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Abstract

Objective: The objective of this study was to evaluate the effects of a 405 nm diode laser on bleaching reaction of
H2O2 and VL-TiO2 on methylene blue (MB) dye. Background data: Visible light activating titanium dioxide
photocatalyst (VL-TiO2) may improve efficacy of hydrogen peroxide (H2O2) bleaching agents used in dentistry
while contributing to their safety by lowering the required concentration of peroxide. Methods: The experimental
solution was prepared with H2O2, VL-TiO2, MB, and pure water. The final concentration of H2O2 was 3.5% and
that of MB was 10 ppm. The experimental solution of 3 mL in a quartz cell was irradiated by a 405 nm diode laser
with various powers, duty cycles, and pulse durations for 7 min. Results: In all irradiation conditions, the increase
in laser irradiation time gradually decreased the MB concentration. Irradiation by higher output power showed
more reduction of MB concentration. Pulse durations as short as 5 ms with duty cycle reduced to 25% did not affect
the degree of the reduction in MB concentration compared with continuous wave irradiation at the same average
output power. Conclusions: It was concluded that using 405 nm diode laser, the bleaching effects of VL-TiO2

depended upon the irradiation time and the average output power, regardless of pulse duration or duty cycle.

Introduction

Over the past two decades, tooth whitening or bleaching
has become one of the most popular esthetic dental

treatments.1 Tooth bleaching is a conservative and cost-effective
dental treatment to improve or enhance a person’s smile.1 For
vital-tooth bleaching, two methods are provided; namely, of-
fice bleaching and home bleaching. The office bleaching is
applied in a dental office, and one or several visits are required.

Generally, hydrogen peroxide (H2O2) at a high concen-
tration is the active ingredient of office bleaching products.1

H2O2 is an oxidizing agent and has the ability to produce free
radicals. The free radicals are unstable molecules that will
attack the organic molecules in the tooth substrate to achieve
stability. The radicals react with double bonds of the pig-
mented organic molecules and break down pigments to
smaller molecules. As a result, simpler molecules that diffuse
out of the tooth or reflect less light are formed, creating a
successful bleaching action.2 The bleaching reaction depends
upon the type of discoloration involved and the chemical
and physical environment present at the time of action, that

is, concentrations,2,3 heating,4 lightening,5 pH,6 co-catalysts,7–10

times of application,3 and other conditions.
Most current office bleaching products employ high con-

centration H2O2 to produce higher amounts of free radi-
cals.11 However, a number of safety issues have been raised
regarding the effects of bleaching on the tooth structure,12,13

pulp tissues,14–17 and the mucosal tissues of the mouth, as
well as systemic ingestion.1 High concentration H2O2 irri-
tates soft tissue; therefore, these products require strict iso-
lation of the teeth.2,6 In addition, the high concentration often
causes postoperative dentin hypersensitivity.1 In view of
safety, an efficient bleaching product with lower concentra-
tion of H2O2 is desirable.

Recently, a new office bleaching material (Pyrenees, Mit-
subishi Gas Chemical, Tokyo, Japan) has been introduced,
which contains a lower concentration of H2O2 (3.5%) and
visible light-activating titanium dioxide (VL-TiO2) as a pho-
tocatalyst.7,9 VL-TiO2 can accelerate H2O2 reaction at the
visible light range, especially in the range of 380–450 nm.9

However, the peak energy of common light sources in dental
offices is not in this wavelength range.
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The laser is widely used for not only industry, but also in
medical fields, including dental medicine. In clinical den-
tistry, lasers are applied for cavity preparation,18 photo-
polymerization of resinous materials,19 caries prevention,20

endodontic treatments,21 pulp capping and pulpotomy,22

periodontal therapy,23 dentin hypersensitivity,24 tooth
bleaching,11,25–27 and oral surgery.28 Nd:YAG laser,25 argon
laser,26 CO2 laser,27 diode laser11,25 and KTP laser25 have
been used for tooth bleaching. Most of them would raise the
temperature of applied bleaching gel and accelerate the
bleaching reaction. However, the activation of bleaching
agents by heat, light, or laser may have an adverse effect on
pulpal tissue because of an increase of intrapulpal tempera-
ture.29 An experimental violet diode laser with a wavelength
of 405 nm was developed for oral surgery.30 The wavelength
of this laser is in the lowest part of the visible spectrum and
appeared to be suitable for activating VL-TiO2 of the
bleaching agent.9 In addition to the wavelength, other laser
parameters may affect the outcome of irradiation; however,
the effects of laser parameters on the performance of VL-
TiO2-containing bleaching agent are not known.

