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Background
In in-office tooth bleaching, high concentrations of 
hydrogen peroxide (HP) are commonly employed due to 
their ability to achieve similar results more quickly than 
lower concentrations of HP or carbamide peroxide [1]. 
HP penetrates the tooth structure and generates various 
free radicals, which interact with and decompose stain 
molecules [2]. Nevertheless, the high concentration of 
HP might induce heightened tooth sensitivity and pulp 
inflammation after the whitening procedure [3]. Addi-
tionally, it even has an impact on the protein matrix and 
mechanical properties of the enamel, leading to altera-
tions in the surface microhardness, surface roughness, 
modulus of elasticity, and morphology [2, 4]. Research 
indicates that both the treatment effectiveness and side 
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Abstract
Background  This study aimed to explore the effects of the titanium dioxide (TiO2) concentration and particle size in 
hydrogen peroxide (HP) on tooth bleaching effectiveness and enamel surface properties.

Methods  TiO2 at different concentrations and particle sizes was incorporated into 40% HP gel to form an HP/TiO2 
gel. The specimens were randomly divided into 8 groups: C1P20: HP + 1% TiO2 (20 nm); C3P20: HP + 3% TiO2 (20 nm); 
C5P20: HP + 5% TiO2 (20 nm); C1P100: HP + 1% TiO2 (100 nm); C3P100: HP + 3% TiO2 (100 nm); C5P100: HP + 5% TiO2 
(100 nm); C0: HP with LED; and C0-woL: HP without LED. Bleaching was conducted over 2 sessions, each lasting 
40 min with a 7-day interval. The color differences (ΔE00), whiteness index for dentistry (WID), surface microhardness, 
roughness, microstructure, and composition were assessed.

Results  The concentration and particle size of TiO2 significantly affected ΔE00 and ΔWID values, with the C1P100 
group showing the greatest ΔE00 values and C1P100, C3P100, and C5P100 groups showing the greatest ΔWID values 
(p < 0.05). No significant changes were observed in surface microhardness, roughness, microstructure or composition 
(p > 0.05).

Conclusions  Incorporating 1% TiO2 with a particle size of 100 nm into HP constitutes an effective bleaching strategy 
to achieve desirable outcomes.
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effects depend on the concentration of HP and the appli-
cation time [5]. Consequently, accelerating the decom-
position of HP or minimizing the duration of exposure 
to bleaching agents is proposed as a strategy to alleviate 
these side effects [6].

Several catalysis techniques have been reported to 
effectively enhance the process of dental bleaching [7, 8]. 
Among these, photocatalytic semiconductors, specifically 
titanium dioxide (TiO2), have emerged as a cost-effective 
and photochemically stable option with a proven safety 
record [9]. When incorporated into bleaching agents, 
TiO2 stimulates electron excitation, leading to the dis-
sociation of the HP into ROS [10]. This process, in turn, 
facilitates the degradation of chromogens in the enamel 
and dentin [11]. Notably, superoxide is the predominant 
ROS generated, which mitigates the risk of hydroxyl 
radicals associated with tooth sensitivity [12], thereby 
enhancing the safety and efficacy of tooth whitening. 
Moreover, it has been demonstrated that the catalytic 
effect of TiO2 on tooth bleaching can be enhanced by the 
application of blue‒violet LEDs [7, 11]. In addition, the 
emission peak of the blue‒violet LED was well aligned 
with the absorption peaks of specific pigment molecules 
in teeth, creating an environment conducive to the dis-
integration of chromogens into smaller molecules [13]. 
However, since light of this wavelength has difficulty pen-
etrating tooth enamel, the direct decomposition effect 
may be limited to a superficial level [14].

The integration of TiO2 with HP has demonstrated 
promise as a biocompatible approach for enhancing 
bleaching efficiency while maintaining the physicochemi-
cal properties of bleaching agents [7, 10, 15]. However, 
the results regarding the effectiveness of adding TiO2 are 
inconsistent. Some studies reported significant improve-
ments, while others found comparable outcomes [16–
19]. These discrepancies might stem from various factors, 
including the type and concentration of TiO2 [6, 20, 21], 
fluctuations in the HP concentration employed [20, 22], 
the presence of additional constituents in the bleaching 
agent [17, 22], the differences in bleaching procedure [17, 
19, 23], or the distinct categories of dental discoloration 
in the experimental designs [10, 18]. The ongoing debate 
on this topic suggests that the concentration and particle 
size of TiO2 could be significant factors [10, 24]. How-
ever, no studies have investigated the optimal combina-
tion of different particle sizes and concentrations of TiO2, 
making this study innovative.

