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Abstract Background: This study aimed to evaluate enamel surface roughness and microhardness
following the use of different bracket materials (metal or ceramic), etchants (total- and self-
etchants), and adhesive systems (precoated or flash-free).

Method: A total of 99 extracted human premolars were selected for the analysis. The surface
roughness was first assessed (roughness control). One specimen from each subgroup was examined
using a scanning electron microscope to illustrate the surface topography. Eighty-eight teeth were
prepared using total- or self-etchants and bonded to precoated or flash-free adhesive metal or cera-
mic brackets. The remaining 11 specimens were not bonded to brackets (microhardness controls).
The brackets were debonded after immersion in distilled water for 24 h. The specimens were again
scanned for surface roughness and topography imaging. Finally, the microhardness was assessed
using a micro-Vickers hardness test at a force of 200 g for 10 s.

Result: An overall statistically significant increase in surface roughness and reduced surface
microhardness were observed in all experimental groups when compared with those in the control
groups. The etchant type was the only variable found to contribute to the measured surface prop-
erties, with increased roughness and reduced microhardness introduced by total-etching compared
to those by self-etching.
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Conclusion: Orthodontic brackets introduced a significant increase in enamel surface roughness
and reduce microhardness compared with untreated enamel, regardless of the bracket material,
etchant type, and adhesive system. The etchant type was the only variable contributing to these
changes, with total etching having a more pronounced effect.
© 2023 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The enamel surface serves as a protective layer on dental sub-
strates against external factors (Molaasadolah et al., 2017).
Surface roughness is defined as the overall level of exterior
irregularities and referred to as the arithmetic mean (Ra)
(Mullan et al., 2017). Surface hardness represents the mechan-
ical resilience of a surface to penetration and deformation
(Buzalaf et al., 2010; Molaasadolah et al., 2017). Alterations
in surface properties contribute to surface degradation, min-
eral loss, and the development of carious lesions (Lacruz
et al., 2017; Mathias et al., 2009).

Various bracket materials have distinct properties that can
alter the oral flora, create different bonding interactions, and
cause different debonding sequelae (Bora et al., 2021). The
impact of fixed orthodontic appliances on the enamel begins
with the bonding process, as it requires enamel surface prepa-
ration prior to bonding, which ensures appropriate bracket-to-
enamel bond throughout the treatment duration (Iijima et al.,
2010). Conventional total-etch (TE) surface treatment includes
a separate enamel-etching step using phosphoric acid, subse-
quent rinsing and drying, and applying primers.

The trend of self-etch (SE) surface treatment requires less
chair time owing to fewer clinical application steps (Horiuchi
et al., 2009). SE combines the etching and priming stages using
an acidic monomer, eliminating the need for separate etching,
rinsing, and drying steps (Horiuchi et al., 2009; Nicolas-
Silvente et al., 2020).

The available orthodontic adhesive brackets include pre-
coated (PC) and flash-free (FF) systems. PC is precoated,
which requires excess adhesive resin removal after bracket
placement, whereas FF is precoated with the advantage of
not requiring the removal of excess resin. Additionally, FF sys-
tems provide faster bonding, fewer adhesive resin remnants,
and less plaque accumulation (Almosa et al., 2019a;
Cokakoglu and Tan, 2020).

This study aimed to assess the enamel surface roughness
and microhardness following the use of different bracket mate-
rials (metal [M] or ceramic [C]), etchants (TE or SE), and adhe-
sive systems (PC or FF). The null hypotheses evaluated were as
follows: (1) there is no difference in enamel surface roughness
following the use of M and C orthodontic brackets with differ-
ent etchants (TE or SE) and adhesive systems (PC or FF) and
(2) there is no difference in the enamel surface microhardness
following the use of M and C orthodontic brackets with differ-
ent etchants (TE or SE) and adhesive systems (PC or FF).