Given this background, the objective of this study was to
evaluate the effect of the condition of 405 nm diode laser
irradiation and VL-TiO2 on the bleaching effect using
methylene blue (MB) in vitro.

Materials and Methods

Preparation of experimental solutions

An experimental solution was made by mixing 1.0 g of 0.1
wt% of VL-TiO2 solution (Mitsubishi Gas Chemical), 1.0 g
of 35 wt% H2O2 (Mitsubishi Gas Chemical), 1.0 g of
100 ppm MB solution (Methylenblau med. Puriss; Chroma-
Gesellschaft, Muenster, Germany) and 7.0 g of pure water.
The concentration of H2O2 in this solution was 3.5%. The VL-
TiO2 was the same catalyst used for the Pyrenees but its
concentration was 10% of that in the commercial product, as
determined from a previous study.7

Laser irradiation and bleaching

A 405 nm diode laser (experimental HH-02, Sumitomo
Electric Industries, Osaka, Japan) was used in this study. The
spectrum of the radiation was in the interval of 400–410 nm,
with the peak on the 405 nm wavelength, and the range of
output power was 100–1000 mW. This laser is variable at
pulse duration in the range of 5–500 ms, and duty cycle in the
range of 5–50%.

The irradiation conditions of the laser are shown in Table
1; in total, 19 conditions categorized in three experimental
groups according to the oscillation method with continuous
wave (CW) or pulse wave (PW) modes under different pa-
rameters (power, duty cycle, or pulse duration), including a
non-irradiation (control) group were investigated. These
parameters of laser irradiation were determined within the
specification of the laser, referring previous studies.8 The
output power was monitored and adjusted using a laser
power meter (FieldMate; Coherent, Newberg, OR) for every
irradiation.

Irradiation was performed on 3.0 mL of freshly pre-
pared experimental solution poured into a quartz cell
(1.0 · 1.0 · 4.5 cm). The distance between the tip of the fiber

and the cell was maintained at 5 mm, and the diameter of the
radiation area was *2.5 mm, which covered 4.9 mm2. The
solution in the cell was then irradiated for 7 min at 30 sec
intervals. After each irradiation interval, the solution was
stirred using a magnetic stirrer (Mini Stealer; GL Sciences,
Tokyo, Japan) for 30 sec to ensure homogeneity of the solu-
tion and even distribution of color pigments. Following that,
the absorbance of solution at 660 nm was measured using a
spectrophotometer (Mini Photo 5; Sanshin, Tokyo, Japan).
The laser irradiation, stirring, and measurement cycle was
repeated 14 times for each sample to reach a total irradiation
time of 7 min. The experiment was conducted on three
samples under each condition, which was determined based
on a previous study7 and a pilot study.

The concentration of the remaining MB in the solution
after laser irradiation was determined using a standard curve
previously drawn in the pilot study by plotting the known
concentrations and the determined absorbance of the sample
solution of MB at various concentrations.7 The concentration
was calculated according to the following equation:

Table 1. The Condition of Laser Irradiation

Category Code
Oscillation

method
Power,

mW
Duty,

%

Pulse
duration,

ms

Average
output
power,
mW

A Non Non 0 – – 0
100 CW CW 100 – – 100
200 CW CW 200 – – 200
300 CW CW 300 – – 300
400 CW CW 400 – – 400
500 CW CW 500 – – 500
600 CW CW 600 – – 600
700 CW CW 700 – – 700
800 CW CW 800 – – 800
1000 CW CW 1000 – – 1000

B 800 D25
W5

PW 800 25 5 200

800 D25
W50

PW 800 25 50 200

800 D25
W500

PW 800 25 500 200

800 D50
W5

PW 800 50 5 400

800 D50
W50

PW 800 50 50 400

800 D50
W500

PW 800 50 500 400

C 100 CW CW 100 – – 100
200 CW CW 200 – – 200
400 CW CW 400 – – 400
200 D50

W50
PW 200 50 50 100

400 D25
W50

PW 400 25 50 100

400 D50
W50

PW 400 50 50 200

800 D25
W50

PW 800 25 50 200

800 D50
W50

PW 800 50 50 400

Non, non-irradiation; CW, continuous wave; PW, pulse wave;
D, duty; W, pulse duration (width of pulse).
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Concentration of MB after irradiation (ppm)

