimal
methylene blue diffusion compared to NaF varnish (p = 0.00).

Conclusion: Evaluating MgONPs as a mixture revealed antibacterial and antibiofilm capacity against S. mutans with a higher effect
of MgONPs-RE varnish. Also, examining the topical effect of MgONPs-RE varnish on the preservation of the tooth color after pH
cycle challenges and methylene blue diffusion to enamel confirmed the high performance of MgONPs-RE varnish at 5%.
Keywords: fluoride, chlorhexidine, methylene blue, rosin, biofilms, dental enamel

Introduction

S. mutans is classified as a member of the oral microbial community that efficiently uses dietary sucrose to synthesize
major contributors of extracellular polysaccharide matrix in dental biofilms."” Studies indicate that S. mutans isolates,
which colonize the human oral cavity, are more capable of forming biofilms than isolates of other Streptococcus species.’
Compared to other planktonic microorganisms, those form biofilms have a low pH survival capacity.* Additionally,
S. mutans facilitates the attachment and survival of acidogenic and aciduric species by developing a rich extracellular
polysaccharide and a low-pH environment to act synergistically to form dental caries.’

The first step of dental caries starts with demineralizing the exposed tooth surface, mostly enamel.® Despite enamel’s
chemical and mechanical importance, it provides a natural, harmonious color to the teeth. According to some, one of
a person’s most crucial interactive communication talents is having an attractive smile,” which is achieved by an
acceptable dental arrangement that complements their lips, gingiva, and faces with the understanding of the reality of
light and tooth color.®’
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The consequences of the demineralization lead to the initiation of white color lesions. According to definitions,
a white spot lesion is subsurface enamel micro spaces from decay demineralization that manifests as a milky white
porosity when distributed on smooth surfaces.® The demineralized enamel showed different opacities than the normal
enamel because of light reflection between air, water, and enamel. The light reflection index of enamel is 1.62. A watery
substance with a 1.33 reflection index fills the holes of the subsurface lesion. Water and enamel have different refractive
indices, causing an opaque lesion appearance.'® Drying surfaces replace water with air, which has a refractive index of 1
and lowers the transmission coefficient of enamel from 0.483 to 0.313 mm-1 at 525 nm wavelength of the light source,
resulting in a larger refractive index and transmission coefficient difference between enamel and air.'' The outcome
lesion is more noticeable, and an early lesion might be found.'®

The familiar antimicrobial product that is applied in dentistry is ChX. Discriminatory ChX obstructs the gram-
positive bacterial activity, including S. mutans.'> However, the antibacterial effect of the ChX product does not
strengthen the tooth surface by remineralization as it is composed of identical bis-biguanide components of two
chloroguani joined by a central hexamethylene chain'® and free from minerals. Many attempts have been applied to
reinforce the enamel lesion by remineralizing minerals, first starting with fluoride,'* and the reprecipitation of the mineral
lost with dental products containing fluoride is limited to the outermost layer without subsurface remineralization.'>"'¢

Therefore, a dental product with tooth protection capacity is always a critical subject for investigation. Nonetheless,
there is controversy regarding fluoride’s antibacterial properties, as it was shown to have a role in decreasing the
glycolytic activities of S. mutans. Still, their role in clinical application is unclear.'”'®

The dramatic effects of nanomaterials for biomedical and clinical applications have been thoroughly studied during
the last few decades.'”?® Because of their novel and improved surface-to-volume ratio, distinctive mechanical and
chemical properties, and higher cell bioavailability, many nanomaterials are used in medicine, pharmacology, dental

supplies, and others. Magnesium’s (Mg) biocompatibility and physiological dissolving properties attract researchers to
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employ magnesium derivative as a biomaterial for medical uses,*'*?

with safety declaration of Mg by the United States
Food and Drug Administration.”?
In addition, the researchers were inspired to examine the antibacterial effects of MgONPs against various bacterial

24726 with the investigation that approves the protection capacity of enamel by MgONPs application.”” However,

isolates
the lack of studies on the antibacterial and antibiofilm properties of MgONPs and their ability to protect the enamel color
encourages the development of this study. Despite the justification for testing MgONPs, significant results were necessary
to reject or accept the null hypothesis about the ineffectiveness of MgONPs. The present study analyzed the bacterial and
biofilm inhibition impact of MgONPs in different mixtures and concentrations against most cariogenic bacteria
(S. mutans) and compared them to commercially available ChX mouthwash and NaF varnish. Also, MgONPs’ capacity
to preserve tooth color and strengthen enamel surface to inhibit methylene blue diffusion as an external stain was

evaluated after initiation of artificial enamel lesion and pH cycling challenge.

