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ABSTRACT
Introduction: The purpose of this study was to evaluate and compare the shear bond strength, the adhesive remnant 
scores and surface characteristics of the teeth prepared for bonding with erbium-doped yttrium aluminum garnet (Er:YAG) 
hard tissue laser, self-etching primer (SEP) and phosphoric acid etching. Materials and Methods: Seventy-eight human 
premolars, extracted for orthodontic purposes were randomly divided into three groups, enamel was irradiated with 37% 
phosphoric acid in Group-1, with SEP in Group-2 and with Er:YAG laser at 1.5-W in Group-3. After surface preparation 
standard edgewise stainless steel premolar brackets were bonded; one tooth in each group was not bonded and was examined 
under a scanning electron microscopic. The brackets were debonded 24 h later; shear bond strengths were measured, and 
adhesive remnant index scores were recorded. Results: Statistically signifi cant differences were found between phosphoric 
acid etching, SEP, 1.5-W laser irradiation. Adhesive remnant scores were compared with the Chi-square test, and statistically 
signifi cant differences were found between all groups. Conclusions: The mean shear bond strength obtained with 37% 
phosphoric acid etching, SEP and Er-YAG laser etching were clinically acceptable. SEP produces a more conservative etch 
pattern and more shear bond strength than phosphoric acid. More adhesive was left on the SEP treated enamel as compared 
to enamel treated with acid and laser etching.
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Introduction

Efficient orthodontic treatment with fixed appliances 
requires adequate bonding of brackets to the enamel 
surfaces of the teeth. Bond failures decrease the effi  ciency 
of treatment, resulting in more time in treatment, increased 
chair time per visit, and greater patient inconvenience. 
According to the study of Buonocore in 1955, the 
standard protocol to remove the smear layer for successful 
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bonding has been acid etching.[1] Development of these 
micromechanical bonds contributes to long-term bonding 
strength. In 1965, Newman reported the use of epoxy resin 
for attaching brackets.[2] The bonding procedure improved 
the overall treatment results by eliminating band occupying 
interdental spaces, decreased gingival irritation, and easier 
removal of plaque and decreased risk of calcifi cation.[3] 
Since then, various adhesives and methods of bonding 
orthodontic attachments have been reported to enhance 
the bond strength of the orthodontic attachments.[4,5] The 
inimitable properties of new bonding system in operative 
dentistry is that conjoining conditioning and priming agents 
into a single acidic primer solution for simultaneous use 
on both enamel and dentin.[6] Recent advances in dental 
bonding chemistry allow the combination of the etchant 
and primer into one product called a self-etch primer (SEP) 
composed of methacrylated phosphoric acid esters. In the 
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1990s, SEP was introduced to orthodontics as a way to save 
chair time during bonding. Bonding practices based on 
SEPs, originally introduced in restorative dentistry to bond 
composite resin restorations to both dentin and enamel, are 
being used in clinical orthodontics. One obvious advantage 
of using a SEP is to expedite the bonding procedure by 
combining etching and priming into a single-step. In 
addition to saving time, fewer steps in the bonding process 
lead to fewer procedural errors, such as contamination with 
saliva and water.[7-11] Lasers are not, however, new to the 
fi eld; some of the fi rst reports, on in-vitro studies; date back 
to the late 1960s. It was not until the early 1980s, however 
that lasers truly saw their fi rst use in clinical practice. When 
used effi  caciously and ethically, lasers are an exceptional 
modality of treatment for many clinical conditions that 
dentists or dental specialists treat on a daily basis. The 
erbium-doped yttrium aluminum garnet (Er:YAG) laser 
with a wavelength of 2940 nm is highly absorbed by water 
and hydroxyapatite. Being eff ective in cutting enamel and 
dentin, it is the fi rst approved laser tool applied to dental 
hard tissues in the United States.[12,13] It was shown that 
Er:YAG laser-prepared dentin had improved bond strengths 
when compared with acid-etched groups.[14] However, the 
tensile strength of bracket-tooth bonds after preparation of 
the enamel surface by Er:YAG laser etching was inferior to 
that obtained after conventional acid etching. Nonetheless, 
if the irradiation parameters can be advertently controlled, 
the subsurface fi ssuring that is unfavorable to adhesion can 
be avoided.[15] Nonetheless, if the irradiation parameters 
can be advertently controlled, the subsurface fi ssuring that 
is unfavorable to adhesion can be avoided.

