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Abstract

Aim and Hypothesis: The study aimed to investigate the effect of orthodontic adhesive that
contains various sizes of chitosan nanoparticles (CS-NPs) on Streptococcus mutans growth,
enamel integrity, and shear bond strength. The research hypotheses were, first, that smaller-
sized chitosan nanoparticles combined with an orthodontic adhesive will reduce white spot
lesions when compared to larger-sized chitosan nanoparticles. Second, chitosan nanoparticles
combined with an orthodontic adhesive will not affect the shear bond strength.

Methods: The antimicrobial activity was tested in two stages. In stage 1, disc agar diffusion
test was used. Four 6-mm wells were created in the petri dishes and each was inoculated with
80 pl of broth (negative control), chlorhexidine (CHX, positive control), CS-NPs (20 nm), or
CS-NPs (131 nm). In stage 2, a total of 24 teeth were randomly divided into three groups. In
group 1 (control), the brackets were bonded with an adhesive with no treatment (Transbond
XT), in group 2 the adhesive was blended with CS-NPs (20 nm), and in group 3 the adhesive
was blended with CS-NPs (131 nm). Caries assessment and enamel integrity were measured
using the International Caries Detection and Assessment System (ICDAS) and the
profilometry machine. To measure the shear bond strength, the teeth were placed in an
occlusal gingival direction and the occlusal load was directed parallel to the tooth surface. All
readings were recorded by an Instron machine in MPa. One-way ANOVA was performed to
compare the means of the zones of inhibition, shear bond strength, and enamel integrity,

followed by post hoc Tukey’s multiple comparison test.

Results: CS-NPs significantly reduced the growth of S. mutans when compared to the control

(p = 0.024); however, no statistical significance was noted between the 2 sizes (20 nm and
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131 nm, p>0.99). Furthermore, orthodontic adhesive that contained chitosan nanoparticles
showed comparable shear bond strength to the control (p = 0.466). For carries assessment, the
weighted kappa was (0.87) indicating an excellent agreement between the two investigators.
The profilometry readings reported higher surface roughness values for the control group
when compared to the CS-NPs groups (p<0.001). However, no statistical significant
difference was found between the two CS-NPs groups (p=0.72).

Conclusion: CS-NPs exhibited bactericidal effect with no statistical difference between the
two sizes. In addition, adhesive containing chitosan nanoparticles showed no effect on shear

bond strength and exhibited lower surface roughness.
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EVALUATION OF ANTIBACTERIAL ACTIVITY AND SHEAR
BOND STRENGTH OF ORTHODONTIC ADHESIVE
CONTAINING CHITOSAN NANOPARTICLES



Introduction

I. WHITE SPOT LESIONS IN ORTHODONTICS

White spot lesions (WSLs) refer to a chalky white appearance observed during the
early stages of enamel demineralization. It is a common problem following fixed orthodontic
treatment! and affects patients’ satisfaction and perception of the overall treatment.? A review
done by Sundararaj has shown that 68.4% of orthodontic patients developed WSLs during
their treatment.? Buschang et al. reported an increased incidence of WSLs in patients
undergoing fixed orthodontics compared to those treated with aligners.'3 The total incidence
of WSLs found in the traditional group was approximately 25.7%, compared to the aligner
group, of whom only 1.2% had WSLs. A study conducted by Knosel found no difference
between WSLs underneath the lingual brackets and WSLs adjacent to the bracket.!* Many
orthodontists have observed that, despite emphasizing the importance of basic preventive oral
care, patients still seem to be affected by enamel demineralization.

Enamel decalcification often occurs at the 4" week of an “undisturbed” biofilm.* This
is due to the accumulation of bacteria on teeth surfaces. Bacterial growth can be accelerated
by many factors, including poor oral hygiene,’ malocclusion, low salivary flow,® diet,”® and
mechanical objects such as orthodontic appliances.’ The brackets and rings occasionally
interfere with patients’ oral hygiene and promote plaque accumulation, creating an optimal
environment for the cariogenic bacteria. Studies have shown that patients treated with fixed
orthodontics are more susceptible to WSLs.!%"'? The prolonged plaque accumulation and
entrapment of cariogenic bacteria such as S. mutans increase the acid content, consequently

dissolving the hydroxyapatite crystals in the enamel, which creates the white appearance.

Orthodontic adhesives appear to play a central role in WSLs formation.

