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Objective: The purpose of this study was to assess the hardness, mineral content, surface 

roughness, and micromorphology of sound and slightly demineralized enamels, before and 

after bleaching procedure using 10% carbamide peroxide.

Methods: Sixty bovine dental blocks were randomly divided into the following two groups: 30 

slabs were submitted to three cycles of pH and 30 slabs were noncycled. Hardness (n=10) was 

measured using the microhardness tester with Knoop indenter under a 50 g load for 5 seconds. 

The calcium/phosphate (Ca/P) ratio (n=10) was obtained using a micro-energy-dispersive 

X-ray fluorescence (μ-EDXRF) spectrometer. The measurement of roughness average (n=10) 

was performed using a surface roughness tester. Specimens were bleached 6 hours/day during 

21 days, and then, physicochemical properties were re-evaluated. Two additional specimens 

were carried out to evaluate surface micromorphology using the scanning electron microscopy. 

Data were statistically analyzed by ANOVA and Tukey’s test (α=0.05).

Results: Sound and slightly demineralized enamels showed no difference in Ca/P ratio after 

dental bleaching according to the µ-EDXRF analysis, but the Ca/P ratio decreased after bleaching 

for slightly demineralized enamel. Bleaching treatment decreased the hardness and increased 

the surface roughness, causing micromorphology alterations.

Conclusion: Therefore, bleaching procedure promoted change in bovine enamel surface and 

increased the demineralization of slightly demineralized enamel but not affected the mineral 

content of sound enamel.

Keywords: tooth bleaching, dental enamel, chemical properties, pH cycling, microhardness, 

roughness

Introduction
Morphological alterations arising from interaction between bleaching agent and tooth 

structure have been reported.1 Sound enamel treated with hydrogen peroxide can 

present hardness reduction,2–4 mineral loss,4–9 as well as increased roughness6,10,11 and 

porosity on its surface.7,11,12 However, results are controversial since other studies did 

not observe difference in enamel components3,12 and hardness13,14 after bleaching using 

the low concentration of hydrogen peroxide.

Most studies involving dental bleaching are limited to assays and conditions 

in which the change in mineral content is measured by indirect methods, such as 

hardness and roughness.11,15 However, methodologies have been adopted to measure 

alterations in tooth hard tissues after bleaching treatment, quantifying their mineral 

content (especially calcium and phosphate), using micro-energy-dispersive X-ray 

fluorescence (μ-EDXRF) spectrometer, scanning electron microscopy (SEM), Fou-
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rier-transform Raman spectrometry, and Fourier-transform 

infrared spectrometry.3,5–9,12

Although bleaching treatment is indicated by dentist only 

for patients with sound teeth, clinically pH changes occur 

in the oral cavity after meal, so that alteration in the mineral 

content of teeth occurs daily.16,17 Thus, this study was analyzed 

the chemical, mechanical, and morphological alterations 

in sound and slightly demineralized enamels submitted to 

dental bleaching. The null hypotheses tested showed that 1) 

bleaching agent would not cause mineral loss and change 

in hardness, roughness, and micromorphology of sound 

enamel and 2) it would not exacerbate on previously slightly 

demineralized enamel.

Methods
Study design
This is a laboratorial study that evaluated the hardness, 

mineral content, surface roughness, and micromorphology 

of sound and slightly demineralized bovine enamels, before 

and after bleaching procedure using 10% carbamide perox-

ide. The studied factors were as follows: pH cycling process 

(yes: slightly demineralized enamel; no: sound enamel) and 

timespan study (before and after bleaching procedure).

Specimen preparation
Eighty extracted bovine incisors stored in 0.1% thymol solu-

tion were used within 1 month after extraction. Roots were 

separated from the crowns using a water-cooled low-speed 

diamond saw (Isomet 1000; Buehler Inc., Lake Bluff, IL, 

USA). Then, crowns were sectioned mesiodistally and buc-

colingually to obtain a square slab (4 mm ×4 mm ×2 mm) 

from each crown. Buccal enamel surface was flattened for 

30 seconds with 600-, 1,200-, and 2,500-grit aluminum oxide 

wet abrasive papers using a polishing machine (APL-4; 

Arotec, Cotia, São Paulo, Brazil) and sonicated in distilled 

water for 5  minutes (MA610/9A; Marconi Equipamentos 

Para Laboratrios Ltda, Piracicaba, São Paulo, Brazil).

