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Abstract: This study was performed to investigate the influence of pre-etching area and functional
monomers in orthodontic adhesive pastes on enamel bond strength. Bovine enamel was partially
pre-etched with phosphoric acid for 30 s over areas with a diameter of 1.0, 2.0 or 3.0 mm, and metal
brackets were then bonded with or without functional monomers in the orthodontic adhesive paste.
For the baseline groups, the whole adherent area was pre-etched. The shear bond strength (SBS)
and adhesive remnant index (ARI) were determined. The adhesive paste/enamel interfaces were
observed by scanning electron microscopy (SEM). Although the adhesive paste with functional
monomers showed higher SBS than the functional monomer-free adhesive paste in all groups, there
were no significant differences in SBS between them regardless of the pre-etched area. The SBS
increased with increasing pre-etched area in both orthodontic adhesive pastes. In SEM images of
adhesive paste/enamel interfaces, although adhesive with functional monomers showed excellent
adaptation, the functional monomer-free adhesive paste showed gap formation at the interface.
These findings suggested that the pre-etching area greatly influenced bond strength, regardless of the
presence or absence of the functional monomer in the orthodontic adhesive paste.

Keywords: orthodontic adhesive paste; functional monomer; pre-etched area

1. Introduction

In recent years, the number of bonding steps has decreased not only for direct resin
composite restorations, but also for direct bonding techniques in orthodontic treatment.
Simplified bonding procedures are very user-friendly and reduce technique sensitivity [1].
Single-step self-etching adhesive systems combine the functions of etching, priming and
bonding into a single bottle [2], which contains acidic functional monomers that simultane-
ously decalcify and prime the tooth substrate. Functional monomers based on phosphoric
or carboxylic acid ester exhibit strong bond strength with enamel and dentin [3]. The chem-
ical bond between hydroxyapatite (HAp) and functional monomers plays an important
role in long-lasting bond performance, in conjunction with micromechanical interlocking.

Functional monomers have been utilised in other resin-based materials, such as
self-adhesive resin cements, self-adhesive flowable restorative materials and orthodontic
adhesive pastes. These materials do not require etching, priming and bonding procedures,
as the self-adherent materials can simply be applied to the tooth substrate. However,
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there are adhesion concerns, due to low elastic modulus and gap formation at marginal
regions, about using these materials on enamel without any pre-treatment, because they
have weaker etching capabilities than previous adhesive systems [4,5]. Therefore, selective
etching is recommended for retention of restorations. In orthodontic treatment using
bonding brackets, phosphoric acid pre-etching is the standard bonding procedure. On the
other hand, when the pre-etched area extends beyond the area covered with resin bonding
agents, there are concerns about the risk of caries, progression of enamel deficiency and
staining during and after orthodontic treatment [6].

Bonding orthodontic brackets does not necessarily require extremely strong adhesive,
because the brackets are physically removed after treatment. A previous study reported
that moderate bond strength (6-8 MPa) may be necessary to maintain orthodontic brack-
ets [7], but a bond strength of 13.7 MPa or more may lead to cracking of the enamel when
debonding the brackets [8]. Therefore, pre-etching a limited area of enamel, in combination
with the use of an adhesive containing functional monomers, may be helpful to reduce
the risk of over-etching while ensuring sufficient retention of brackets. However, little
information is available about the enamel bonding effectiveness of such techniques.

This study was performed to investigate the influence of the pre-etched area and
functional monomers in orthodontic adhesive pastes on enamel bond strength and the
ultrastructure at the adhesive paste/enamel interface. The null hypotheses were as follows:
the enamel bond strength of different orthodontic adhesive pastes would not differ ac-
cording to the presence or absence of functional monomers, and the enamel bond strength
would not differ according to the pre-etched area. Therefore, in order to compare their
adhesive effects, adhesion strength was examined by shear bond strength test and adhesive
state at the enamel-adhesive interface was evaluated by adhesive remnant index, Knoop
hardness test and scanning electron microscopy observation.