Sukontapatipark et al. suggested the negative effects of excess composite underneath the



brackets, such as the adherence of microorganisms on the material’s rough surface. In
addition, internal micro-gaps between the brackets and the enamel surface increases bacterial

accumulation.!®

II. PREVENTIVE MEASURES

Several studies have investigated different interventions to limit WSLs. Methods
include emphasizing basic oral care, such as recommending a chlorhexidine combined with
fluoride oral rinse'® and scheduling checkup appointments to assess the patient’s oral health.
A randomized double blind clinical trial conducted by Blicks showed that the application of
topical fluoride every 6 weeks during orthodontic treatment can reduce the incidence of
WSLs.!” Moreover, in their clinical study, Geiger et al. found a significant reduction in the
incidence of WSLs when a 0.05% sodium fluoride rinse was used during orthodontic
treatment.'® Another study by Gorton et al. showed that the use of fluoride-releasing cement
can significantly decrease the WSLs, compared to a non-fluoridated cement.'” In contrast,
Tufekci et al. concluded that no difference was found between the tested teeth and
contralateral ones when primer filled with fluoride was used.!? Lasers were also suggested as
an alternative solution for WSLs.?° The high temperature of the laser initiates enamel
alterations and melting recrystallization of the hydroxyapatite, making the enamel surface
less susceptible to dental caries.?! Adel et al. compared laser irradiation and the use of casein
phosphopeptides-amorphous calcium phosphate.?? Their study found a significant reduction
in enamel demineralization with the combination of both methods, compared to using each
method separately. 2 Another randomized controled study by Mahmoudzadeh found that the
use of a CO; laser significantly reduced the appearance of WSLs between baseline and 6

months post radiation.?? Nevertheless, adverse effects were mentioned in several studies, for



example, histopathological changes such as pulpal vasodilation, periodontal cell necrosis, and

minor bone resorption.??

III. NANOPARTICLES IN DENTISTRY

Nanoparticles have been used in various dental applications as a new strategy to improve
clinical outcomes. Naslapur et al. reported the antibacterial effect of 10% silver oxide
nanoparticles on S. mutans.** Diaz et al. reported high antimicrobial activity against S.
mutans with silver nanoparticles at a concentration of 50 ppm, compared to the lower
concentration of 10 ppm.2> Nanoparticles were also incorporated into interim restorations.
These restorations are commonly used in dental clinics as a way of preserving tooth
structure.?® Hojati et al. used flowable resin blended with zinc oxide nanoparticles on S.
mutans and found a significant reduction in both direct contact and ageing test.>” A study
conducted by Figueroa et al. showed that combining cupper nanoparticles with orthodontic
adhesives at a concentration of 0.01% can significantly enhance the antibacterial effect
against Staphylococcus aureus, Escherichia coli and S. mutans.*® Hydroxyapatite (HA)
nanoparticles have been used in guided tissue regeneration (GTR), a technique that is used to
repair periodontal defects by preventing the growth of soft tissue and aiding with osseous
regeneration.?” Another study revealed that incorporating silver nanoparticles into scaffolds
can promote bone marrow stromal cell formation.** In 2016, Haghshenas et al. evaluated the
effect of magnesium oxide nanoparticles on S. mutans. The percentage of biofilm formation
of the magnesium oxide NPs was significantly lower compared to the control group.?!
However, some studies have addressed the potential cytotoxicity of some of the metallic
nanoparticles.’? Shrivastava et al. assessed the toxic effect of three metallic nanoparticles
(TiO2, ZnO and Al>O3) on male rats by measuring the reactive oxygen species (ROS)

levels.?* ROS are induced as a cellular response, and their buildup is used to indicate cellular



imbalance, which can eventually lead to DNA, RNA and proteins damage. The authors
measured the level of dichlorofluorescein diacetate, a material used as an oxidative stress
indicator, in blood and concluded that fluorescence increased significantly in erythrocytes as

compared to the control.?

IV. CHITOSAN NANOPARTICLES

Recently, there has been a shift towards the use of organic substances, as they are
more biocompatible with living cells. Chitin was discovered by Braconnot in 1811 during his
work with fungi.** It is a positively charged polysaccharide, a natural and biocompatible
material specifically found in the exoskeleton of crustaceans, insects,® and fungi.*¢ Chitin is
a polymer that is known as a promising organic component, and it has significant
antibacterial properties. Based on the source of chitin and because of its biodegradability,’” it
can be utilized for different purposes, such as in medical imaging for cancer detection, for
wound dressings, in the food industry,*’” and in anti-inflammatory medications.?® Despite
having such varied applications, chitin has a major limitation, namely that it is insoluble in
water, which restricts its application in the biomedical field. The insolubility of chitin was
addressed by Rouget in 1859.3* He discovered that the deacetylation of chitin results in a
more soluble material, modified chitin, with the same antibacterial potential, which later
became known as chitosan. The process of partial deacetylation involves the partial removal
of the acetyl group from the molecular chain by mixing the chitin with KOH or NaOH at

100°C for several hours, forming an ammino group.*’

