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Abstract 

 

Enamel, the outer protective layer of human teeth, is constantly interacting with its 

surrounding harsh environment. These interactions play a major role in many 

mechanisms that affect the dental health such as tooth caries, tooth discoloration and 

plaque formation. Accordingly, most treatments used to maintain and/or restore dental 

health focus first on the enamel surface.    Even though most of the enamel structure has 

been thoroughly studied, many of the enamel surface features, and the chemical reaction 

that occur on it, are not well understood.  

Extrinsic tooth discoloration poses a major problem to many patients and dentists.  Most 

causes of extrinsic tooth staining have been well identified and are usually treated with 

hydrogen peroxide. However, the mechanism of extrinsic tooth discoloration and tooth 

bleaching using peroxide oxidizers are not fully understood. It is unknown why certain 

staining molecules attach to the enamel surface, whether peroxide radicals make teeth 

whiter by removing these stains, and why sometimes hydrogen peroxide does not work. 

Also, treating darkened teeth with peroxide agents has its limitations and disadvantages. 

This has pushed us to look for better and less harmful whitening agents.  Recent studies 

have revealed that there is a correlation between crystallographic characteristics of 

enamel and its physical properties, such as tooth shade and microhardness. This 

discovery predicts that tooth properties can be changed by modifying its crystallographic 

structure. Since magnesium ions are known to react with synthetic hydroxyapatite and 

affect its crystallographic properties, it is possible that magnesium ions could react with 

dental enamel and induce changes in dental enamel crystallographic, optical and 

mechanical properties.  
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To address the aforementioned research problems, we divided this thesis into three parts. 

The first part of this thesis investigates how teeth get stained, the second part investigates 

how hydrogen peroxide whitens teeth, and the subject of the third and last part of this 

thesis is to find an alternative way to whiten darkened teeth using magnesium ions. 

After obtaining the McGill University Health Center Ethical Committee approval and the 

signed informed consent from the patients, two hundred and four sound teeth were 

collected from adult patients attending McGill Undergraduate Dental Clinic for tooth 

extractions. In the first part of our study, teeth specimens were treated with different dyes 

to assess how teeth get stained. In the second part, specimens were treated with de-

proteinizing, de-mineralizing and oxidizing agents to assess how bleaching works. In the 

third part, teeth specimens were treated with solutions saturated with magnesium ions to 

investigate an alternative method to whiten teeth. In each of the three parts of this thesis, 

tooth shade and enamel physicochemical properties were assessed before and after the 

chemical treatments using shade spectrophotometry, X-ray photoelectron spectroscopy 

(XPS), energy dispersive x-ray spectroscopy (EDS), Raman spectroscopy, x-ray 

diffraction (XRD) and Vickers microhardness test (VMH). The data obtained was 

analyzed using parametric and non-parametric statistical tests, and statistical significance 

was set at P <0.05. 

In the first part, our results indicated that the outer surface of tooth enamel is covered by 

a carbon rich layer that is susceptible to be stained with anionic dyes (i.e. tannins present 

in coffee, tea and wine). The second part showed that bleaching did not influence the 

shade parameters in de-proteinized teeth, but increased the lightness in de-mineralized 

teeth. This indicates that hydrogen peroxide oxidizes the organic material in dental 



iv 

 

enamel. In the third part, we showed that magnesium ions reacted with enamel surface 

resulting in a significant decrease in the size of enamel hydroxyapatite nanocrystals that 

induced significant changes in tooth shade lightness and enamel hardness. 

Several significant conclusions and achievements are presented in this thesis. We 

demonstrated the presence of a carbon rich layer on the surface of enamel that contains 

relatively high amounts of calcium. This layer might explain the high staining ability of 

certain types of anionic staining agents that are among the most common causes of 

external tooth discoloration.   Moreover, we showed that hydrogen peroxide does not 

induce significant changes in tooth enamel organic and inorganic relative contents, and it 

whitens teeth just by oxidizing their organic matrix. This finding is of great clinical 

significance since it explains the mechanism of tooth bleaching and the reasons behind 

the limited predictability of the treatment outcomes. Finally, we showed for the first time 

that magnesium ions can react with tooth enamel and induce a reduction in the size of 

enamel hydroxyapatite nanocrystals. This change in crystallography affected the enamel 

optical and mechanical properties; making the enamel harder and whiter.  This is a new 

method that can be exploited to whiten teeth without using peroxide-based bleaching 

agents. We concluded that crystallographic ultrastructure plays a key role in defining the 

tooth enamel properties which can be tailored through ionic substitution for improvement 

of optical and mechanical properties without causing the possible negative effects of 

peroxide agents. 
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Résumé 

 

L’émail est la couche protectrice externe des dents humaines en constante interaction 

avec son environnement hostile. Ces interactions jouent un rôle important dans de 

nombreux mécanismes qui influencent la santé dentaire, tels que les caries dentaire, la 

coloration dentaire et la formation de plaque. Par conséquence, la majorité des 

traitements utilisés pour maintenir et/ou restaurer la santé dentaire se concentre 

principalement sur la surface de l'émail. Tandis que la structure de l'émail a été largement 

étudiée, les caractéristiques de sa surface, ainsi que les réactions chimiques se produisant 

à son niveau ont rarement été décrites. 

La coloration extrinsèque des dents pose un problème majeur pour certains patients et 

dentistes. La majorité des causes de colorations extrinsèques des dents ont été bien 

identifiées et sont habituellement traitées avec du peroxyde d'hydrogène. Cependant, le 

mécanisme de coloration extrinsèque des dents et de blanchiment des dents à l'aide des 

oxydants du peroxyde ne sont pas entièrement décrits. Les raisons pour lesquelles 

certaines molécules colorantes s’attachent à la surface de l'émail, comment les radicaux 

de peroxyde peuvent blanchir les dents en enlevant ces colorations, ainsi que la raison 

pour laquelle le peroxyde d'hydrogène n’est pas optimal en terme de blanchiment des 

dents, restent toujours méconnus. De plus, le traitement avec des agents de peroxyde de 

dents noircies présente certaines limitations et inconvénients. Ce qui nous a motivés à 

intensifier les recherches pour de meilleurs agents de blanchiment avec le moins d’effets 

nuisibles. 
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Des études récentes ont montré qu'il existait une corrélation entre les caractéristiques 

cristallographiques de l'émail et ses propriétés physiques, comme la couleur de la dent et 

la microdureté. Cette découverte prédit que les propriétés de la dent peuvent être 

changées par la modification de sa structure cristallographique. Comme les ions du 

magnésium sont connus de leur capacité de réagir avec l'hydroxyapatite synthétique et 

d’affecter ses propriétés cristallographiques, il est possible que ces ions puissent réagir 

avec l'émail dentaire et induire des changements cristallographiques à son niveau ainsi 

que des changements de ses propriétés optiques et mécaniques. 

Afin d’adresser les problèmes de recherche mentionnés ci-dessus, nous avons divisé cette 

thèse en trois parties. La première partie de la thèse étudie le mécanisme par lequel les 

dents deviennent colorées, la deuxième partie examine comment le peroxyde d'hydrogène 

blanchit les dents et enfin pour la troisième et dernière partie de cette thèse est de trouver 

une voie alternative de blanchiment des dents noircies à l'aide d'ions magnésium. 

Après avoir obtenu l’approbation du comité d'éthique du Centre universitaire de santé 

McGill et le consentement éclairé signé par les patients, 204 dents saines ont été 

recueillies auprès des patients adultes qui fréquentent la clinique dentaire du premier 

cycle de l'Université McGill pour des extractions dentaires. Dans la première partie de 

notre étude, les échantillons ont été traités avec des différents colorants pour évaluer la 

décoloration des dents. Dans la deuxième partie, les échantillons ont été traités avec des 

agents pour enlever le contenu protéique et minéral ainsi que des agents oxydants afin 

d’évaluer le mécanisme de blanchiment. Dans la troisième partie, les échantillons des 

dents ont été traités avec des solutions saturées en ions du magnésium pour étudier une 

méthode alternative pour blanchir les dents. Dans chacune des trois parties de cette thèse, 
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la teinte des dents et les propriétés physico-chimiques de l’émail ont été évaluées avant et 

après les traitements chimiques par ombre spectrophotométrie (shade 

spectrophotometry), rayon-x photoélectrons spectroscopie (X-ray photoelectron 

spectroscopy , XPS), microscopie électronique à balayage microscope à dispersion 

d'énergie des rayons X spectroscopie (scanning electron microscope energy dispersive x-

ray spectroscopy SEM-EDS ), spectroscopie Raman, diffraction des rayons X (x-ray 

diffraction , XRD) et de test de microdureté Vickers (Vickers microhardness test , VMH). 

Les données obtenues ont été analysées à l'aide des analyses statistiques paramétriques et 

non paramétriques avec un niveau de signification statistique p <0,05. 

Dans la première partie, nos résultats indiquent que la surface extérieure de l'émail des 

dents est couverte par une couche riche en carbone qui est susceptible d'être teinté avec 

des colorants anioniques (p. ex les teintes présentes dans le café, le thé et le vin). La 

deuxième partie a montré que le blanchiment n'a pas influencé les paramètres de couleur 

des dents sans contenu protéique, mais il a augmenté la luminosité des dents sans contenu 

minéral. Ceci indique que le peroxyde d'hydrogène oxyde la matière organique dans 

l'émail dentaire. Dans la troisième partie, nous avons montré que les ions du magnésium 

ont réagi avec la surface de l'émail, ainsi qu’ils ont entraîné une diminution significative 

de la taille des nano-cristaux d'hydroxyapatite et ont induit des changements significatifs 

dans la luminosité des dents et la dureté de l'émail. 

Plusieurs conclusions et réalisations importantes sont présentées dans cette thèse. Nous 

avons montré la présence d'une couche riche en carbone sur la surface de l'émail qui 

contient des quantités relativement élevées de calcium. Cette couche pourrait expliquer la 

capacité colorante élevée de certains types d'agents anioniques, qui sont parmi les causes 
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les plus communes de la coloration extrinsèque des dents. De plus, nous avons montré 

que le peroxyde d'hydrogène ne provoque pas de changements significatifs dans le 

contenu organique et inorganique relatif à l'émail des dents, ainsi qu’il blanchit les dents 

uniquement en oxydant leur matrice organique. Cette conclusion est d’une valeur clinique 

importante car elle explique le mécanisme de blanchiment des dents et les raisons de la 

prévisibilité limitée des résultats du traitement. Enfin, nous avons montré pour la 

première fois que les ions du magnésium puissent réagir avec l'émail des dents et 

provoquent une réduction de la taille des nano-cristaux d'hydroxyapatite. Ce changement 

dans la cristallographie affecte les propriétés optiques et mécaniques de l’émail et le rend 

plus dur et plus blanc. Cette nouvelle méthode peut être exploitée pour blanchir les dents 

sans avoir recours à l’utilisation d’agents de blanchiment à base du peroxyde. Nous avons 

conclu que l’ultrastructure cristallographique joue un rôle clé dans la définition des 

propriétés de l'émail des dents, ce qui peut être ajusté par la substitution ionique afin 

d'améliorer les propriétés optiques et mécaniques et sans causer des effets potentiels 

nocifs des agents basés sur le peroxyde. 
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Chapter 1: Introduction 

3.1. Thesis Outline 

This thesis is prepared in a traditional format and is divided into ten chapters. Chapter 1 is 

a brief general introduction and research rationale, whereas Chapter 2 entails a literature 

review in which the enamel structure, composition and associated properties are 

reviewed. Current knowledge about tooth discoloration and peroxide based bleaching 

agents are also discussed. Chapter 4 describes the materials and methods used in this 

project. Chapter 5, 6 and 7 present the three studies that were designed to test our 

hypotheses: Chapter 5 explores how teeth get stained; Chapter 6 investigates how 

hydrogen peroxide whitens teeth; Chapter 7 presents an alternative method to whiten 

teeth using magnesium ions. Chapter 8 summarizes the overall findings of the three 

studies and draws general conclusions. Chapter 9 encompasses the comprehensive list of 

literature references cited in this thesis. 

3.2. Research Rationale 

The composition of the outer layer of a material is usually very different from the bulk 

composition [1, 2], and dictates its behavior with the surrounding environment 

determining important characteristics such as: adhesion, wettability, chemical activity, 

corrosion resistance, abrasion resistance [1-6]. Dental enamel is the outer protective layer 

that envelopes the tooth and it is the first layer that comes into contact with the 

surrounding oral environment. Enamel surface is constantly interacting with the various 

species of molecules and ions found in saliva, ingested food and beverages and even 
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substances used to maintain the tooth healthy such as tooth pastes, mouth rinses or other 

likely treatments applied by the dentist.  

Interestingly, interaction of enamel surface with the surrounding environment varies 

among people. It has been observed that some individuals are more likely to develop 

tooth discolorations caused by ingested food and beverages [7, 8]. In addition, some 

patients respond better to whitening agents and others respond better to treatment with 

fluoride [9-11].  

Tooth discoloration (or staining) is a problematic subject to both patients and dentists 

since some stains are more difficult to remove and require more invasive restorative 

treatments [7, 8].  External tooth staining mechanism involves the interaction of enamel 

surface with certain molecules present in the ingested food and drinks or present in the 

breathed air through the mouth, which later on attaches to the tooth surface and are 

difficult to remove. However the exact nature of this interaction and why some 

individuals develop stains easier than others is not fully understood.   

