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Dental bleaching is an important part of aesthetic dentistry. Various strategies have been created to

enhance the bleaching efficacy. As one such strategy, light-activated nanoparticles that enable localized

generation of reactive oxygen species have been developed. Here, we evaluated the cellular response to

experimental hydrogels containing these materials in in vitro models. L-929 cells, 3T3 cells, and gingival

fibroblasts were exposed to the hydrogels at 50%, 10%, 2%, 0.4%, 0.08%, 0.016%, and 0.0032%. The

hydrogels contained TiO2 nanoparticles, TiO2/Ag nanoparticles, hydrogen peroxide (6% hydrogen per-

oxide), or no added component and were tested with and without exposure to blue LED light. Cells were

exposed to gels for 24 h or for 30 min. The latter case mimics the clinical situation of a short bleaching

gel exposure. Metabolic activity and cell viability were evaluated with MTT and neutral red assays, respect-

ively. We found a dose-dependent reduction of formazan formation and neutral red staining with hydro-

gels containing TiO2 nanoparticles or TiO2/Ag nanoparticles. The strongest reduction, which was not

dose-dependent in the evaluated concentrations, was found for the hydrogel containing hydrogen per-

oxide. Hydrogels with TiO2 nanoparticles or TiO2/Ag nanoparticles showed a similar response to hydrogel

without particles. When the gels were removed by rinsing after 30 min of exposure without light illumina-

tion, gels based on TiO2/Ag nanoparticles showed a stronger reduction of formazan formation and

neutral red staining than gels based on TiO2 particles. Similar effects were found with illuminated hydro-

gels. Exposure of cells for 30 min under illumination and consequent rinsing off the gel also showed that

Ag-containing particles can have a higher impact on the metabolic activity and viability than particles

from TiO2 alone. Overall our results show that experimental bleaching gels containing TiO2 or TiO2/Ag

nanoparticles show less cytotoxicity than hydrogen peroxide-containing gels. When gels were removed,

gels containing TiO2/Ag particles exhibited a stronger reduction of metabolic activity and viability than the

gels containing TiO2.

Introduction

Aesthetics are highly valued in our society and are related to a
high and increased demand from patients for teeth whitening
or dental bleaching.1–4 This increasing demand stimulates the
development of dental bleaching products and systems. These
systems include in-office approaches and home-bleaching
kits.5–11 The majority of the dental bleaching products are
based on hydrogen peroxide or other reactive oxygen species
such as carbamide peroxide which oxidizes discolorations, or
chromophores, inside the teeth.4,12–14 Carbamide peroxide is
an agent composed by hydrogen peroxide and urea.

Currently, the use of hydrogen peroxide prevails in dental
practice. Application of dental bleaching products without pro-
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fessional supervision of the dentist may result in tooth
sensitivity,13,15–19 gingival irritation,13 alterations in dental
structures like microhardness20–22 and carcinogenic
effects.19,23 Hydrogen peroxide, even in low concentrations, is
also considered to be toxic for oral soft tissues.24 In this
respect, the European Commission has issued the Council
Directive 2011/84/EU regarding tooth whitening products in
which these concerns about safety and adverse effects of high
concentrations of hydrogen peroxide and hydrogen peroxide
releasing compounds are reflected.25 Therefore, it is stated
that the application of hydrogen peroxide just up to a
maximum of 6% may be safe under well-defined conditions
when applied following the relevant treatment guidelines.25 To
improve bleaching efficiency while avoiding the use of hydro-
gen peroxide above 6%, research aims to develop novel bleach-
ing technologies.