2. Materials and Methods
2.1. Shear Bond Strength

The samples, consisting of 72 bovine mandibular incisors, were divided into eight
groups of nine specimens each. Bovine enamel was employed due to being an accept-
able substrate for bonding testing [9]. The enamel was flattened and polished up to
#2000-grit with silicon carbide paper. The pre-etching (Transbond XT Etching Gel; 3M
Unitek, Monrovia, CA, USA https:/ /www.3m.com/3M/en_US/p/c/dental-orthodontics/
accessed on 16 August 2021; and GC Ortho Etching Gel; GC Ortholy, Tokyo, Japan,
https:/ /www.gcortholy.com/ accessed on 16 August 2021, application time; 30 s) was
performed in circles of different areas (diameter: 1.0, 2.0 or 3.0 mm). The area was stan-
dardised with a hole in a 0.2 mm-thick polypropylene sheet (Figure 1). The pre-etched
surface was rinsed and dried for 20 s. A paste (Transbond XT [TB]; 3M Unitek (functional
monomer-free), or Universal Bond [UB]; GC Ortholy (containing functional monomer)) was
smeared on the bracket and pressed against the pre-etched enamel surface. After removing
the excess paste, the mesio-distal portion of the bracket was irradiated with an LED cur-
ing unit (Valo; Ultradent Products, South Jordan, UT, USA, https://www.ultradent.com/
accessed on 16 August 2021) for 20 s. After being stored in distilled water (37 °C for
24 h), each specimen was tested in shear mode using a universal testing machine (5567;
Instron, Norwood, MA, USA, https://www.instron.com/ accessed on 16 August 2021,
experimental environment; 23 + 1 °C and 50 & 5% relative humidity) at a crosshead speed
of 1 mm/min. Shear bond strength (SBS) was calculated as the peak load at failure divided
by the bonded area (12.8 mm?) of the bracket base. For the baseline groups, the bracket
was bonded to a pre-etched enamel surface that was the same size as the bracket base. The
SBSs of the baseline groups were measured under the same conditions described above.
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Figure 1. Bonding procedures.

2.2. Adhesive Remnant Index

After the SBS test, the tooth and bracket sides of each debonded specimen were examined
under an optical microscope (SZ-3003; As One, Osaka, Japan) at 15x magnification. The
residual adhesive on each tooth was assessed based on the adhesive remnant index (ARI) [10].

2.3. Knoop Hardness Numbers of Orthodontic Adhesive Pastes

To define orthodontic adhesive paste thickness, an adhesive tape with a hole (internal
diameter, 2 mm; thickness, 100 um) was attached to transparent matrix tape (Matrix Tape
and Dispenser; 3M Oral Care), which was then put on a flat enamel surface. The paste
was condensed into the hole of the adhesive tape and a metal bracket was then pressed on
the paste. Light irradiation was performed from two different sides for 20 s. The bonded
specimens were stored under conditions of 100% humidity at 37 °C for 24 h, prior to
measurement of the Knoop hardness number (KHN) at the centre of the adhesive paste
bonded to the bracket (from the indentation), following application of a load (98.7 mN) with
a microhardness tester (HMV-2; Shimadzu, Kyoto, Japan, https://www.shimadzu.com/
accessed on 16 August 2021, application time; 15 s). Ten specimens were prepared for each
adhesive paste and the mean values were calculated.

2.4. Scanning Electron Microscopy

The cross section of the bonded brackets was observed using scanning electron mi-
croscopy (SEM) (ERA-8800FE; Elionix Ltd., Tokyo, Japan, https://www.elionix.co.jp/
accessed on 16 August 2021) to determine the ultrastructure of the adhesive paste/enamel
interfaces. Bonded specimens were fabricated as described for the SBS test and stored in
distilled water at 37 °C for 24 h, before being embedded in epoxy resin (Epon 812; Nisshin
EM, Tokyo, Japan) and sectioned longitudinally. All specimens were examined under the
operating condition of a voltage of 10 kV.
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2.5. Statistical Analysis

