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RESUMEN 
 

El desarrollo de tecnologías para reconstruir el esmalte dental y restaurar la estructura del 

diente es de vital importancia teniendo en cuenta la incapacidad del esmalte maduro para 

regenerarse tras un daño sustancial. Los productos con flúor ampliamente utilizados pueden 

prevenir la desmineralización y promover la remineralización en las superficies de los 

dientes sustituyendo los iones hidroxilo por iones fluoruro. Esta interacción forma 

fluorapatita en el esmalte dental, más resistente a los ácidos y estable, en lugar de 

hidroxiapatita (mineral original del esmalte). 

En el presente estudio se utiliza un enfoque diferente para inducir la remineralización, a fin 

de evitar las altas concentraciones de flúor con sus efectos secundarios y prolongar el 

tiempo de contacto entre los iones fluoruro y los dientes. Este trabajo pretende desarrollar 

un material dental innovador para remineralizar el esmalte dental mediante una 

combinación apropiada de resinas de intercambio iónico para la liberación controlada de 

los iones minerales que forman el esmalte dental, en presencia de amelogenina humana 

para guiar un adecuado crecimiento de los cristales. El novedoso producto propuesto 

consiste en una combinación de resinas de intercambio iónico (ácido débil y base débil) 

cargadas individualmente con los iones remineralizantes: Ca2+, PO4
3- y F-, incluyendo 

también Zn2+ en una cantidad menor como agente antibacteriano, junto con la proteína 

amelogenina. Dicho cóctel proporciona una liberación controlada in situ de los iones 

necesarios para la remineralización del esmalte que evita la precipitación de compuestos 

indeseados por el encuentro masivo de iones fuera de la superficie del esmalte, y al mismo 

tiempo, una guía para el crecimiento de los cristales por la proteína indicada. La proteína 

amelogenina está implicada en el desarrollo estructural del esmalte natural y desempeña 

un papel clave en el control de la morfología y la alineación del crecimiento de los cristales 

en la superficie del esmalte dental. 

Los dientes tratados se evaluaron utilizando técnicas convencionales y técnicas basadas en 

la fuente de luz de sincrotrón. Las limitaciones para evaluar la remineralización del esmalte 

dental se han superado gracias a una metodología resultante de la combinación adecuada 

de la radiación de sincrotrón, aplicada tanto a la microespectroscopia infrarroja como a la 

microdifracción de rayos-X, con la ayuda de la aplicación específica de minería de datos. 

Estos datos de sincrotrón, analizados con método quimiométrico adecuado, nos permiten 
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estudiar la evolución de la estructura de las apatitas y su distribución tras el proceso de 

remineralización. De este modo, pudimos alcanzar la resolución espacial necesaria para 

determinar los cambios en la remineralización en función de la profundidad gracias a la 

calidad de los datos proporcionada por la fuente de luz de sincrotrón, particularmente 

gracias a la excepcional relación señal/ruido. Los datos de sincrotrón se trataron mediante 

el análisis de componentes principales y la resolución multivariante de curvas para analizar 

la capa mineral formada en presencia y ausencia de amelogenina, con el fin de determinar 

la influencia de la proteína en los cambios morfológicos del esmalte remineralizado. 

Este innovador material induce la remineralización dental creando una capa de fluorapatita 

libre de impurezas de carbonato, con una dureza equivalente a la del esmalte sano y la 

adecuada alineación de los correspondientes nanocristales gracias a la contribución de la 

amelogenina, siendo la fluorapatita más resistente a los ácidos que el mineral original. Los 

resultados sugieren que el nuevo producto muestra potencial para inhibir la 

desmineralización y promover la remineralización a largo plazo, lo que supondría la 

inhibición de la progresión de la caries y la protección de las estructuras dentales. 
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SUMMARY 
 

Developing technologies to reconstruct dental enamel and restore tooth structure is of vital 

importance considering the inability of mature enamel to regenerate itself after substantial 

damage. Widespread fluoride products can prevent demineralization and promote 

remineralization on tooth surfaces by replacing hydroxyl ions with fluoride ions. This 

interaction forms more acid-resistant and stable fluorapatite in the dental enamel instead 

of hydroxyapatite (original natural enamel mineral). 

A different approach to induce remineralization is used in the present study to avoid high 

concentrations of fluoride with its side effects and prolong the contact time between 

fluoride ions and teeth. This work aims to develop an innovative dental material to 

remineralize tooth enamel by a proper combination of ion-exchange resins as controlled 

release of mineral ions forming dental enamel, in presence of human amelogenin to guide 

the appropriate crystal growth. The novel product proposed consists of a combination of 

ion-exchange resins (weak acid and weak base) individually loaded with the remineralizing 

ions: Ca2+, PO4
3- and F-, also including Zn2+ in a minor amount as antibacterial agent, together 

with the protein amelogenin. Such cocktail provides onsite controlled release of the ions 

necessary for enamel remineralization avoiding the precipitation of undesired compounds 

by massive encounter of related ions outside of the enamel surface, and at the same time, 

a guiding tool for crystal growth by the indicated protein. Amelogenin protein is involved in 

the structural development of natural enamel and takes a key role in controlling the crystal 

growth morphology and alignment at the dental enamel surface. 

Treated teeth were evaluated by using conventional techniques as well as techniques based 

in synchrotron light source. The limitations to assess dental enamel remineralization have 

been overcome by a methodology resulting from the appropriate combination of 

synchrotron radiation-based techniques on both, infrared microspectroscopy and micro X-

ray diffraction, with the help of specific data mining. The appropriate synchrotron data 

obtained, analysed with the proper chemometric method, allow us to study the evolution 

of the structure of apatites and their distribution after the remineralization process. Thus, 

we could reveal the spatial resolution required to determine the changes in the 

remineralization as a function of the depth thanks to the goodness of data provided by the 

synchrotron source, in particular the unique enhanced signal-to-noise ratio. The 
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synchrotron data were treated using principal component analysis and multivariate curve 

resolution to analyze the mineral layer formed in the presence and absence of amelogenin 

in order to determine the protein influence on the morphological changes of the 

remineralized enamel. 

The innovative material induces the dental remineralization creating a fluorapatite layer 

free of carbonate impurities, with a hardness equivalent to sound enamel and the 

appropriate alignment of the corresponding nanocrystals thanks to amelogenin 

contribution, being the fluorapatite more acid-resistant than the original mineral. Our 

results suggest that the new product shows potential for inhibiting demineralization and 

promoting long-term remineralization leading to the inhibition of caries progression and 

protection of dental tissues structures. 
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1.1. Tooth anatomy and physiology 

Teeth are hard anatomical pieces rooted in the jaw bones. In the adult human there are 

usually 32 teeth that are symmetrically distributed in two arches: the upper (maxilla) and 

the lower (mandible). According to their position in the arch, the teeth can be incisors and 

canines, which allow cutting food, or premolars and molars, which are the posterior teeth 

and assist in the food digestion. Human teeth have a layered structure and are divided into 

a crown, that is the visible part of the tooth, and one or more roots, that are placed in the 

dental alveoli situated in the jaw. The crown is composed of the tooth pulp, which is an inner 

soft tissue surrounded by a relatively harder tissue known as dentin, which is enveloped by 

the enamel that is the hardest biological substance in the human body and protects the 

dentin. The junction between the pulp chamber and the dentin is known as the dentino-

pulpal junction (DPJ), while the junction between the dentin and the enamel is the dentino-

enamel junction (DEJ) [1]. The structure of a human tooth observed with a 

stereomicroscope can be observed in Figure 1. 

 

Figure 1. Stereomicroscope image of a human tooth. 

Enamel contains around 96% by weight of hydroxyapatite (HA) with 3% of water and 1% of 

protein, which makes it a highly mineralized tissue, hence its high hardness without being 
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brittle. This enamel strength is essential to withstand chewing forces, extreme temperature 

variations and chemical changes. Dentin is a less mineralized organic matrix containing 

approximately 70% hydroxyapatite crystallites (more randomly oriented than in the enamel) 

and with significant amounts of proteoglycans, phosphoproteins and collagenous proteins. 

Dentinal tubules are microscopic fluid-filled channels in the dentin, radiating out from the 

DPJ. The tooth dentin is innervated and the pulp connects the tooth to the vascularization. 

The dental pulp is an extremely sensitive tissue since the pulp chamber holds blood vessels 

and nerves that extend into the roots as root canals. The roots are formed by dentin with a 

cementum surface, which is a relatively soft matrix containing about 50% hydroxyapatite 

and also collagen. Cementum anchors the periodontal ligaments, which are responsible for 

attaching the teeth to the jaw [2,3]. Figure 2 shows the enamel and dentin of a tooth 

observed by scanning electron microscopy (SEM), dentinal tubules can be appreciated in 

the dentin. 

 

Figure 2. SEM image of a bovine tooth longitudinal cut showing enamel and dentin. 

1.2. Tooth enamel 

Dental enamel, the outer layer of the teeth, is the most long-lasting mineralized tissue 

present in the human body, capable of fulfilling its biological function throughout life. 

Protecting the tooth structure from external damage, despite the fact that it is susceptible 
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to adverse chemical and mechanical environmental influences with no remodeling capacity 

and a very restricted ability for remineralization and repair [4]. 

1.2.1. Dental enamel histology 

The enamel is an acellular mineralized tissue composed of highly oriented carbonated 

calcium hydroxyapatite crystals with a ribbon-like structure grouped in clusters called 

prisms or rods. The rods start at the DEJ and extend perpendicular to it through the whole 

enamel length. Each rod composed of a few thousands of nanocrystals is surrounded by 

organic matter and they are connected by interrods, which are interprismatic crystallites 

oriented in different directions. The main orientation of the interrods progressively deviates 

from the rod direction and the farthest interrod crystal is oriented at a 60º angle in relation 

to the enamel rods. However, the crystals of the prisms do not grow uninterruptedly parallel 

between them and perpendicular to the surface, instead they present discontinuities in 

orientation [5,6]. 

Enamel prisms are structures of about 5 μm wide formed by really thin apatite fibers with a 

diameter of 50 nm and several hundred micrometers in length to cover the entire enamel 

[7]. The pattern prevailing in enamel prisms is the keyhole shape, with the prism’s core being 

wider than the tail. Hunter-Schreger bands are groups of enamel prisms with different 

directionality, which produces an optical phenomenon of dark and light bands. These bands 

increase the resistance of the dental enamel to wear and fracture, hence the dentition 

evolution has increased their packing [8]. 

Healthy primary enamel has a well-preserved outer layer with a microstructure without 

enamel rods. Its average thickness is 50-100 μm, but can reach values of up to 220 μm, 

whereas in mature enamel this prism-free layer is reduced to less than 5 μm or is absent [4]. 

Mature human enamel thickness varies, increasing from a tapered edge to as much as 2.5 

mm at the cusps [8]. 

1.2.2. Chemical composition of dental enamel 

During tooth germination, the enamel mineral is a highly substituted carbonated apatite. 

The composition of enamel hydroxyapatite differs slightly from the stoichiometric HA 

(Ca10(PO4)6(OH)2) since it is carbonated and may contain other cations such as magnesium, 

sodium, potassium, zinc or strontium. The mineral is related to hydroxyapatite but is much 

more soluble in acid, as well as calcium deficient (calcium is replaced by the other cations), 
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and contains between 3 to 6% of carbonate ions replacing phosphate ions in the crystal 

lattice [4,9]. Although the carbonate ion can also substitute for two hydroxyl ions to a lesser 

extent. In both types of carbonate substitution, variations in the crystal lattice parameters 

are induced because the O-O distance of carbonate ion is different from the O-H distance of 

hydroxyl ion and the O-O distance of phosphate ion. Table 1 shows the major constituents 

of dental enamel, as well as minor constituents and trace elements that are incorporated 

into the tooth enamel structure during its mineralization. The stability of the apatite 

structure, as well as the resistance of apatite to acid attack, may be influenced by minor 

constituents and trace elements. In addition, these elements may also play a role in 

inhibiting or promoting calcification. Their concentrations change from the outer surface of 

the enamel to the DEJ and some elements can alter the lattice parameters even being 

present in small amounts [5]. 

Table 1. Major and minor constituents of dental enamel and trace elements [5]. 

Constituent Average concentration (dry weight, %) 

Ca 36.6 

P 17.7 

CO3 3.2 

Na 0.67 

Mg 0.35 

Cl 0.35 

K 0.04 

Trace element Mean concentration (dry weight, µg/g) 

Zn 179 

Sr 156 

Si 136 

F 120 

S 59 

Al 51 

Fe 33 
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Mineral composition of mature enamel is a mixture of compounds, primarily 

hydroxyapatite. This HA of mature enamel is not stable and suffers changes due to chemical 

interactions. The major change is produced when phosphate is substituted by carbonate 

because this substitution increases the solubility of the enamel. However, fluorapatite (FA) 

is generated if the hydroxyl ions of HA are replaced by fluoride ions, being this compound 

with fluoride less soluble and more resistant to acid attack [10]. 

