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Abstract 

 

To enhance teeth appearance, it is common to use tooth whitening treatments. These treatments are 

based on the application of bleaching agents, like peroxides, on the teeth surface. Although tooth 

whitening treatments are efficient, they can also 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. Three pH values (2, 4 and 6) 

of H2O2 solution were tested in order to evaluate eventual differences.  

 

In order 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 enamel 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 hydrogen peroxide 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, 

morphology/topography, collagen.  
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Resumo 

 

Para melhorar a aparência dos dentes, é comum usar tratamentos de branqueamento dentário. Estes 

tratamentos baseiam-se na aplicação de agentes branqueadores, como os peróxidos, na superfície dos 

dentes. Embora estes tratamentos sejam eficientes, também podem prejudicar a saúde dos dentes, 

devido ao seu efeito sobre as propriedades do esmalte. 

 

Este trabalho tem como objetivo estudar o efeito do pH de soluções de H2O2 a 30% na eficiência do 

branqueamento do esmalte, microdureza, morfologia, topografia e resistência ao desgaste. Foram 

testados três valores de pH (2, 4 e 6) de H2O2 para avaliar eventuais diferenças. 

 

Para avaliar o efeito do H2O2 na matriz orgânica do esmalte, foi solubilizado colagénio em soluções de 

H2O2, de modo que as possíveis alterações induzidas na molécula, relativamente à estrutura 

secundária, ao peso molecular e à morfologia, pudessem ser investigadas. 

 

Os resultados obtidos mostraram que o pH da solução de branqueamento não tem influência na 

eficiência do branqueamento. No entanto, a microdureza, a rugosidade superficial e a resistência ao 

desgaste do esmalte são afetadas pelo pH da solução de branqueamento, sendo o pH=2, o que leva 

aos efeitos mais adversos no esmalte. Concluiu-se também que o branqueamento com peróxido de 

hidrogénio afeta significativamente o conteúdo orgânico do esmalte. O efeito oxidante do H2O2 é a 

principal causa de degradação do colagénio e das alterações estruturais verificadas na molécula. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Palavras-chave: Peróxido de hidrogénio, branqueamento, esmalte, microdureza, resistência ao 
desgaste, morfologia/topografia, colagénio. 
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Introduction  

 

Teeth whitening is a highly desirable aesthetic dental procedure that is frequently requested by people 

to remove teeth stains to have a whiter and perfect smile. This procedure has the main goal of restoring 

teeth their natural colour and is defined as any process that lightens the colour of a tooth. [1]  

 

Although teeth bleaching is highly successful in terms of obtaining whiter teeth, it can also attack the 

organic and inorganic content of the tooth structure, leading to detrimental effects on teeth health. [2]  

 

Tooth whitening treatments are performed by the application of active agents, commonly hydrogen 

peroxide or carbamide peroxide, in the teeth surface. These peroxides may lead to changes in the 

enamel surface morphology (such as erosion, demineralization and increased porosity), alterations in 

chemical composition (such as calcium loss), decrease in the microhardness and wear resistance. [3] 

Enamel is the tooth part which undergoes most modifications following bleaching, since it is in the 

external zone of the tooth. The decrease in microhardness values of enamel can be associated with a 

higher susceptibility to erosive loss, since the loss of surface microhardness is the first step of erosion. 

[3] The organic matrix of enamel is also affected by peroxides, leading to its destruction. [2], [4] 

 

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 main goal of this work is the study of the pH effect of 30% hydrogen peroxide 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. Several properties of the enamel were evaluated before and after the bleaching treatments, 

namely: colour, Vickers microhardness, topography (surface roughness)/morphology, friction coefficient 

and wear rate. 

 

In addition, 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 also 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.  

 

There are few systematic studies about the effect of the pH of hydrogen peroxide on the enamel, which 

makes the obtained results relevant for the optimization of bleaching treatments. The present study of 

the mechanical and tribological properties of enamel gives an overview of the harmful effects of 

hydrogen peroxide on enamel. 
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The study of collagen under bleaching conditions is also very important since there are almost no studies 

related to the collagen attack with hydrogen peroxide. Only a few studies [2], [4] regarding the relation 

of the inorganic structure of the enamel with its organic content after bleaching procedures are found in 

the literature. Although collagen is in a small amount in enamel, investigations concerning collagen 

structural modifications and denaturation after bleaching may allow some conclusions regarding what 

happens in terms of the enamel organic content and its relationship with the effect on the mineral part.  
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Chapter I. Theoretical Fundamentals 

 

1.1. The tooth and its properties 

Human teeth have unique and complex characteristics and outstanding tribological properties. Some 

factors play an important role in the wear resistance of teeth: a compact and orderly microstructure, a 

bioactive self-repair capacity and a lubrication system (saliva). [5] 

The main functions of human teeth are cutting, holding and grinding food. Teeth also have an important 

role in supporting bone, soft tissues and the muscles of mastication. [6] 

Each tooth has a crown and a root. Enamel, dentine–enamel junction, dentine and pulp are the parts 

constituting the tooth, which are all anisotropic (Figure 1).  

 

 

Figure 1 – Constituting parts of the tooth [7]. 

 

Dentine underlies the enamel and is considered an elastic and soft part of the tooth. It is a hydrated 

biological composite, mineralized protein-rich, mostly made of phosphoric apatite crystallites. In its 

composition, it has about 70% inorganic material, 18% organic material and 12% water. [6] 

In its structure, dentine has oriented tubules which extend through its entire thickness. These tubules 

are surrounded by highly mineralized cylinders of peritubular dentine in the crown and an intertubular 

matrix (collagen fibrils reinforced with apatite) to separate tubules from each other. [6], [8] 

The dentinal tubules cross-sectional area can vary from 4900 to 57000 mm2, progressively decreasing 

from the crown towards the apical direction. [9] 

The crystals size in dentine is about 3 nm in diameter and 20 nm in length, which proves that crystals 

found in dentine are much smaller than the ones found in enamel. [10] 

The fact that dentine is elastic and soft allows the whole tooth to resist impact forces which occur in the 

process of grinding and chewing. [6] 
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On the other hand, enamel is a nanostructured material which forms the outer layer of the coronal part 

of the tooth and forms a protective coating on the tooth surface.  

97% of the enamel is constituted by minerals, with 3-4% water and 1-2% organic materials composing 

the rest. The main mineral is hydroxyapatite - Ca10(PO4)6X2 - (non-stoichiometric, smallest structural 

unit), which is a crystalline calcium phosphate. When X is equal to OH-, the hydroxyapatite is obtained 

in its stoichiometric form - Ca10(PO4)6(OH)2. [11] These crystallites are roughly rectangular in cross-

section, having a mean width of 68 nm and a mean thickness of 25 nm. Hydroxyapatite crystallites are 

organized and arranged in parallel arrays, leading to the formation of larger structures. These structures 

are enamel rods (enamel microstructure), which align and run approximately perpendicular from the 

dentine–enamel junction (biological interface between the external enamel part and underlying dentin) 

towards the outer enamel surface. Enamel rods have an average width of 5 µm and are held to each 

other by a thin protein rich sheath. The crystals within each rod constitute the dominant phase, which is 

held by organic phases. [6], [8], [12], [13], [14] 

 

As previously referred, the rate of organic content present in enamel is very low. Although this value 

comprises only 1%-2%, it plays an important and significant role in determining the mechanical 

behaviour of enamel. The organic matrix has in its constitution various components, including free amino 

acids, glycine, some amino acids bound to the mineral phase, aggregated complexes of different sizes 

and monomers. The organic matrix layer begins at the dentin-enamel junction and extends 200–300 µm 

towards the outer tooth surface. [13], [15]  

 

According to Açil et al. (2005) [16], type I collagen was found in mature enamel samples. Collagen type 

I has a triple-helical structure which arises from a significant amount of the amino acids glycine, proline, 

and hydroxyproline. [17] This triple-helical structure has a shape of a semi-flexible rod of almost 300 nm 

in length and 1.5 nm in diameter and is formed by three collagen polypeptide chains (α-chains):  two 

α1(I) collagen chains and one genetically distinct α2(I) collagen chain. Each chain has exactly 1050 

amino acids around one another in a right-handed triple helix conformation. These chains form triple-

helix-shaped rods to form fibrils, which are aligned to form more complex structures. Collagen fibrils are 

robust mechanical structures that exhibit low extensibility. [18]–[20] Collagen molecules within the fibrils 

are assembled in a quarter-staggered way that leads to a repeating band pattern, with periodic gaps 

and grooves, known as D-band of an approximate length of 67 nm. [20] 

 

 

Figure 2 – Human collagen molecule (Adapted from [21]). 
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The mechanical properties of enamel depend on its composition and its structural organization. It is the 

hardest and stiffest tissue in the human body, presenting a hardness of about 360 HV, due to the high 

rate of mineral content. Its high elastic modulus and low tensile strength are two characteristics 

responsible for its brittle behaviour [Table 1]. According to some authors, these characteristics are more 

evident at the occlusal surface and decrease towards the dentin-enamel junction as mineral density 

decreases and the organic content increases. [2] Enamel mechanical proprieties can change according 

to the tooth location, local chemistry and prism orientation. [6] 

 

Regarding the effect of organic material in enamel, it is known that it helps to define three-dimensional 

cleavage planes to deflect cracks which allow a fracture from progressing through the enamel and has 

the ability to limit the movement between the rods when subjected to stress.  