Therefore, this study was designed to determine the 
impact of varying concentrations and particle sizes of 
TiO2 on the process of dental bleaching. Specifically, the 
focus was on the effects of TiO2 on color changes and 
associated surface properties, including the enamel sur-
face microhardness, surface roughness, surface morphol-
ogy, and surface composition. The tested null hypotheses 

were as follows: (1) There would be no difference in the 
bleaching effectiveness between incorporating or not 
incorporating TiO2 in various combinations of con-
centrations and particle sizes into the HP gel; (2) There 
would be no difference in the effect on the surface micro-
hardness, roughness, composition, or morphology of the 
enamel surface when using HP gel with or without TiO2.

Materials and methods
The research protocol was approved by the Research Eth-
ics Committee at the School and Hospital of Stomatol-
ogy, Fujian Medical University (approval No. 2023-34).

Specimen preparation
Human premolars, which were extracted for orthodon-
tic purposes and free of evident cracks, were selected. 
The tooth color was evaluated with a spectrophotometer 
(Easyshade Advance 4.0, Vita ZahnFabrik, Germany). 
Only teeth that were darker than shade A3, as specified 
by the Vita Classical shades, were retained [25]. Blocks 
(7  mm ×7  mm ×3  mm) were sectioned from the buc-
cal surfaces with a low-speed diamond saw (Isomet, 
Buehler, USA) and water cooling. After ultrasonic clean-
ing (KQ3200DE, Kunshan Ultrasonic Instrument, China) 
for 10  min, the blocks were embedded into cylindrical 
shapes with diameters of 10 mm and thicknesses of 5 mm 
using acrylic resin (ZiRan, Nissin, China).

The specimens for color evaluation were randomly 
selected without any further surface treatment. The spec-
imens for surface microhardness, roughness, microstruc-
ture, and composition analysis were ground and polished 
using silicon carbide water sandpaper (600#, 800#, 1000#, 
1200#, 1500#, 2000#, Starcke, Germany). All specimens 
were stored in artificial saliva (6.8 mM NaCl, 5.4 mM 
KCl, 5.4 mM CaCl2·2H2O, 0.021 mM NaS·9H2O, 5.0 mM 
NaH2PO4·H2O, and 16.7 mM urea, and pH = 6.8) until the 
bleaching procedure [26].

The sample size was calculated utilizing the G*Power 
program (University of Düsseldorf, Düsseldorf, Ger-
many). For the primary outcome (color difference) mea-
sure, a sample size of 10 was determined for each group, 
with a power of 80%, effect size of 0.40, and α = 0.05 [27]. 
Based on previous studies [6], 5 specimens per group 
were needed for surface microhardness and roughness 
measurements, respectively (Fig. 1).

Characterization of TiO2 particles
The morphologies of TiO2 powder were examined using 
scanning electron microscopy (SEM) (Sigma 300, Zeiss, 
Germany). TiO2 powder was dispersed in anhydrous eth-
anol, followed by 10 min of ultrasonic agitation to facili-
tate dispersion. Droplets of the solution were placed onto 
a silicon wafer, air-dried, and sputter-coated with gold 
(SC7620, Quorum Technologies, UK). The morphology 
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was observed under SEM with an acceleration voltage 
of 15 kV. The SEM images were captured at a magnifica-
tion of 100,000×. The particle sizes were assessed with a 
software program (ImageJ; National Institutes of Health, 
USA) [27].

Bleaching treatment
Different experimental gel formulations were prepared by 
incorporating TiO2 powder (Macklin, China) at different 
concentrations (1%, 3%, and 5%) and with different par-
ticle sizes (20 and 100 nm). The specimens were catego-
rized into 8 groups according to the gel formulations:

 	• C1P20: 1% TiO2 with a particle size of 20 nm was 
integrated into a 40% HP gel, applied with LED 
exposure.

