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ABSTRACT

Obijective(s): This study aimed to evaluate the effect of adding nano-chitosan loaded with gallic acid to an
orthodontic primer as an antimicrobial and remineralizing agent while preserving orthodontic adhesive's
physical and chemical properties.

Materials and methods: Nano-chitosan loaded with gallic acid was added to Transbond XT primer
to form nano-chitosan/gallic acid primer. This study compared three groups: control without
additive, 5%, and 10% Nano-Chitosan/Gallic acid Primer (NCGP). Interms of FTIR, Shear Bond Strength
(SBS), Adhesive Remnant Index (ARI), Degree of monomer Conversion (DC), antibacterial properties
against Streptococcus mutans and Lactobacillus acidophilus, and Field Emission Scanning Electron
Microscopy with Energy Dispersive X-ray spectroscopy (FESEM-EDX) were examined to detect
remineralization of demineralized enamel.

Results: Both the 5% and 10% nano-chitosan/gallic acid primergroups demonstrated significant
antibacterial activity, a 15-20% increase in shear bond strength (SBS), a 10-15% enhancement in the
degree of monomer conversion (DC), and a 30-40% increase in calcium and phosphate weight percentages
compared to the control group. Additionally, no significant differences were observed in Adhesive remnant
index (ARI) scores among the groups.

Conclusions: The orthodontic adhesive primer modified with nano-chitosan loaded with gallic acid
demonstrated enhanced mechanical, chemical, antibacterial, and remineralizing properties compared to the
commercial adhesive. Therefore, it can be considered a novel adhesive for treating white spot lesions
(WSLs).
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function, leading to food and plaque accumulation.

INTRODUCTION This accumulation can be colonized by acid-

White-spot lesions (WSLs) are common side
effects of fixed orthodontic treatment,
characterized by enamel demineralization that
appears as chalky white, non-cavitated areas. These
early stages of dental caries result from bacterial
plague activity and retain the potential for
remineralization [1,2]. Fixed orthodontic
appliances increase the risk of developing WSLs due
to the irregular surfaces of wires, bands, and
brackets, impairing saliva's normal cleansing

*Corresponding author(s) Email: dr-lara-ra@uomosul.edu.iq
Note. This manuscript was submitted on July 27, 2024;
approved on March 03, 2025.

producing bacteria such as Streptococcus mutans
and Lactobacillus species. Furthermore, etching the
enamel with phosphoric acid before bracket
bonding with composite resins causes superficial
demineralization. WSLs have been reported in up to
97% of patients following fixed appliance therapy
[3,4].

Various approaches, including improved oral
hygiene, low-carbohydrate diets, and topical
fluoride treatments, have been investigated to
reduce the incidence of WSLs. However, these
methods are often unreliable because they depend
on patient compliance. Therefore, preventive
strategies not relying on patient cooperation may
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be more effective in reducing WSLs [5]. One
promising  approach to prevent enamel
demineralization involves using novel orthodontic
bonding materials with inherent antibacterial and
remineralization properties [6,7]. Previous studies
have focused on enhancing orthodontic adhesives
by incorporating new antibacterial agents such as
titanium oxide, nano-silver, quaternary ammonium
compounds, and chlorhexidine [8,9].

Furthermore, various remineralization agents
have demonstrated successful treatment of WSLs,
including fluoride, calcium carbonate (CaCOs),
casein phosphopeptide (CPP), amorphous calcium
phosphate (ACP), hydroxyapatite (HAP), and others
[10].

Gallic acid, a natural compound extracted from
various plants such as oak bark, tea leaves, and
Galla chinensis extract, possesses a chemical
structure of 3,4,5-trihydroxybenzoic acid. It has
been confirmed as a potent antibacterial agent and
can influence the demineralization and
remineralization of dental hard tissues by
interacting with structural proteins and calcium.
Polarized light microscopy has demonstrated that
gallic acid can reduce the depth of carious lesions in
in vitro studies [11,12].

Chitosan is a natural carbohydrate polymer
produced by the de-N-acetylation of chitin, the
main component of crustacean exoskeletons. It has
been approved by the Food and ' Drug
Administration (FDA) as a food ingredient due to its
biocompatibility, non-toxicity, and biodegradability
[13]. Additionally, chitosan exhibits antibacterial
properties by causing the displacement of Ca?* ions
from anionic sites in the bacterial cell wall
membrane, leading to cell death [14].