1.2.3. Morphogenesis of dental enamel 

Dental enamel formation or amelogenesis consists of a series of well-organized extracellular 

processes controlling the nucleation, growth and arrangement of the developing enamel 

apatite crystals [11]. 

The enamel mineral is primarily produced at the DEJ. The crystals, once nucleated, elongate 

in a direction defined as the c-axis of the crystal that is perpendicular to the junction, and 

form the rods. The ameloblasts are the cells derived from the embryonic ectoderm that 

secrete an extracellular protein matrix, which is involved in the formation and 

mineralization of tooth enamel. This protein matrix consists of two protein types, 

amelogenins and non-amelogenins. The amelogenin proteins constitute the majority of the 

organic matrix during the development of enamel, followed by enamelin and ameloblastin 

[5,6]. Ameloblasts form a monolayer around the developing enamel tissue and move as a 

single front as they secrete and deposit the protein matrix that serves as a template for 

crystal growth [12]. 

The formation of apatite crystals has three stages called secretion, transition and 

maturation. Following the differentiation of ameloblasts during the presecretory stage, they 

reach the secretory stage with a morphology characterized by a cellular process called the 

Tomes’ process [3]. It is based on triangular-shaped cell projections that are located at the 

distal end and penetrate the enamel matrix. The Tomes’ process is crucial for the exocytosis 

of secretory vesicles and is also involved in the determination of the boundaries between 

rod and interrod regions [12]. A continuous calcium supply is required for crystal formation 

and growth and this calcium most likely comes from the ameloblasts through an active 

calcium pump. A high local calcium concentration is obtained as a result of this ameloblast 

mechanism, leading to a calcium phosphate precipitation in the proximity of the cells, which 

then initiate the amelogenin secretion [5]. 
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Enamel matrix proteins play a vital part during the development of enamel in the regulation 

of mineralization and crystal organization. The organic matrix of proteins secreted by the 

ameloblasts provides a scaffold for the enamel minerals to grow. The importance of the 

amelogenin protein is well known because amelogenin self-assembly controls the 

morphology, size and orientation of the growing crystals [13–16]. The filamentous protein 

structures present during enamel development are formed by amelogenins. The interaction 

of amelogenin scaffolds with acidic non-amelogenin proteins induces an amorphous calcium 

phosphate (ACP) precursor formation, that is progressively transformed into oriented 

apatite fibers along the protein scaffold [17]. 

Today, the molecular mechanisms of the protein matrix to synthesize the distinctive enamel 

architecture are still unclear. The self-assembly of amelogenin in vitro has been investigated 

to gain a better understanding of this superstructure. Amelogenin is a little hydrophobic 

protein of 175 amino acids with a hydrophilic C-terminus. This hydrophilic tail on a protein 

otherwise hydrophobic causes amelogenin to self-assemble into nanospheres with a 

diameter of 20-25 nm. The observation of these nanospheres in vitro has led to the 

hypothesis that the filamentous structures observable in vivo are amelogenin nanosphere 

chains [5,6,18]. 

Nevertheless, during the last decade, the drastic effect of calcium and phosphate ions found 

in vivo on the amelogenin self-assembly properties has been demonstrated. The presence 

of calcium and phosphate seems to favor the formation of amelogenin nanoribbons. In 

physiological circumstances, formation of ion bridges between the amelogenin chains 

results in amyloid-like protein fibers, which are also consistent with the filamentous 

structures found in the developing dental enamel [6,7]. The influence of the proteolytic 

enzyme matrix metalloproteinase-20 (MMP20), which binds to the protein amelogenin, on 

the resultant protein superstructure has also been considered. The C-terminus of the 

amelogenin is cleaved by this MMP20 [11,17]. 

Two different models proposed for the process by which amelogenin proteins regulate the 

tooth enamel formation are shown in Figure 3. 
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Figure 3. Proposed molecular processes behind the development of oriented apatite crystals in the 
dental enamel: amelogenin nanosphere chains [5] (a) and amelogenin protein fibers [6] (b). 

a 

b 
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In the transition stage, the reduction of ameloblast height begins, disappearing the Tomes’ 

process as ameloblasts change their apical cell morphology. Moreover, the secretion of 

enamel matrix is stopped by the down-regulation of genes coding for the extracellular 

protein matrix in ameloblasts, and the majority of the organic matter is degraded. The 

protein content decreases during the process of enamel mineralization from the 20-30% 

present at the early amelogenesis stage. Once the crystal enters into the maturation stage, 

when the enamel bulk formation is finished, the protein component concentration has 

decreased up to 1% of weight of mature enamel. This loss is related to the growth in 

thickness and width of the enamel crystals, which involves the removal of the protein matrix 

as the mineral occludes the majority of the tissue volume. To facilitate the elimination of 

amelogenins in the maturation stage, it has been hypothesized that these proteins are 

proteolytically degraded to small fragments by serine proteases. During this elaborated 

process of enamel formation, which requires years to be accomplished, dental enamel 

changes from a cellular tissue abundant in functional proteins to a completely mineralized 

tissue with outstanding functional properties [5,6]. 

1.3. Bovine incisors as in vitro model 

The caries-free human teeth needed for dental research are really challenging to find, as the 

teeth extracted by dentists are usually damaged or endodontically treated molars. 

Fortunately, the enamel structure is strongly preserved across species in contrast to other 

biomaterials like bone, indicating important evolutionary advantages [6]. Bovine 

mandibular incisors have a great macroscopic and microscopic similarity to human teeth, so 

they have been commonly used as a model in dental studies [19–21].  

Human and bovine incisors have certain small differences that are important to consider 

when conducting physical or chemical studies of dental specimens. For example, bovine 

enamel crystals present larger diameter than human enamel crystals and bovine prisms 

differ in shape compared to human prisms. In addition, calcium distribution is more 

homogeneous in bovine enamel than in human enamel. However, there are no significant 

differences in fluoride uptake or in carbonate content between human and bovine enamel. 

Moreover, both kinds of teeth have also similar hardness, porosity and amount of 

interprismatic enamel [22–25]. 
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These healthy bovine teeth are obtained easily from the butchery without the need for an 

ethical review. Figure 4 shows the structure of a bovine tooth observed with a 

stereomicroscope. 

 

Figure 4. Stereomicroscope image of a rootless bovine tooth. 

1.4. Hydroxyapatite versus fluorapatite 

Enamel HA is crystalline calcium phosphate that has a hexagonal crystal system with the 

P63/m space group, and its unit cell dimensions are a=b=0.9432 nm and c=0.6881 nm [26–

28]. Each unit cell of the HA crystal contains 10 Ca2+, 6 PO4
3- and 2 OH- ions. There are 

channels formed by the hexagonal packing of the PO4
3- ions. The OH- ions are placed along 

the channels, each of them surrounded by three Ca2+ ions at the same level forming a 

triangle with a 120º symmetry. There is a 60º shift between two calcium triangles, each of 

these six Ca2+ ions having an accompanying PO4
3- ion [5]. 

FA belongs to the same space group of HA and has a quite similar atomic structure, with the 

only difference being the substitution of the hydroxyl groups by fluoride (Figure 5). When 

converting from HA to FA, as the fluoride ion is smaller than the hydroxyl ion, the triangle 

formed by the three coordinating calcium ions shrinks, resulting in a symmetry-conserving 

contraction of the unit cell in the a,b-plane to 0.9368 nm but with no change in the c-axis 
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dimension (long axis of apatite crystal). This reduction in the volume of about 1% is 

responsible for the greater mechanical strength of FA compared to HA and the enhanced 

chemical stability by the electrostatic bond between fluoride and the adjacent ions [28–32]. 

 

Figure 5. Model of fluorapatite crystal, hydroxyapatite has an identical hexagonal structure but with all 
fluoride ions replaced by hydroxyl ions as indicated in the image [32]. 

Fluorapatite can grow in solution taking the form of FA spherulites when a large dipole field 

along the FA c-axis causes the spherulites fractal grow, as can be appreciated in Figure 6. 

 

Figure 6. Proposed diagram for the formation mechanism of fluorapatite spherulites [33]. 
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1.5. Dynamic process of demineralization and remineralization 

Demineralization and remineralization can be contemplated as dynamic processes 

(Equation 1). On the one hand, demineralization is basically the mineral apatite loss from 

the enamel. On the other hand, remineralization is the natural process of the body to repair 

the enamel rod structure after acidogenic episodes producing net mineral gain. 

Ca10(PO4)6(OH)2 + 8H+ ↔ 10Ca2+ + 6HPO4
2- + 2H2O      (Equation 1) 

Normally, the dissolution is balanced by the effect of saliva, which is supersaturated in 

respect to the majority of solid calcium phases and also contains buffering agents to control 

the pH. The supersaturation of calcium and phosphate in saliva inhibits mineral dissolution. 

Calcium phosphate phases does not precipitate because of the presence of salivary proteins, 

specifically statherin and proline-rich phosphoproteins [2]. The suggested action 

mechanism consists of protein segments containing phosphoseryl residues, particularly the 

statherin sequence, bind to clusters of calcium and phosphate ions, inhibiting the ion 

clusters from growing to the critical size necessary to precipitate and transform into a 

crystalline phase. The saliva’s capacity to remineralize demineralized enamel is derived from 

its ability to deliver bioavailable calcium and phosphate ions to the dental surface thanks to 

this critical stabilization of the ions by salivary proteins, which also prevents surface 

deposition forming calculus. Nevertheless, the net remineralization caused by saliva is 

limited and rather slow, tending to mineral gain in the superficial part of the lesion as a 

consequence of the low ion concentration gradient into the dental lesion [34]. 

The calcium-deficient and carbonate-rich regions of the enamel crystal are markedly 

susceptible to be attacked during demineralization. The carbonate is preferentially lost 

during the demineralization process, and it is excluded during remineralization. When the 

hydroxyl groups in pure hydroxyapatite are completely replaced by fluoride ions, it results 

in mineral fluorapatite, which is really resistant to dissolution by acid (Equation 2). 

Therefore, the remineralization process implies the diffusion of calcium and phosphate from 

saliva, and the reaction of fluoride with hydroxyapatite, to build a hypermineralized 

fluorapatite-like veneer over the remains of existing crystal, which function as 

remineralization nuclei. Mature enamel is mostly a mixture of hydroxyapatite and 

fluorapatite, and for this reason it is much less soluble than the original mineral, leading to 

a post-eruptive resistance to demineralization [9,35,36]. 

Ca10(PO4)6(OH)2 + 2F-  Ca10(PO4)6F2 + 2OH-      (Equation 2) 
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1.6. Dental health history and significance of dental remineralization 

Teeth have great importance in a variety of aspects of life, as they are responsible for the 

mechanical fragmentation of food, allow the production of sound by acting as resonance 

boxes and provide a beautiful smile that is crucial for esthetic reasons. 

There are several factors that put oral health at risk, such as the popularity of whitening 

systems with their side effects or the excessive consumption of acidic foods and beverages 

[37–41]. Numerous children and young adults suffer from erosive tooth wear, which has 

been linked to the trend towards increased consumption of acidic beverages [42]. 

Moreover, certain medicines for oral application, like acetylic salicylic acid, can produce 

dental erosions. The principal intrinsic factor that leads to dental lesions is the contact of 

gastric juice with the teeth, particularly in people affected by chronic regurgitations, bulimia 

or anorexia nervosa. The gastric juice erosive potential is mostly caused by hydrochloric acid 

and there is evidence of a substantially higher erosive capacity of gastric juice compared to 

carbonated acidic beverages [43]. 

Nevertheless, the main risk to dental health has always been tooth decay, also known as 

dental caries or cavities. This illness afflicts about 3 billion people worldwide, inflicting pain 

and a serious impact on life quality [44]. It is one of the most prevalent preventable 

childhood diseases and people are susceptible to it during their entire life, being the leading 

cause of oral pain and tooth loss. Dental caries is a complex disease process that afflicts a 

large proportion of the world’s population, regardless of gender, age and ethnicity, although 

it is more likely to be present in individuals with a low socioeconomic status and with limited 

access to healthcare [45–47]. Despite the fact that the prevalence of dental caries has 

descended over the last decades through advances in dental care, the disease is still a major 

problem for adults and children, and an improved approach to prevention and therapy is 

currently needed [9,48]. The teeth themselves become more resistant to demineralization 

as they age with the incorporation of fluoride into the enamel, which is related to caries 

being a disease with a high prevalence in childhood [2]. Caries in children is a major global 

issue and it has been reported that the caries prevalence in children in the United States, 

Europe and Asia is respectively 28%, as high as 32% and from 36 to 85% [49]. 