 	• C3P20: 3% TiO2 with a particle size of 20 nm was 
integrated into a 40% HP gel, applied with LED 
exposure.

 	• C5P20: 5% TiO2 with a particle size of 20 nm was 
integrated into a 40% HP gel, applied with LED 
exposure.

 	• C1P100: 1% TiO2 with a particle size of 100 nm 
was integrated into a 40% HP gel, applied with LED 
exposure.

 	• C3P100: 3% TiO2 with a particle size of 100 nm 
was integrated into a 40% HP gel, applied with LED 
exposure.

 	• C5P100: 5% TiO2 with a particle size of 100 nm 
was integrated into a 40% HP gel, applied with LED 
exposure.

 	• C0: 40% HP gel applied with LED exposure.
 	• C0-woL: 40% HP gel applied without LED exposure.

The TiO2 powder was precisely weighed using an elec-
tronic analytical balance (ML204, Mettler Toledo, 
Switzerland) following the mass percentage method. Sub-
sequently, the TiO2 powder was placed into an EP tube, 
moistened, and blended with 40% HP gel (Opalescence 
Boost PF 40%, Ultradent, USA). To ensure thorough 
and uniform mixing of the experimental gel, the EP tube 
was centrifuged for 1  min using a centrifuge (3–16  L, 
Sigma‒Aldrich Ltd., USA). This was followed by repeated 
agitation with a pipette gun and shaking with a mixing 
machine (Mix-vst, Tuohe, China) for 1  min. The pH of 
the experimental bleaching gel was monitored using a pH 
meter (S20K, Mettler Toledo, China) at 0  min, 10  min, 
and 20 min [28]. The average pH value was recorded after 
3 measurements at each time point.

The HP/TiO2 experimental gel was freshly prepared 
before each application and subsequently loaded into a 
sterile plastic syringe for consistent application onto the 

Fig. 1  Experimental flowchart
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enamel surface of the specimen. The bleaching procedure 
comprised 2 sessions with a 7-day interval between ses-
sions based on the the manufacturer’s instruction and 
previous studies [25, 29]. During each bleaching ses-
sion, a 1 mm thick layer of bleaching gel was applied to 
the enamel surface and left on the teeth for two 20-min 
periods, totalling 40 min. The bleaching gel was refreshed 
after the initial 20 min of bleaching. An LED light system 
(405 nm ± 5 nm; 10 W, Uvgo, China) was applied for all 
groups except for group C0-woL. It was used to provide 
20 light cycles, each consisting of 1-min exposures inter-
rupted by 1-min intervals of no exposure [30]. After each 
bleaching session, the specimen surfaces were thoroughly 
rinsed. Throughout the intervals between the bleaching 
sessions, the specimens were stored in artificial saliva.

Color evaluation
The CIEDE2000 color difference (ΔE00) was the pri-
mary metric for assessing bleaching effects, guided by 
the 50:50% perceptibility threshold (PT) (ΔE00 = 0.8) and 
50:50% acceptability threshold (AT) (ΔE00 = 1.8) [31]. 
Color measurements were performed at baseline (T0), 
1 day after the first session of bleaching (T1), 1 day after 
the second session of bleaching (T2), and 14 days after 
bleaching (T3). The spectrophotometer was used to mea-
sure the tooth color, specifically the L* (lightness/dark-
ness), a* (red/green chromaticity), and b* (yellow/blue 
chromaticity) values. Spectrophotometer calibration was 
performed before each assessment to minimize measure-
ment errors, and silicone rubber molds with positioning 
holes were used to maintain the repeatability of the color 
measurements [32]. The parameters L*, a*, and b* were 
used to calculate C* and H*. The formula used for calcu-
lating ΔE00 was as follows [33]:
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where ΔL’, ΔC’, and ΔH’ are the differences in lightness, 
chroma, and hue, respectively, for a pair of specimens 
in CIEDE2000. The weighting functions SL, SC, and SH 
adjusted the total color difference for variations in the 
locations of the color difference pairs in the L*, a*, and b* 
coordinates. The parametric factors KL, KC, and KH are 
correction terms for the experimental conditions. In the 
calculation, all of the parametric factors were set to 1 (KL 
= KC = KH = 1). RT is a rotation function that accounts 
for the interaction between chroma and hue differences 
in the blue region [27].

