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Abstract 

Background Titanium tetrafluoride has been shown to protect tooth enamel from demineralization. This study inves-
tigated the effect of incorporating different concentrations of TiF4 (1, 2 and 3 Wt.%) into an orthodontic primer on the 
shear bond strength of orthodontic brackets and the enamel microhardness after cariogenic challenges.

Methods Three different TiF4 concentrations (1, 2 and 3 Wt.%) were prepared and added to the etch and rinse ortho-
dontic primer. Ninety freshly extracted premolars were randomly divided into five groups according to the experi-
mental primers and ageing conditions: TF0, TF0C, TF1C, TF2C, and TF3C. The TF0C group had no TiF4 in the primer, 
while TF1C, TF2C, and TF3C had 1, 2 and 3 Wt.% TiF4 in the primer, respectively. In the TF0 group, specimens were 
immersed in deionized water for 24 h as a control group, while all other groups were immersed in a demineralizing 
solution for 28 days. Each of the five groups was divided into two subgroups: The first group was subjected to shear 
bond strength and adhesive remnant index testing (N = 50 teeth, 10/group), while the second group was subjected 
to enamel surface microhardness testing (N = 25 teeth, 50 tooth halves, 10 tooth halves/group). Fifteen teeth (N = 15 
teeth, n = 3/group) representing the five groups were subjected to SEM and microelemental analysis (EDX). SBS, ARI, 
microhardness, and Ca/P ratio were measured, and the data were analyzed using ANOVA and Tukey’s tests.

Results The TF2C group had the highest SBS value (9.93 ± 1.23), while the TF0C (5.24 ± 0.65) and TF3C (5.13 ± 0.55) 
had the lowest SBS values. The enamel microhardness in the TF0C group was significantly reduced (p < .001). Enamel 
microhardness values were significantly (p < .001) higher in groups TF1C, TF2C, and TF3C than in TF0C. The highest 
Ca/P ratio was significantly recorded for the TF2C group (2.65 ± 0.02).

Conclusions Incorporation of 1 and 2 Wt.% TiF4 into the orthodontic primers showed adequate bond strength and 
better remineralization effect. However, 1 Wt.% TiF4 showed lower ARI values than 2 Wt.% TiF4.
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Introduction
The bond between orthodontic brackets and enamel 
must be maintained during orthodontic therapy to 
ensure effective force application [1, 2]. One of the draw-
backs of orthodontic treatment is the demineralization 
of the tooth enamel in the region around and under the 
bonded orthodontic brackets. The smoothness and hard-
ness of the enamel surface, as well as the bond strength of 
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the bracket to the enamel, may be affected by this demin-
eralization [3–5].

Continuous attempts have been made to treat peri-
bracket white spot lesions by preventing enamel dem-
ineralization or promoting enamel remineralization [6, 
7]. Topical fluoride has been shown to minimize enamel 
demineralization around brackets. Conversely, fluoride 
treatment prior to bracket insertion makes the enamel 
resistant to phosphoric acid etching, which in turn 
reduces the effectiveness of the bond by causing early 
degradation of the bond [8–10].

Titanium tetrafluoride (TiF4) has been shown to pro-
vide better protection against enamel demineralization. 
Due to the unique interaction of TiF4 with tooth struc-
ture, enamel absorbs fluoride faster and better, which 
also leads to the deposition of CaF2 and the formation of 
an acid-resistant titanium dioxide (TiO2) layer [11, 12]. 
TiF4 is a promising anticaries agent; however, due to its 
strong interactions with all fluids and unstable pH, it can-
not be used alone for treatment. Technically, the addition 
of TiF4 to the primer or bonding agent would facilitate its 
use [13].

Basting et  al. [14] investigated the effects of adding 
TiF4 (2.5 Wt.%) to the primer or bond of a self-etching 
adhesive system on the long-term dentin bond strength 
and the physicomechanical properties of TiF4-containing 
adhesives. They concluded that TiF4-containing adhe-
sives did not change the μTBS or failure mode over time 
but did affect the flexural strength and degree of conver-
sion, especially when TiF4 was added to the bond. They 
also proposed further research to investigate the effects 
of adding TiF4 to a self-etching primer on its mechanical 
and physical properties and whether this approach would 
lead to biomimetic mineralization.