Tooth surface formed by dental enamel is required to have a high resistance to abrasion and 

corrosion. Mechanical properties of the macroscopic enamel tissue are highly dependent 

on the alignment and orientation of the crystals. Therefore, changes in surface structure as 
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a result of caries or microscopic damage can cause significant impairment of the dental 

function. Moreover, if this damage exposes dentinal tubules to the exterior, it can produce 

painful tooth hypersensitivity, and ultimately, the tooth loss [50]. More than 12 million 

dental implants are needed annually worldwide as part of routine oral rehabilitation [51]. 

However, one of the main purposes of modern dentistry is to treat non-cavitated caries 

lesions in a non-invasive manner by remineralization with the aim of preventing disease 

progression and improving esthetics, strength and tooth functionality [34]. The 

development of technologies to rebuild tooth enamel and preserve tooth structure is of 

great interest due to the inability of the acellular mature tooth enamel to regenerate itself 

after substantial mineral loss [52–56]. 

1.7. Dental caries prevention and treatment 

Dental caries is an infectious dentition disease that is characterized by the localized 

destruction of the tooth. It progresses when organic acids, produced by bacterial action 

from biofilms of dental plaque on dietary fermentable carbohydrates, diffuse into the tooth 

and dissolve the mineral. Streptococcus mutans is the microbial biofilm member most 

associated with this disease [57–64]. Dental caries is a dynamic process, which can be 

stopped and reversed in its initial stages. If left untreated, the early reversible lesion can 

progress from a stage of an early reversible lesion to an irreversible collapse of the enamel 

surface [65,66]. The untreated caries will progress to affect the dentin and finally the pulp 

chamber, which becomes necrotic. The infection may spread to the periodontal tissue at 

the root apex, resulting in periapical abscesses, and also severe systemic infection may occur 

in rare cases [2]. 

The mature enamel has no residual cellular components that can carry out the repair when 

it is damaged, so the restoration depends on physicochemical events at the tooth surface 

[45,46]. There are protective factors that can prevent or reverse demineralization in early 

caries lesions, such as salivary proteins, salivary flow, calcium, phosphate and fluoride in 

saliva [67–70]. 

Therefore, preventive treatments are necessary to reduce dental cavities and its associated 

risks. Non-invasive therapy for the early caries treatment through remineralization has the 

potential capacity to be a significant breakthrough in the disease’s clinical management. The 

usual treatments for severe caries involve filling the hole with chemically and mechanically 
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resistant biocompatible materials. Nevertheless, new restorative techniques are currently 

being developed with the purpose of reconstructing the tissue [48]. 

1.7.1. Use of fluoride 

Fluoride is the most popular agent for enhancing remineralization since fluoride topical 

administration has proven to be an effective anticaries treatment. Fluoride is widely used in 

dental products because it has a cariostatic effect inhibiting the demineralization at the 

crystal surfaces, enhancing the opposite process of remineralization, interfering with plaque 

formation and inhibiting bacterial metabolism [71–73]. 

When early enamel lesions are fluoride-enhanced, the fluoride provides remineralization 

and acid resistance to enamel. The presence of fluoride in saliva has been associated with 

increased remineralization rates and decreased caries incidence. Therefore, fluoride is 

added to toothpastes, varnishes, mouthwashes, drinking water and even orthodontic 

adhesives as an anticaries agent [9,74]. 

The presence of fluoride ions restricts the formation of acidic, more soluble calcium 

phosphates, as dicalcium phosphate dihydrate or octacalcium phosphate, and facilitates the 

creation of more acid-resistant fluorapatite or fluorhydroxyapatite (partial substitution of 

fluoride by hydroxyl groups) in the presence of salivary calcium and phosphate ions. 

Fluorapatite or fluorhydroxyapatite are formed when low levels of fluoride ions are present, 

and calcium fluoride will be created with high levels of fluoride ions, as it can be seen in 

Figure 7. This calcium fluoride layer, that acts as a reservoir source for fluoride and protects 

the enamel from the formation of caries, will hydrolyze to fluorhydroxyapatite in the 

presence of acid phosphate or phosphate ions. Moreover, fluoride is more effective in 

inhibiting hydroxyapatite dissolution when calcium and phosphate ions are also present in 

the solution [46,75]. With fluoride availability, demineralization is reduced because part of 

the calcium and phosphate lost by the dissolution of hydroxyapatite returns to the enamel 

as more acid-resistant fluorapatite [76]. 
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Figure 7. Scheme of the dynamic chemical process of the tooth when fluoride intervenes [77]. 

Even though systemic fluoride by means of water fluoridation has been promoted in the 

past for the decline in dental caries, it has been found that the systemic benefits of fluoride 

are minimal and the primary reduction in dental caries is due to the topical effect of water 

fluoridation and the availability of fluoridated toothpastes. In several European countries 

without water fluoridation, a caries reduction has been seen after the introduction of 

fluoridated toothpastes [47]. Toothpastes are probably the most widespread products in 

health care and are one of the most effective ways to deliver free or soluble fluoride [78]. 

Topical fluoride varnish, another widely used dental product, provides a fluoride deposit 

adjacent to the enamel surface with prolonged contact time. The varnish delivers fluoride 

to the enamel while forming a calcium fluoride-like complex with a reservoir of free fluoride 

ions [44]. 

Despite its benefits, high concentrations of fluoride can cause numerous undesirable side 

effects. Unfortunately, due to the excessively short oral application time of many fluoride 

products, fluoride ions are released too rapidly producing high concentrations in a brief 

period [35,79]. Millions of people around the world are affected by excess of fluoride that 

can lead to problems such as osteosclerosis and osteoporosis [80]. Overexposure to fluoride 

during the development of teeth leads to irreversible dental fluorosis with enamel structural 

and compositional changes due to its hypomineralization [3,12]. In recent times, there has 

been an increase in the exposure to fluoride ingestion in children, increasing the risk of 
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toxicity and dental fluorosis because of the high levels of fluoride released into biological 

fluids [81]. 

1.7.2. Use of calcium and phosphate 

Remineralization by clinical application of calcium and phosphate ions has been ineffective 

as a result of the poor calcium phosphate solubility, especially with fluoride ions present, 

since calcium and phosphate ions are not available for enamel remineralization. Insoluble 

calcium phosphates do not have an easy application, are not efficiently localized on the 

enamel surface and need acidic conditions for their dissolution in order to generate ions 

able to diffuse into the subsurface of enamel. In addition, the presence of substantial 

amounts of solid calcium phosphate phases on the enamel surface is problematic. 

Meanwhile, soluble calcium and phosphate ions can be employed only at minimal amounts 

because of the inherent insolubility of calcium phosphates, especially calcium fluoride 

phosphates. Therefore, soluble calcium and phosphate ions are not sufficiently localized on 

the enamel surface to induce an efficient concentration gradient to promote diffusion into 

subsurface dental lesions [34,48]. 

A technology used to overcome these solubility problems is based on the stabilizing 

properties of the casein phosphopeptide (CPP). This remineralizing system uses 

nanocomplexes of casein phosphopeptide-amorphous calcium phosphate (CPP-ACP) to 

stabilize and deliver bioavailable ions [34]. These CPPs stabilize the raised levels of calcium 

and phosphate ions on the tooth enamel surface through binding to dental plaque and 

pellicle that is an organic film on the surface of the teeth. Therefore, the CPP-ACP complexes 

can attach to dental biofilm, inhibiting bacterial colonization and creating a calcium and 

phosphate supersaturated environment. Nevertheless, there are disappointing results from 

clinical research showing few outcome differences in relation to fluoride use. CPP-ACPs have 

been introduced in toothpastes, mouthwashes, lozenges, chewing gums and even in bovine 

milk [48,74,82]. This system can also be combined with fluoride resulting in an enhanced 

dental remineralization due to the synergistic effect of fluoride with CPP-ACP in the 

remineralization of eroded dental enamel. CPP-ACP complexes have been reported to 

interact with fluoride ions producing a new amorphous calcium fluoride phosphate (ACFP) 

phase [42,48]. 

Another significant technique to consider is the direct application of casein 

phosphopeptide-amorphous calcium fluoride phosphate (CPP-ACFP) instead of the simple 
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combination of CPP-ACP with fluoride. CPPs prevent the promotion of dental calculus, which 

consists of dental plaque mineralization, by stabilizing the calcium, phosphate and fluoride 

ions. Yet the ions are freely bioavailable to induce remineralization by their diffusion 

through concentration gradients into enamel subsurface lesions [48]. CPP-ACP and CPP-

ACFP are the technologies with most supporting evidence to sustain their use among those 

commercially available for dental remineralization [34]. 

Other dental therapy is the addition of bioactive glasses to demineralized enamel. Bioactive 

glasses are a subset of bioactive inorganic ceramics, capable of reacting with physiological 

fluids to form strong and stable bonds with mineralized tissue. These bonds are due to the 

formation of a thin apatite layer at the interface between the glass and the mineralized 

tissue after implantation, which denotes their effective integration with the surrounding 

tissue [83]. Therefore, bioactive glasses made up of amorphous sodium calcium 

phosphosilicate have potential utility in the promotion of enamel remineralization since 

calcium and phosphate ions can be released intraorally by the particles of glass, but more 

clinical research is needed to explore their clinical efficacy in inducing dental 

remineralization [74]. 

1.7.3. Use of amelogenin and self-assembling peptides 

The protein amelogenin, that is the most abundant protein in the forming enamel 

constituting more than 90% of the protein matrix, plays a central role in guiding the 

hierarchical organization of apatite crystals observed in mature enamel [84–87]. It is known 

that the crystal morphology and alignment of enamel, as well as the correct enamel 

thickness, are the result of a protein-guided uniaxial growth process. The exact mechanism 

guiding this process remains undetermined due to the rapid degradation of the underlying 

protein matrix during tissue maturation. However, the role of self-assembly of enamel 

matrix proteins, particularly amelogenin, has been widely recognized as a key factor in 

controlling enamel structural development [17,53,84]. 

Ameloblasts die as soon as the teeth have erupted as their task has been accomplished and 

the organic matrix is degraded during enamel maturation [8]. As amelogenin is no longer 

present or replenished after the mature enamel is formed, tooth enamel is unable to 

regenerate optimally once it has been demineralized or damaged [18]. Therefore, there is 

considerable interest in the use of amelogenin and other similar self-assembling peptides 

for dental remineralization [88–94]. 
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1.8. Controlled release by ion-exchange resins 

1.8.1. Ion-exchange mechanism 

Ion exchange consists of the replacement between labile ions immobilized in a matrix and 

ions from an electrolyte solution. The uptake of ions by the exchange material will cause it 

to simultaneously release a stoichiometric amount of ions with the same charge in order to 

maintain electroneutrality. Thus, ion-exchange materials are polyelectrolytes containing 

fixed charge sites neutralized by counter ions, ions of opposite charge, which are the ones 

interchanged. Cation exchangers contain cations as counter ions, while anion exchangers 

contain anions [95,96]. The application of ion-exchange materials has advantages compared 

to conventional chemical reagents, since the release of ions is only due to the ion-exchange 

mechanism so they do not introduce undesirable ions into the solution, and they are 

characterized by practically neutral pH values [97]. 

There are many different natural and synthetic materials presenting ion-exchange 

properties, being ion-exchange resins one of the most important ones. These resins are 

synthetic organic crosslinked polyelectrolytes. Their ion-exchange behavior and selectivity 

are mainly determined by the fixed ionic groups. The ion-exchange capacity is established 

by the number of groups, while the chemical nature of the groups influences the ion-

exchange equilibrium, being a relevant factor the acid or base strength [95]. Most of these 

resins are non-toxic and are used in the pharmaceutical industry, in medical applications 

and also in the food industry [97]. Their capacity for substituting one type of ion for another 

supports the potential use of these materials in dental remineralization [98]. 

