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Abstract 
Tooth whitening treatments can impair teeth health, due to its effect on enamel properties.  
This work has the purpose of studying the effect of pH of 30% H2O2 solutions in enamel bleaching 
efficiency, microhardness, morphology, topography and wear resistance. To understand the 
H2O2 effect on the enamel organic matrix, collagen was solubilized in H2O2 solutions, so eventual 
changes induced in the molecule, relatively to secondary structure, molecular weight and morphology, 
could be investigated.  
The obtained results showed that the pH of the bleaching solution has no influence on the whitening 
efficiency. However, the microhardness, surface roughness and wear resistance of enamel are affected 
by the pH of the bleaching solution, being the pH=2 the one which leads to the most adverse effects on 
enamel. It was also concluded that bleaching with H2O2 affects significantly the organic content of 
enamel. The oxidizing effect of H2O2 is the main cause for collagen degradation and its structural 
change. 
 
Key words: hydrogen peroxide, bleaching, enamel, microhardness, wear resistance, 
topography/morphology, collagen.  

 
1.   Introduction  
Tooth whitening treatments are usually 
performed by the application of peroxides on 
the tooth surface. Peroxides induce substantial 
alterations in dental enamel properties which 
can arise from the oxidative effect, pH and 
concentration. These peroxides may lead to 
changes in the enamel surface morphology, 
decrease in the microhardness and wear 
resistance. [1] The organic matrix of enamel is 
also affected by peroxides, leading to its 
destruction. [2], [3] 
 
The pH of the whitening solutions is a parameter 
that can influence the treatment results, since 
hydroxyapatite (the main component of enamel) 
behaves differently at different pHs. The acidity 
of these products is believed to be the main 
cause for the demineralization effect. A pH 
value below 5.5 has been reported to be the 
responsible for enamel dissolution. Values of 
pH below this critical point cause increased 
wear and alterations on the surface roughness 
of the enamel. [4], [5] 

The main goal of this work is the study of the pH 
effect of 30% H2O2 in enamel bleaching 
efficiency, microhardness, morphology, 
topography and wear resistance. Three pH 
values (2, 4 and 6) were chosen so it would be 
possible to analyse and compare the 
differences among the studied conditions. 
Investigating the effect of the peroxide 
treatment on the organic matrix of enamel upon 
bleaching is another aim of the study. The effect 
of three concentrations of H2O2 (1%,3% and 
5%) on collagen, the main component of the 
organic matrix of enamel, was studied. Low 
concentrations of H2O2 were used due to the 
limitations of the techniques. As it is known that 
pH has no influence on collagen denaturation, 
only the effect of concentration was studied. 
Some of the collagen properties, like secondary 
structure, molecular weight and morphology 
were studied and compared before and after the 
attack with H2O2.  
 

2. Materials and methods 
 



2.1. Teeth preparation  
Five human molar teeth were disinfected with 
1,0 % chloramine-T trihydrate solution, washed 
and stored in distilled and deionized (DD) water 
at 4oC. Then, teeth were sequentially polished 
with two silicon carbide sandpapers of 1000 and 
4000 mesh. To obtain a smooth surface free 
from scratches, a polishing with diamond spray 
(6 µm, 3 µm), lubricant and two polishing cloths 
was performed. The teeth were cut in four 
similar pieces in a microtome, each one 
containing a cusp. Before bleaching, the colour 
of each part of the five teeth was determined 
using a spectrophotometer. To have all teeth 
with the same initial coloration, they were 
darkened in a black tea solution for 48 hours. 
Finally, the measurement of the colour of all 
parts was performed again. 
 
2.2. Teeth bleaching 
Teeth samples were divided in four groups (five 
parts for each group) and bleached in 30% H2O2 
solutions with different pHs. To prepare the 30% 
hydrogen peroxide solution at pH=2, a solution 
of 35% hydrogen peroxide was diluted with DD 
water. Solutions with pH 4 and 6 were obtained, 
adjusting the pH by adding small amounts of 
NaOH 1M and/or 0,2M solutions. The control 
group (containing one of the four parts of each 
tooth) did not suffer bleaching and was kept for 
comparison. The remaining groups suffered 
bleaching with the H2O2 solutions at different 
pHs. The bleaching treatments with each pH 
solution included 11 bleaching sessions until 
the same degree of whitening was reached. 
Each bleaching session consisted of 10 minutes 
of tooth immersion in solution with exposure to 
blue light each 2 minutes, for 30 seconds, to 
activate the peroxide. After each session, the 
colour was measured again.  
 
