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Abstract: This study evaluated the effect of incorporating silver nanoparticles (AgNPs) into
conventional orthodontic adhesive on its antibacterial activity and the shear bond strength (SBS) to
stainless steel orthodontic brackets. Thirty-four extracted premolars were randomly allocated into
two groups (n = 17). Orthodontic adhesive (Transbond XT, 3M Unitek) was blended with AgNPs
(50 nm, 0.3% w/w) to form a nano-adhesive. In order to bond stainless steel twin brackets (0.022-inch,
American Orthodontics), Transbond XT (n = 17) and nano-adhesive (n = 17) were used in each group,
respectively, after acid etching (37% phosphoric acid, 30 s) and rinsing with water (15 s). SBS and the
adhesive remnant index (ARI) scores were recorded. Antibacterial activity against Streptococcus mutans
in both groups after 24 h and 30 days was assessed (Disc agar diffusion test) and the inhibition zone
diameter around each specimen was measured and recorded. Adding AgNPs significantly (p = 0.009)
reduced the mean (SD) SBS in the nano-adhesive group [10.51(7.15) MPa] compared to Transbond XT
[17.72(10.55) MPa]. The ARI scores on the Transbond XT and nano-adhesive showed no statistically
significant difference (p = 0.322). Nano-adhesive with AgNPs showed significant antibacterial activity
against Streptococcus mutans at 24 h and 30 days (p < 0.001). In both groups, no significant decline in
the zones of inhibition was detected after 30 days (p = 0.907). The findings suggest that SBS decreased
after incorporation of AgNPs [0.3% (w/w)], but was still above the recommended SBS of 5.9–7.8 MPa.
The nano-adhesive showed significant antibacterial activity which did not change much after 30 days.

Keywords: antibacterial; remineralization; shear bond strength; orthodontics; silver nanoparticles;
adhesive remnant index; caries inhibition

1. Introduction

Enamel demineralization or white spot lesions can occur during orthodontic treatment and can
be seen in up to 96% of orthodontic patients [1–4]. This is due to hampering the maintenance of oral
hygiene and provision of numerous additional surfaces for formation of bacterial biofilm by fixed
orthodontic appliances [1–4]. Literature review reveals a number of recommendations to eliminate or
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reduce the white spot formation, such as oral hygiene education, tele-monitoring, selective etching
technique, and application of fluoride, which are mainly reliant on patients’ cooperation [5,6].

Fluoride application produces a less soluble, carrying resistant fluorapatite on the enamel surface,
which is more resistant to acid attack [7]. Fluoride delivery comes in different forms, such as fluoride
varnishes, or toothpastes, mouth-rinses, and gels containing fluoride, as well as orthodontic bonding
adhesives/cements incorporating a source of fluoride [7,8]. Other recent approaches to reduce white
spot formation include the application of Casein Phosphopeptide-Amorphous Calcium Phosphate
(CPP-ACP), bioactive glass, or addition of nano-particles with anti-caries activities to the orthodontic
appliance surfaces or orthodontic adhesives/cements [2,8–12].

As outlined earlier, contemporary approaches are mainly investigating the effect of antibacterial
agents incorporated into orthodontic adhesives or cements, or used for coating orthodontic appliances
with them, to reduce bacterial aggregation [13] and prevent white spot formation [2].

The use of silver nanoparticles (AgNPs) in orthodontic adhesives is relatively new [2]; they have
interesting properties such as chemical stability, catalytic activity, localized surface plasma resonance,
and high conductivity [14,15]. We know that the reactive oxygen species form at the surface of the
silver nanoparticles or by the released free silver ions which, under certain conditions, can induce cell
death of either mammalian cells or microbial cells, giving the silver nanoparticles unique antibacterial
and anti-fungal properties [14,15].

The objective of the present in-vitro study was to investigate the effect of addition of AgNPs
(50 nm avg. part. size. 0.3% w/w) into an orthodontic adhesive on the shear bond strength (SBS) and
adhesive remnant index (ARI) between stainless steel brackets and enamel tooth surface. The null
hypothesis presumed that there were no significant differences between SBS values and bond failure
sites (ARI) of stainless-steel brackets bonded to enamel tooth surfaces using conventional adhesive
and nano-adhesive.