Moreover, the proteins present between crystallites have the function of holding together the 

hydroxyapatite crystallites thereby maintaining the hierarchical structure of enamel. Enamel organic 

content has been proved to be the responsible structure in regulating enamel mechanical properties and 

viscoelasticity. [13] 

 

Table 1 – Mechanical properties of enamel and dentine (Adapted from [10]). 

Property Enamel Dentine 

Young’s modulus (GPa) 20.0 - 84.2 10.2 – 15.6 

Shear modulus (GPa) 29 6.4 – 9.7 

Compressive strength (GPa) 0.095 – 0.386 0.249 – 0.315 

Tensile Strength (GPa) 0.030 – 0.035 0.040 – 0.276 

Shear strength (GPa) 0.06 0.012 – 0.138 

Knoop hardness 240 - 500 57 - 71 

Density (Kg m-3) 2400 2900 

 

1.2. Tooth Staining 

Tooth staining/discoloration is a very common phenomenon and can occur at any time. Tooth stains 

consist in the adsorption/absorption of compounds that have colour or darker shades called 

chromogens. The causes of staining/tooth discoloration can be categorized into two main groups: 

intrinsic and extrinsic staining (Figure 3). [1] 

 

Intrinsic staining is caused by the incorporation of chromogenic material into dentin and enamel during 

the tooth development stage or after eruption. This type of staining can be attributed to factors such as 

genetics, age, antibiotics, and high levels of fluoride in consumed water. [22] 

 

Extrinsic staining usually results from the accumulation of chromogenic substances on the external tooth 

surface and most of these stains can be removed by routine prophylactic procedures. The ingestion of 

chromogenic beverages and food like coffee, wine, tea, red fruits, etc., smoking habits and poor oral 

hygiene may be related with these types of staining. Extrinsic stains are located mainly in the pellicle 
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due to the retention of exogenous chromophores. This retention occurs when salivary proteins are 

selectively attached to the enamel surface through calcium bridges and because of that, a pellicle forms. 

At the early stage of staining, chromogens interact with the pellicle via hydrogen bridges. [22] The 

‘‘Millard reaction’’, which is the reaction between amino acids and sugars, is one of the main responsible 

reactions for the formation of extrinsic stains. [22]  

 

 

Figure 3 - Types of stains before and after teeth bleaching [23]. 

 

1.3. Teeth Bleaching 

Teeth bleaching is commonly performed by the application of hydrogen peroxide (H2O2) or carbamide 

peroxide (CH6N2O3), oxidizing agents, in the teeth surface which are responsible for the oxidation 

reaction that converts the organic pigments to carbon dioxide and water (chemical degradation of the 

chromogens). [24] 

 

Both hydrogen peroxide and carbamide peroxide are effective whitening agents. The difference between 

them is that hydrogen peroxide breaks down faster than carbamide peroxide. The whitening power of 

H2O2 is released within 30–60 minutes. On the other hand, half of the whitening power of CH6N2O3 is 

released in the first two hours. Though, this peroxide can remain active for up to six additional hours. 

[25] 

 

Due to their low molecular weight, the peroxides are able to diffuse through the enamel structure and 

dentine eventually reaching the pulp, releasing oxygen free radicals that react with the organic 

molecules responsible for tooth pigmentation. These radicals will oxidize the macromolecular chains of 

chromogens present inside dental tissues, altering their chemical structure by means of degradation of 

the molecular moieties responsible for absorbing visible electromagnetic radiation. This increases the 

total reflectance of the tooth substrate, resulting in a brighter appearance. [3]  

 

Peroxides can affect not only the surface but also the inner structure (subsurface) of enamel. Inner 

oxidative effects are more likely to occur in the enamel subsurface due to the higher content of organic 
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material present. Regarding erosion and wear, enamel subsurface has a higher tendency to suffer firstly 

and quickly from these processes. [4], [12] 

 

1.3.1. Bleaching agents 

 

1.3.1.1. Carbamide peroxide 

Carbamide peroxide (CH6N2O3) is a hydrogen peroxide precursor and is commonly found in the form of 

a gel for teeth whitening treatments. In order to have carbamide peroxide, a urea molecule is added to 

the hydrogen peroxide molecule. The ratio between carbamide peroxide and hydrogen peroxide is 3:1. 

[24] 

After carbamide peroxide contacts with teeth structure, oral moisture and saliva, it dissociates into 

hydrogen peroxide (3-5%) and urea (7-10%). Then, hydrogen peroxide decomposes into water and 

oxygen and urea into carbon dioxide and ammonia. [25], [27]   

This compound is advantageous compared to hydrogen peroxide due to the presence of urea in its 

composition. The oxygen from the hydrogen peroxide is the main active agent in teeth whitening. 

However, the ammonia resultant from urea degradation plays a major role in the increase of salivary 

and bacterial plaque pH, which is beneficial. It has been observed in previous studies that an acidic pH 

contributes to the enamel erosion and decrease of enamel microhardness. [30] 

 

1.3.1.2. Hydrogen Peroxide  

Hydrogen peroxide (H2O2) is a compound which is colourless in a dilute solution, has strong oxidizing 

properties and is capable of undergoing numerous reactions. The hydrogen peroxide is unstable and 

reactive, breaking down to water and oxygen rapidly, making it one of the cleanest and versatile existing 

chemicals products. [25] 

Regarding the chemical reactions, hydrogen peroxide is a reactive oxygen species when put in contact 

with superoxide (O2
-), hydroxyl (HO), peroxyl (ROO) and alkoxyl (RO). [24] 

In respect of hydrogen peroxide toxicity, a concentration of about 30% H2O2 can cause severe irritation 

or burns in contact with eyes and skin. The contact of H2O2 with blood and tissue proteins produces 

effervescence, releasing oxygen, giving rise to tissue emphysema.  

Regarding applications, hydrogen peroxide is widely used in industrial applications: bleaching or 

deodorizing textiles, wood pulp, hair, fur and foods; water treatment and sewage; seed disinfectant; 

oxidizer and neutralizing agent in wine distillation, etc. [22], [24] 

 

The factors that influence the stability of hydrogen peroxide solutions are mainly the temperature, pH 

and the presence of impurities with decomposition effect. A rise in temperature promotes the 

decomposition and increases the pH. In an ideal stability situation, the pH range of pure H2O2 shall be 

below 4.5, because a pH greater than 5 increases dramatically the decomposition which leads to 

variations in the oxidizing effect of peroxide.  

The hydrogen peroxide solutions are unstable, presenting a slow decomposition at room temperature, 

with water and oxygen formation. [31] 
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                                                              2𝐻2𝑂2 (𝑎𝑞) → 2𝐻2𝑂(𝑙) + 𝑂2 (𝑔)                                                    (1) 

 

Hydrogen peroxide can oxidize a wide variety of organic and inorganic compounds and this fact explains 

its action on tooth surface. Hydrogen peroxide is an excellent and powerful bleaching agent due to its 

characteristics. It is a source of free radicals which has the ability to break the long chain molecules of 

organic pigments (responsible for stains) into shorter stain molecules that are more easily soluble and 

removed, giving the teeth a brighter appearance. [9], [24], [25] 

Bleaching procedures with hydrogen peroxide, can give rise to different active oxygen species, 

depending on specific reaction parameters: temperature, pH, presence of light and transition metals. 

The presence of light has an important role in the formation of hydroxyl radicals from hydrogen peroxide 

and this type of photochemical initiated reactions using light or lasers has been proved to increase the 

rate of radicals formation. [32] 

 

1.3.2. Blue light association and peroxides  

Teeth whitening works by shining a special light (blue light) to the teeth after they have been coated with 

the whitening gel (Figure 4). The main goal of using a lighting system in whitening procedures is to 

activate the peroxide and to accelerate the bleaching effect. The light works with the gel to release 

hydroxyl free radicals, which penetrate the enamel layer and then the dentin layer of the teeth, bleaching 

away stains. [32] The light is only used in-office bleaching treatments (Figure 5).  

 

 

Figure 4 - Blue light used for in-office bleaching procedures [33]. 

 

The release of hydroxyl free radicals (2•OH) occurs by direct excitation of the peroxide by light 

(photolysis). The decomposition of peroxide into two hydroxyl free radicals is only possible when using 

high frequency light. [34], [35] 

 

H–O–O–H •OH + •OH 

 

Another effect of the light is the increase of temperature of the gel due to the conversion into heat of a 

small fraction of light projected on the bleaching gel. [35] 

 

The safety of tooth whitening procedures depends on the type of light source used. The knowledge of 

light absorption properties by the dental tissue is extremely important in assessing the risks associated. 

