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ABSTRACT

Introduction: White spot lesions and bracket bond failures remain common complications
of fixed orthodontic therapy. Conventional orthodontic adhesives lack sustained antimicrobial
activity, allowing biofilm formation by Streptococcus mutans. Incorporation of antimicrobial
nanoparticles into adhesive systems may enhance biological performance without compromising
mechanical properties.

Material and Methods: Eighty extracted human premolars were randomly allocated into four
groups (n = 20): Group | (control adhesive), Group Il (1% titanium dioxide nanoparticles),
Group 11 (1% silver nanoparticles), and Group 1V (hybrid: 0.5% TiO: + 0.5% Ag nanoparticles).
Shear bond strength was evaluated using a universal testing machine, while antimicrobial ef-
ficacy against Streptococcus mutans was assessed using a colony-forming unit assay. Adhesive
remnant index scores were recorded to determine failure patterns.

Results: Mean shear bond strength values were 21.45 + 2.31 MPa (control), 22.15 + 2.84
MPa (TiO2z), 17.85 £ 3.15 MPa (Ag), and 20.95 = 2.62 MPa (hybrid). The silver nanoparticle
group demonstrated significantly reduced bond strength compared with the control (p < 0.05),
whereas the TiO: and hybrid groups showed no significant differences. Antimicrobial testing
revealed substantial reductions in Streptococcus mutans growth in the silver (88.4%) and hybrid
(82.1%) groups compared with the control (p < 0.001).

Conclusion: Hybrid incorporation of titanium dioxide and silver nanoparticles provides ef-
fective antimicrobial activity while maintaining clinically acceptable shear bond strength. This
approach represents a promising strategy for reducing white spot lesion development during
fixed orthodontic treatment.

Keyworps: orthodontic adhesives, nanoparticles, shear bond strength, antimicrobial activity, silver,
titanium dioxide, white spot lesions

CITE THIS ARTICLE AS: ] ] . ) )
ALFAWZAN A.A., ALam M.K., HAJEer M.Y. (2026). In-Vitro Evaluation of Nanoparticle-Reinforced Orthodontic

Adhesives for Enhanced Shear Bond Strength and Antimicrobial Activity; The New Armenian Medical Journal,
vol.20 (2), 23-29; DOI: https://doi.org/10.56936/18290825-2026.20v.2-23

ADDRESS FOR CORRESPONDENCE:

Ahmed Ali Alfawzan; Consultant Orthodontist, Mohammad Khursheed Alam; PhD, Professor
Department of Orthodontics and Pediatric Dentistry, Department of Preventive Dentistry College of Dentistry,
College of Dentistry, Qassim University Buraydah, Jouf University Sakaka 72345, Saudi Arabia

Qassim, PO Box: 51452, Saudi Arabia Tel: +966 535602339

Tel.: +966 553936688 E-mail: mkalam@ju.edu.sa

E-mail: ah.alfawzan@qu.edu.sa

23



ALFAWZAN A.A. et al.

THE NEW ARMENIAN MEDICAL JOURNAL, Vol.20 (2026), Is.2, p.23-29

INTRODUCTION

Ideal orthodontic adhesive has been an outstand-
ing theme in the research of dental materials over
decades. Although bracket retention to enamel by
mechanical methods has been standardized success-
fully using acid-etching technology and composite
resin, the biological interface of the adhesive and
oral environment is a significant issue [Matasa C,
1989; Bishara S et al., 2008]. Fixed orthodontic ap-
pliances cause a complicated condition that hinders
oral health causing the buildup of bacteria plaque
and determining it to be a major risk factor in the de-
velopment of White spot lesions [Ogaard B, 2008].

White spot lesions are the initial clinical indica-
tors of carious demineralization and they appear in
up to 50% of the orthodontic patients, and in many
cases, during the first month of therapy [Tufekci
E et al., 2011]. This transition zone between the
enamel and adhesive resin has been specifically
vulnerable to colonization by cariogenic patho-
gens, most of which are Streptococcus mutans and
Lactobacillus species that ferment carbohydrates
to form organic acid [Gorelick L et al., 1982]. This
has led to high demand of orthodontic adhesives
with bioactive characteristics that are able to in-
hibit colonization of bacteria without compromise
to mechanical integrity [Altmann A et al., 2016].