Chitosan is a natural remineralizing agent with
many applications in restorative and orthodontic
research for remineralizing enamel and dentin [15].
When combined with other bioactive materials, the
active sites within the chitosan structure function
as a drug delivery system, serving as an ion
reservoir essential for remineralization.
Furthermore, these materials immobilize
hydroxyapatite nano-building units and provide a
scaffold for their structural organization [16,17].
Chitosan nanoparticles possess a larger surface

area and higher reactivity, allowing for the slow and
controlled release of active agents required for
long-term orthodontic treatment [18].

In this study, chitosan nanoparticles were
loaded with gallic acid to produce a synergistic
effect for antibacterial activity and remineralization
of demineralized enamel.

Previous analyses have shown that no study has
investigated the remineralization and antibacterial
properties of adding nano-chitosan loaded with
gallic acid to an orthodontic primer. The null
hypothesis of this study was that adding nano-
chitosan loaded with gallic acid to the primer
(NCGP) does not affect the orthodontic adhesive's
remineralization,  antibacterial, physical, or
chemical properties.

This study examines the effect of adding nano-
chitosan loaded with gallic-acid to the orthodontic
primer (NCGP) ~as an antimicrobial and
remineralizing agent, while maintaining the
orthodontic adhesive's acceptable physical and
chemical properties.

MATERIAL AND METHODS

This research was approved by the ethical
committee at the College of Dentistry/University of
Mosul under the number (UoM.Dent. 23/24) on
02/5/2023.

Gallic acid (3,4,5-trihydroxybenzoic acid) was
purchased from Sigma-Aldrich (Germany) with a
molecular weight of 170.12 and linear formula
(HO)3C6H2CO2H.

Nano-chitosan powder was purchased from
Nanochemazone Company (Canada), with the
molecular formula C¢Hi1NOg, a purity of 99.9%, and
a molecular weight of 161 g/mol. Nano-chitosan
was characterized by FESEM-EDX (TESCAN, MIRA3,
France) operated at 20 kV and 10 mA. A small
amount of the powder was spread onto adhesive
carbon tapes and coated with a thin layer of gold
(10 nm).

The FESEM images showed particles within the
nanoscale range (30-50 nm), with spherical or
semi-oval shapes. The EDX analysis revealed a
higher proportion of carbon (C) and oxygen (O) with
a smaller percentage of nitrogen (N) (Fig. 1).
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Fig. 1. FESEM-EDX analysis of nano-chitosan powder

Preparation of Nano-Chitosan loaded with gallic
acid hydrogel

The chitosan solution was prepared by
dissolving 1.0 g of nano-chitosan powder in 100 mL
of deionized distilled water. Then, 1 mL of 2% (v/v)
acetic acid solution (Merck KGaA, Darmstadt,
Germany) was added dropwise to the chitosan
solution and mixed under magnetic stirring for
approximately 3 hours to produce a homogeneous
nano-chitosan solution. The pH of the solution was
adjusted to 7.0 by the dropwise addition of 0.05
mol NaOH solution [19].

The nano-chitosan loaded ‘with gallic acid
hydrogel was prepared by mixing nano-chitosan
and gallic acid at a weight ratio of 5:1. Specifically,
200 mg of gallic acid powder was added to the
dissolved chitosan solution and stirred magnetically
for 1 hour at room temperature [20].

Preparation of the modified orthodontic primer
Transbond XT primer (3M Unitek, Monrovia,
USA), the gold standard orthodontic adhesive, was
used to prepare nano-chitosan-loaded gallic acid
primers (NCGP) at 0%, 5%, and 10% weight-to-
weight ratios. According to the method described
by Nader et al. [13], one drop of primer (50 uL in
volume) was drawn using a micropipette (10-100
uL range) for standardization. A digital scale with
0.001 mg accuracy was used to weigh one drop,
which was approximately 0.05 g. Twenty drops of
modified primer were prepared for each group by
mixing 1 g of primer with 0.05 g and 0.1 g of nano-
chitosan/gallic acid to produce the 5% and 10%
NCGP groups, respectively, in addition to a control
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group without additives. Mixing was performed in
a semi-dark environment inside microtubes using
the straight head of a dental probe until a uniform
consistency was achieved. Furthermore, an
ultrasonic bath was applied for 30 minutes to
ensure better material dispersion within the
primer. The microtubes were wrapped with dark
tape to prevent light exposure.

Testing procedures
1.Characterization of nano-chitosan/gallic acid
hydrogel by FESEM-EDX

FESEM was used to evaluate the morphology
and distribution of gallic acid particles within the
nano-chitosan hydrogel. EDX analysis was
performed to determine the elemental
composition of the prepared material.