2. Materials and Methods

2.1. Nano-Adhesive Preparation

The Transbond XT (3M Unitek, CA, USA) orthodontic adhesive was used to bond the brackets.
Light cure orthodontic adhesive (Transbond XT) was blended with silver nanoparticles (Sigma-Aldrich
Biotechnology, St Louis, MO, USA, Silver nanospheres 50 nm avg. part. size, 0.3% w/w) using a mixer
at 3500 rpm for 5 min in a dark room. After the preparation, the nano-adhesive was observed under
scanning electron microscope to check the homogeneity of the mix (Figure 1).
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2.2. Sample Size Calculation and Specimen Preparation

Based on the previous study [16], the minimum standardized difference, type I error rate (0.05),
and power (0.80) for this investigation, 34 recently extracted non-carious, non-fluorosed, human
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premolars with sound buccal surfaces were selected (17 in each group). The teeth were cleaned,
lightly pumiced (5 s), and stored in distilled water at room temperature before use.

For this experiment, the stainless-steel maxillary premolar twin brackets (0.022-inch,
American Orthodontics, Sheboygan, WI, USA) were used as follows:

Group 1. The buccal surface was etched for 30 s with 37 per cent phosphoric acid at room
temperature, rinsed for 15 s with water, and air dried till white, chalky surface appeared. Subsequently,
after application of the Transbond XT primer, a light cure orthodontic adhesive (Transbond XT,
3M Unitek, CA, USA) was used to bond the stainless-steel brackets to the tooth surface. All brackets
were light cured (Optilux 50; Kerr, Danbury, CT, USA, with a light intensity of 650 mW/cm2) for 40 s
(10 s for mesial, distal, gingival and occlusal sides). Excess adhesive was removed using an explorer
before light curing.

Group 2. The bonding procedure similar to group 1 was used, but the nano-adhesive was used to
bond the brackets to the tooth surface.

Then, all specimens were thermocycled 500 times between 5 ◦C and 55 ◦C with a dwell time of
30 s between each cycle. Finally, they were vertically mounted in auto-polymerizing acrylic blocks
with the buccal surfaces parallel to the debonding blade.

2.3. Assessment of Shear Bond Strength and Adhesive Remnant Index

Shear bond strength (SBS) of two groups were determined, and the adhesive remnant index (ARI)
scores were also assessed.

2.3.1. Shear Bond Strength

The shear bond strength was tested using a universal testing machine (Z020; Zwick GmbH, Ulm,
Germany). The shear force at a crosshead speed of 1 mm/minute was transmitted to the bracket
and the teeth were aligned so that the applied force was perpendicular to the bracket. The force
required to shear the bracket was recorded and the bond strength was calculated in megapascals
(MPa). The findings of this study were compared with the recommended bond strength of 5.9–7.8 MPa
suggested by Reynolds [17].

2.3.2. Adhesive Remnant Index

The sheared surfaces were further investigated with a stereomicroscope (Olympus, SZX9, Tokyo,
Japan) at 20×magnification to assess the adhesive remnants on the specimen surface. The adhesive
remnant index (ARI) as described by Artun and Bergland [18] was used and recorded for this
assessment. ARI scores were used as a means of defining the sites of bond failure between the enamel,
resin (adhesive), and the bracket base. The ARI (the substrate ARI score or ARIs) was scored 0–3, as
follows:

0, no adhesive left on the tooth;
1, less than half of the adhesive left on the tooth;
2, more than half of the adhesive left on the tooth;
3, all the adhesive left on the tooth with the mesh pattern visible.

2.4. Determination of the Antibacterial Activity of the Silver Nanoparticles (AgNPs)

For this experiment, 68 composite disk (6 mm diameter and 3 mm thickness, 34 nano-adhesive
and 34 conventional adhesive (Transbond XT) disks) were fabricated using plastic molds. Molds were
covered by on each side with matrix strips and light cured on each side for 20 s. There was no distance
between the LED light tip and the top surface of the composite specimen. Then, specimens were
exposed to UV light (15 min) to make sure there is no contamination. Each specimen group were
further divided into two groups of 17 (17 nano-adhesive and 17 conventional adhesive disks) and used
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for disc agar diffusion test to assess the antimicrobial activity after 24 h (n = 34) and after 30 days
(n = 34).