Traditionally, the glass ionomer cements that
release fluoride were introduced to fight deminer-
alization. Nevertheless, they have lower mechani-
cal behavior as they tend to have poorer shear
bond strength than composite resins, which results
in increased failure rates of brackets [Rogers S et
al., 2010]. This mechanical and biological effi-
cacy dichotomy has motivated the investigation in
nanotechnology [Allaker R, 2010]. With an at least
one-dimensional dimension smaller than 100 nm,
nanoparticles (NPs) have specific physicochemi-
cal properties because of the large surface-area-
volume ratio [Hernandez-Sierra J et al., 2008].

Silver nanoparticles (AgNPs) have received
a lot of interest as they possess a wide-spectrum
antimicrobial activity. AgNPs cause cell wall dis-
ruption and influencing of the bacterial cells DNA
replication [Ahn S et al., 2009]. Nonetheless, at
very high levels of silver the extent of conversion
during polymerization is influenced and esthetic
discolouration (greying) of the adhesive also re-
sults [Moreira D et al., 2015]. On the other hand,

Titanium Dioxide nanoparticles (TiO2 NPs) are one
that is biocompatible, chemically stable and shows
photocatalytic antimicrobial effects [Sodagar A et
al., 2017]. Additionally, TiO> NPs have also been
reported to serve as an inorganic filler which could
be used to strengthen the polymer and could result
in the improvement of fracture toughness and bond
strength [Elsaka S et al., 2011].

Although these nanoparticles have been inves-
tigated individually, lack of studies on the hybrid-
ization of metal and metal-oxide nanoparticles in
orthodontic adhesives is eminent despite the fact
these nanoparticles have been studied on their
own. The combination of mechanical reinforce-
ment of TiO: and potent antimicrobial effect of Ag
could be a hybrid approach, which would reduce
the disadvantages of using high concentrations of
one agent [Garcia-Contreras R et al., 2015].

Thus, this research was designed to combine
and analyze a new experimental orthodontic adhe-
sive in which a hybrid of TiO:, and Ag nanopar-
ticles are reinforced. The null hypothesis was that
there would be no significant difference in shear
bond strength or antimicrobial effects of the incor-
poration of these nanoparticles on the antimicro-
bial effects of a conventional adhesive that did not
incorporate these nanoparticles.

MATERIALS AND METHODS

Study Design and Ethical Considerations:
Eighty human maxillary first premolars, extracted
for orthodontic therapeutic purposes, were col-
lected.

Sample Size Calculation: Based on a pilot
study (effect size f=0.4, 0=0.05, power 1-$=0.80),
a sample size of n=18 per group was calculated.
To account for potential sample loss during testing,
n=20 per group was selected.

Sample Selection and Preparation: Inclusion
criteria involved teeth with intact buccal enamel,
no cracks, no caries, and no prior chemical pre-
treatment. Teeth with fluorosis, hypoplasia, or vis-
ible enamel defects were excluded. The teeth were
cleaned of soft tissue debris, stored in 0.1% thymol
solution for one week, and then transferred to dis-
tilled water. The roots were embedded in cold-cur-
ing acrylic resin using cylindrical molds (20 mm
x 25 mm) so that the buccal surface was perpen-
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dicular to the mold base. The buccal surfaces were
polished with pumice and water using a rubber cup
for 10 seconds, rinsed, and dried.

Preparation of Nanocomposites: A commer-
cially available orthodontic light-cure adhesive
(Transbond XT, 3M Unitek) served as the control
and base material. Silver nanoparticles (AgNPs,
greater than 50 nm, spherical) and Titanium Diox-
ide nanoparticles (TiO2 NPs, greater than 25 nm,
anatase phase) were obtained from Sigma-Aldrich.

Four experimental groups were established:

» Group I (Control): Unmodified Transbond XT.

» Group II: Transbond XT + 1% (w/w) TiO2 NPs.

» Group III: Transbond XT + 1% (w/w) AgNPs.

» Group IV (Hybrid): Transbond XT + 0.5% TiO2

NPs + 0.5% AgNPs.

The nanoparticles were weighed using a preci-
sion electronic balance and incorporated into the
composite paste in a dark room to prevent prema-
ture polymerization. Mixing was performed using
a centrifugal planetary mixer (SpeedMixer DAC
150) at 3000 rpm for 2 minutes to ensure homog-
enous dispersion.

Bonding Procedure: The buccal enamel was
etched with 37% phosphoric acid gel for 30 sec-
onds, rinsed for 15 seconds, and air-dried until
chalky white. A thin coat of primer (Transbond XT
Primer) was applied and light-cured for 10 seconds.
Stainless steel premolar brackets (0.022-slot, 3M
Unitek) were bonded using the designated adhe-
sive for each group. Excess adhesive was removed
with an explorer, and the adhesive was light-cured
for 20 seconds (10s mesial, 10s distal) using an
LED curing light (1200 mW/cm2). All samples un-
derwent thermocycling (500 cycles, 5°C to 55°C,
dwell time 30s) to simulate oral aging.