¼ (Ax�A0)=(A10�A0) · 10

A10: absorbance of experimental solution before irradia-
tion (10 ppm of MB)

A0: absorbance of blank solution; 1.0 g of VL-TiO2 and
9.0 g of the pure water without MB

AX: absorbance of experimental solution after irradiation

Statistical analysis

Statistical analysis of the concentration of MB in the so-
lution at periods of 1, 4, and 7 min was performed among the
groups in each category using two-way analysis of variance
(ANOVA) and t-test with Bonferroni correction at a 95%
level of confidence. The factors analyzed were irradiation
condition and time of laser irradiation. Statistical tests were
performed using a computerized statistical program (SPSS
for Windows release Version 11, IBM, Armonk, NY).

Results

The concentration of MB at each experimental period in
the experimental groups is shown in Figs. 1–3, respectively,

by category. The repeated laser irradiation in each group
reduced the concentration of MB gradually, and the color
change could be confirmed with the naked eye. The group
without laser irradiation (Non) also reduced the MB con-
centration, but the reduction was less than those of irradiated
groups, as seen in Fig. 1. There were statistical differences in
MB concentration among 1, 4, and 7 min in each group ex-
cept the ‘‘Non’’ (no laser irradiation) group.

The results of statistical analysis are shown by the cate-
gory in Tables 2–4. There was no interaction between two
factors, ‘‘irradiation conditions’’ and ‘‘irradiation times’’ in
each category. The two-way ANOVA showed significant
differences among ‘‘irradiation conditions’’ and among ‘‘ir-
radiation times.’’. Generally, higher power irradiation with
CW showed more reduction of MB concentration, as shown
in Table 2, and the differences were statistically significant
among groups ( p < 0.05). There were significant differences
between the non group and all irradiated groups ( p < 0.05).
On the other hand, pulse duration change did not signifi-
cantly affect the MB concentration in 800 mW 25% duty cycle
groups and 800 mW 50% duty cycle groups ( p > 0.05) as is
shown in Table 3. Likewise, there were no statistical differ-
ences in MB concentration between the 400 mW 25% duty
cycle group and the 100 mW CW group; among the 400 mW
50% duty cycle group, the 800 mW 25% duty cycle group,
and the 200 mW-CW group; or between the 800 mW 50%

FIG. 1. Changes of methylene blue (MB)
concentration in the different power (100–
1000 mW) with continuous wave; category A.

FIG. 2. Changes of methylene blue (MB)
concentration in the different pulse duration
(5, 50, 500 ms) with fixed output power
and duty (25% 200 mW or 50% 400 mW);
category B.
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duty cycle group and the 400 mW CW group ( p > 0.05) as is
shown in Table 4.

Collectively, it was seen that the peak power did not affect
the MB concentration, if the irradiation energy (average
power) was the same. Figure 4 shows the results of irradia-
tion with an average power of 200 mW with different peak
powers, duty cycles, and pulse durations. There were no
statistical differences among these groups ( p > 0.05).

Discussion

In the previous in vitro studies, several methods have been
employed for evaluating tooth bleaching effects.4,7–10,31,32

Those studies used various substrates, such as extracted
human teeth,4,31,32 bovine teeth,8,10 hematoporphyrin-stained
paper9 and dye solution.7 Teeth were used after staining
with tea,4,10 blood,31 or dye.32 It should be noted that using
extracted teeth, results of a study would be more clinically
relevant compared with other in vitro studies in which teeth
were not involved. However, it seems to be very difficult

to collect extracted human teeth as standard samples for
experiments of large-sample size, considering the factors
affecting results such as age, shade, mineralization, and
thickness of enamel.7 In this study, MB solution was used
to evaluate the efficacy of bleaching as previously re-
commended.7 Considering the results, the in vitro design
seems to be more reproducible and accurate than those
tooth-model studies; and, therefore, it is more suitable for a
screening test.7