Until date, there are no reported studies that compare the 
bond strengths of orthodontic bracket etched by acid, SEP 
and Er:YAG laser on the enamel surface. The purpose of this 
study is to assess the shear bond strength and the adhesive 
remnant index (ARI) scores of teeth prepared for bonding 
with Er:YAG laser etching, etching with a SEP and etching 
done with phosphoric acid.

Materials and Methods

This in-vitro study was done on extracted human premolars 
to assess the shear bond strength and the ARI scores of 
teeth prepared for bonding with Er:YAG laser etching, 
etching with a SEP and etching done with phosphoric 
acid. Seventy-eight freshly extracted human premolars 
were collected and stored in a solution of 0.1% (weight/
volume) thymol. The inclusion criteria for selection of tooth 
were the maxillary and mandibular human premolars that 
the teeth be noncarious, nonhypoplastic, nonfl uorosed, 
healthy with absence of restorations, and no micro-cracks. 

Stainless steel standard edgewise premolar brackets (3M 
Unitek) were used for bonding to the tooth surfaces in all 
the three groups. The bracket base area used for this study 
was 12.6 mm2 as given by the manufacturer.

The 78 teeth were randomly divided into three groups. 
75 teeth were embedded in self-cure acrylic resin in 
mold. 75 teeth were done with shear bond testing and 
ARI evaluation. One tooth from each group was taken for 
scanning electron microscope (SEM) evaluation to examine 
the etching pattern. Three teeth which were prepared for 
SEM evaluation were not embedded in acrylic resin.

The groups were divided as follows:
• Group-1 (control): Conventional acid etching technique 

(n = 25)
• Group-2: Etching with SEP (n = 25)
• Group-3: Etching with laser (Er:YAG) (n = 25).

All the teeth were polished with a polishing paste (fl uoride-
free and oil-free) to remove any residual plaque or stains 
by using a contra-angle micromotor handpiece and a 
polishing brush.

Group-1: On 25 teeth, 37% phosphoric acid gel was 
applied to the enamel surface to be bonded for 15-s, 
followed by a 10-s water rinse and a 5-s moisture free and 
oil-free air dry. The sealant was applied, and the brackets 
were bonded with Transbond XT (3M Unitek, Monrovia, 
California) and light cured for 40-s according to the 
manufacturer’s instructions.

Group-2: On 25 teeth, Transbond SEP was applied for 
5-s as single layer with applicator sponge provided by 
manufacture and slightly air dried (5-s) as per manufacturer’s 
instruction. The sealant was applied, and the brackets were 
bonded with Transbond XT (3M Unitek) and light cured for 
40-s according to the manufacturer’s instructions [Figure 1].

Group-3: On 25 teeth, enamel was etched with Er:YAG 
laser with 1.5-W for 15-s as per manufacturer’s instruction. 
After etching, the sealant was applied, and the brackets were 
bonded with Transbond XT (3M Unitek) and light cured for 
40-s according to the manufacturer’s instructions [Figure 2].

The specimens were stored in water at 37°C for 24 h in 
distilled water.

Shear bond strength test was done with an Instron Universal 
Testing (Instron model no. 33R 4467, Instron 182 Ltd., 
Buckinghamshire, England) [Figure 3]. The machine was 
set and calibrated according to manufacturer’s instructions. 
The specimens were secured in lower jaws of machine 
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so that bonded bracket bases were parallel to the shear 
force direction.