Materials and Methods

Materials

MgONPs (MgO, 99.9%, 10-30 nm, SkySpring Nanomaterials, Houston, USA), absolute ethanol (CASNo: 64-17-5,
Scharlab, Sentmenat, Spain), fully hydrogenated rosin (Foral AX-E, Code: P75041E1, Eastman Chemical Middelburg
BV, Netherland), deionized water (Ref: M1975-500G, TS-ISO 3696, Macit and Macit, Turkey), Tryptone Yeast Extract
Cystine Bacitracin (TYCSB) agar (Ref: M1975-500G, Himedia, Mumbai, India), Brain Heart Infusion (BHI) broth (Ref:
610008, Liofilchem, Roseto d. Abruzzi (TE), Italy), Brain Heart Infusion (BHI) agar (Ref: 610007, Liofilchem, Roseto
d. Abruzzi (TE), Italy), Mueller Hinton (MH) agar (Ref: M173-500G, Himedia, Mumbai, India), 5% sodium fluoride
varnish (NPN: 80022817, AMD Medicom, Canada, USA), chlorhexidine DG fluoride 0.12% mouth wash (KIN,
Barcelona, Spain) and Polystyrene flat clear base cell Culture plate (Sorfa life science research) and Crystal violet
(CAS: 548-62-9, Sas Biochem chemopharma, Cosne Sur Loire, France), potassium hydroxide (KOH) pellets (CAS No:
1310-58-3, Biochem chemopharma, France), calcium chloride anhydrous fused (CaCl,) (CAS No: 10043-52-4, Biochem
chemopharma, France), potassium dihydrogen ortho phosphate anhydrous analytical reagent (KH,PO,4) (CAS No: 7778—
77-0, Biochem chemopharma, France), potassium chloride (KCl) (CAS No: 7447-40-7, Biochem chemopharma,
France), acetic acid glacial analytical reagent (CAS No: 64-19-7, Biochem chemopharma, France), 2-(4-(2-hydro-
xyethyl)-1-piperazinyl) ethane sulfonic acid (HEPES) buffer (CAS No: 7365-45-9, Biochem chemopharma, France),
methylene blue (Sinopharm chemical reagent, China).

Methods

Study Design

The study groups were demonstrated in two parts, the first part evaluated the antibacterial and antibiofilm effects of
MgONPs as shown in Figure 1, and the second part related to the tooth color preservation capacity of MgONPs.

MgONPs Characterization

MgONPs were analyzed by X-ray diffraction (XRD) applying PAN analytical X’Pert PRO at 45 kV with a current of 40
mA (CuKa=1.5406 A ). The inspecting rate was 1°/min in the 20 range from 5° to 75. MgONPs’ morphology was
examined by scanning electron microscope (SEM, Quanta 450), and the chemical composition of MgONPs was analyzed
by energy-dispersive X-ray spectroscopy (EDX) performed in SEM.

Experimental MgONPs Mixture Preparation

MgONPs were prepared with DW, absolute ethanol, and rosin in different concentrations, as illustrated in Table 1.
Testing different solutions and concentrations was to demonstrate the MgONPs impact as a single formula and in
combination with other materials to symbiotic its effect on the S. mutans. Ethanol was used as an apportioning liquid
with MgONPs due to ethanol usage as the main dispenser in commercial and experimental varnish produced by other
researchers.”* ° For 10 minutes, the MgONPs mixture was blended with an ultrasonic homogenizer (Ti horn, 20 kHz at
65% efficiency, Bandelin electronic, 12,207 Berlin, Germany). The agglomeration of the MgONPs mixture was
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Figure | Study design and groups related to the antibacterial and antibiofilm capacity of MgONPs.

diminished for the statistically approved duration determined by the Pradhan et al study.’’ The 10% MgONPs produce
difficulty in pipetting and manipulation because of agglomeration, especially in DW; the examination of 10% MgONPs-
DW was not included in the study.

Microorganism

S. mutans Activation

S. mutans activation was obtained from a glycerol-cultured store of isolated S. mutans with National Library of Medicine
web BLAST and an accession number (0Q656871) from GenBank of another study.?’

Antibacterial Efficacy of MgONPs Mixture Against S. mutans Tests
Agar Well Diffusion

The agar well diffusion method, a modification of the Kirby—Bauer method, was used to determine the inhibition zone of
the experimental mixtures and varnish against S. mutans.*>** The stock solution of S. mutans was prepared by obtaining
a colony from freshly cultured S. mutans and adjusted on 0.5 McFarland using normal saline 0.9%. A sterile 100 uL
pipette tip was used to gently punch the newly prepared Mueller Hinton (MH) agar plates without tearing the agar
surface. Following labeling the plates, the agar was smeared with swab after being immersed in the stock solution of
the experimental bacteria in the biosafety cabinet, one swab being used for each plate. The MH agar plate was punched

once or twice to control misreading between different inhibition zones and incorrect recording. Then, 40 pL of the
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Table | Experimental Mixture and Varnish Composition

Mixture and Varnish Concentration Component
Fluoride | Nanoparticle | Hydrogenated Ethanol DW
(@) () Resin (g) (mL) (mL)
MgONPs-DW | MgONPs in deionized 5% - 5 - - 95
water
2.5% - 25 - - 97.5
1.25% - 1.25 - 98.75
MgONPs-E MgONPs in ethanol 10% - 10 - 90
5% - 5 - 95
2.5% - 25 - 97.5
1.25% - 1.25 - 98.75
MgONPs-RE MgONPs with rosin in 10% - 10 10 80
ethanol
5% - 5 10 85
2.5% - 25 10 87.5
1.25% - 1.25 10 88.75
NaF varnish Sodium fluoride 5% 1-10 - 50-70 10-30
(Duraflor)*

corresponding MgONPs mixture with five wells for each concentration was dispensed by pipette into the predetermined
wells. Also, NaF varnish and 0.12% ChX were used alongside the experimental groups as a control.