2.3. Teeth characterization 

 
Colour 
Spectrophotometer VITA EasyShade 2.0 was 
used to analyse the tooth colour before and 
after bleaching. Every single measurement was 
performed with the lights of the room off, so that 
light interference could be avoided. The colour 
measurement was repeated three times for 
each tooth. 
 
Microhardness 
A load of 1,962 N was applied on the enamel 
surfaces for 15 seconds. For each group, 5 
teeth samples were analysed and five Vickers 
microhardness indentations were performed on 
each sample in separated locations.  
 
Morphology/Topography 

AFM 

Enamel roughness was determined by atomic 
force microscopy using a microscope Nanosurf 
Easyscan2 with silicon probes (PPP-
CONTSAuD-10). Images of 10µm x 10µm were 
obtained by contact mode at room temperature, 
with an applied force of 25 nN and at a scan rate 
of 1.2 Hz. The average roughness (Ra) of the 
surfaces was obtained considering the total 
area of the images using the software WSxM 
5.0 Develop 4.0. 
 
SEM 

One sample from each group was selected for 
SEM analysis and sputter-coated with a thin 
layer of gold. Images inside and outside of the 
wear tracks were taken using a scanning 
electron microscope Jeol jsm-700F equipment. 
 
Tribological behaviour 
Ball-on-plate reciprocating wear tests were 
performed for 20 min (2600 cycles) in a 
nanotribometer (CSM Nano Tribometer) using a 
zirconia ball of 3 mm diameter as counter-body, 
sliding distance of 1 mm/cycle, vertical applied 
load of 25 mN and frequency of 2.12 Hz. 
 
Wear rate determination 

AFM images of 100µmx100µm were obtained in 
the same conditions as described in the AFM 
section above, to analyse the wear tracks and 
calculate the wear rate. The exported data from 
the AFM images led to the achievement of 2D 
profiles, through which, by integration, the 
transversal area of the wear tracks was 
obtained. Then, the volume was calculated by 
multiplying the length by the mean of the areas.  
 
2.4. Collagen attack with H2O2 
4.29 mg of collagen type I from calf skin were 
weighted and attacked with 2.96 ml of 1%, 3% 
and 5% H2O2 solution for 110 minutes using the 
same procedure as for teeth bleaching, i.e., 
submitting the solutions to blue light each 2 
minutes for periods of 30 seconds. These three 
solutions were prepared by diluting a 35% H2O2 
solution. Concentrations of 1%, 3% and 5% 
H2O2 were used, because higher concentrations 
would lead to a high signal noise and high 
absorbance of hydrogen peroxide, which would 
prevent a proper characterization. The pH was 
not adjusted for any of the three prepared 
solutions since it is reported in the literature that 
contrarily to other factors like radiation and 
temperature, the  pH does not affect the 
collagen’s structure. [6]  After, the attacked 
collagen was dissolved in 0.5 ml of an aqueous 
solution of CH3COOH (0.245 M). The control 
was obtained dissolving 4.29 mg of collagen in 
the acetic acid solution previously prepared. 
 



2.5. Collagen characterization  
 
Secondary structure 
To perform the Circular Dichroism (CD) 
technique, a control solution containing native 
collagen and two attacked collagen solutions 
(1% and 3% H2O2) were prepared (section 2.4.). 
The CD spectra were run on a Jasco J-720 
spectropolarimeter, with the 200-700 nm 
photomultiplier. It was used quartz cell with 0.2 
mm light pathway. A constant stream of 
nitrogen was flown into the chamber to minimize 
the interference from the surrounding mean. 
 
Molecular weight 
SDS-PAGE was performed to analyse possible 
differences regarding the molecular weight that 
may have arisen from the attack of collagen with 
1% and 5% H2O2. 20 µl of each collagen sample 
group (section 2.4.), 25 µl Bio-Rad loading 
buffer and 5 µl 1M DDT were mixed. Then, the 
samples were heated at 100ºC for 10 minutes. 
Finally, each collagen sample was loaded into 
three different wells and a voltage of 90 V was 
applied to the system. When the 
electrophoresis process finished, the gel was 
rinsed with deionized water to remove the buffer 
salts and stained with Coomassie Blue G for 1h. 
After staining, the protein bands appeared and 
the gel was destained with deionized water for 
2h to decrease the colour intensity of the gel 
background. 
 