Dentists have been using bleaching agents based on peroxide molecules to remove stains 

and lighten dark teeth [12-15]. Despite their wide spread usage, the effect of these 

bleaching agents on tooth shade is often temporary and lacks stability [16-19]. In 

addition, there were some reported cases of increased tendency to develop stains 

immediately after bleaching.   Bleaching agents show variable efficacy among people for 

reasons still unknown and the mechanism of tooth bleaching and the interaction between 

the peroxide molecules with tooth enamel surface is not fully understood. A better 

understanding of the underlying mechanism of tooth discoloration and tooth bleaching is 
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fundamental in order to implement better preventive measures and treatment approaches 

that maintain the teeth in a healthy bright condition with the least possible harmful effect.  

This study focused on understanding enamel surface interactions with the surrounding 

environment, more specifically with stains, hydrogen peroxide molecules and explores 

alternative approaches to treat tooth discoloration. Accordingly, we investigated the 

underlying mechanism of tooth discoloration and bleaching in order to provide possible 

explanations for their variable effects and outcomes among people; we also explored a 

new alternative method to lighten the dark teeth through ionic interactions on the enamel 

surface. 
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Chapter 2: Background and Literature Review 

2. Human Teeth 

There are usually 32 teeth in the adult human which are separated equally into two 

arches: the upper arch (maxilla) and the lower arch (mandible).  Depending on their 

position in the arch, teeth are divided into either anterior or posterior teeth. Normally in 

each arch, the anterior teeth consists of incisors and canines which aid in cutting and 

shearing the food, while the posterior consists of premolars and molars which aid in the 

mastication of food  [20, 21].  Each human tooth is anatomically separated into a crown 

and one or more roots. The anatomical crown is composed of an inner soft tissue (pulp 

chamber) enveloped with a relatively harder tissue called dentine that is further 

surrounded by one of the hardest tissues in the human body known as enamel [20-23].  

The junction between the pulp chamber and dentine is called dentinopulpal junction 

(DPJ), whereas the junction between the dentine and enamel is known as dentino-enamel 

junction (DEJ) [20, 21]. 

2.1. Human Tooth Enamel 

Dental enamel is the outer protective layer that aids the tooth in bearing the masticatory 

forces and endure the harsh oral environment [24].  Mature dental enamel is a complex 

structure mainly made of inorganic minerals (96% w/w) and a small fraction of organic 

material and water (4% w/w) and contains no cells and no collagen [25-28].   The enamel 

structure is divided it into highly organized seven different levels ranging from nanoscale 

to microscale: hydroxyapatite nanocrystals (~15-30nm), nanofibrils (~30–40nm), fibrils 
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(~80-130nm), fibres (~80nm), prisms (~1μm),  key-hole shaped structures (~6-8 μm)  and 

prism bands (~100 μm) [29].  

2.1.1. Hierarchical Structure of Human Enamel 

Hydroxyapatite crystals, the basic structural blocks of human tooth enamel, elongate 

along a preferential axis (c-axis) and aggregate to form nanofibrils  [29]. These fibrils are 

unique structures in human tooth enamel that always run lengthways with respect to each 

other and aggregate into thicker fibrils. These fibrils are well packed together and form 

enamel fibers that also aggregate into bigger structure called enamel rods or prisms [29]. 

The highest level of organization are prisms’ bands  that run parallel to each other and are 

arranged in different patterns along the entire thickness of enamel [29, 30]. In a 

longitudinal sectional view, prism bands in the outer third of enamel “radial enamel” are 

oriented radially and intercept the outer enamel surface perpendicularly. These bands are 

responsible for the Retzius lines phenomena [29]. On the other hand, in the inner regions 

the prism bands are arranged in a more perpendicular pattern and are responsible for the 

Hunter-Shreger bands phenomena [29, 30]. When cut cross-sectionally, prism bands 

appear to be made of well packed key-hole shaped structures ( ~6-8 μm in size) that 

encompass multiple packed prisms and inter-prisms separated by an organic rich sheath 

containing no crystallites [29]. Enamel prisms project perpendicularly from the dentino-

enamel junction (DEJ) to the surface of enamel and run somehow parallel to each other 

[31]. The long c-axis of crystallites forming the prism is parallel to the long axis of the 

prisms, while crystallites around each prism tilt about 40
o
 to 65

o 
relative to the direction 

of the prism and form inter-prisms [32]. 
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Fig. 1.1 - Computer generated images of a posterior tooth showing the hierarchical 

structure of tooth enamel on the micro- to nanoscale levels. (a) Enamel is the external 

tooth layer protecting the softer underlying structures (dentin and pulp). (b) Enamel 

consists of prisms bands, “keyhole”-shaped structures, packed together. (c) A single 

“keyhole”-shaped structure is made up of enamel prisms. (d) Each enamel prism is 

composed of multiple CHA nanocrystals. (e) The atomic composition of a single CAP 

nanocrystal. (Reproduced with permission from Elsevier) 

 

2.1.2. Organic Component of Human Enamel 

The organic component of mature enamel consists of 60% proteins and 40% lipids [33]. 

The enamel proteins are non-collagenous phosphorylated proteins: amelogenin, enamelin, 

amelin, ameloblasin and proteinases [34-38]. Immature enamel contains higher amounts 

of proteins which have an important role in enamel development [39]. As the  enamel 

matures, the total amount of proteins decreases and the organic portions of the mature 

enamel become concentrated mainly at the prism sheath and to lesser amounts between 

the crystallites [39, 40].  Due to the semipermeable nature of the organic part of enamel, 
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it has been assumed that it acts as a channel that allows small molecules such as 

bleaching agents to penetrate enamel [41].   

2.1.3. Mineral Component of Human Enamel 

Enamel mineral is composed of well packed calcium-phosphate apatite nanocrystals. The 

mineral phase of enamel is compatible to that of pure stoichiometric hydroxyapatite (HA) 

with the general formula Ca10(PO4)6(OH)2 [42]. Hydroxyapatite crystals are hexagonal 

structures that belong to the space group P63m and have two cell lattice parameters: a (= 

b) = 0.942 A
o
, and c = 0.688 A

o
. The 10 calcium ions (Ca 

+2
) are located in two distinct 

non-equivalent crystallographic sites in the apatite structure [42, 43] (Fig.1.1) :   four of 

these calcium ions are located at a position known as Ca(1) and are aligned in a columnar 

manner surrounded by nine oxygen (O) atoms that belong to six phosphate tetrahedral 

(PO4)
3-

. The other six Ca ions are located at a position known as Ca(2) and are arranged 

in two sets of triangles surrounded by six O atoms that belong to four (PO4)
3-

  and one O 

atom that belongs to a hydroxyl ion (OH 
-
).  The two triangles are arranged in a way that 

they form a channel along the c-axis called (anion channel) and are occupied by two OH
- 

ions
 
per crystal unit.  
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Fig. 1.2 - a) Scheme of the hydroxyapatite (HA) unit cell structure showing the following 

atoms: oxygen (O), columnar calcium (Ca1), triangular (Ca2), hydrogen (H), phosphorus 

(P); b) scheme of the HA unit cell illustrating the two distinct crystallographic sites of 

calcium atoms: columnar (Ca1) and triangular (Ca2). (The graphs were generated by the 

candidate using Xtaldraw software (version: Aug 1, 2003) and the online American 

Mineralogist Crystal Structure Database) 

 

Similarly to pure hydroxyapatite, dental enamel crystals are also hexagonal structures but 

with larger cell lattice parameters (a = b = 9.433 A
o
, 6.896 A

o
 ) [42], and contain 

relatively large amounts of carbonate ions (CO3)
2-

 and small concentrations of 

incorporated trace element ions such as magnesium (Mg
2+

), fluoride(F
1-

), chloride (Cl
1-

), 

Sodium (Na
1+

) and potassium (K
1+

) [44] . Therefore, enamel crystals are better described 

as carbonated hydroxyapatite (CHA) crystals [45].    
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2.1.4. Ionic Substitutions in the Enamel Apatite Crystal 

Enamel apatite, similarly to other biological apatites, is characterized by being non-

stoichiometric and poor crystalline material which enables enamel to accommodate 

certain chemical (or ionic) substitution [43, 46-50]. The crystal structure of  apatite has 

several sites where ionic exchange can occur  allowing the incorporation of many 

different ions  [51].   However, the allowed ionic substitutions must fulfill certain criteria; 

they must maintain the overall charge balance of the crystal lattice and the substituting 

ions should possess certain geometric parameters that allows them to fit in the crystal 

lattice [51].  Among the possible ionic substituting in apatite crystal are (CO3)
2-

, F
1-

, Cl
1-

, 

Na
1+

, iron ions (Fe
2+

) and Mg
2+ 

[29, 51-53]
 
. These relatively small ionic substitutions in 

the apatite structure change the minerals characteristics and have key effects on apatite's 

physical and chemical properties, such as hardness, solubility, thermal stability [43, 46-

50].  

Carbonate and fluoride 

Dental enamel has a relatively high carbonate (CO3)
2-

 content of about 2-5 wt. % [54, 

55].  Carbonate is relatively a large anion and approximately 90-95% of the (CO3)
2- 

replaces phosphate tetrahedral (PO4)
3-

 (type B substitution), while the remaining 

remaining 5-10% replaces OH
1-

 (type A substitution) [54, 55]. It has been reported that 

increased carbonate content in dental enamel leads to increased solubility and caries 

susceptibility  [56], decreased microhardness [57] and crystallinity [54, 57]. On the other 

hand, fluoride replaces OH
-
 and is known to have the best fit in the anion channel site 

[58]. Fluoride incorporation in dental enamel tends to increase its resistance to 
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demineralization [59] and restores the hardness of enamel to its initial values after being 

decreased by the application of bleaching agents [60, 61]. 

 

Magnesium 

Magnesium (Mg) is one of the most abundant ions in mineralized tissues of the human 

body and it constitutes about 0.72, 1.23 and 0.44 wt. % of bone, dentine and enamel, 

respectively [43, 62]. In mature human enamel, magnesium concentrations vary from 

0.4% near the dentino-enamel junction (DEJ) and goes down to about 0.1% near the 

enamel surface [63]. With increasing age, magnesium levels tend to drop in the body 

stores and Mg deficiency has a major impact on mineralized tissues; it causes defects in 

their metabolism, growth and physical properties [64-66].  Moreover, the content of Mg 

ions in the enamel fluid surrounding the forming crystals plays an important role during 

tooth enamel development [67] and the degree of Mg ions uptake regulates enamel 

mineralization [68-70].    

The effect of Mg ions has been extensively investigated in synthetic hydroxyapatites 

prepared by precipitation, hydrolysis or wet-chemical methods [43, 48, 49, 62, 71-77].  

Even though the amount of Mg ions that can be incorporated in synthetic apatites is 

small, it induces changes in the crystallographic structure and influences the crystal size, 

crystallinity, cell lattice parameters and stability of the apatite structure [78, 79]. When 

Mg content increases in synthetic apatites, the crystallites become smaller and more 

irregular [43]. It has been shown that Mg ions compete with Ca ions on the growth sites 

of  synthetic apatite crystals and inhibit further crystal growth [76]. Similar observations 
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were reported in animal studies where Mg ions were added to immature tooth enamel and 

inhibited the crystal growth rendering it less mineralized and less crystalline [70]. 

2.1.5. Dental Enamel Hardness 

Hardness of a material is a property used to describe its resistance to plastic deformation, 

scratching or indentation. Dental enamel is considered the hardest biological structure in 

the human body and this property allows it to endure the harsh oral environment [24]. 

Tooth enamel hardness has been widely investigated in the literature  and has been 

utilized as an indicator to assess other tooth properties, such as enamel demineralization, 

caries susceptibility, wear resistance and crack propagation [80-85]. It has been observed 

that teeth with lower hardness profile are more susceptible to demineralization and more 

prone to develop enamel caries and cracks [80-85]. Tooth enamel hardness ranges from 

approximately 3 GPa to 5 GPa [57, 86]. It varies between different individuals and 

between different teeth within the same individual. It has been postulated that age, prism 

orientation, crystal size, crystallinity, organic matrix content, water content and inorganic 

carbonate content  might have an effect on enamel hardness as well [24, 61, 80, 87-89]. 

2.2. Human Tooth Color 

Teeth play a major role in your overall facial appearance which affects individual’s self-

confidence and social life [8, 10]. Teeth appearance depends on their shape, alignment in 

the arch and color. Therefore, understanding the tooth color is essential for many aspects 

in dental practice, in particular importance in restorative and cosmetic dentistry.   
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2.2.1. Perception of Color 

The perception of color is a complex phenomenon which is determined by a combination 

of three factors: light source, the viewed object and the observer [90-93].  Depending on 

the wavelength of the light source and object properties, four phenomena occur when 

light hits an object, which: i) specular reflection at the object surface, ii) diffuse reflection 

at the object surface, iii) absorption and scattering of light within the object and iv) 

transmission through the object. The color perceived by the observers eye is a 

combinations of the light reflected and scattered by the object.    

2.2.2. Color Space Systems 

The color of an object can be described using a color space system. Among the most 

widely and routinely used color systems in dental research and clinical applications are 

the Munsell’s color system and the Commission International de l’Eclairage (CIE) Lab 

color system [10, 94].  