The use of 3.5% H2O2, as in the experimental agent used in
this study, is expected to exert several advantages when
compared to other agents that routinely use 25–35% H2O2. It
is known that an agent containing ‡ 10% concentrations of
H2O2 can be corrosive to mucous membranes or skin, caus-
ing a burning sensation and tissue damage, especially to soft
tissue surrounding the tooth, if gingival protection is inad-
equate.33 Clinical studies have also observed a higher prev-
alence of gingival irritation in patients using bleaching
materials with higher peroxide concentrations.2,34

It was previously shown that addition of VL-TiO2 to the
H2O2-based bleaching agent could enhance the bleaching
efficacy of the agent when exposed to the visible light from a
dental light unit. Moreover, in the previous work effect of
irradiation was less when H2O2 was used without VL-TiO2.7

It was suggested that bleaching was enhanced by hydroxyl

FIG. 3. Changes of methylene blue (MB)
concentration with fixed pulse duration
(50 ms); category C.

Table 2. Mean and Standard Deviation

of MB Concentrations in Category A for 1, 4,
and 7 Min Light Irradiation

Code (average output
power, mW) 1 min 4 min 7 min

Non 9.78 (0.03) 9.31 (0.06) 9.11 (0.06)

100 CW (100) 9.07 (0.09)
i

6.71 (0.22) 4.87 (0.20)

200 CW (200) 8.76 (0.16) 5.56 (0.18) 3.39 (0.14)

300 CW (300) 8.25 (0.31)
i

4.30 (0.19) 2.24 (0.15)
i

400 CW (400) 7.89 (0.22) i 3.50 (0.21) 1.90 (0.11)

500 CW (500) 7.57 (0.25) 2.89 (0.09)
i

1.53 (0.32)

#
600 CW (600) 6.86 (0.16) 2.46 (0.13) i 1.48 (0.09)

#
700 CW (700) 6.69 (0.14)

#
2.12 (0.23) 1.15 (0.07)

800 CW (800) 6.54 (0.12) i 1.62 (0.09)
i

0.79 (0.00)

#
1000 CW (1000) 6.12 (0.26) 1.44 (0.15) 0.76 (0.17)

The data connected with lines have no statistically significant
difference ( p > 0.05). Mean ( – SD), n = 3.

MB, methylene blue; CW, continuous wave.

## Table 3. Mean and Standard Deviation

of MB Concentrations in Category B for 1, 4,
and 7 Min Light Irradiation

Code (average output
power, mW) 1 min 4 min 7 min

800 D25 W5 (200) 8.80 (0.04) 5.71 (0.19) 3.49 (0.22)

800 D25 W50 (200) 8.81 (0.03)

#
5.73 (0.11)

#
3.52 (0.17)

#
800 D25 W500 (200) 8.81 (0.19) 5.46 (0.54) 3.28 (0.49)

800 D50 W5 (400) 8.06 (0.05) 3.84 (0.06) 1.92 (0.04)

800 D50 W50 (400) 8.01 (0.05)

#
3.59 (0.05)

#
1.68 (0.03)

#
800 D50 W500 (400) 8.10 (0.17) 3.68 (0.26) 1.77 (0.08)

The data connected with lines have no statistically significant
difference ( p > 0.05). Mean ( – SD), n = 3.

MB, methylene blue; D, duty; W, pulse duration (width of pulse).
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radical generation through the photocatalytic action of VL-
TiO2.7 The effects of irradiation on VL-TiO2-H2O2 agent was
confirmed in the current study, in which laser irradiation
significantly increased the bleaching efficacy as previously
reported.10 The temperature of the experimental solution
was increased < 2.4 �C during 7 min of laser irradiation in
this study. It was suggested that the heat could not play a
major role in bleaching reaction.