Morphology 
AFM technique was performed to study type I 
collagen fibres morphology. For that, a drop of 
dissolved native collagen and dissolved 
attacked collagen with 1%, 3% and 5% H2O2 
was placed on the top of a glass slide. Then, 
each drop evaporated for 3 days and formed a 
thin film with controlled topography in the 
nanoscale range. AFM Images of 5µmx5µm 
were obtained by tapping mode at room 
temperature, with silicon probes (PPP-
NCLAuD-10) at a scan rate of 0.7 Hz.  
 

3. Results 
 

3.1. Teeth 
 

Colour 
No differences were observed between the 
colour changes for the different groups, thus 
bleaching efficiency does not depend on the 
H2O2 solution pH. It was observed that for each 
pH studied, the time needed to achieve the 
same degree of whitening was the same (Figure 
1). 

 
Figure 1 – Colour variation (ΔE) over time. 

 

Microhardness  
The microhardness values are given in Figure 
2. A decrease in the enamel microhardness 
values was observed after bleaching with H2O2 
solution at pH=2. The H2O2 solution at pH=4 
also led to a decrease in the microhardness 
mean value. However, this decrease was lower 
than the one observed at pH=2. Just a slight 
decrease was observed for pH=6. 

 
Figure 2 - Enamel microhardness before and after 

bleaching with H2O2 at different pH values. 
 

Surface morphology 
Figure 3 represents the enamel surface 
morphology before and after bleaching at 
different pH values. SEM images allow doing a 
qualitative analysis, concluding that at pH=2, 
the demineralization was higher (Figure 3-b) 
and at pH=6, almost no demineralization could 
be seen (Figure 3-d). 

 
Figure 3 - SEM images of the surface of the teeth 
(x10000); a) control, b) pH=2, c) pH=4, d) pH=6. 
The red arrows depict the formation of localized 
erosion zones after de attack with H2O2 at pH=2. 

 



Figure 4 depicts the average roughness for the 
enamel surface. After bleaching, it was 
observed that surface roughness decreased for 
all the groups.  

 
Figure 4 – Enamel surface roughness (Ra) before 

and after bleaching. 

 
Tribology 
Figure 5 shows higher mean friction coefficient 
values after bleaching with solution at pH=2. 
The absence of bleaching treatment led to the 
lowest mean value of the friction coefficient.  

 
Figure 5 – Friction coefficient before and after 

bleaching with H2O2 at different pH values. 

 
The SEM images below (Figure 6) depict the 
existence of tribo-layers, which are more visible 
for the control and pH=2 groups. The tribo-
layers show delamination, which is higher for 
pH=2 group.  

 
Figure 6 – SEM images of the worn surface of the 

teeth (x10000) - Inside of the wear tracks;  
a) control, b) pH=2, c) pH=4, d) pH=6. 

 

The following AFM images (Figure 7) depict the 
topography of enamel submitted to the wear 
tests before and after treatment with 30% H2O2 
at the different pH values studied. Qualitatively, 
most of the wear tests resulted in some degree 
of material pile-up either inside or at the end of 
each wear track, especially for the control and 
pH=2 groups. The control and pH=2 conditions 
gave deeper and broader wear features. On the 
other hand, pH=4 and pH=6 groups led to 
shallower and narrower wear tracks. 
AFM images from each group were chosen to 
calculate the wear rate for each condition, by 
tracing five profiles along each one of the wear 
tracks.  

 
Figure 7 – AFM images of the wear tracks 

(100µmx100µm); a) control; b) pH=2; c) pH=4, d) 
pH=6.  

 
The enamel wear rates before and after 
bleaching at different pH values are shown in 
figure 8. The wear rate was higher at pH=2. The 
wear rate for pH=4 and pH=6 was very similar 
and quite lower than for pH=2. 

 
Figure 8 – Wear rate before and after bleaching 

with H2O2 at different pH values. 

 
Figure 9 depicts the average roughness for the 
worn surface of enamel. The results showed 
that pH=6 presents the lowest roughness 
values. 



 
Figure 9 – Enamel roughness (Ra) before and after 

bleaching inside of the wear tracks. 
 