[35] 
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In this way, the releasing of hydroxyl radicals from hydrogen peroxide is catalysed by the increased gel 

temperature, according to the following equation: 

 

                                                                                𝐻2 𝑂2 + 211
𝑘𝑗

𝑚𝑜𝑙
→ 2𝐻𝑂                                                                        (2) 

 

According to some authors, illumination with high intensity blue light plays an important role on the 

release of free radicals. Light can penetrate into the depth of the tooth, promoting radical production 

close to the site of the stain molecule and therefore leading to the removal of the stains. [34] 

 

The source lights usually used for bleaching treatments are incandescent lamps of quartz-tungsten-

halogen, plasma lamps, arc lamps, laser sources and LED. [32], [35] 

A study regarding the effects of different light sources on human enamel microhardness upon bleaching 

treatment was done in-office with 35% hydrogen peroxide. Regarding the light source used, five groups 

were formed: Group LA (35% hydrogen peroxide + argon laser unit); Group HA (35% hydrogen peroxide 

+ halogen light-curing unit); Group LED (35% hydrogen peroxide + LED-laser unit); Group OX (35% 

hydrogen peroxide + no light source unit); and Group CO (control: saliva only). The results from this 

study concluded that the different light sources tested did not significantly affect the human enamel 

microhardness. [22] 

 

1.3.3. Types of teeth bleaching  

Bleaching procedures are done with gels containing hydrogen peroxide or carbamide peroxide 

(hydrogen peroxide precursor), with active agent concentrations ranging from 3% to 40%.  Normally, if 

the percentage of peroxide in the bleaching solution is higher, teeth will become white more quickly. 

However, high peroxide concentrations lead to side effects such as alterations on enamel surface. [2], 

[22] 

 

There are two methods for bleaching: in-office or at-home bleaching. Both approaches use peroxide-

based bleaching agents. However, these approaches differ in terms of used concentration and 

application method (professional or self-directed).  

 

1.3.3.1. In-Office bleaching 

The In-Office bleaching (Figure 5) is very effective and generally gives excellent results in terms of 

whitening. This type of approach often results in significantly whitening after only one treatment. 

However, more bleaching sessions may be needed to achieve the desired result. Some of the 

advantages of this technique are the fact that patient cooperation is not required (it only takes one hour 

instead of weeks to get results). 

This approach is performed by the dentist and it is used a high concentration of bleaching agents (25–

40% hydrogen peroxide). Before applying the whitening gel/solution, it is needed a protection for the 
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soft tissues. This protection can be done by rubber dam or other alternatives. After applying the 

bleaching agent, peroxide is activated with light for around one hour in the dental office. When the 

desired teeth effect is achieved, the procedure is stopped. [22], [25], [28] 

 

 

Figure 5 – In-office bleaching [36]. 

 

1.3.3.2. At-Home bleaching 

At-home bleaching involves the use of a low concentration of the whitening agent (10–20% carbamide 

peroxide, which is equivalent to 3.5–6.5% hydrogen peroxide, since carbamide peroxide is hydrogen 

peroxide precursor, as referred previously).  

 

This technique is performed over some weeks at home and not only for about one hour in the dentist's 

office as the previous approach.  In general, the 10% carbamide peroxide gel should be used 8 h per 

day, and the 15–20% carbamide peroxide gel should be used 3–4 h per day.  

 

The bleaching gel (Figure 6) is applied to the teeth through a custom-fabricated mouth guard made of 

flexible plastic that should be used at night for at least 2 weeks. This technique has several advantages: 

can be carried out by the patients themselves, presents a high degree of safety, fewer adverse effects 

and low cost. However, there are also some drawbacks, once colour change is dependent on the use 

of the whitening gel and sometimes patients are not very strict with the whitening treatment, leading to 

not so perfect results. [22], [25], [28] 

 

 
Figure 6 – Set of bleaching treatment [37]. 
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1.3.4. Bleaching impact on teeth properties 

Bleaching agents are very efficient in tooth whitening. However, they contain chemically active 

components potentially able to induce substantial alterations in dental enamel properties. These 

changes can arise not only from the oxidative effect of the peroxides, but also depend on the pH, 

concentration and composition of the bleaching agents. Changes in the mechanical properties of enamel 

have been reported and are believed to be due to loss of mineral content (hydroxyapatite dissolution) 

as well as to the denaturation and degradation of the organic matrix by the oxidative reaction.[2]  

 

According to some studies, alterations in the chemical composition and changes in the surface 

morphology of enamel led to a decrease in the microhardness, as well as a decrease in wear resistance. 

Increased porosity of the superficial enamel structure, demineralization, shallow depressions, calcium 

loss and modification in the calcium:phosphate ratio has been also verified in previous studies. [22], [38] 

Morphological alterations of the enamel surface, such as erosion, decalcification and porosity, were 

found following exposure to 10%-15% carbamide peroxide. [39] 

 

The peroxide pH values and its concentration play an important role in enamel surface integrity due to 

the fact that low pH and high concentrated peroxides increase the adverse impacts on the tooth 

structure. [3] 

 

The acidity of bleaching agents is crucial since a pH below the critical point (5.5) can give rise to the 

enamel dissolution (hydroxyapatite dissolution) (3). The dissolution of hydroxyapatite crystals occurs 

when the H+ cations react with the OH- equilibrium hydroxyapatite anions to form H2O. Once the 

concentration of OH- decreases, the equilibrium of the reaction is displaced, allowing the dissolution of 

more Ca2+ and PO4 
3- in order to reach a new equilibrium state. [40] Values of pH below this critical point 

cause increased wear and alterations on the surface roughness of the enamel. [35], [41] 

 

                                           𝐶𝑎10 (𝑃𝑂4)6(𝑂𝐻)2  (𝑠)
↔ 10𝐶𝑎2+

(𝑎𝑞) + 6𝑃𝑂4
3−

(𝑎𝑞) +  2𝑂𝐻−
(𝑎𝑞)                                    (3) 

 

According to some authors, enamel erosive pattern is more likely to happen when bleaching gels with 

low pH are used. 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 the enamel dissolution. [42], 

[43], [44] 

 

According to a study of Xu et al., different pH values of the hydrogen peroxide solution were studied 

regarding their effect on enamel properties. It was observed that among the four pH values used (3, 5, 

7 and 8), the neutral and the more alkaline one did not affect the chemical and morphological structure 

of enamel. On the other hand, pH values of 3 and 5 showed significant alterations regarding enamel 

erosion rate, leading to a decrease in the enamel microhardness [43] 
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The contact time between the bleaching agent and the tooth is also a factor that influences the physical 

and chemical properties of the tooth, more precisely the enamel. The longer the tooth surface is exposed 

to the bleaching agent, the higher the changes of the enamel including increased porosity, non-uniform 

changes and the morphological alteration of the enamel surface. [22], [26] 

 

Bleaching agents also induce the damaging or denaturing of enamel proteins structure which will, in 

turn, lead to harsh effects on enamel mechanical properties. [2] When considering the study of enamel 

properties following bleaching, it is of utmost importance the analysis of bleaching agents on the enamel 

matrix proteins to understand the structural alterations that can come from the eventual destruction of 

matrix proteins and its impact on the mechanical and tribological behaviour of enamel. According to 

Elfallah et al. (2015), alterations in the structure of proteins caused by hydrogen peroxide appear to be 

responsible for modifications in the structure and characteristics of the fracture surface of bleached 

enamel. The effects of H2O2 on the enamel matrix content were analyzed by SDS–polyacrylamide gel 

electrophoresis (SDS–PAGE). It was concluded that control enamel showed greater protein content 

than bleached enamel. The study showed that the H2O2 present in bleaching gels promotes structural 

changes in the matrix proteins located between the crystallites and in the rod sheath area due to an 

increase of unstable oxygen free radicals. [2] According to Liu et al, type I collagen fibres submitted to 

hydrogen peroxide treatment suffered degradation and its mechanical properties changed substantially. 

The results suggested that the degree of crystallinity was reduced, the bundle structure was destroyed 

and that collagen fibres suffered degradation. [45] 
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Chapter II - Experimental procedures   

 

2.1. Teeth preparation  

The teeth preparation was performed according to the flowchart represented in figure 8. Five teeth 

(wisdom teeth) were collected and selected from dental practices (centro clínico de São Lucas, clínica 

das Torres and clínica do Mediterrâneo). Patients who agreed to cede their extracted teeth to the study 

signed an informed consent. Teeth were selected according to the absence of any stains, enamel 

cracks, fractures or other defects on the enamel surface. 

 

Firstly, teeth were kept in a 1,0 % chloramine-T trihydrate bacteriostatic solution (supplied by Sigma 

Aldrich) for one week for disinfection. Then, teeth were washed with a toothbrush and a toothpaste 

without any bleaching agent in its composition to remove the bacterial plaque and food scraps. After 

washing, teeth were stored in distilled and deionized (DD) water in a Milli-Q system at 4oC, so that 

enamel does not suffer changes in its physical and chemical properties.   