2.2.2.1. CIE Lab Color Space System 

This system describes the object’s shades as perceived by the observer’s eye and is based 

on three dimensional axes: (L
*
, a

*
, b

*
) [10, 90, 95]. The L

*
 value represents the lightness 

of the object where it is quantified on black-to-white scale (perfect black is zero, perfect 

white is 100). The a
*
 value quantifies the shade along a red-to-green scale (red being 

positive (+a
*
), while green being (-a

*
)). The b* value quantifies the shade along a yellow-

to-blue scale (yellow being positive (+b*), while blue being negative (–b
*
)). 
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2.2.2.2. Munsell’s Color Space System 

Munsell’s color space system describes the object’s shade based on three dimensional 

parameters: “Lightness”, “Chroma” and “Hue”. Lightness (or value) describes color 

brightness along the white-black axis colour, Chroma is the degree of colour saturation 

and describes the strength of a colour, while Hue is a descriptive term used to distinguish 

between colours (purple, blue, green, yellow and red) [8, 96, 97]. Most of the tooth shade 

guides used in dental practices are based on the Munsell’s system [96, 98, 99].  

2.2.3. Tooth Shade Measurement Methods    

A wide range of tooth shade measurement methods has been in clinical practice and 

dental research and they can be divided into subjective (visual) and objective 

(instrumental) methods [10, 92]. 

Subjective Method 

This is the most widely used method in the dental clinical practice where visual 

examination of the tooth shade is compared with a specific shade guide [95, 100, 101]. 

Visual examination requires trained and experienced individuals [10, 102], since it is a 

subjective method that relies on the observer’s judgment. Some of the factor that must be 

considered and should be controlled and standardized as much as possible are: the light 

source, time of the day, surrounding colors and patients make up, fatigue of the human 

eye and color blindness [8, 10, 92]. 
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Instrumental Methods 

Colorimeters or spectrophotometers are instruments that are designed to measure the 

color surface of an object [100]. These instruments are more commonly used in dental 

research because of their ease of use, ability to detect small changes and unbiased (do not 

depend on the observer’s judgement) [100].  However, these instruments have several 

drawbacks; they can only assess small areas at a time and they are designed to be used on 

flat surfaces (teeth normally are not flat) [100]. 

2.2.4. Natural Tooth Shade 

Tooth shade is a distinct optical phenomenon that occurs due to a combination of 

interactions between the light hitting the tooth surface and tooth tissues before reaching 

the observer’s eye [100, 103].  The overall tooth shade represents a combination of the 

inherit shade of dental tissues (enamel, dentine, pulp) and the extrinsic stains that are 

adsorbed on the dental enamel surface [8, 100]. Shade of human teeth are made of a 

combination of colors that vary from light yellow to grayish white and  graduate from the 

incisal edge to the gingival margin of the tooth [8, 10]. The gingival margin tends to be 

more yellowish and darker, while the incisal edge tends to be more grayish and lighter 

[8]. Teeth are lighter in younger people and primary dentition [7]; however, with 

increasing age, teeth  become darker. This may be caused by various reasons: 

accumulation of extrinsic stains, gradual tooth wear and increased amounts of secondary 

dentine [7, 8].   

Even though dentine is the major determinant of the tooth shade [10], many properties of 

dental enamel have been reported to influence tooth shade, such as enamel thickness, 
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chemical composition and crystallographic properties [104]. However, it has been 

suggested that the crystal size of CHA of enamel has a major effect on tooth shade 

parameters by influencing  the  scattering of light that occurs on the tooth surface: smaller 

crystals scatter more light making the teeth appear whiter [90, 103, 104]. 

2.2.5. Tooth Discoloration 

  

Tooth discoloration still poses a major problem in aesthetic dentistry and is a chief 

concern for many patients and dentists  [7, 105]. Tooth discoloration varies in aetiology, 

severity and adherence to tooth structure [106].  It can be generally classified either to 

intrinsic staining (changes within the tooth), extrinsic staining (changes on the outer 

surface of the tooth) or a combination of both [7, 105]. 

2.2.5.1. Intrinsic Tooth Staining 

Intrinsic stains occur during tooth formation or after tooth eruption due to one or more of 

the following causes: i) changes in the structural composition of dental hard tissues, ii) 

change in thickness of dental hard tissues, or  iii) incorporation of chromogenic 

molecules into dental tissues [8, 106]. Pre-eruptive causes  that might lead to intrinsic 

tooth discoloration include inherited developmental disorders (i.e. amelogenesis 

imperfecta and dentinogenesis imperfecta), tetracycline medication usage, excessive 

fluoride ingestion  and trauma to the developing tooth [106]. Pulp necrosis, certain dental 

restoration and iatrogenic causes are among the main causes of post-eruptive intrinsic 

discoloration [7, 106].  
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2.2.5.2. Extrinsic Tooth Staining 

Extrinsic enamel stains have been described as  superficial tooth stains caused by the 

adsorption of chromogens within the dental biofilm or dental plaque and may also be 

retained on the tooth surface via ion interactions forming a stain-enamel complex [8, 107, 

108]. Certain factors predispose to the accumulation of extrinsic stains on the outer 

surface of enamel; these include poor oral hygiene and plaque formation, pH, saliva flow 

rates and composition and tooth enamel roughness [7, 105, 109, 110].  Extrinsic staining 

can be further divided into direct staining and indirect staining [8].  

 

Direct Extrinsic Staining 

Direct staining is caused by compounds that are directly incorporated to the dental 

biofilm on the enamel surface and produce a stain as their basic color.  Among the direct 

staining compounds are  tobacco and certain types of beverages (e.g. coffee, tea, red 

wine) that contain dietary chromogens called  tannins or polyphenols [7, 8, 105, 110, 

111]. It is presumed that these anionic polyphenols adhere to the tooth surface via 

salivary proteins that are selectively adsorbed on the enamel surface and form the pellicle 

[112]. However, there is no scientific evidence supporting these presumptions and it is 

still not clear how teeth get stained extrinsically. 

Indirect Extrinsic Staining 

Indirect extrinsic staining is caused by compounds that are typically without color or 

possess a color that is different from the extrinsic stain produced on the tooth surface [8]. 

Such compounds are usually cationic (i.e. chlorhexidine antiseptics) or heavy metals (i.e. 

iron, tin, copper and silver) [7, 10]. 
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2.3. Tooth Bleaching (Tooth Whitening) 

Treatment modality varies according to the cause, type, and extent of tooth discoloration 

[106]. The treatment might be simple polishing and scaling, whitening toothpastes, 

microabrasion, tooth bleaching or even more invasive approaches such as fillings, 

veneers and crowns [10]. However, tooth bleaching has become a prevailing treatment 

modality for discoloured teeth  and is among the top aesthetic services demanded by 

patients [10], since it is a minimally invasive, low cost mean to treat discoloured teeth 

when compared to veneers or crowns [113, 114].  

Tooth bleaching can be further classified into internal (non-vital) bleaching and external 

(vital) bleaching [10]. Internal bleaching involves the placement of the bleaching agent 

inside the pulp chamber of teeth that had undergone root canal treatment [7, 106, 115]. 

Unlike external bleaching, internal bleaching whitens the teeth from inside and is used to 

treat certain cases of intrinsic staining [7, 106, 115]. However, internal bleaching has 

some potential negative effects, such as internal resorption that might lead eventually to 

tooth loss [106, 115]. External tooth bleaching is a procedure where certain chemicals are 

applied on the outer surface of tooth enamel to treat certain types of discoloration and /or 

to improve tooth aesthetics [7, 10]. External bleaching is more commonly used than 

internal bleaching because it is a less invasive and less expensive procedure, and it causes 

less harmful effects [106].   

Diverse forms of bleaching agents are currently used for tooth whitening and can be 

mainly separated into two major groups: peroxide-based bleaching agents or non-

peroxide-based bleaching agents [10]. The majority of bleaching procedures utilize 

peroxide-based bleaching agents that generally contain hydrogen peroxide or one of its 
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reactive precursors (sodium perborate or carbamide peroxide) as an active whitening 

ingredient [10]. Peroxide-based bleaching procedures can be carried out in the dental 

office “in office bleaching”, at home “home bleaching” by the patients, or by a 

combination of both techniques [116].  More recently, non-peroxide based bleaching 

agents, such as sodium chlorite (NaClO2), have been used; however the clinical efficacy 

of these products remains questionable [117, 118].  

2.3.1. Peroxide-based Bleaching Agents 

Hydrogen peroxide, the most commonly used oxidizing agent for tooth bleaching, can be 

applied directly on the tooth, or produced locally in a chemical reaction from precursors 

such as sodium perborate or carbamide peroxide [106, 119]. Hydrogen peroxide can 

diffuse through tooth enamel to reach the dentino-enamel junction and dentin regions 

[120-130]. Under alkaline conditions hydrogen peroxide acts as a strong oxidizing agent 

through the formation of free radicals, reactive oxygen molecules, and hydrogen peroxide 

anions [130]. It has been speculated that these radicals may eliminate chromophores by 

either cleaving double bonds in organic molecules or oxidizing their chemical moieties, 

resulting in soluble molecules, or less heavily pigmented constituents that reflect less 

light thus creating a “whitening effect” [10, 123, 130-132]. However, there is no 

scientific evidence supporting any of these claims and it is still not clear how bleaching 

whitens teeth. 

2.3.2. Effects of Peroxide-based Bleaching Agents on Tooth Enamel 

Bleaching using peroxide agents can be considered a conservative method of treatment 

and has been used widely to lighten dark teeth, and to treat cases of mottled enamel, 
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dental fluorosis, tetracycline as well as for other external and internal stains [12-15]. The 

final outcome of the peroxide-based bleaching procedures depends on the concentration 

of the bleaching agent, as well as the duration and number of bleaching cycles [10, 106]. 

Even though bleaching procedures give mostly initial satisfactory results, the final 

outcome is often temporary and lacks stability [16-19]. Moreover, there have been some 

concerns about the safety of using peroxides and some studies have reported they may 

have negative effects on the hard and soft tissues in the oral cavity [106]. 

The impact of peroxide-based bleaching agents on tooth enamel hardness has been 

extensively investigated in the literature [61, 114, 116, 133-150].  However, there is still 

controversy whether bleaching agents have a negative effect on enamel microhardness. 

Some studies have reported a significant decrease in enamel microhardness after 

bleaching [61, 114, 116, 133-150], while other studies showed no significant change 

[116, 148, 151-155]. Moreover, several studies investigated the change of enamel 

elemental composition after bleaching and reported a decrease in the concentrations of 

calcium (Ca) [156-158] that could be clinically significant [156-162]. 
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Chapter 3: Thesis Hypothesis and Objectives   

3.1.  Study Hypothesis 

We hypothesize in this thesis that stains develop through chemical interactions between 

the stain molecules and the tooth enamel surface. However, the removal of these stains by 

hydrogen peroxide has limitations since hydrogen peroxide only affects a minor part of 

tooth enamel (organic component). Therefore, developing an alternative technique that 

works on the major part of tooth enamel (mineral component) to whiten teeth, could 

overcome these limitations. 

3.2.  Study Working Hypotheses 

Our study hypotheses were addressed by following these working hypotheses: 

 

i. Chemical composition of the outer enamel surface determines the adherence 

affinity of stains to dental enamel. 

ii. Hydrogen peroxide molecules make the teeth whiter by oxidizing their outer 

enamel surface.  

iii. Modifying the crystallographic properties of tooth enamel can be an alternative 

method for tooth whitening.  
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3.3.  Objectives 

In order to test our working hypotheses, our research targeted the following objectives: 

Working Hypothesis 1 

i. Characterize the elemental composition of the outer enamel surface and 

determine the functional groups available on the outer enamel surface. 

ii.   Determine the adherence of two dyes with opposite charges to the outer 

enamel surface. 

Working Hypothesis 2  

i.  Determine the effects of de-proteinizing, de-mineralizing and oxidizing 

solutions on the chemical and optical properties of human tooth enamel. 

ii.  Determine the effects of hydrogen peroxide on human teeth with de-proteinized 

enamel and human teeth with de-mineralized enamel. 

Working Hypothesis 3 

i.  Determine whether magnesium ions can react with dental enamel. 

ii. Determine the effect of magnesium ions on the enamel crystallographic and 

physical properties. 
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Chapter 4: Materials and Methods 

4. Materials and Methods 

4.1.  Materials 

4.1.1. Sample Collection and Preparation 

A sample of 204 sound anterior teeth (free of caries, areas of demineralization, cracks, 

cavities, restorations, severe or atypical intrinsic stains, and/or a history of tooth 

bleaching) from the upper jaw were collected from adult patients with dental conditions 

that require tooth extraction. The extraction procedure was performed in McGill 

Undergraduate Dental Clinics after obtaining approval from McGill University Health 

Center Ethical Committee and the signed informed consent from the patients (see 

Appendix IV, V and VI). Upon extraction, teeth were immersed in 10% formalin solution 

(BF-FORM, Fisher Scientific, Canada) for 1 week.  The samples were then cleaned in an 

ultrasonic bath (FS20D Ultrasonic, Fisher Scientific, Canada) filled with DW for 60 min 

at 25
o
C and polished for 1 min with a low-speed dental handpiece (M5Pa, KAB-Dental, 

USA) using SiC cups (Pro- Cup, sdsKerr, Italy) and dental prophylaxis pumice of low 

abrasive capability (CPRTM, ICCARE, USA). Then, teeth were rinsed in an ultrasonic 

bath before storing them in labelled Eppendorf tubes with 10% formalin solution for 

further analysis. The specific sample preparation and treatment agents used will be 

mentioned in detail in the following chapters. 
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4.2.  Methods 

4.2.1. X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) (also known as Electron Spectroscopy for 

Chemical analysis (ESCA)) is currently considered the standard tool for characterizing 

solid surfaces. It relies on the concept that the absorption of X-rays by the atoms in the 

sample leads to ejection of core electrons (photoelectrons) and these photoelectrons have 

energies that are unique to each element and sensitive to the chemical state of the 

element. It is a highly sensitive non-destructive surface analytical technique which is 

widely used to investigate the most superficial 〜1 to 10 atomic layers (〜0.5 to 5.0 nm) 

of a material with a detection limit of 0.1-1.0 at% and a relative error of 20 % [163-166].  