Slabs were immersed in artificial saliva18 containing 

1.5 mM Ca, 0.9 mM P, 150 mM KCl, 0.1 mM Tris, and pH 

7 for 30 days and changed daily. Saliva storage standardizes 

mineral content, by providing constant ion concentration 

and minimizing further ionic changes between the slab and 

environment. Then, each slab was coated with two layers of 

nail varnish (Revlon Inc., New York, NY, USA), except the 

flattened enamel surface, and it was embedded in polystyrene 

resin (Valglass, São José dos Campos, São Paulo, Brazil) 

with exposing the enamel surface.

Knoop hardness number (KHN)
Initial hardness was measured using a microhardness tester 

(HMV-2T E; Shimadzu Corporation, Tokyo, Japan) with a 

Knoop diamond indenter under a 50 g load for 5 seconds.15 

The following three indentations were carried out on speci-

men surface: one at center and the remaining two at a distance 

of approximately 100 µm from central location. Of the 80 

dental slabs, the 60 slabs that had the closest average hard-

ness (KHN) values were selected.

Of the 60 dental slabs selected, 30 specimens were ran-

domly subjected to pH cycling model and 30 specimens were 

not pH cycled (n=10). During the experiment, specimens that 

were not pH cycled were immersed in distilled water (pH 7; 

Byofórmula, São José dos Campos, São Paulo, Brazil) and 

changed daily to not interfere with mineral content.

pH cycling
The pH-cycled specimens were submitted to three deminer-

alization–remineralization cycles at 37°C. Each cycle was 

composed by 6-hour immersion in demineralization solution 

(1.5 mM Ca, 0.9 mM P, 0.05 mM acetate buffer, 0.07 ppm F, 

pH 5) followed by 18 hours immersion in remineralization 

solution (1.5 mM Ca, 0.9 mM P, 0.1 mM Tris, 10 ppm F, pH 

7). Solutions were renewed prior to begin each cycle.

Measurements and bleaching treatment
Hardness, calcium/phosphate (Ca/P) ratio, surface roughness, 

and surface micromorphology were carried out before and 

after bleaching treatment. The 0.016 mL of 10% carbamide 

peroxide (Opalescence PF; Ultradent Products Inc., South 

Jordan, UT, USA) containing 0.25% of fluorine was applied 

on enamel surface (approximately 1 mm of thickness) 

using a micropipette (Eppendorf AG, Hamburg, Germany) 

for 6 hours/day during 21 days at 37°C and 100% relative 

humidity. After bleaching session, specimens were stored for 

18 hours in distilled water (pH 7) until next session. The pH 

of bleaching gel (pH 6.87) was measured using a digital pH 

meter (Equilam, Diadema, São Paulo, Brazil).

µ-EDXRF measurement
Quantitative element analysis of Ca/P ratio was performed 

using a micro-X-ray fluorescence spectrometer by micro-

energy-dispersive (µ-EDX-1300; Shimadzu Corporation), 

equipped with a rhodium X-ray tube and a Si (Li) detector 

cooled by liquid nitrogen. The equipment was coupled to a 

computer system for data processing, and the measurements 

of 15 kV energy of scans were carried out with a count rate 
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of 100 live seconds per point in three different spot zones. 

Equipment was adjusted using a certified commercial reagent 

of stoichiometric hydroxyapatite (synthetic Ca
10

(PO
4
)

6
(OH)

2
, 

grade 99.999%, lot 10818HA; Sigma-Aldrich Co., St Louis, 

MO, USA) as reference. Measurements were collected using 

the fundamental parameters of characteristic X-ray emission 

of the elements Ca and P. The element O was used as chemical 

balance, and energy calibration was performed using internal 

standards for light elements.

Surface roughness
Specimens were individually positioned in a surface rough-

ness tester (Surftest 401; Mitutoyo, Kawasaki, Japan) to 

measure the roughness average (Ra) values. Three readings in 

different parts of the specimen were obtained, and roughness 

data (µm) were determined. The extension of each reading 

was 2.85 mm, using a cutoff of 0.8 mm.

Surface micromorphology
Two additional specimens of each group at each time were 

prepared for SEM (JSM-5310; JEOL, Tokyo, Japan) analy-

sis. Specimens were sputter coated with gold in a vacuum 

evaporator (MED 010; Balzers, Balzer, Liechtenstein), 

and photomicrographs of surface micromorphology were 

obtained at 2,000× magnification.