Statistical power analysis indicated the need for seven specimens for SBS tests. De-
scriptive statistics were calculated using a statistical analysis software (SPSS Inc., Chicago,
IL, USA). Kolmogorov—-Smirnov and Leven tests were performed to assess normality and
homogeneity of variance. Analysis of variance followed by the Games-Howell post hoc
test was used for statistical comparison of SBS values [11]. For comparison of ARI between
the pre-etching areas and the adhesives, the Chi-squared test with Yates’ correction was
performed [12]. Student’s t test was conducted for comparison of KHN.

3. Results
3.1. SBS

The SBSs of TB and UB are presented in Table 1. For the baseline groups, the mean
SBS of TB was 12.3 MPa and that of UB was 13.3 MPa. For the 1 mm- and 2 mm-diameter
pre-etched groups, the mean SBSs of TB were 2.7 and 3.5 MPa, and those of UB were
2.9 and 5.2 MPa, respectively. For the 3 mm-diameter pre-etched groups, the mean SBS
of TB was 6.7 MPa, whereas that of UB was 10.0 MPa. The 1 and 2 mm groups with both
adhesives, and the 3 mm group with TB, indicated significantly lower SBS values than the
baseline groups. On the other hand, there was no significant difference in SBS between the
3 mm group and baseline group with UB. When comparing different materials with the
same pre-etched area, UB showed higher SBS values than TB.

Table 1. Shear bond strength by pre-etched area.

Pre-Etching  Proportion TB UB
Arei of Bonding Mean + Mean +
* *

(mm?) Prel_\;ti; «d SD(MPa) Group SD (MPa) Group
1 mm 0.8 0.06 27+13 a 29+11 a
2 mm 3.1 0.24 35+13 a 52423 a,b
3 mm 7.1 0.55 6.7 £ 1.5 b, c 10.0 £ 2.6 ¢, d

Baseline
(bracket base dimension: 12.8 1.00 123 £3.0 d 13.3 £43 d

3.2mm X 4.0 mm)

* Different letters indicate a significant difference (p < 0.05). Abbreviation: SD, standard deviation.

3.2. Adhesive Remnant Index

The ARl results are presented in Table 2. For TB, no significant differences in failure
mode were observed among groups with different pre-etched areas. For UB, significant
differences in failure mode were observed among the groups and the ARI tended to increase
with increasing pre-etched area.

Table 2. ARI scores by pre-etched area.

TB UB
Score 0 1 2 3 0 1 2 3
1 mm 7 2 0 0 9 0 0 0
2 mm 5 4 0 0 6 0 3 0
3 mm 4 3 2 0 0 3 6 0
Baseline 6 2 1 0 2 0 2 5
Chi-square value 1.6364 27.4168
(p value) (p = 0.996) (p =0.0012)

ARI scores: 0, no adhesive left on tooth surface; 1, less than 50% of adhesive left on tooth surface; 2, more than
50% of adhesive left on tooth surface; and 3, all adhesive left on the tooth surface [8].

3.3. KHN of Orthodontic Adhesive Pastes

The KHNSs of the tested orthodontic adhesive pastes are presented in Table 3. The
mean KHN of UB was 6.2 + 1.0 and that of TB was 16.5 £ 1.6.
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Table 3. KHN for different orthodontic adhesive pastes.

TB UB
Mean + SD Group * Mean £ SD Group *

165+ 1.6 a 62+1.0 b
* Different letters indicate a significant difference (p < 0.05). Abbreviation: SD, standard deviation.

3.4. SEM Observations

SEM images of adhesive paste/enamel interfaces in the 2 mm groups are shown in
Figures 2 and 3. For TB (Figure 2), although the pre-etched region (white arrow in Figure 2a)
indicated excellent adaptation between demineralised enamel substrate and the adhesive
paste, the non-etched region showed a gap between the enamel and adhesive paste. For
UB (Figure 3), excellent adaptation between enamel substrate and the adhesive paste was
observed in both the pre-etched and non-etched regions (Figure 3c,e). Adhesive paste
interpenetration with enamel as resin tags was clearly observed in the pre-etched region
with both adhesive pastes (Figures 2c and 3c).