1.8.2. New dental treatment material (NMTD) 

This research employs an innovative approach against dental demineralization to avoid the 

side effects of high fluoride concentrations in the oral environment and extend the contact 

time between the ions and the tooth surface, enabling successful remineralization. The 

product called NMTD [99] (Nuevo Material de Tratamiento Dental in Spanish) provides a 

controlled release system for the anticaries treatment and it is composed of a combination 

of weak acid and weak base ion-exchange resins loaded with calcium, fluoride, phosphate 

and zinc. This agent allows the formation of FA by controlling the rate of fluoride released 

into the oral environment thanks to the weak resin character, in conjunction with the 

controlled release of calcium and phosphate ions to induce remineralization avoiding the 

precipitation of undesired compounds. Thus, the remineralized layer made of FA shows 
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lower mineral solubility, higher mechanical strength and greater resistance to caries 

diseases than enamel HA. The molar ratio of the calcium, fluoride and phosphate ions has 

to be close to that of the organomineral tissue to be remineralized. In contact with NMTD, 

the organomineral tissues are remineralized in a fast and effective way, especially in the 

presence of zinc ions, thanks to the bioavailability of the structural ions. These zinc ions act 

as initiators of the ionic release of the structural ions. In addition, zinc incorporation into 

enamel may accelerate its remineralization and reduce the rate of enamel demineralization, 

zinc also has antibacterial and odor-control properties [69,100]. A toothpaste containing 

NMTD has demonstrated efficacy in limiting enamel demineralization and enhancing 

remineralization in vitro [77]. 

Table 2 shows a SWOT (strengths, weaknesses, opportunities and threats) analysis to assess 

the advantages and disadvantages of the NMTD agent. 

Table 2. SWOT analysis of the NMTD product developed by the GTS research group. 

Strengths Weaknesses 

 Product with competitive advantages 

over the competence because of its in 

vitro efficacy. 

 Expected absence of side effects due to 

the slow release of fluoride in the oral 

environment.  

 Novel composition with relevant 

potential for commercial impact. 

 User-friendly application for at-home 

use. 

 Low-cost and industrially scalable 

production. 

 Discomfort due to its slow action and 

long treatment times. 

 Technology readiness level 6 of 

technology demonstration in a relevant 

environment. 

 Lack of marketing strategy to 

differentiate from the competitors. 

 Production and distribution capacity. 

Opportunities Threats 

 Socioeconomic impact of dental caries 

and lack of a permanent solution. 

 Continuous growth of the dental market. 

 Dental companies in pursuit of new 

ingredients to stand out from the 

competitors. 

 Risks arising from in vivo testing, 

manufacturing testing and stability. 

 Legislation regulating the entry of new 

products on the market. 

 Potential market interest in alternative 

technologies and strong competition. 
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Since mature tooth enamel does not regenerate after substantial loss, finding a suitable 

solution for the dental problems is essential. The main objective of this thesis is to study and 

to understand the remineralizing effect of the NMTD agent in presence and absence of 

amelogenin on tooth enamel in order to develop a suitable remineralizing product. This 

objective is projected to be accomplished through the performance of the following specific 

tasks: 

 To evaluate the NMTD effect in saliva solution to determine the type of crystal 

generated by the release of ions from the ion-exchange resins. 

 To develop a proper methodology for the analysis of the remineralization of hard 

dental tissues, understanding the fundamentals of the techniques used to achieve 

relevant knowledge and accurate conclusions. 

 To study the NMTD remineralizing effect in vitro using a bovine tooth model. 

 To assess the NMTD remineralization capacity in presence of human amelogenin, in 

order to understand the influence of this protein on the crystal morphology and 

alignment during the remineralization process. 

 To validate the new remineralizing system (NMTD with amelogenin) on human tooth 

samples since the ultimate goal is the application of this product in humans. 
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3.1. Experimental techniques 

3.1.1. Scanning electron microscopy (SEM) 

Scanning electron microscopy is one of the most widely employed methods in the surface 

characterization of materials. This technique scans the surface of the samples with a focused 

electron beam produced by an electron gun and multiple condenser lenses, allowing the 

surface structure of the teeth to be studied. The focused beam of high-energy electrons 

produces a variety of signals scattered from the surface of solid samples that are 

represented on the SEM image. The signals derived from the interaction between the 

specimen and the electrons provide information about the specimen, such as external 

morphology, chemical composition or crystalline structure and orientation of the materials 

[101,102]. 

In the first place, the electrons are accelerated by the electron gun, the narrow beam of 

primary electrons collides with the sample, and then the backscattered and secondary 

electrons are reflected from the surface and collected in the detector. Backscattered 

electrons are beam electrons emerged from the sample having a high fraction of their 

incident energy still intact after undergoing scattering and deflection by the electric fields 

of sample atoms. While secondary electrons are the electrons escaping from the surface of 

the sample after the beam electrons have ejected them from the sample atoms [102]. Field 

emission guns, which are used for field emission scanning electron microscopy (FE-SEM), 

provide the highest gun brightness among all gun technologies [103]. 

In the past, samples were severely damaged or altered by the electron beam, requiring the 

sample to be conductive in order to be observed by SEM. In the case of non-conductive 

materials, the samples had to be coated with a thin layer of a conductive material like gold 

[101]. Nonetheless, it is nowadays feasible to process samples in a low conductivity 

configuration without metallization. The charge compensation systems of the new SEM 

instruments allow the acquisition of high-resolution images of non-conductive samples. The 

electrons accumulated on the sample surface are removed by a gentle flux of nitrogen gas 

to prevent overcharging [104]. 

The main parts of a SEM equipment and the imaging process are shown in Figure 8. 
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Figure 8. Scanning electron microscope set up and imaging process [105]. 

3.1.2. Energy dispersive X-ray spectroscopy (EDX) 

Energy dispersive X-ray spectroscopy is an analytical technique commonly applied for 

elemental analysis or chemical characterization of specimens, making possible the 

determination of fluorine, oxygen, phosphorus and calcium in dental enamel. Each element 

has a unique atomic structure that allows its electromagnetic emission spectrum to have a 

single set of peaks, being the basis for the characterization capability of this method. In this 

technique, a high-energy beam of charged particles is focused into a specimen to stimulate 

the emission of X-rays distinctive of the sample. An electron can be excited from the ground 

state by the incident beam, ejecting it as it creates an electron hole. Then, an electron from 

a high-energy outer state fills the hole, and the energy difference between the energetic 

states is released as an X-ray. Since the energies of the X-rays are characteristic of the energy 

difference between the two states and of the atomic structure of the emitting element, the 

EDX technique allows the evaluation of the elemental composition of the sample by 

measuring the number and energy of the X-rays emitted by a sample with an energy 
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dispersive spectrometer [102]. A scanning electron microscope equipped with an EDX 

detector can be seen in Figure 9. 

 

Figure 9. Zeiss Merlin FE-SEM with an EDX Oxford INCA X-Max detector. 

3.1.3. Nanoindentation 

Given the relationship between hardness and other physical properties, hardness is 

significant in the characterization of dental restorative materials. Macroindentation, 

microindentation or nanoindentation can be used to quantify the hardness of a sample. 

Nanoindentation is an ideal technique for analyzing dental samples due to the small sample 

size. The nanoindentation technique determines the hardness and Young’s modulus of 

materials by performing indentation hardness tests, which are perhaps the most commonly 

employed tools for testing the mechanical properties of materials. Indentation hardness 

tests have the benefit of being inexpensive, simple, reproducible and fairly non-destructive. 

The nanoindentation technique avoids the visualization and measurement of indentations. 

In a nanoindentation test, a loading process up to maximum load and a posterior unloading 

are applied to the surface of the material by means of an indenter of known geometry. Load 

and displacement are continuously monitored along the sequence of loading and unloading, 

and hardness is calculated from the load-displacement curve considering the indenter 

geometry [106,107]. For measurements on a small scale, the Berkovich triangular pyramidal 

tip is preferable to the four-sided Vickers or Knoop since a three-sided pyramid is easier to 

EDX detector 
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grind to a sharp point. This nanoindentation technique also allows to perform continuous 

stiffness measurement (CSM) test, which is the measurement of material properties as a 

function of depth by applying cyclic loading [108]. Nanoindentation is a technique 

commonly used in dental science to characterize the mechanical properties of teeth, as they 

can be accurately assessed with fine spatial resolution in the submicron scale [109–112]. 

Figure 10 shows a nanoindentation equipment. 

 

Figure 10. MTS Nano Indenter XP. 

3.1.4. Micro X-ray diffraction (μXRD) 

X-ray diffraction (XRD) is one of the physical phenomena that occurs when an X-ray beam 

of a certain wavelength interacts with a crystalline substance. It is based on the coherent 

scattering of the X-ray beam by the sample (maintaining the wavelength of the radiation) 

and on the constructive interference (in-phase) of the waves that are scattered in certain 

spatial directions. Miller indices are assigned to the lattice planes to designate them in a 

consistent manner and are universally represented by (hkl) values [113]. In powder XRD, the 

Bragg condition (Figure 11) is simultaneously satisfied for a number of atomic planes of 

numerous crystals randomly oriented [114]. 
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Figure 11. Scheme of Bragg’s law conditions [114]. 

As apatite has a well-defined hexagonal crystal structure, diffraction methods can be used 

to analyze the crystal structure in teeth [50]. The crystallographic properties of enamel and 

fluoridated enamel have been investigated using X-ray diffraction. Incorporating fluoride 

into the enamel structure may lead to crystallographic changes in enamel (contraction of 

a,b-axis, increase in apatite crystal size and reduction of crystal defects). Nevertheless, 

enamel crystallinity varies at different layers and if it is ground into powder mixing the 

layers, it may affect the accuracy of the measurement [115]. The micro X-ray diffraction 

analysis overcomes the limitations of conventional powder XRD and can obtain site-specific 

data directly from the tooth allowing the study of the enamel crystallinity at different levels 

[116]. 

3.1.5. Fourier transformed infrared microspectroscopy (μFTIR) 

The three main regions of the infrared spectrum are the near-infrared (13000–4000 cm−1), 

the mid-infrared (4000–400 cm−1) and the far-infrared (<400 cm−1). The infrared technique 

focuses on the vibrations of the atoms that form the molecule. The infrared radiation 

interacts with a specimen and the portion of the incident radiation absorbed at a given 

energy is determined. A spectrum peak represents the molecule’s vibration and has a 

specific frequency. The infrared determination process can be considered as a change in the 

dipole moments related to the molecule’s vibrations and rotations. Common molecule 

movements that lead to this change are stretching and bending of the molecular bond, 

resulting in a change in bond length or angle. Stretching can be symmetric (in-phase) and 

antisymmetric (out-of-phase) [117,118].  

Fourier transformed infrared (FTIR) spectroscopy led to a major breakthrough in the 

evolution of infrared instrumentation. The spectra quality and the measurement time were 
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significantly improved by this technique. It is based on the interference of radiation between 

two beams and the interferogram is the signal generated by the pathlength change between 

both beams. This kind of equipment employs an interferometer and performs the Fourier 

transformation, a well-known mathematical operation [117]. The scheme of a common 

Michelson interferometer can be seen in Figure 12. 

 

Figure 12. Michelson interferometer scheme [117]. 

FTIR is a well-recognized molecular vibrational technique widely used to investigate the 

chemical structural properties of natural materials [119,120]. It has been extensively utilized 

for mapping the material properties of mineralized tissues such as dental enamel, including 

mineralization, crystallinity or carbonate substitution [121,122]. The incorporation of a 

microscope in FTIR microspectroscopy has introduced the possibility of combining 

biochemical and spatial information [123]. For samples difficult to measure by the 

conventional transmittance method, reflectance can be employed [118].  

Infrared spectroscopy of apatites generally provides two different types of information. The 

crystalline quality is evaluated from the width of the absorption bands due to the phosphate 

vibrational modes. The other type of information is based on the presence of molecular 

species, like carbonate groups, which are detected by specific vibrational bands [124]. 
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3.1.6. Use of synchrotron radiation 

Synchrotron light is electromagnetic radiation generated by accelerating bunches of 

charged particles (usually electrons), which are circulating within an accelerator, through 

magnetic fields used to bend their trajectory to maintain them inside a circular orbit [125]. 

Electrons are produced in the electron gun, by thermionic emission from a hot filament, and 

then accelerated to about 100 MeV by a linear accelerator (LINAC). These electrons are 

regularly supplied to the booster ring, which accelerates the electrons up to the energy of 

the storage ring, where they are periodically injected [126]. As can be appreciated in Figure 

13, the storage ring is not circular, but is a higher order polyhedron with bending magnets 

(red cubes) at each vertex. These magnets are crucial to generate radiation, as they deflect 

the path of electrons (blue line), which travel almost at the light speed, resulting in the 

liberation of radiation in a broad spectrum of photon energy. Electromagnetic radiation 

(yellow line) is emitted tangentially and utilized in the adjacent beamlines [127,128]. These 

beamlines can be used for different techniques according to the radiation energy adapted 

in the beamline optical hutch [126]. 

 

Figure 13. Scheme of a modern synchrotron [128]. 

The synchrotron through-the-substrate micro X-ray diffraction (tts-μXRD) allows performing 

punctual analysis in thin sections with a spot size of few micrometers. Therefore, this 

Booster ring 

Storage ring 

Electron gun 

LINAC 

Beamlines 
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technique enables data collection directly on thin tooth sections preserving the textural 

context and allowing local identification of mineral phases [129]. 