One of these approaches is the use of chairside bleaching
lamps and laser activation to boost the bleaching efficacy.9,26

The activation of photosensitizers or photocatalysts with the
right wavelength of light, for example, can lead to heating of
the bleaching gel or the production of reactive oxygen species.
Light, especially that from lasers such as the KTP and Argon
laser, can furthermore directly oxidize and bleach discorolora-
tions in teeth. Typically, however, the presence of hydrogen
peroxide is necessary to achieve adequate whitening
efficacies.9,26

Nanoparticles of a variety of materials are used in a wide
range of applications in medicine and dentistry. The use of
nanomaterials for light-based bleaching,27 and for bactericidal
effects28–33 are two very promising examples. For bleaching,
photocatalytic nanoparticles are used. These are typically semi-
conducting nanoparticles such as titanium dioxide (TiO2) that
have a bandgap in the UV or visible light.34 When activated
with the correct wavelength, an electron–hole pair will form
and will initiate reduction and oxidation reactions at the
surface of the particles. Adequate redox potential then allows
the in situ generation of reactive oxygen species such as hydro-
gen peroxide and hydroxyl radicals.35–37 Based on preliminary
data from Coto et al. the here proposed experimental gels are
feasible for bleaching purposes.34 TiO2 nanoparticles can be
efficiently activated with UV light, whereas TiO2/Ag nano-

particles can be activated efficiently with visible light including
blue light.34 Thus gels based on TiO2/Ag nanoparticles could
be a feasible approach for dental bleaching. Studies, however,
which focus on the safety of nanoparticle-based bleaching
gels, even at the in vitro level, are not available.

The aim of the present study, therefore, is to examine the
effects of experimental bleaching gels containing either TiO2

or TiO2/Ag nanoparticles on the metabolic activity and viability
of L-929 cells and 3T3 cells which represent the standard test
murine cell lines for cytotoxicity and phototoxicity.
Furthermore, as differences between these cell lines and
primary human cells have been reported, the impact on
human gingival fibroblasts (GF) was also evaluated.38

Hydrogen peroxide serves as a “positive” treatment group to
assess toxicity, and the empty gel functions as a “negative”
treatment group so that the effects of the TiO2 or TiO2/Ag
nanoparticles can be distinguished from the effects of the
carrier Gel. Cytotoxic effects of both the nanomaterials with
(“illuminated”) and without (“W/O”) light were assessed.34 The
experiments were performed in a short-term exposure setting,
which reflects the situation of bleaching (30 min group) and a
long-term exposure setting which reflects the situation of
insufficient cleaning (24 h group) and follows the standard
timeline of cytotoxic testing (Fig. 1).

Experimental
Preparation of the experimental bleaching gels

The bleaching gels were provided by the Department of
Material Sciences and Metallurgy, Cambridge University,
Cambridge, United Kingdom.

The basic hydrogel (Gel) consist of 5 mg ml−1 Carbopol
(Lubrizol, Wickliffe, OH, USA), 5% (v/v) propylene glycol
(Sigma-Aldrich, St Louis, MO, USA), 5% (v/v) polyethylene
glycol (Sigma-Aldrich), 1% (v/v) tween-20 (Sigma-Aldrich), and
sodium dodecyl sulphate in water. Finally the pH was adjusted
to 9 with sodium hydroxide.

The gel containing H2O2 (Gel-H2O2) was generated by sup-
plementing the basic hydrogel with 6% hydrogen peroxide
(Sigma-Aldrich) added just before use.

Fig. 1 Schematic drawing of the experimental protocol. L-929 cells, 3T3 cells, and gingival fibroblasts (GF) were treated with experimental bleach-
ing gels with and without TiO2 or TiO2/Ag and gel with 6% hydrogen peroxide. Cells without gel treatment served as control. A representation of the
experimental groups with the gels is given in (A). The two grey shades indicates the cells were either treated for 24 h with the gels (24 h group) or
for 30 min followed by a rinsing step and further 23 h and 30 min incubation (30 min group), both without illumination (“W/O”). In a separate set of
experiments, illumination was performed for the first 30 min of exposure to the gels (“illuminated”). All four gels were used in concentrations of 50%,
10%, 2%, 0.4%, 0.08%, 0.016%, and 0.0032%. A representation of the experimental protocol is given in (B).
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For the experimental bleaching gels (Gel-TiO2, Gel-TiO2/Ag)
10 mg ml−1 TiO2 or TiO2/Ag nanoparticles were added to the
basic hydrogel. The nanoparticles were manufactured, as
described by Coto et al. 2017.34 In brief, TiO2 anatase powder
(Sigma-Aldrich) with an average particle size of 25 nm was
exposed to silver nitrate in deionised water (Sigma-Aldrich) at
3 mol%. Then a reducing agent was added and stirred at room
temperature for 10 min followed by incubation at 85 °C until
the solvent was evaporated. The powder was ground and incu-
bated for 30 min at 300 °C, followed by rapid cooling.