The samples were tested for shear bond strength on 
Instron Universal Testing machine at a cross head speed 

of 2.5 mm/min. The maximum load (shear bond strength) 
necessary to debond the bracket was recorded in Newtons 
and then converted into Megapascals as a ratio of Newtons 
to surface area of the bracket (MPa = N/mm2).

Once the brackets were debonded, the enamel surface of 
each tooth was examined and the ARI scores were recorded 
under stereomicroscope (Magnum, Olympus India Pvt. 
Ltd., New Delhi) at ×10 magnifi cation to evaluate the 
amount of resin remaining on the tooth. The ARI[16] was 
used to describe the quantity of resin remaining on the 
tooth surfaces. These scores were as follows: 0, no adhesive 
remained on the tooth; 
1. Less than half of the enamel bonding site was covered 

with adhesive; 
2. More than half of the enamel bonding site was covered 

with adhesive; and
3. The enamel bonding site was covered entirely with 

adhesive.

For the three samples (one from each group), which 
were not embedded in acrylic resin, to assess the etching 
effi  cacy of intact enamel, using a SEM (JEOL JSM 6360, 
Germany), buccal enamel surfaces were conditioned 
with same enamel surface etching protocol that were 
followed in Group 1, 2, and 3 just prior to sputtering. After 
conditioning or etching, the specimens were sputter-coated 
with platinum (JEOL JSM 6360, Germany) and examined 
by a SEM operating at 10 kV for evaluation of the diff erent 
etching pattern.

Statistical Analysis
The statistical software SPSS for Windows, version 10.0.0, 
SPSS, Chicago, lll was used for the analysis of the data. 
Descriptive statistical analysis was carried out in the present 
study. Descriptive statistics, including the mean, standard 
deviation, maximum and minimum shear bond strength values 
were calculated for each of the three groups. The comparisons 
between the three groups were made by ANOVA test. To assess 
the diff erence in the shear bond strength in between groups, 
Independent sample t-test was done. The Chi-square test was 
used to evaluate diff erences in ARI scores between the groups.

Results

The bond strength, for Group-1 (37% phosphoric acid 
etching), Group-2 (etching with SEP) and Group-3 (Er:YAG 
Laser with 1.5-W) were recorded. The mean shear bond 
strength, standard deviation and standard error of mean 
among three groups presented in Table 1. The comparisons 
between the three groups were made and P value for 
bond strength was derived by ANOVA test, presented in 

Figure 1: Etching with Transbond plus SEP for Group-2 sample

Figure 2: Etching with erbium-doped yttrium aluminum garnet laser 
for Group-3 sample

Figure 3: Universal testing machine Instron (Model no. 33R-4467)
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Table 2. To assess the diff erence in the shear bond strength 
in between groups, Independent sample t-test was done, 
presented in Table 3. Graph 1 represents the mean bond 
strength and mean peak load among the three groups.

The results indicated that the mean shear bond strengths 
obtained with 37% phosphoric acid, SEP and Er:YAG laser 
were 10.14, 11.66 and 8.58 MPa respectively. When the 
acid etch and SEPs were compared, the P = 0.045 indicating 
that there was signifi cant diff erence in the bond strength 
between these groups. Similarly, it was found that there 
was signifi cant diff erence in the bond strength between the 
acid etch group and the laser etch group (P = 0.030) and 
between SEP and the laser etch group (P = 0.001).

Adhesive Remnant Index Evaluation
On comparison of the ARI scores, it was found that the 
adhesive left on the enamel surface after debonding was 

signifi cantly higher in the SEP and laser etched group than 
the acid-etched group. There was signifi cant diff erence 
in the ARI scores between the acid etch group and the 
SEP; the acid etch group and laser etch group; the self-etch 
group and laser etch group. The value for ARI score was 
recorded and P value is calculated by Chi-square test was 
described in Table 4. Graph 1 represented the mean ARI 
scores among the three groups.