Moreover, the commercially available 5% NaF varnish was diluted with absolute ethanol in a 1:1 ratio to decrease the
viscosity of the varnish and facilitate its manipulation with a 2.5% concentration. Then, the inoculated plates with the
holding mixture and the varnish in the wells were incubated for 24 h in 5% CO, at 37 °C. The inhibition zone mean was
measured in millimeters along the three imaginary lines passing through the middle of each well. Consequently, the
recorded data were used to compare the means and + Std (Standard deviation) of MgONPs mixture impact on S. mutans
growth.

Colony-Forming Unit (CFU)

Broth microdilution methods were applied with double-fold dilution and a few modifications.>> A solution of 0.5
McFarland of S. mutans was prepared and diluted 100-fold (1:100) in the BHI broth to acquire (1x10° CFU/mL).
Then, 96 wells of sterile polystyrene with a clear, flat base were prepared by distributing 100 pL of the adjusted BHI
broth with S. mutans over each well. This was followed by the use of 100 pL of each concentration to the corresponding
well, starting from MgONPs-DW from 5% to 0.039%, including 8 concentrations to evaluate the concentration’s effect of
the MgONPs on the S. mutans, MgONPs-E from 10% to 1.25%, MgONPs varnish from 10% to 1.25%, 2.5% NaF
varnish, 0.12% ChX, positive and negative control showed in Figure 2. Each concentration was prepared separately and
transferred to the corresponding well as a consequence of two-fold dilutions. After mixing the broth and the solution by
pipetting 3 times into the well, they were placed in the incubator for 24 h in 5% CO, at 37 °C.***® Because of the high
turbidity of the MgONPs in each well, the optical density (OD) could not be obtained accurately; therefore, CFU was
applied to evaluate the S. mutans growth.

The bactericidal concentration was evaluated by colony counting through dilution of the incubated microdiluted plate
of the previous plate in 1:100 fold in the normal saline 0.9% and inoculation of 100 uL of the same dilution on the
freshly prepared BHI agar.’” Subsequently, the inoculum was spread over the agar using sterile glass L-shaped spreaders,
as presented in Figure 2. The inoculated BHI plates were placed in the incubator for 48 h in 5% CO, at 37 °C. Triple BHI

Nanotechnology, Science and Applications 2024:17 https: 131

Dove!


https://www.dovepress.com
https://www.dovepress.com

Hamalaw et al Dove

mCE

MgONPs-DW  MgONPs-E MgONPs-RE NaF Chlorhexidine

NV X

Different concentrations prepared

—

Pipetting 100 pl of adjusted BHI to each
te prepared for 24 h incubation Dilution of the test plate 1:100 fold

well and adding 100 ul of the
corresponding mixture
l 5%
-~
-
/

- -

Dispensing 100ul of the
corresponding well on BHI agar

Adjusted
BHI broth

with S.
mutans

2
B

After 48 h incubation, counting the Spreading inoculum by L shape
colony formed unit (CFU) spreader on the BHI agar

Figure 2 Diagram showing colony-forming unit test (CFU) steps.

agar plates were inoculated for each concentration to calculate the value of the colony counted in this assay. A colony
count between 30 and 300 was considered an inhibitory concentration. Less than 30 was considered bactericidal, and

over 300 was considered uncountable.*®

Biofilm Inhibitory Capacity by Microtiter

With minor modifications, a 96-well polystyrene microtiter flat and clear plate was used to analyze the anti-biofilm
impact of the MgONPs mixture as applied by Mohanta et al.** The S. mutans stock solution was adjusted in 0.5
McFarland in BHI broth. Into each well of the plates was poured 180 uL of BHI broth and 10 uL of the S. mutans stock
solution. Then, 10 uL of each of the separately prepared two-fold concentrations, MgONPs-DW from 5% to 0.0039%,
MgONPs-E from 10% to 1.25%, MgONPs-RE from 10% to 1.25%, 2.5% NaF varnish, 0.12% ChX, positive and
negative control, were dispensed into the corresponding wells of 4 wells for control and 5 wells for experimental groups.
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The mixture was pipetted 3 times to ensure proper mixing. Another 96-well plate without bacteria was prepared using the
same method to adjust the OD of the mixture. The plates were placed in the incubator for 48 h in 5% CO, at 37 °C. The
assessed time for biofilm formation by the Streptococcus group of bacteria was estimated to be from 12 h to 120 h.*
Following incubation, the microtiter plate well contents were disposed of, and the wells were gently cleaned with
phosphate-buffered saline (PBS, pH 7.2) to eliminate non-adherent bacterial cells. The microtiter plates’ wells were then
air-dried for 45 min. Following drying, adhering “sessile” bacteria in the wells were fixed with sodium acetate at
a concentration of 2% w/v. The wells were stained with crystal violet dye of 0.1% w/v and left in a dark, isolated place
for 30 min. The extra color was then properly removed by washing the wells with sterile DW. After each well had dried
completely, 200 pL of 99% ethanol was added, and the OD at 630 Hz was measured by a microplate reader (BioTek
Instrument, Inc., Highland Park, Winooski, VT 05404—-0998, USA). The classification of the biofilm inhibition capacity
was based on other research®' with modifications expressed in Table 2. All concentrations were calculated with this
formula:

ODg30 of biofilm inhibition capacity per well = (ODg3o of tested concentration/ODgs3o of the blank of same
concentration).

Tooth Color Preservation Test

This test was performed to evaluate the MgONPs-RE varnish in 4 concentrations, which were 1.25%, 2.5%, 5%, and
10% and comparing 8 groups, including (1.25%, 2.5%, 5%, 10%) MgONPs-RE varnish and 5% NaF varnish, non-
protected enamel, demineralized enamel, and sound enamel group with randomly placing 10 samples per each group. The
non-protected enamel group underwent both artificial demineralization and 10-day pH cycles, while the demineralized
group was only subjected to artificial dimerization for 96 h, as shown in Figure 3.

Tooth Sample Preparation

The first upper bicuspid teeth extracted for orthodontic treatment were cleaned from debris and blood and then
stored in deionized water, which was replaced every week until required. A slow-moving handpiece was used to
polish the teeth (Geared angle handpiece, Foshan COXO Medical Instrument, China, model-CX235C1) with
rubber polishing cups (TPC, INC 851 S. Lawson ST, CA 91748, USA) and pumice (30-micron, PD,
Switzerland) to eliminate stains and biological debris from the tooth’s surface. Every tooth was inspected under
a stereomicroscope to rule out teeth with demineralization, cracks, and dental caries. Each tooth root was dissected
with a cutting disk using a slow-moving micromotor, and then the tooth was separated mesiodistally. With
transparent cold cure acrylic, the enamel portion was secured to a 20 mL fecal specimen container spatula to

Table 2 Optical Density of 630 Used to
Classify the Film Inhibitory Impact of the
MgONPs Mixture and Varnish

OD value Biofilm Inhibition Capacity
ODg30* < | Strong biofilm inhibitor

| < ODg30 £ 3 | Moderate biofilm inhibitor

3 < ODg39 Weak biofilm inhibitor

Note: *ODg3o expressing Median Optical Density of 630 of
biofilm inhibition capacity of each group.

Abbreviations: MgONPs, magnesium oxide nanoparticles;
S. mutans, Streptococcus mutans; NaF, sodium fluoride; SEM,
scanning electron microscopy; EDX, energy dispersive X-ray
spectroscopy; XRD, X-ray diffraction; PBS, phosphate buffer
saline; BHI, brain heart infusion agar; MH, Muller Hinton
agar; MgONPs-DW, magnesium oxide nanoparticles in deio-
nized water; MgONPs-E, magnesium oxide nanoparticles in
absolute ethanol; MgONPs-RE, magnesium nanoparticles in
absolute ethanol with rosin named varnish; ChX, chlorhex-
idine; CFU, colony-forming unit; pH, potential of hydrogen.
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Figure 3 Study design and groups included to evaluate tooth color preservation capacity of MgONPs.

mould teeth sections of the same size. The same container was prepared in a way that is compatible with the tip of
the portable spectrophotometer by using silicon impression material with the negative impression of the spatula
holding the tooth section. The reference point of the spatula in the container held all samples in the same reference
position during the test, as expressed in Figure 4. After that, each sample was detached from the spatula and used
for the test.

Tooth Color Measurement

The color of the tooth section was measured before and after the application of the treatments by a portable spectro-
photometer specialized for tooth color recording (Tooth color comparator, Aries Outlets, BOSPHPBHQS). The tooth color
measurement in this study reflects the measurement of three variables: value, hue, and chroma. The value measures the
brightness or darkness of the tooth color assessed independently of the hue. Hue indicates the predominant color of the
teeth. Chroma is the characteristic that defines the degree of purity of the hue.** The comparator was set at a single spot
measurement with a Vita classical shad guide coded with (V 29). Before the measurements, the spectrophotometer was
calibrated using a manufacturer-standards calibrator and instructions. Evaluating tooth color by a spectrophotometer is
considered a reliable and more reproducible method than visual observation of the color.*® The color was recorded in the
same environment in the prepared box to eliminate external effects.**

Each sample was immersed in deionized water and then placed over the absorbent tissue directly before the
measurement of the color. The difference in the colors was obtained by recording the same sample’s color before and
after using the varnishes following the completion of the pH cycles for 10 days. For statistical evaluation, the letter
corresponding to the hue part of the color was coded as (M = 1, L =2, and R = 3), and the value and chroma part of the
color were already recorded in numbers that could be statistically calculated.