The 405 nm diode laser has been tried for surgery.30,35 The
use of 405 nm diode laser with its narrow spectra has an
advantage over common halogen light or light-emitting
diode (LED) curing units with the peak at *470 nm;10 the
laser wavelength is within the specific visible range required
for the photocatalyst, and unnecessary higher wavelengths
emitted from incandescent lamps or blue LEDs that may be
absorbed by the live tissue are avoided.27

In this study, the parameter of the laser irradiation was
determined within the specification of the laser and referring
to previous studies.8 Among these conditions of irradiation,
it was shown that a higher power resulted in a stronger
bleaching effect (Fig. 1), which confirmed the assumption
that the higher power irradiation produced more radicals.8

However, there were no statistical differences between 800

and 1000 mW groups, and among 700, 800, and 1000 mW
groups at 7 min, indicating that under the current setup,
there was a limitation for optimum efficiency at *800 mW.
This limitation may be related to the availability of H2O2,
VL-TiO2 or MB for reaction in the solution.

The change of pulse duration with the same peak power
and duty cycle did not affect the bleaching effect in the
800 mW 25% duty cycle and the 800 mW-50% duty cycle
groups (Fig. 2). Moreover, the experimental groups with
average output power of 200 mW with different pulse du-
rations and duty cycles showed the same bleaching effects
(Fig. 4). This finding may be important from a dental point of
view; generally, longer pulse durations show more heat ac-
cumulation. In terms of thermal damage, the pulsed laser
irradiation of the tissue is preferred over CW. If the number
of pulses per second is sufficiently low, and the interval
between pulses is sufficiently long to permit delivery of
peak powers without exceeding the thermal relaxation time
of the irradiated tissue, increased temperature within
the tissue may be negligible when compared with the
CW emitting the same amount of total energy.36 In this
study, pulse durations of 5, 50, and 500 ms did not affect
the bleaching results when the power peak was similar
and the same average output power was maintained;
therefore, the shortest pulse duration should be preferred.
Similarly, the change of duty cycle with same power did not
affect the bleaching effect (Fig. 3); a smaller duty cycle can
be expected to generate less heat. Further study is required
to directly evaluate the effect of laser irradiation conditions
on the temperature of dental tissue using the new genera-
tion bleaching solution.

Considering a spot size of 8 mm, 400 mW output power
of the 405 nm diode laser unit would result in a power
density of *800 mW/cm2, which is in the same range as
that for common LED or halogen units.9 The diameter of the
laser tip used in this study was 150 lm, and it seems to be
difficult to apply several anterior teeth simultaneously;
therefore, the shape of the tip should be modified to im-
prove the clinical usage of this device for bleaching.
Moreover, the cost of the laser will be a problem for mar-
keting. Recently, a 405 nm LED unit was marketed at an
affordable cost compared with the laser. Given the wave-
length of this LED, a similar bleaching effect to that of the
laser can be expected.10 The results of this study should also

Table 4. Mean and Standard Deviation

of MB Concentrations in Category C for 1, 4,
and 7 Min Light Irradiation

Code (average
output power, mW) 1 min 4 min 7 min

100 CW (100) 9.07 (0.09) 6.71 (0.22) 4.87 (0.20)

200 D50 W50 (100) 9.00 (0.14) 6.57 (0.15)

#
4.85 (0.10)

#
400 D25 W50 (100) 9.04 (0.07)

#
6.73 (0.07) 4.84 (0.02)

200 CW (200) 8.76 (0.16) 5.56 (0.18) i 3.39 (0.14)

400 D50 W50 (200) 8.57 (0.08)

#
5.32 (0.13)

#
3.19 (0.07)

#
800 D25 W50 (200) 8.81 (0.03) 5.73 (0.11) 3.52 (0.17)

400 CW (400) 7.89 (0.22) i 3.50 (0.21) i 1.90 (0.11) i
800 D50 W50 (400) 8.01 (0.05) 3.59 (0.05) 1.68 (0.03)

The data connected with lines have no statistically significant
difference ( p > 0.05). Mean ( – SD), n = 3.

MB, methylene blue; CW, continuous wave; D, duty; W, pulse
duration (width of pulse).

FIG. 4. Changes of methylene blue (MB)
concentration with same average output
power and various peak power, duty cycle,
and pulse duration.
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contribute to determining the irradiation conditions of the
LED unit for bleaching with H2O2 and VL-TiO2.

Conclusions

From this in vitro study, it was concluded that the 405 nm
diode laser was an effective light source for bleaching using
3.5% H2O2 and VL-TiO2, and that the bleaching effect using
the 405 nm diode laser depended upon the average output
power and irradiation time. At the same average output
power, pulsed laser irradiation with short pulse durations
should be preferred over CW irradiation.
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