2. Materials and methods

This study was approved by the Institutional Review Board of
Health Sciences (Reg. No. E-21-5917) and the Research Cen-
ter (Reg. No. PR 0117). This study was conducted at the Col-

lege of Dentistry and College of Applied Science facilities at
King Saud University.

Using the G*Power calculator (version 3.1.9.6; Franz Faul,
Universitit Kiel, Germany), 59 samples were deemed sufficient
at a significance level of 0.05, an effect size of 0.19, and 95%
power for 9 subdivisions (8 experimental and 1 control)
(Cohen, 1988). However, for an equal distribution among
the different groups and similar sample size for future correla-
tional assessment with another study, a total of 99 samples was
selected.

Specimens of anonymous human premolar teeth extracted
for orthodontic purposes were collected using the following
inclusion criteria: intact teeth that were free from cracks, car-
ies, and demineralization with no root canal treatments. These
criteria were determined by visual inspection and digital micro-
scope (KH-7700 Digital Microscope System; Hirox, Tokyo,
Japan).

The teeth were disinfected by immersion in 10% formalin at
room temperature for 7 days (Kumar et al., 2005). Any visible
remnants were cleaned using an ultrasonic scaler in contact
with the tooth surface in an occlusogingival direction under
light pressure (George et al., 2017). This was followed by
polishing for 15 s in a circular motion using a rubber cup
and non-fluoridated polishing paste (Zircate Prophylaxis
Paste; Dentsply, Milford, Delaware, USA) attached to a
low-speed contra-angle handpiece (FX23 Contra Angle;
NSK, Kanuma, Tochigi, Japan) at 3,000 rpm with a very small
amount of water to irrigate the area (Camboni and Donnet,
2016; Chowdhary and Mohan, 2018).

Simple randomization was performed using Excel (ver-
sion 16.0.12624; Microsoft, Redmond, WA, USA) and
Kutools (version 22.00; ExtendOffice, Haikou, Hainan,
China). The 99 specimens were distributed as follows: 88
teeth were divided according to the orthodontic bracket
material (M or C); 11 teeth were included in the control
group to compare the microhardness with other experimen-
tal groups; and the specimens under each bracket material
were divided into 2 groups according to the etchant type
(TE or SE) and subsequently subdivided based on the adhe-
sive system (PC or FF).

The specimens were then embedded in polyvinyl chloride
tubes with clear resin, leaving the buccal surface exposed. All
specimens were stored in normal saline.

2.1. Surface roughness assessment ( Pre-bonding)

Using an optical microscope (Contour GT-K 3D; Bruker, Tuc-
son, AZ, USA) with non-contact surface metrology and imag-
ing, the pre-bonding enamel surface roughness of all specimens
were assessed and considered as a control for surface rough-
ness. This was indicated by the Ra in pm at the highest point
of the mid-buccal surface of the tooth.
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One specimen from each subgroup was randomly selected
to evaluate the enamel surface topography as an illustrative
representation of the enamel condition at the pre-bonding
stage. The selected specimens were coated with gold (1100 Fine
Coat Ion Sputter; JFC, Tokyo, Japan) to enhance surface con-
ductivity and improve the image captured (Leslie and Mitchell,
2007), and scanned using a Scanning Electron Microscope
(SEM) (JSM-6360 LV Scanning Electron Microscope; JEOL,
Tokyo, Japan) with an accelerating voltage of 15 kV and mag-
nification of x 300 and x 600.

2.2. Bracket bonding

2.2.1. Metal bracket with total-etch

Metal bracket specimens assigned to the TE group (M—TE)
were etched on the mid-buccal surface using 37% phosphoric
acid (CharmEtch; DentKist, Gyeonggi-do, Korea) for 20 s,
rinsed for 10 s, and dried, following the manufacturer’s
instructions. This procedure was followed by the placement
of a thin primer layer (Transbond XT; 3 M, Monrovia, CA,
USA) on the mid-buccal surface using a disposable micro-
brush with a gentle airburst for 2 s, according to the manufac-
turer’s instructions.