Since the acidic environment surrounding orthodontic 
brackets promotes demineralization and hinders the pro-
cess of remineralization, and due to the ongoing contro-
versy about TiF4 as an enamel surface pretreatment, the 
aim of this study was to investigate the effect of incorpo-
rating different concentrations of TiF4 (1, 2 and 3 Wt.%) 
into an orthodontic primer on the shear bond strength 
of orthodontic brackets and the enamel microhardness 
after cariogenic challenges. The null hypotheses were 
that the different TiF4 concentrations in the primer had 
no statistically significant effect on (1) enamel shear bond 
strength and (2) enamel microhardness after cariogenic 
challenge.

Materials and methods
Characterization of the experimental primer containing 
titanium tetrafluoride
Commercial TiF4 crystals (Aldrich Chemical Com-
pany, Milwaukee, WI, USA) were ground to powder 

using a mortar and pestle, weighed, and added to the 
primer to achieve three different concentrations: 1, 2 
and 3 Wt.%. With constant stirring with a sonicator, 
these concentrations were added to the orthodontic 
etch and rinse primer U Bond™ (VERICOM Co., Ltd., 
lot number 0p190100) and mixed vigorously to ensure 
homogeneous distribution to formulate three differ-
ent concentrations: TF 1 (10 mg TiF4 mixed with 1 mL 
primer), TF 2 (20  mg TiF4 mixed with 1  mL primer), 
and TF 3 (30  mg TiF4 mixed with 1  mL primer). In 
addition, TF0 (without the TiF4 addition) was used as 
a control group. All experimental primers were stored 
in tightly sealed vials, protected from light and humid-
ity. The distribution of 3 Wt.% TiF4 in the primer was 
evaluated by scanning electron microscopy analysis 
(Jeol-JSM-6510, Tokyo, Japan) at an original magnifi-
cation of 5000-x. The particle size was calculated using 
an analysis tool in Image J software and was in the 
range of 28–60 nm (Fig. 1).

The degree of conversion of the TiF4-containing 
primers was evaluated using Fourier Transformation 
Infrared Spectroscopy (FTIR) with an attenuated total 
reflectance (ATR) technique [4]. To obtain reference 
values for aromatic and aliphatic band rings, droplets 
of unpolymerized primer were either incorporated with 
TiF4 or left unincorporated. The experimental primers 
were freshly manipulated and applied to the device’s 
crystal surface. A standard distance of 1 mm was main-
tained between the light device’s tip and the light-cured 
specimens. After 10  s of light curing, the degree of 
conversion was determined (five repetitions/group). 
As an internal standard, the degree of conversion was 
estimated using polymerized and unpolymerized speci-
mens based on the ratio between the carbon aliphatic 
and aromatic double bonds. The degree of conversion 
was calculated by the following equation:

Specimen selection
Ninety freshly extracted premolars (N = 90) with intact 
buccal enamel were obtained from orthodontic patients 
whose treatment plans required extractions. They were 
preserved in thymol (0.1%, pH 7.0) for 24  h to inhibit 
bacterial growth. Premolars were selected based on 
integrity, absence of fractures and cracks, and demin-
eralization of enamel. They were cleaned with a pum-
ice slurry at low speed in a rubber prophy cup and then 
stored in distilled water at room temperature, which 
was changed regularly to prevent dehydration.