Preparation of GF

After informed consent was given by the donors, GF were iso-
lated from extracted third molars (1065/2013, Ethics
Committee of the Medical University of Vienna, Vienna,
Austria) following an established protocol.38

Cell culture

L-929 cells (American Type Culture Collection, Manassas, VA,
USA), 3T3 cells (kindly provided by Pluchino et al. from the
Department of Clinical Neurosciences, Cambridge University,
Cambridge, United Kingdom) and human gingival fibroblasts
(GF) were cultivated in cell culture medium (DMEM (Sigma-
Aldrich) supplemented with 10% foetal bovine serum (FBS;
LifeTech, Vienna, Austria) and antibiotics), and were seeded in
96 well plates at 30 000 cells per cm2. All experiments were per-
formed at a temperature of 37 °C, 95% humidified atmosphere
and 5% CO2 concentration following previously published pro-
tocols with minor modifications.38,39 Cells were stimulated
with the gels (Gel, gel with 6% hydrogen peroxide, gel with
TiO2 nanoparticles, and gel with TiO2/Ag nanoparticles)
diluted in cell culture medium at a concentration of 50%,
10%, 2%, 0.4%, 0.08%, 0.016%, and 0.0032%. Respectively, gel
with hydrogen peroxide resulted in a final hydrogen peroxide
concentration of 3%, 0.6%, 0.12%, 0.024%, 0.0048%,
0.00096%, and 0.000192%. Pilot experiments showed that
direct application of 100% gel onto cells was not technically
feasible. Cells cultured without gels served as control. In one
set of experiments, cells were incubated with the gels for one
day. In a separate set of experiments, the gels were rinsed off
with phosphate buffered saline (PBS) after 30 min of treatment
and culture medium was refreshed. Cells were then cultured
for one day. At the end of the culture period, cells were sub-
jected to MTT and neutral red assays (see Fig. 1).

Light source

All experiments were performed with (Marked as “illumi-
nated”) and without illumination (marked as “W/O”) for first
30 min of gel incubation with a blue LED light using the
device MiniSun High Powered 50 W IP65 Blue LED Floodlight
(100 V–240 V rating input, 50 W, blue colour; Mos Lighting
Technology Co., Ltd, Shen Zhen, China). Illuminated speci-
mens were positioned in an illumination chamber with a dis-
tance of 115 mm to the light source. For a schematic overview,
see Fig. 1.

MTT assay

To evaluate the impact of the gels on the metabolic activity of
the cells, MTT assays were used as previously published.38

Cells were incubated with MTT at 1 mg ml−1 (Sigma-Aldrich)
for the last 2 h. Formazan crystals were then solubilized with
dimethyl sulfoxide. Absorbance at 550 nm was measured
using the Synergy™ HTX Multi-Mode Microplate Reader
(BioTek, Winooski, VT, USA).

Neutral red assay

To measure the impact on cell viability, cells were incubated
with neutral red (Sigma-Aldrich) as previously described.40

Neutral red was used at 50 µg ml−1 in DMEM with antibiotics.
After 2 h of incubation cells were rinsed, and neutral red was
solubilized with a freshly prepared solvent containing 49 parts
H2O, 50 parts ethanol, and 1 part acetic acid. Absorbance at
540 nm was measured using the Synergy™ HTX Multi-Mode
Microplate Reader (BioTek).

Statistical analysis

IBM SPSS Statistics Version 24 (IBM Corporation, Armonk, NY,
USA) was used for statistical analysis. ANOVA post hoc Dunnett-
T test were performed. p < 0.05 was assigned as significant.