The whiteness index for dentistry (WID), 
a reliable CIELAB-based metric devel-
oped to assess tooth whiteness, was also uti-
lized. The WID was computed using the following 
formula [34]: WID = 0.511L∗ − 2.324a∗ − 1.100b∗

. Subsequently, the changes (ΔWID) on tooth 
bleaching treatments can be calculated as [35]: 
∆WID = WID (treatment)−WID (baseline) . 
The PT and AT for ΔWID were 0.72 and 2.62 WID units, 
respectively [36].

Surface microhardness measurement
Surface microhardness values (SMHs) were assessed 
using a surface microhardness tester (Wilson VH1102, 
Buehler, USA) at T0 and T3 [37]. These assessments were 
performed with a test force of 500 g and a load time of 
15  s [38]. Three random test points were selected for 
each specimen, and the average value obtained from 
these measurements was taken as the SMH value of each 
experimental stage.

Surface roughness measurement
At T0 and T3, surface roughness assessments were con-
ducted with a surface profilometer (SEF 680, Kosaka 
Laboratory, Japan). The measurements were conducted 
with a sampling length of 2.4  mm and a driving speed 
of 0.1  mm/s [39]. Three random measurements (aver-
age roughness, Ra) were taken, and the average value was 
considered the surface roughness value of the specimen.

Surface morphology and composition examination
To determine the surface morphologies and composi-
tions, the specimens were randomly selected from each 
experimental group. SEM (EM8000, KYKY, China) cou-
pled with energy-dispersive X-ray spectroscopy (EDS) 
(AZtecOne with X-MaxN20, Oxford Instruments, UK) 
was employed for this purpose. The SEM was config-
ured in low vacuum mode at an accelerating voltage of 
5 kV, and the images were captured at a magnification of 
5,000× [40].

Statistical analysis
The statistical analyses were conducted using the SPSS 
statistical software package (SPSS 25.0 for Windows, 
SPSS, Chicago, IL, USA), and p < 0.05 was considered 
statistically significant. To assess data normality and 
homoscedasticity, the Shapiro-Wilk test and Levene’s test 
were employed [41, 42]. Two-way ANOVA and Tukey 
post hoc tests were employed to assess the effects of TiO2 
particle size and concentration on ΔE00 and ΔWID. One-
way ANOVA was utilized to analyze the baseline WID 
values, surface microhardness values, surface roughness 
values, and the ratios of surface components.

Results
The average pH of the bleaching gel ranged from 7.29 to 
7.59 across each group, indicating near neutrality. This 
pH stability was consistently maintained throughout the 
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bleaching process, regardless of the concentration and 
particle size of the TiO2.

Characterization of TiO2 particles
The SEM micrographs of 2 types of TiO2 are shown 
in Fig.  2. The SEM images revealed that both sizes of 
TiO2 particles exhibited a similar spheroid morphol-
ogy. The measured particle sizes were determined to be 
28.1 ± 2.1 nm and 89.8 ± 9.6 nm, respectively.

Color evaluation
The ΔE00 values determined for all groups at different 
time points are presented in Table 1. The WID values at 
baseline and the changes in the WID (ΔWID) at differ-
ent time points across all groups are shown in Tables  2 
and 3, respectively. There were no significant differences 

Table 1  Means and standard deviations of ΔE00 values for all 
groups at different time points
Group Time points