Coupling μFTIR technique to a synchrotron radiation light source, synchrotron radiation-

based FTIR microspectroscopy (SR-μFTIR), allows a much better signal-to-noise ratio and the 

use of a smaller beam size without losing signal efficiency, since one of the most outstanding 

properties of a synchrotron radiation source is its high brightness compared with a 

traditional globar source [123]. The use of μFTIR with synchrotron radiation makes it 

possible to examine human dental tissues with higher lateral resolution at data acquisition 

and a high signal-to-noise ratio, avoiding long-term accumulation of the signal, which is 

essential for the analysis of biological samples. This allows to elucidate the molecular 

composition of enamel mineral and to observe local changes in areas of a few microns [80]. 
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3.2. Experimental procedures 

3.2.1. Reagents 

4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES, 99.5%), magnesium chloride 

hexahydrate (99%), calcium fluoride (95%) and chloramine T trihydrate (98-103%) were 

purchased from Sigma Aldrich (Steinheim, Germany); potassium dihydrogen phosphate 

(99.5%), calcium chloride dihydrate (74-78%) and tricalcium phosphate (35-40% (Ca)) from 

Panreac (Barcelona, Spain); potassium chloride (99-100.5%) from J. T. Baker (Deventer, 

Holland), all in powder form. Potassium hydroxide pellets (85%) and hydrochloric acid (37%) 

were purchased from Panreac (Barcelona, Spain). The hydroxyapatite reference powder was 

of analytical grade and was used as received without any further purification (>90%, Fluka, 

Sigma-Aldrich, Steinheim, Germany). 

Deionized water was purified using a Millipore purification system (Millipore, Milford, MA, 

USA).  

Food grade ion-exchange resins charged with different ions (Zn2+, Ca2+, F- and PO4
3-) were 

purchased from MionTec (Leverkusen, Germany). The base of the weak acid cation-

exchange resins is a copolymer from acrylic acid, divinylbenzene and aliphatic diene with 

carboxylic acid functional groups (Lewatit S 8528, Lanxess, Leverkusen, Germany). While the 

base of the weak base anion-exchange resins is a styrene-divinylbenzene-copolymer with 

tertiary amine functional groups (Lewatit S 4528, Lanxess, Leverkusen, Germany). The 

different resins, ground to a particle size below 50 µm, were mixed to form the NMTD 

product, with a molar ratio between Ca2+, F- and PO4
3- of 2:1:1, respectively. In addition, 

resin charged with Zn2+ ions was added, representing 0.2% of the dry weight of the resulting 

product. 

3.2.2. Fluorapatite reference synthesis 

The fluorapatite sample was synthetized by a solid phase reaction [28] mixing calcium 

fluoride (95%) and tricalcium phosphate (35-40% (Ca)) in the agate miller at the ratio of 1.67 

Ca/P. Subsequently, the reagents were placed in the muffle furnace Selecta 366 PE (Selecta, 

Barcelona, Spain) to heat them at 1200 ºC for 2 hours. The solid fluorapatite was then 

ground into powder for 15 minutes. 
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3.2.3. Artificial saliva preparation 

Artificial saliva was prepared by mixing the following compounds in the indicated 

concentrations: potassium chloride 0.24 g/l, calcium chloride dihydrate 0.078 g/l, potassium 

dihydrogen phosphate 0.544 g/l, magnesium chloride hexahydrate 0.041 g/l, HEPES 4.77 g/l. 

After complete dissolution of the saliva components, the pH was adjusted to 7.1±0.4 with 

potassium hydroxide pellets. 

3.2.4. Mineral growth in solution 

In order to form FA in solution, 0.6 g of NMTD were mixed with 1 ml of artificial saliva and 

placed in a closed container inside an incubator at 37 ºC for 24 hours. The resultant paste is 

filtered with the aid of a funnel and a Kitasato flask under vacuum, and dried at room 

temperature. 

The structure and elemental composition of the resulting powder were analyzed by SEM-

EDX with a Zeiss Merlin FE-SEM equipped with an EDX Oxford INCA X-Max detector. This 

microscope has a charge compensation system that allows the high-resolution imaging of 

non-conductive samples, electrons which accumulate on the sample surface are swept away 

by a fine jet of nitrogen. The images were taken with the secondary electron detector with 

a low voltage of 1-3 kV and the EDX measurements were taken at 10 kV. The powders from 

the HA and FA references were characterized under the same conditions. All the analyses 

were performed at room temperature. 

3.2.5. Amelogenin production 

A human 175 amino acid amelogenin (Swissprot Q99217, isoform 1, excluding the signal 

peptide) was expressed in Escherichia coli strain BL21 (DE3) and purified by an acid/heat 

treatment as described previously Svensson Bonde and Bulow [130].  

Proteins were analyzed by matrix‐assisted laser desorption/ionization, sodium dodecyl 

sulfate polyacrylamide gel electrophoresis and western blot to confirm the amelogenin 

production. Finally, recombinant amelogenin was quantified with a nanodrop and stored in 

aliquots at -20ºC until further use. 

Protein purification has been performed by the ICTS “NANBIOSIS”, more specifically by the 

Protein Production Platform of CIBER in Bioengineering, Biomaterials & Nanomedicine 

(CIBER-BBN)/ IBB, at the UAB SePBioEs scientific-technical service 

(http://www.nanbiosis.es/portfolio/u1-protein-production-platform-ppp/). 
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3.2.6. In vitro remineralizing treatments 

Bovine teeth are used as a model, given their similarity to human teeth [19,24,25]. Bovine 

tooth specimens were cleaned of gross debris before removing the root with a diamond saw 

(South Bay Technology, San Clemente, CA, USA). The resulting bovine tooth samples were 

embedded in Fastray acrylic resin (Harry J. Bosworth, Skokie, IL, USA) with pink color or 

Paladur clear autopolymerizing acrylic resin (Heraeus Kulzer, Hanau, Germany), closing the 

root aperture and leaving the front enamel surface exposed.  

When using human teeth, the roots are preserved, but the teeth are embedded in the 

Paladur acrylic resin covering the roots and leaving the front enamel surface exposed. 

The embedded teeth were then etched with hydrochloric acid 1 M for 30 seconds [131] to 

mimic the early stage of dental erosion and immediately afterwards cleaned by rinsing with 

MilliQ water while brushing for 20 seconds with an electric toothbrush. The surface of an 

acid-etched tooth can be seen in Figure 14. 

 

Figure 14. SEM image of the surface of an acid-etched human tooth. 

To prepare blank samples acid-etched teeth were placed in artificial saliva solution at 37 ºC 

inside an incubator during the entire treatment period, which may vary from 4 to 20 days 

depending on the experiment, and cleaned with MilliQ water while brushing for 20 seconds 

with an electric toothbrush every 24 hours.  
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In order to perform the remineralizing treatments artificial saliva was added to NMTD until 

the optimal consistency of thick gel was reached for its application on the teeth. In the case 

of the treatment with NMTD and amelogenin, 100 µg/ml of human amelogenin was added 

to the saliva before mixing with NMTD. In both cases the mixture of NMTD with the 

corresponding saliva (with or without amelogenin) was distributed on the enamel surface 

of acid-etched teeth. Then, the samples were placed in a sealed vessel with the base filled 

with saliva to maintain the humidity of the environment (Figure 15). The recipient was 

placed inside an incubator at the normal temperature of the oral cavity (37 ºC). Every 24 

hours for the whole period of treatment (between 4 and 20 days), each treatment was 

renewed by washing the samples carefully with MilliQ water and brushing for 20 seconds 

with an electric toothbrush before applying a fresh treatment portion.  

 

Figure 15. Bovine teeth with NMTD treatment in the vessel before sealing. 

Finally, all teeth were cleaned by brushing with MilliQ water for 20 seconds and stored in a 

0.5% chloramine T solution until further preparation for analysis. 

3.2.7. SEM-EDX tooth analysis 

To study the evolution of the remineralized layer thickness, selected bovine samples 

embedded in Fastray acrylic resin and treated between 4 to 20 days (blank samples with 

only saliva, NMTD samples or NMTD and amelogenin samples) were longitudinally cut in 

two halves along the central lobe with a Struers Minitom precision diamond saw (Struers, 
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Copenhagen, Denmark). A sequence of silicon carbide paper was used to polish the 

longitudinal side with a Struers LaboPol-25 polishing machine (Struers, Copenhagen, 

Denmark), starting at grit size P1000 and sequentially increasing to P4000, under a constant 

water flow. A diamond paste with a mean particle size of 1 µm was used to finish the 

polishing. After each polishing, the samples were sonicated for one minute to clean the 

polishing residues. 

In addition, to study the strength of the remineralization, some bovine samples treated 

during 15 days with NMTD were brushed continuously for 15 minutes with an electric 

toothbrush before proceeding to prepare the longitudinal sections. 

Moreover, bovine tooth samples embedded in Fastray acrylic resin and treated during 4 or 

15 days with saliva, NMTD or NMTD and amelogenin were selected for surface analysis.  

In order to analyze dental samples by scanning electron microscopy, teeth were totally dried 

first. Thus, longitudinally cut tooth samples for lateral analysis and uncut tooth samples for 

surface analysis were rinsed thoroughly with MilliQ water, dried and placed for at least 24 

hours in a desiccator. Bovine samples prepared for lateral and surface measurements can 

be seen in Figure 16. 

 

Figure 16. Image of bovine dental specimens prepared for lateral (left) and surface (right) SEM-EDX 
analysis.  

The structure and elemental composition of the samples were analyzed by SEM-EDX with a 

Zeiss Merlin FE-SEM equipped with an EDX Oxford INCA X-Max detector. Despite the 

equipment’s charge compensation system, a conductive carbon tape, placed near the 

sample area of interest and extended to the metal holder, is used to prevent overcharging 
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of the teeth and to obtain higher resolution images. The images were taken on the 

longitudinal section and the surface of the teeth with the secondary electron detector with 

a low voltage of 1-3 kV and the EDX measurements were taken at 10 kV. All the 

measurements were performed at room temperature. 

SEM image processing was performed using ImageJ [132,133], a public domain image 

processing and analysis program developed at the U.S. National Institutes of Health. 

GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) was used for statistical analysis 

through one-way analysis of variance (ANOVA). 

3.2.8. Nanoindentation tooth measurements 

To study the hardness of the remineralized layer, selected bovine samples after 15 days of 

NMTD treatment with or without amelogenin were entirely covered by the same Fastray 

acrylic resin in which they were initially embedded before treatment and longitudinally cut 

into two halves with a Struers Minitom precision diamond saw. The longitudinal side of the 

samples was polished as described in the previous section. A bovine sample prepared for 

lateral nanoindentation and an example of indentation can be seen in Figure 17. 

 

Figure 17. Image of a bovine dental specimen prepared for nanoindentation (a) and SEM image of a 
nanoindentation performed on the polished enamel of a bovine tooth longitudinal cut (b). 

The hardness of the teeth was measured using an MTS Nano Indenter XP with a Berkovich 

tip that provides a fast and reliable way to acquire mechanical data on the submicron scale. 

The continuous stiffness measurements were performed in the longitudinal section of the 

tooth with a depth limit of 1000 nm and a Poisson’s ratio of 0.25 [134,135]. CSM with depth, 

a b
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in conjunction with the known indenter tip area function, allows continuous hardness 

monitoring [136]. Before every measurement, the Berkovich diamond indenter was 

calibrated on a standard fused silica specimen. All the measurements were performed at 

room temperature and with tooth samples still wet to avoid changes in the hardness due to 

drying. 

3.2.9. Synchrotron tts-μXRD experiment 

3.2.9.1. Sample preparation 

A couple of bovine samples of each treatment (NMTD with or without amelogenin), which 

had been treated for 15 days, were released from the Paladur acrylic resin and embedded 

in Epofix resin (Struers, Copenhagen, Denmark). The tooth samples were longitudinally cut 

in half, fixed on a glass substrate of 1.5 mm thickness and polished to reduce the sample 

thickness down to 30 μm and achieve a flat surface. A tooth thin section image can be seen 

in Figure 18. 

 

Figure 18. Image of a bovine dental specimen prepared for synchrotron through-the-substrate micro X-
ray diffraction. 