2. Fourier Transform Infrared Spectrometry (FTIR)
of modified primer

The chemical properties of the primer before
and after modification with nano-chitosan-gallic
acid hydrogel were analyzed using Fourier
Transform Infrared Spectroscopy (FTIR/ATR Alpha
Il, Platinum, Bruker Optics, Germany) over the
wavelength range of 400-4000 cm™. The FTIR
spectrum of the unmodified primer was used as a
reference to identify the changes detected [21].

3.Degree of Monomer Conversion (DC)

The degree of conversion (DC) was assessed
using FTIR  spectroscopy [22,23]. Sample
preparation (n = 5 per group) involved applying a
drop of primer onto a celluloid strip fixed over a
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glass slide, which was then lightly pressed by
another strip and light-cured at 1500 W/cm? for 10
seconds (5 seconds from each side). A standard
distance of 1 mm was maintained between the tip
of the light-curing unit and the sample. The upper
celluloid strips were then removed, and the cured
specimen, approximately 0.1 mm thick and
measuring 4 x 4 mm, was carefully excised with a
narrow surgical blade and stored in a dark, dry
container for 24 hours until analysis. The specimen
was placed on the diamond ATR crystal of the FTIR
spectrometer equipped with attenuated total
reflection (ATR). The spectrum was acquired in
absorbance mode over a wavelength range of 400—
4000 cm™, with 24 scans at a resolution of 4 cm™.
Non-cured drops of control and modified primer
specimens were also subjected to FTIR analysis. The
DC% was calculated using a relative percentage
method (tangent baseline and two-frequency
method) by comparing the C=C aliphatic bond
stretching vibrations (analytical peak at 1638 cm™)
with the C=C aromatic bond stretching vibrations
(reference peak at 1608 cm™), which remain
unaffected by the polymerization reaction. The
following equation was used to determine the DC:
Where A (C=C), A(C..C) present the net peak
absorbance areas of the set (P) and unset (M)
material at the specific bands, respectively.

4.Shear bond strength (SBS)

This study utilized 30 extracted upper first
premolar teeth obtained for orthodontic reasons,
ensuring they were free from caries, restorations,
and enamel cracks. The teeth were stored in a 0.1%
thymol solution to prevent-bacterial growth [24]
and then mounted~in plastic rings up to the
cementoenamel junction using cold-cure acrylic
resin.

Three groups of teeth (n = 10 each) were
randomly selected and divided into: control group,
5% NCGP, and 10% NCGP. After polishing the buccal
surfaces with non-fluoridated pumice, the teeth
were rinsed with water and dried. For bracket
bonding, the teeth were etched with 37%
phosphoric acid for 20 seconds, rinsed for 10
seconds, and air-dried. Both unmodified and
modified primers were applied to the premolar
buccal surfaces, followed by gentle airflow to
disperse excess primer. Orthodontic brackets
(stainless steel metallic brackets, standard
edgewise type, Dentaurum, Germany) were
positioned using a Boone gauge approximately 4
mm from the tip of the buccal cusp [25] and pressed
with a 200 g load. After removing excess adhesive,
the brackets were light-cured for 40 seconds using

an LED curing device (1500 mW/cm?). Shear bond
strength (SBS) was measured using a universal
testing machine (Gester Instrument Co., Fujian, PR
China) by positioning a knife-edge chisel at the
tooth-bracket interface, directed in an occlusal-
gingival direction (Fig. 2). The crosshead speed was
set at 0.5 mm/min. The fracture force results were
electronically recorded in Newtons and converted
to megapascals by dividing the force by the surface
area of the bracket base [26].

| A.",'Yl AN <
Fig. 2. Loading of the bracket under shear force in SBS
testing setup

5.Adhesive remnant index (ARI)

The ARI was assessed by inspecting the residual
adhesive on both the tooth and bracket base after
measuring the SBS of debonded brackets under 10x
magnification with a stereomicroscope. The ARI
scores are as follows [27, 28]:

Score 0: No remaining adhesive on the enamel
surface.

Score 1: Less than half of the remaining

adhesive is on the enamel surface.

Score 2: Over half of the remaining adhesive is

on the enamel surface.

Score 3: All the adhesive remained on the

enamel surface with a clear impression of the

bracket’s mesh.