XPS is used for the identification and quantification of all elements, except hydrogen and 

helium since they do not have core electrons [167, 168], and  it provides information 

about the chemical environment of the detected elements [167, 168]. It can also provide 

information about the spatial distribution of the surface components through depth 

profiling and 3D mapping [167, 169]. Some of the disadvantages of XPS are that it works 

only under high vacuum pressure and it may cause some surface charge build-up on non-

conducting or poorly conducting materials, which eventually affects the accuracy of the 

results [167, 170]. 

In our experiments, a monochromatic X-ray photoelectron spectrometer K Alpha 

(Thermo Fischer Scientific Inc, East Grinstead, UK) was used for determining the 

relative quantities and chemical environments of the constituent elements on the surface 

of tooth enamel samples. The setup was equipped with an Al Kα X-Ray radiation source 

(1486.6 eV, 0.834 nm), a micro-focused monochromator and an ultrahigh vacuum 
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chamber (10
-9

 torr). For all the samples, survey scans were obtained over the range of 0 – 

1350 eV with pass energy of 200 eV at a step of 1.0 eV and high resolution scans were 

collected with pass energy of 50 eV at a step of 0.1 eV.  A flood gun was used to 

neutralize the surface charge build-up. The binding energy (BE) scale for the samples 

was determined by setting the value of the carbon bonded to hydrogen or carbon (C- (H, 

C) as a reference at 285.0 eV. Data analysis and peak fitting were performed using 

Avantage (4.60v) chemical surface analysis software.  

4.2.2. Raman Spectroscopy 

Raman spectroscopy is a non-destructive analytical method that enables us to obtain the 

vibrational spectra of the molecules or compounds found in a material with a spectral 

resolution up to 1 cm
-1

 and a spatial resolution up to 1 μm [56]. It generates spectra by 

inducing inelastic scattering “Raman effect” through focusing a monochromatic laser 

light onto the sample.  The exact position and numbers of peaks in the obtained spectra 

are very characteristic to each material, especially in the finger print region (400 – 1800 

cm 
-1

 range) and the intensity of the peaks is in relative proportion to the prevalence of 

that molecule or compound which permits their quantitative estimations [54].  

The Raman spectra of tooth enamel tissue provide us with valuable information about the 

structure and composition of its mineral constituent [56, 171-176]. Raman spectra were 

recorded using a Raman spectrometer (Senterra, Bruker, Karlsruhe, Germany) coupled 

with an Olympus microscope and equipped with a 785 nm (diode) laser source. The 

microscope was set to a 10X objective with a spot size of approximately 20 μm. The 

machine was set at a resolution of 2 m
−1

. Collection times were set to 30 s with 2 co-

additions. The collected spectra were baseline corrected using the Raman 
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spectrophotometer's software (OPUS9 7.0.0, Bruker, Karlsruhe, Germany). The 

crystallinity index was quantified using the full width at half maximum intensity value 

(FWHM) of the phosphate symmetric stretch peak (ν1PO4)
3-

  at ~ 960 cm
-1

 [177-180], and 

the carbonate-to-phosphate ratio was estimated from the relative intensity of carbonate 

type B (at 1070 cm
-1

) to main phosphate peak (at 960 cm
-1

) [54, 171]. 

4.2.3.  X-ray Diffraction (XRD) 

X-ray Diffraction (XRD) is a non-destructive analytical technique used to investigate the 

crystallographic ultrastructure and physical properties of a material by means of 

observing the intensity of diffracted X-ray beam as a function of wavelength and 

scattered angle. It provides valuable information about the crystalline phase and the mean 

size of the crystallite particles present in a sample. XRD has been widely used to assess 

the tooth enamel ultrastructure [52, 87, 181-190].  

X-ray diffraction (D8-DISCOVER/GADDS, Bruker, Germany) was used to characterize 

the crystallographic structure of enamel powder samples. The XRD parameters were 

calibrated according to earlier work: 40 kV and 40 mA Cu-Ka radiation, parallel graphite 

monochromator, 10–608 scanning angle, 0.028 step size and 1800 s scan step time [191]. 

The data of each XRD spectrum was analyzed using DIFFRAC plus EVA software 

(AXS, Bruker, Germany). [191].  The average CHA crystal dimensions along the c-axis 

and a-axis were calculated by applying Scherrer’s formula to the (0 0 2) and (3 1 0) 

Bragg peaks for each enamel sample XRD spectrum [192]: 
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D: the average diameter; K: the shape factor; λ: the X-ray wavelength; β: the line 

broadening at half the maximum intensity (FWHM) and θ: the Bragg angle. 

The enamel crystal cell lattice parameters a-axis and c-axis were calculated from the 

XRD (0 0 2) and (1 1 2) Bragg peaks using the equation [42]: 

 

  
 (

 

 
)  (

          

  
)   

  

  
 

d: the spacing between adjacent planes (interplanar spacing) in the crystal; hkl: the miller 

indices that are the reciprocal intercepts of the plane on the unit cell axes; a: a-axis and c: 

c-axis. 

4.2.4. Energy Dispersive X-ray Spectroscopy (EDS) 

Energy Dispersive X-ray Spectroscopy (EDS) is a non-destructive analytical technique 

used for the chemical characterization of a material. It relies on the characteristic X-rays 

emitted from the sample when irradiated with a beam of electrons which penetrates 0.5 – 

10 μm into the specimen [193]. EDS has been used as a semi-quantitative technique to 

estimate the elemental concentration in tooth enamel [160, 185, 186, 194-205]. 

An EDS probe (Oxford INCA 300, Berkshire, UK) installed in an SEM (Hitachi S -

3000N VP, Wokingham, Berkshire, UK) was used to determine the elemental 

composition of the tooth enamel samples. The SEM-EDS probe analysis was adjusted at 

15 kV with 5 nm spot size. The working distance used was 15 mm and the counting time 

was 300 seconds. For each measurement the EDS analysis was carried out by scanning 1 

mm
2  

area to improve the representativeness of the data. For each sample, the elemental 

composition was analyzed and the following elemental ratios were calculated: carbon-to-
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phosphate (C/P), calcium-to-phosphate (Ca/P), chloride-to-phosphate (Cl/P), oxygen-to-

phosphate (O/P), sodium-to-phosphate (Na/P) and magnesium-to-phosphate (Mg/P).  

4.2.5. Tooth Enamel Microhardness 

Vickers microhardness tester and Knoop microhardness tester are among the most 

common methods used to evaluate dental enamel hardness, since they are suitable to test 

very thin materials and measure individual microstructures within a larger structure [9, 

46, 64-69, 71-93]. Both testers use a diamond indenter (pyramid shape in Vickers tester 

and rhombus shaped in Knoop tester) with a certain range of loads and the resulting 

indentations on the enamel surface can be used to calculate the hardness value. There is 

no significant difference between the two methods when they are used to measure enamel 

microhardness [11]. However, Vickers microhardness tester was used in this thesis since 

it is more convenient than Knoop tester [206].  

The mechanical properties of tooth enamel samples were measured using a Vickers 

microhardness indenter machine (Clark CM100 AT, HT-CM-95605, Shawnee Mission, 

KS). The indentation load was adjusted to 100 g per 10 s. Computer software (Vision PE 

3.5, Clemex Technologies Inc., Shawnee Mission, KS) was used to measure the 

microhardness value at the site of indentation from images captured by a built-in camera. 

Percentage change in hardness was calculated from the initial and final hardness 

measurements. 
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4.2.6. Tooth Shade Measurements 

The tooth shades were measured using a spectrophotometer (Easy shade
®
, Vita 

Zahnfabrik, Germany) since spectrophotometry is considered the most reproducible and 

accurate method for tooth shade measurements [207, 208]. The shade data was collected 

based on the Munsell's color system (Lightness, Chroma, Hue) since most tooth shade 

guides used in dental clinics are based on it [96, 98, 99]. The shade registration process 

was carried out in a dark room and teeth were kept wet at all times in order to avoid its 

dehydration. Measurements were repeated three times on the mid-labial surface for each 

tooth and the mean as well as the standard deviation for each shade parameter was calculated. 

4.2.7. Statistical Analysis: 

All data were tested for normality using Shapiro-Wilk test. For data following a normal 

distribution (Gaussian distribution) paired-sample t-test was used to test for changes 

within the same sample and two-sample t-test to compare between different groups. For 

data not following a normal distribution, non-parametric tests were used; paired Samples 

Wilcoxon signed Rank test was used to test changes within the same sample and Mann-

Whitney test was used to compare between different groups. All the statistical analyses 

were performed using Origin 7.0 software (OriginLab, Northampton, MA) and SPSS 19 

software (IBM, Chicago, IL). The significance level was set below 0.05 (p < 0.05).  
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Chapter 5: How Do Teeth Get Stained? 

5.1. Introduction 

The appearance of teeth, particularly their color, is a major concern to a large number of 

people, and  for the past decades, there has been an increase on demand for treating tooth 

staining and discoloration [8]. Certain beverages (e.g. coffee, tea, red wine) have been 

proven to cause these discolorations [8, 105, 110, 111]. It is presumed that these 

beverages have the ability to stain teeth because they contain anionic polyphenols that 

essentially provide color to these beverages [8, 105, 110, 111].  Some studies suggested 

that the polyphenol molecules adhere to enamel surface through interactions with the 

tooth surface or by attaching to the cationic salivary proteins [7, 112, 209-211]. These 

salivary proteins are found in the biofilm coating the tooth and some of them have been 

identified as being non-phosphorylated basic Proline-rich proteins (bPRPs) [110, 211-

213]. However, the mechanism of how the aforementioned beverages stain the enamel 

surface is still not fully understood and the question remains as to why stains occur.  

Enamel surface has been postulated as a contributing factor to many processes, such as 

caries formation, tooth staining, bio-film buildup and crack propagation [214-220]. 

Characterization of the enamel surface is fundamental for understanding these processes 

that take place between the tooth and the surrounding environment.  Surprisingly, little is 

known about the distribution of elements and functional groups on tooth enamel surface 

and it is still unclear why certain molecules have higher affinity to adhere to the outer 

enamel surface. 
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The aim of this study was to characterize the elemental and functional groups across the 

surface of tooth enamel to estimate the relative concentration of these constituents and 

assess the chemical interactions between them and the surrounding environment.  We 

hypothesize that the outer enamel surface is different than the rest of enamel and has 

more cationic groups that have the ability to bind the anionic polyphenol molecules. In 

order to test our hypothesis we designed an ex vivo study and characterized the surface of 

outer enamel and compared it to the surface of inner enamel and acetone-treated outer 

enamel. Polishing and cleaning was done to remove any remnant of the dental biofilm 

and any possible surface contaminants. On the other hand, acetone was used to alter the 

structure of outer enamel by eliminating the hydrophobic molecules adsorbed on it. Later 

on, we assessed the ability of two dyes with different charges (one cationic and one 

anionic) to stain the different surfaces.   

5.2. Materials and Methods 

5.2.1. Sample Collection 

A sample of 58 sound anterior teeth (free of caries, stains, cracks, demineralization or 

pitting) were used in this study and were prepared as mentioned in Chapter 4. Thirty teeth 

were used to characterize the surface elemental composition, while the other twenty-eight 

teeth were used in the staining procedure. 

 

5.2.2. Surface Elemental Composition 

A sample of 30 teeth was cut into thin sections of enamel (1-1.5 mm thick) using a 

carbide bur (FG56, SDS Kerr, Orange, CA)  adapted to a high speed dental hand piece 

(TA98LW, Synea, Canada) cooled with DW. Ten sections were assigned to the outer 
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enamel surface group where the outer surface was analyzed, ten sections were assigned to 

the bulk enamel surface group where the inner surface of the section was analyzed and 10 

sections were assigned to the acetone-treated outer enamel surface where the sections 

were ultrasonicated in a bath filled with acetone for 30 minutes and washed with DW for 

30 minutes before analyzing the outer surface of the section.    

X-ray photoelectron spectroscopy (XPS) was used for determining the relative quantities 

and chemical environments of the constituent elements on the different enamel surfaces. 

For each sample, the elemental composition and chemical environment was analysed and 

the following ratios were calculated: carbon-phosphate, oxygen-to-phosphate, nitrogen-

to-phosphate, calcium-to-phosphate, carbon-to-calcium, oxygen-to-calcium, nitrogen-to-

calcium. 