V. CHITOSAN NANOPARTICLES IN DENTISTRY

Nanoparticles made from this chitosan polymer show a promising antibacterial effect

against a wide variety of microorganisms.*'* Many dentistry researchers have tested its



effect on gram-negative and gram-positive bacteria and fungi.**#® Several studies have
shown positive results when incorporating chitosan nanoparticles into toothpaste,
mouthwash, adhesive resin, and root canal sealers.*’ A study conducted by Ganss et al.
compared dentifrices combined with the following compositions: NaF, NaF/SnCl,,
AmF/NaF/SnCl,, AmF/NaF/SnCly/chitosan, and AmF/SnF,.*® According to the profilometry
readings, the group that used dentifrice that contained chitosan had the least enamel erosion
of all the groups.*® Moreover, Sulandjari et al. conducted a study with orthodontic patients,
instructing them to use a dentifrice containing chitosan for one week. Sulandjari used
disclosing agent to record the level of plaque adherence. The use of chitosan-containing
dentifrice led to a recorded lower percentage of plaque adherence compared to non-chitosan-
containing dentifrice. A double-blind study revealed that chewing chitosan-containing gum
reduced the growth of S. mutans after one week, compared to a non-chitosan-containing
gum.*’ In endodontics, many studies have discussed the elimination Enterococcus faecalis
(E. faecalis), a bacterium sometimes detected in infected root canal systems.>® Kishen et al.
demonstrated that chitosan nanoparticles significantly reduced the adherence and
colonization of E. faecalis in the root canal system.>® Moreover, a study conducted by
Dasilva found that combining CS-NPs with a zinc-oxide eugenol sealer effectively inhibits
the growth of E. faecalis after a 7-days period, according to the confocal microscopy
readings.’! Furthermore, a study by Perochena et al. investigated the influence of
incorporating CS-NPs as a chelating agent. He reported a significant reduction in biofilm
formation in the group containing chitosan.’? In 2019, Sadony et al. studied the effect of
chitosan in combination with a diode laser on Escherichia coli in the root canal system.>
They found lower bacterial count in the group treated with the chitosan nanoparticles, as
compared with the other groups. Another study conducted by Zeza in 2017 assessed the bone

level in patients with mild peri-implantitis.>* Baseline readings of the area of the implant



before and after a chitosan brush was applied were compared. The periapical radiographs
revealed stabilization in bone levels, compared with the baseline readings in 73% of patients.
Atai et al. examined the use of chitosan as an antifungal solution for patients with denture
stomatitis.>> After 2 weeks, the investigators collected palatal smears, and, compared to the
nystatin solution, found that addition of chitosan led to a significant reduction in the
erythematous zone. Chitosan nanoparticles have also been applied as a medicament for
wound healing and in dressings. Marta et al. studied the effect of a topical gel used in post-
operative care after 3™ molar extractions.*® The gel consisted of 10 mL chitosan, 0.2
chlorohexidine, dexpanthenol, and allantoin. They found better wound healing by day 7 and
day 14 than those who did not use the gel.*® Moreover, in their study, Qasim et al. used CS-
NPs membranes with and without HA for GTR. They found that adding CS-NPs was

beneficial in terms of cellular response.®’

VI. MODE OF ACTION

The exact mechanism of the antibacterial effect of chitosan nanoparticles is not fully
understood. Disruption of cell membranes indicate that the electrostatic interaction between
the positively charged nanoparticles and the negatively charged bacteria has resulted in the
deterioration of the cell wall, leakage of essential components, and, consequently, cellular
death was discussed in several studies.’® The degree of acetylation is what differentiates
chitosan from chitin. The degree of acetylation is below 50 % in chitosan, making it more
soluble in acidic environments, and above 50% in chitin.>® Properties such as solubility,
bioactivity, and biodegradability in CS-NPs are all determined by degree of acetylation.®
Furthermore, some studies have found that different degrees of chitosan solubility can be
accomplished by manipulating the degree of polymerization or molecular weight and the

degree of acetylation.®! Some studies suggest that there is an association between the



molecular weight of the nanoparticles and their ability to perforate bacterial cell walls. A
study conducted in 2011 compared chitosan nanoparticles with three different molecular
weights while preserving a neutral pH. ¢ The results showed higher bacterial cell wall
penetration of nanoparticles with a lower molecular weight (> 95% of cells damaged) in
live/dead staining as compared to those with a higher molecular weight (20-25% of cells
damaged).®? The effect of the concentration of nanoparticles on their antimicrobial potential
has also been investigated. Aliasghari et al. have shown that a concentration of 5 mg/mlL of
chitosan nanoparticles decreases the biofilm formation of S. mutans up to 92.5%.5° In
addition, Ikono et al. have shown that higher concentrations of chitosan nanoparticles with an
average size range of 20-30 nm have greater antibacterial activity on both S. mutans and
Candida albicans.**

Many studies have focused on the concentrations of nanoparticles, but only a limited
number has compared the effect of different sizes. To be able to state the nano eftect of any
molecule, it is crucial to compare the effects of different sizes of the same molecule (e.g.,
nanoparticles and microparticles). Such a comparison can prove that the noted antibacterial
effect is not due to the chemical structure of the molecule but rather to the nano-effect
produced by the smaller particles. Moreover, studies have been conducted to assess whether
chitosan nanoparticles can release their antibacterial effects when suspended in orthodontic
adhesive, which is the proposed approach in this project, to utilize the antibacterial effect of
chitosan nanoparticles to prevent accumulation bacteria that cause WSLs around orthodontic

brackets.