WUZETT _1.0ms x30

—_— —_—
WIZTI3  Zua x10.000 RUZT2T  Zum x10.000

Figure 2. Representative SEM images of the orthodontic adhesive paste/enamel interface in TB. In the
pre-etched area, excellent adaptation was observed (arrow), but gap formation was observed at both
edges of the bracket base ((a): magnification 30 x ). In the pre-etched region ((b): magnification 1000 %,
(c): magnification 10,000 x ), compression of the enamel surface was observed (arrowheads). In the
non-etched region, detachment between adhesive paste and enamel was observed ((d): magnification
1000, (e): magnification 10,000 x ).
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Figure 3. Representative SEM images of the orthodontic adhesive paste/enamel interface in UB. The
whole interface (arrow range) region showed excellent adaptation ((a): magnification 30x). In the
pre-etched region ((b): magnification 1000 X, (c): magnification 10,000x), a typical etching pattern
and resin enamel tags were clearly observed (arrowheads). The non-etched region ((d): magnification
1000, (e): magnification 10,000 ) showed neither the typical etching pattern nor resin enamel tags.

4. Discussion

In this study, bovine enamel was employed as a substitute for human enamel because
of the difficulty of collecting the latter in the same condition [13]. To maximise the similarity
to clinical orthodontic treatment with direct bonding of brackets, it would have been best
to use intact enamel in the experiment. However, the undulations of bovine enamel are
deeper and broader than those of human enamel. Therefore, the adherent enamel surfaces
were ground flat to standardise the methodology and ensure both an appropriate adherent
area for the bonded assembly and a uniform stress distribution [14,15].

Various types of functional monomer have been employed in different types of ad-
hesive systems, such as phosphoric acid ester, carboxylic acid and alcohol functional
monomers [16]. The functional monomers 10-methacryloyloxydecyl dihydrogen phos-
phate (MDP) and 4-methacryloxyethyl trimellitate anhydride (4-META) have often been
employed in orthodontic adhesive systems [17,18]. In this study, UB contained MDP as a
functional monomer, but there were no significant differences in SBS between UB and the
functional monomer-free orthodontic adhesive paste TB, regardless of the pre-etched area.
Therefore, the first null hypothesis, that the enamel SBS in different orthodontic adhesive
pastes would not differ according to the presence or absence of functional monomers in
the adhesive paste, was not rejected. An optimal orthodontic adhesive system would not
fail during treatment, and would allow easy debonding of the brackets on completion
of treatment [19]. Previous studies have reported that the ideal enamel bond strength of
orthodontic brackets ranges from 6 to 13.7 MPa [5,6]. Excessive enamel bond strength may
cause damage to the intact enamel surface when debonding brackets [20]. In this study, the
baseline and 3 mm groups were within the range of ideal bond strength for both materi-
als. Although UB showed higher SBS values than TB, the difference was not significant
in any pre-etched group. This can be explained by the lower mechanical properties of
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UB due to the presence of functional monomers. The incompatibility between residual
acidic monomer and the other resin monomers, and the low pH of functional monomers,
may inhibit polymerization, resulting in lower mechanical properties [21,22]. This was
supported by the results of the KHN and ARI evaluation. UB showed a significantly lower
KHN and marked increases in the rates of ARI scores 2 and 3 than TB.

However, on SEM images, although UB in the 2 mm group showed excellent adap-
tation in both pre-etched and non-etched regions, TB in the 2 mm group showed gap
formation between the enamel and adhesive paste in the non-etched region. This gap
formation between the adhesive paste and enamel substrate may be a cause of caries,
staining and bracket failure during orthodontic treatment. Therefore, orthodontic adhesive
paste containing functional monomers may improve the integrity of the interface even in
non-etched regions due to its chemical bonding ability.