5.2.3. Staining Procedure and Tooth Shade Measurements 

All dyes in this study were obtained from Fisher Scientific (Montreal, QC). Methylene 

blue (MB) (0.1 %) and acid fuchsin (AF) (0.1%) were prepared to perform the staining 

experiments on the different enamel surfaces (outer enamel, bulk enamel and outer 

acetone-treated enamel) in order to visualize possible surface reactions.  Twenty eight 

teeth were randomly assigned to four groups (n= 7 per group): MB outer enamel, MB 

acetone-treated outer enamel, AF outer enamel, AF acetone-treated outer enamel. The 

staining procedure was performed by immersing the tooth in the specific dye solution for 

30 seconds.  The tooth sample was then rinsed with copious amounts of DW and 

subsequently cleaned ultrasonically for 20 min in DW. Tooth shades were measured 

using the spectrophotometer and the test specimens were carefully handled with clean 

forceps and were kept hydrated in distilled water between measurements. 
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5.3. Results 

5.3.1. Composition of the Tooth Enamel Surface 

XPS analysis showed that the three types of enamel surfaces (sound outer, acetone-

treated outer and sound bulk) had different elemental composition (Fig.5.1 a, b and c). A 

total of 10 elements were found on the enamel surfaces, including sodium (Na), 

potassium (K), oxygen (O), nitrogen (N), calcium (Ca), carbon (C), phosphorus (P), zinc 

(Zn), magnesium (Mg), copper (Cu), silicone (Si) and sulphur (S) (Fig.5.1f). Elements 

present in the highest concentrations were C, O, N, Ca and P and they were present in all 

samples, while the remaining elements were present in minor quantities and were not 

present in all samples. Zn was present in all samples of out enamel, but was present in 

only half the samples of the bulk enamel and acetone treated enamel.  In the outer enamel 

surface group, four samples showed some traces of Si, one sample showed Cu and one 

samples showed S. Mg was observed only in one sample in the bulk enamel and acetone 

treated enamel.      

Compared to bulk enamel and acetone treated enamel, the sound outer enamel surface 

showed relatively the highest carbon concentration and the lowest concentrations of 

oxygen (Fig.5.1d), calcium and phosphate (Fig.5.1e). In comparison with the outer 

enamel surface, the intact bulk surface showed lower concentrations of carbon and higher 

concentrations of oxygen, nitrogen, calcium and phosphate (Fig.5.1 d and e). The 

acetone-treated outer enamel surface showed relatively the lowest carbon and nitrogen 

concentrations, and the highest oxygen concentration (Fig.5.1e). The sound outer enamel 

surface showed relatively the highest carbon-to-phosphate, oxygen-to-phosphate, 

nitrogen-to-phosphate, calcium-to-phosphate, carbon-to-calcium, and oxygen-to-calcium 
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and nitrogen-to-calcium concentrations (Fig.5.1. g, h and i). The acetone-treated outer 

enamel surface showed relatively the lowest carbon-to-phosphate, nitrogen-to-phosphate, 

carbon-to-phosphate, nitrogen-to-calcium (Fig.5.1. g, h and i). Both bulk enamel and 

acetone-treated outer enamel surfaces showed lower oxygen-to-phosphate, calcium-to-

phosphate and oxygen-to-calcium concentrations compared to outer enamel surface (Fig. 

5.1 g, h and i). 
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Fig 5.1 - a-c) XPS survey spectra of the three different surfaces: outer enamel (a), inner 

enamel (b), acetone treated outer enamel (c). Peaks of the elements: carbon (C1s), oxygen 

(O1s), nitrogen (N1s), calcium (Ca2p), phosphate (P2p) and zinc (Zn2p3) are shown. d-i) 

Bar charts illustrating the elemental composition of the different surfaces. * indicates 

significant difference between the different groups (p< 0.05). 
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High resolution XPS scans of the C1s peak were deconvoluted into five different peaks. 

These peaks represent five different chemical states of the carbon atom which probably 

originated from the specific composition of enamel and any common carbon 

contamination in surplus (Fig.5.1). The separation between these peaks allowed 

differentiation of five carbon species: hydrocarbon (C-(C,H)) at 285 eV; carbon single 

bonded to oxygen or nitrogen ( C-(O, N)) at ~ 286.23 (+ 0.1) eV; carbon double bonded 

to oxygen (C=O) at ~ 287.23; (+ 0.1) eV; carboxylate (COO
-
) at ~ 288.73 (+ 0.1)  eV; 

and carbonate (CO3)
2-

 at ~ 289.9 (+ 0.1) eV (Fig.5.2d) as used in previous work [221]. 

The area under the peaks allows quantification of the relative amounts of each carbon 

species present, while the position of the peaks represents the different chemical states. 

The outer enamel surface showed relatively the highest hydrocarbon concentration and 

the lowest concentrations of C- (O, N), C = O, COO
-
 and carbonate (Fig.5.2d). The 

acetone-treated outer enamel surface had relatively the lowest concentration of 

hydrocarbons and the highest concentrations of C-(O, N), C=O, COO
-
 and carbonate. 
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Fig. 5.2 - a-c) Peak fitting of the XPS high resolution (C1s) carbon spectra in the surface 

of: outer enamel (a), inner enamel (b), acetone treated outer enamel (c). d) Bar charts 

illustrating the different chemical states of carbon in the three different surfaces. * 

indicates significant difference between the different groups (p< 0.05). 

 

5.3.2. Effects of Staining Procedure on Tooth Shade Measurements 

Staining procedure was performed to visualise the possible surface reactions. Methylene 

blue had a significant effect on tooth hue (p< 0.05), in both outer enamel surface and 

acetone-treated outer enamel surface; however its effect was stronger in the acetone-

treated outer enamel surface (p< 0.05) (Fig.5.3 a). Acid fuchsin had a significant effect on 

tooth hue only in outer enamel surfaces and it was significantly different than the 

acetone-treated outer enamel surfaced (p< 0.05) (Fig.5.3 b). 
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Fig.5.3 - Bar graphs illustrating the change in tooth shade hue (H) after staining the 

specimens with methylene blue (a), acid fuchsin (b) among the two groups of enamel. ▲ 

indicates significant change within the same specimens after each staining procedure; * 

indicates significant difference between the two groups (p< 0.05). 

 

5.4. Discussion 

In this study we characterized the compositions of different surfaces of enamel. The 

results of this study indicate that the outer surface of tooth enamel is covered by a carbon 

rich layer that plays an important role in extrinsic tooth staining. Underneath we discuss 

in details these findings. 

5.4.1.  Composition of the Tooth Enamel Surface 

The outer most surface of the erupting tooth is said to be covered by enamel cuticle 

which is an acellular organic layer, that mediates the adherence of bacteria even without 

the presence of the acquired pellicle, however due to abrasion and attrition factors it is 

replaced by a thin film of precipitated glycoproteins from saliva [222-224]. Even though 

our samples were polished and brushed with pumice, persistence of an organic layer can 

be observed on the surface of the erupted teeth. Similar observations were reported and it 
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was suggested that this layer could be residual pellicle adsorbed on the surface [225, 

226].  However, the fact that it is washed away by acetone indicates that it is hydrophobic 

in nature. 

There was high carbon content in all the analyzed surfaces but there was more carbon in 

the outer enamel surface than the bulk enamel. Although part of the Carbon could be of 

atmospheric contamination [26, 164], significant differences were observed between the 

three surfaces of enamel confirming that the surfaces were different. Moreover, peak 

fitting of high resolution C1s spectra indicated that most of the carbon was bound to 

either hydrogen or carbon (C–(C, H)). Previous analysis with another technique, elastic 

recoil detection analysis (ERDA), has also shown that the hydrogen-to-carbon ratio in 

outer enamel surface is 2:1 indicating a surface saturated with an organic material [26].  

Similar decrease in carbon and nitrogen content was observed in enamel treated with 

potassium hydroxide, sodium lauryl sulphate and etching with benzoic acid in acetone 

[221, 226, 227]. Acetone is a hydrophobic organic solvent, therefore it can remove 

hydrophobic molecules, but it cannot dissolve charged molecules such as carboxylate and 

carbonate, this might explain the observed relative decrease in hydrocarbon and the 

relative increase of carboxylate and carbonate after treating the outer surface of enamel 

with acetone. These findings indicate that acetone removed hydrophobic organic 

molecules from the superficial surface of outer enamel and made it more negatively 

charged.  

The stoichiometric ratio of calcium-to-phosphate (Ca/P) in pure hydroxyapatite (HA) is 

approximately 1.67; however dental enamel, like other biological apatites, has been 
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described as being a non-stoichiometric  with a Ca/P ratio of 1.48+0.09 [228-230]. This 

decrease in ratio has been attributed to: substitutions of Ca by Na, Mg and other trace 

elements, or excess phosphates on the crystal surface [228-230]. Calcium and phosphate 

relative contents were the lowest in outer enamel because of the attenuation effects of the 

outermost carbon rich layer, as reported previously [226]. However, the Ca/P was the 

highest indicating that there is more Ca available on the outer surface. Previous studies 

also have suggested that there is a calcium rich layer on the outer surface of enamel and  

presumed calcium might be bound within an organic layer, most probably within the 

adsorbed glycoproteins on enamel surface [219]. This layer has been reported to be more 

acid resistant and might explain why incipient caries progress beneath an unaffected Ca 

rich layer [219]. Our results confirm these assumptions and show that the outer layer of 

enamel is both rich in calcium and carbon that is most probably hydrophobic and of 

organic origin. 

5.4.2. Interaction of the Tooth Enamel Surface with Dyes 

From enamel surface analysis, we identified the available atoms and functional groups 

available for binding sites on the three different enamel surfaces. The outer enamel 

surface had higher calcium content indicating that it might have more calcium available 

for binding to anionic groups. In contrast, the acetone-treated outer enamel showed 

higher (PO4)
3-

 and negative functional groups (carbonate and carboxylate) available for 

binding cationic groups. The fact that acetone treated teeth were stained by MB more 

than intact teeth, confirms our XPS findings and indicates that teeth have relatively 

higher anionic groups on the surface when treated with acetone. Moreover, the intact 

teeth were stained by AF more than the acetone-treated ones, which also confirms our 
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XPS findings and indicates that the surface of intact teeth is rich in cationic groups that 

are removed when washed with acetone. 

5.4.3. Interaction of the Tooth Enamel Surface with Extrinsic Stains 

Extrinsic enamel stains have been described as superficial molecules adsorbed within the 

dental biofilm or dental plaque and may also be retained on the tooth surface through ion 

exchange reactions and/or form a stain-enamel complex [8, 107, 108]. Certain types of 

beverages ( e.g. coffee, tea, red wine) have the ability to cause extrinsic staining because 

they contain  anionic polyphenols to provide color to these beverages [8, 105, 110, 111].  

Many mechanisms has been suggested to explain extrinsic staining; some studies have 

suggested  that it might occur due to surface reactions between the staining molecule and 

tooth surface [7, 112], while other studies assumed that it is due to  interaction between 

these anionic molecules and cationic salivary proteins [209-211]. However, the 

mechanism of how these molecules form extrinsic stains on the tooth surface is still not 

fully scientifically proven and no clear consensus has been reached over the relative 

importance of each mechanism. Our XPS and staining findings show a possible 

explanation for this phenomenon; it seems that the observed calcium rich organic layer 

plays an important role in facilitating the adherence of the anionic polyphenols and 

integrating them into the tooth structure forming a stain-enamel complex. This might also 

explain why extrinsic stains cannot be removed by simple brushing methods and more 

aggressive methods are needed (i.e. scaling, polishing, microabrasion, surface active 

materials, bleaching agents and laser) which either remove the superficial layer of enamel 

and/or oxidizes the organic molecules [231-237].   
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5.5. Selective Absorbance of Salivary Proteins 

Despite the fact that the present study was not designed to investigate the selective 

absorbance of salivary proteins on enamel surface, our findings support the observations 

and assumptions of previous studies on the adherence of salivary proteins to enamel 

surface.  It is known that the acquired enamel pellicle (AEP) formation  is  a complex 

interaction between its constituent (mainly salivary proteins) and the enamel surface 

[214, 216], and even small changes in the chemical properties of the surface may 

influence the binding of these proteins [217, 238-240]. The initial stage of pellicle 

formation is selective binding of certain molecules called pellicle precursors that have a 

higher affinity to adhere to hydroxyapatite and the outer surface of enamel [214-216, 

241]. Pellicle precursors includes the following phosphorylated salivary proteins; acidic-

Proline-rich proteins (aPRPs), statherins and histatins [211, 220, 241-245]. All these 

precursors, except histatins, are negatively charged [211, 220, 241-245].  It was suggested 

that these pellicle precursors adhere to the enamel surface by binding  with calcium ions 

available on the surface [110, 218], since  anionic  groups (carboxylate and phosphoester) 

bind to Calcium sites while cationic groups bind to phosphate [246]. In summary, the 

selective absorbance of the anionic precursors on enamel surface suggests that more 

calcium binding sites are available on outer enamel which was proven by our XPS 

findings and staining experiments. 
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5.6. Clinical Significance and Future Work 

Our study provides a comprehensive view of the chemical interactions that occur on the 

tooth enamel surface and gives a better understanding of the mechanism of extrinsic tooth 

staining. Further investigations are required to evaluate the exact role of saliva proteins 

and biofilm in extrinsic stain formation.  
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Chapter 6: How Hydrogen Peroxide Whitens Teeth? 

6.1. Preface 

This Chapter includes parts of an already published article “Hydrogen peroxide whitens 

teeth by oxidizing the organic structure. Journal of Dentistry, 2012. 24(12): p. 00226-6 ” 

(see Appendix II). Permission has been taken from the Journal of Dentistry and co-

authors to reform the article and include it within this master thesis (see Appendix III).  