DC(%) = 100−

1638cm−1

1608cm−1
polymerized

1638cm−

1608cm−1
unpolymerized

× 100
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Study design and specimens’ grouping
Premolars were randomly divided into five groups 
(n = 15), which were subjected to five experimental con-
ditions (Fig.  2): TF0 (no TiF4); specimens immersed in 
deionized water for 24  h; TF0C (no TiF4); specimens 
immersed in a demineralization solution for 28  days; 

TF1C, TF2C, and TF3C (primers contained 1, 2, and 3 
Wt.% TiF4, respectively) and were then immersed in a 
demineralization solution for 28 days [14–16]. The dem-
ineralization solution consisted of "3.0  mmol/L CaCl2, 
1.8 mmol/L KH2PO4, 0.1 mol/L lactic acid, and 1% car-
boxymethylcellulose," and the pH was adjusted to 4 with 

Fig. 1 SEM of TiF4 distribution within the primer (5.000-X)

Fig. 2 Study design and specimens’ grouping
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KOH [15, 17]. The solution was changed daily to ensure 
that the pH was constant at 4. Each group consisted of 
ten specimens based on power analysis, giving a power 
of 0.95 at a significance level of 0.05 [16]. Each of the five 
groups was divided into three subgroups; the first group 
was subjected to shear bond strength and adhesive rem-
nant index testing (N = 50 teeth, 10/group), and the sec-
ond one was subjected to enamel surface microhardness 
testing (N = 25 teeth, 50 tooth halves, 10 tooth halves/
group). Additionally, fifteen teeth (N = 15 teeth, n = 3/
group) were subjected to SEM and microelemental analy-
sis (EDX).

Preparation for enamel‑bracket bonding
The buccal enamel surface of each premolar was etched 
with 37% phosphoric acid (Scotch Bond, 3  M ESPE, 
St. Paul, MN, USA) for 30 s, rinsed with water for 30 s, 
and then properly dried with oil- and moisture-free air. 
As prescribed by the manufacturer, experimental prim-
ers were applied to the buccal surface of the premolars. 
A thin, uniform layer of the experimental orthodontic 
primers was applied to the etched surface. The adhesive 
was applied to the base of the brackets before insertion. 
The orthodontic metal brackets (Geousis Mini Roth, 
ORMCO, CA, USA; lot number: 120114) were then 
lightly placed on the tooth surface and firmly pressed 
into their final position. A half-kg customized metallic 
tool was used to apply standard, uniform pressure to the 
top of the brackets during the bonding process, resulting 
in uniform adhesive thickness. An explorer was used to 
remove the excess adhesive. The entire adhesive resin was 
polymerized for 12  s in two directions (6  s each) using 
the Ortholux Luminous Curing Light (3 M Unitek; Mon-
rovia, California, USA; light output: 1600 mW/cm2) [2]. 
Subsequently, the bonded premolars were stored in dis-
tilled water at 37 °C for 24 h to allow proper polymeriza-
tion of the bonding process.

Bracket Shear Bond Strength (SBS) testing and Adhesive 
Remnant Index (ARI)
The SBS test was performed using a universal testing 
machine. In order for the bonded bracket base to be par-
allel to the direction of the shear force, the test specimens 
had to be fixed in the lower jaw of the machine. A com-
pressive force was applied to the specimens at a cross-
head speed of 0.5 mm/min [2, 18]. The base of the bracket 
was precisely aligned with the stainless-steel rod with a 
mono-beveled chisel that was attached to the upper mov-
ing shelf of the testing machine. The fracture load (F) in 
Newtons was divided by the surface area (A) in  mm2 to 
determine the SBS in megapascals (MPa). By measur-
ing the length and width with a digital caliper (Mitutoyo 
Corporation, Tokyo, Japan) and then calculating the area, 

the bonding area of the bracket was determined [2]. After 
debonding, the remaining adhesive on the enamel sur-
face was assessed by examining the fractured specimen 
under a 20 × optical stereo microscope (Olympus SZ61, 
Tokyo, Japan). The evaluation was conducted based on 
the following standards [19]: 0 = no adhesive remaining 
on enamel; 1 = less than half of the adhesive remaining 
on enamel; 2 = more than half of the adhesive remaining 
on enamel; 3 = all the adhesive remaining on enamel. The 
ARI scores will be used to determine bond failure sites 
between the enamel, adhesive resin, and bracket base.