Statistical analysis
Normality of data was previously analyzed by Kolmogorov–

Smirnov test, and normal distributions were observed. So 

data were statistically analyzed using two-way repeated 

measures ANOVA and Tukey’s test to determine significant 

differences (α=0.05).

Results
Table 1 shows the mean values of Knoop hardness, 

µ-EDXRF, and surface roughness for each group before 

and after bleaching treatment. Surface micromorphology 

images are presented in Figure 1A–D. Hardness testing 

revealed significantly lower KHN values after bleaching 

procedure for sound and slightly demineralized enamels. 

Noncycled group showed significantly higher KHN com-

pared to pH-cycled group prior to bleaching treatment. 

KHN values obtained after bleaching were statistically 

similar for both groups.

The µ-EDXRF analysis showed that sound enamel showed 

no significant difference between Ca/P ratio before and 

after bleaching procedure, while pH-cycled group showed 

lower ratio after bleaching. Slightly demineralized enamel 

presented higher Ca/P ratio compared to sound enamel prior 

to bleaching, but it was similar after bleaching treatment.

Bleaching procedure increased the surface roughness for 

pH-cycled and noncycled groups. Slightly demineralized 

enamel showed a significantly higher Ra value compared 

to sound enamel prior to bleaching. However, after bleach-

ing treatment, Ra values were statistically similar for both 

groups.

Figure 1 represents photomicrographs obtained using 

SEM. Figure 1A shows sound enamel with polished surface. 

The 10% carbamide peroxide promoted minor alterations in 

enamel morphology (Figure 1C). The pH cycling resulted in 

surface demineralization characteristics (Figure 1B). Similar 

characteristics were observed in enamel previously submitted 

to pH cycling followed by bleaching treatment (Figure 1D) 

and in enamel that was only bleached (Figure 1C).

Discussion
Bleaching treatment using carbamide peroxide has been 

related to morphological changes and increased porosities 

in enamel.2,13 In the present investigation, no difference in 

the Ca/P ratio was observed for sound enamel after dental 

bleaching according to µ-EDXRF analysis, but Ca/P ratio 

was decreased for slightly demineralized enamel. In addition, 

bleaching procedure decreased the hardness and increased the 

surface roughness. Thus, 10% carbamide peroxide promoted 

alterations in enamel surface morphology, decreased the 

hardness, increased the surface roughness, and exacerbated 

the mineral loss in slightly demineralized enamel; therefore, 

the two null hypotheses were rejected.

After bleaching procedure, sound and pH-cycled enamels 

showed no difference in hardness as observed by studies 

using early artificial caries lesions.16,19,20 Fluorine present in 

Table 1 Mean (SD) values of hardness (KHN), Ca/P ratio 
(µ-EDXRF), and surface roughness (Ra) obtained in experimental 
groups

pH 
cycling

Time
Before 
bleaching

After 
bleaching

KHN No 270.52 (25.34) Aa 61.90 (17.41) Ba
Yes 116.60 (17.93) Ab 62.67 (16.04) Ba

µ-EDXRF No 1.92 (0.04) Aa 1.92 (0.07) Aa
Yes 2.07 (0.07) Ab 1.92 (0.06) Ba

Ra No 0.40 (0.28) Aa 1.48 (0.65) Ba
Yes 0.98 (0.35) Ab 1.64 (0.59) Ba

Notes: Different capital letters in row and lower case letters in column show 
statistical difference among time and pH cycling treatment, respectively (P≤0.05).
Abbreviations: Ca/P, calcium/phosphate; μ-EDXRF, micro-energy-dispersive 
X-ray fluorescence; KHN, Knoop hardness number; Ra, roughness average.
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bleaching gel is likely to have contributed to this fact, since it 

has been reported that fluorine is more effective in inhibiting 

the demineralization than increasing the remineralization,21 

regardless of administration route.22 Probably as related by 

a previous study,23 which incorporated fluorine ions to 10% 

carbamide peroxide, the fluorine contributes to the remin-

eralization of demineralized enamel. In addition, fluorine 

effectiveness can be boosted by bleaching gel components, 

which remove proteins adhered to enamel prisms, allowing 

these clean prisms to interact with fluoride ions, increasing 

the remineralization capacity of enamel.24

Bleached enamel showed hardness reduction as reported 

by previous studies,14,17,22,25 which may be related to the com-

position of whitening product, such as hydrogen peroxide 

concentration, activators, thickeners, and pH.2,23 Bleaching 

gel used in this investigation had pH near neutral (6.87) and 

the hydrogen peroxide concentration of approximately 3.6%. 