6. Antibacterial assessment: Disc diffusion
method (Kirby-Bauer method)

The antibacterial properties of the modified
adhesive primer discs were tested against two
cariogenic bacteria: Streptococcus mutans (Gram-
positive cocci) and Lactobacillus acidophilus (Gram-
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positive bacilli). Plastic molds (6 mm diameter and
2 mm thickness) were used to fabricate discs for the
control, 5% NCGP, and 10% NCGP groups (total
discs = 15; n =5 per group). The primer was poured
into the molds and light-cured for 10 seconds on
the top and 10 seconds on the bottom. After curing,
the discs were removed from the molds and
sterilized with 70% ethanol for 30 minutes at room
temperature.

About 20 mL of Mueller-Hinton powder was
dissolved in 1 L of distilled water to prepare the
agar plates, which were then cooled to 45-50°C.
The mixture was poured into sterilized Petri dishes
to a thickness of 4 mm. The agar was allowed to
solidify at room temperature and then stored at 4°C
until use. Brain heart infusion (BHI) broth was used
to individually culture Streptococcus mutans [29]
and Lactobacillus species. After adjusting the
turbidity to 0.5 McFarland standard (approximately
1.5 x 108 cells/mL), the tubes were incubated for 24
hours at 37°C.

A sterile wire loop was used to smear the
bacterial culture onto Mueller—Hinton agar plates,
and the agar surface was allowed to dry for
approximately 5 minutes. The discs were gently
pressed onto the agar using sterilized forceps.
Plates were incubated under anaerobic conditions
at 37°C for 24 hours. The bacterial inhibition zones
around the discs were measured in millimeters.
Five Petri dishes were used for each bacterial
species, containing three discs: control, 5% NCGP,
and 10% NCGP [27].

7.FESEM-EDX Analysis of remineralization

Fifteen crown surfaces of upper premolars from
all groups (n = 5 each) were subjected to
demineralization = to  prevent false-positive
remineralization results.” First, the crowns were
coated with an acid-resistant varnish, exposing an
enamel window of approximately 3 x 4 mm at the
middle third of the buccal surface. In contrast, the
varnish protected the rest of the crown. Each group
was immersed in 40 mL of acidified buffered
demineralizing solution at room temperature for 96
hours to induce initial artificial carious lesions. The
demineralizing solution contained 2.2 mmol/L
CaCl,, 2.2 mmol/L NaH;PO,, and 50 mmol/L acetic
acid, with the pH adjusted to 4.5 using NaOH [30].
After removal from the solution, the specimens
were washed and dried. The exposed enamel
windows of the demineralized specimens were
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etched and bonded with either the control primer,
5% NCGP, or 10% NCGP. Each group was stored in
containers containing 40 mL of artificial saliva for 4
months. The artificial saliva composition was as
follows [31]: 0.4 g/L KCl, 0.4 g/L NaCl, 0.795 g/L
CaCly-2H,0, 0.780 g/L NaH,P04-2H,0, 0.005 g/L
Na,S-9H,0, and 1 g/L urea, all dissolved in 1000 mL
of distilled water.

For SEM-EDX analysis, the crowns were
separated from the roots, and a longitudinal
section in the buccolingual direction at the mid-
occlusal surface of the premolars was performed
using a water-cooled, low-speed handpiece with
double sided diamond disc. The cut surfaces were
stored in distilled water until further analysis.

All specimens were thoroughly dehydrated and
then coated with a thin layer of gold to prepare the
surface for field emission scanning electron
microscopy (FESEM) examination.

Elemental analysis (calcium and phosphate
weight percentages) was performed using the EDX
unit attached to the same FESEM instrument. The
cut surfaces'were carefully examined at a depth of
100 um from the bonding surface to obtain
representative photomicrographs and quantitative
measurements.

Statistical analysis

Statistical analysis was performed using SPSS
software version 26. The study results were
analyzed by one-way analysis of variance (ANOVA)
followed by the post-hoc Tukey test. Adhesive
Remnant Index (ARI) scores were compared using
the Chi-square test. Statistical significance was set
at p <0.05.

RESULTS
1. Characterization of nano-chitosan/gallic acid by
FESEM-EDX

FESEM images of the prepared chitosan/gallic
acid hydrogel (Fig. 3A) showed a homogeneous
morphology of the chitosan matrix. The gallic acid
particles appeared as white spots at the nanoscale
(20-40 nm) and were uniformly distributed
throughout the chitosan matrix.