3.2.9.2. Data acquisition 

Synchrotron tts-μXRD measurements were performed at the Materials Science and Powder 

Diffraction (MSPD) beamline of ALBA Synchrotron (Cerdanyola del Vallès, Spain) [137]. The 

MSPD beamline is equipped with Kirkpatrick-Baez mirrors, providing a monochromatic 

focused beam of 15x15 μm2 size at full width at half maximum and with a Rayonix SX165 

CCD detector (round active area of 165 mm diameter, frame size 2048x2048 pixels, 79 mm 
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pixel size and dynamic range 16 bit). The tooth sections were measured in transmission 

mode through the glass substrate (Figure 19) [138]. The energy employed was 29.2 keV 

(λ=0.4246 Å), as determined from the Sn absorption K-edge. Instrumental calibration was 

carried out with a LaB6 standard (NIST SRM 660b). The final data consisted of a two 

dimensions (2D) diffraction pattern in a series of points from outside to inside the tooth in 

lines separated by 200 μm. Reference compounds (hydroxyapatite and fluorapatite) were 

measured using a Kapton polyimide film as support material. All the analyses were 

performed at room temperature. 

 

Figure 19. Dental specimen (arrow) ready to be analyzed by tts-μXRD in the experimental hutch at 
MSPD beamline of ALBA Synchrotron. 

3.2.9.3. Data treatment 

The diffraction data of the samples were processed with the programs d1Dplot and d2Dplot 

[139], including the azimuthal plots, which consist of the evolution of pixel intensity along 

an ellipse specified by the Bragg angle 2θ and a given tolerance. This intensity was integrated 

over 360º in a narrow band containing the reflection with Miller indices (002) and then 

plotted versus the azimuthal angle Φ. The azimuthal plots of the reflection (002) were 

selected for this analysis since this reflection is normal to the c-axis of enamel crystallites 

[56,140].  
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Multivariate curve resolution (MCR) was performed using PLS_Toolbox (Eigenvector 

Research, Wenatchee, WA, USA) working under MATLAB (The MathWorks, Natick, MA, USA) 

to study the evolution of the different orientations along the azimuthal plots of the 

reflection (002) collected from each line measured from the surface to the inside of the 

samples and with baseline correction. MCR is a widespread and powerful chemometric 

methodology for data analysis that maximizes the explained variance in the data while 

imposing component profiles to follow significant physical or chemical constraints [141].  

OriginLab software (OriginLab, Northampton, MA, USA) was used to perform baseline 

correction and maximum normalization to the diffractograms when observing peak shifts. 

3.2.10. Specular reflectance SR-μFTIR experiment 

3.2.10.1. Sample preparation 

Two bovine samples and one human sample of each treatment (NMTD with or without 

amelogenin), which had been treated for 15 days, were completely covered by the same 

Paladur acrylic resin in which they were embedded before treatment and longitudinally cut 

in two halves with a Struers Minitom precision diamond saw to obtain a mesial view from 

the inside. Paladur acrylic resin is transparent and hence facilitates the sample cutting. A 

sequence of silicon carbide paper was used to polish the exposed tooth area with a Struers 

LaboPol-25 polisher, starting at grit size P2500 and increasing to P4000, under a constant 

flow of tap water. A sequence of diamond suspensions with a mean particle size of 3 and 1 

µm was used to finish the polishing and obtain the appropriate reflection properties for the 

measurements. Afterwards, the specimens were sonicated for one minute to clean the 

polishing residues. Bovine and human samples can be observed in Figure 20. 

 

Figure 20. Image of a bovine (left) and a human (right) dental specimen prepared for specular 
reflectance synchrotron radiation-based Fourier transform infrared microspectroscopy. 
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3.2.10.2. Data acquisition 

µFTIR coupled to synchrotron radiation (SR-µFTIR) experiment in reflectance mode was 

carried out at MIRAS beamline of ALBA Synchrotron (Cerdanyola del Vallès, Spain) [142]. 

Specular reflectance spectra of the tooth samples (Figure 21) were acquired using a 

Hyperion 3000 microscope coupled to a Vertex 70 spectrometer (Bruker, Ettlingen, 

Germany) and equipped with a Mercury-Cadmium-Telluride (MCT) detector. The 

microscope uses a 36x Schwarzschild objective (NA=0.52) coupled to a 36x Schwarzschild 

condenser to focus the synchrotron IR light on the sample. Spectra were collected with 

OPUS 7.5 software (Bruker, Ettlingen, Germany) in the 700-4000 cm-1 range, at a spectral 

resolution of 4 cm-1, with a masking aperture size of 6x6 μm2, taking 256 co-added scans per 

spectrum to achieve a good signal-to-noise ratio and using and a step size of 5x5 μm2. A gold 

mirror was used as the reference to collect the background. All the analyses were performed 

at room temperature. 

 

Figure 21. Dental specimen (arrow) being analyzed by specular reflectance μFTIR at MIRAS beamline of 
ALBA Synchrotron. 

3.2.10.3. Data treatment 

OriginLab software was employed to assign peak spectra numbers and perform maximum 

normalizations when comparing spectra. Savitsky-Golay algorithm for second derivative 

with a polynomial order of 3 was applied to the spectra on the region between 1660 and 

700 cm-1 using the Unscrambler X 10.4 software (CAMO Software, Oslo, Norway).  
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Principal component analysis (PCA) was performed on the region between 1660 and 700 

cm-1 of the mean centered spectra using PLS_Toolbox working under MATLAB. PCA is, 

arguably, the most frequently employed chemometric method. It is a variable reduction 

tool, which makes it possible to identify trends and patterns more easily [143]. This method 

generates a decomposition of the experimental data that maximizes the explained variance 

under the constraint of the orthonormality of the new components [141]. 
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4.1. Mineral growth in solution experiment 

Prior to the growth of FA in solution, a theoretical species distribution diagram was 

performed. MEDUSA program (Stockholm, Sweden) [144] was used to create the theoretical 

chemical equilibrium diagram of the species formed in presence of the ions released from 

the NMTD. The basic parameters that are necessary for the calculation of distribution 

diagrams, including equilibrium constants, are included in the program database. 

As shown in Figure 22, the predominant species formed in presence of the ions released 

from the NMTD at pH 7.1 of saliva would be calcium fluoride and fluorapatite. 

 

Figure 22. Theoretical distribution diagram of the species formed in presence of the ions released from 
NMTD as function of medium pH. 

Regarding the mineral growth in solution, it can be seen in Figure 23a that crystals have 

grown on the resin after the incubation of NMTD in artificial saliva solution for 24 hours. 

The shape of these crystals obtained in the solution experiment resembles the first phase 

of the formation of fluorapatite spherulites [33,145–147]. 

Moreover, the EDX spectrum of the crystals matches the fluorapatite reference spectrum, 

as shows Figure 23 (b and c). Therefore, the results of the solution experiment confirm the 

expected formation of fluorapatite predicted by the theoretical species distribution 

diagram. 
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Figure 23. SEM image of the crystals obtained after the incubation of NMTD in artificial saliva solution 
during 24 hours with 5000X magnification (a), EDX spectrum of one of the crystals (b), EDX spectrum of 

the fluorapatite reference powder (c). 
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4.2. Determination of enamel remineralization by conventional techniques 

4.2.1. SEM-EDX analysis of dental samples 

Bovine teeth were lengthwise cut and the remineralized layer thickness after each NMTD 

treatment time was measured using ImageJ software. The remineralization of the tooth 

samples has been successful, as it can be seen in Figure 24, the thickness of the 

remineralized layer progressively increases until day 15, when it reaches a plateau around 

23±1 µm. 

 

Figure 24. Evolution of the remineralized layer thickness with time of NMTD treatment in bovine tooth 
samples (n=24 for each point). 

In order to study the formed layer bonding strength to the enamel surface, bovine teeth 

were brushed continuously for 15 minutes after 15 days of NMTD treatment when the layer 

has reached its maximum thickness. Figure 25 shows the remineralized layer of the 15-day 

treatment to remain intact after the long brushing, demonstrating that it is attached to the 

tooth surface strongly enough to resist the brushing of the daily hygiene. 
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Figure 25. Longitudinal section SEM images of a bovine sample treated with NMTD for 15 days and 
brushed for 15 minutes with 250X magnification (a) and 1000X magnification of the square area (b). 

The difference in crystal size between the treatment in presence and absence of amelogenin 

was studied, it can be appreciated in Figure 26 that the crystals are bigger in presence of 

amelogenin. The diameter of the crystals for the 4-day treatment is 0.11±0.02 µm for NMTD 

and 0.14±0.02 µm for NMTD in presence of amelogenin. In the case of the 15-day treatment, 

the diameter of the crystals is 0.13±0.02 µm for the treatment without protein and 

0.17±0.03 µm with amelogenin. The increase in crystal size with amelogenin for both 

treatment times (4 and 15 days) suggests amelogenin protein to accelerate the 

crystallization rate [148]. Moreover, the 15-day treatment with protein shows significant 

differences in crystal size versus NMTD alone, according to the one-way ANOVA test 

performed with GraphPad Prism 9. 
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Figure 26. SEM images at 20000X magnification level of the bovine tooth surface after 4 and 15 days of 
treatment: blank (a), NMTD (b), NMTD and amelogenin (c). 

To study the composition of the remineralized layer, an EDX study was performed by 

measuring blank and treated bovine samples (with and without amelogenin protein) and 

comparing them to the references of fluorapatite and hydroxyapatite powder. EDX results 

are shown in Table 3. We can observe that the presence of amelogenin during the 

remineralization process produces a layer more similar in composition to pure fluorapatite, 

with more calcium and phosphorus but less oxygen and fluorine than the layer formed only 

with NMTD that also shows the formation of other minerals like calcium fluoride (CaF2). This 

calcium fluoride is a precursor that will derive in fluorapatite in the presence of phosphate 

[46,149]. The composition of the blank samples treated with saliva alone is similar to that 

of hydroxyapatite, as expected. The results obtained from the 4-day and 15-day treatments 
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are similar, which means that extending the treatment time increases the thickness of the 

layer, as observed previously, but does not alter its composition. 

Table 3. Surface EDX measurements of the different treatments in bovine teeth at different times: blank 
sample after 4 days (B4), NMTD treated sample after 4 days (N4), NMTD and amelogenin treated sample 
after 4 days (N+A4), blank sample after 15 days (B15), NMTD treated sample after 15 days (N15), NMTD 
and amelogenin treated sample after 15 days (N+A15), fluorapatite powder reference (FA), 
hydroxyapatite powder reference (HA). 

Atomic 
% B4 N4 N+A4 B15 N15 N+A15 FA HA 

Ca 18±5 14±1 20.7±0.1 20±4 14.78±0.01 20.6±0.1 25±4 21±3 

P 15±3 10.5±0.5 14.68±0.08 19±2 10.9±0.1 14.53±0.04 14.3±0.8 14.7±0.9 

O 66±8 64.8±1.0 56.5±0.4 61±5 63.3±0.5 56.4±0.5 56±2 65±3 

F 0.3±0.1 10.8±0.5 8.1±0.2 0.1±0.1 11.0±0.4 8.5±0.4 4.9±0.7 0.00±0.01 

To study the evolution of the formed layer across its outer part to the enamel, different EDX 

measurements were taken in longitudinally cut bovine samples of 15 days through the 

formed layer until the enamel. Figure 27 shows the variations of each element when moving 

across the new layer to the natural enamel. Comparing the remineralized layer (first 23 µm) 

to natural enamel (beneath this 23 µm), fluorine concentration is higher and oxygen 

concentration is lower due to the expected production of fluorapatite in the remineralized 

layer, instead of the enamel hydroxyapatite. In the presence of amelogenin, calcium and 

phosphorus remain largely similar along the new layer to the original enamel since 

fluorapatite and hydroxyapatite contain the same amount of calcium and phosphorus, thus 

supporting our expected mineral formation. On the contrary, in absence of amelogenin, the 

observed decrease of oxygen, calcium and phosphorus in the formed layer against the 

original enamel may be interpreted by the formation of a considerable proportion of CaF2 

together with the fluorapatite. In the blank samples, these changes are not observed due to 

the absence of the remineralized layer. 
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Figure 27. Longitudinal section SEM-EDX analysis of bovine teeth: representation of measurements (a), 
blank sample after 15 days (b), NMTD treated sample after 15 days (c), NMTD and amelogenin treated 

sample after 15 days (d). 

4.2.2. Nanoindentation of treated teeth 

To assess the hardness of both kinds of remineralized layer (NMTD and NMTD with 

amelogenin) with respect to the enamel, CSM measurements were taken in the layer and 

the enamel of longitudinally cut bovine samples, the measurements are shown in Figure 28. 