Disc Agar Diffusion Test

Disc agar diffusion test was used to assess the antibacterial effects of adhesive containing Silver
nanospheres (50 nm avg. part. size, 0.3% w/w) against S. mutans (PTCC 1683, purchased from
the Iranian Research Organization for Science and Technology (IROST)). A McFarland 0.5 bacterial
suspension was used, using sterile swaps, and was cultured on agar plates and immediately exposed
to discs from each group (n = 34). The plates were incubated for 24 h at 37 ◦C and the diameter of
bacterial growth inhibitory zone around the discs was measured in mm. This procedure was repeated
after 30 days on the other 34 specimens that were kept in normal saline for 30 days to assess the
longitudinal changes in the diameter of bacterial growth inhibitory zone.

3. Statistical Analysis

Statistical analysis was performed with SPSS software, Version 17 (Statistical Package for Social
Sciences; SPSS Inc., Chicago, IL, USA). The data for the SBS were subjected to the Shapiro–Wilk normality
test and revealed that data was not normally distributed (p < 0.05), and therefore, the non-parametric
Mann–Whitney test was used to analyze the SBS data. For the comparison of the ARI scores,
the Mann–Whitney test was also used.

The data for inhibition zone diameter was exposed to normality test (p > 0.05) and then compared
with two-way ANOVA and Tukey post-hoc test. The significance level was (p < 0.05).

4. Results

4.1. Shear Bond Strength

The Mann–Whitney test showed that there was a significant SBS difference (U = 69, p = 0.009)
between the nano-adhesive group with silver nanoparticles [10.51 (7.15) MPa, range: 4.19–29.17 MPa]
and the Transbond XT orthodontic adhesive group [17.72 (10.55), MPa, range: 6.10–40.31 MPa], but this
was still above the clinically recommended SBS of 5.9–7.8 MPa.

4.2. Adhesive Remnant Index

The amount of residual adhesive on the specimen surfaces as evaluated by the ARI scores is
shown in Table 1. The ARI scores for the Transbond XT orthodontic adhesive and nano-adhesive
showed no statistically significant differences (The Mann–Whitney test, U = 115.5, p = 0.322). Overall,
the null hypothesis was partially rejected (SBS) for this study.

Table 1. The adhesive remnant index (ARI) scores on enamel tooth surfaces in 2 groups.

ARI
Total

0 1 2 3

Transbond XT 1 (5.9) 5 (29.4) 10 (58.8) 1 (5.9) 17

Nano-adhesive 0 4 (23.5) 10 (58.8) 3 (17.6) 17

Total 1 (2.9) 9 (26.5) 20 (58.8) 4 (11.8) 34

4.3. Antibacterial Activity

The mean (SD) of the inhibition zone diameter for conventional adhesive at 24 h and 30 days were
4.82 (1.18) and 4.70 (0.91) mm, retrospectively. The figures for the nano-adhesive (AgNPs) group were
7.94 (0.96) and 7.88 (1.05) mm, retrospectively. The inhibition zone diameter was significantly larger
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in the nano-adhesive group at 24 h and 30 days (p < 0.001). In both groups, there was no significant
interaction in inhibition zone diameter at 24 h and 30 days (F (1, 64) = 0.014, p = 0.907) (Figure 2).
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5. Discussion

Incorporation of nanoparticles (NPs) into orthodontic material has revealed promising capacities
in terms of antimicrobial and mechanical properties [2], but needs further investigation [19]. NPs have
been added to orthodontic adhesives, cements, or acrylic resins and can be coated onto the
surfaces of orthodontic appliances to prevent microbial adhesion or enamel demineralization during
orthodontic treatment [2]. Silver (Ag) has antibacterial, anti-fungal and antiviral properties [20,21].
Resins containing NPs of silver were synthesized that have antibacterial characteristics [22–24].
These properties are mainly due to the release of Ag+ ions, which is higher when fine AgNPs are used
(<10 nm particle size) for antibacterial action compared to larger AgNPs [25]. Overall, they can cause
cell leakage, destabilization of ribosomes, enzyme interaction, production of reactive oxygen species,
DNA damage, and cell death [25].