Therefore, hardness decrease can probably be related to car-

bopol present in gel composition, which is an acid polymer 

that can cause demineralization of enamel surface2,26 and 

interact synergically with free radicals, increasing mineral 

loss caused by other components.27

Interaction between bleaching agent and hydroxyapatite 

results in the following reaction:

Ca
10

(PO
4
)

6
(OH)

2
 +8H+ →10Ca2+ +6HPO

4
2– +2H

2
O,

in which the analysis of calcium element and phosphate group 

are good indicators of enamel demineralization.28 The pres-

ent study not revealed difference in the Ca/P ratio for sound 

enamel after dental bleaching. This finding corroborates with 

other studies3,12,29 in which the levels of calcium and phos-

phorus were not altered after bleaching procedure, probably 

because it has a slightly acid, nearly neutral pH.

In contrast, difference in the Ca/P ratio before and after 

cariogenic challenge was related to previous studies30,31 as 

observed in the present investigation, such difference con-

cerning the mineral content after pH cycling might be caused 

by ions’ dissolution from hydroxyapatite partially diluted 

on enamel surface, while its surface remains intact. Another 

factor to be considered is that only Ca and P elements were 

A B

C D

16 µm 16 µm

16 µm16 µm

Figure 1 Images of sound enamel (A), enamel after pH cycling model (B), sound enamel after bleaching treatment (C), and bleached enamel previously submitted to pH 
cycling (D) at 2,000× magnification.
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analyzed using µ-EDXRF. The O element was used as bal-

ance, due to the internal calibration of equipment by synthetic 

hydroxyapatite as previously reported.6 Considering that 

tooth enamel is composed of other chemical elements and 

that impurities (as carbonate) can also be present,21 the rapid 

loss of these components at carious early stage can indirectly 

influence the Ca/P ratio.32 Since, there are O reduction and 

consequently a quantitative increase in other elements to 

form the stoichiometric balance.

Comparison of the Ca/P ratio between sound and pH-

cycled enamels after bleaching treatment showed no differ-

ence, which probably indicates that carbamide peroxide was 

not a direct factor on change in enamel components.16 This 

increase in the mineral content of pH-cycled group after 

bleaching treatment could probably be related to fluoride 

present in the composition of bleaching agent, which may 

have favored enamel remineralization.24

Micromorphological changes in enamel surface are asso-

ciated with the increase in roughness, porosity, and erosion 

areas. After pH cycling, a significant increase in surface 

roughness of enamel was observed. Furthermore, bleaching 

promoted the increased surface roughness for sound6,10,11 and 

slightly demineralized enamels,10 which related to subprod-

ucts of peroxide oxidation reaction. Urea is able to penetrate 

into interprismatic regions of enamel, increasing its perme-

ability and causing structural changes due to the dissociation 

of hydrogen bonds between the NH and CO groups and due to 

the protein-denaturing ability.2 However, urea raises the pH of 

bleaching gel, promoting a reduction in the adverse effects.33 

Some studies34,35 that assessed unbleached and bleached 

enamels observed no difference in surface roughness; this 

discrepancy may be related to different methodologies used, 

such as bleaching agent, saliva presence, exposure time to 

whitening product, and others.

The pH cycling model promoted alterations in enamel 

surface in all analyses performed. Dental bleaching using 

10% carbamide peroxide increased the roughness and 

decreased the hardness in sound and pH-cycled enamels, but 

it influenced the Ca/P ratio only for slightly demineralized 

enamel, indicating higher loss of calcium than phosphate. 

Surface morphological changes were evident after pH cycling 

and bleaching procedure using 10% carbamide peroxide for 

both groups. Comparing the images 1B (after pH cycling) 

and 1D (bleached after pH cycling), a removal of a mineral 

surface previously demineralized was occurred.

Conclusion
Therefore, dental bleaching using 10% carbamide peroxide 

was safe and effective for sound bovine enamel, but it pro-

motes demineralization for slightly demineralized enamel. In 

addition, due to superficial changes that were observed after 

bleaching treatment, this treatment should be performed with 

caution, especially in patients who excessively use acidic 

foods and beverages.
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