Half of the specimens were bonded using a PC bracket sys-
tem (M—TE [PC]) (APC Adhesive Coated Appliance System;
3 M, St. Paul, MN, USA); the bracket was placed and pressed
on the mid-buccal surface parallel to the long axis of the tooth.
The excess resin was removed using a dental explorer (Double-
ended explorer 560/1; Medesy, Maniago, Italy), followed by a
light emitting diode (LED) curing with an average light inten-
sity of 1,470 mW/cm2 (Elipar DeepCure-S; 3 M, St. Paul, MN,
USA) for 20 s to the mesial and distal sides (Bishara et al.,
1997; Ustimez et al., 2004).

The remaining specimens were bonded using an FF bracket
system (M—TE [FF]) (APC Flash-Free Adhesive Coated
Appliance System; 3 M, St. Paul, MN, USA). The bracket
was placed and pressed on the mid-buccal surface parallel to
the long axis of the tooth without removing the excess resin.
This was followed by LED curing (Elipar DeepCure-S; 3 M)
for 20 s on the mesial and distal sides (Bishara et al., 1997;
Uslimez et al., 2004).

2.2.2. Metal bracket with self-etch

Metal bracket specimens assigned to the SE group (M—SE)
were prepared using an SE primer of methacrylate phosphoric
acid esters (Transbond Plus Self Etching Primer; 3 M, St. Paul,
MN, USA) on the mid-buccal surface with gentle rubbing for
5 s and an airburst for 2 s, following the manufacturer’s
instructions. Half of the specimens were bonded using the
PC bracket system (M—SE [PC]) (APC Adhesive Coated
Appliance System; 3 M), and the other half were bonded using
the FF bracket system (M—SE [FF]) (APC Flash-Free Adhe-
sive Coated Appliance System; 3 M). LED curing was per-
formed (Elipar DeepCure-S; 3 M) for 20 s on the mesial and
distal sides (Bishara et al., 1997; Ustimez et al., 2004).

2.2.3. Ceramic bracket with total-etch

Ceramic bracket specimens assigned to the TE group (C-TE)
were prepared in a similar manner to the previously mentioned
M-TE protocol. Half of the specimens were bonded using a

PC bracket system (C-TE [PC]) (Clarity APC Adhesive Coated
Appliance System; 3 M, St. Paul, MN, USA). The bracket was
placed and pressed on the mid-buccal surface parallel to the
long axis of the tooth. Excess resin was removed using a dental
explorer (Double-ended Explorer 560/1; Medesy, Maniago,
Italy), followed by LED curing (Elipar DeepCure-S; 3 M)
for 20 s through the bracket. The other half were bonded using
an FF bracket system (C-TE [FF]) (Clarity APC Flash-Free
Adhesive Coated Appliance System; 3 M, St. Paul, MN,
USA). The bracket was placed and pressed on the mid-
buccal surface parallel to the long axis of the tooth without
removing the excess resin. Light curing was performed (Elipar
DeepCure-S; 3 M) for 20 s through the bracket (Bishara et al.,
1997; Chalipa et al., 2016).

2.2.4. Ceramic bracket with self-etch

Ceramic bracket specimens assigned to the SE group (C-SE)
were prepared in a similar manner to that previously men-
tioned M—SE protocol. Half were bonded using the PC
bracket system (C-SE [PC]) (Clarity APC Adhesive Coated
Appliance System; 3 M), and the other half were bonded using
the FF bracket system (C-SE [FF]) (Clarity APC Flash-Free
Adhesive Coated Appliance System; 3 M). Light curing was
performed (Elipar DeepCure-S; 3 M) for 20 s through the
bracket (Bishara et al., 1997; Chalipa et al., 2016).

For standardization of the light-cure intensity, a radiometer
(Elipar DeepCure-S; 3 M) was used to ensure consistent qual-
ity and effectiveness of the light-curing device. All specimens
were stored in distilled water at room temperature for 24
before debonding (Soares Tenorio et al., 2020).