VII. SHEAR BOND STRENGTH

Another important factor that must be considered is the shear bond strength of the
orthodontic adhesive. Ideally, an orthodontic adhesive should be able to withstand the
occlusal load during mastication as well as the forces exerted by the orthodontics wires.

A review done by Reynolds suggests an acceptable range of bond strength of 60 kg/cm? (5.9
MPa) to 80 kg/cm? (7.9 MPa) that can be applied in clinical situations.%® Failure to apply the
optimal adhesive force can jeopardize the treatment outcome. Concerns associated with
bracket debonding include delays in the treatment duration and enamel damage.®® Many
factors, such as adhesive type, characteristic of bracket base, duration of light cure, and
techniques used during the bonding process, can influence the bond strength.67-6°

In the current project, the shear bond strength was assessed after the addition of
chitosan nanoparticles into the orthodontic adhesive to assess whether this bond would be
affected. Enamel integrity after debonding can be measured by various techniques, such as

scanning electron microscopy, confocal laser microscopy, or surface profilometry.”®



Aims
This project aims to investigate the antibacterial activity and shear bond strength of

orthodontic adhesive containing different sizes of chitosan nanoparticles.

Research objectives
1- To compare the antibacterial effect of two different sizes of chitosan nanoparticles
mixed with an orthodontic adhesive on S. mutans.
2- To investigate whether the addition of chitosan nanoparticles affects the shear bond

strength of the orthodontic adhesive.

Hypotheses

First, smaller-sized chitosan nanoparticles combined with an orthodontic adhesive
will reduce white spot lesions to a greater degree than larger-sized chitosan nanoparticles.
Second, chitosan nanoparticles combined with an orthodontic adhesive will have no effect on

the shear bond strength of the adhesive when used in orthodontics patients.
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Materials and methods

Preparation of chitosan nanoparticles. Chitosan nanoparticles were prepared using
the ionic gelation method, as described by Calvo.”! In brief, chitosan (low molecular weight,
Sigma-Aldrich, St. Louis, MO) was dissolved in 1% acetic acid. Thereafter, 20 mL of
chitosan solution was mixed with 20 mL of a crosslinker solution, sodium triphosphate
(Fisher Scientific). The cross-linker solution helps to break the chitosan molecules down into
nano-sized particles by interacting with the active amino groups of chitosan. Subsequently,
the mixture was centrifuged for 4 minutes at 15,700 rpm to isolate the nanoparticles, which
were then suspended in distilled water and kept at room temperature until use. Different-sized
nanoparticles were generated by altering the ratio of the chitosan and sodium triphosphate

solution, as indicated in some studies.

Characterization of chitosan nanoparticles. The size distribution of nanoparticles
in each sample was confirmed with the use of a dynamic light scattering machine (DLS)
(ZetaPALS Zeta Analyzer, Brookhaven Instruments Corporation) located at the Tufts

University Science & Technology Center, Medford.

Bacterial strain growth condition and collection. S. mutans (ATCCO 25175™)
was used in the study. The bacterial culture was started by impregnating a pellet with 0.5 mL
of Brain Heart Infusion (BHI) broth. Thereafter, the bacterial culture was added into a tube
that contained 5 mL of BHI broth. To isolate bacterial colonies, an agar plate was streaked
using the quadrant streak method. This technique starts by sterilizing the inoculating loop,
then inserting the loop into the culture broth, and streaking one quadrant of the plate. After

that, the plate is rotated 90° clockwise while continuing the streaking of the agar until four

11



quadrants have been established. Next, the plate was aerobically incubated overnight at 37°C.
After 24 hours of incubation, the bacterial growth was confirmed by visual inspection of the
agar plate. A bacterial colony was then collected with the inoculation loop and added into 5

mL BHI broth, which was further incubated for 24 hours at 37°C to use for each experiment.

Preparations of composite adhesives containing chitosan nanoparticles. In a semi-
dark room, 300 mg of composite resin (3M Unitek transbond XT) was blended with 15 pL of
chitosan nanoparticles on a glass slab with a mixing spatula until a uniform thickness was

observed.

Preparation of composite discs containing chitosan nanoparticles. To investigate
the antibacterial effect delivery of CS-NPs from the adhesive, this experiment was conducted
twice for each size of CS-NPs (20 nm and 131 nm). Three composite discs containing CS-
NPs with different volumes (8, 10, and15 pL) were created. The discs were molded by
mixing 300 mg of composite resin (3M Unitek transbond XT) in different concentrations.
Thereafter, the composite was inserted between two glass slabs, light-cured for 20 seconds,
and then carefully placed in empty sterilized well plates. After inoculating the nutrient agar
plate with 100 pL of bacterial solution, the discs were added, one by one. The plate was

incubated for 24 hours at 37°C. The zones of inhibition were measured with a ruler.