Scanning Electron Microscope Examination
For the three samples (one from each group) which were 
not embedded in acrylic resin, to assess the etching 
effi  cacy of intact enamel, using a SEM (JEOL JSM 6360, 
Germany), buccal enamel surfaces of the crown of the 
teeth were conditioned with same enamel surface etching 
protocol that was followed in Groups 1, 2 and 3 just prior 
to sputtering. After conditioning or etching, the specimens 
were sputter-coated with platinum (JEOL JSM 6360, 
Germany) and examined by SEM operating at 10 kV.

Scanning electron microscope evaluations of the samples 
showed some diff erent surface characteristics.

Group-1 shows an enamel surface with a type 1 etching 
pattern. There was generalized roughening of the enamel 
surface, but with a distinct pattern showing hollowing of 
prism centers with relatively intact peripheral regions, 
as described by Silverstone et al.[17] The hydroxyapatite 
dissolved by phosphoric acid produced tags and rough 
surfaces that provided the mechanical inter-locking for 
the resin [Figure 4].

Group-2 shows an enamel surface with a type 2 etching 
pattern. The prism peripheries appeared to be removed and 
the prism cores were left projecting towards the original 
surface, as described by Silverstone et al.[17] The use of 

Table 1: The mean SBS, SD and SE of mean among three groups

Mean SBS (MPa) 
recorded in the groups

Mean SD SE of 
mean

Minimum Maximum

Group-1 10.14 1.79 0.35 7.59 13.49

Group-2 11.66 3.22 0.64 7.07 19.73

Group-3 8.58 2.97 0.59 3.17 15.96
SBS: Shear bond strength, SD: Standard deviation, SE: Standard error

Table 2: Comparisons between the three groups and P value for 
bond strength derived by ANOVA test

Source Sum of 
squares

Degree of 
freedom

Mean 
square

F P value

Between 
groups

118.4276 2 59.21382 7.900003 
(7.9)

0.000791* 
(0.001)

Within 
groups

539.6701 72 7.495417 — —

Total 658.0977 74 — — —
*Signifi cant difference

Table 3: Comparisons between the three groups and P value for 
bond strength derived by Independent sample t-test

Parameters t value P value

Groups 1 and 2 −2.062 0.045*

Groups 1 and 3 2.239 0.030*

Groups 2 and 3 3.505 0.001*
*Signifi cant difference

Table 4: The ARI scores and Chi-square test

Group ARI score

0 1 2 3

1 (n=25) 1 (4) 13 (52) 5 (20) 6 (24)

2 (n=25) 0 2 (8) 7 (28) 16 (64)

3 (n=25) 0 3 (12) 16 (64) 6 (24)
Chi-square test: 28.833, P < 0.001. ARI: Adhesive remnant index

Graph 1: The graph represents the mean bond strength and mean 
peak load among the three groups
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Transbond Plus SEP produced a uniform etch pattern that 
was more conservative and less destructive to the enamel 
surface. Consequently, a regular resin tag distribution was 
observed, which showed less magnitude when compared 
with the acid group as described in previous study[18] 
[Figure 5].

In Group-3, laser irradiation with 1.5-W produced type 
3 etching pattern. The area appeared as a generalized 
surface roughening with regions resembling hollowed 
prism centers adjacent to the area in which the pattern 
was more consistent with the loss of prism peripheries, as 
described by Silverstone et al.[17] The laser-ablated surfaces 
were accompanied by the appearance of micro-cracks 
that aid the penetration of resin as described in previous 
study[19] [Figure 6].