T1 T2 T3
C0 4.66 ± 1.11Aa 6.48 ± 1.12Ab 5.65 ± 1.18Aa

C0-woL 4.23 ± 1.64Aa 5.03 ± 1.01Aab 6.19 ± 0.58ABb

C1P20 4.18 ± 1.79Aa 5.85 ± 2.54Aab 7.69 ± 1.60BCb

C3P20 4.27 ± 1.39Aa 5.70 ± 1.34Aab 5.99 ± 1.56ABb

C5P20 3.78 ± 1.13Aa 4.34 ± 1.59Aa 6.88 ± 1.56ABCb

C1P100 4.86 ± 2.06Aa 5.87 ± 1.78Aa 10.77 ± 2.15Db

C3P100 5.67 ± 2.08Aa 6.60 ± 2.24Aab 8.41 ± 1.45Cb

C5P100 4.30 ± 1.40Aa 5.12 ± 1.43Aa 7.56 ± 0.87ABCb

C0: 40% HP with LED; C0-woL: 40% HP without LED; C1P20: 40% HP + 1% TiO2 
(20  nm); C3P20: 40% HP + 3% TiO2 (20  nm); C5P20: 40% HP + 5% TiO2 (20  nm); 
C1P100: 40% HP + 1% TiO2 (100 nm); C3P100: 40% HP + 3% TiO2 (100 nm); C5P100: 
40% HP + 5% TiO2 (100 nm). T1: 1 day after the first session; T2: 1 day after the 
second session; T3: 14 days after the second session

Different uppercase letters in a column indicate significant differences among 
the different groups (p < 0.05). Different lowercase letters in a row indicate 
significant differences among the different time points in the same group 
(p < 0.05)

Table 2  Means and standard deviations of WID values for all 
groups at baseline
Group WID

C0 7.34 ± 4.32A

C0-woL 8.24 ± 4.54A

C1P20 9.41 ± 5.08A

C3P20 9.65 ± 5.54A

C5P20 8.61 ± 5.20A

C1P100 7.54 ± 6.38A

C3P100 7.18 ± 3.97A

C5P100 9.85 ± 4.49A

C0: 40% HP with LED; C0-woL: 40% HP without LED; C1P20: 40% HP + 1% TiO2 
(20  nm); C3P20: 40% HP + 3% TiO2 (20  nm); C5P20: 40% HP + 5% TiO2 (20  nm); 
C1P100: 40% HP + 1% TiO2 (100 nm); C3P100: 40% HP + 3% TiO2 (100 nm); C5P100: 
40% HP + 5% TiO2 (100 nm)

Different uppercase letters in a column indicate significant differences among 
the different groups (p < 0.05)

Table 3  Means and standard deviations of ΔWID values for all 
groups at different time points
Group Time points

T1 T2 T3
C0 14.17 ± 4.26ABa 16.68 ± 4.49BCa 15.75 ± 4.90Aa

C0-woL 11.33 ± 8.08ABa 14.61 ± 3.76ABCab 19.00 ± 2.33Ab

C1P20 9.41 ± 2.59Aa 11.42 ± 6.11ABa 20.04 ± 4.53ABb

C3P20 11.02 ± 4.59ABa 12.24 ± 4.74ABCab 16.85 ± 4.75Ab

C5P20 7.91 ± 3.46Aa 8.93 ± 2.56Aa 16.48 ± 4.42Ab

C1P100 10.65 ± 4.70ABa 11.43 ± 6.36ABCa 26.48 ± 5.37Cb

C3P100 16.55 ± 6.25Ba 18.29 ± 5.96Ca 25.44 ± 4.14BCb

C5P100 10.19 ± 4.76ABa 11.10 ± 4.14ABa 21.14 ± 3.11ABCb

C0: 40% HP with LED; C0-woL: 40% HP without LED; C1P20: 40% HP + 1% TiO2 
(20  nm); C3P20: 40% HP + 3% TiO2 (20  nm); C5P20: 40% HP + 5% TiO2 (20  nm); 
C1P100: 40% HP + 1% TiO2 (100 nm); C3P100: 40% HP + 3% TiO2 (100 nm); C5P100: 
40% HP + 5% TiO2 (100 nm). T1: 1 day after the first session; T2: 1 day after the 
second session; T3: 14 days after the second session

Different uppercase letters in a column indicate significant differences among 
the different groups (p < 0.05). Different lowercase letters in a row indicate 
significant differences among the different time points in the same group 
(p < 0.05)