3.2. Collagen 
 

Secondary structure 
The CD spectrum of the native form of collagen 
(control) corresponds to a triple helix structure, 
which agrees with the literature.[7]–[9] The 
results of circular dichroism show differences 
regarding the structure of collagen before and 
after treatment with 1% and 3% H2O2 (Figure 
10). This observation allows stating that the 
structure of collagen changes and consequently 
there is a degradation of the enamel organic 
matrix after H2O2 treatment.  
 
It is known that there is a functional dependence 
of the signal-to-noise ratio (a measure of the CD 
spectral data significance) relatively to detector 
voltage [10]. For voltages higher than 700 V, the 
CD spectra signal presents significant noise. 
Considering the graphic Voltage [V] x 
Wavelength [nm] (Figure 10), it can be verified 
that the CD spectrum for the samples treated 
with 1% and 3% H2O2 cannot be considered 
below 207 nm and 217 nm, respectively. In fact, 
when the voltage value becomes too high, the 
noise level increases and is no longer possible 
the resolution of the spectrum, i.e., there may 
be signals below that are not visible. 

 
Figure 10 - CD spectra of collagen type I from calf 

skin: (1, cyan) - in its native triple-helical 
conformation; (2, green) - denaturated form due to 

1% H2O2 treatment and (3, blue) - denaturated form 
due to 3% H2O2 treatment 

 
 
 

Molecular weight 
Analysis of the native type I collagen solutions 
by SDS-PAGE (Figure 11, Sample 2) shows the 
presence of characteristic bands corresponding 

to two distinct types of structures:  at molecular 
weights~250 kDa, and α at about 130 kDa, 
which are also visible for samples treated with 
1%H2O2 (Sample 3). It is observed a dragged 
signal for sample 4 (5% H2O2), which indicates 
that there is dispersion of molecular weights. It 
can be inferred that as the peroxide 
concentration increases, differences in the 
molecular weight of collagen start appearing.  

 
Figure 11 - SDS-PAGE analysis. Sample 1-MW 
marker. Sample 2-control. Samples 3 and 4-after 

1% and 5% H2O2 treatment, respectively. 

 
Morphology 
The native structure (Figure 12a) presents thin 
features that evolute to coarser structures as 
the concentration of H2O2 increases (Figure 
13a-15a). After treatment, the appearance of 
different phases is evident (Figure 13b-15b), 
which is favoured by the increase in the 
peroxide concentration. These results show that 
the different concentrations of H2O2 used 
greatly affects the collagen fibres morphology.  

 
Figure 12 - AFM topography (a) and phase image 
(b) of the collagen fibres surface before the attack 

with H2O2. 

 
Figure 13 - AFM topography (a) and phase image 
(b) of the collagen fibres surface after the attack 

with 1% H2O2. 

a) 

a) b) 

b) 



 
Figure 14 - AFM topography (a) and phase image 
(b) of the collagen fibres surface after the attack 

with 3% H2O2. 

 
Figure 15 - AFM topography (a) and phase image 
(b) of the collagen fibres surface after the attack 

with 5% H2O2. 

 

4. Discussion  
The effects of treating enamel with 30% H2O2 
solutions at different pH values were 
investigated. In addition, the effect of the 
collagen exposition to H2O2 was also studied for 
different concentrations of peroxide. Collagen 
attack results will be firstly discussed so that a 
global discussion including the possible 
changes in the organic matrix could be 
subsequently done. 
 
Effect of peroxide concentration on collagen  
 
Secondary structure 
The obtained signals for the control and the 
treated samples with 1% and 3% H2O2 are 
different from each other, which means that the 
peroxide attack leads to the denaturation of 
collagen. This difference is related to the loss of 
collagen’s secondary structure.  These results 
are in good agreement with other reported 
before, relative to the denaturation of collagen 
when it is submitted to a denaturating agent 
(guanidine hydrochloride, where the secondary 
structure loss is related with the concentration 
of the denaturating agent). [11] Other study, 
concerning the effect of heating on collagen, 
also showed a decrease in the content of the 
helix structure as a result of the molecules 
denaturation. [9]  
 
Figure 10 shows that there is a slight increase 
of the ellipticity (vertical axis) at approximately 
195 nm in the CD spectrum of the denatured 
form due to 1% H2O2 treatment, compared to 
the one of the native conformation, which is an 
indicator that hydrogen peroxide, even at a low 

concentration, causes changes in the structure 
of collagen. The CD spectrum difference 
between the collagen native conformation and 
collagen denatured form due to 3% H2O2 
treatment is even more significant. When 
analysing the CD spectrum of the collagen 
treated with 3% H2O2, the observed signal 
becomes unclear below 217 nm and a 
conclusion is hard to achieve. It is expected that 
higher concentrations of H2O2 lead to a higher 
degree of denaturation of the protein.  
 