 

Teeth lateral parts were polished in order to have a smooth surface free from scratches. The polishing 

was done in a way that enamel does not suffer much erosion so that could be possible to perform 

enamel characterization. Two silicon carbide sandpapers were used with the following sequential order 

of particle size: 1000 and 4000 mesh. The samples were polished with water as a cooler to obtain flat 

standardized enamel surfaces. Finally, to get a smooth surface free from scratches, a polishing with 6 

µm and 3 µm grit diamond pastes, lubricant and two polishing cloths was performed. 

 

All teeth were cut in four similar pieces. For this purpose, the teeth were fixed with a wax of temporary 

fixing (Kemdent Sticky Wax). After the wax was dry, each tooth was cut in the microtome (Struers 

Accutom-50), according to what is shown in Figure 7.  

 

 

Figure 7 – Microtome (Adapted from [46]). 

 

The colour of each part of the five teeth was determined using a spectrophotometer (VITA EasyShade 

2.0). Then, in order to have the teeth parts with the same initial coloration, all were darkened in a black 

tea solution for 48 hours at 4ºC (an infusion of black tea (2 g) was prepared in 50 mL of boiling water 
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which was left for 2h). After this, teeth were rinsed and stored in distilled and deionized water from a 

Milli-Q system. Finally, the measurement of the colour of all parts was performed again. 

 

 

Figure 8 – Teeth preparation. 

 

2.2. Teeth bleaching 

The method used for teeth bleaching is represented in figure 9. Teeth samples were divided into four 

groups (five parts each, one from each tooth). One group was kept as control (no bleaching) for 

comparison, while the others were submitted to bleaching in 30% H2O2 solution with different pH values 

(2, 4 and 6). To prepare 30% hydrogen peroxide solution at pH=2, a solution of 35% hydrogen peroxide 

supplied by J.M. Gomes Santos was diluted. The pH was adjusted by adding small amounts of NaOH 

1M and 0,2M solution, to get solutions with pH 4 and 6. The bleaching treatments with each solution 

included 11 bleaching sessions until the same degree of whitening was reached (B1, Vita Scale). Each 

bleaching session consisted of 10 minutes of tooth immersion in solution with exposure to blue light 

(Optilux 501), each 2 minutes, for 30 seconds, to activate the peroxide. After each session, the colour 

was measured again with the spectrophotometer.  

 

 

Figure 9 – Teeth bleaching. 
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2.3. Teeth characterization  

 

2.3.1. Colour  

Tooth colour is influenced by a number of factors (type of incident light, reflection and absorption of light 

by the tooth, the neighbourhood of the tooth) and can be measured through different techniques.  

In order to measure and analysis colour, a range of standard parameters (colour properties of the 

lighting), which describe the intensity of a light source as a function of wavelength was defined by the 

Commission Internationale de l’E´ clairage (CIE). CIELAB is a colour space that describes all the visible 

colours to the human eye and it serves as a device-independent model to be used as a reference [47]. 

Visible light has wavelengths which are in the range between 400 nm and 700 nm [48].  

CIE tristimulus values (typically represented by X, Y and Z coordinates) measure light intensity based 

on the three primary colour values (RGB). These values are also useful in physical calculations since 

they vary linear with the spectral intensity. [49], [50]  

 

                                                                                    𝑋 = ∑ |𝑋|̅̅ ̅
 𝛌 

700

 𝛌=𝟒𝟎𝟎

𝑅 𝛌 𝑆 𝛌                                                                          (4) 

 

                                                                                   𝑌 = ∑ |𝑌|̅ 𝛌 

700

 𝛌=𝟒𝟎𝟎

𝑅 𝛌 𝑆 𝛌                                                                             (5) 

 

                                                                                  𝑍 = ∑ |𝑍|̅ 𝛌 

700

 𝛌=𝟒𝟎𝟎

𝑅 𝛌 𝑆 𝛌                                                                             (6) 

 

Where R is the object (tooth) reflection, S is the distribution of spectral energy of the light source and 𝑋,̅ 

�̅� and �̅� are the functions related to the spectral response of the detector. 

 

The CIELAB values (L*, a* and b*) are also defined in order to complement the tristimulus values. Taking 

into account the tooth area, the spectrophotometer gives the L*, a* and b* parameters [(7), (8), (9), (10)], 

being then possible to define a difference in tooth colour (ΔE) given by the Euclidean distance (11) in 

the CIELAB space (Figure 10). [49] 

 

                                                                        𝐿∗ = 116 (
𝑌

𝑌𝑛

)

1
3

− 16, for 
𝑌

𝑌𝑛

< 0.00856                                                    (7) 

 

                                                                            𝐿∗ = 903.3 (
𝑌

𝑌𝑛

) , for 
𝑌

𝑌𝑛

≥ 0.00856                                                         (8) 

 

                                                                               𝑎∗ = 500 [(
𝑋

𝑋𝑛

)

1
3

− (
𝑌

𝑌𝑛

)

1
3

]                                                                     (9) 

https://en.wikipedia.org/wiki/Color_space
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                                                                               𝑏∗ = 200 [(
𝑌

𝑌𝑛

)

1
3

− (
𝑍

𝑍𝑛

)

1
3

]                                                                   (10) 

  

                                                                             ΔE = √ΔL∗2 + Δa∗2 + Δb∗2                                                                    (11) 

 

where Xn, Yn and Zn are the tristimulus values for the chosen illuminant, L* is the lightness related to the 

physical intensity of a colour, a* and b* are coordinates on the red–green and yellow–blue colour axes 

respectively. [49] 

 

 

Figure 10 - CIELAB colour space [51]. 

 

Spectrophotometer VITA EasyShade 2.0 was used to analyse the tooth colour before and after 

bleaching treatment (Figure 12). This equipment provides accurate shade determination, by calculating 

the numerical differences between the natural colour of the tooth and the selected colour based on 

existing patterns. [10] The parameter values provided by the equipment correspond to letters in the Vita 

scale. (Figure 11). 

 

 

Figure 11 - VITA Classical colour scale (Adapted from [10]). 

 

he device was calibrated before each reading. 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 and the average value was registered.  
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Figure 12 - Spectrophotometer VITA EasyShade 2.0 [52]. 

 

2.3.2. Microhardness 

The mechanical properties of teeth, like microhardness, are very important to have in consideration 

when studying the effects of bleaching, since bleaching affects tooth microhardness by decreasing its 

values.  

 

Hardness is a characteristic of a material and corresponds to the capacity of a given material to resist 

to indentation (plastic deformation). When a fixed load and a specific indenter are used, the smaller the 

indentation, the harder the material. Vickers hardness test is a mechanical test used to measure the 

hardness value which is obtained by measuring the depth or area of indentation left in the tested material 

(Figure 14). [53] 

 

 

Figure 13 – Vickers tester [54]. 

 

The main principle of this hardness testing method is to press a square base pyramid-shaped diamond 

indenter, with an angle of 136 ̊ between opposite faces, with an exactly defined applied load (Fz) onto 

the test material and then evaluate the surface area of the indentation. In order to measure and analyse 

the indentation left in the material, four measuring lines (in red, Figure 14) are placed at the corners of 

the indentation, so as to measure easily the length of the two diagonals. A range of loads maybe applied 

ranging from a few micrograms to one or several kilograms. [55] 
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The hardness value is defined as the relation between the applied load (Fz) in N and the surface area 

of the indentation (S) in μm2: 

 

HV =
𝐹𝑧

𝑆
=

2Fz sin(
∝

2
)

𝑑2 = 1.8544
Fz

𝑑2                                                  (12) 

 

Being d the average diagonal distance of the indentation (μm) and α the face angle of diamond. [56] 

 

 

Figure 14 - Vickers indentation and measurement of impression of diagonals (Adapted from [57]). 

 

In this work, the HSV-30 Shimadzu equipment (available at the Laboratory of Biomaterials at the Egas 

Moniz Institute) (Figure 13) was used.  

The effect on teeth microhardness of whitening treatments with 30% H2O2 solution at different pH values 

was investigated. The Vickers microhardness was measured before and after 11 consecutive bleaching 

sessions (lasting 110 minutes in total). A load of 1,962 N was applied on the enamel surfaces for 15 

seconds. After 15 seconds, an indentation was left on the surface which was measured. For each group, 

5 teeth samples were analysed and five Vickers microhardness indentations were performed on each 

sample in separated locations. Mean and standard deviation values were calculated, respectively.  

 

2.3.3. Morphology/topography 

 

2.3.3.1. AFM 

Atomic force Microscopy (AFM) is a versatile and powerful technique which allows to analyse the sample 

surface morphology/topography through three-dimensional images of the sample surface. Various types 

of surface measurement data of the samples at the nanoscale can be obtained from such analysis, e.g. 

roughness, height, friction, etc. This technique is non-destructive and samples need to be minimally 

prepared. [58] 
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The AFM principle is based on three main steps: surface sensing, detection and imaging. The equipment 

comprises four main components: probe - flexible cantilever with a sharp tip, piezoelectric scanner, 

optical detection system and feedback system (Figure 15). [59] 

 

 

Figure 15 – AFM (left) and its working principle (right) [60]. 