De-Remineralization Solution Preparation
In this study, demineralization solution was prepared by using the formula 2.2 mM CaCl,, 2.2 mM NaH,PO,, 0.05
M acetic acid, and KOH (1 M) to adjust pH to 4.4.** In the in vitro studies, various remineralization solutions were used
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Figure 4 Diagrammatic figure of a photograph illustrating steps of tooth color measurement and methylene blue diffusion test.

to have identical properties to natural saliva; however, selection of the remineralization solution that did not interfere
with the remineralization effect of the experimental solution had a reliable effect on the result. Therefore, the
remineralization solution prepared in this study did not depend on the solution containing fluoride. The ingredients of

the remineralization solution were 1.5 mM CaCl, x 2 H,0, 0.9 mM KH,PO,, 150 mM KCI, 20 mM HEPES. The
remineralization’s solution pH was adjusted to 7.0 using KOH.*®
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Artificial Demineralization

Each sample was retained in the 10 mL demineralization solution for 96 h in the incubator at 37%, with the solution
changed daily.***” After completion of the demineralization cycle, the samples were carried out from the solution and
prepared for the application of the experimental varnish.

Application of Experimental Varnish

Consequently, 10 pL of the corresponding varnish was painted to the enamel portions and dried for a minute. Then, the
teeth were exposed to ionic exchange for 4 h in 20 mL of DW.*® The last group, known as the “sound enamel group”,
comprised healthy teeth segments that were included without any protection or treatment to verify the accuracy of the
color measurement before and after the cycles.

Re-Demineralization Cycle Application

The samples were placed in the 10 mL remineralization solution for 20 h during the day and over the night in the
incubator at 37%. Later, a demineralization solution was used to complete the cycle by placing the sample separately in
the 10 mL test tube for 4 hours. The re-demineralization cycles were continued for 10 days. Between the application of
each solution, the samples were washed with 10 mL of deionized water to purity the tooth samples.

Methylene Blue Diffusion Test to Enamel
The histological examination of the tooth samples was evaluated with the benefit of Prabhakar’s research idea with the
modification.*” The same tooth samples used for the color measurement were immersed in 2% methylene blue dye
solution individually for 24 h at room temperature without agitation. After that, the samples were removed from the
solution and washed with tap water for one minute. The samples were dried at room temperature on the tissue paper
without touching the surface of the enamel and photographed by stereomicroscope. Then, the samples were sectioned
longitudinally from the occlusal to the cervical part into two sections with the diamond disc.

The sections were evaluated under a stereomicroscope to determine the dye penetration, as shown in Figure 4.

Penetration of the dye calibrated by the S. viewer program specialized with the microscope camera (Llutico, UHD-5M-
AAC, SN: 210831012, China) attached to a stereomicroscope (Optika, SN: 449994, Italy). Each section was measured for
the enamel thickness, and 4 different penetration depths of the dye were recorded to determine the representative mean of the
penetration per sample. The exposure target and time were set at 128, with 50% magnification and white balance setting for
each group. All images and measurements of the sections were obtained at a stereomicroscope magnification of 40.
Methylene diffusion depth per sample was calculated to unify the effect of diffusion of methylene dye as follows:

Methylene diffusion depth of sample = (mean methylene diffusion depth of sample x Enamel thickness of sample)/
mean enamel thickness of all samples.

Statistics

Normally distributed data were calculated by the analysis of variance (ANOVA) with the Tukey post hoc test (p < 0.05)
as in the agar well diffusion test. The Kruskal Wallis H (one-way ANOVA on ranks) test with paired multiple
comparisons measured the non-normally distributed data in the CFU and biofilm inhibition tests. Median and
Wilcoxon tests were applied for the paired data relating to the tooth color measurement. Mean and one-way ANOVA
tests were applied for the parametric data belonging to the methylene blue penetration. The data were presented in a table
and bar chart for each test using SPSS version 25.

Results

MgONPs Characterization

The MgONPs were in white powder form with fine particles. The XRD showed perfect identification of MgONPs
diffraction peaks by applying the data to Match (3.15 build 252) with the entry number (96-900-0506) in Figure SA. The
SEM showed clustering of the MgONPs in Figure 5B. The EDX revealed an atomic percentage of 51.909% of
magnesium (Mg) and 48.09% of oxygen (O) concentration in Figure 5C, representing highly pure MgONPs composition.
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Figure 5 Characterization tests of MgONPs (A) XRD, (B) SEM, (C) EDX..