Microhardness testing
The degree of enamel demineralization was indirectly 
determined by microhardness testing. The bracket-buccal 
bonded interface was positioned flat, in contact with the 
bottom of a tube containing the demineralizing solution, 
and fully submerged in 1.5 mL of the solution (pH 4).The 
specimens were then cut sagittally into mesial and dis-
tal halves at the center of the bracket using a low-speed 
water-cooled diamond saw. The cut face of the sectioned 
specimens was left exposed as they were embedded in 
acrylic resin blocks (Paladur, Heraeus-Kulzer, Hanau, 
Germany).Wet silicon carbide papers (Microcut ™, Bue-
hler, Lake Bluff, USA) with different grades (600, 800, 
and 1200 grit) were used to polish the cut surfaces of the 
resin-embedded specimens. Diamond cream and a 1 μm 
polishing-cloth disc were used for the finishing polish. 
A hardness tester with a Vickers diamond indenter was 
used to measure the microhardness, with a load of 50 g 
and a dwell time of 15 s. Under the bracket, 30 μm from 
the exterior enamel surface, indentations were produced 
on the buccal surface [16]. Three readings were averaged 
to get one from each specimen.

Scanning Electron Microscopy (SEM) and energy‑dispersive 
x‑ray Spectroscopy (EDS) analyses
Three additional specimens from each group were pre-
pared as in surface microhardness testing. The cut pol-
ished specimens were cleaned for two minutes in an 
ultrasonic bath with 96% ethanol, and then they were 
dried by air.

Three additional specimens from each group were pre-
pared in the same manner as in the surface microhard-
ness test. The cut and polished specimens were cleaned 
in an ultrasonic bath with 96% ethanol for two minutes 
and then air dried. The specimens were mounted on 
metallic stubs, coated with gold sputter, and then exam-
ined under a SEM (Jeol-JSM-6510, Tokyo, Japan) at an 
original magnification of 600 × to analyze the enamel sur-
face and bracket/adhesive/enamel junction. In addition, 
the specimens were examined at EDS using energy dis-
persive X-ray microanalysis (EDX) to measure the weight 
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percentages of calcium and phosphorus ions under 
the bracket in close proximity to the bracket/adhesive/
enamel junction interface. Three measured values of ion 
weight percentages were averaged to obtain one value per 
specimen [20, 21].

Statistical analysis
The normality and equal variance assumptions were ful-
filled according to the Shapiro–Wilk test (p ˃ 0.05) and 
Levene’s test. A one-way ANOVA was conducted to 
analyze the SBS, hardness, and Ca/P ratio data regard-
ing the five experimental conditions. Tukey’s significant 
difference tests were used for post-hoc comparisons. The 
Chi-square (χ2) test was used to determine significant dif-
ferences in the ARI scores among the five experimental 
groups. The level of significance was set at 5% for all sta-
tistical tests.

Results
TiF4 nanoparticles were identified in scanning elec-
tron microscopy. The particle size observed in SEM was 
28–60 nm. One-way ANOVA showed that there were no 
statistically significant differences in the degree of con-
version (p = 0.981) among TF0, TF1, TF2,TF3 groups 
(81.76 ± 4.9, 84 ± 2.8, 82.4 ± 3.2, 83.6 ± 2.2) respectively.

The means ± SD of SBS values (MPa) for all groups are 
shown in Table  2. A one-way ANOVA test showed sig-
nificant differences among the five experimental groups 
(p < 0.001, F = 16.09). The Tukey test for significant dif-
ferences showed that the highest SBS value was obtained 
for the TF2C group (9.93 ± 1.23), while the lowest SBS 
value was obtained for TF0C (5.24 ± 0.65) and TF3C 
(5.13 ± 0.55). The TF2C group recorded a significantly 
higher SBS value (p < 0.001) (9.93 ± 1.23) compared 
to all other groups except the TF0 group (8.02 ± 1.55) 
(p = 0.09). The five experimental conditions significantly 
affect the ARI values according to the Chi-square (χ2) 
test and Monte Carlo test as a correction for Chi-square 
(p < 0.001, χ2MC = 31.04). A closer look at the data in 
Table 1, TF0, TF0C, and TF3C showed a high incidence 
of scores 0 (50%, 70%, and 80%, respectively). However, 
TF1C recorded a high incidence of scores 1 and 2 (50% 
and 20%, respectively). TF2C showed a high incidence of 
scores 2 and 3 (30% and 60%, respectively).