Although these CD experiments were 
conducted at much lower concentrations than 
the teeth bleaching reported throughout this 
study, it can be concluded that the degradation 
of the organic matrix after bleaching with 30% 
hydrogen peroxide will be quite significant and 
therefore, the adverse effects on the enamel 
inorganic matrix are directly related to the 
destruction of its organic matrix. The fact that 
the structure of collagen changes, losing its 
triple helical conformation leads to the 
conclusion that there is degradation of the 
enamel organic matrix, which in turn affects the 
enamel mechanical and tribological properties. 
 
Molecular weight 
According to [12], acid solubilized collagen 

presents one doublet  band that appears at 
apparent molecular masses of 115 kDa and 130 

kDa, and another doublet correspondent to  
structure at 215 kDa and 235 kDa. The obtained 
results (Figure 11) show these bands for the 
control and 1% H2O2 conditions. However, at 
5% treatment, these bands cannot be 
distinguished, being observed a dragged signal, 
which suggests the appearance of structures 
with different molecular weights, confirming the 
rupture of chemical bonds in the collagen 
molecule and its degradation. According to a 
study done by Elfallah et al. [2], the results of 
the effect of 35% hydrogen peroxide on the 
protein properties of human enamel showed 
that the control presented a band corresponding 
to a high molecular weight (~ 90KDa). When the 
samples suffered treatment with 35% H2O2, 
besides these band, a stain extends along the 
profile, indicating the appearance of structures 
with lower molecular weights. In the current 
work, the SDS-PAGE results for the 5% H2O2 
sample are comparable with these study 
results, suggesting that collagen structure is 
highly affected by the peroxide.  
These SDS-PAGE results simultaneously with 
the CD results allow stating that as the 
concentration of peroxide increases, the greater 
the negative effects on the organic enamel 
structure, leading to detrimental effects on the 
tooth. 

a) 

a) 

b) 

b) 



Morphology 
As far as the authors know, AFM has never 
been used to study the effect of peroxide on 
collagen. Previous studies focused only on the 
influence of UV radiation and of different used 
substrates on the collagen film characteristics. 
[13], [14] 
The obtained collagen AFM images revealed 
that collagen film morphology is highly affected 
by H2O2 treatment, showing significant 
differences among the conditions under study, 
since collagen fibres suffered modifications in 
their structure. 
 
The structure and conformation of the native 
collagen fibres (without any treatment) in figure 
12a, depicts a uniform collagen film, consisting 
of random oriented fibres. On the other hand, 
when exposed to H2O2, the morphology of 
collagen film changed, presenting distorted 
fibres and larger patterns as the peroxide 
concentration increases (Figures 13a – 15a). 
According to Stylianou et al. [14], the 
appearance of larger features in the AFM 
topographical images was associated to 
dramatic alterations in both structure and 
surface roughness of collagen films. These 
authors found these changes for samples 
exposed to UV radiation for long times (120 
minutes). Although in the current work, blue 
light has been used (less energetic), the 
peroxide should enhance the harmful effect on 
the collagen morphology.  
The formation of new phases (Figures 13b–
15b) corroborates this negative effect of the 
peroxide on collagen.  
 
Effect of peroxide pH on Colour 
The results show that the pH of H2O2 has no 
influence on the bleaching efficiency since the 
time needed to achieve the same degree of 
whitening was the same for all the studied 
cases. The bleaching efficiency depends only 
on the oxidizing effect of the H2O2 which was 
the same for the three pH values used. Acording 
to [15], hydrogen peroxide is stable at a pH up 
to 4.5. Above pH=5, the decomposition of 
hydrogen peroxide increases sharply. However, 
regarding the results presented in figure 1, at 
pH=6, the bleaching efficiency was almost the 
same as for the other two pH values studied. 
This indicates that the oxidizing effect of H2O2 
for pH=6 remains sufficient to produce the same 
whitening effect considering the duration of the 
bleaching time (110 minutes) used. 
 
Effect of peroxide pH on mechanical 
properties  
The results suggest that the decrease of the 
enamel microhardness is due to the attack of 

the enamel inorganic structure combined with 
the destruction of the enamel organic matrix (as 
proved before). 
 