Fig. 2  Representative SEM micrographs (×100,000) of TiO2 particles used in this study
A: TiO2 with a particle size of 20 nm; B: TiO2 with a particle size of 100 nm
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in baseline WID values among the groups (p > 0.05). All 
groups exhibited ∆E00 values greater than 1.8 and ΔWID 
values greater than 2.62, both of which exceeded the 
respective AT. There was no significant difference in the 
∆E00 and ΔWID between the control groups (C0 and 
C0-woL) (p > 0.05). A significant impact of TiO2 con-
centration (p < 0.05) and particle size (p < 0.05) on both 
∆E00 and ΔWID values at T3 was observed. At T3, groups 
C5P20, C1P100, and C5P100 exhibited notable peaks 
in ∆E00 values, while groups C1P20, C5P20, C1P100, 
C3P100, and C5P100 showed significant peaks in ΔWID 
values, indicating a significant difference compared to 
the values at T1 and T2 (p < 0.05). In comparison to all 
the other groups, group C1P100 exhibited significantly 
higher ∆E00 values at T3 (p < 0.05), and groups C1P100, 
C3P100, and C5P100 had significantly higher ΔWID val-
ues than other groups at T3 (p < 0.05). Across all groups, 
the ∆E00 values for groups C1P20, C1P100, and C3P100 
and the ΔWID values for groups C1P100, and C3P100 
at T3 were significantly greater than those of group C0 
(p < 0.05). There were no significant differences in ∆E00 
values among the groups at T1 and T2 (p > 0.05). How-
ever, the group C3P100 exhibited significantly higher 
WID values than those of the groups C1P20 and C5P20 at 
both T1 and T2 (p < 0.05).

Surface microhardness measurement
The SMH values before and after bleaching are shown in 
Fig. 3. No significant changes were observed in the SMHs 
between T0 and T3 for any of the groups (p > 0.05).

Surface roughness measurement
The Ra values before and after bleaching are illustrated in 
Fig. 4. There were no significant changes in the Ra values 
between T0 and T3 for any of the groups (p > 0.05).

Surface morphology and composition examination
Figure  5 displays representative SEM micrographs for 
the tooth surface after bleaching. No discernible pores or 
demineralized regions were evident on the enamel sur-
face in any of the groups following the bleaching process. 
The calcium (Ca)/phosphorus (P) ratios of the enamel, as 
measured by EDS, are presented in Table 4. There were 
no significant differences observed in Ca/P ratios among 
the groups (p = 0.308).

Discussion
This study revealed a marked enhancement in bleaching 
effectiveness upon the addition of TiO2. Incorporating 
TiO2 at different concentrations and with different parti-
cle sizes into the HP gels distinctly altered the tooth color 
without affecting the surface properties. Consequently, 
the null hypothesis that there would be no difference in 
the bleaching effectiveness between incorporating or not 
incorporating TiO2 in various combinations of concen-
trations and particle sizes into HP gel was rejected. How-
ever, the null hypothesis that there would be no difference 
in the effect on the surface microhardness, roughness, 
composition, or morphology of the enamel surface when 
using HP gel with or without TiO2 was accepted.

Since TiO2 acts as a photocatalyst that requires light 
activation to enhance the bleaching effect, all groups with 

Fig. 3  Means and standard deviations of the SMH for each group before and after bleaching
C0: 40% HP with LED; C0-woL: 40% HP without LED; C1P20: 40% HP + 1% TiO2 (20 nm); C3P20: 40% HP + 3% TiO2 (20 nm); C5P20: 40% HP + 5% TiO2 (20 nm); 
C1P100: 40% HP + 1% TiO2 (100 nm); C3P100: 40% HP + 3% TiO2 (100 nm); C5P100: 40% HP + 5% TiO2 (100 nm)
SMH: surface microhardness. T0: baseline; T3: 14 days after the second session
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added TiO2 underwent LED illumination [11]. Monteiro 
et al. [10] observed that adding 1% TiO2 to HP resulted 
in better bleaching results. However, Antunes et al. 
[21] reported that 5% TiO2 can effectively enhance the 
bleaching effect, and the best colloidal stability (-44.53 
mV) was observed in the bleaching process with a TiO2 
concentration lower than 5%. To compare the impact of 
concentration changes on the bleaching effect, this study 
selected 1%, 3%, and 5% as the concentration gradient. In 
addition, the TiO2 particle size significantly affects the 
photocatalytic performance [43]. However, no related 
research has focused on its influence on tooth bleach-
ing. In this study, 2 particle sizes of TiO2 powder (20 nm 
and 100 nm) were selected to compare the impact of this 
factor on the bleaching effect [24]. Therefore, this study 
represents a significant advancement as it is the first to 
investigate the effects of TiO2 on bleaching agents while 
simultaneously considering different concentrations 
and particle sizes. Since surface flatness is essential for 
accurate surface measurements, the natural structure of 
enamel and dentin influences the color evaluations [6]. 
Therefore, while some specimens were ground and pol-
ished to assess the surface properties, others were left 
unaltered for color measurements.