The means ± SD of Vickers hardness values for all 
groups are shown in Table  2. A one-way ANOVA test 
showed significant differences among the five experi-
mental groups (p < 0.001, F = 34.46). The Tukey test 
showed that the highest hardness value was obtained for 
the TF3C group (377.40 ± 55.10), while the lowest value 
was obtained for the TF0C group (184.48 ± 32.93). As for 
the effects of demineralization, enamel microhardness 
was significantly reduced in the TF0C group (p < 0.001). 

In the TF1C, TF2C, and TF3C groups, the effect of dif-
ferent TiF4 concentrations significantly increased the 
enamel microhardness compared to the positive control 
group (TF0C) (p < 0.001). No significant differences were 
observed between TF1C and TF2C (p = 0.89). Enamel 
microhardness was not significantly higher in both TF1C 
and TF2C compared to the negative control group (TF0), 
(p = 0.89 and p = 0.61, respectively).

The results of the statistical analysis of the Ca/P ratio 
are shown in Table  2. The Tukey test showed that the 
Ca/P ratio was significantly highest in the TF2C group 
(2.65 ± 0.02), whereas the lowest value was recorded for 
the TF0C (1.69 ± 0.02). The Ca/P ratio was significantly 
reduced in the TF0C group (p < 0.001). In the TF1C, 
TF2C, and TF3C groups, the Ca/P ratio was signifi-
cantly higher than in the positive control (TF0C) group 
(p < 0.001). In both TF2C and TF3C, the Ca/P ratio was 
significantly higher than in the negative control (TF0) 
group (p < 0.001). No significant difference was found 
between the TF1C and negative control (TF0) group 
(p = 0.82). In addition, EDS showed the presence of 

Table 1 Shear Bond Strength (SBS) and Adhesive Remanent 
index (ARI) scores for the different experimental groups

One way ANOVA for SBS: p < .001, d f = 4, Mean Square = 24.95, F = 16.09

Mean values represented with different superscript lowercase letters (column) is 
significantly different according to Tukey’s significant different test (P < .05)

Groups SBS ARI Scores

0 1 2 3

TF0 8.02 ± 1.55 ba 5 2 2 1

TF0C 5.24 ± 0.65 d 7 3 0 0

TF1C 7.79 ± 1.75 cb 2 5 2 1

TF2C 9.93 ± 1.23 a 0 1 3 6

TF3C 5.13 ± 0.55 ed 8 2 0 0

Table 2 Cross-sectional Microhardness and ions concentrations 
for the different experimental groups

One way ANOVA for Ca ions: p < .001, df = 4, Mean Square = 294.58, F = 1197.55

One way ANOVA for P ions: p < .001, df = 4, Mean Square = 11.04, F = 163.87

One way ANOVA for Ca/P ratio: p < .001, df = 4, Mean Square = .485, F = 195.66
*  Mean values represented with different superscript lowercase letters (column) 
is significantly different according to Tukey’s significant different test (P < .05)

Groups Cross‑Sectional 
Microhardness

Ions Concentrations (wt.%)

Ca P Ca/P ratio

TF0 306.90 ± 14.27 d 37.99 ± 0.22 c 17.75 ± 0.21 ba 2.14 ± 0.03 c

TF0C 184.48 ± 32.93 e 22.43 ± 0.70 e 13.24 ± 0.23 e 1.69 ± 0.02 e

TF1C 322.19 ± 45.72 cd 33.44 ± 0.59 d 15.95 ± 0.19 d 2.09 ± 0.04 dc

TF2C 328.71 ± 32.63 bd 45.01 ± 0.18 b 16.99 ± 0.19 ca 2.65 ± 0.02 ab

TF3C 377.40 ± 55.10 a 47.14 ± 0.55 a 17.93 ± 0.41 a 2.63 ± 0.09 b
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titanium ions in TF1C, TF2C, and TF3C (1.86, 1.90, 
and 2.34 Wt.% respectively).