 

Regarding surface sensing, it is used a cantilever with a very sharp tip to scan over the sample surface. 

As the tip approaches the surface, the cantilever bends towards the surface due to the attractive force 

between the surface and the tip. As the cantilever gets closer to the surface (such that the tip makes 

contact with it), increasingly repulsive force takes over and causes the cantilever to bend away from the 

surface. [61]  

 

An AFM has a Z-scanner that moves the cantilever up and down, a XY-scanner that moves the sample 

back and forward underneath the cantilever and a position detector (detection system) that works by 

tracking a laser beam that is reflected off the flat top of the cantilever and is responsible for recording 

the deflection of the cantilever. This method allows the analysis of the topography of a sample surface 

by scanning the cantilever over a region of interest, generating an accurate topographic map of the 

surface by using a feedback system to control the height of the tip above the surface.  [59], [62] 

 

AFM can operate at three distinct imaging modes taking into consideration the interaction between the 

probe and the sample: contact mode; non-contact mode and intermittent (tapping) contact mode (Figure 

16). [58] 

 

In the contact mode (operation mode chosen for the tests carried out on enamel samples in this work), 

the cantilever scans the sample with the tip touching its surface. Once the tip is in contact with the 

surface, strong repulsive forces induce the bending of the cantilever as it passes over the surface 
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features. The advantage of this method is the relative simplicity of its technology. One of the 

disadvantages is that soft samples can be damaged due to the sharp tip. [63] 

 

In the non-contact mode, the cantilever oscillates just above the surface while it scans, but the tip does 

not touch the surface. A precise high-feedback loop is used to keep the cantilever tip from crashing into 

the surface, retaining tip sharpness and leaving the surface untouched. As the tip approaches the 

surface, interactions between the tip and the surface cause the oscillation amplitude of the cantilever to 

decrease. The feedback loop is responsible for correcting the amplitude deviations and constructs an 

image of the surface topography. Some advantages of this mode are the preservation of the sample 

surface (especially in the case of soft surfaces) since the tip and the surface are not in contact. [62] 

 

In tapping mode (operation mode chosen for the tests carried out on collagen samples in this work), the 

cantilever oscillates near its resonant frequency and as it is near to the surface, it will touch the surface 

in an intermittently way. Due to the intermittency, the amplitude of oscillation will vary according to the 

surface topography.  Attractive and repulsive forces are involved in this operating mode. The image is 

obtained through a piezo crystal which alters the cantilever height and keeps the amplitude constant.  

In this mode, a much higher amplitude of oscillation is observed compared to the non-contact mode, 

which makes the deflection signal large enough and hence an easier control for topography feedback. 

[64] 

Figure 16 – AFM operational modes (Adapted from [58]). 

 

The topographical measurements of the teeth surface were carried out using an atomic force 

microscope (AFM) Nanosurf Easyscan2. All images were obtained in contact mode, at room 

temperature, using silicon probes (PPP-CONTSAuD-10). The software WSxM 5.0 Develop 4.0 was 

used to process the images and to analyse the surface roughness. All topographic AFM images are 

presented in a colour scale which represents the Z height. 

 

For each group, three teeth samples (parts) were analysed. Up to five randomly selected regions of 

interest were scanned outside and inside of the wear tracks of each tooth part in order to calculate the 

average roughness value Ra (nm). The average roughness (Ra) is the most cited measure of surface 

roughness, being the arithmetic mean deviation of the surface height from the mean line through the 

profile [65]. For roughness analysis, images of 10 µm x 10 µm were obtained with silicon probes (force 

constant 0.01-1.87 N/m), 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. 
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2.3.3.2. SEM 

Scanning electron microscopy (SEM) uses a multifunctional, complex microscope and is a useful and 

important characterization technique, which allows to analyse the microstructural surface morphology. 

Through this technique, it is possible to obtain images with a high magnification (10-100.000 times). 

 

The scanning electron microscope is constituted by an upper part, the so-called column, where is 

generated an electron beam. The lower part consists of the specimen chamber with a cover plate. In 

the longitudinal section, the flange leading to the high vacuum pump is visible at the bottom (Figure 17). 

Thereby high vacuum is generated inside the whole microscope. [66] 

 

The samples to be analysed are placed on the specimen stage. An electron beam is created from the 

electron gun, with an energy between 2 and 40 Kev. A v-shaped thin tungsten filament is heated up by 

electric current emitting electrons into the vacuum. Bellow this structure (the thermionic cathode), a 

metallic disk with a central hole (anode) is installed. The strong electric field between the cathode and 

the anode accelerate the electrons downwards. These electrons are called primary electrons, which 

form a broad diverging beam that hits the specimen and the stage. Then, an electromagnetic lens 

focuses on the specimen surface and at the point of incidence, primary electrons knock out electrons of 

the sample material. These knocked out electrons are called secondary electrons (SE). [66] 

 

The interactions between the electron beam and the sample surface can be classified as inelastic or 

elastic interactions. Inelastic interactions include emission of x-ray, Auger electrons and SE that are the 

most valuable ones responsible for showing morphology and topography. [66] 

X-rays give chemical information which can be used for Energy Dispersive Spectroscopy (EDS) so as 

to identify the compounds present in a given sample. Elastic interactions led to the emission of 

backscattered electrons (BSE), which provide image contrast as a function of elemental composition 

and surface topography. Thus, the scanning electron microscope also allows to analyse the surface 

from the chemical point of view. 

 

 

Figure 17 – Scanning Electron Microscope (SEM) (Adapted from [67]). 
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One sample from each group was selected for SEM analysis after microhardness and wear testing. The 

samples were sputter-coated in a vacuum evaporator with a thin layer of gold with a thickness of about 

20-30 nm in order to prevent charge accumulation and to increase the conductivity of the samples 

surface. Images inside and outside of the wear tracks were taken using a scanning electron microscope 

Jeol jsm-700F equipment. 

 

2.3.4. Tribological behaviour 

Tribometry is an area of tribology which integrates methods for measuring friction forces in contact 

zones, wear of tribosystem elements, surface roughness, contact surfaces sizes, among others. Friction 

and wear are caused by multiple sets of microscopic interactions between surfaces in mechanical 

contact that slide against each other. The measurement of friction force and the calculation of the friction 

coefficient play an important role in many tribosystems, because in some cases, the friction force 

determines the system performance. [68] 

 

Dental surfaces are biotribological systems whose behaviour may be affected by the changes produced 

by the whitening treatments. 

 

In order to measure, at nano-scale, frictional forces of relatively moving surfaces in contact and to study 

the wear behaviour of materials, a nanotribometer is used (Figure 18). 

 

 

Figure 18 – CSM Nanotribometer [69]. 

 

The operating principle is based on a scanning force microscope technology. The equipment has three 

main components (Figure 19): two optical fibres connected to the piezoelectric sensor, a cantilever 

associated with two optical sensors for normal and lateral deflection, according to which the friction 

coefficient is determined and the counter-body fixed on the cantilever that interacts with sample surface. 

[70] 

 

The surfaces in relative motion interact causing the deflection of the cantilever. This deflection is then 

detected by the spring bars. The function of the two perpendicular mirrors is reflecting the infrared beam 

emitted by the two optical fibers, allowing the measurement of the variations of normal and friction forces 

and leading to the value of the friction coefficient. [10], [70] 
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Figure 19 - Main components of CSM Nanotribometer [70]. 

 

To investigate the wear behaviour of teeth before and after bleaching, friction tests were carried out 

using a CSM Nanotribometer. The counter-body used was a zirconia ball of 3 mm diameter supplied by 

Technoball (hardness of 1350 HV, elastic modulus of 205 GPa). [71] Zirconia is a material commonly 

used in dental restaurations that are often antagonists of natural teeth. The experiments were conducted 

with the following set parameters: vertical applied load of 25 mN, 2500 cycles (approximately 20 

minutes), sliding distance of 1 mm/cycle and frequency of 2.12 Hz.  

The software InstrumX (version 4.4) was used to acquire the friction test raw data which was further 

processed and analysed. 

 

According to Hertz, the relation of the deformation of the material with a normal applied force (FN) in a 

spherical-plane contact (Figure 20) is defined by: [65] 

 

                                                                     FN =  
4

3
E∗. R1/2. (R − d)3/2                                             (13) 

 

Being R the ration of the sphere curvature, R – d the maximum deformation in the contact area and E* 

the elastic modulus which is dependent on the young’s modulus (E1, E2) and Poisson coefficients (v1, 

v2) of both materials in contact, being in this specific case, zirconia and enamel. E* is given by: [65] 

 

                                                                         
1

E∗ =
(1−v1

2)

E1
+ 

(1−v2
2)

E2
                                                   (14) 

 

The contact area, A,  is given by: [65] 

                                                                         A = π. a2 = π (
3

4
.

FN.𝑅

E∗ )
2/3

                                             (15) 
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Figure 20 - Spherical – plane contact (Adapted from [72]). 