In this study, the concentration and particle size of 
TiO2 were found to significantly influence the tooth 
color change, particularly with the integration of 1% and 
100  nm TiO2. This finding aligns with a previous study 
[10], although their investigation did not further explore 
the influence of particle size. The present results suggest 
that a specific combination of TiO2 concentration and 

particle size is necessary to enhance the bleaching effi-
cacy of HP gels. Therefore, discrepancies in the particle 
size of TiO2 used across various studies may influence the 
determination of the optimal concentration of TiO2 [10, 
21]. Sürmelioğlu et al. [23] demonstrated that changes in 
TiO2 concentration and particle size may affect the per-
sistence of its catalytic effect. Discrepancies in TiO2 con-
centration and particle size may lead to varying degrees 
of dispersion and quantum effects, which could influence 
the interaction with HP and its oxidation properties. In 
addition to the concentration and particle size, the sur-
face area and crystallinity also play important roles in 
determining the photocatalytic activity of TiO2 [44]. 
Badovinac et al. [45] studied the effects of TiO2 crystal-
linity (anatase, rutile, amorphous) and particle size (rang-
ing from 55 nm to 715 nm) and found that the TiO2 film 
reached a maximum photocatalytic activity at 200  nm. 
As the average particle size decreases, an increase in 
the active surface area provides enhanced photocata-
lytic activity, but an increase in the number of particle 
boundaries may lead to a decrease in photocatalytic effi-
cacy [45]. This could explain why the addition of 100 nm 
TiO2 had a superior bleaching effect compared to that of 
20 nm TiO2. Interestingly, the catalytic effect of TiO2 at 
different concentrations and particle sizes was not sig-
nificant until T3 based on the ΔE00 values, consistent 
with previous findings [22, 45]. This phenomenon may 
be attributed to the residual peroxide remaining on the 
tooth surface or diffusing into the dental tissue [16]. With 
the catalytic action of the TiO2 component, the remain-
ing small amount of HP can exert a more pronounced 

Fig. 4  Means and standard deviations of the Ra for each group before and after bleaching
C0: 40% HP with LED; C0-woL: 40% HP without LED; C1P20: 40% HP + 1% TiO2 (20 nm); C3P20: 40% HP + 3% TiO2 (20 nm); C5P20: 40% HP + 5% TiO2 (20 nm); 
C1P100: 40% HP + 1% TiO2 (100 nm); C3P100: 40% HP + 3% TiO2 (100 nm); C5P100: 40% HP + 5% TiO2 (100 nm)
Ra: average roughness. T0: baseline; T3: 14 days after the second session
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effect [46]. Consequently, groups supplemented with 
TiO2 began to exhibit a more noticeable color change 
after a certain period following the bleaching treatment.

Furthermore, the thresholds of perceptibility and 
acceptability with ΔE00 and ΔWID serve as a quality con-
trol tool to guide the evaluation of clinical performance 
in dentistry. Our study showed that the ΔE00 values in 
group C1P100 exceed those of other groups, significantly 
the surpassing AT (1.8 units) [31]. A similar trend was 
observed in ΔWID values, with groups C1P100, C3P100, 
and C5P100 exhibiting values greater than those of other 
groups, significantly exceeding the AT (2.62 units) [36]. 
The results suggest that the color differences are clinically 
unacceptable and have significant clinical implications. 
However, although the trends in ΔE00 and ΔWID values 
were similar, the 2 indices differed in assessing significant 
differences among groups. ΔWID values exhibited signifi-
cant differences at T1 and T2, whereas ΔE00 values did 
not show differences until T3, consistent with previous 
studies [6, 21]. This indicates that WID may offer greater 
sensitivity to tooth color alteration and can more com-
prehensively assess the color alteration process in con-
junction with ΔE00 and the AT.