6.2. Introduction 

For over a century, dentists have been using oxidizing agents such as hydrogen peroxide 

and carbamide peroxide to lighten dark teeth, and treat cases of mottled enamel, dental 

fluorosis, tetracycline stained teeth as well as for other external and internal stains [12-

15]. Despite its wide spread usage, the effect of bleaching on tooth shade is often 

temporary and lacks to stability and predictability [16-19]. This has encouraged the 

overuse of bleaching products, resulting in harmful effects such as: tooth 

demineralization and sensitivity, gingival irritation, and damage to restoration materials 

[247-249]. 

The mechanism of tooth bleaching using peroxide oxidizers is not fully understood. It is 

still unknown whether peroxide radicals make teeth whiter by deproteinizing, 

demineralizing, or oxidizing tooth tissues. Previous studies have determined that tooth 

mineral is the main factor affecting tooth shade, while tooth organic content is mainly 

transparent and has no significant effect on tooth shade [104, 250-252]. Accordingly, we 

hypothesize that hydrogen peroxide whitens teeth by oxidizing the transparent organic 

matrix in enamel into an opaque whiter material. In order to test our hypothesis, we 
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designed an ex vivo study to understand the exact mechanism by which hydrogen 

peroxide, the most widely used oxidizing agent, whitens teeth. In this chapter we will 

show a comparison between the effects of de-proteinizing, de-mineralizing and oxidizing 

solutions on human teeth enamel, and reveal the specific effect of each chemical on the 

tooth enamel composition and properties.  

6.3.  Materials and Methods 

6.3.1. Sample Collection and Preparation 

A sample of 60 sound freshly extracted teeth (free of caries, demineralization areas, 

cracks, cavities, restorations, severe or atypical intrinsic stains, and/or a history of tooth 

bleaching) were used in this section of the study and were collected and prepared as 

mentioned in Chapter 4. 

6.3.2. Chemical Solutions 

All reagents in this study were obtained from Fisher Scientific (Montreal, QC) unless 

stated otherwise, and used without further purification. The pH of the reagents was 

measured by pH test paper (Alkacid Test Paper, Fisher Scientific, Montreal, QC). Four 

solutions were prepared for treating the teeth. 

 Deproteinizing solution: 1M sodium hydroxide (NaOH) solution, pH 13.3, was 

employed to de-proteinize teeth and remove the organic components. 

 Demineralizing solution: 0.5M ethylenediaminetetraacetic acid (EDTA), pH 8, 

was employed to decalcify the teeth. Four protease inhibitors were added to stabilize 

dissolved substances and prevent their redeposition (mmol/L): benzamidine HCl (2.5), ɛ-

amino-n-caproic acid (50), N-ethylmaleimide (0.5), and phenylmethylsulphonyl fluoride 

(0.3).  
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 Oxidizing solution: 30% hydrogen peroxide (H2O2), pH 7, solution was employed 

to oxidize tooth tissue. 

 Control solution: de-ionized distilled water was employed to serve as control. 

6.3.3. Chemical Treatments 

The collected teeth were randomly divided into 6 assigned groups of 10 teeth each. The 

teeth were placed in separate test tubes and subjected to various chemical treatments at 

25°C with the different solutions. The treatment solutions (8ml/tooth) were renewed 

every 24 hours for 4 days. The 4 days’ timeline for this study was chosen based on our 

previous observations obtained from series of pilot experiments (data not shown), in 

which we found that the NaOH and EDTA solutions induced significant changes in tooth 

shade only after 4 days of treatment. For consistency, all teeth were treated for four days, 

even though hydrogen peroxide treatment resulted in faster changes in tooth shade.  

Group 1 was treated with the deproteinizing solution. Group 2 was treated with the 

demineralizing solution. Group 3 was treated with the oxidizing solution. Group 4 was 

treated with de-ionized distilled water and acted as control group. 

In order to determine which tooth component (organic or inorganic) was affected by 

bleaching; further assessment of the effect of the oxidizing solution was made on partially 

deproteinized teeth, and on partially demineralized teeth. Accordingly, teeth of group 5 

and 6 were treated with the deproteinizing and demineralizing solutions, respectively, for 

4 days. Then, these teeth were cleaned with de-ionized distilled water for 5 minutes, and 

immersed in the oxidizing solution for 4 days. 
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6.4.  Measurements 

The teeth were submitted for elemental, crystallinity index and shade analyses before and 

after each specific treatment. Tooth enamel elemental analysis was performed using 

Scanning Electron Microscope Energy Dispersive Spectroscopy (SEM-EDS). The atomic 

percentage of the following elements was recorded: carbon (C), calcium (Ca), phosphorus 

(P) and oxygen (O). The following elemental ratios were calculated for each tooth: C/Ca 

and C/P, O/C and Ca/P. 

Tooth enamel crystallinity index analysis was conducted by means of Raman 

spectroscopy. Crystallinity index was calculated based on the bandwidth at the half peak 

intensity of the ν1PO4 band at 960 cm
−1

.  Tooth shade analysis was conducted by means of 

Easy shade® spectrophotometer. During shade measurements, each tooth was kept wet at 

all times in order to avoid its dehydration, because dehydration induces changes in tooth 

shade [88]. The teeth were momentary taken out of the solutions at specific time points to 

analyze the changes in the shade with the spectral photometer. Before each measurement 

the teeth were washed in distilled water for 5 minutes. 

6.5.  Results 

6.5.1.  Effect of the deproteinizing, demineralizing and oxidizing solutions on sound 

teeth 

Tooth enamel elemental analysis with SEM-EDS was used to assess changes in C/Ca, 

C/P, O/C and Ca/P ratios after each specific treatment. The deproteinizing solution 

(group 1) decreased the enamel organic content (δC/Ca=-0.42±0.57, p=0.018; and δC/P=-

0.23±0.23, p=0.018) (Fig.6.1 a, b). The demineralizing solution (group 2) relatively 

increased the enamel organic content (δC/Ca=1.21±0.80, p=0.027; and δC/P=0.76±0.27, 
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p=0.018) due to the decrease in the mineral component (Fig.6.1a, b). The oxidation 

solution (group 3) did not induce significant changes in the enamel organic and inorganic 

relative contents, but it increased the oxygen relative content (δO/C=0.20±0.14, p=0.018) 

(Fig.6.1c). Control teeth (group 4) did not exhibit any changes in their enamel elemental 

composition (Fig.6.1). 

 

 

 

Fig.6.1. Bar graphs illustrating the elemental analysis obtained by EDS analysis of the 

labial surfaces of teeth treated with NaOH (group 1), EDTA (group 2), H2O2 (group 3) or 

distilled water as control (group 4), respectively. * indicates statistically significant 

changes in elemental constitutes after specific treatment. 

 



  50 

 

Fig.6.2 - (a) Raman absorbance spectrum of tooth enamel showing the PO4 peak at 960 

cm
-1

 and its full width of half height (FWHH) that was used to determine enamel 

crystallinity. (b) Bar graph depicting the crystallinity analysis for the teeth treated with 

NaOH (group 1), EDTA (group 2), H2O2 (group 3) or distilled water as control (group 4), 

respectively. * indicates statistically significant differences in crystallinity index after 

specific treatment.  

 

In summary, our results indicated that the deproteinizing solution was able to decrease 

enamel organic relative content without changing their mineral component 

(deproteinization). The demineralizing solution decreased enamel inorganic relative 

content (decalcification). The oxidizing solution increased enamel oxygen content, an 

indication of the oxidization reaction. The demineralization solution (group 3) decreased 

significantly teeth enamel crystallinity (p=0.026) in comparison to the other solutions 

(Fig.6.2b). This indicated that the demineralizing solution reduced the total crystalline 

volume of tooth enamel apatite crystals. The deproteinization, demineralization, and 

oxidation solutions induced significant changes in teeth shades (Fig.6.3). Teeth 

deproteinization increased the lightness (δL=4.8±2.7 degrees, p=0.018) and the chroma 

(δC=2.7±2.6 degrees, p=0.045). Teeth demineralization decreased the lightness 

(δL=8.5±5.6 degrees, p=0.028) and the hue (δH=6.1±6.2 degrees, p=0.049), and 

increased the chroma (δC=5.6±3.8 degrees, p=0.028). Teeth oxidization increased the 

lightness (δL=19.9±6.5 degrees, p=0.001) and the chroma (δC=3.7±2.2 degrees, 
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p=0.049). Control teeth did not exhibit any significant changes in their shade parameters 

(δL=1.8±1.0 degrees, δC=-1.6±2.7 degrees and δH=1.2±2.8 degrees). 

 

Fig.6.3 - Bar graphs illustrating the changes in tooth shade parameters (lightness (a) , 

chroma (b) and hue (c)) among the treated groups: NaOH (group 1), EDTA (group 2), 

H2O2 (group 3) or distilled water as control (group 4), respectively. * indicates 

statistically significant differences in shade parameter after specific treatment. 

 

 

6.5.2.  Effect of the oxidizing solution on the deproteinized teeth and on the 

demineralized teeth 

Elemental analysis of the deproteinized (Group 5) and demineralized (Group 6) teeth 

determined that no significant changes occurred in tooth enamel organic and inorganic 

contents following their treatment with the oxidizing solution (Fig.6.4a, b, d). The O/C 

ratio was significantly increased in the demineralized teeth (δO/C=0.20±0.14, p=0.018), 

but not in the deproteinized teeth (Fig.6.4c), indicating that the oxidation reaction was 

more intense in teeth of high organic content (demineralized). Oxidation of the 

deproteinized or the demineralized teeth did not significantly influence enamel 

crystallinity (Fig.6.5), confirming that peroxides active radicals do not affect the mineral 

structure. 
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Fig.6.4 -  Bar graphs demonstrating the elemental analysis obtained by EDS analysis of 

the labial surfaces of the deproteinized teeth (group 5) and the demineralized teeth (group 

6) after four days of H2O2 treatment. * indicates statistically significant changes in 

elemental constitutes after specific treatment. 

 

 

Fig.6.5 - Bar graph depicting the crystallinity analysis of the deproteinized teeth and 

demineralized teeth enamel following their treatment with H2O2. 
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Shade analysis indicated that unlike the deproteinized teeth, oxidation of the 

demineralized teeth resulted in a significant improvement in shade lightness 

(δL=10.7±5.8 degrees, p=0.018) and chroma (δC=5.5±3.0 degrees, p=0.043) (Fig. 6.6a, 

b). These results indicated that H2O2 was effective only in the presence of organic 

structure within tooth enamel. 

 

Fig.6.6 - Bar graphs illustrating the changes in tooth shade parameters (lightness (a) , 

chroma (b) and hue (c)) among the deproteinized teeth and demineralized teeth after four 

days of H2O2 treatment. * indicates statistically significant differences in shade parameter 

after specific treatment. 

 

6.6.  Discussion 

In this study, teeth were treated with different chemical solutions. Teeth enamel 

elemental and crystallographic changes following their specific chemical treatment were 

quantified and correlated to changes in teeth shade. The findings of the above 

experiments helped us explain teeth bleaching mechanism by peroxides. 

Deproteinizing solution 

NaOH, a strong alkali caustic metallic base, is often used as ingredient in toothpaste and 

endodontic irrigant solution to remove the organic debris, thus improving their cleanness 

efficacy [253, 254]. NaOH is capable of removing the organic and protein structures in 
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both tooth enamel and dentin without affecting tooth mineral composition [255]. Our 

study confirmed the above observations by demonstrating that teeth treated with NaOH 

(the deproteinizing solution) exhibited a decrease in their enamel organic relative content 

(expressed by C/Ca and C/P ratios) without inducing any changes in their mineral 

component (Fig.6.1 and Fig.6.2b). Tooth shade analysis determined that the deproteinized 

teeth exhibited a minor improvement in their shade lightness and chroma (Fig.6.3 a, b). 

The above results confirmed our previous observations indicating that tooth organic 

content plays a minor role in the overall tooth shade [104]. 

Demineralizing solution 

Demineralizing agents such as EDTA are often used as ingredients in endodontic irrigant 

solutions to remove the inorganic debris (smear layer) from the internal surface of the 

tooth root canal without affecting the organic matrix [256, 257]. The results of the present 

study confirmed the above observations by demonstrating that teeth treated with the 

EDTA (the demineralizing solution) exhibited a relative increase in their enamel organic 

content due to decrease in calcium and phosphate contents (Fig.6.1a, b). Moreover, 

crystallinity analysis demonstrated that tooth demineralization decreased enamel 

crystallinity, confirming the mineral loss observed with SEM-EDS analysis (Fig.6.2 b). 

Shade analysis conducted on these teeth determined that tooth demineralization highly 

deteriorated the overall shade (Fig.6.3a, b) [258]. The above results confirmed our 

previous observation indicating that tooth enamel mineral content plays the most 

important role in the overall tooth shade while the organic matrix, mainly transparent, has 

limited effect on tooth shade [90, 104, 258, 259]. 
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Oxidizing solution 

Hydrogen peroxide is commonly used for cleaning (i.e. cloths), bleaching (i.e. hair and 

teeth) and disinfection (i.e. skin wounds). Its oxidizing capability is controlled by the 

substrate and reaction environment (temperature, pH and light) [10]. Peroxide produces 

highly reactive oxygen species able to oxidize or remove a wide variety of organic and 

inorganic structures [10].  In this study, hydrogen peroxide treatment resulted in a great 

increase in teeth lightness and chroma shade parameters compared to what is usually 

observed in clinical tooth bleaching procedures [260]. This could be related to the fact 

that the teeth used in this study were treated for longer period of time compared to real 

clinical scenario [261]. 