Tooth preparation. Twenty-four extracted human lower central incisors were
collected from the Department of Oral and Maxillofacial Surgery at Tufts University. The
teeth were inspected for any existing enamel alterations and then disinfected in a 10% bleach
solution for 5 days. The roots were then resected with a precision saw (Isomet 1000,

Buehler). The enamel surfaces were etched with 35% phosphoric acid (UltraEtch) for 15

12



seconds and washed for 10 seconds. Next, adhesive primer (3M Unitek transbond XT) was
applied by loading the microbrush and swiping it on the enamel surface of the teeth. The
primer was polymerized with a light cure for 30 seconds. After the orthodontic adhesive
containing chitosan nanoparticles had been prepared as described above, the teeth were
divided into three groups of eight:

A. Group A — control (regular adhesive)

B. Group B — adhesive with chitosan nanoparticles 20 nm

C. Group C — adhesive with chitosan nanoparticles 131 nm
The adhesive was then applied to the tooth surfaces with conventional orthodontic metal

brackets (Forestadent, USA) and cured for 30 seconds.

Preparation of artificial saliva

To make a biomimetic model relevant to clinical practice, artificial saliva was
prepared with a mixture of potassium chloride, magnesium chloride, sodium bicarbonate,
potassium phosphate, and calcium chloride dissolved in distilled water with the quantities
shown in Table 1. The solution was then placed on the magnetic stirrer for 10 minutes,
autoclaved, and stored at 4°C.

Tablel: Ingredients used for the artificial saliva preparation:

Name g/L
Calcium Chloride: CaCly- 2H,0 0.147
Magnesium Chloride: MgCl, - 6H20 0.041
Potassium Phosphate: KH2PO4 0.544
Potassium Chloride: KCI 2237
Sodium Bicarbonate: NaHCOj3 0.025

13



Antibacterial assessment
Disc agar diffusion test
Three plates of BHI agar were prepared and then a tube with S. mutans culture was
diluted as previously described. Thereafter, 100 puL of the bacterial culture was suspended on
each plate, spread uniformly, and incubated for 30 minutes, after which four wells of 6 mm in
diameter were made with a cork borer. The testing materials were distributed into the wells as
follows:
D. Group A — negative control (broth)
E. Group B — positive control (0.12% CHX)
F. Group C — chitosan nanoparticles (20 nm)
G. Group D - chitosan nanoparticles (131 nm)
Eighty pL of the control and testing materials were added to each well, and the plates were
incubated for 24 hours at 37°C, after which the zones of inhibition were measured with a

ruler to evaluate the antibacterial effects. The test was repeated 3 times with new colonies.

White spot lesion assessment

The extracted teeth with bonded braces were placed in a 24-well plate, and 100 pL of
the adjusted bacterial suspension and 1,000 pL of artificial saliva were added to each well.
The 24-well plate was then incubated for 48 hours at 37°C. The medium was carefully

exchanged every 48 hours for 5 weeks period.

14



B Control group -

CS-NPs 20 nm -
C CS-NPs 131 -
D

A. Schematic of the 24-well plate and the placement of the teeth, according to the treatment

material

After 5 weeks, the biofilm was removed by wiping the teeth with sterilized gauze and
running a water syringe for 5 seconds. The shear bond strength was then evaluated using a
universal testing machine (Instron 5566 Instron corp., Norwood, MA, USA) (Figure 11). The
teeth were positioned so that the force was directly parallel to the gingival-occlusal direction,
with an orthodontic wax below the tooth for better retention during the test, as shown in the
photo. The crosshead speed was set to Imm/min and run until the bracket separated from the

enamel, and then the failure compression (MPa) force at break (N) was recorded.

Caries progression assessment

The WSLs were evaluated by visual assessment under a stereomicroscope (SZX16,
Olympus) with a 4x magnification. An International Caries Detection and Assessment
System (ICDAS) was used to categorize the caries seen on the extracted teeth by two

investigators. The inter-rater assessment was analyzed using weighted Cohen’s kappa.
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Criteria for the full ICDAS system:

Score ICDAS futures

0 Sound

First visual change in enamel (seen only after prolonged air drying)

Distinct visual change in enamel

Localized enamel breakdown (without clinical visual signs of dentinal breakdown)

Underlying dark shadow from dentine

Distinct cavity with visible dentine

QN N B WD —

Extensive distinct cavity with visible dentine

Evaluation of the surface roughness (Ra)

Surface profilometry (DekTak XT Profilometer) was used to scan the surface
roughness of the enamel surfaces.” The profilometer parameters were: 3 mg of force, 2 pm
stylus radius, 20s scanning time and 0.111 of resolution. Three measurements were taken

mid-sample to average the roughness value per sample in um.