Results
The impact of experimental bleaching gels on L-929 cells
without illumination

Hydrogen peroxide gels almost completely suppressed meta-
bolic activity below 20% of control (Fig. 2A and B) and reduced
cell viability (Fig. 2C and D) below 60%, for both 24 h and
30 min treatment protocols. The only exception was found in
the 30 min group where viability was reduced upon treatment
with hydrogen peroxide gels at a gel concentration of 0.0032%
(Fig. 2D).

In the 24 h group all other gel formulations, including
empty, TiO2, and TiO2/Ag, showed a dose–response for meta-
bolic activity reduction (Fig. 2A) with levels of 11%, 21%, and
23%, respectively, compared to the control at the maximal
dosage (MD) assessed which was 50% (v/v) of the gels. Also
cell viability (Fig. 2C) of L-929 cells was reduced dose-depen-
dently with levels of 32%, 28%, and 52% compared to the
control at MD by gel alone and gels containing TiO2 and TiO2/
Ag, respectively.

For the 30 min treatment (30 min group) cell metabolic
activity was dose-dependently reduced by gel alone and gels
containing TiO2 and TiO2/Ag with levels of 26%, 57%, and
15% of control at MD, respectively (Fig. 2B). Cell viability
(Fig. 2D) of L-929 was reduced dose-dependently with levels of
55%, 86%, 39% compared to the control at MD by gel alone
and gels containing TiO2 and TiO2/Ag, respectively.

To summarize the results with regard to the cytotoxicity
capacity we found the following sequence: Gel-H2O2 > Gel-
TiO2/Ag > Gel and Gel-TiO2.
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Fig. 2 The impact of experimental bleaching gels on L-929 cells without and with illumination. Without illumination, treatment of L-929 cells with
the experimental bleaching gels (i.e. with TiO2 or TiO2/Ag) reduced metabolic activity (A, B) and cell viability (C, D) dose-dependently. Gel with 6%
hydrogen peroxide and gel without supplementation served as controls. Cells were either exposed to the gels for 24 h (24 h group: A, C) or were
rinsed after 30 min of exposure and cultured for further 23 h and 30 min (30 min group: B, D). Data are presented as mean ± standard deviation rela-
tive to untreated cells (control) (N = 9). With illumination, treatment of L-929 cells with the experimental bleaching gels (i.e. with TiO2 or TiO2/Ag)
reduced metabolic activity (E, F) and cell viability (G, H) dose-dependently. Gel with 6% hydrogen peroxide and gel without supplementation served
as illuminated controls. Cells were either exposed to the gels for 24 h (24 h group: E, G) or were rinsed after 30 min of exposure and cultured for
further 23 h and 30 min (30 min group: F, H). Data are presented as mean ± standard deviation relative to cells which had also been exposed to illu-
mination (illuminated control, illu. co.) (N = 9) *p < 0.05. The colour of the star labels statistical significance of the respective test group vs. the
control (with or without illumination). The colour of the error bars indicates the standard deviation of the respective group.
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The impact of experimental bleaching gels on L-929 cells after
illumination

Metabolic activity and viability levels of L-929 exposed to illu-
mination were 83% and 95% of controls for the 24 h group
and 77% and 91% for the 30 min group (Table 1). The gel con-
taining hydrogen peroxide showed the strongest reduction in
metabolic activity and cell viability leading to levels below 60%
of illuminated control with no dose–response for both, the
24 h and 30 min treatment protocol (Fig. 2E–H). Overall the
toxicity profiles for hydrogen peroxide after illumination are
similar to those of L-929 without illumination.

In the group treated for 24 h (24 h group) with the empty
gel, TiO2-containing gel, and TiO2/Ag-containing gel a dose–
response for metabolic activity (Fig. 2E) with levels of 11%, 24%,
and 25% compared to the illuminated control at MD, respect-
ively, was observed. Also cell viability of L-929 cells was reduced
dose-dependently (Fig. 2G) with levels of 37%, 33%, and 42%
compared to the illuminated control at MD, respectively.

In the 30 min group cell metabolic activity was decreased
dose-dependently by gel alone and gels containing TiO2 and
TiO2/Ag with levels of 42%, 77%, and 19% of illuminated
control at MD, respectively (Fig. 2F). Viability was reduced
dose-dependently with levels of 56%, 107%, and 48% com-
pared to the illuminated control at MD, respectively (Fig. 2H).