Antibacterial Efficacy of MgONPs Mixture Against S. mutans Tests
Agar Well Diffusion

This assay revealed normal distribution. The inhibition zones of all groups express a clear inhibition zone with significant
results. The results obtained by ANOVA analysis were MgONPs-DW (F(4, 24) =286.077, p = 0.000), MgONPs-E (F(5,29) =
252.656, p = 0.000) and MgONPs-RE varnish (F(5,29) = 15.407, p = 0.000). The higher the amount of the MgONPs in all
groups, the larger the inhibition zone diameter. However, the results revealed that the synergistic effect of the 10%, 5%, and
2.5% MgONPs-RE varnish inhibition zone diameters were larger than that of ChX (control group) and around twice that of the
NaF varnish inhibition zone in Figure 6. The absolute ethanol alone inherited a shadow of less than 2 mm encircling the well.
At the same time, MgONPs-E illustrated higher inhibition of S. mutans growth but was lower than ChX and had a similar
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Figure 6 Well diffusion test on MH agar plates showing inhibition zone on 8 mm plates for A and B, |5 mm plates of C and D inoculated with S. mutans with (A) MgONPs-
RE varnish in concentrations (10%, 5%, 2.5% and 1.25%), (B) NaF varnish and Chlorhexidine (ChX), (C) MgONPs-DW in concentrations (5%, 2.5%, and 1.25%), and (D)
MgONPs-E in concentrations (10%, 5%, 2.5% and 1.25%).

effect to NaF varnish. However, the MgONPs-DW exhibited a lower antibacterial effect than the ChX mouthwash, with the
highest inhibition at 5%.

Colony-Forming Unit (CFU)

The triplicate CFU testing of each mixture concentration indicated non-normally distributed values with significant
differences between MgONPs-DW and MgONPs-RE varnish. Decreased CFU of S. mutans growth was observed in
MgONPs-DW, similar to ChX in the 1.25% and decreased CFU with increasing concentrations, with H (8)=16.783, p =
0.032, while a slightly lower effect than in ChX was seen in the (0.625% to 0.078%). The 5% and 2.5% synergistic effect
of MgONPs-RE varnish revealed a significantly greater decrease in the CFU of S. mutans than the other groups, with
H (5)=11.683, p = 0.039. However, MgONPs-E exhibited a non-significant effect despite the comparable reduction in the
S. mutans growth, with p = 0.055. A CFU score lower than 30 was considered a bactericidal effect, and that was the case
for all MgONPs-RE varnish concentrations and the 5% of MgONPs-DW.
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Biofilm Inhibitory Capacity by Microtiter

The nonnormally distributed data were analyzed by the Kruskal-Wallis H-test, followed by pairwise comparisons, and
interpreted according to the weak, moderate, or strong biofilm inhibitory capacity classification. All MgONPs mixtures
significantly inhibited biofilm production by S. mutans. Interpretation of the values recorded by the MgONPs-DW groups
revealed that H(10)=29.284, p = 0.001, MgONPs-E groups H(7)=21.002, p = 0.004 and MgONPs-RE varnish groups H
(7)=21.269, p = 0.003. Consequently, 2.5%, 5%, and 10% MgONPs-RE varnish showed strong biofilm inhibition
capacity. Also, the NaF varnish and ChX groups showed moderate biofilm inhibitory capacity against S. mutans, as

shown in Figure 7.

Tooth Color Preservation Test

A Wilcoxon matched-pairs signed rank test was applied to determine the difference between the sound tooth’s color
components before using any procedure and after applying the experimental varnish and passing through the pH cycles.
The results of that analysis indicated a significant variation in the tooth color for each value z = —3.522; p = 0.000 and
hue z = —3.464; p = 0.001. Meanwhile, the color variation was not significant for the tooth’s chroma component.

In the end, the median differences between the experimental groups reveal that 1.25%, 2.5%, 5%, and 10% MgONPs
varnish maintains the tooth color near to its basic normal color in Figure 8. On the other hand, 5% NaF varnish had
a higher value, but the hue remains nearly the same as its basic tooth color. Non-protected enamel was a group that
expressed the largest value and chroma record after the pH cycle in contrast to the other experimental groups and
inhibited the darker color of the tested tooth.

Methylene Blue Diffusion Test to Enamel
A one-way ANOVA test was used to identify the effect of experimental varnish on preventing methylene blue diffusion
to the enamel. The test disclosed that there was a statically significant difference in the prevention of methylene blue
diffusion to enamel in the groups that were protected by 1.25%, 2.5%, 5%, and 10% MgONPs varnish and 5% NaF
varnish compared to non-protected enamel (F (7-32) = [106.428], p = 0.00) presented in Figure 9.

Post Hoc Tukey’s HSD test for multiple comparisons between groups expresses that the mean value of methylene
blue diffusion was significantly different between 1.25%, 2.5% MgONPs varnish, and 5% NaF varnish (p = 0.00, 95%
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Figure 7 Bar chart graph of MgONPs’ biofilm inhibition capacity by microtiter test on the S. mutans in the different concentrations and mixtures (MgONPs-DWV, MgONPs-E
and MgONPs-RE).
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Figure 9 Line chart showing mean of methylene blue diffusion to enamel calibrated by stereomicroscope with the digital camera.