The EDX analysis of the chitosan/gallic acid
hydrogel revealed a higher proportion of carbon (C)
and oxygen (0O), with a smaller percentage of
nitrogen (N) (Fig. 3B).
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Fig 3. (A) FESEM image of Nano-Chitosan/ Gallic acid hydrogel at 25 and 200 kx magnification showing gallic acid particle sizes, shapes
and distribution within the chitosan matrix; (B) EDX spectrum with elements percentage in weight of the prepared hydrogel

2.FTIR Characterization of modified primer by
Nano-Chitosan /Gallic acid

Figures 4A, 4B, and 4C show the FTIR spectra of
all groups, with no appearance or disappearance of
bands, indicating that no chemical reaction
occurred between the primer and the chitosan
loaded with gallic acid at 5% and 10%.

Chitosan/gallic acid exhibits a distinct peak at
3482 cm™ corresponding to the hydroxyl stretch
(O—H). Chitosan also peaks at 1636 cm™ attributed
to the C=0 stretch of the amide | band. Gallic acid
presents peaks at 1714 cm™ and 1453 cm™ due to

C=0 and C-H stretching, respectively.

The FTIR spectrum of the primer displays
characteristic peaks at 3482 cm™, 2959 cm™, 1714
cm™, and 1636 cm™, corresponding to hydroxyl (O—
H), aliphatic (C-H), carbonyl (C=0), and alkene
(C=C) stretching vibrations, respectively. These
peaks overlap with those of chitosan/gallic acid,
resulting in no additional peaks observed between
the FTIR spectra of the unmodified and modified
primers.

Nanomed J. 12: 1-, 2025
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Fig. 4. FTIR spectra of (A) control; (B) 5% NCGP; (C) 10% NCGP

Table 1. Descriptive statistics and multiple comparisons Post-hoc Tukey test of shear bond strength and Degree of Conversion of the
control, 5% NCGP, 10% NCGP

shear bond strength Degree of Conversion
- Post- - Post-hoc
Groups N Mean SD Min.. ~Max P hoc n Mean SD Min.  Max. P *
value test* value test
Control 10 1520 .60 1180 18.20 A 5 6026 125 5850 62.00 A
0
SAII(\)I;GP 10 17.28 1.07 1250 24.10 0.04 A,B 5 6621 .55 6550 67.00 0.000 B
NCGOP 10 1827 .70 1470 21.10 B 5 69.00 196 66.70 72.00 C

NCGP: Nano-Chitosan/Gallic acid Primer, SD: Standard deviation, Different litters mean significant difference at (P < 0.05).

3. Degree of Conversion

Table 1 shows that the highest significant mean
degree of conversion (DC) was observed in the 10%
NCGP group (69%), followed by the 5% NCGP group
(66.2%). The control group exhibited the
significantly lowest DC value (60.2%).

4.Shear bond strength

The 10% NCGP group exhibited the highest
mean shear bond strength (SBS) of 18.27 MPa
(Table 1), followed by the 5% NCGP group with
17.28 MPa, while the control group had the lowest
mean value at 15.20 MPa. SBS increased
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significantly in the 10% NCGP group compared to
the unmodified control group. The 5% NCGP group
showed no significant difference in SBS compared
to the control and 10% NCGP groups.

5.Adhesive remnant index

The ARI bar chart (Fig. 5, Table 2) showed no
significant differences among the three groups,
with the majority of specimens (16) scoring 3,
indicating that the adhesive remained on the
enamel after bracket debonding. Eleven specimens
scored 2, while the remaining three specimens
scored 1.
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Fig. 5. Bar chart representing the ARl scores: C is control group, NCGP is.Nano-Chitosan/Gallic acid Primer

Table 2. Frequency and percentage of adhesive remnant index (ARI) scores.
ARI SCORES

Groups 0 1 3 3 Total

Control (N=10) 0 0 4 6 10

NCGP 5% (N=10) 0 2 3 5 10

NCGP10% 0 1 4 5 10

Total 0(0%) 3(10%) 11(36.66%) 16(53.33%) 30

NCGP: Nano-Chitosan/Gallic acid Primer.

6.Antibacterial activity as shown in Figures 6A and 6B. The control group
The results of the antimicrobial test showed showed no antibacterial effect (no clear zone
that experimental discs containing both 5% and around the disc). The antibacterial activity
10% NCGP exhibited antibacterial activity against increased significantly from 5% to 10% NCGP (Table

Streptococcus mutans and Lactobacillus 3).
acidophilus, demonstrated by the presence of clear
inhibition zones around the discs on'the agar plates,

Fig. 6. Bacterial inhibition zone of control group, 5% and 10% Nano-Chitosan/Gallic acid Primer groups against: (A) Streptococcus
mutans and (B) Lactobacillus acidophilus.
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Table 3. Descriptive statistics and multiple comparisons Post-hoc Tukey test of streptococcus mutans and lactobacillius growth inhibition
of the control, 5% NCGP, 10% NCGP.