Moreover, our research revealed that there was no sig-
nificant difference in bleaching effectiveness whether the 
40% HP gel was exposed to LED or not, consistent with 
previous findings [20, 21]. This suggests that the effect 
of LED light on teeth may be superficial [14].However, 
remarkable improvement was achieved when combined 
with TiO2, highlighting the potential role of TiO2 for 
further investigation. Current bleaching products typi-
cally require 2 to 3 bleaching sessions, each spanning 
more than 30  min, to achieve satisfactory results [47]. 
Prolonged exposure to high-concentration bleaching gel 
may lead to irreversible damage to teeth [48]. Shorten-
ing the bleaching duration can mitigate the risks such as 
free radicals harming the gum tissue or causing dentin 
sensitivity by reaching the pulp [49]. Maintaining thera-
peutic efficacy while shortening treatment duration can 
also enhance patient comfort [50]. Further study could 
explore whether the addition of TiO2 can potentially 
shorten the treatment duration while achieving desirable 
outcomes.

Regarding the surface microhardness, surface rough-
ness, SEM micrographs, EDS spectra, and Ca/P ratios, no 
significant differences were observed among the groups, 
consistent with previous studies [6, 17]. It has been pro-
posed that the microhardness and surface roughness of 
tooth enamel may be influenced by pH [51]. To mitigate 
potential adverse effects, an experimental agent with 
a neutral pH was developed in this study, which could 
reduce tooth sensitivity risk and intensity [52]. In this 
study, the bleaching gel maintained an average pH range 

Table 4  Surface Ca/P ratios for different groups after bleaching
Group Ca/P ratios
C0 2.22 ± 0.14A

C0-woL 2.13 ± 0.05A

C1P20 2.12 ± 0.02A

C3P20 2.15 ± 0.07A

C5P20 2.00 ± 0.22A

C1P100 2.10 ± 0.02A

C3P100 2.09 ± 0.17A

C5P100 2.11 ± 0.02A

C0: 40% HP with LED; C0-woL: 40% HP without LED; C1P20: 40% HP + 1% TiO2 
(20  nm); C3P20: 40% HP + 3% TiO2 (20  nm); C5P20: 40% HP + 5% TiO2 (20  nm); 
C1P100: 40% HP + 1% TiO2 (100 nm); C3P100: 40% HP + 3% TiO2 (100 nm); C5P100: 
40% HP + 5% TiO2 (100 nm)

Different uppercase letters in a column indicate significant differences among 
the different groups (p < 0.05)

Fig. 5  Representative SEM micrographs (×5,000) of tooth surfaces after 
bleaching
A: 40% HP with LED (C0); B: 40% HP without LED (C0-woL); C: 40% HP + 1% 
TiO2 (20  nm) (C1P20); D: 40% HP + 1% TiO2 (100  nm) (C1P100); E: 40% 
HP + 3% TiO2 (20 nm) (C3P20); F: 40% HP + 3% TiO2 (100 nm) (C3P100); G: 
40% HP + 5% TiO2 (20 nm) (C5P20); H: 40% HP + 5% TiO2 (100 nm) (C5P100)
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of 7.29 to 7.59 across all groups and was considered safe 
for dental application.

Based on the current research results, the 40% HP 
bleaching scheme containing a 1% concentration of TiO2 
with a 100 nm particle size exhibited superior bleaching 
effectiveness. However, these findings are still based on 
the results of in vitro experiments, and clinical research 
is needed to further determine the bleaching effect of 
HP/TiO2 gel on teeth. One limitation of this study was 
the exclusive use of high concentration (40%) of HP. This 
choice was primarily dictated by its widespread clinical 
application. Future research should explore how TiO2 
particle size and concentration affect bleaching effec-
tiveness under varying HP concentrations. Additionally, 
further investigation is warranted to determine whether 
incorporating different concentrations and particle sizes 
of TiO2 affects the overall concentration of the bleaching 
gel. To achieve the clinical application of HP gel doped 
with TiO2, it is essential to thoroughly evaluate its physi-
cochemical properties, effects on dental pulp and cell 
viability, and further assess it within randomized clinical 
trials.

Conclusions
The incorporation of TiO2 into HP gels at varying con-
centrations and particle sizes had a significantly positive 
impact on the bleaching effect. Specifically, a 40% HP gel 
containing 1% TiO2 (100 nm) has demonstrated the abil-
ity to produce superior tooth bleaching.
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