We can observe the remineralized layer without protein to be slightly harder than enamel 

during the first 500 nm although it loses hardness from there unlike enamel. However, in 

the presence of amelogenin, the hardness of the remineralized layer is maintained at values 

similar to the enamel. These results may be due to the role of amelogenin in guiding the 

morphology and alignment of crystals formation [17,84]. 
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Figure 28. Longitudinal section continuous stiffness measurements of a bovine sample treated 15 days 
with NMTD and amelogenin (top) and a bovine sample treated 15 days with NMTD (bottom). 
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4.3. Synchrotron radiation-based multi-analytical approach to study dental remineralization 

4.3.1. Synchrotron tts-μXRD 

A typical diffraction pattern of HA was found inside the bovine enamel, the main (hkl) Miller 

indices (002), (211), (112), (300), (202), (222), (213) and (004) [26,150] are indicated in 

Figure 29. A shift to a slightly higher angle was observed in the (211), (112) and (300) 

reflections of the external layer and the FA reference, compared to the enamel and the HA 

reference, as expected from the slight reduction in a,b-axis dimension when F- ions replaces 

OH- ions [151,152]. This shift confirmed the substitution of fluoride ions into the apatite 

lattice, therefore the remineralized layer formed is composed of FA, more resistant than 

enamel HA. 

 

Figure 29. Diffractograms obtained by synchrotron tts-μXRD for HA reference, FA reference, bovine 
enamel, NMTD layer with amelogenin and NMTD layer without amelogenin, normalized to maximum 

and showing reflections. 

Synchrotron tts-μXRD was also used to investigate the texture (or preferred orientation) of 

enamel crystallites in the tooth sections. The preferred orientation refers to the degree of 

alignment of the crystallites. The intensities of different XRD peaks can be employed to 

estimate the macroscopic level-specific orientation of crystals. Sharp and intense (002) and 

(004) peaks in the apatite, as can be seen for the new layers in Figure 29, indicate that 

crystals prefer to be aligned along the c-crystallographic axis as in real enamel [14,90]. The 
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lattice planes (002) and (004) along the c-axis of the enamel crystals are oriented 

perpendicular to the tooth surface, following the direction of the enamel prism 

arrangement [50,153]. Perpendicularity to the enamel surface maximizes the strength and 

bending capability and enhances the wear resistance capacity [154]. 

A high degree of crystalline anisotropy, as in dental enamel, produces a change in the 

intensity around the Debye ring of Bragg reflections in two dimensions that correlates with 

the degree of crystallite alignment or ordering [140]. The intensity variations around the 

diffraction rings are indicative of tooth enamel texture [153]. Diffraction spots in Figure 30 

are concentrated in distinct arcs, both in the bovine enamel and in the layers, which means 

that the crystals are ordered [155]. The strongest texture (the most extreme intensity 

variation) for both kinds of samples (NMTD treatment with or without amelogenin) was 

found in the reflection (002), as can be appreciated in Figure 30. The lattice plane reflection 

(002) does not overlap with other reflections and has the greatest intensity variation with 

maxima normal to the c-axis [154]. Moreover, in the diffractograms shown in Figure 29, a 

shift was not observed in the (002) peak, since the contribution is due to the c-axis in this 

reflection and the c-axis dimension does not change from HA to FA [28].  

 

Figure 30. 2D μXRD images from a bovine sample with amelogenin (a) and a bovine sample without 
amelogenin (b). Enamel points on the top and layer points on the bottom. 
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To analyze the different behavior of crystal orientation along the lines of points that enter 

into the teeth, the evolution of the azimuthal intensity of the reflection (002) has been 

plotted. This gives a linear representation of the evolution of the pixel intensity along the 

ellipse specified by the angle 2θ (Debye ring) [139]. Figure 31 shows typical examples of the 

azimuthal plot for all the points of lines from both samples where two pronounced peaks 

separated by approximately 180º could be observed. These peaks represent the opposing 

(002) reflection maxima that can be seen in the 2D μXRD images of Figure 30. Sharp intense 

peaks are evidence of a strong preferred orientation, while broad peaks would indicate a 

more random orientation of the crystallites [56]. It can be seen in Figure 31 that both kinds 

of layers have a strong preferred orientation with intense peaks, even exceeding the 

intensity of the underlying bovine enamel.  

 

Figure 31. Representation of the azimuthal plots from lines of a bovine sample with amelogenin (a) and 
a bovine sample without amelogenin (b). 
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Moreover, the treatment with NMTD and amelogenin (Figure 30a and Figure 31a) produces 

a layer that follows the preferred orientation of the surface enamel better than the 

treatment with only NMTD (Figure 30b and Figure 31b), since the positions of the arcs and 

the peaks for the reflection (002) match better with enamel ones.  

The presence of another population of crystallites with distinct preferred orientation can be 

appreciated deeper in the enamel of lines for both sample types in Figure 31, where there 

are two additional peaks in the azimuthal plots, also separated by approximately 180º. This 

effect of four peaks due to two crystal populations with different preferred orientation is 

due to the natural structure of the enamel. 

MCR analysis of the azimuthal plots of the reflection (002) from both treatments (NMTD 

with amelogenin and NMTD alone) is shown in Figure 32. MCR was developed by imposing 

non-negativity in both the intensities and azimuthal profiles. The orientation of component 

1 (blue) is mostly present in the layer, while component 2 (orange) appears in the outer 

enamel and component 3 (yellow) becomes more important in the deeper enamel where 

new preferred orientations appear. Component 4 (purple) belongs to the points outside 

before reaching the samples. The evolution of the different components confirms that the 

orientation of the layer with NMTD and amelogenin (Figure 32a) follows the enamel 

underneath better than the layer with only NMTD (Figure 32b). In the NMTD layer with 

amelogenin the change of the components 1 and 2 between the layer and the enamel is 

more gradual than in the one with NMTD alone, which is consistent with the movement of 

the peaks in Figure 31. The changes in the intensities of the components as they enter 

deeper into the tooth (Figure 32) can also be correlated with the intensities of the peaks in 

the azimuthal plots at different depths (Figure 31), the intensity in the layers of the 

azimuthal plots is also higher than in the bovine enamel. 
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Figure 32. MCR analysis of the azimuthal plots from lines of the bovine sample with amelogenin (a) and 
the bovine sample without amelogenin (b).  

The loadings in Figure 33 show peaks separated by 180º for both kinds of bovine samples 

(NMTD with or without amelogenin protein), as the peaks of the original azimuthal plots in 

Figure 31. The peaks of the loadings for components 1 and 2 are in similar positions, but 

component 3 has them shifted to lower angles. This fact is consistent with component 3 

being predominant in the inner enamel (Figure 32), where azimuthal peaks appear at lower 

angles (Figure 31). 
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Figure 33. MCR loadings for each component of tooth bovine samples treated with NMTD: with 
amelogenin (green) and without amelogenin (red). 

4.3.2. Specular reflectance SR-μFTIR 

Measurements were taken on a selected frame on the tooth including points of the bovine 

enamel and of the new layer, to study the similarities and differences of the crystals of the 

newly formed layers for the different treatments (NMTD with amelogenin or NMTD alone) 

with the underlying enamel. 

Bands corresponding to carbonates and phosphates in the bovine enamel HA are identified 

in Figure 34. The bands associated with the ν3PO4 vibrations (antisymmetric stretching) are 

observed between 1170 and 965 cm−1 [156,157]. In the literature, the deconvolution of the 

ν3PO4 bands in stoichiometric apatite is described as secondary phase vibrations of Ca-O-P 

at 1103 cm-1, P-O at 1091 cm-1, Ca-O at 1047 cm-1 and O-Ca-O at 1031 cm-1 [158]. The weak 

ν1PO4 band (symmetric stretching) is present at 966 cm−1 [124]. The region between 1580-

1320 cm-1 corresponds to ν3CO3 antisymmetric stretching, where two maximums at 1442 

and 1401 cm-1 can be appreciated [119]. An additional small band related to structural 

carbonates (ν2CO3 symmetric angular deformation) is present at 867 cm−1 [119,124,157]. 

Carbonate can substitute two anionic sites of the HA structure: it could be located at 
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phosphate group sites in carbonated apatite type B, which is the predominant type in 

biological apatite, or at hydroxyl group sites in carbonated apatite type A [159]. According 

to the peak deconvolution from the literature, the ν3CO3 vibration in carbonated apatite 

type A splits into two peaks at 1530 cm−1 and 1465 cm−1. In contrast, type B can be 

characterized by peaks at 1456 and 1423 cm−1 in the IR spectrum [159,160]. In the case of 

the ν2CO3 out-of-plane bending mode, a peak at 879 cm-1 is reported to belong to type A 

and another at 872 cm-1 to type B [159,161]. The combined presence of A and B carbonates 

affects the carbonate peak positions compared to apatite with only A type or only B type 

[159]. Thus, the carbonate peaks detected in the regions 1580-1320 cm-1 and 880-830 cm-1 

of the enamel in reflection mode show a mixture of type A and B carbonates. 

 

Figure 34. Average of the specular reflectance FTIR spectra of bovine enamel with band assignment 
numbers (n=11). 

Specular reflectance FTIR spectra in Figure 35 show that both types of layers present the 

characteristic peak of apatites due to the phosphate group near 1050 cm-1, indicating a high 

crystallinity [162]. In both layers, there is an absence of the two small peaks near 1400 cm-1 

and the small peak at 867 cm−1 that are present in the bovine enamel due to the carbonate 

group [163]. The lack of the carbonate substitution group with high solubility and the 
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narrowing of the phosphate peak in both layers indicate conversion to a more highly 

crystalline apatite compared to enamel. 

 

Figure 35. Average of specular reflectance FTIR spectra normalized to maximum corresponding to 
bovine enamel (blue), NMTD layer with amelogenin (green) and NMTD layer without amelogenin (red) 

(n=11). 

In addition, layers appear to have a more evident vibration at 1103 cm-1 than the bovine 

enamel, corresponding to the Ca-O-P secondary phase vibration. This could be due to a 

higher amount of calcium interacting with phosphate than in enamel since there are no 

carbonates in the layer, and therefore there is no calcium bound to carbonate as in enamel. 

Further evidence of this behavior can be appreciated in the second derivative spectra of the 

layers and enamel in Figure 36. 
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Figure 36. Savitzky-Golay second derivative average spectra of the bovine enamel and the different 
layers performed with a polynomial order 3 (n=11). 

The PCA of spectra corresponding to enamel and both layers (Figure 37) shows that principal 

component 1 (PC 1) separates the two treatments (NMTD with and without amelogenin) 

from each other and principal component 2 (PC 2) separates the bovine enamel from the 

treatment layers as it separates according to the depth of the measurement. PC 1 represents 

59.95% of the variation, while PC 2 accounts for the 33.10%. The points in the PCA belonging 

to the layer with protein are statistically closer to the enamel points than those belonging 

to the layer with NMTD alone, which may be due to the 1103 cm-1 shoulder being more 

pronounced in the NMTD layer (Figure 35).  
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Figure 37. PCA scores graph of the FTIR spectra from the enamel and layer of two bovine samples with 
amelogenin and two bovine samples without amelogenin. 

In Figure 38, the loadings for PC1 and PC2 show the main peaks in the regions 1580-1320 

cm-1 and 1170 and 965 cm−1, corresponding to the ν3CO3 and the ν3PO4 vibrations. 

Therefore, these vibrations are responsible for the separation of the scores in Figure 37.  

 

Figure 38. PC 1 and PC 2 loadings of the FTIR spectra PCA from bovine samples. 
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The same specular reflectance SR-μFTIR analysis was performed on human samples, in order 

to assess the similarities and differences of the crystals of the layers for the different 

treatments applied to human teeth (NMTD with or without amelogenin) with the underlying 

human enamel. 

Both types of layers in Figure 39, with and without amelogenin protein, present the 

characteristic peak of apatites due to the phosphate group near 1050 cm-1 that indicates a 

high crystallinity and was also present in the treatments with bovine teeth of Figure 35. 

Moreover, there is also an absence in both layers of the two small peaks near 1400 cm-1 and 

the small peak at 867 cm−1 belonging to the carbonate group that are present in the human 

enamel. The absence of the high solubility carbonate substitution group and the narrowing 

of the phosphate peak in the layers indicate a conversion to a more crystalline apatite in 

comparison to human enamel, as happened in the bovine samples. 

 

Figure 39. Average of specular reflectance FTIR spectra normalized to maximum corresponding to 
human enamel (blue), NMTD layer with amelogenin (green) and NMTD layer without amelogenin (red) 

(n=11). 

Furthermore, the layers in Figure 39 seem to have a more evident Ca-O-P secondary phase 

vibration at 1103 cm-1 than the human enamel, such as bovine samples. The second 

derivative spectra of the layers and human enamel (Figure 40) appears to confirm this event 
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which, as stated for the bovine teeth, could be due to the fact that there are no carbonates 

in the layer, so there is no calcium bound to the carbonate as in the enamel and, as a result, 

there is a greater amount of calcium interacting with the phosphate. 