Streptococcus mutans

Lactobacillus acidophilus

} Post- ) Post-

Groups n Mean SD Min. Max. p hoc n Mean SD Min. Max. P hoc

value * value .

test test

Control 5 .00 .00 .00 .00 A 5 .00 .00 .00 .00 A
5%

NCGP 5 14.62 1.00 13.70 15.90 0.000 B 5 10.94 .75 10.00 12.00 0.000 B
0,

10% 5 16.90 .53 16.00 17.30 C 5 16.58 74 15.70 17.60 C

NCGP

NCGP: Nano-Chitosan/Gallic acid Primer, SD: Standard deviation, Different litters mean significant difference (P < 0.05).

7.FESEM-EDX analysis of remineralization

The FESEM images in Figure 7 (Al to C3)
revealed the morphology, crystalline phases, and
mineral deposition on the surfaces of both the
treated and untreated groups.

The morphology of the enamel surfaces of
specimens treated with chitosan loaded with gallic
acid primer after remineralization showed
noticeable changes in the enamel rod
nanostructure and a reduction in the inter-rod
spaces. Newly formed grain-like materials (~50 nm)

200kx ———» 50.0kx —> 200kx

enhanced the nanocrystalline enamel structure,
including the prism and inter-prismatic zones. Upon
completion of remineralization, enamel-like
structures covered the entire demineralized lesion.
These newly formed structures result from non-
classical crystallization processes. Moreover, the
10% NCGP group exhibited mineral deposition and
formation of hydroxyapatite layers on the
demineralized enamel, which were absent in the
controlgroup (Fig. 7C2, C3).

W spectrum 1
)

P

I
Na
Mg

Weight % 50%

Fig. 7. FESEM images of the teeth cross section after remineralization at different magnifications: A1, A2, A3 for control group; Yellow

arow showed the inter-rods spaces. B1, B2, B3 for 5%NCGP, the red arrows showed a decrease in the spaces.

C1, C2, C3 for

10%NCGP, the white arrows represent the calcium phosphate precipitation. A4, B4, C4 showed the EDX analysis for each group.
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In the EDX analysis (Fig. 7A4, B4, C4), the
primary elements detected in enamel were oxygen
(O), calcium (Ca), and phosphorus (P), with smaller
amounts of carbon (C), magnesium (Mg), sodium
(Na), and chloride (Cl).

Table 4 summarizes the means, standard
deviations, and Tukey test results for the weight
percentages of mineral concentrations. ANOVA
revealed significant differences in calcium and
phosphate concentrations among the three groups
following remineralization (P < 0.05). The 5% and
10% NCGP groups had significantly higher mean

calcium and phosphate levels than the control
group. The 5% NCGP group showed a non-
significantly higher mean calcium and phosphate
content than the 10% NCGP group.

Comparison of the Ca/P ratio using ANOVA
revealed significant differences among the three
groups after remineralization (P <0.05). The 5% and
10% NCGP groups exhibited significantly higher
mean Ca/P ratios than the control group. The 10%
NCGP group showed a non-significantly higher
mean Ca/P ratio than the 5% NCGP group (Table 4).

Table 4. Descriptive statistics and multiple comparisons Post-hoc Tukey test of EDX results of calcium wt. %, phosphate wt. % and Ca/P
ratio of the control, 5% NCGP, 10% NCGP.

5% NCGP 10% NCGP Tukey test* Tukey test* Tukey test*
Elements Control (n=5) -value
- (n=5) (n=5) P Control 5%NCGP 10%NCGP
0,
Cawt% 26.42+6.46 37.48+4.27 34.73+3.69 0.011 A B B
(meanSD)
0,
(mPe:vr:+/SnD) 13.98+2.18 18.13+1.33 16.77+0.68 0.003 A B B
Ca/P
(mean+SD) 1.87+0.18 2.06+0.08 2.06+0.137 0.008 A B B

NCGP: Nano-Chitosan/Gallic acid Primer, Ca: Calcium, P: Phosphate, Ca/P: Calcium to Phosphate ratio, SD: Standard deviation, different
litters mean significant difference (P < 0.05).

DISCUSSION

This study aimed to improve orthodontic
adhesives' remineralizing, antibacterial, = and
mechanical properties by modifying them ' with
nano-chitosan loaded with gallic acid. Since all
these properties showed improvement, the null
hypothesis was rejected.