Discussion

The potential disadvantage of enamel acid etching is 
the demineralization of the most superfi cial layer and 
the development of white-spot lesions around bonded 
orthodontic appliances, as a result of demineralization, 
the surface becomes more susceptible to long-term acid 
attack and caries, especially when resin impregnation is 
defective because of air bubbles or saliva contamination. 
These eff ects are particularly important because plaque 
tends to accumulate adjacent to the bonded orthodontic 
attachments.[1,12,20] It was estimated that saliva contamination 
reduces bond strength because it fi lls the microporosities 
of the etched enamel, aff ecting the mechanical retention 
of the bonding material.[7]

The continuing developments in dental material science 
have led to improvements in adhesive bonding formulations, 
resulting in the current availability of a wide range of 
products, including the single-step etch/primer solutions. In 
a SEP, the active ingredient is a methacrylated phosphoric 
acid ester. The phosphoric acid and the methacrylate group 
are combined into a molecule that etches and primes at 
the same time. The phosphate group on the methacrylated 
phosphoric acid ester dissolves the calcium and removes it 
from the hydroxyapatite. However rather than being rinsed 
away, the calcium forms a complex with the phosphate 
group and gets incorporated into the network when the 
primer polymerizes. Agitating the primer on the tooth 
surface serves to ensure that fresh primer is transported to 
the enamel surface. Etching and monomer penetration to 
the exposed enamel rods are simultaneous. In this manner, 
the depth of the etch is identical to that of the primer 
penetration. Three mechanisms act to stop the etching 
process. First, the acid groups attached to the etching 

monomer are neutralized in a similar way, as is phosphoric 
acid, by forming a complex with the calcium from the 
hydroxyapatite. Second, as the solvent is driven from the 

Figure 4: Scanning electron microscopic image of Group-1 sample 
after etching with 37% phosphoric acid

Figure 5: Scanning electron microscopic image of Group-2 sample 
after etching with self-etching primer

Figure 6: Scanning electron microscopic image of Group-3 sample 
after etching with erbium-doped yttrium aluminum garnet laser at 
1.5-W power
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primer during the airburst step, the viscosity rises, slowing 
the transport of acid groups to the enamel interface. Finally, 
as the primer is light cured and the primer monomers are 
polymerized, transport of acid groups to the interface is 
stopped.[21,22] If bond failure rates are comparable with 
those after the use of conventional acid etching, then the 
additional time saved at the beginning of treatment should 
make the SEP more cost-eff ective.[23]

For many years, the Er:YAG laser has been applied in dentistry 
for carious lesion removal, cavity preparation, endodontic 
procedures, and surface conditioning. The Er:YAG laser is 
able to handle dental hard tissue with high effi  ciency because 
of the high absorbability of the 2.94 μm wavelength by water 
and dental enamel. The absorbed laser energy is converted 
to heat that boils water in the tooth, forming high-pressure 
steam. The successive explosive vaporization of water 
modifi es the smooth tooth surface, creating an irregularly 
serrated and microfi ssured morphology.[12,14]

Etching of enamel surface with an Er:YAG laser system 
yielded clinically acceptable and similar bond strengths to 
acid etching with 37% orthophosphoric acid for 15-30 s. 
In addition, laser-induced caries resistance would also be 
of great importance in orthodontics. Furthermore, lasers 
might save some clinical time.[12]

The present study evaluated the shear bond strength 
obtained with conventional 37% phosphoric acid etching 
procedure with the SEP (Transbond Plus, 3M Unitek, 
Monrovia, California) etching and use of Er-YAG laser 
etching. The results indicated that the mean shear bond 
strengths obtained with 37% phosphoric acid, SEP and 
Er:YAG laser were 10.14, 11.66 and 8.58 MPa, respectively. 
Clinically, acceptable bond strengths have been reported 
to range from 6 to 8 MPa.[5] In this experiment, mean 
bond strength of all groups was well above this minimal 
requirement. These bond strengths are considered to be 
able to withstand masticatory and orthodontic forces.

When the Groups 1 and 2 were compared in the ANOVA 
test there was signifi cant diff erence in the bond strength 
between these groups. Further evaluation with Independent 
sample t-test between Groups 1 and 2, the P = 0.045 and 
t = −2.062, indicating the signifi cant diff erence. The 
negative value of t indicates that the shear strength of teeth 
treated with Transbond SEP is 1.52 units stronger than teeth 
etched with phosphoric acid.