In fact, the low pH values of the H2O2 solution 
led to a decrease in enamel microhardness 
values (Figure 2). At pH of 6, differences in 
enamel microhardness after bleaching relatively 
to the original teeth were not significant. The 
results are in agreement with others found by 
Xu et al. [16] who found significant alterations in 
enamel microhardness after bleaching with 
hydrogen peroxide at different pH values. 
The fact that enamel demineralization is higher 
at pH=2 leads to the conclusion that the acidity 
of H2O2 is the main cause for the 
demineralization of enamel. Therefore, changes 
in enamel structure are due to the pH of the 
bleaching solutions. Mundra et al. [3] obtained 
similar results: they refer that the destruction of 
the protein matrix with dissolution of 
hydroxyapatite occurs in harsh pH environment 
due to peroxide free radicals, leading to 
decreased enamel microhardness.  
 
The slight decrease in microhardness for 
bleaching at pH=6 shall be mainly due to the 
destruction of the enamel organic matrix. In fact, 
since hydroxyapatite begins to dissolve at a pH 
below 5.5, at pH=6, enamel demineralization is 
not expected and therefore, the observed 
decrease in microhardness must be due to 
variations on the enamel organic matrix. This 
hypothesis, as discussed before, was confirmed 
by the tests carried out on the collagen (section 
3.2.), which allowed to conclude that the 
alterations on the collagen structure are directly 
responsible for the decrease on the 
microhardness when enamel is bleached with 
H2O2 at pH=6. It can be stated that H2O2 
potentially induce detrimental effects on the 
mechanical properties of enamel as a 
consequence of the destruction and denaturing 
of the enamel matrix proteins. The results 
obtained in the tests with collagen fibres 
(discussed before) confirm this. Elfallah et al. 
have also arrived at the same conclusions when 
studying the effect of H2O2 on protein content 
and mechanical properties of dental enamel. [2] 
In resume, the strong oxidizing effect of H2O2 on 
the enamel organic matrix plays a significant 
role in the alterations observed after bleaching, 
which are increased by the low pH of the 
bleaching agent that leads to alterations also in 
the mineral composition, decreasing enamel 
microhardness. [5], [17], [18]. 
 
Effect of peroxide pH on morphology 
All enamel surfaces were prepared by a 
mechanical polishing process described in 



section 2.1. After polishing, a smear layer made 
of agglomerated particles with delaminated 
areas was observed on the samples surface 
(Figure 3-a), thus leading to the highest 
roughness values (Figure 4). The formation of a 
smear layer is common during polishing 
processes, and is reported by other authors. 
[19], [20] The smear layer could have been 
removed through chemical processes. 
However, this would attack the surfaces 
chemically and could influence the conclusions 
about the effect of H2O2.Thus, the removal of 
the smear layer was not performed. 
 
After the bleaching treatments, the obtained 
enamel surface morphology was different for 
each pH used (Figure 3-b, c, d). It was observed 
a decrease in the surface roughness values for 
all the groups (Figure 4). This surface 
roughness decrease is explained by the action 
of pH of H2O2 solutions on the enamel surface. 
According to Azrak et al., bleaching agents with 
a low pH value can cause a smoothening of the 
dental hard tissue, decreasing enamel 
roughness values. [21] Thus, for pH=2 and 
pH=4, it is expected that demineralization on the 
enamel surfaces occurs (pH <5.5 induces 
demineralization [16]), altering its roughness. In 
the case of the pH=6, demineralization due to 
dissolution is inexistent but the peroxide 
oxidizing effect compromises the organic matrix 
of enamel, influencing also the final surface 
roughness. 
 
For pH=2 group (Figure 3-b), the average 
surface roughness value decreased relatively to 
the control group (Figure 4) due to the 
aggressive pH treatment, which smoothed the 
surface. However, is possible to observe that 
the surfaces present pits and randomly 
distributed defects throughout the entire 
surface, with a significant formation of localized 
erosion zones (red arrows in Figure 3-b). The 
existence of erosion processes was responsible 
for the higher roughness compared to pH=4 and 
pH=6 groups.  
 