2.3. Bracket De-bonding

A bracket-removing plier (Unitek Debonding Instrument 804—
175; 3 M, St. Paul, MN, USA) was placed against the occlu-
sogingival sides and gently squeezed until the metal brackets
separated. The adhesive flashes around the ceramic bracket
base were cleaned using a hand scaler. A debonding plier (Uni-
tek Debonding Instrument 804-175; 3 M) was placed against
the mesiodistal sides. squeezed until the ceramic brackets col-
lapsed and gently rocked in the mesial/distal direction to com-
pletely separate the bracket from the enamel surface. This was
followed by resin removal using a non-cutting, large, round
carbide bur on a slow-speed handpiece (FX23 Contra Angle;
NSK, Kanuma, Tochigi, Japan). For standardization pur-
poses, a single operator (RZ) performed the bonding and
debonding processes for both ceramic and metal brackets.

2.4. Surface roughness assessment ( Post-debonding)

All debonded specimens were assessed for post-debonding
enamel surface roughness using an optical microscope
(Contour GT-K 3D; Bruker, Tucson, AZ, USA) following
the previously mentioned protocol.

For enamel surface topography evaluation, the same selected
specimens from each subgroup at the pre-bonding stage were
gold-coated (1100 Fine Coat Ion Sputter; JFC, Tokyo, Japan)
and scanned using an SEM (JSM-6360 LV Scanning Electron
Microscope; JEOL, Tokyo, Japan) with an accelerating voltage
of 15 kV and magnification of x 300 and x 600.
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2.5. Surface microhardness assessment

All 99 specimens (including the control group) were assessed
for microhardness using the quasistatic indentation test and
micro-Vickers hardness number (VHN) measurement (Hysi-
tron TI 750; Innovatest, Nihonbashi, Horidomecho Chuoku,
Tokyo, Japan) with a 200 g force for 10 s on the mid-buccal
surface of the tooth (Rajendran et al., 2021).

2.6. Statistical analyses

Statistical analyses were performed using the SPSS (version 26;
IBM, Armonk, NY, USA) at a significance level of p < 0.05. Each
output is described by the mean, standard deviation, and maxi-
mum and minimum values. Distribution normality was assessed
using the Kolmogorov—Smirnov test. Three-way analysis of vari-
ance (ANOVA) was used to evaluate the interaction between the
variables (type of bracket material, etchant, and adhesive), fol-
lowed by Tukey’s test to assess the significance between the differ-
ent variables. A paired -test was used to assess the significance
within each variable for the paired measurements (surface rough-

Table 1

ness). The mean differences and means within each variable were
analyzed using Student’s independent z-test.

3. Results

Overall normality was satisfied for both the surface roughness
and microhardness outcomes. The detected outliers for surface
roughness or microhardness data did not influence the statisti-
cal decisions, with mean consideration for data analysis.

3.1. Surface roughness

Descriptive statistics of the surface roughness, using pre-
and post-mean differences, showed the greatest changes in
roughness for M—TE (PC), followed by C-TE (PC), with mean
differences of 1.077 and 0.916, respectively (Table 1). The
smallest roughness changes were observed for M—SE (PC)
and (FF), with mean differences of 0.468 and 0.444, respec-
tively (Table 1).

The data showed a statistically significant increase in sur-
face roughness from pre-bonding to post-debonding values

Surface roughness and micro-hardness descriptive statistics (with comparsion to control), and Three-way analysis of variance

(within-subject effect) (SD: Standard Deviation, M: Metal, C: Ceramic, TE: Total-Etch, SE: Self-Etch, PC: Pre-Coated, FF: Flash-

Free, **: Statistically Significant with p < 0.01).