In summary we found the following sequence with regard
to the cytotoxicity capacity: Gel-H2O2 > Gel-TiO2/Ag > Gel and
Gel-TiO2. The negative impact on cells by hydrogen peroxide-
containing gels was not dominantly modulated by the
reduction of exposure time (Fig. 2A–D versus E, F).

The impact of experimental bleaching gels on 3T3 cells
without illumination

In the 24 h group exposure of 3T3 cells to the experimental
bleaching gels dose-dependently decreased metabolic activity
(Fig. 3A–D). On 3T3 cells, different cytotoxic profiles were
observed with regard to cell viability. Gel containing H2O2 did
not show a dose–response and metabolic activity (Fig. 3A) as
well as cell viability (Fig. 3C) were decreased. In the group
treated for 24 h (24 h group) when compared to each other
Gel, Gel-TiO2, and Gel-TiO2/Ag showed a similar dose–
response on 3T3 cells. Metabolic activity reached levels of
23%, 18%, and 37% upon exposure to Gel, Gel-TiO2, and Gel-
TiO2/Ag at MD (Fig. 3A). Cell viability was reduced to 27%,

28%, and 25% (Fig. 3C). The 30 min protocol (30 min group)
did not reduce the toxicity for gels with or without nano-
particles (Fig. 3B and D). Overall, 3T3 showed a strong vari-
ation in the response to the gels.

The impact of experimental bleaching gels on 3T3 cells after
illumination

Metabolic activity and viability levels of 3T3 exposed to illumi-
nation were 26% and 61% of controls for the 24 h group and
101% and 78% for the 30 min group (Table 1). Incubation of 3T3
cells with the experimental bleaching gels and light exposure
showed high variations in metabolic activity and cell viability
(Fig. 3EH). Also, hydrogen peroxide-containing gel showed high
variations in this setting. No dose–response for hydrogen per-
oxide can be found. In the group treated for 24 h (24 h group)
metabolic activity reached levels of 57%, 84%, and 195% upon
exposure to Gel, Gel-TiO2, and Gel-TiO2/Ag at MD (Fig. 3E). Cell
viability at MD was 66%, 88%, and 103% compared to the illumi-
nated control when exposed to Gel, Gel-TiO2, and Gel-TiO2/Ag
(Fig. 3G). Short time exposure for 30 min (30 min group) with
illumination showed similar effects (Fig. 3F and H). The profiles
were similar for all gels compared without illumination (Fig. 3B,
D, F and H). Also when exposed to illumination 3T3 showed a
strong variation in their response to the gels.

The impact of experimental bleaching gels on GF cells without
illumination

Hydrogen peroxide-containing gel decreased the metabolic
activity (Fig. 4A and B) and cell viability (Fig. 4C and D) of GF
below 40%. No dose–response was observed for gel with hydro-
gen peroxide. Exceptions were found in the 30 min group
where metabolic activity of GF were above 40% for the gel con-
centration of 0.0032% and for viability for the gel concen-
tration of 0.016% and 0.0032% (Fig. 4B and D).

For GF in the 24 h group all other gels, including gel
without particles, gel with TiO2, and gel with TiO2/Ag, showed
a dose–response for metabolic activity (Fig. 4A) with levels of
13%, 17%, and 46% compared to the control at MD, respect-
ively. Also viability (Fig. 4C) of GF was reduced dose-depen-
dently with levels of 18%, 22%, and 43% compared to the
control at MD, respectively.