Statistical analyses

The data were analyzed with the IBM SSPS Statistics 27 software. Descriptive
statistics (mean, standard deviation, minimum and maximum) were calculated. Normality
was confirmed with the Q-Q plots, and then Levene’s test was performed to assess the
homogeneity of variance, with the level of significance of 5%. One-way ANOVA was
performed to compare the means of the zones of inhibition, shear bond strength, and surface
roughness. Tukey’s HSD was performed as a post-hoc test. Inter-rater examiner agreement

was assessed using weighted kappa statistic measure for the ICDAS scoring.
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Results

Characterization of chitosan nanoparticles. The size distribution of the
nanoparticles in each sample was confirmed with the use of a dynamic light scattering
machine (DLS) (ZetaPALS Zeta Potential Analyzer, Brookhaven Instruments Corporation).
The DLS report indicated that the average particle size in the smaller group was (20 nm). For
the larger group, the DLS report showed that the average particle size was (130 nm), as

shown in (Figures 1,2).

Disc agar diffusion test. The antibacterial effect of the different-sized CS-NPs is
shown in Tables 1 and 2 and Figure 3. There was a statistically significant difference between
the chlorohexidine group and both the CS-NPs groups (p = 0.025). The chlorohexidine had a
higher antibacterial effect on S. mutans. Moreover, a comparison of the CS-NPs groups
revealed that the smaller-sized CS-NPs particles (20 nm) had a slightly higher growth
inhibition than the larger size (131 nm). However, the difference was not statistically

significant (p > 0.99).

Shear bond strength values. The results for the shear bond strength of the three
groups of orthodontic adhesives are shown in Tables 3 and 4. There were no significant
differences between the bonding force of the regular adhesive with no treatment and the

adhesive containing CS-NPs (p = 0.4, Figure 6).

Carries progression assesement. The overall findings showed higher incidence of

WSL in the control group when compared to the treatment groups. The kappa agreement was
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(0.875) indicating an excellent agreement between the two evaluators according to Fleiss

interpretation.

Surface profilometry findings:
Twenty-four enamel surfaces were analyzed for surface roughness (um). The mean and
SD for each group is shown in Tables 6 and 7. The control group revealed higher roughness
values compared to the CS-NPs group (p <001). For the treatment groups, no statistical
significance was found between the smaller sized CS-NPs (20 nm) and the larger sized CS-

NPs (131 nm) (p=0.72, Figure 7).
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Discussion

The prevention of WSLs is a major interest, especially in the field of orthodontics.”3
According to a study conducted by Julien et al., multiple risk factors should be considered
during treatment planning.”* Therefore, a number of studies have considered combining
nanoparticles with an orthodontic adhesive as a way to reduce dental plaque.” The material
focused on in this study is chitosan nanoparticles. Chitosan is the second most abundant
natural polysaccharide in nature after cellulose, and it has attracted attention mainly because
of characteristics such as biocompatibility, biodegradability, and antibacterial properties.
Many studies have found that chitosan nanoparticles significantly inhibit the growth of S.
mutans and lactobacillus, which are commonly associated with dental caries.*!76

There are a limited number of studies that have investigated the possible correlation
between the size of the chitosan nanoparticles and its antimicrobial efficiency. Therefore, the
effects of a smaller and a larger chitosan particle size was compared. The disc agar diffusion
test showed the antibacterial effect of chitosan nanoparticles on S. mutans. The smaller-sized
nanoparticles (20 nm) showed higher growth inhibition compared to the larger ones.
However, the difference between the CS-NPs groups was not statistically significant. For the
smaller-sized CS-NPs, the findings in this study coincide with what Ikono et al. reported.
They found that nanochitosan particles ranging in size between 20 and 30 nm decreased the
biofilm mass of S. mutans and Candida albicans in an 18-hours incubation period. Moreover,
Wassel et al. also found significant growth reduction of S. mutans with CS-NPs ranging in
size between 1040 nm. 7’

Several studies have tested the advantageous nature of a nanoparticles-based approach
by combining materials such as silver nanoparticles,? silica nanoparticles,’® and zinc oxide
nanoparticles with dental adhesives.?’ Florez combined titanium dioxide (N_TiO»)

nanoparticles with adhesive resin, which resulted in higher growth reduction of S. mutans
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than the control group according to the confocal laser scanning microscopy (CLSM)
readings.” All biofilms in all the groups that contained N_TiO; were altered, depending on
the concentration; the higher the concentration, the higher the bacterial reduction. However,
there are also studies related to the cytotoxicity of these non-organic nanoparticles, including,
for example, the findings of Xu et al.®? They reported that human fibroblast cells were
subjected to higher cytotoxicity when treated with 20 nm silica nanoparticles as compared to
the 80 nm size. In addition, Komatsu conducted a study on Leydig cells found in the
reproductive system of male mice. According to the transmission electron microscope (TEM)
results, more stress signals were noticed when the mice were subjected to TiO2NPs, as
compared to diesel exhaust particles (DEP).%!