In this study, unlike NaOH and EDTA solutions, the H2O2 solution did not induce any 

changes in enamel organic or inorganic relative content, or in its crystallinity (Fig.6.1 and 

Fig.6.2b). H2O2 treatment can cause minimum demineralization if the solution is acidic, 

however, in our study, we applied neutral pH H2O2 solution, and it did not demineralize 

the enamel [9, 262-266]. Interestingly, the only noticed chemical change was the increase 

in oxygen relative content in tooth enamel structure, which reflects an oxidizing process 

(Fig.6.1c). Teeth treated with H2O2 oxidizing solution were much whiter than those 

treated with NaOH or EDTA solutions (Fig.6.3a, b). The above results indicated that the 

whitening effect of peroxide was obtained by oxidizing tooth tissues without causing any 

deproteinization or demineralization effect. 

In order to determine which tooth component (organic or inorganic) was oxidized, we 

conducted further experiments. We treated a group of deproteinized teeth and another 

group of demineralized teeth with oxidizing solutions to determine the effect of peroxide 
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on tooth shade after removing their organic and inorganic component, respectively. Our 

results indicated that the application of oxidizing solution on the deproteinized teeth or 

the demineralized teeth did not cause further changes in their enamel organic or mineral 

content and crystallinity (Fig.6.4 and Fig.6.5). An increase in relative oxygen content was 

noticed in the demineralized teeth, but not in the deproteinized teeth, indicating that an 

oxidation reaction is more intense in teeth with high organic content (Fig.6.4c). H2O2 

significantly affected tooth shade in the demineralized teeth compared to the 

deproteinized teeth (Fig.6.6). In summary, three observations indicated that H2O2 whitens 

teeth by oxidizing their organic structures: i) the absence of changes in tooth enamel 

organic and inorganic relative contents after oxidations; ii) deproteinized teeth did not get 

oxidized; iii) deproteinized teeth did not get whiter with bleaching.  

Previous studies claimed that tooth shade is affected by the intrinsic organic 

chromophores present in enamel [267, 268]. Organic chromophores are colorful chemical 

molecules which consist of either conjugated pi systems such as aromatic compounds or 

bioinorganic metallic complexes such as chelates [269]. These chemical compounds can 

be easily identified with Fourier Transform Infra-Red (FTIR) and Raman spectroscopies 

[270, 271]. However, studies on tooth enamel using FTIR or Raman spectroscopies were 

never able to detect any of these potential chromophores [104, 272-274].  

It has been hypothesized in the past that peroxide whitens teeth by destructing the 

chromophores modifying them into more translucent molecules that reflect less light [10, 

123, 130]. However, this hypothesis is very weak since: i) the organic chromophores 

concentration, if they exist, in tooth enamel is extremely low (below the detection limit of 

many spectroscopy techniques), and ii) several studies have shown that following tooth 
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bleaching, the translucency of tooth enamel decreased significantly, making it more 

opaque [275-277]. Accordingly, hydrogen peroxide whitening effect cannot be attributed 

to the destruction of chromophores because their presence in tooth enamel is yet to be 

proven. 

Several studies have shown that tooth enamel organic matrix is mainly composed of 

amide groups that represent enamel proteins [104, 270-272]. In our study, we have found 

that hydrogen peroxide does not modify the organic nor inorganic relative contents of 

dental enamel (Fig.6.1 and 6.2), but it oxidizes their enamel organic matrix (Fig.6.1 and 

3). Therefore, oxidation of enamel protein (Fig.6.1) and the increase in enamel opacity 

following peroxide treatment seem to indicate that the peroxide whitens teeth by 

oxidizing its transparent organic matrix into an opaque whiter material [87, 273, 275]. 

Accordingly, our results provided the first comprehensive explanation of the mechanism 

by which peroxide whitens teeth. 

6.7.  Clinical Implications 

The results of this study provided a valuable insight into the variability in bleaching 

efficacy among people. We have shown that tooth bleaching by peroxides is controlled 

by the tooth organic content. Therefore, the contrasted variability in tooth organic content 

among people [104] could be one of the reasons behind the wide variation in results 

obtained following tooth bleaching treatment.  

Despite the fact that the present study was not designed to investigate the influence of age 

on tooth bleaching, the results of this study could explain why bleaching works better in 

young patients than in older patients. The organic component of the permanent teeth gets 
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reduced with age as a result of the ongoing remineralization in the oral environment [278, 

279]. Therefore, the age related decrease in the protein content might be one of those 

reasons behind the lower bleaching efficacy in teeth of elder individuals [280]. However, 

future studies will have to be performed in order to confirm these predictions. 

In this study, we described the mechanism behind tooth bleaching by hydrogen peroxide. 

These findings are of great relevance in dentistry since they improve our understanding of 

tooth aesthetics, and will help develop new possible bleaching treatments. Also, this 

study provides a better understanding of the mechanism by which current bleaching 

treatments affect teeth, and could help address their limitations and disadvantages.  
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Chapter 7: Alternative Way to Whiten Teeth 

7.1. Introduction 

Teeth are mineralized tissues made almost entirely of inorganic carbonated 

hydroxyapatite (CHA) nanocrystals  arranged in a unique and highly organized three 

dimensional architecture that contributes to their remarkable features [29, 43, 46, 48-51]. 

It has been recently shown that tooth crystallographic ultrastructure has a major role in 

determining the tooth physical and optical properties [87, 281]. Tooth enamel 

microhardness and fracture resistance has an inverse correlation with the size of its CHA 

crystals along the c-axis that follows the Hall-Petch model [85, 87]. Moreover, teeth with 

smaller enamel crystals have a lighter shade than teeth with bigger crystals [281].  

Therefore, we hypothesized that inducing a reduction in the size of apatite nanocrystals in 

enamel would result in teeth with whiter appearance and more resistant to the harsh wear 

environment of the oral cavity. 

The human body regulates the crystal structure of its mineralized tissues by incorporating 

ions, thus controlling their physical, chemical and biological properties [51].   The CHA 

crystals of tooth enamel  are capable of undergoing multiple ionic substitutions  and 

incorporate relatively large amounts of carbonate ions as well as a small amount of trace 

elements such as Cl, K, F, Fe and Mg [29, 52, 53].   Magnesium has been reported to 

influence crystallographic structure and mechanical properties in synthetic apatites [43, 

48, 49, 62, 71-74], and it inhibits the crystals growth of mineralized tissues limiting their 

crystals size [70, 282]. However, to the best of our knowledge, the effect of incorporating 

Mg ions directly on biological apatites has not been investigated yet.  
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Accordingly, this study was designed to assess if Mg ions can react with enamel apatite 

and investigate the possible changes in crystallographic and physical properties of dental 

enamel that might occur after treatment with saturated solutions of magnesium. 

7.2. Materials 

7.2.1. Chemicals and Solution Preparation 

All reagents were obtained from Sigma Aldrich (Oakville, Ontario), and used without 

further purifications in order to prepare three solutions for treating the teeth: i) de-ionized 

distilled water (DW; control); ii) saturated magnesium chloride (MgCl2) solution; and iii) 

saturated magnesium nitrate (Mg(NO3)2) solution. 

 

7.2.2. Sample Collection and Preparation 

A sample of 86 anterior teeth from the upper jaw was used in this section and were 

collected and prepared as mentioned earlier. Five analyses were performed in order to 

assess the effect of Mg ions on enamel: X-ray diffraction (XRD), scanning electron 

microscope energy dispersive spectroscopy (SEM-EDS), Raman spectroscopy, Vickers 

microhardness (VMH) and tooth shade spectroscopy. The preparation of enamel 

specimens varied according to the type of analysis as follows: enamel powder for XRD, 

tooth sections for SEM-EDS, resin embedded cross sections of enamel for Raman and 

VMH, and whole teeth for tooth shade measurements. 

For tooth shade measurements, 30 whole teeth were used.  For XRD, enamel powder was 

collected from 24 teeth by trimming the tooth crown with a carbide bur (FG56, SDS Kerr, 

Orange, CA) attached to a high-speed dental hand-piece cooled with DW (TA-.98LW, 

Synea, Canada). The enamel powder was dried at 37°C before storage for XRD 
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experiments.  For EDS, 10 teeth were each cut into 3 coronal sections of enamel as 

described earlier and each one of the sections was randomly assigned to one of the three 

treatments.  For VMH and Raman analysis, 11 teeth were sectioned as described earlier 

and each coronal section was resin-embedded in separated methyl methacrylate blocks 

(DP-Ortho-F, DenPlus, Montreal, Canada). The blocks were trimmed and polished by 

means of water-cooled trimmer and 240- to 1200-grit silicon carbide papers (Paper-c wt, 

AA Abrasives, Philadelphia, PA) to obtain a flat surface. The specimens were placed in 

an ultrasonic device containing distilled water for 5 minutes to remove polish debris and 

smear layer. 

7.3. Methods 

7.3.1. Tooth Enamel Treatment  

Enamel samples (powder, resin blocks, sections and whole teeth) were randomly assigned 

into one of the three treatment solutions (DW, MgCl2 and Mg(NO3)2 ). The number of 

samples per group varied for each experimental technique as follows:  SEM-EDS (n = 

10), XRD (n = 8), Raman (n=11), microhardness (n=11) and tooth shade (n =10).   Each 

tooth enamel specimen was immersed (enamel section in 1 ml; whole tooth in 10 ml; 

resin-block in 15 ml) or mixed thoroughly (100 mg of enamel powder in 1ml) in one of 

the three treatment solutions and left to react for 14 hours. After treatment, all specimens 

except enamel powder were sonicated in distilled water for 30 minutes and left to dry. 

Enamel powder was separated from the treatment solution through 4 cycles of 

centrifugation at 10 000 rpm and washing in DW, before finally drying at 37 °C prior to 

XRD analysis. 
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7.3.2. Measurements 

Enamel samples were analyzed before and after each specific treatment with SEM-EDS, 

XRD, Raman spectroscopy, VMH and tooth shade spectroscopy.   Measurements were 

obtained in triplicates, except for Raman, where eight measurements were obtained.  

 EDS was used to determine the elemental composition of the tooth enamel samples. For 

each sample, the elemental composition was analyzed and the following elemental ratios 

were calculated: carbon-to-phosphate (C/P), calcium-to-phosphate (Ca/P), chloride-to-

phosphate (Cl/P), oxygen-to-phosphate (O/P), sodium-to-phosphate (Na/P), magnesium-

to-phosphate (Mg/P) and (calcium-and-magnesium)-to-phosphate ((Ca+Mg)/P).  

XRD was performed to characterize the crystallographic ultrastructure of enamel powder, 

Raman was used to measure the crystallinity index and the carbonate-to-phosphate ratio 

The crystallinity index was quantified using the full width at half maximum intensity 

value (FWHM) of the phosphate symmetric stretch peak (ν1PO4)  at ~ 960 cm
-1

 [177-180]. 

The relative intensity of  type B carbonate peak (at 1070 cm
-1

) to the main phosphate 

peak (at 960 cm
-1

) was used to calculate the carbonate-to- phosphate ratio [54, 171]. 

VMH was used to measure the mechanical properties of dental enamel, while the 

spectrophotometer was used assess the tooth shades. 
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7.4.  Results 

Prior to treatment, there were no significant differences between the assigned groups of 

tooth specimens in all measurements, but the changes that occurred after the treatment are 

detailed underneath.  

7.4.1.  Reaction of Mg Ions with Dental Enamel 

EDS analysis revealed that elemental composition of enamel changed after treatment with 

Mg solutions but not with DW (Fig.7.1). Both Mg solutions (MgCl2 and Mg(NO3)2 )  

increased the concentration of magnesium ([Mg]) (p< 0.05),  and the magnesium-to-

phosphate ratio ([Mg]/[P]) (p< 0.05) in enamel, while decreasing the calcium-to-

phosphate ratio  ([Ca]/[P]) (p< 0.05), without affecting the (calcium-and-magnesium)-to- 

phosphate ratio ([Ca+Mg]/[P]) (Fig.7.1.b). Treatment with MgCl2 increased the 

concentration of chloride ([Cl]) (p< 0.05).  

 

Fig.7.1 - a) Bar graphs of EDS data demonstrating the change in elemental atomic 

percentage (∆ at %) of the enamel surfaces after treatment. b) Bar graph illustrating the 

changes in ratios among the 3 different groups of specimens. * indicates significant 

change within the same specimens after each treatment; ▲ indicates significant 

difference between the different groups (p< 0.05). 
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The XRD patterns revealed that enamel apatite phase and cell lattice were preserved after 

treatment and did not show any new phases. However, the XRD peaks became broader 

and less resolved after treatment with Mg solutions (Fig.7.2.a).  Unlike DW, Mg 

solutions induced a decrease in enamel crystal size along the c-axis of apatite 

nanocrystals (Fig.7.2. g). Neither DW nor Mg solutions had any effect on crystal 

dimension along the a-axis (Fig.7.2. h).  

Upon Raman analysis, all samples, before and after treatment, demonstrated phosphate 

(ν1, ν2, ν3, ν4) and carbonate bands  (type A and  type B) characteristic of carbonated 

apatite (Fig.7.3.d-f). The strongest peak at 960 cm
-1

 was attributed to the symmetric 

stretching mode of phosphate (ν1PO4
3-

) in carbonated apatite.  Peaks at 1045 cm
-1

 and 

1024 cm
-1

 were assigned to ν3PO4
3-

, peaks at 610 cm
-1 

and 580 cm
-1

 to ν4PO4
3-

, and peak 

at 430 cm
-1

 to ν2PO4
3-

. Furthermore, peaks at 1070 cm
-1

 and 1103 cm
-1

 were assigned to 

B type and A type CO3
2-

, respectively.  