SEM images at 600 × magnification showed different 
morphological features of the enamel surface for each 
group (Fig. 3). The TF0 group (Fig. 3A) showed the nor-
mal common component of the intact crystalline enamel 
structure. In the TF0C group (Fig.  3B), the integrity of 
the enamel prisms was severely compromised and exhib-
ited an irregular surface with obvious cracks in both 
the enamel surface (white asterisk) and the hybrid zone 
(white arrows), which could affect the bonding integrity 
with the orthodontic adhesive. In group TF1C, an inho-
mogeneous enamel surface with the recovery of enamel 
prism crystals (red asterisk) and a discontinuous fish 
scale texture were observed (Fig. 3C).

Group TF2C showed a rough enamel surface and 
recovered enamel crystals (black arrow) on the demin-
eralized enamel surface (Fig. 3D). Group TF3C showed 
an intact, non-homogeneous, irregular enamel sur-
face with grooves and pits on the enamel surface (blue 
asterisk) (Fig. 3E).

Discussion
Demineralization around orthodontic brackets remains 
a clinical concern for orthodontists during and after 
orthodontic treatment, especially when patients do not 
follow oral hygiene instructions. Therefore, the optimal 
orthodontic adhesive should maintain the integrity of 

the enamel surface during bracket removal while provid-
ing adequate enamel bond strength to prevent bracket 
detachment during tooth movement [22, 23].

Titanium tetrafluoride is a fluoridated compound with 
low acid solubility that can significantly protect tooth 
enamel from demineralization by depositing CaF2 and 
forming an acid-resistant titanium dioxide (TiO2) layer 
on the enamel [24]. The use of TiF4 has been proposed 
as a strategy to minimize the degradation of the hybrid 
layer, reduce the incidence of secondary caries, and 
ensure adequate bond strength of orthodontic brackets. 
Although TiF4 solution is a promising anticaries com-
pound, it is unstable and has a low pH [24, 25]. Due to 
the ongoing debate about TiF4 as an enamel pretreat-
ment and the lack of studies with conventional bonding 
systems, the incorporation of TiF4 into the three-step 
etch-and-rinse primer may be critical to the longevity of 
the hybrid layer and the potential inhibition of second-
ary carious lesions. Furthermore, titanium tetrafluoride 
(TiF4) was used in most studies at concentrations ranging 
from 0.1 to 4% [22, 23]. This raises the question of which 
TiF4 concentration is suitable for clinical use to reduce 
enamel demineralization under orthodontic brackets. 
Therefore, the aim of the present study was to investigate 
the effect of incorporation of different concentrations of 
TiF4 (1, 2, and 3 Wt.%) in the three-step etch-and-rinse 
primer on the shear bond strength of orthodontic brack-
ets and enamel microhardness after cariogenic exposure.

Fig. 3 SEM micrographs (600x) of the different experimental groups: adhesive (A), enamel surface (E), hybrid zone (white arrow), irregular enamel 
surface with apparent cracks (white asterisk), homogenous enamel surface with crystal recovery (red asterisk), restored enamel crystal on the 
demineralized enamel (black arrow), irregular enamel surface with grooves and pits (blue asterisk)
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Furthermore, titanium tetrafluoride (TiF4) was used in 
concentrations between 0.1 and 4% in most studies [22, 
23]. This raises the question of which TiF4 concentra-
tion is suitable for clinical use to reduce enamel deminer-
alization under orthodontic brackets. The present study 
therefore aimed to investigate the influence of incorpo-
rating different concentrations of TiF4 (1, 2 and 3 Wt.%) 
into the three-step etch and rinse primer on the shear 
bond strength of orthodontic brackets and the micro-
hardness of enamel after cariogenic exposure.