To test the delivery of the CS-NPs when combined with dental adhesive, a method
used by Sodagar et al. was implemented.®? Composite discs were made with the DAD, and
the results indicated that CS-NPs was effectively released from the discs and inhibited the
growth of S. mutans. The zones of inhibition were significantly higher compared to the
control. While the inhibition zones of the two sizes of CS-NPs (20 nm and 131 nm) are
comparable, these findings are considered to be of clinical importance.

The results align with findings from several studies, including the work of Sevinc et al. Their
study revealed that composite discs with zinc oxide NPs caused a decrease in biofilm
thickness compared to the unmodified composite, according to the readings of both the
scanning electron microscopy and the CLSM. %3

When introducing an adhesive with an antibacterial characteristic, proper bond
strength should be considered. Shear bond strength should withstand the forces exerted
during orthodontic treatment. Failure to withstand the forces can lead to increased treatment
time and, consequently, affect the treatment outcome.?* In addition, the shear bond strength

should not exceed a high force (40-60 MPa) that can affect the enamel surface after the

20



debonding of the brackets.®*> A study conducted by Hasan et al. found higher mechanical
properties with calcium hydroxyapatite nanoparticles incorporated into dental resin than in
the control group.®® On the other hand, several studies revealed that adding calcium
hydroxyapatite nanoparticles significantly reduced the shear bond force. Scribante et al.
reported a significant difference in shear bond strength scores. The control group showed the
highest shear bond strength compared to the treated groups, even though all scores were
within an acceptable range.®” In our study, no significant differences were found between the
groups. The mean shear bond strength ranged between 10 to 19 MPa for the control group, 10
to 17 MPa for the smaller-sized CS-NPs (20 nm), and 8 to 17 MPa for the larger-sized CS-
NPs (131 nm). The latter results are similar to those from a study conducted by
Sorourhomayoun et al.?® They tested the shear bond strength of orthodontic adhesive blended
with chitosan nanoparticles with various concentrations and molecular weights. They found
no significant differences in adhesive bond strength among the five groups.® In the same
context, Farzanegan et al. tested the shear bond strength with different concentrations of CS-
NPs and TiO2-NPs. They reported no significant differences between the groups when
concentrations of 1% CS-NPs and TiO2-NPs were used.®® However, when the concentration
was increased to 1.5% for both nanoparticles, the shear bond strength decreased. The
difference in the latter report may be caused by the agglomeration of CS-NPs and TiO»-
NPs.%

With the integration of antibacterial agents in dentistry, enamel integrity is considered
an important aspect to value. After debonding the orthodontics brackets, the enamel surfaces
should be free from any adhesive remanent or enamel cracks. Studies have shown that the
thickness of the enamel can be reduced by up to 30 um after debonding orthodontic
brackets.”! Mechanical removal of the remaining composite can cause microcracks on the

enamel surface, therefore other factors should also be considered during the removal of
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composite to minimize the enamel damage. Examples include etching time,”> debonding
technique,” type of bur used during adhesive removal.®* A comparison was done by Vidor et
al. between various types of finishing techniques after bracket removal.”> Three groups were
used in their study, group one was representing a 30-blade tungsten carbide bur, group 2, 30-
blade tungsten carbide bur, followed by 4 polishing discs and group 3, 30-blade tungsten
carbide bur in high speed followed by Enhance tips. Vidor concluded that a 30-blade tungsten
carbide bur followed by a polishing discs provided least amount of enamel damage and better
surface polish. * In our study, tungsten carbide bur 30 blades was used followed by polishing
disc and pumice for adhesive removal. The ICDAS was used as a standardized method to
visually assess the caries progression and the depth of the WSLs.?® Many have concluded
moderate to acceptable inter-rater agreement reliability.”” In the present study, higher WSLs
scores were reported in the control group when compared to both CS-NPs groups. Zhang et
al. showed greater surface remineralization when using CS as pretreatment material on
enamel surfaces.”® A possible factor is the size of the CS-NPs. The nanosized of the CS
enabled it to penetrate the cell wall leading to cellular leakage. This is in agreement with a
study done by Robles et al.”” Similar NPs sizes were used in their study. Silver NPs were
coated with two organic materials (16.5, 23.3, 115.2 nm) for the non-coated group, (22.5,
44.1, 133.7 nm) for the bovine serum albumin coated group and (7.1, 17.4, 87.6 nm) for the
CS coated group on S. mutans. They found an association between the size of the NPs and
antibacterial effectiveness. The lower the size of the NPs, the higher the antibacterial activity
is recorded.”” Another explanation is the electrostatic theory. Where the positive charge of the
amino group in CS-NPs binds with the negative charge of the bacterial cell membrane. This
interaction alters the bacterial cell membrane leading to intracellular components discharge
and eventually cell death. ' Studies have found greater antibacterial results with gram-

positive bacteria. This can be due to the vulnerability of the bacterial cell wall of the gram-
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positive when compared to the gram-negative cell wall.'! Moreover, others have found
stronger antibacterial effect with the gram-negative bacteria owing to the higher interaction
between lipopolysaccharides of the gram-negative cell wall with the CS-NPs, 100:102