 

The maximum compressive contact pressure, Pmax, applied across the contact area as an elliptic 

distribution in the surface is given by: [65] 

                                                                   Pmax =  
3.FN

2.π.a2 =  (
6.FN.E∗2

π3.R2 )
1/3

                                              (16) 

 

The mean compressive contact pressure, 𝑃0, is equal to: [65] 

 

                                                                              𝑃0 =
2

3
Pmax                                                             (17) 

 

The shear stress, τ𝑚𝑎𝑥, is given by: [65] 

                                                                         τ𝑚𝑎𝑥 = 0.31Pmax                                                         (18) 

 

Considering the young’s modulus (E1, E2) and Poisson coefficients (v1, v2) of zirconia and enamel [Table 

2 and 3], the contact elastic component (E*) between both materials was calculated (14). Once the 

normal force used for the tribological tests was 25 mN, it is possible to calculate the mean pressure 

applied across the contact area (17). The applied mean compressive contact pressure obtained by 

application of Hertz equation for elastic contact was 135 MPa. This value is within the masticatory 

pressure, since the mastication force varies between 70 to 700N [10], [73] (compressive pressure 

between 35 and 350 MPa) if it is considered an occlusal contact area of 2 mm2.  

 

Table 2 - Young’s modulus and Poisson coefficient of zirconia [74]. 

Zirconia (Y-TZP) data S.I. 

E1 2,05x1011 Pa 

v1 0,3 

R 1,5x10-3 m 
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Table 3 - Young’s modulus and Poisson coefficient of enamel [75]. 

Enamel data S.I. 

E2 80x109 Pa 

v2 0,25 

 

Wear rate determination 

To analyse the wear tracks on enamel surfaces and calculate the wear rate, AFM images of 100 µm x 

100 µm were obtained in the same conditions as described in section 2.3.3.1. for roughness analysis. 

The profile of each image was analysed by exporting the data to Excel. The exported data led to the 

achievement of 2D profiles (Figure 21), 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.  

 

 

Figure 21 – Example of an AFM sample profile. 

 

2.4. Collagen attack with H2O2 

Since the percentage of organic matter is quite reduced in the enamel (approximately 3%), to study the 

effects of the bleaching treatments in the organic matrix of enamel, type I collagen fibres from calf skin 

lyophilized (#C857) supplied by Elastin Products company were used. 

 

The method used for collagen attack with H2O2 is represented in Figure 22. 

4.29 mg of collagen type I 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% 

hydrogen peroxide solution supplied by J.M. Gomes Santos. 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. 
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[76]  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. 

 

 

Figure 22 – Collagen treatment. 

 

2.5. Collagen Characterization  

 

2.5.1. Secondary structure 

Circular dichroism (CD) is recognised as a valuable method used for rapidly determining the secondary 

structure, folding and binding properties of proteins. Factors like temperature, pH and concentration can 

lead to the denaturation of a protein, resulting in the loss of its initial structure. Protein circular dichroism 

can be performed in order to determine how the secondary structure of a protein (e.g. α-helix, β-sheet, 

etc. – see Figure 23) changes when exposed to different conditions. Different basic structures have 

characteristic CD spectra. Changes in the content of these secondary structures in the protein molecules 

are easily identified by CD. Moreover, this technique is useful regarding the study of protein interactions. 

One of the advantages of this technique is that allows obtaining complementary structural information 

from various spectral regions. [77], [78]  
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Figure 23 – Alpha-helix and Beta-sheet structures [79]. 

 

Circular dichroism is based on the differential absorption of left-handed (L) and right-handed (R) 

circularly polarized light and occurs when a molecule has one or more chiral chromophores (light-

absorbing groups). A CD signal is observed when a chromophore is chiral (optically active), i.e. CD 

signals only appear where radiation absorption occurs and therefore, spectral bands are easily attributed 

to specific structural characteristics of a molecule. Peptide binding (absorption below 240 nm), aromatic 

amino acid side chains (absorption in the range of 250 to 320 nm) and disulphide bonds (absorption 

bands centred around 250 nm) are some of the chromophores of interest in proteins. In this 

spectroscopic technique, the circular dichroism of molecules is measured over a range of wavelengths. 

[78], [80] 

 

It is known that proteins with an α-helix conformation have negative bands at 222 nm and 208 nm and 

a positive band at 193 nm. Proteins with well-defined antiparallel β-pleated sheets (β-helices) have 

negative bands at 218 nm and positive bands at 195 nm. Disordered proteins show low ellipticity above 

210 nm and negative bands near 195 nm (Figure 24). [77]  
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Figure 24 - CD spectra associated with various types of secondary structure 

Solid line (1): α-helix; long dashed line (2): anti-parallel β-sheet; dotted line (3): type I β-turn; cross dashed line 

(4): extended 3 1 – helix or poly (Pro) II helix (same as for type I collagen); short dashed line (5): irregular structure 

[80]. 

  

In order to observe differences regarding the conformational structure of collagen before and after H2O2 

treatment, three different solutions (a control solution containing native collagen and two attacked 

collagen solutions (1% and 3% H2O2)) were previously prepared (as described in chapter II – section 

2.4.) so as to analyse them through the CD technique.  

The circular dichroism (CD) spectra were run on a Jasco J-720 spectropolarimeter (available at Instituto 

Superior Técnico), 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 in order to minimize the interference 

from the surrounding mean, since at the wavelengths dealt with in this experiment, molecular oxygen 

can also absorb and that will introduce higher background noise into the measurements. 

 

2.5.2. Molecular weight  

Sodium Dodecyl Dulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) is commonly used for the 

separation of proteins and other biomolecules according to their molecular weight, considering their 

differential rates of migration through a gel under the influence of an applied electric field. The gel matrix 

used for SDS-PAGE is polyacrylamide, which is chemically inert and can be made up at a variety of 

concentrations to produce different pore sizes, leading to separation conditions that can be changed 

depending on the main objective. [81], [82] 

 

To separate proteins based on their molecular weight under an electric field, a protein sample is first 

denatured with the anionic detergent SDS (amphipathic detergent, which has an anionic headgroup and 

a lipophilic tail). This process leads to the destruction of the protein tertiary structure by reducing the 
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protein to a linear molecule. In addition, SDS masks the intrinsic net charge of the proteins, conferring 

a negative charge to them. [83], [84] 

 

The protein mixture is denatured by heating at 100°C in the presence of the anionic detergent (SDS) 

and 2-mercaptoethanol. The noncovalent bonds that stabilize the protein folds are destroyed by the 

combination of heat with the detergent. The 2-mercaptoethanol is responsible for the break of any 

covalent bonds between cysteine residues. [84] 

After this boiling process, the denatured proteins become uniformly coated with negatively charged SDS 

molecules, so they all have a similar shape and charge-to-mass ratios. The mixture of denatured 

proteins is loaded into a well that has been cast on the top of a polyacrylamide gel. The negatively 

charged polypeptides migrate through the gel towards the anode (positive electrode at the bottom of the 

gel) at different rates depending on their molecular weight. The migrating polypeptides are retarded by 

the tangled network of polyacrylamide. Smaller polypeptides travel easily and quickly through the pores 

in the network than larger polypeptides. Once polypeptides have similar charge-to-mass ratios and 

shapes, the distance they travel through the gel is only dependent on molecular weight. Based on this 

principle, proteins are separated according to their sizes where low molecular proteins have greater 

mobility than high molecular weight proteins. [84], [85] 

 

The SDS-PAGE technique involves a running gel in which proteins are resolved according to their 

molecular weights and a stacking gel which ensures that all proteins reach the running gel at the same 

time, so all proteins of the same molecular weight migrate as tight bands. [82] 

The stacking gel, resolving gel and electrophoresis buffer are different regarding the acrylamide 

composition, pore sizes, ionic strengths and pHs, which produce a system capable of resolving proteins 

according to their molecular weights. The stacking gel has a lower concentration of acrylamide 

compared to the running gel, which has a higher concentration capable of slowing the movement of the 

proteins. [84] 

 

The system is set up with a stacking gel at pH 6.8 (buffered by Tris-HCl), a running gel at pH 8.8 (buffered 

by Tris-HCl), and an electrode buffer at pH 8.3 (24 mM Tris, 192 mM glycine, 0.1% SDS). The buffer 

system is commonly used to conduct the current from the cathode (negative) to the anode (positive) 

through the gel. [82], [84] 

 

After the electrophoresis process is completed, the gels are stained with various dyes that bind 

noncovalently and with very little specificity to proteins. A colloidal suspension of Brilliant Blue G-240 

(also named as Coomassie Blue G) is commonly used to stain the gels. In most cases, the intensity of 

a stained band is directly proportional to the amount of protein in a band, so staining with Coomassie 

Blue G is considered a quantitative procedure. [84] 
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Figure 25 - Representation of the SDS-PAGE set up (left) [83];  

Representation of the stacking gel, running gel and electrode buffer (right) [82]. 

 

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 (Figure 26). 20 µl of each collagen sample 

group (control group and attacked collagen groups at 1% and 5% H2O2, as previously described on 

chapter II, 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 used for electrophoresis and stained with Coomassie Blue G for 1h. After staining, the protein 

bands appeared and the gel was destained with deionized water for 2h in order to decrease the colour 

intensity of the gel background. 
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Figure 26 - Experimental set-up for SDS-PAGE technique. 