Surface Roughness Descriptive Statistics and Pre- and Post-bonding Comparison

Bracket Etchant Adhesive Pre-bonding  Post-debonding Mean Difference (Post & p-value (vs
Material Type System Mean SD Mean SD Pre) Control)
M TE PC 2.120 0.636 3.197 0.796 1.077 < 0.0001**
FF 2.401 0.635 3.101 0.723 0.7 < 0.0001**
SE PC 2311 0.513 2.779 0.624 0.468 0.001**
FF 2.923 0.826 3.367 0.976 0.444 < 0.0001%**
C TE PC 2.493 0.775 3.409 0.810 0.916 < 0.0001**
FF 2.850 1.196 3.558 0.919 0.708 < 0.0001**
SE PC 2.837 0990 3.307 0.835 0.47 < 0.0001**
FF 2.721 0.852 3.243 0.801 0.522 < 0.0001%**
Surface Micro-hardness Descriptive Statistics
Bracket Etchant Type Adhesive System Mean SD p-value (vs
Material Control)
M TE PC 384.436 18.2218 < 0.0001**
FF 384.345 17.7418 < 0.0001**
SE PC 404.418 14.1233 < 0.0001%**
FF 402.655 21.4508 < 0.0001**
C TE PC 386.564 17.9471 < 0.0001**
FF 382.545 14.1796 < 0.0001**
SE PC 390.827 19.8703 < 0.0001%**
FF 397.191 17.0393 < 0.0001**
Control - — 448.555 19.081 1
Three-way Analysis of Variance (within-subject effect)
Source Sum of df Mean F p-value
Squares Square
Roughness 19.351 1 19.351 281.384 < 0.0001%**
Roughness * Bracket Material 0.004 1 0.004 0.055 0.815
Roughness*Etchant 1.537 1 1.537 22.354 < 0.0001**
Roughness*Adhesive 0.213 1 0.213 3.091 0.083
Roughness * Bracket Material * Etching 0.038 1 0.038 0.549 0.461
Roughness * Bracket Material * Adhesive 0.041 1 0.041 0.599 0.441
Roughness * Etching * Adhesive 0.259 1 0.259 3.765 0.056
Roughness * Bracket Material * Etching * 0.006 1 0.006 0.086 0.769

Adhesive
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(p < 0.0001 and p = 0.001), regardless of the bracket mate-
rial, etchant type, and adhesive system (Table 1). The three-
way ANOVA suggested an interaction between the surface
roughness and etchant (F = 22.354, p < 0.0001), with no sig-
nificant interaction attributed to the bracket material or adhe-
sive system (p > 0.05) (Table 1).

The data for each variable were pooled separately to assess
the effects of bracket material, etchant type, and adhesive sys-
tem on surface roughness. The bracket material and adhesive
system produced no statistically significant differences in the
surface roughness (p > 0.05) (Tables 2). The surface roughness
changes were attributed to the etchant type; a rougher surface
was introduced with TE than with SE. TE combined with PC
adhesive correlated with a statistically significant rougher sur-
face for both metal and ceramic brackets (p = 0.003 and
p = 0.011, respectively) than SE (Fig. 1-A). However, no sig-
nificant difference was introduced by the etchant type (TE or
SE) for specimens combined with FF for either the metal or
ceramic brackets (p = 0.059 and p = 0.271, respectively)
(Table 2).

The images obtained from the optical microscope were sup-
plemented with SEM images for qualitative evaluation of the
enamel surface topography. Enamel irregularities were more
pronounced in specimens treated with TE than in those treated
with SE (Fig. 2-A and 2-B). These irregularities in the TE spec-
imens had more surface area extension than those of irregular-
ities in the SE specimens, which showed a more localized
etching pattern.

3.2. Surface microhardness

Descriptive statistics of the surface microhardness showed the
highest mean value for the control group, followed by the
M-SE and C-SE groups, whereas the M—TE and C-TE
groups had the lowest mean values (Table 1). An overall rep-
resentation based on the mean average of each variable
showed a remarkably reduced surface microhardness of the
experimental groups compared to that of the control group;
the disparate changes in the surface microhardness were attrib-
uted to the etchant types (Table 1).