When Groups 1 and 3 were analyzed with the ANOVA 
test, signifi cant diff erence was found. Further evaluation 
with Independent sample t-test between Groups 1 and 3, 

the P = 0.030, which was <0.05 indicating the signifi cant 
diff erence between the Groups 1 and 3. Though the mean 
shear bond strength value of the laser etched group was 
less than acid etch group, it had clinically acceptable value.

On statistical analysis with ANOVA test, the signifi cant 
diff erence was found between the Groups 2 and 3. Further 
evaluation with Independent sample t-test, P = 0.001 
indicating the statistically significant difference among 
Groups 2 and 3. Group 2 had mean shear bond strength more 
than Group-3 and both were in clinical acceptable range.

The evaluation of ARI scores showed statistically signifi cant 
diff erence among acid etch group, self-etch and laser 
etched group. The ARI score was signifi cantly high in the 
self-etch group as compared to the acid etch and laser etch 
group. This could be an advantage or a disadvantage. Less 
chair time is needed with less adhesive left on the enamel 
after debonding, but it might cause enamel fracture, while 
debonding, especially with ceramic brackets.

In a study done by Hosein et al. on enamel loss during 
bonding, debonding, and cleanup with use of a SEP, it 
was found that the enamel surface treatment with the 
conventional acid-etching technique leads to more enamel 
loss, leaves more adhesive on enamel after debonding and 
there is more enamel loss at enamel clean up than with the 
use of a SEP.[24] Hence, in addition to saving clinical time 
during bonding, the SEPs have also been reported to save 
clinical time at the time of debonding and clean up. It was 
also found that laser at 1.5-W power produced clinically 
acceptable shear bond strength which was comparable to 
the levels achieved with conventional 37% phosphoric acid 
etching. Moreover, Er:YAG laser etching is painless and does 
not involve either vibration or heat, and the easy handling 
of the apparatus makes this treatment highly attractive for 
routine clinical use.[25] Furthermore, this laser can be used in 
wet conditions and the water-cooled system does not cause 
any untoward thermal eff ects on the tooth pulp. Furthermore, 
the clinician has more control of the area to be etched 
with the laser system. Although gel acids are more stable 
than liquid acids, there is always a spread of acid on the 
enamel surface. In addition, laser-induced caries resistance 
would also be of great importance in orthodontics. In some 
previous studies, the recommendation of SEPs and Lasers 
for orthodontic bonding is evident.[8,9,17,18]

The result showed that all the three procedure produced 
clinically acceptable bond strength. However, this was an 
in-vitro study and the results may vary when procedure 
are actually done on patient. Hence further in-vivo studies 
are suggested.
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Summary and Conclusion

Under the conditions of this in-vitro study, it was found 
the following:
• The results indicated that the mean shear bond strengths 

obtained with 37% phosphoric acid, SEP and Er:YAG 
laser were 10.14, 11.66 and 8.58 MPa respectively. 
The bond strength values in this study were clinically 
acceptable.

• There was signifi cant diff erence in the bond strength 
obtained with 37% phosphoric acid etch group, SEP 
group and the Er:YAG laser irradiated group.

• The mean shear strength of teeth treated with Transbond 
SEP is 1.52 units stronger than teeth etched with 
phosphoric acid.

• The mean shear bond strength obtained with Er-YAG 
laser etching procedure was less than mean shear bond 
strength obtained with 37% phosphoric acid etching, 
but bond strength values of Er-YAG laser etching were 
clinically acceptable.

• More adhesive was left on the SEP treated enamel 
when compared to enamel treated with acid and laser 
etching.

• SEP produces a more conservative etch pattern and 
more shear bond strength than phosphoric acid, thereby 
minimizing the enamel loss, was confi rmed in this 
study.
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