Regarding bleaching at pH=4, the surface 
roughness decreased even more (figure 4), 
presenting the lowest values. This may be 
attributed to the fact that pH=4 is less 
aggressive than pH=2 in terms of enamel 
demineralization. In this case (Figure 3-c), it 
was also found some pitting but not sufficient to 
increase roughness compared to the other 
previously referred pH. The resulting surface 
morphology at pH=4 was due to a chemical 
polishing process, which smoothed the surface, 
thus presenting the lowest roughness.  
 

Finally, H2O2 at pH=6 also decreased the 
average surface roughness, when compared to 
the control but not so much as at pH=4 (Figure 
4). The fact that a slightly rougher surface was 
obtained at pH=6, may be explained by the 
destruction of the enamel protein matrix, since 
demineralization does not take place at this pH. 
The morphological changes observed in 
collagen AFM images in Figures 12-15 confirm 
this hypothesis. Once it was observed that 
changes on collagen after H2O2 treatment 
(section 3.2.), it can be concluded that the 
oxidizing effect of H2O2 is the main responsible 
for the roughness alteration result for pH=6.  
 
Overall the results showed that low peroxide pH 
values led to the increase of roughness due to 
erosion processes. However, the enamel 
exposition to higher pH values led to smoother 
surfaces, probably due to the chemical 
polishing action of the peroxide.  
 
Effect of peroxide pH on tribological 
properties 
During sliding of two surfaces in contact, there 
is a tangential force at the interface, which 
opposes to movement. This force results from 
the sum of forces of mechanical nature and 
others, e.g. adhesive or electrostatic forces and 
is called friction force. In this study, the mean 
value of the friction coefficient increases for all 
the tested conditions after bleaching (Figure 5). 
This increase was previously reported by other 
authors [3]. According to the literature, the 
increase in the friction coefficient after 
bleaching treatments can be explained by an 
increase in the average roughness during the 
wear tests, which in turn leads to the increase 
of the mechanical interlocking between the 
asperities of the sliding surfaces. [18] However, 
according to the present results, roughness 
values (Figure 4 and 9) cannot explain the 
friction coefficient changes. The results suggest 
that the adhesive forces may play an important 
role in the friction coefficient as a consequence 
of the surface energy changes of the dental 
samples that are likely to occur during the 
peroxide treatments. More studies are needed 
in order to clarify this point and confirm this 
hypothesis. 
  
During the wear tests, the contact between the 
counter-body asperities and the enamel 
surface, promotes the releasing of 
hydroxyapatite crystals wrapped with 
glycoproteins. [22] These glycoproteins (as 
collagen and other constituents of the enamel 
organic matrix) function as binders, promoting 
the formation of agglomerated hydroxyapatite 
particles at the surface of the tooth, forming a 



compact layer, also known by tribo-layer. Zheng 
et al. [23], in reciprocating pin on plate wear 
tests done with human tooth enamel, observed 
that the wear is initially governed by abrasion, 
followed by the formation of this tribo-layer on 
the enamel surface that protects it against the 
abrading action of the counter-body. Our results 
confirm this protective action of the tribo-layer. 
In fact, although the higher hardness of the 
counter-body (zirconia ball, 1250-1300 HV 
[24]), features associated with abrasion, are 
rarely observed (Figure 6). Enamel wear is thus 
determined by the way this tribo-layer is formed, 
which depends on the number of particles that 
are released from the surface and how the 
various particles adhere to each other during 
wear processes.  
 
As referred above, during wear, a tribo-layer is 
formed and delamination may occur. Sub-
surface fatigue processes lead to the 
delamination, which in turn lead to areas where 
splinters of material are released, exposing 
more hydroxyapatite crystals to the wear effect. 
Delamination is usually associated with a higher 
susceptibility to wear. Our results show a 
correlation between the propensity for 
delamination and the wear rate (see Figure 6 
and 8): the higher wear rate was observed for 
pH=2, where the delamination processes are 
more evident, followed by the control which also 
presents some signs of delamination. For pH=4 
and pH=6, significantly lower wear rate values 
were observed with insipient delamination and 
much smoother tribo-layers (Figures 6-c, d).  
 
The wear results may be related with the initial 
morphology of the samples surfaces. The 
control samples present a coarse surface due 
to the smear-layer that was formed by the 
mechanical polishing (Figure 3-a). For the 
pH=2, the smear-layer was attacked by the 
peroxide, that added features associated with 
erosion (Figure 3-b). In contrast, for pH=4 and 
pH=6, the peroxide attack led to smoother 
surfaces (Figure 3 c) and d), respectively). 
Comparing the wear rate (Figure 8) with the 
initial surface morphology (Figure 3), the results 
suggest that the smoother is the initial surface 
morphology, the lower is the wear rate.   
 