There are a few in-vitro studies that investigated the effect of incorporation of AgNPs into
orthodontic adhesives [26–31]. Ahn et al. reported that experimental adhesives composed of 250 ppm
and 500 ppm AgNPs produced interesting antibacterial properties without adversely affecting the
shear bond strength [26]. Blöcher et al. [27] examined the effect of addition of micro-silver particles
(0.1% and 0.3% (w/w) with particle sizes of 3.5–18 µm) and AgNPs particles (0.11%, 0.18% and 0.33%
(w/w) with particle sizes of 12.6–18.5 nm) to Transbond XT primer and reported no significant effect
on SBS or ARI scores of the experimental adhesive to the bovine incisor teeth. However, the type
of specimens used [27] or the concentrations of the AgNPs were different, compared to the present
experimental setting [26]. Similar to the present findings, Reddy et al. incorporated 1% AgNPs to the
orthodontic adhesive (Transbond) and reported significant reduction in SBS [28]. Addition of 0.11%,
0.18%, and 0.33% (w/w) of AgNPs the orthodontic adhesive (Transbond) primer similarly reduced the
SBS of the experimental adhesive [29]. Another experiment by Riad et al. also reported reduced SBS of
the experimental adhesive containing AgNPs [30].
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Reynolds [17] recommended minimum bond strength of 5.9–7.8 MPa as adequate bond strength
for most orthodontic needs during routine clinical use. The bond strength value of the nano-adhesive
used in the present study was above this minimum requirement and offered clinically acceptable
mean SBS, but with a wide range, suggesting further clinical investigations. This is in line with
recent systemic review findings suggesting that mild reduction in SBS of orthodontic adhesives is
expected after additions of NPs [32]. However, clinical conditions may differ significantly compared
to an in-vitro setting and therefore, further clinical studies are needed. We know from previous
research that AgNPs are effective against Streptococcus mutans, a major contributor to dental cavities,
a higher antimicrobial effect against Streptococcus mutans of AgNPs at lower concentrations compared
to gold or zinc nanoparticles, allowing important clinical effects with a reduced toxicity [33]. We used
0.3% weight concentrations of AgNPs and measured the diameter of growth inhibition at 24 h and
30 days observing significant antibacterial effect at both time points. Previous studies confirmed
that orthodontic adhesive with AgNPs were effective against Streptococcus mutans [34,35]; however,
some did not report the same effect after 30 days. For 0.5% and 1% weight concentrations [34],
although there was difference in the diameter of growth inhibition at 24 h, the same effect was not
observed at 30 days. Therefore, authors suggested a short-term antibacterial effect for AgNPs [34].
The concentration used in the present study (0.3% weight) was lower and differences in methodology
may explain the different outcome at 30 days. Another study [29] used 0%, 0.11%, 0.18%, and 0.33%
weight concentrations of AgNPs; after 48 h, they reported growth inhibition of S. mutans in liquid media
after silver addition; however, no inhibitory halos (Disk diffusion assay) were detected around disks of
any silver concentration [29]. Orthodontic adhesive discs containing 5 and 10 % silver/hydroxyapatite
nanoparticles produce bacterial growth inhibition zones and show antibacterial properties against
biofilms, but the same effect was not observed when 1% silver/hydroxyapatite nanoparticles was added
to the orthodontic adhesive [31].

Recent studies suggest a combination of antimicrobial or protein-repellent material and calcium
phosphate nanoparticle to remineralize the carious lesion. The cytotoxicity and biocompatibility are
important considerations for the new bioactive materials. In another word, rather than killing specific
bacteria, it is more desirable to modulate the oral biofilm compositions via bioactive resins to suppress
cariogenic/pathogenic species and promote benign species [35]. However, there is no standard protocol
for incorporation of AgNPs into the orthodontic adhesives, such as optimal w/w concentration of
NPs or addition to adhesive or primer; almost all studies are in-vitro studies [2]. There is a need
for long-term clinical trials to investigate the clinical performance and risk/benefits of incorporating
AgNPs for improving anti-caries properties of orthodontic adhesives. These should identify the right
concentration/particle size of AgNPs and form of preparation (addition to primer vs. adhesive).

6. Conclusions

The in-vitro findings suggest that shear bond strength decreased after incorporation of AgNPs
(0.3% (w/w)), but was still above the recommended SBS of 5.9–7.8 MPa. This was associated with
significant antibacterial activity did not change much after 30 days. Long-term clinical trials are needed
to examine the clinical performance and risk/benefits of incorporating AgNPs for improving anti-caries
properties of orthodontic adhesives. These should identify the right concentration/particle size of
AgNPs and form of preparation (addition to primer vs. adhesive).
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