GF in the 30 min treatment (30 min group) showed a dose-
dependent reduction of metabolic activity by gel alone and

Table 1 Metabolic activity and viability of cells exposed to illumination relative to cells without illumination

24 h group 30 min group

Metabolic activity Viability Metabolic activity Viability

L-929 83% ± 39%* 95% ± 39% 77% ± 21%* 91% ± 22%
3T3 26% ± 14%* 61% ± 30%* 101% ± 64% 78% ± 22%*
GF 104% ± 17% 91% ± 14%* 111% ± 27%* 106% ± 24%

Here we show metabolic activity and viability of L-929 cells, 3T3 cells and fibroblasts from the gingiva (GF) exposed to illumination in
comparison to the cells without illumination (100%). Data are presented as mean ± standard deviation relative to untreated cells (control) (N = 9)
*p < 0.05.
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Fig. 3 The impact of experimental bleaching gels on 3T3 cells without and with illumination. Without illumination, treatment of 3T3 cells with the
experimental bleaching gels (i.e. with TiO2 or TiO2/Ag) reduced metabolic activity (A, B) and cell viability (C, D) dose-dependently. Gel with 6%
hydrogen peroxide and gel without supplementation served as controls. Cells were either exposed to the gels for 24 h (24 h group: A, C) or were
rinsed after 30 min of exposure and cultured for further 23 h and 30 min (30 min group: B, D). Data are presented as mean ± standard deviation rela-
tive to untreated cells (control) (N = 9). With illumination, treatment of 3T3 cells with the experimental bleaching gels (i.e. with TiO2 or TiO2/Ag)
reduced metabolic activity (E, F) and cell viability (G, H) dose-dependently. Gel with 6% hydrogen peroxide and gel without supplementation served
as illuminated controls. Cells were either exposed to the gels for 24 h (24 h group: E, G) or were rinsed after 30 min of exposure and cultured for
further 23 h and 30 min (30 min group: F, H). Data are presented as mean ± standard deviation relative to cells which had also been exposed to illu-
mination (illuminated control, illu. Co.) (N = 9) *p < 0.05. The colour of the star labels statistical significance of the respective test group vs. the
control (with or without illumination). The colour of the error bars indicates the standard deviation of the respective group.
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Fig. 4 The impact of experimental bleaching gels on gingival fibroblasts without and with illumination. Without illumination, treatment of gingival
fibroblasts with the experimental bleaching gels (i.e. with TiO2 or TiO2/Ag) reduced metabolic activity (A, B) and cell viability (C, D) dose-dependently.
Gel with 6% hydrogen peroxide and gel without supplementation served as controls. Cells were either exposed to the gels for 24 h (24 h group: A,
C) or were rinsed after 30 min of exposure and cultured for further 23 h and 30 min (30 min group: B, D). Data are presented as mean ± standard
deviation relative to untreated cells (control) (N = 9). With illumination, treatment of gingival fibroblasts with the experimental bleaching gels (i.e.
with TiO2 or TiO2/Ag) reduced metabolic activity (E, F) and cell viability (G, H) dose-dependently. Gel with 6% hydrogen peroxide and gel without
supplementation served as illuminated controls. Cells were either exposed to the gels for 24 h (24 h group: E, G) or were rinsed after 30 min of
exposure and cultured for further 23 h and 30 min (30 min group: F, H). Data are presented as mean ± standard deviation relative to cells which had
also been exposed to illumination (illuminated control, illu. co.) (N = 9) *p < 0.05. The colour of the star labels statistical significance of the respective
test group vs. the control (with or without illumination). The colour of the error bars indicates the standard deviation of the respective group.
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gels containing TiO2 and TiO2/Ag with levels of 41%, 50%, and
25% of control at MD, respectively (Fig. 4B). GF viability was
decreased dose-dependently with levels of 42%, 57%, and 27%
for gel alone and gels containing TiO2 and TiO2/Ag compared
to the control at MD, respectively (Fig. 4D).

TiO2 nanoparticle-containing gel showed a similar dose-
dependent reduction as TiO2/Ag nanoparticle-containing gels.
Gel without supplementations had the lowest impact on meta-
bolic activity and viability. Short time exposure revealed a
stronger reduction of cell viability by TiO2/Ag nanoparticle-
containing gel than gel with TiO2 nanoparticles or gel without
supplementation. For these gels, short-term exposure reduced
the impact on the cells. The negative impact on cells by hydro-
gen peroxide-containing gels was not dominantly modulated
by the reduction of exposure time.

To summarize the results with regard to the cytotoxic
capacity we found the following sequence: Gel-H2O2 > Gel-
TiO2/Ag > Gel and Gel-TiO2.