 

2.5.3. Morphology 

AFM was used to study type I collagen fibres morphology. To obtain topographical images of the 

collagen fibres, a drop of dissolved native collagen (control) and dissolved attacked collagen with 1%, 

3% and 5% H2O2 was placed on the top of a glass slide. Then, each drop evaporated (3 days to 

evaporate), formed a thin film with controlled topography in the nanoscale range. 

Images of 5 µm x 5 µm were obtained by tapping mode at room temperature, with silicon probes (PPP-

NCLAuD-10) (resonance frequency: 204-497 kHz) at a scan rate of 0.7 Hz.  
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Chapter III – Results 

 

3.1. Teeth 

 

3.1.1. Colour 

Figure 27 depicts the difference in tooth colour (ΔE) after each bleaching session for each condition (pH 

2, 4 and 6). No differences were observed between the colour changes for the different groups, thus 

bleaching efficiency does not depend on the H2O2 solution pH. Additionally, it was observed that for 

each pH studied, the time needed to achieve the same degree of whitening was the same (Figure 27).  

 

 

Figure 27 – Colour variation (ΔE) over time. 

 

3.1.2. Microhardness 

It is known that the pH of the bleaching solution influences the final enamel microhardness (figure 28). 

A decrease in the enamel microhardness values was observed after the several bleaching sessions 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 with the H2O2 solution at pH=2. There 

were almost no differences before and after bleaching with H2O2 solution at pH=6. 
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Figure 28 - Enamel microhardness before and after bleaching with H2O2 at different pH values. 

 

3.1.3. Surface morphology  

Figure 29 represents the enamel surface morphology before and after bleaching at different pH values. 

Regarding the following SEM images, it is possible to do a qualitative analysis, concluding that at pH=2, 

the demineralization was higher (Figure 29 - b) and at pH=6, almost no demineralization could be seen 

(Figure 29 - d). 

 

 

Figure 29 - SEM images of the surface of the teeth (x10000) 

a) control (no bleaching) b) bleaching at pH=2, c) bleaching at pH=4, d) bleaching at pH=6 

The red arrows depict the formation of localized erosion zones after de attack with H2O2 at pH=2. 

 

AFM images were taken at different surface locations, but only the most representative ones are 

represented. In Figure 30, the topographical images of the enamel surface before and after treatment 
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with 30% H2O2 at pH 2, 4 and 6 are presented. These images, together with others that are not shown 

in the figure below allowed to calculate the average roughness of the enamel surface in the different 

studied conditions (Figure 31).  

 

 

Figure 30 – AFM images of the enamel surface (10 µm x 10 µm): a) Control; b) pH=2; c) pH=4; d) pH=6. 

 

Figure 31 depicts the average roughness determined from a set of AFM images (10 m x 10 m) for the 

enamel surface. 

After bleaching, it was observed that surface roughness decreased for all the groups. The control group 

showed the highest surface roughness, with a mean Ra of 82 ± 2 nm; the treatment with H2O2 at pH=2 

led to a mean Ra value of 68 ± 6 nm; the treatment with H2O2 at pH=4 caused a mean value of 32 ± 1 

nm and the treatment with H2O2 at pH=6 caused a mean value of 48 ± 10 nm. 
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Figure 31 – Enamel surface roughness (Ra) before and after bleaching.  

 

3.1.4. Tribology 

The mean friction coefficient values for all experimental conditions are shown in figure 32.  

Higher values were found after bleaching with solution at pH=2. The absence of bleaching treatment 

(control group) led to the lowest mean value of the friction coefficient.  

 

 

Figure 32 – Friction coefficient before and after bleaching with H2O2 at different pH values. 

 

Figure 33 depicts the enamel surfaces after the wear tests of the different conditions under study (inside 

of the wear tracks). Regarding the following SEM images, it is possible to do a qualitative analysis, 

concluding that for control and pH=2 the wear resistance was lower (Figure 33 - a, b) and at pH=4 and 

pH=6, the wear resistance was higher (Figure 33 – c, d). 
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Figure 33 – SEM images of the worn surface of the teeth (x10000) - Inside of the wear tracks 

a) control (no bleaching) b) bleaching at pH=2, c) bleaching at pH=4, d) bleaching at pH=6.  

 

SEM images in figure 34 a) and c) represent the wear track for the control and pH=2 groups, 

respectively. Images b) and d) depict a close-up of the black circles shown in Figure a) and c) 

respectively, in which is possible to observe splinters of material removed due to surface fatigue 

processes from the wear tests.  

 

 

Figure 34 – SEM images of the wear tracks (left) and enamel worn surfaces (right) for the control group (a, b) and 

pH=2 group (c, d). 
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The following AFM images (Figure 35) depict the topography of enamel submitted to the wear tests 

before and after treatment with 30% H2O2 at the different pH values studied. For each condition, it is 

possible to observe the resultant wear tracks. Images from several locations of the wear tracks were 

taken, but only the most representative ones are presented. 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. 

The following AFM images represent the type of wear track obtained for each group. 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 35 – AFM images of the wear tracks (100 µm x 100 µm) 

a) control (before bleaching); b) bleaching at pH=2; c) bleaching at pH=4, d) bleaching at pH=6.  

 

The enamel wear rates before and after bleaching at different pH values are shown in figure 36.  

The wear rate was higher at pH=2, which shows that bleaching with more acid solutions leads to the 

decrease of the wear resistance of enamel. The wear rate for pH=4 and pH=6 was very similar and quite 

lower than for pH=2. 
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Figure 36 – Wear rate before and after bleaching with H2O2 at different pH values. 

 

AFM images from different locations inside of the wear tracks were taken, but only the most 

representative ones are illustrated. In Figure 37, are shown topographical images of the worn enamel 

surface before and after treatment with 30% H2O2 at pH 2, 4 and 6. The average roughness of the 

enamel worn surface in the different studied conditions was calculated (Figure 38) from a set of images 

like these.  

 

 

Figure 37 – AFM images of the enamel worn surface (10 µm x 10 µm) (inside of the wear tracks) 

a) Control; b) pH=2; c) pH=4; d) pH=6. 
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Figure 38 depicts the average roughness determined from a set of AFM images (10 m x 10 m) for the 

worn surface of enamel (inside of wear tracks).  

The results showed that pH=6 presents the lowest roughness value compared to the other groups.  

 

 

Figure 38 – Enamel roughness (Ra) before and after bleaching inside of the wear tracks. 

 

3.2. Collagen 

 

3.2.1. Secondary structure 

The results of circular dichroism show differences regarding the structure of collagen before and after 

treatment with 1% and 3% H2O2 (Figure 39). The CD spectrum of the native form of collagen (control) 

corresponds to a triple helix structure, which agrees with the literature. [77], [80], [86]  After treatment 

with 1% and 3% H2O2, the differences in the CD spectra of the obtained collagen forms compared to 

the collagen native form are evident, which allows stating that the structure of collagen changes and 

consequently there is a degradation of the enamel organic matrix after bleaching procedures.  

 

According to the datasheet of collagen solution from bovine skin (type I collagen) supplied by Sigma-

Aldrich, it is supplied as an ~3 mg/ml (0.3%) aqueous solution in 0.01 M HCl (pH ~2.0), which means 

that collagen is not affected by acid pHs. [76] The fact that the structure of collagen changed maybe be 

due to the oxidizing effect of hydrogen peroxide and not due to the pH.  

 

The maximum absorption of UV radiation by H2O2 occurs at 200 nm. [87] Hydrogen peroxide absorbs 

radiation below 420 nm, whether in the liquid or gaseous phase. This absorption always increases with 

the decreasing wavelength. Moreover, the absorption of ultraviolet radiation gives rise to the appearance 

of radicals (OH-), which presents higher values of molecular extinction coefficients (ε), conditioning even 

more the noise level when the CD spectrum is drawn below 200 nm.[88]  
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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 [89]. For voltages higher than 700 V, the CD 

spectra signal presents significant noise. Considering the graphic Voltage [V] x Wavelength [nm] (Figure 

39), 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 39 - 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. 

 

3.2.2. Molecular weight 

Analysis of the native type I collagen solutions by SDS–PAGE (Figure 40, 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.  

 



 

41 
 

 

Figure 40 - Sodium dodecyl sulphate–polyacrylamide gel (SDS-PAGE) analysis of collagen type I solutions. 

Sample 1 is the MW marker. Sample 2 represents bands for collagen present in the control group (before 

treatment). Samples 3 and 4 indicate the presence of bands for collagen after treatment with 1% and 5% H2O2, 

respectively. 

 

3.2.3. Morphology 

Atomic force microscopy was essential to analyse the collagen fibres morphology before and after the 

attack with 1%, 3% and 5% H2O2 (Figure 41 – 44). The obtained AFM images allowed the acquisition 

of qualitative information. The morphology of collagen films was observed, giving a special attention to 

the induced alterations on the structure and conformation of collagen fibres.  