Shear bond strength testing (n=10/group): Spec-
imens were secured in the lower jaw of a Universal
Testing Machine (Instron Model 5566). A shearing
blade was positioned at the bracket-enamel interface.
A compressive load was applied at a crosshead speed
of 1 mm/min until bond failure occurred. The maxi-
mum load (Newtons) was recorded and divided by
the bracket base area (10.6 mm?2) to calculate shear
bond strength in Megapascals (MPa).

Adhesive remnant index evaluation: Follow-
ing debonding, the enamel surfaces were examined

under a stereomicroscope (10x magnification) to

classify the failure mode using the adhesive rem-

nant index score:

» Score 0: No adhesive left on the tooth.

» Score 1: Less than half of the adhesive left on
the tooth.

» Score 2: More than half of the adhesive left on
the tooth.

» Score 3: All adhesive left on the tooth.

Antimicrobial Assessment (n=10/group): The
direct contact test was used to evaluate activ-
ity against Streptococcus mutans (ATCC 25175).
Composite discs (5 mm x 2 mm) of each group
were fabricated and sterilized under UV light. The
discs were placed in 24-well plates containing
Brain Heart Infusion broth inoculated with 1x10°
CFU/mL of S. mutans. The plates were incubated
at 37°C for 24 hours. Following incubation, 100
pL of the suspension was plated onto blood agar
plates. After 24 hours, the number of Colony form-
ing units was counted.

Statistical Analysis: Data were analyzed using
SPSS version 25.0. Normality was assessed using the
Shapiro-Wilk test. Shear bond strength and Colony
forming units data were analyzed using One-way
ANOVA followed by Tukey’s post-hoc test. adhe-
sive remnant index scores were analyzed using the
Kruskal-Wallis test. A significance level of p<0.05
was established.

RESULTS

Shear bond strength: The descriptive statistics
for the shear bond strength values are presented
in Table 1. The Shapiro-Wilk test indicated a nor-
mal distribution of data. One-way ANOVA re-
vealed significant differences among the groups
(F=14.22, p<0.001).

The Control group (Group I) exhibited a mean
shear bond strength of 21.45+£2.31 MPa. The high-
est mean shear bond strength was observed in Group

TABLE 1.

Shear bond strength (MPa) of the study groups.
Composition N Mean SD Min Max

I Control (0% NPs) 10 21.45 231 18.2 25.1
Il 1% TiO: NPs 10 22.15 2.84 179 26.5
Il 1% AgNPs 10 17.85 3.15 134 22.0
IV Hybrid 10 20.95 2.62 16.8 24.8
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TABLE 2.
Frequency of adhesive remnant index scores.
Score0 Scorel Score2 Score3 Total
n(%) n(%) n(%) n(%)
| 1(10%) 4 (40%) 4(40%) 1(10%) 10
Il 0(0%) 5(50%) 4(40%) 1(10%) 10
I 2(20%) 5(50%) 3(30%) 0(0%) 10
IV 1(10%) 4(40%) 4(40%) 1(10%) 10

II (TiO: 1%), recording 22.15+2.84 MPa. The Hy-
brid group (Group IV) showed a mean shear bond
strength of 20.95+2.62 MPa. Tukey’s post-hoc anal-
ysis indicated no statistically significant difference
between Groups I, II, and IV (p>0.05). However,
Group III (Ag 1%) demonstrated the lowest bond
strength at 17.85+3.15 MPa, which was significant-
ly lower than all other groups (p<0.05).

Adhesive Remnant Index: The frequency dis-
tribution of Adhesive remnant index scores is
summarized in Table 2. The Kruskal-Wallis test
showed no significant differences in the distribu-
tion of failure modes among the groups (p=0.342).
The predominant failure mode across all groups
was cohesive failure within the adhesive (Score 1
and 2), indicating that the bond to the enamel was
generally stronger than the internal strength of the
adhesive or the bond to the bracket base.

Antimicrobial Activity: The results of the colony
count assay against S. mutans are presented in Table
3. ANOVA revealed highly significant differences
among the groups (p<0.001). The Control group
(Group I) showed the highest bacterial growth
(148.5x10° CFU/mL). Group II (TiO:) showed a
moderate reduction in bacterial growth compared
to the control (112.3x10° CFU/mL). Group III (Ag
1%) exhibited the most potent antimicrobial activ-
ity (17.2x10° CFU/mL), representing an 88.4% re-
duction compared to the control. The Hybrid Group
IV also demonstrated high efficacy (26.5x10° CFU/
mL), representing an 82.1% reduction.