The shear test is the most common laboratory tech-
nique for evaluating the shear bond strength of brackets 
[2, 18]. The shear wedge blade used in this study was a 
stainless-steel rod with a mono-beveled chisel configu-
ration. The crosshead speed was set between 0.5 and 
1.00 mm/min because it allows more uniform stress dis-
tribution at the bonded interface and is useful, fast, and 
less sensitive to handling during setting [26]. The shear 
wedge was precisely positioned on the bracket base to 
avoid further rotational stresses, although the debonding 
forces occurring in vivo are more likely to be applied to 
the bracket wings [2].

Metal brackets should ideally have a shear bond 
strength of 7–9  MPa to the enamel to ensure adequate 
adhesion and facilitate bracket removal after orthodontic 
treatment [27]. The ARI score was used to measure the 
residual adhesive on the enamel surface to determine the 
location of deboned interface failure during shear bond 
strength testing. The lower the ARI value, the easier the 
cleaning process after debonding [28]. In the current 
study, a demineralization solution was used to mimic 
the cumulative effects of clinical use over a more realis-
tic period of time [16]. Previous studies have shown that 
dental biofilms produce acids with a pH of 4. Therefore, 
an in vitro model for the rapid development of white spot 
lesions was prepared using a demineralization solution 
with a pH of 4 [29–31].

Based on the SBS results, the incorporation of TiF4 
into the orthodontic primer has a significant effect on 
SBS; therefore, the first null hypothesis must be rejected. 
Enamel shear bond strength was significantly lower in the 
TF0C group (the positive control) than in the TF0 group 
(the negative control). This suggests that the acidic envi-
ronment significantly compromised the bonding inter-
face between the TFC0 adhesive and enamel, resulting 
in dissolution and loss of minerals (Ca and P ions), thus 
reducing bond strength [16, 22, 24]. This is supported by 
three factors: first, lower ARI values for the TFC0 group, 
indicating adhesive failure; second, the presence of an 
obvious crack in the hybrid zone, as shown in the SEM 
image (Fig.  3B), which could affect the integrity of the 
bond with the orthodontic adhesive; and third, lower Ca 
and P ions (22.43 ± 0.70 and 13.24 ± 0.23, respectively) 

in the TF0C group compared with the TF0 group 
(37.99 ± 0.22 and 17.75 ± 0.21, respectively), as shown in 
EDS.

The incorporation of TiF4 into the primer was sug-
gested to simplify the hybridization sequence and to 
benefit from its use as an enamel biomodifier [14]. When 
TiF4 was included in the primer at different concentra-
tions (1, 2, and 3 Wt.%), an increase in enamel bond 
strength above 7  MPa was observed in the TF1C and 
TF2C groups compared to the positive control group 
(TF0C), which could lead to a clinically acceptable appli-
cation. The increase in bond strength could be a result of 
the addition of TiF4 as a filler additive to the primer [32]. 
In addition, TiF4 could contribute to the improvement of 
the mechanical properties of the hybrid layer by form-
ing titanium oxides (the titanium ions in TF1C, TF2C, 
and TF3C were 1.86, 1.90, and 2.34 Wt.%, respectively), 
resulting in an acid-resistant, stable lining and higher 
resistance to tooth demineralization and thus higher 
bond strength [14, 20].

Rizvi et  al. [33] investigated the effects of reminer-
alization on bond strength and found that remineraliz-
ing agents can be clinically applied to the tooth surface 
to improve bond strength. These results are consistent 
with the ARI results in our study, as the ARI values were 
higher for TF1C (50% scores 1 and 20% scores 2) and 
TF2C (60% scores 3 and 30% scores 2).

In contrast, the TF3C group recorded a significantly 
lower SBS value (5.13 ± 0.55) than the clinically accept-
able limit (7–9  MPa). This could be confirmed by the 
lower ARI value (80% score 0). Although 2 Wt.% TiF4 had 
clinically acceptable SBS, the reduction in SBS in the 3 
Wt.% TiF4 group is difficult to explain but could be due 
to two reasons: first, the formation of a thick CaF2 pre-
cipitate layer, which could compromise the integrity of 
the bond and promote adhesive failure [23]; second, the 
higher viscosity of the primer after addition of TiF4 is due 
to the smaller particle size of TiF4 molecules (28–60 nm), 
which could hinder the penetration of the molecules into 
the hybrid zone and thus compromise the efficacy of the 
bond [10, 32].