AFM was also used for obtaining simultaneously phase images, monitoring the phase lag between the 

oscillations of the free and fixed ends of the cantilever. This AFM phase imaging done in tapping mode 

overcomes the topographical features of the sample surface, allowing the detection of variations in 

compositions, adhesions, friction, viscoelasticity and produces contrast on heterogeneous samples. [90] 

After the H2O2 treatment, the appearance of different phases was evident (Figure 41b - 44b). The 

formation of different phases is favoured by the increase in the peroxide concentration. Concerning 

topographical images, it can be shown that the native structure presents thin features that evolve to 

coarser structures as the concentration of H2O2 increases.  

These results show that the different concentrations of hydrogen peroxide used in the study greatly 

affects the collagen fibrers morphology. 
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Figure 41 - AFM topography (a) and phase image (b) of the collagen fibres surface before the attack with H2O2. 

 

 

Figure 42 - AFM topography (a) and phase image (b) of the collagen fibres surface after the attack with 1% H2O2. 

 

a) 

a) b) 

b) 
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Figure 43 - AFM topography (a) and phase image (b) of the collagen fibres surface after the attack with 3% H2O2. 

 

 

Figure 44 - AFM topography (a) and phase image (b) of the collagen fibres surface after the attack with 5% H2O2. 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

a) b) 

b) 
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Chapter IV – Discussion   

 

The effects of treating enamel with 30% H2O2 solutions at different pH values were investigated in terms 

of bleaching efficiency, mechanical and tribological properties, surface morphology and topography. 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 enamel organic matrix could be subsequently done. 

 

Effect of peroxide concentration on collagen 

 

Secondary structure 

The obtained CD spectra for collagen in its native conformation (figure 39 – 1, cyan) is in agreement 

with the literature [77], [80]. Collagen is a protein, which has three chains wrapped together in a triple 

helical conformation. Each strand has a poly-L-proline-like conformation in an extended helical 

conformation in which all bonds are trans mutually (poly-L-proline II).[77] 

Samples of collagen were treated with hydrogen peroxide at concentrations of 1% and 3% H2O2. The 

obtained signals for the control sample and the treated samples are different from each other, which 

means that the peroxide attack leads to the denaturation of collagen. According to the three CD spectra 

of figure 39, it can be concluded that the observed 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). [91] 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. [86]  

 

The analysis of Figure 39 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 hydrogen peroxide lead to a higher degree of denaturation of the protein. If this is true, 

then the CD signal around 195 nm should continue to increase but its saturation (coming from high 

absorbance values of the peroxide or its radical) precludes this observation.  

 

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 
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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 

The SDS-PAGE results (Figure 40) corroborate the results from the CD technique. The fact that at 5% 

H2O2, the bands for the molecular weight appear slightly different from bands for the native collagen is 

an indicator that bleaching affects the organic matrix of enamel.  

According to the data sheet information for type I collagen [92], 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 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], SDS-PAGE technique was performed to investigate the 

effect of 35% hydrogen peroxide on the protein properties of human enamel. The protein components 

of control and treated enamel were extracted and examined. The results of this study showed that the 

control group 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. 

 

Morphology 

Atomic force microscopy technique was used as a tool for characterizing the structural changes and the 

alterations on the surface morphology of collagen films after the attack with H2O2. As far as the authors 

know, this technique 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. [90], [93] 

Two aspects were investigated through AFM images: film surface morphology and formation of new and 

different phases. 

The obtained collagen AFM images revealed that in the nano-scale range, 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 41, depicts 

a uniform collagen film, consisting of random oriented fibres. On the other hand, when exposed to H2O2, 
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the morphology of collagen film changed, presenting distorted fibres and larger patterns as the peroxide 

concentration increases (Figures 42a – 44a). According to Stylianou et al. [90], 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 42b – 44b) corroborates this negative effect of the peroxide on 

collagen.  

 

Effect of peroxide pH on Colour 

The results show that the pH of the hydrogen peroxide 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 hydrogen peroxide which was the 

same for the three pH values used in this study. Acording to [94], 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 27, 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 

in the present study.  

 

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 

28). 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. [43] 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 

hydrogen peroxide is the main cause for the demineralization of enamel. Therefore, it is possible to state 

that changes in enamel structure are due to the pH of the bleaching solutions. Mundra et al. [4] 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 the enamel 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 
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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 hydrogen peroxide on the organic matrix of enamel 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. [40], [41], [95]. 

 

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 29 - a), thus leading to the highest roughness values (Figure 31). The formation 

of a smear layer is common during polishing processes, and is reported by other authors [96], [97] The 

smear layer could have been removed through chemical processes (e.g. Ethylenediamine tetraacetic 

acid (EDTA)). [97] 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. 

 

The roughness of the enamel surface correspondent to the control group is determined by the polishing 

procedure. More, the roughness estimated value depends on the technique and conditions used for the 

measurement.  According to the literature, most of the roughness measurements are conducted in a 

profilometer which may lead to different roughness values than those obtained by AFM, due to the 

different scales of measurement. Even measurements done by AFM, but with different images sizes 

can lead to different roughness values. [65] Yet, the roughness determined for these surfaces is of the 

same order of magnitude as those used in other studies [10], [98], [99]. .  

 

After the bleaching treatments performed on each surface with H2O2 solutions, the obtained enamel 

surface morphology was different for each pH used. It was observed a decrease in the surface 

roughness values for all the groups. This surface roughness decrease is explained by the action of pH 

of H2O2 solutions on the enamel surface. The low pH of the bleaching solutions affects significantly the 

enamel structure, decreasing its microhardness as previously referred and promoting alterations in the 

surface roughness. 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. [99] Thus, for pH=2 and 

pH=4 groups, it is expected that demineralization on the enamel surfaces occurs (pH <5.5 induces 

demineralization [43]), altering its roughness. In the case of the pH=6 group, demineralization due to 

dissolution is inexistent but the peroxide oxidizing effect compromises the organic matrix of enamel, 

influencing also the final surface roughness. 
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For pH=2 group (Figure 29 - b), the average value of the surface roughness decreased relatively to the 

control group (Figure 31) due to the aggressive pH treatment, which smoothed the surface. However, is 

possible to see 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 29 - 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 31), 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 29 – 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 31). 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 41-44 confirm 

this hypothesis. Once it was observed that the structure of collagen fibres changed 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, since above pH=5.5, pH values have no influence on the mineral 

content of enamel.  

 

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. The friction force is proportional to the normal force that 

acts in the system, being the friction coefficient the constant of proportionality. In this study, the mean 

value of the friction coefficient increases for all the tested conditions after bleaching (Figure 32). This 

increase was previously reported by other authors [4]. 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. [40] However, according to the present results, roughness values 

(Figure 30 and 38) 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 
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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. [100] 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. [101], 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 [102]), features associated with abrasion, are rarely observed 

(Figure 33). 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 (Figure 34). 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 33 and Figure 36): 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 33 – 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 29 - a). For the pH=2, the smear-layer was attacked by the peroxide, that added features 

associated with erosion (Figure 29 – b). In contrast, for pH=4 and pH=6, the peroxide attack led to 

smoother surfaces (Figure 29 c) and d), respectively). Comparing the wear rate (Figure 36) with the 

initial surface morphology (Figure 29), 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 28) 

and the wear rate (Figure 36). 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.  
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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 

33 a) and b)) show higher delamination and higher wear (Figure 36).  

In order 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, the microhardness values (Figure 28) were 

normalized by attributing 100% to the highest microhardness value (control). Concerning the 

smoothness, the inverse of roughness (Figure 31) was considered in this analysis 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 45 – Wear resistance index. 

 

The analysis of Figure 45 corroborate the results obtained for the wear rate presented in Figure 36, 

suggesting that the combination of the two factors (microhardness and surface roughness) contribute 

for the wear resistance as referred in the advanced hypothesis. 
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Chapter V – Conclusion and future work 

 

5.1.      Conclusions  

Nowadays, teeth whitening is an increasingly required dental treatment in our society. Generally, these 

treatments are carried out using bleaching agents, as hydrogen peroxide (H2O2). However, they may 

lead to several drawbacks to teeth health.  

 

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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5.2. Future work 

Further studies could be conducted to get a deeper knowledge about the wear mechanisms of the 

enamel when submitted to treatments with different pH values. For example, studies regarding 

microhardness and worn surface roughness (tribo-layer formed after the wear tests) could be done by 

AFM.   

 

In order to reduce the negative effect of the peroxide on the organic matrix, it could be interesting to 

investigate the effect of the presence of vitamin D (anti-oxidant) to control de collagen degradation 

induced by the peroxide.  

 

Future work could be done regarding the addition of remineralizing agents to the bleaching solution. It 

could be the key to the success of whitening treatments by reducing the problems associated with 

enamel demineralization. The use of remineralizing agents in bleaching procedures can reduce the 

demineralization caused by bleaching agents on enamel, help in the remineralization process, increase 

the wear resistance of enamel and promote the repair of structural changes in bleached enamel.  
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