Our results show that there is no simple 
correlation between the samples 
microhardness (Figure 2) and the wear rate 
(Figure 8). According to what was previously 
referred, during the wear tests, a tribo-layer is 
formed in the contact zone, above the enamel 
surface. The wear is ruled by the properties of 
this layer that might depend on the way the worn 
particles are aggregated and adhered to the 

enamel surface. Further characterization of this 
tribo-layer should be performed in order to 
clarify its effect on the wear.  
However, the initial roughness combined with 
microhardness may influence the tribo-layer 
properties. The higher the roughness, the 
easier the particle release for the tribo-layer 
formation. Concerning the enamel 
microhardness, lower values favour the release 
of particles during the asperities contact with the 
harder counter-body surface. It is expected that 
a higher number of worn particles available 
induces the formation of thicker and less 
compact layer, since particles do not have 
enough time to arrange. This favours the 
delamination of the tribo-layer and, 
consequently, leads to lower wear resistance. 
The obtained results seem to agree with this 
hypothesis, since it is observed that thicker 
tribo-layers (Figure 6 a) and b)) show higher 
delamination and higher wear (Figure 8).  
 
To demonstrate the influence of these two 
factors on the wear resistance of the studied 
systems, the following analysis was carried out. 
The hypothesis to be proven is if harder and 
smoother surfaces lead to a higher wear 
resistance of enamel. For that, microhardness 
values (Figure 2) were normalized by attributing 
100% to the highest microhardness value 
(control). Concerning the smoothness, the 
inverse of roughness (Figure 4) was considered 
as a measure of that characteristic. 
Normalization was done by attributing the value 
of 100% to the inverse of the roughness of the 
smoother samples (pH=4). The decrease of this 
parameter for the other samples correspond to 
an increase of roughness. A wear resistance 
index was calculated by adding the two factors 
referred above. It was assumed an equal 
weighting factor in this sum, since it is not 
known their relative contributions to the wear 
resistance. The final values were again 
normalized considering 100% for the highest 
sum result. 

 
Figure 16 – wear resistance index. 

The analysis of Figure 16 corroborate the 
results obtained for the wear rate presented in 
Figure 8, suggesting that the combination of the 



two factors (microhardness and surface 
roughness) contribute for the wear resistance 
as referred in the advanced hypothesis. 
 
5. Conclusions 
In this work, bleaching of human dental enamel 
was performed with 30% H2O2 solutions with 
different pH values (2, 4 and 6), in order to 
evaluate the effect of pH on different enamel 
properties. The attack of collagen (the main 
organic component of enamel) with H2O2 was 
also accomplished to understand its effect on 
the organic matrix of enamel. The obtained 
results allowed stating that: 
 

1. The pH of the bleaching solution has no 
influence on the whitening efficiency. 

2. The lower the pH values of the solution, 
the greater the changes in the enamel 
microhardness after the bleaching 
treatment.   

3. The morphology and topography of 
enamel are affected by the pH values of 
the bleaching solution. After bleaching, 
surface roughness decreased for all the 
groups. 

4. The friction coefficient increased after 
the bleaching treatment for all groups.  

5. The combination of microhardness and 
surface roughness seem to affect the 
enamel wear resistance. The wear rate 
was higher for the samples treated with 
pH=2 solutions.   

6. The oxidizing effect of H2O2 is the main 
cause for collagen degradation and its 
structural change. 

7. The adverse effects of the bleaching 
treatment on enamel are due to the 
demineralization which is conditioned 
by the pH of the bleaching solution and 
to the degradation of the organic matrix 
of enamel referred above.  

 
The study of the effect of pH on enamel 
properties is very important and contributes to 
the knowledge and optimization of the 
conditions to perform this type of procedures. 
pH=6 is the best choice for bleaching at a 
concentration of 30%, because it is the one that 
least affects the enamel inorganic structure. 
pH=2 leads to the most adverse effects on 
enamel. 
 
The concentration of the peroxide is an 
important factor for the enamel organic matrix 
integrity: lower concentration values lead to less 
damage in the organic matrix.  
In conclusion, bleaching with low peroxide 
concentrations and high pH values is the best 

choice for an efficient and safe whitening 
treatment. 
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