All groups displayed a statistically significant reduction in
the hardness compared with the control group (p < 0.0001)
(Table 1). The data for each variable were pooled separately
to assess the effects of bracket material, etchant type, and
adhesive system on the surface microhardness. The mean of
each variable was then compared, and no significant differ-
ences were found in either the bracket material or adhesive
type (p > 0.05) (Tables 3).

The reduced surface microhardness was attributed to the
etchant type, which had a higher impact when the surface
was treated with TE (Fig. 1-B). The M—TE (PC), M—TE
(FF), and C-TE (FF) groups showed a statistically significant
reduction in microhardness (p = 0.009, p = 0.041, and
p = 0.040, respectively) compared with the SE groups
(Fig. 1-B, Table 3). Although the C-TE (PC) group showed
no statistically significant effect on hardness compared with

Table 2 Surface roughness comparison according to bracket material, adhesive system, and etchant-type (SD: Standard Deviation, M:
Metal, C: Ceramic, TE: Total-Etch, SE: Self-Etch, PC: Pre-Coated, FF: Flash-Free, **: Statistically Significant with p < 0.01, z-test).

Surface Roughness Comparison According to Bracket Material

Adhesive type Etchant Type Bracket Material Mean Difference (Post & Pre) SD p-value
PC TE M 1.077 0.488 0.420
C 0.916 0.430
SE M 0.468 0.332 0.988
C 0.470 0.304
FF TE M 0.700 0.378 0.967
C 0.708 0.439
SE M 0.444 0.191 0.494
C 0.522 0.318
Surface Roughness Comparison According to Adhesive System
Bracket Material Etchant Type Adhesive System Mean Difference (Post & Pre) SD p-value
M TE PC 1.077 0.488 0.057
FF 0.7 0.378
SE PC 0.468 0.332 0. 841
FF 0.444 0.191
C TE PC 0.916 0.430 0.275
FF 0.708 0.439
SE PC 0.47 0.304 0.698
FF 0.522 0.318
Surface Roughness Comparison According to Etchant Type
Bracket Material Adhesive System Etchant Type Mean Difference (Post & Pre) SD p-value
M PC TE 1.077 0.488 0.003**
SE 0.468 0.332
FF TE 0.70 0.378 0. 059
SE 0.444 0.191
C PC TE 0.916 0.430 0.011**
SE 0.470 0.304
FF TE 0.708 0.439 0.271
SE 0.522 0.318
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Fig. 1 A. Surface roughness mean differences comparison according to etchant type. B. Surface micro-hardness mean comparison

according to etchant type (M: Metal, C: Ceramic, TE: Total-Etch, SE: Self-Etch, PC: Pre-Coated, FF: Flash-Free, **: Statistically
Significant with p < 0.01, r-test, *: Statistically Significant with p < 0.05, z-test).

the C-SE (PC) group, it followed the general pattern of hard-
ness reduction (p = 0.603) (Table 3).

4. Discussion

This study aimed to evaluate the effects of different orthodon-
tic bracket materials, etchant types, and adhesive systems on
the enamel surface roughness and microhardness. Although
previous studies have assessed the enamel surface roughness
using fixed orthodontic appliances, a multifactorial assessment
of the influence of different orthodontic and dental materials
has not yet been reported. Moreover, the impact of these fac-
tors on the enamel surface hardness has not been thoroughly
assessed.

The mechanical properties of the enamel can affect the
resistance of dental substrates to environmental conditions
(Iijima et al., 2010). Furthermore, the enamel surface rough-
ness contributes to plaque retention and the risk of caries at
a threshold of Ra = 0.2 um (Alizac Marny et al., 2018;
Bollen et al., 1997; Mathias et al., 2009; Mullan et al., 2017,
Nogueira et al., 2017). Although normal enamel has surface
irregularities, the risk of caries increases with higher surface
roughness (Bollen et al., 1997; Nogueira et al., 2017). Surface
hardness is related to enamel demineralization, which affects
the resistance to surface invasion through its mineral content
and micro-integrity (Alkattan et al., 2018; Althagafi, 2022;
Gutiérrez-Salazar and Reyes-Gasga, 2001).