Many researchers have considered chitosan
[32—-34] and gallic-acid [35,36] potent antibacterial
and remineralizing agents. In our study, both
materials were combined to achieve a synergistic
effect. Moreover, chitosan enables controlled and
sustained drug release, which is crucial during the
prolonged duration of orthodontic treatment.

Two types of bacteria were investigated:
Streptococcus mutans, responsible for the initiation
of dental caries, and Lactobacillus acidophilus,
which contributes to the development and
progression of caries pathogenesis. S. mutans,
characterized by acidogenic, aciduric, and
cariogenic properties, is present in small amounts
or absent in non-carious teeth. Lactobacilli,
commonly found in saliva, the vestibular mucosa,
and on the tooth surface, can increase with the
progression of carious lesions [37].

Chitosan exhibits significant antibacterial
activity, which is attributed to its ability to adhere
to the negatively charged bacterial cell wall, leading
to the inhibition of DNA replication and subsequent
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cell destruction. Another mechanism contributing
to its antibacterial properties is its function as an
adhesive agent, attaching to toxin-producing
organisms and preventing their growth [38].

The results showed that both 5% and 10% NCGP
exhibited antibacterial effects against
Streptococcus mutans and Lactobacillus
acidophilus, significantly increasing activity at
higher concentrations. These findings are
consistent with those of Yao et al. [39], who
reported that a 20 mg/mL carboxymethyl chitosan
(CMC)-modified adhesive system demonstrated
antibacterial activity against Streptococcus mutans.

Another study by Shoorgashti et al. [40]
reported that Ag/ZnO nanoparticles loaded with
polycaprolactone/chitosan composites exhibited
antibacterial effects against Staphylococcus aureus
and Streptococcus mutans using the inhibition zone
method. Almeshal et al. [41] demonstrated that
chitosan nanoparticles of different sizes had similar
antibacterial effects and reduced Streptococcus
mutans populations.

Furthermore, Mirhashemi et al. [42] suggested
that chitosan-modified orthodontic composite
exhibited antibacterial activity against
Streptococcus sanguinis, Streptococcus mutans,
and Lactobacillus acidophilus.

Regarding the antibacterial action of gallic acid,
Elsharkawy et al. [43] reported that adding varying
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concentrations of gallic acid to glass ionomer
cement resulted in a significant reduction in
bacterial turbidity compared to the control group.
The antibacterial properties of gallic acid are
attributed to its ability to permanently alter
bacterial cell membranes, which may lead to
changes in cell wall charge, localized rupture, or
pore formation, resulting in the leakage of major
intracellular components [44].

The findings from FESEM and EDX analyses
indicate that both the 5% and 10% NCGP groups can
effectively remineralize demineralized enamel, as
evidenced by higher calcium, phosphate, and Ca/P
ratios precipitated in the area beyond the adhesive
layer—a phenomenon not observed in the control
group. Our results are consistent with Cheng et al.
[45], who concluded that both Galla chinensis
extract (GCE) and gallic acid enhance the
remineralization of artificially induced early enamel
lesions, as demonstrated by transverse
microradiography analysis. However, gallic acid
primarily facilitated mineral deposition in the
superficial layer, whereas GCE promoted mineral
precipitation throughout the lesion body. Tang et
al. [46] proposed that in the absence of gallic acid,
crystals failed to organize properly. At the same
time, its presence led to the formation of spherules,
with crystal size decreasing as gallic acid
concentration increased. These findings suggest
that gallic acid influences the morphology and
growth of hydroxyapatite (HAP) crystals, which is
considered a key mechanism in remineralization.
Parisay et al. [47] reported that 0.5% gallic acid
varnish exhibited higher remineralization potential
in superficial layers than 2.26% fluoride varnish.
Based on these studies, we propose that gallic acid
acts as a calcium ion carrier, promoting increased
calcium deposition on the carious surface, thereby
altering the surface crystalline structure and
reducing the channels connecting to the lesion
body.

Incorporating a bioactive substance into an
adhesive requires careful evaluation of bond
strength. Excessively high and low shear bond
strength (SBS) can negatively affect treatment
outcomes. An SBS exceeding 60 MPa may cause
enamel fracture during bracket debonding,
whereas an SBS below 6-8 MPa may lead to bracket
failure and prolonged orthodontic treatment [48].