To further evaluate the caries progression, surface roughness of the enamel samples was
measured. Enamel demineralization is characterized by white and chalky appearance of the
tooth surface. The deeper the WSLs, the higher surface roughness and porosity and
consequently the resulting increase in plaque retention and external stains.'® In clinical
settings, the WSLs are inspected through visual inspection and tactile sensation using a dental
explorers.'™ Surface roughness measurement reported that CS-NPs groups had less amount
of surface irregularities when compared to the control group. A possible explanation for the
reduced roughness is hydrogen bond existence between the hydroxyapatite group located in
the enamel prisms and the amino group found in CS-NPs. !0

Limitations of the study include lack of simulation of oral flora such as testing

biofilm, temperature fluctuation consideration, and the role of oral hygiene habits and its
effects on caries progression. Another limitation includes the use of single concentration of
CS-NPs in this study. Further research should be conducted comparing wider range of

particle size and concentrations of the CS-NPs.
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Conclusion

Within the study limitations, we conclude that:

1. The addition of CS-NPs into composite resin significantly inhibited the growth of S.
mutans with no difference in performance between the nanoparticle sizes.

2. Incorporation of the CS-NPs in composite resin did not affect the mechanical properties of

the adhesive.
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Appendix A: Tables

Table 1: Descriptive statistics for the Disc Agar Diffusion method (mm)

Group Mean £+ SD Minimum Maximum
CHX 32.44 +£7.49 26.00 40.67
CS-NPs 20nm 19.55 £2.50 17.00 22.00
CS-NPs 131nm 19.44 £2.52 17.67 22.33

Table 2: Tukey’s multiple comparison test
Groups comparison P value
CS-NPs 20nm 0.038
CHX

CS-NPs 131nm 0.037
CHX 0.038

CS-NPs 20nm
CS-NPs 131nm 1.000
CHX 0.037

CS-NPs 131nm
CS-NPs 20nm 1.000
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Table 3: Shear bond strength values (MPa)

Groups N Mean + SD (MPa) Minimum Maximum
Control (no treatment) 8 14.26 £2.93 10.11 19.24
ChNPs 20 nm 8 13.13+£1.91 10.89 17.01
ChNPs 131 nm 8 13.3+£2.69 8.09 17.90

Table 4: Tukey’s multiple comparison test

Groups comparison P value
CS-NPs 20nm 0.96
Control (no treatment)

CS-NPs 131nm 0.44
Control 0.96

CS-NPs 20nm
CS-NPs 131nm 0.91
Control 0.44

CS-NPs 131nm
CS-NPs 20nm 091
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Table 5: Mean and SD of ICDAS used for caries assessment

Groups N Mean + SD (Ra)
Control (no treatment) 8 62.62 + 8.45
CS-NPs 20 nm 8 43,78 £9.51
CS-NPs 131 nm 8 47.329.23
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Table 6: Surface roughness (Ra) and after combining the orthodontic adhesive with CS-
NPs (um)

Groups n Mean + SD
Control (no treatment) 8 62.62 +8.45
CS-NPs 20nm 8 43,78 £9.51
CS-NPs 131nm 8 47.32+923

Table 7: Tukey’s multiple comparison test

Groups comparison P value
CS-NPs 20nm < 0.001
Control (no treatment)
CS-NPs 131nm 0.008
Control <0.001
CS-NPs 20nm
CS-NPs 131nm 0.720
Control 0.008
CS-NPs 131nm
CS-NPs 20nm 0.720
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Appendix B: Figures
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Figure 1: Size distribution of the smaller particles after suspension in distilled water. The
peak represents the mean particle size (20 nm).
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Figure 2: Size distribution of the larger particles after suspension in distilled water. The peak
represents the mean particle size (131 nm).
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Figure 3: Disc agar diffusion for S. mutans. Zones of inhibition of the testing groups in each
plate: upper left (CHX, positive control), upper right (CS-NPs 20nm), lower left (CS-NPs
131nm), lower right (Broth, negative control).
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Figure 4: Antibacterial effect of various sizes of chitosan nanoparticles on S.mutans. The test
was done in triplicate, the data was presented as means + SD.
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Figure 5: Comparison of the induced white spot lesions (pointed by arrows) before and after
between the control group (A) and treatment group (B).
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Figure 6: Shear bond strength values of three orthodontic adhesives bonded with CS-NPs.
The data was presented as means + SD (n=8).
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Figure 7: profilometry results for the mean surface roughness between the groups. The data
was presented as means + SD (n=8).
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