CI=1[0.023, 0.126], p = 0.02, 95% CI =[0.004, 0.107]). Additionally, the lowest mean diffusion of the methylene blue of
5% MgONPs varnish compared to other MgONPs varnish concentrations and non-protected enamel groups (p = 0.00).

Despite the difference in means, 5% NaF varnish statistically was not different from 5% MgONPs varnish (p =
0.463), 10% MgONPs varnish (p = 0.248), and demineralized enamel (p = 0.967) in methylene blue diffusion depth.
Histologically, diffusion of the methylene blue to enamel was less than 150 pm in the 5% MgONPs, followed by
demineralized teeth and 5% NaF varnish in Figure 10C, G and E. The other groups of the MgONPs varnish, including
1.25%, 2.5%, and 10% in Figure 10A, B and D, showed decreasing in diffusion of methylene blue to enamel but
comparably less than 5% MgONPs and 5% NaF varnish. The non-protected enamel group reveals the deepest diffusion
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H

Figure 10 Histological section of the tooth showing diffusion of the methylene blue to enamel with corresponding groups by stereomicroscope, (A) 1.25% MgONPs, (B)
2.5% MgONPs, (C) 5% MgONPs, (D) 10% MgONPs, (E) 5% NaF, (F) non-protected enamel, (G) demineralized enamel and (H) sound enamel.
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of the methylene to the enamel, approximately 400 um, compared to sound enamel, which expresses almost zero
diffusion in Figure 10F and H.

Discussion

Topical fluoride application has been usually used for remineralizing the tooth layers for a long time;'* however, its
antibacterial capacity has not been clarified.'®>® Additionally, the toxicity of fluoride overdose could form systemic
complications,”" especially in high caries-risk individuals treated with multiple fluoride supplements. The US Food and
Drug Administration encouraged the use of magnesium oxide (MgO) in biomedical applications and first approved its
use in 1985 (21CFR184.1431).>*

In this research, MgONPs mixtures were prepared in different concentrations with DW to evaluate their antibacterial
and antibiofilm activity as an inherited property of MgONPs. The other two groups of MgONPs were designed with
ethanol and a combination of rosin and ethanol in higher concentrations to analyze their potential effectiveness as
a topical dental product for the last mixture. As previously investigated, nanoparticle impact was modified by the amount
and contact time.” Evaluating relatively high concentration of MgONPs with ethanol and rosin justified by the purpose
of using MgONPs as dental varnish, which is the most effective, controllable form with a small amount of the topical
dental treatment according to the American Dental Association (ADA) Council on Scientific Affairs.>*

MgONPs in the various mixtures exhibit antibacterial and antibiofilm impact against S. mutans with the most
prominent synergistic MgONPs-RE varnish. The same result was confirmed by other researchers who investigated the
MgONPs’ antibacterial effect against S. mutans; however, they used MgONPs in different compositions and applications.
For instance, they incorporated MgONPs with glass ionomer and applied them for dental restoration** or coated them
with zein for proposed use in a dental product.”® Another article reported that antibacterial efficacy against six oral
microorganisms, including S. mutans, was improved by adding MgONPs.*¢

MgONPs are known for their antibacterial properties, but antibacterial mechanism actions were interpreted differ-
ently. Some theories reported that increased pH and Mg”" ions might contribute to the antimicrobial processes, especially
with higher concentrations, because disassociation of MgONPs produces OH ™ ions and Mg*" ions.>’ Reactive oxygen
species (ROS) formation by MgONPs is another antibacterial mechanism of activity demonstrated by this nanoparticle,
which causes bacterial lipid peroxidation and microbial death.”® Nguyen et al found that MgONPs could bind to the
bacterial cell surface and cause distraction. However, the binding of nanoparticles affects the gram-negative bacteria
more than the gram-positive bacteria, which is associated with differences in the cell membrane. Despite that, even the
entrapment of the MgONPs on the bacteria membrane may affect the bacteria’s binding, communication, and overall
virulency.”’ The combined action could explain the enhanced effect of MgONPs’ antibacterial capacity
against S. mutans in this study. The microdilution test showed inhibition of the S. mutans. In contrast, the CFU test
confirmed the same finding with the highest inhibition of the S. mutans colonies. Still, the growth was not eliminated,
which could illustrate the last mechanism of action by paralyzing the S. mutans virulency.