The first null hypothesis was rejected only for the etchant
and accepted for the bracket material and adhesive system.
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Post-debonding Post-debonding

Fig. 2 Surface roughness and topography images: A. M—TE (PC) group (on the left: images retrieved from the optical microscope, on
the right: images captured by Scanning Electron Microscope). B. M—SE (PC) (on the left: images retrieved from the optical microscope,
on the right: images captured by Scanning Electron Microscope).

Table 3 Surface micro-hardness comparison according to bracket material, adhesive system, and etchant-type (SD: Standard Deviation,
M: Metal, C: Ceramic, TE: Total-Etch, SE: Self-Etch, PC: Pre-Coated, FF: Flash-Free; **: Statistically Significant with p < 0.01, ¢-
test, *: Statistically Significant with p < 0.05, z-test).

Surface Micro-hardness Comparison According to Bracket Material

Etchant Type Adhesive System Bracket Material Mean SD p-value
TE PC M 384.436 18.2218 0.7855
C 386.564 17.9471
FF M 384.345 17.7418 0.7954
C 382.545 14.1796
SE PC M 404.418 14.1233 0.0793
C 390.827 19.8703
FF M 402.655 21.4508 0.5159
C 397.191 17.0393
Surface Micro-hardness Comparison According to Adhesive System
Bracket Material Etchant Type Adhesive System Mean SD p-value
M TE PC 384.436 18.2218 0.991
FF 384.345 17.7418
SE PC 404.418 14.1233 0.822
PC 402.655 21.4508
C TE PC 386.564 17.9471 0.567
FF 382.545 14.1796
SE PC 390.827 19.8703 0.430
PC 397.191 17.0393
Surface Micro-hardness Comparison According to Etchant Type
Bracket Material Adhesive System Etchant type Mean SD p-value
M PC TE 384.436 18.2218 0.009**
SE 404.418 14.1233
FF TE 384.345 17.7418 0.041*
SE 402.655 21.4508
C PC TE 386.564 17.9471 0.603
SE 390.827 19.8703
FF TE 382.545 14.1796 0.040*

SE 397.191 17.0393
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In this study, the surface roughness was measured using the Ra
at the pre-bonding and post-debonding stages for each speci-
men. The bonding and debonding of fixed orthodontic appli-
ances (regardless of the bracket material, etchant type, or
adhesive system) increased the enamel surface roughness to
values higher than the general roughness threshold found to
trigger plaque retention (Bollen et al., 1997). This agrees with
previous findings pertaining to surface roughness alteration
after debonding (Degrazia et al., 2018; Ozer et al., 2010).

This study concluded that neither the bracket material nor
adhesive system affected the surface roughness. Previous studies
have found that enamel roughness increases after the removal of
ceramic and metal brackets (Albuquerque et al., 2010; Karan
etal.,2010). However, other studies found no statistically signif-
icant increase in surface roughness following the removal of
metal and ceramic brackets compared to that of the baseline
control group (Caixeta et al., 2021; Moosavi et al., 2013). These
studies did not directly compare the effects of metal and ceramic
brackets on the enamel surface roughness.

This study revealed a significant relationship between the
etchant type and roughness changes when used with a PC adhe-
sive system. In other words, TE combined with PC produced a
rougher surface after debonding than SE. Although the combi-
nation of TE with FF system did not result in statistically signif-
icant values, it followed the same pattern of higher roughness.
Goel et al. (2017) found that SE produced lower Ra values than
TE alone when combined with Sof-Lex for adhesive removal
(Goel et al., 2017). Additionally, Zope et al. (2016) revealed that
SE produced a smoother surface than TE, although they
employed non-precoated brackets (Zope et al., 2016).