The impact of experimental bleaching gels on GF cells after
illumination

Metabolic activity and viability levels of GF exposed to illumi-
nation were 104% and 91% of controls for the 24 h group and
111% and 106% for the 30 min group (Table 1). Hydrogen per-
oxide-containing gel strongly decreased metabolic activity and
cell viability of GF below 50% of illuminated control, but no
dose–response was found (Fig. 4E–H). The only exception was
found in the 30 min group where viability was reduced upon
treatment with hydrogen peroxide gels at a concentration of
0.0032% (Fig. 4H). Hydrogen peroxide toxicity profiles were
similar to GF profiles without illumination.

In the 24 h group empty, TiO2, and TiO2/Ag-containing gels
induced a dose-depending reduction of both metabolic activity in
GF (Fig. 4E) with levels of 18%, 24%, and 64% compared to the
illuminated control at MD, respectively. Also viability of GF
(Fig. 4G) was reduced dose-dependently with levels of 23%, 19%,
and 49% compared to the illuminated control at MD, respectively.

GF treated for 30 min (30 min group) with gel alone and gels
containing TiO2 and TiO2/Ag revealed reduced metabolic activity
with levels of 18%, 46%, and 22% of illuminated control at MD,
respectively (Fig. 4F). Viability of GF was reduced dose-
dependently with levels of 45%, 53%, and 29% compared to the
illuminated control at MD, respectively (Fig. 4H).

The negative impact on cells by hydrogen peroxide-contain-
ing gels was not dominantly modulated by the reduction of
exposure time.

To summarize the results with regard to the cytotoxicity
capacity we found the following sequence: Gel-H2O2 > Gel-
TiO2/Ag > Gel and Gel-TiO2.

Discussion

In dental tooth bleaching, we face the need to reduce the con-
centration of hydrogen peroxide for safety purposes, while still
trying to facilitate adequate bleaching efficiencies. Reduction

of the hydrogen peroxide concentration in combination with
decreased bleaching time can reduce the risk of potential
adverse effects such as cytotoxic effects of the bleaching agents,
due to hydrogen peroxide, but also diminishes the aesthetic
outcome.41 While there is evidence that enzymes reduce the tox-
icity of hydrogen peroxide in vivo, some adverse effects
remain.42,43 Therefore, more effective approaches for bleaching
are in development. A well-adapted system of a light source and
an adequate photocatalytic nanoparticle bleaching gel could
allow localized production of reactive oxygen species, including
hydrogen peroxide and hydroxyl radicals, and boost the bleach-
ing effect while reducing potential adverse side effects. Clinical
results based on different concentrations of hydrogen peroxide,
photocatalysts, blue LED and laser light support this hypo-
thesis.44 Based on preliminary data from Coto et al. the proposed
experimental TiO2/Ag Gel are feasible for bleaching purposes
when applied with blue LED lamps.34 Experimental bleaching
gels using such approaches still needed to be assessed for their
biocompatibility through in vitro testing for toxic effects.

Here we evaluated experimental nanoparticle-based bleach-
ing gels for their impact on the metabolic activity and viability
of the L-929 cells, 3T3 cells, and GF. According to in vitro
experiments at Cambridge University, blue LED light activation
of gels containing visible-light activated TiO2/Ag nanoparticles
resulted in adequate bleaching, even without the addition of
hydrogen peroxide.34 In our study, we thus evaluated both the
experimental bleaching gels without and with light activation
under blue LED light. Scanning electron microscope evalu-
ation of both the experimental bleaching gels can be found in
the ESI Fig. 1.† Overall, 3T3 cells even without the presence of
gels showed to be more sensitive to the illumination protocol
with blue light compared to L-929 and GF with regard to meta-
bolic activity and viability in the 24 h group while this effect
was not found in the 30 min group. Based on these findings
we presented the results relative to the respective control
group either with or without illumination (Table 1). We found
that gel containing 6% hydrogen peroxide strongly reduced
metabolic activity and cell viability of L-929, 3T3, and GF cells,
even at dilutions of 0.0032%.