The position of the main ν1PO4
3-

 peak (at 960 cm
-1

) and the carbonate-to-phosphate ratio 

(type B CO3
2- 

/ ν1PO4
3-)

 remained constant in all samples after treatment. This indicates 

that neither DW nor Mg solutions induced changes in enamel carbonate and phosphate 

content.  FWHM measurements revealed that both Mg solutions had a different effect on 

enamel crystallinity (1/FWHM) than DW (Fig.7.2.i). The Mg solutions decreased 

crystallinity (p< 0.05), while DW did not induce any change.     
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 Fig.7.2 - a-c) XRD spectra of representative enamel powder before and after treatment 

with the 3 different solutions. d-f) Raman spectra of representative enamel powder before 

and after treatment with the 3 different solutions. g-i) bar graphs illustrating changes in 

crystals size along the c-axis (g), crystal size along the a-axis (h)  and  full width at half 

maximum of the ν1PO4
3-

 Raman peak (at 960 cm
-1

) (FWHM) among the 3 different 

groups of specimens (i). * indicates significant change within the same specimens after 

each treatment; ▲ indicates significant difference between the different groups (p< 0.05).  

 

 

 



  66 

 

 

Fig.7.3 -  Bar graphs demonstrating the changes in carbonate-to-phosphate ratio among 

the 3 different groups of specimens. There were no significant changes within each 

treated group or across the different groups (p>0.05). 

 

7.4.2.  Effect of Mg Ions on Mechanical and Optical Properties of Enamel 

 

MgCl2 and Mg(NO3)2 had a comparable effect on enamel hardness (p> 0.05) and it was 

different than DW (p< 0.05 (Fig.7.4a). Surface hardness did not change significantly after 

treatment with (DW) (p> 0.05) but treatment with MgCl2 and Mg(NO3)2  increased 

surface hardness (p< 0.05). Unlike DW, MgCl2 and Mg(NO3)2 solutions induced changes 

in microhardness that were proportional to changes in crystallinity (p< 0.05 (Fig.7.4b). 

 

Fig.7.4 - a) Bar graphs illustrating percentage changes in Vickers microhardness values 

(∆VMV %) among the 3 different groups of specimens. b) 2D vector plot of change in 

microhardness over change in crystallinity (∆1/Raman). * indicates significant change 

within the same specimens after each treatment; ▲ indicates significant difference 

between the different groups (p< 0.05). 
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Unlike DW, magnesium solutions had a significant effect on tooth shade “Lightness” and 

“Chroma” (p< 0.05) (Fig.7.5 and Fig.7.6). Mg treatments induced an increase in 

Lightness and Chroma (p< 0.05), while DW did not. MgCl2  had a stronger effect on 

Chroma than Mg(NO3)2. Also, treatment with MgCl2 had a different effects on the tooth 

Hue than DW and Mg(NO3)2; MgCl2 treatment increased Hue (p< 0.05), while treatment 

with DW and Mg(NO3)2 did not induce any significant change in Hue. 

 

 

Fig.7.5 - Photographs showing teeth shades before and after treatment with (a) 

magnesium chloride MgCl2 and (b) magnesium nitrate Mg(NO3)2. 
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Fig.7.6 - a) 3D Vector plot illustrating the change on tooth shade parameters lightness 

(∆L), chroma (∆C) and hue (∆H).  b-c) Bar graphs illustrating the change in tooth shade 

parameters ((∆L) change in lightness, (∆C) change in chroma, (∆H) change in hue)  

among the 3 different groups of specimens. * indicates significant change within the 

same specimens after each treatment; ▲ indicates significant difference between the 

different groups (p< 0.05). 

 

7.5. Discussion 

In this study we showed that Mg ions can react with enamel probably by exchanging with 

calcium ions and induce crystallographic changes in enamel carbonated hydroxyapatite 

(CHA) which affect dental enamel properties. This study confirms the evident role 
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crystallographic structure of dental enamel has on the optical and mechanical properties 

of teeth and exploits this information to tailor tooth properties.  

7.5.1. Reaction of Mg Ions with Dental Enamel 

Previous studies investigated the effect of incorporating Mg ions in synthetic HA [43, 48, 

49, 62, 71-77]. However, to best of our knowledge, this is the first study to investigate the 

direct effect of Mg ions on biological HA. The amount of Mg ions that can be included in 

synthetic HA is usually small which is most probably limited to its surface and 

sometimes forms a less crystalline superficial layer [78, 79]. Nonetheless, incorporation 

of small amounts of Mg ions in synthetic apatites can induce changes in the 

crystallographic structure and influence the crystal size, crystallinity, morphology and 

stability of the apatite structure [78, 79].  

Our Raman and XRD results revealed that even though the amount of Mg ions 

incorporated in dental enamel was small, it was sufficient to induce a substantial decrease 

in the crystals size of enamel apatite. XRD analysis showed that enamel crystals along the 

c-axis were smaller after treatment with Mg solutions. This is also confirmed by the 

broadening  observed in the main phosphate peak in Raman spectra; that is invariant for 

the a-axis of CHA crystals and depends solely on their c-axis [174]. Similarly to what has 

been reported in the literature on synthetic hydroxyapatites doped with Mg ions [77], we 

observed that Mg ions  had no significant effect on the crystals lattice of enamel 

hydroxyapatite. 

Synthetic HA can grow through the fusion of smaller crystals either by sintering HA or 

by ion deposition (Fig.7.7a) [283]. Mg ions competes with  Ca ions on CHA, in fact their 
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incorporation causes inhibition of crystal growth by ion deposition [76]. Moreover, their 

presence on the crystal boundaries also inhibits crystal growth fusion with neighbouring 

crystals. It is known that during development, enamel apatite crystals grow in the 

direction of the c-axis [40] and that Mg ions can be incorporated in immature tooth 

enamel rendering it less crystalline and less mineralized by inhibiting the crystal growth 

in this specific direction [70]. Accordingly, our data suggest that it is possible that Mg 

substitution for Ca is occurring on the crystal surface causing break-up of the crystals into 

smaller crystals along the c-axis reversing the crystal fusion process (Fig.7.7.b).  

 

Fig.7.7 - a) Scheme illustrating the fusion of smaller crystals along their c-axis into 

bigger crystals in synthetic apatites, b) Scheme illustrating the break-up of hydroxyapatite 

crystals of tooth enamel along their c-axis into smaller crystals after treatment with Mg 

solutions. 
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7.5.2.  Effect of Mg Ions on Enamel Physical Properties 

Shade and microhardness of dental enamel are influenced by its macrostructure, 

crystallography, hydration and chemical composition [24, 61, 80, 87-89, 281]. Teeth with 

smaller enamel crystals along the c-axis are harder and have a lighter shade than teeth 

with bigger enamel crystals [87, 281]. Our study showed that treatment with Mg solutions 

increased microhardness of tooth enamel and this change was proportional to the change 

in crystal size.  

Direct observational methods could not be applied to confirm the changes in 

crystallographic structure caused by Mg solution that was detected indirectly with XRD 

and Raman. However, crystal size effect on enamel’s microhardness is known to follow 

the Hall-Petch model for polycrystalline materials [87]. The observed increase in 

microhardness confirms that the crystals decrease in size, since microhardness is 

inversely proportional to crystal size only and not to other crystallographic parameters 

(i.e. crystallinity) [87, 284, 285].  This increase may be attributed to the decrease in 

crystal size along the c-axis observed by XRD and Raman, since the crystallinity index of 

a material can decrease by either reduction in crystallite size or decrease in the perfection 

of atoms ordering [51].  

7.5.3.  New Tooth Whitening System 

For over a century, tooth whitening has been focused on the use of oxidizing agents such 

as hydrogen peroxide and carbamide peroxide [10]. However, these substances can be 

hazardous and may have a negative effect on enamel hardness [106, 126, 127, 139, 147, 

158, 159, 286-297]. Moreover, these substance only affect a small portion of the tooth 

enamel (the organic component) [237]. In our study, by using Mg solutions to alter the 
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crystallographic structure of tooth enamel, we have induced changes in the larger portion 

of tooth enamel (mineral component).  This is the first study ever to use a new approach 

for whitening teeth based on the control of the crystallographic structure of enamel and 

without using oxidizing agents.  This approach avoids the potential harmful effects of 

oxidizing agents while providing additional benefits such as increased enamel hardness. 

7.6. Clinical Implications and Significance 

Even though crystallographic composition of mineralized tissues has been associated to 

their mechanical and optical properties [87, 281], this is the first study ever to show a 

cause-effect relationship that can be exploited to improve the properties of teeth. 

Mineralized tissues in young individuals are usually richer in magnesium and have 

smaller crystals compared to older people [298]. However, during the aging process 

magnesium levels drop in the body, especially in mineralized tissues and saliva [64-66]. 

Our study suggests that this might be one the factors that explains why mineralized 

tissues in older people have bigger crystals and are more brittle [85]. Adding Mg ions to 

tooth enamel, not only improves the shade of the teeth, but might be also making the 

teeth virtually younger by re-introducing magnesium previously lost from its structure.  

7.7.  Limitations and Future Studies 

All the analyses were done on extracted (non-vital) teeth due the unfeasibility of 

performing the experiments on teeth in patients' mouth. Even though it is known that 

there are no large differences in tooth shade before and after tooth extraction [299], the 

present study did not simulate the oral environment. Future studies are required to 

investigate the potential effects of saliva or salivary pellicle while treating tooth enamel 

with Mg solutions. Enamel crystals are the building blocks of  larger enamel structures 
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(prisms or rods) [29], and it would be logical to expect that changes in crystal size could 

result in alterations in these larger structures, however, future studies are needed to 

investigate this possibility.   

The size of bone crystals influences the mechanical properties; larger crystals make bone 

more brittle and less able to withstand normal loads [300, 301]. It is known that bone 

tissues with larger crystals have lower magnesium content [301, 302] and magnesium 

ions have a very important role in decreasing bone loss, fragility and hip fracture risk 

while increasing bone strength in the body [282, 303-306]. This study opens new 

modalities of treatment for improving mechanical properties of mineralized tissues, such 

as bone, enamel and dentine, and perhaps decreasing risk of fracture through controlling 

the crystal structure of teeth and other mineralized tissues. 
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Chapter 8: General Conclusions 

From the results of this thesis we can arrive at the following conclusions: 

1. Even though 96% of enamel is composed of HA (mainly calcium and phosphate), our 

results indicate that the tooth enamel surface seems to be covered by a carbon rich layer 

which is mainly composed of hydrocarbons and has a relatively high calcium content. 

This layer explains the higher affinity of certain anionic molecules to adhere to the outer 

surface of dental enamel and stain the teeth.  

2. Bleaching does not remove substantial amounts of neither the organic nor the 

inorganic material from tooth, and it whitens teeth by mere oxidation of its transparent 

organic matrix into a whiter material. These findings are of great relevance in dentistry 

since they provide the first complete explanation on the mechanism of tooth bleaching by 

peroxides. In addition, they also help understand the limitations and disadvantages of 

applying peroxide on human teeth. 

3. Our data shows that magnesium ions can react with tooth enamel and induce changes 

in its crystallographic and physical properties. Incorporation of magnesium ions into 

tooth enamel results in a significant decrease in crystals size along the c-axis, which in 

turn increased the tooth microhardness, and made the teeth whiter. Not only we prove a 

new alternative method to whiten teeth, this study is the first to show the direct effects of 

Mg ions on the physical properties of biological apatites and introduces a new mechanism 

to control their physical properties. 
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I. Abbreviations 

 

Abbreviation  Meaning 

 

AEP    Acquired enamel pellicle 

AF    Acid fuchsin   

aPRPs    Acidic Proline-rich proteins 

at%    Atomic percentage 

bPRPs    Basic Proline-rich proteins 

C   Carbon 

Ca   Calcium 

CHA   Carbonated hydroxyapatite 

CIE   Commission international de l’Eclairage 

Cl   Chloride 

C- (C,H)  Hydrocarbon 

C = O   Carbon double bonded to oxygen 

COO 
-  

 Carboxylate 

CO3
-2   

Carbonate 

C - (O, N)  Carbon single bonded to oxygen or nitrogen 

Cu   Copper 
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DEJ   Dentino-enamel junction 

DPJ   Dentino-pulpal junction 

DW   Distilled water 

EDTA   Ethylenediaminetetraacetic acid 

F   Fluoride 

Fe   Iron 

FTIR   Fourier Transform Infra-Red 

FWHM   Full width at half maximum 

H   Hydrogen 

HA   Hydroxyapatite 

H2O2   Hydrogen peroxide 

K   Potassium 

MB   Methylene blue 

Mg   Magnesium 

MgCl2   Magnesium chloride 

Mg(NO3)2  Magnesium nitrate 

N   Nitrogen 

Na   Sodium 

NaOH   Sodium hydroxide 

O   Oxygen 
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P   Phosphorus 

PO4 
3-   

Phosphate tetrahedral (phosphate) 

S Sulphur 

SEM-EDS Scanning electron microscope energy dispersive x-ray 

spectroscopy 

Si Silicone 

VMH Vickers microhardness 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

Zn Zinc 
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