TABLE 3.
Mean colony forming units (CFU)
of S. mutans (x10° CFU/mL).
Mean CFU SD Reduction (%) P-value

(x10%) vs Control  (vs Control)
I 148.5 12.4 - -
Il 112.3 9.8 24.3% <0.05
11 17.2 4.1 88.4% <0.001
v 26.5 5.5 82.1% <0.001

Discussion

The current research paper investigated the
possibility of the creation of bioactive orthodontic
adhesive by adding Titanium Dioxide (TiO2) and
Silver (Ag) nanoparticles. The findings partly gave
rise to the null hypothesis rejection; although the
nanoparticles had great impact on antimicrobial
properties, their impact on shear bond strength dif-
fered among different compositions. In particular,
the hybrid group showed a positive balance, and
the mechanical integrity of the group was not com-
promised but offered a high level of antimicrobial
activity.

Shear Bond Strength Analysis: Orthodontical-
ly and masticaturally, an adhesive should be able to
withstand forces. Reynolds had proposed that most
clinical requirements in the 6-8 MPa bond strength
is adequate [Reynolds I, 1975], but today most
composites attain 15-25 MPa. In this experiment,
all the groups including the nanoparticle-modified
ones surpassed the minimum clinical requirement.

When 1 percent TiO: (Group II) was added,
there was a minimal, but not statistically signifi-
cant rise in shear bond strength over the control.
This is in accordance with other researchers who
indicated that metal oxide nanoparticles could
serve as inorganic fillers that would decrease the
shrinkage in polymerization and strengthen the
resin matrix [Poosti M et al., 2013]. The TiO: par-
ticles must have enhanced the load transfer mecha-
nism in the composite.

Group I (1% AgNPs) on the other hand
showed a large decrease in shear bond strength
(17.85 MPa). This decreasing tendency is congru-
ent with a so-called cluster effect of nanoparticles
literature [Cheng L et al., 2012]. With increas-
ing concentration, the AgNPs have a tendency of
agglomerating, which forms the points of stress
concentration that undermine the polymer matrix.
Moreover, the transparency of the silver nanopar-
ticles might block the transfer of the light in the
process of photo-polymerization, which may re-
duce the extent of the transformation of the resin
monomers [Yamamoto K et al., 1996].

The Hybrid Group (IV) was able to overcome
this problem. The adhesive was able to sustain the
same shear bond strength (20.95 MPa) that was
statistically comparable to the control by reducing
the percentage of silver to 0.5% and adding 0.5%
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TiO.. The TiO2 must have counteracted the structur-
al drawbacks that the silver had brought in, which
can be substantiated by the recent findings of hybrid
nanocomposites [Akhavan A et al., 2013].

Antimicrobial Efficacy: The antimicrobial
test indicated the active effectiveness of silver. In
group Il and IV, there was a drastic decrease in S.
mutans growth (88.4% and 82.1%, respectively).
The AgNPs are multimodal, i.e., silver ions (Ag")
escaping particles interfere with metabolic path-
ways by binding to thiol groups in bacterial en-
zymes, and enter the cell wall by interacting with
DNA [Morones J et al., 2005]. This mechanism of
contact-killing is the essential one in the preven-
tion of biofilm formation around the bracket bases.

Group II (TiO: alone) recorded a slight decrease
of 24.3%. TiO: antimicrobial works are mainly
photocatalytic; under UV light, TiO2 can produce
reactive oxygen species, which destroy bacterial
membranes [Chorianopoulos N et al., 2011]. Nev-
ertheless, at intraoral where UV exposure is low,
its antimicrobial capacity is less than that of silver,
which is the reason behind the reduced effective-
ness in Group II.

The Hybrid group showed that a low concentra-
tion of 0.5% Ag may be enough to cause potent an-
timicrobial effect and postulated that there will be
non-linear dose-response relationship since even
lower concentrations will result in a growth-arrest-
ing floor in bacteria [Degrazia F et al., 2016].

Clinical Implications: The formation of White
Spot Lesions is a medico-legal and aesthetic issue
in orthodontic practices [Chapman J et al., 2010].
The hybrid adhesive had the capability of reduc-
ing the colonization of S. mutans by greater than
80 percent which could be translated clinically to
a dramatically less incidence of demineralization.
Moreover, since the hybrid group ensured a high
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