The current study demonstrated that
incorporating nano-chitosan loaded with gallic acid
into the orthodontic primer increases shear bond
strength (SBS). Specifically, increasing the NCG
concentration from 5% to 10% resulted in a
significant enhancement of SBS within the
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acceptable range compared to the control group.
These findings support previous studies by Katyal et
al. [38] and Mohammed et al. [49], which reported
increased mean SBS values following adding
chitosan to orthodontic primers.

The increase in SBS observed in NCGP can be
attributed to the nanoparticles acting as stress-
absorbing  elements, providing  structural
reinforcement and reducing interfacial stress
concentration [50].

The adhesive remnant index (ARI) scores for the
SBS ranged between 2 and 3. Approximately 53.3%
of bond failures occurred at the bracket/adhesive
interface, while 36.6% were cohesive failures
within the adhesive. This indicates that more than
half of the orthodontic adhesive remained on the
tooth surface after bracket debonding, consistent
with several previous studies [51-53]. An ARI score
of 3isadvantageous asitreduces the risk of enamel
fracture during debonding [54].

In this study, the degree of conversion (DC) was
evaluated " to ~determine the proportion of
monomers that react to form polymers, specifically
the percentage of C=C double bonds converted into
C-C single bonds [55]. The DC significantly
influences the physical properties of the resulting
cross-linked polymers. A high DC generally
correlates with improved mechanical properties,
reduced susceptibility to degradation, and lower
levels of residual monomers in the organic matrix,
leading to decreased monomer leaching and
cytotoxic effects [56].

Our study demonstrated that the degree of
monomer conversion significantly increased,
enhancing adhesive polymerization in the 5% and
10% NCGP groups compared to the control group.
These results are consistent with those of Tanaka et
al. [57], who reported that adding chitosan loaded
with dibasic calcium phosphate fillers increased the
DC of dental composites.

In contrast, Mahapoka et al. [58] reported a
non-significant decrease in the degree of
conversion (DC) when chitosan whiskers were
incorporated into dental resin compared to the
control group. Similarly, Machado et al. [56] found
that adding 2 or 5 wt.% of chitosan or triclosan-
loaded chitosan resulted in non-significant
differences in DC compared to the control group.
This discrepancy may be attributed to the use of
solid-form chitosan in both studies, which can
hinder light transmission through the adhesive film
and slow down the photopolymerization process
[59]. In contrast, our study utilized chitosan loaded
with gallic acid in liquid form, which did not affect
the translucency of the primer nor interfere with
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the polymerization process.

All groups' mean degree of conversion (DC) fell
within the clinically acceptable range suggested by
Kauppi and Combe [60], typically ranging from 55%
to 75%. The observed improvement in DC in our
study may be attributed to the photooxidative
degradation of chitosan during light curing of the
modified primer. This degradation leads to the
breaking of polymer chains and the generation of
free radicals, which reduce the molecular weight
and viscosity of the polymer, thereby enhancing the
polymerization process and increasing the DC [61,
62].

LIMITATIONS

1. This in vitro study was conducted under
controlled laboratory conditions, which may not
accurately replicate the complex oral environment.

2. The remineralization assessment was
conducted over a fixed period (4 months). Longer-
term studies may provide a more comprehensive
understanding of the durability and effectiveness of
the modified adhesives.

3. Additional studies were required to assess the
effectiveness of a broader range of bacteria,
including oral biofilm and other cariogenic
pathogens.

CONCLUSIONS

Based on the study results, the following
conclusions were drawn:

1. The addition of both 5% and 10% nano-
chitosan/gallic acid to the orthodontic primer
improved the mechanical and chemical properties
of the adhesives, including shear bond strength
(SBS), adhesive remnant index (ARI), and degree of
conversion (DC).

2. Both modified primer groups (5% and 10%
NCGP) exhibited antibacterial activity and the
capability to remineralize demineralized enamel
surfaces.

3. Nano-chitosan/gallic acid is a promising
agent for preventing white spot lesions (WSLs) for
the following reasons: (i) Chitosan acts as a bio-
adhesive between demineralized enamel and the
loaded bioactive materials.
(ii) Gallic acid serves as a calcium ion carrier,
promoting the growth of hydroxyapatite crystals.
(iii) Both materials exhibit antibacterial properties
against Streptococcus mutans and Lactobacillus
acidophilus.

SUGGESTIONS

Future studies are needed to evaluate the
biological properties of chitosan loaded with gallic
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acid under in vivo conditions. Additionally, further
research is required to assess the incorporation of
chitosan/gallic acid into other dental products such
as toothpaste, varnishes, and other preventive
agents.
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