The incorporation of TiF4 into the primer has a signifi-
cant effect on the microhardness of the enamel; accord-
ingly, the second null hypothesis has to be rejected. To 
analyze the microtopography of the underlying enamel 
surface, the brackets and adhesive must be removed, 
resulting in inaccurate data. Cross-sectional microhard-
ness testing was used to estimate mineral loss by evaluat-
ing the area covered by the bracket, as it has a significant 
correlation (γ = 0.91) with the percentage of mineral loss 
[34–37]. Liu et al. [16] investigated the remineralization 
effect of an orthodontic adhesive containing MAE-DB on 
enamel hardness under the bracket at two depths (30 and 
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120 μm). At a penetration depth of 120 μm, there were no 
significant differences in microhardness values between 
the different surfaces, probably because this depth was 
not reached by acid etching. Therefore, a penetration 
depth of 30 μm was chosen for the present study.

The chemical composition of enamel strongly corre-
lates with its hardness [10]. Previous studies have shown 
that demineralization leads to a loss of calcium and phos-
phate ions, which in turn affect the surface hardness of 
enamel. The microhardness values in the TF0C group 
decreased significantly in the current study, which was 
consistent with other results [12–14]. This showed that 
the resistance of enamel surfaces decreased as a result 
of exposure to demineralizing solution, which increases 
mineral loss and decreases the Ca/P ratio, thus decreas-
ing the microhardness value. This was confirmed by the 
decrease in ion concentration, which is shown in Table 2. 
Hardness values increased for the TF1C, TF2C, and 
TF3C groups. Our results are in agreement with previous 
studies [10, 12, 38] that attribute the improved enamel 
microhardness to the ability of TIF4 to prevent deminer-
alization by forming TiO2 in the presence of CaF2 and its 
remineralizing effect. The increase in ion concentration 
shown in Table 2 could also support this.

SEM–EDS has been used as a combined analytical tech-
nique to qualitatively examine the enamel surface and 
quantify the Ca/P ratio as an indicator of enamel health [39, 
40]. In addition, EDS is a technique for chemical charac-
terization and elemental analysis of materials in many stud-
ies [21, 41, 42]. Consequently, the Ca/P ratio and crystalline 
structural integrity are important indicators of enamel rem-
ineralization [41, 43]. Calcium and phosphorus are both 
present in hydroxyapatite, the main building block of tooth 
structure. A shift in the calcium/phosphate ratio implies a 
shift in the inorganic elements of hydroxyapatite. Previous 
studies have shown that demineralization leads to calcium 
and phosphate ion losses, thus reducing the Ca/P ratio. On 
the other hand, TiF4 can compensate for this loss, as shown 
by the results of the present study [12, 14, 16, 42].

An acceptable approach for a suitable orthodontic 
adhesive could be the incorporation of TiF4 into the 
primer. According to the results of this in  vitro study, 
clinicians may be able to better understand the behavior 
of the enamel surface during de- and remineralization. 
This study has the limitation that it does not simulate the 
actual oral environment, as elements of the oral environ-
ment, including salivary components containing various 
minerals, lipids, carbohydrates, and proteins, as well as 
variations in pH, could affect bond strength. Neverthe-
less, further studies are needed to evaluate the pH and 
rheological properties of the experimental primers. In 
addition, a clinical performance evaluation is needed to 
make reliable recommendations for orthodontists.

Conclusion
Within the limitations of this study, incorporation of 1 
and 2 Wt.% TiF4 into the orthodontic primers showed 
adequate bond strength in relation to the clinically 
acceptable limit and better remineralizing potency. How-
ever, 1 Wt.% TiF4 showed lower ARI values than 2 Wt.%, 
implying easier cleaning after debonding of the ortho-
dontic bracket.
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