On investigation of the influence of the pre-etched area on the enamel SBS, no signif-
icant differences were observed in SBS with UB between the 3 mm and baseline groups.
On the other hand, the functional monomer-free adhesive paste TB showed significantly
lower SBSs in the partially pre-etched groups than the baseline group, regardless of the
pre-etched area. Therefore, the second null hypothesis, that the enamel bond strength
would not differ by pre-etched area, was rejected. Although enamel HAp is considered
less amenable to chemical reaction with functional monomers than dentin HAp [23,24], the
functional monomer in the orthodontic adhesive may enhance enamel bond effectiveness.
However, it may be difficult to reach the minimum enamel bond strength requirement
without phosphoric acid pre-etching, even when orthodontic adhesive pastes contain func-
tional monomers. Takamiya et al. investigated the bond effectiveness of five self-adhesive
flowable resin composites without any pre-treatment, and recommended selective enamel
etching for these materials [25]. Based on previous investigations of self-adhesive materials
and the outcomes of this study, it may be necessary to pre-etch at least half of the bracket
base area in the case of UB.

It is difficult to compare the outcomes of in vitro experiments and clinical situations
directly. In addition, the bond strength value is influenced by many factors, such as the
type of bond strength test, adherent substrate, material selection, adherent conditions,
caries prophylaxis treatment, etc. [26—28]. In this study, the adherent enamel surface was
ground flat to standardise conditions, but this introduces an important difference from
the clinical situation. The outer surface of intact enamel, i.e., the prismless layer, has
stronger resistance to acid than a prismatic one. In a previous investigation of self-etching
adhesive systems for intact enamel using different etching strategies, unground enamel
without pre-etching showed significantly lower bond performance than ground enamel,
but no significant difference was observed between ground and unground enamel with
pre-etching [29]. It was suggested that mechanical interlocking is more important for intact
enamel adhesion than chemical bonding. Hence, phosphoric acid pre-etching is necessary
for securing brackets during treatment, even when using orthodontic adhesive pastes
marketed as self-adhesive.

Although there has been a study showing the enamel bonding effectiveness of UB,
little information is available on this material [30]. On the other hand, TB has been used in
many studies, often as a control material [31-33]. In this study, to standardise the bonding
protocol between TB and UB, we omitted the priming step of TB. The primer composition
of TB is similar to typical bonding agents and does not contain any functional monomers.
In a previous study, SEM revealed no ultrastructure differences in the etched enamel region
according to primer application [34]. In addition, previous laboratory studies demonstrated
comparable tensile bond strength with and without primer application [35-37]. These
findings suggest that primer application may not influence enamel bond effectiveness
or morphological features in the vicinity of the interface of TB, and that the bonding
procedures used in the baseline and partially pre-etched groups did not cause problems.

Regarding the AR], a significant difference was detected in UB, but not TB, according
to the pre-etched area. UB tended to show an increase in the rate of ARI scores of 2 and 3
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with increasing pre-etched area. Remnant adhesive paste on the enamel surface should be
removed with rotary rather than hand instruments [38]. Although grinding and polishing
the adhesive remnant on the tooth surface may be time-consuming, this method is safe and
gentle [39]. Therefore, adhesive paste containing functional monomers with partial pre-
etching may be preferable to functional monomer-free adhesive paste because of adaptation
and improved treatment of the debonded enamel surface.

5. Conclusions
Within the limitations of this study, we concluded that:

1. Enamel bond strengths of orthodontic adhesive pastes increased with increasing
pre-etched area.

2. SEM revealed no gap formation in the vicinity of the interface with UB, in contrast to
TB.

3. For UB, adhesive failure at the adhesive paste/bracket interface increased as a higher
proportion of the bonding area was pre-etched.

These findings suggest that the pre-etching area markedly influences enamel bond
effectiveness regardless of the presence or absence of functional monomers in orthodontic
adhesive paste.
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