The SEM images indicated more surface irregularities with
TE than with SE, which supports the findings in the literature
on shallower irregularities and less enamel dissolution with SE
(Hashimoto et al., 2013; Horiuchi et al., 2009). The surface
roughness findings and reduced invasiveness of the FF adhe-
sive and SE could be related to the less resin removal with
the FF system, whereas the weaker etching composition of
SE might have resulted in a less distinct surface, reduced resin
penetration, and less removal need of the remnants (Baysal
et al., 2015; Visel et al., 2014).

The second null hypothesis was only rejected for the etch-
ant and accepted for the bracket material and adhesive system.
The microhardness of the enamel surface was evaluated using
the Vickers hardness test, which involved pressing a diamond
indenter into the sample using a known loading force and
dwell time. The results for the control specimens in this study
(mean = 448.555 £+ 19.08 VHN) were close to those reported
in the literature (348440 VHN) (Craig and Peyton, 1958;
Gutiérrez-Salazar and Reyes-Gasga, 2003; Ryge et al., 1961).

This study found that fixed appliances could significantly
reduce enamel surface microhardness, regardless of the bracket
material, etchant type, or adhesive system. The bracket mate-
rials and adhesive systems used did not alter the microhard-
ness. No previous studies have evaluated the impact of
bracket materials (M or C) and adhesive systems (PC or FF)
on enamel hardness. A study evaluating the nanocomposite
adhesive and regular composite of a non-precoated ceramic
bracket found that enamel hardness was reduced compared
with that of non-bonded areas (Karimzadeh et al., 2015).
Another study concluded that the enamel surface bonded with
metal brackets had a lower microhardness than that of the
non-bonded enamel surface (Rajendran et al., 2021).

Hardness reduction was attributed to the type of etchant,
with TE resulting in a significant reduction compared to SE.
However, for ceramic brackets with PC adhesives, neither
TE nor SE had a significant impact on hardness, although
the same pattern of hardness reduction was observed. Studies
found that TE produced further hardness reduction than SE
(Machoy et al., 2021; Salehi et al., 2022). Iijima et al. (2010)
arrived at a similar conclusion of a higher surface hardness
reduction with TE than that with SE; this reduction was not
significant for the non-bonded surface (lijima et al., 2010).
Kohda et al. (2012) used a nanoindentation assessment of dif-
ferent etchants with unified fixed appliances and supported the
current finding of less reduction in surface hardness with SE
(Kohda et al., 2012).

Essentially, the etching procedure removes part of the
enamel structure, rendering it vulnerable to increased surface
roughness and reduced surface microhardness. This is particu-
larly the case with the higher etching aggressiveness potential
of TE and its significant effect on the mechanical properties
of the enamel (Machoy et al., 2021; Pashley and Tay, 2001).

This study conducted in vitro, hence, it does not represent
clinical conditions. Future studies, such as that with additional
surface treatment modalities, are needed to confirm and add to
the presented findings. Nevertheless, the findings of this study
reflected the impact of dental materials on dental structures
(altered enamel surface roughness and microhardness). With
the concluded effect of dental materials on dental substrates
and the high risk of enamel surface integrity loss, further stud-
ies, including those in vivo setting, are required.

5. Conclusions

e The overall use of fixed orthodontic appliances could signif-
icantly increase enamel surface roughness and reduce sur-
face microhardness compared with the control, regardless
of the bracket material, etchant type, or adhesive system.

e Neither the type of bracket material nor the adhesive system
contributed to surface roughness or microhardness
alterations.

e The etchant type significantly influenced the measured sur-
face properties, with an overall pattern of rougher surface
production and higher microhardness reduction accompa-
nying TE than SE surface treatment.

e TE caused a significantly higher surface roughness than SE,
except when combined with FF adhesive system.

e TE contributed to a statistically significant lower surface
microhardness than SE, except when combined with a cera-
mic bracket and PC adhesive system.

e Scanning electron microscopy images confirmed the surface
roughness findings. TE introduced pronounced surface
irregularities on the enamel compared to SE.
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