In general, gels containing nanoparticles showed much
lower toxicity then those containing hydrogen peroxide.
Although differences were observed between the three cell
lines that were tested, TiO2/Ag-containing gel was more toxic
then empty gels or gels containing TiO2. Understandably, the
shorter treatments of 30 min, mimicking typical dental bleach-
ing procedures, showed lower cytotoxicity (i.e. metabolic
activity and cell viability) compared to the 24 h treatment pro-
tocols. For clinically relevant 30 min treatments, significant
reduction of metabolic activity and cell viability was typically
observed at lower concentrations for gels with TiO2/Ag com-
pared to empty gels or those with TiO2. Nevertheless, with
cytotoxic effects of 2% dilutions, TiO2/Ag gels can be deemed
much safer than the here applied hydrogen peroxide gel,
which show toxicity at dilutions of 0.0032%. Similar effects
were observed when the treatment was performed with illumi-
nation using the blue LED light.
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Our data suggest that there is some cytotoxicity associated
with the hydrogel. This can be either contributed to com-
ponents inside the gel or the reduced content of cell culture
medium. Supplementation of TiO2 with Ag can modulate their
impact on oral soft tissue cells. TiO2-containing gels are not
more cytotoxic then the empty gel. This is an interesting
finding given earlier research suggesting that TiO2 can induce
IL-6 production in GF (Oberoi et al. submitted, unpublished
results). Hence proper isolation during the bleaching gel appli-
cation and cleaning after the bleaching process are important
issues to consider when applying this strategy45 and Oberoi
et al. submitted (unpublished observation). Based on our
study this cleaning step is of relevance in particular when
modified TiO2 particles are used that contain Ag.

Nanocomposites of TiO2 and Ag show increased toxicity
compared to TiO2 alone, albeit a relatively small effect. This
effect should be attributed to the presence of Ag. Our finding
is interesting given that Ag nanoparticles and ions are deemed
bactericidal but save for eukaryotic cells.46 However, toxic
effects of Ag-containing biomaterials have been described.47

As TiO2/Ag will be active effectively under blue light and TiO2

effectively with UV light, it is possible that in addition to the
direct effects of silver,47 also photocatalytically activity is
involved in the impact of the nanoparticles on the cells.34

It has to be mentioned that all gels used for these initial
experiments are pure experimental bleaching gels without CE
certificate. Our in vitro results, therefore, provide data on their
cytotoxicity on L-929, 3T3, and gingival fibroblasts and do not
provide conclusive data on their safety or biocompatibility in
the clinical situations.

A limitation of the study is that we did not test the pure
experimental bleaching gels which would be applied clinically
but dilutions of the gels. In our experiments, we aimed to test
the gels in an in vitro cell culture model which mimics the
in vivo situation. However, the application of pure bleaching
gel was not feasible in cell culture. This can be understood
because of the need of cell culture medium in these reductio-
nistic settings. Furthermore, the high viscosity of the pure gel
makes its handling in these settings challenging. Hence the
gels were applied at 50% in cell culture medium.

When the gels are diluted in culture medium and applied
to the cell culture, the nanoparticles sediment onto the cells.
Thus, it is possible that the local concentration to which
the cells were exposed is higher than the concentration of
nanoparticles that can be found in the in vivo situation.
However, in a clinical setting, it is possible that due to
ineffective cleaning after a whitening procedure, nanoparticles
can accumulate e.g. in periodontal pockets leading to higher
local concentrations.

Conclusion

Overall, we showed that experimental bleaching gels contain-
ing TiO2 or TiO2/Ag show less cytotoxicity than hydrogen
peroxide-containing gels. Although the empty gel and the gel

containing TiO2 had a similar toxicity dose–response, the gel
containing TiO2/Ag was shown to be more cytotoxic in vitro.

Although more research needs to be conducted on its
in vivo safety and bleaching efficacy, this study conclusively
shows that photocatalytic nanoparticles are less cytotoxic than
hydrogen peroxide, and could thus serve as a compelling
alternative for aesthetic dental whitening.
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UV Ultraviolet
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