The most mineralized tissue in the human body is dental enamel.’® Even though enamel is distracted when it
encounters environmental challenges and exposure to cariogenic bacteria. Early identification of caries allows nonsurgi-
cal therapy®® to remineralize the tooth surface to increase tooth tissue preservation and prevent the patient from
beginning a lengthy cycle of restoration throughout life.®’ There are several therapeutic approaches at various clinical
levels of enamel lesions. A dental expert may initially suggest or apply topical supplements, reduce sugar consumption,
or use toothpaste with an age-appropriate dose of fluoride.> Even though maintaining excellent oral hygiene has never
been simpler, despite advancements in oral care products, the incidence of dental is continuously rising.63 This is related
to the multifactorial characteristic of dental caries, which is composed of the interaction of the host, diet, oral bacteria,
and time.®'-04%¢

Besides the growing amount of oral care products, demands concentrate on preserving and improving tooth color in
addition to periodontal disease and caries prevention.®” Almost always, prevention is better than cure. The findings of this
study statistically support the protection of the enamel structure after demineralization with the treatment of the
MgONPs-RE varnish in various amounts as a mixture that had efficient antibacterial and antibiofilm activity. The idea
was to 1) apply the mineral that could reprecipitate and occupy the mineral diffused out from the enamel in the
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demineralization cycle, 2) through the remineralization approach seal further loss of the enamel minerals when it is
exposed to re-demineralization cycles, 3) examine the intimacy of the enamel surface by measuring basic refractive
indices of the tooth samples by spectrophotometer, which was measure value, hue and chroma before and after the pH
cycles.

The groups expressing minimum change in the tooth color were statistically considered more preservative and
healable for the enamel lesion as it nearly equilibrates the light component reflex with the basic tooth color.
Five percent MgONPs varnish statistically showed the smallest unfavorable variation in the tooth color that was
less than the 5% NaF varnish, with the tendency to preserve the tooth color in the other MgONPs groups, as illustrated
in Figure 9. This could be associated with the infiltration of the MgONPs from the experimental varnish to the enamel
surface as its diffusion and inhibition of mineral dissolving impact had been proved for the sound enamel in the
previous investigation.?’

Approximately the same finding was observed statistically in the methylene blue diffusion test. Both MgONPs and NaF
varnish possess a barrier on the enamel surface to inhibit the diffusion of the dye into the enamel crystal, and the difference
in the diffusion depth was obvious when comparing them to the non-protected enamel group in Figures 9 and 10.
Furthermore, tooth enamel protected by 5% MgONPs varnish exhibits minimum diffusion of the methylene blue compared
to the other groups. This could be the result of optimum remineralization of the MgONPs on the demineralized enamel
surface, which sealed the microscopic porosity produced by the low pH cycle and formation of the smaller crystal size as it
is clarified in other researches.’*

On the other hand, a 5% NaF varnish impact was manifested to produce darker tooth shad than MgONPs varnish
groups. This could be explained by the fluoride’s superficial effect on the enamel’s outer surface only and the varnish’s
high rosin content. The outer surface enamel layer formation protects the tooth from further demineralization but at the
same time prevents infiltration of the other essential ions deep into the tooth,®” and the variation in the tooth color
remains as it is affected by the demineralization process in the subsurface area. In contrast, fluoride’s potential on the
tooth color was not investigated in the literature; mostly, the impact on the restoration color was evaluated, and the result
was acceptable.”””! In another research, by observation, fluoride varnish was considered unpreferable as it causes
transient discoloration of the teeth assessed by patients and dental hygienist.”

Nonetheless, the MgONPs varnish effect on tooth color preservation was supported by Abdulla et al’s research, which
revealed Mg re-precipitation and a whiter appearance of the tooth color.®® The unavailability of the investigation on the
MgONP effect on tooth color produces difficulty in comparing the statistical findings of this experiment to others. The
obvious limitation of this study was that the exact clinical application and environment could not be duplicated because it
is an in vitro study. The combination of antimicrobial activity, enamel protective capacity, and preservation of the tooth
color are ideal demands necessary in dental products. This study on the topical impact of MgONPs on tooth color and
prevention of methylene blue diffusion to enamel, besides their antibacterial and antibiofilm capacity, occupies the first
position in the current experiment in the literature. Also, the present study’s finding provokes a sparkle for evaluating
MgONPs varnish biocompatibility and clinically for targeting dental prevention and esthetical requirement of the teeth
color in the high dental caries individuals.

Conclusion

The study concludes that MgONPs’ antibacterial capacity against S. mutans, a well-known cariogenic bacterium, has
been demonstrated in all mixtures, even in low concentrations, by agar well diffusion and CFU tests. However, the most
significant effects of the antibacterial and antibiofilm mixture were exhibited by 2.5 and 5% MgONPs-RE varnish. The
antibacterial inhibition impact of the MgONPs-RE varnish in the higher concentrations was comparably more effective
than in NaF and ChX. The antibiofilm properties of MgONPs-RE varnish concentrations were classified as strongly
inhibiting S. mutans biofilm in the concentrations of 2.5%, 5%, and 10%.

Both experimental MgONPs-RE and NaF varnish demonstrate significant tooth color maintenance and methylene
blue diffusion inhibition into the enamel. Furthermore, 5% MgONPs-RE varnish expressed a minimum change in the
tooth color after completion of the pH cycles; this finding was also coincident with the higher prevention of the
methylene blue diffusion to the enamel.
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