 

Figure 40. Savitzky-Golay second derivative average spectra of the human enamel and the different 
layers performed with a polynomial order 3 (n=11). 

The PCA of spectra belonging to human enamel and both layers in Figure 41 shows that 

principal component 1 (PC 1) separates according to the depth of the measurement 

differentiating the human enamel from the treatments, and principal component 2 (PC 2) 

separates the two treatments (NMTD with and without amelogenin). PC 1 represents 

85.53% of the variation and PC 2 the 8.59%. The points in the PCA from the layer with 

amelogenin are also statistically closer to the human enamel points than those from the 

layer with NMTD alone, probably because of the more pronounced 1103 cm-1 shoulder in 

the NMTD layer in Figure 39, as was the case with the bovine samples.  
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Figure 41. PCA scores graph of the FTIR spectra from the enamel and layer of a human sample with 
amelogenin and a human sample without amelogenin. 

The loadings for PC1 and PC2 of Figure 42 show the main peaks in the regions of the ν3CO3 

and the ν3PO4 vibrations (1580-1320 cm-1 and 1170 and 965 cm−1). Thus, these vibrations 

are responsible for the score separation in Figure 41, as in the PCA of bovine samples.  

 

Figure 42. PC 1 and PC 2 loadings of the FTIR spectra PCA from human samples. 



CHAPTER 4 

 72 

The application of these treatments on human samples has demonstrated their 

effectiveness for the treatment of human subjects, as was already predicted by the 

experiments with bovine teeth, and that the application of the amelogenin protein improves 

the result, making the remineralization more similar to natural human enamel. 
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 This thesis was focused on the development of a new dental remineralizing product. The 

NMTD ion-exchange material combined with human amelogenin protein has been 

applied and its effects on dental bovine and human samples have been studied, 

providing new knowledge in the field of dental remineralization and a possible new 

product for the market. 

 The combination of conventional techniques with two synchrotron radiation-based 

techniques: infrared microspectroscopy and micro X-ray diffraction, with the help of 

specific data mining, has shown to conform a useful methodology to analyze the 

structure of apatites in samples of hard dental tissues and their allocation after the 

remineralization process. Infrared microspectroscopy provides information on chemical 

structural properties such as carbonate substitution, while micro X-ray diffraction allows 

the study of crystal structure and texture distribution on dental specimens. Synchrotron 

radiation allows to detect small changes with better resolution and to analyze 

microzones with high signal intensity. 

 The NMTD product induces the remineralization after an acid attack creating a 

fluorapatite layer of around 23 µm on the enamel surface after 15 days of treatment. 

This carbonate free fluorapatite has higher physicochemical stability than tooth enamel 

hydroxyapatite and the formed layer can overcome the brushing process of the daily 

hygiene. 

 The presence of amelogenin protein during the remineralization process with NMTD 

improves the layer hardness and the crystal orientation to mimic natural enamel, also 

accelerating the crystallization rate. Furthermore, amelogenin seems to induce the 

composition of the layer closer to that of pure fluorapatite without precipitation of 

other compounds. Amelogenin protein is a crucial component of this remineralizing 

product since it plays a critical role in controlling the preferred orientation of the 

growing crystal to resemble natural dental enamel. 

 The novel product of NMTD with amelogenin induces complete remineralization with a 

hardness that reaches the levels observed in healthy enamel and an orientation of the 

fluorapatite crystals similar to that of natural enamel. Therefore, this is a promising 

product to inhibit demineralization and provide long-term remineralization to inhibit 

caries and protect tooth structures. 
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 Nevertheless, further studies would be convenient to evaluate the clinical applicability 

of this biomimetic treatment in humans. Although being a combination of food grade 

resins and human protein ensures easy approval for clinical trials. 
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Abstract 

This study aims to develop an innovative dental material to remineralize dental enamel by 

a proper combination of ion-exchange resins as controlled release of mineral ions forming 

dental enamel, in presence of amelogenin to guide the appropriate crystal growth. The 

novel product proposed consists of a combination of ion-exchange resins (weak acid and 

weak base) individually loaded with the remineralizing ions: Ca2+, PO4
3- and F-, also including 

Zn2+ in a minor amount as antibacterial, together with the protein amelogenin. Such cocktail 

provides onsite controlled release of the ions necessary for enamel remineralization and at 

the same time, a guiding tool for related crystal growth by the indicated protein. 

Amelogenin protein is involved in the structural development of natural enamel and takes 

a key role in controlling the crystal growth morphology and alignment at the enamel surface. 

Treated teeth were evaluated with nanoindentation, scanning electron microscopy (SEM) 

and energy dispersive X-ray spectroscopy (EDX). The innovative material induces the dental 

remineralization creating a fluorapatite layer with a hardness equivalent to sound enamel, 

with the appropriate alignment of corresponding nanocrystals, being the fluorapatite more 

acid-resistant than the original mineral. Our results suggest that the new product shows 

potential for inhibiting demineralization and promoting long-term remineralization leading 

to the inhibition of caries and protection of dental structures. 

Keywords 

Controlled release system, Amelogenin, Enamel remineralization, Dental caries, 

Fluorapatite.   
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1. Introduction 

Dental caries is a complex disease process that afflicts a large proportion of the world’s 

population, regardless of gender, age and ethnicity, although it is more likely to be present 

in individuals with a low socioeconomic status [1–4]. Despite the fact that the prevalence of 

dental caries has descended over the last decades, the disease is still a major problem for 

adults and children, and an improved approach to prevention and therapy is currently 

needed [5]. Dental caries progresses when organic acids, produced by bacterial action from 

biofilms of dental plaque on dietary fermentable carbohydrates, diffuse into the tooth and 

dissolve the mineral [6–13]. Dental caries is a process, which can be stopped and reversed 

in its initial stages. If left untreated, the early reversible lesion can progress to the point of 

being irreversible [14,15]. Another factor that puts oral health at risk and makes it necessary 

to find a solution, is the popularity of the whitening systems and their side effects [16–19]. 

The mature enamel has no residual cellular components that can carry out the repair when 

it is damaged, so the restoration depends on physicochemical events at the tooth surface 

[1,2]; here are protective factors that can prevent or reverse it, such as salivary proteins, 

calcium, phosphate, salivary flow and fluoride in saliva [5,20,21]. 

Enamel is the outer layer of the teeth and is the hardest and most mineralized tissue in 

vertebrates [22–25]. It is an acellular mineralized tissue comprised of highly oriented 

crystallites of calcium hydroxyapatite organized into rod and interrod structures. These 

crystals are unique in shape, organization and orientation. Tooth enamel rods seem to 

extend from the dentino-enamel junction to the tooth surface and they are remarkably 

longer than wide [26]. 

During tooth germination, the enamel mineral is a highly substituted carbonated apatite, 

not pure hydroxyapatite (HA). The mineral is related to hydroxyapatite but is much more 

soluble in acid, as well as calcium deficient (calcium is replaced by sodium, magnesium and 

zinc) and contains between 3 to 6% of carbonate ions replacing phosphate ions in the crystal 

lattice. Demineralization and remineralization can be contemplated as a dynamic process. 

The carbonate is preferentially lost during the demineralization process, and it is excluded 

during remineralization. Thus, the calcium-deficient and carbonate-rich regions of the 

crystal are markedly susceptible to be attacked during demineralization [5]. When the OH- 

groups in pure hydroxyapatite (Ca10(PO4)6(OH)2) are completely replaced by fluoride ions   

(F-), it results in mineral fluorapatite (FA) (Ca10(PO4)6F2), which is really resistant to 
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dissolution by acid. Mature enamel is mostly a mixture of hydroxyapatite and fluorapatite 

and for this reason, it is much less soluble than the original mineral [5,21,27]. 

Fluoride is widely used in dental products because primarily via topical mechanisms it has a 

cariostatic effect inhibiting the demineralization at the crystal surfaces, enhancing the 

remineralization, interfering with plaque formation and inhibiting bacterial metabolism 

[5,10,21,28–32]. The presence of fluoride ions restricts the formation of acidic, more soluble 

calcium phosphates as dicalcium phosphate dihydrate or octacalcium phosphate, and 

facilitates the creation of more acid-resistant fluorapatite or fluorhydroxyapatite (partial 

substitution of fluoride by hydroxyl groups). Fluorapatite or fluorhydroxyapatite are formed 

when low levels of fluoride ions are present, and calcium fluoride will be created with high 

levels of fluoride ions. This calcium fluoride will hydrolyze to fluorhydroxyapatite in the 

presence of acid phosphate or phosphate ions. Moreover, fluoride is more effective in 

inhibiting hydroxyapatite dissolution when calcium and phosphate ions are also present in 

the solution [2]. With fluoride availability, demineralization is reduced because part of the 

calcium and phosphate lost by the dissolution of hydroxyapatite returns to the enamel as 

more acid-resistant fluorapatite [33]. 

Even though systemic fluoride by means of water fluoridation has been promoted in the 

past for the decline in dental caries, it has been found that the systemic benefits of fluoride 

are minimal and the primary reduction in dental caries is due to the topical effect of water 

fluoridation and the availability of fluoridated toothpastes. In several European countries 

without water fluoridation, a caries reduction has been seen after the introduction of 

fluoridated toothpastes [3]. Toothpastes are probably the most widespread products in 

health care and are one of the most effective ways to deliver free or soluble fluoride [34]. 

Nevertheless, high concentrations of fluoride can cause numerous side effects and due to 

the short oral application time of many fluoride products, fluoride ions are released rapidly 

producing high concentrations in a short time [21]. There has been an increase in the 

exposure to fluoride ingestion in children increasing the risk of toxicity and dental fluorosis 

due to the high levels of fluoride released into biological fluids [35]. 

A different approach to induce remineralization is used in the present study to avoid high 

concentrations of fluoride with its side effects and prolong the contact time between 

fluoride ions and teeth. The fluorapatite formation could be guided controlling the release 

speed of fluoride in the oral environment, in conjunction with the release of calcium and 
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phosphate ions in order to induce the remineralization. For this purpose, a product (called 

NMTD [36], new dental treatment material or Nuevo Material de Tratamiento Dental in 

Spanish) that provides a controlled release system for the anticaries treatment of dental 

tissues is used. NMTD is a combination of ion-exchange resins of weak acid and weak base 

ion-exchangers composition, loaded with calcium, fluoride, phosphate and zinc. The molar 

ratio of the ions has to be close to that of the organomineral tissue to be remineralized; in 

the case of the teeth, the approximate molar ratio between Ca2+, F- and PO4
3-, is 2:1:1, 

respectively. In contact with NMTD, the organomineral tissues are remineralized in a fast 

and effective way, especially in the presence of Zn2+ ions. Zinc has two effects: it helps to 

combat the micro-organisms which cause caries due to its bactericidal properties against 

oral bacteria [37], and it is an initiator of the ionic release of the other structural ions. A 

toothpaste containing NMTD was proven to be effective in limiting in vitro enamel 

demineralization and in enhancing remineralization [38]. The application of ion-exchange 

materials has advantages compared to conventional chemical reagents, since the release of 

ions is only due to the ion-exchange mechanism and they do not introduce undesirable ions 

into the solution, they are characterized by practically neutral pH values and they can also 

adsorb bacteria on their surfaces. Most of these resins are non-toxic and are used in the 

pharmaceutical industry, in medical applications and also in the food industry [39]. 

On the other hand, the organic matrix composed of proteins secreted by the ameloblasts 

provides a scaffold for the enamel minerals to grow. But following this stage of 

development, the enamel enters a maturation phase in which most of the organic matter is 

degraded [23,24,40–42]. The protein amelogenin, that constitutes the 90% of the protein 

matrix, plays a central role in guiding the hierarchical organization of apatite crystals 

observed in mature enamel [22,43–46]. It is known that the crystal morphology and 

alignment of enamel, as well as the correct enamel thickness, are the result of a protein-

guided uniaxial growth process. The exact mechanism guiding this process remains 

undetermined due to the rapid degradation of the underlying protein matrix during tissue 

maturation. However, the role of self-assembly of enamel matrix proteins, particularly 

amelogenin, has been widely recognized as a key factor in controlling enamel structural 

development [22,43,47]. Therefore, there is considerable interest in the use of amelogenin 

and other similar self-assembling peptides for dental remineralization [48–54]. The aim of 

this study is to assess the NMTD remineralization capacity in presence and absence of 
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amelogenin in order to understand the influence of this protein on the crystal morphology 

and alignment during the remineralization process. 

2. Materials and methods 

2.1. Materials 

Hydrochloric acid (37%) and potassium hydroxide pellets (85%) were purchased from 

Panreac (Barcelona, Spain). Chloramine T trihydrate (98-103%), HEPES (4-(2-hydroxyethyl)-

1-piperazine-ethanesulfonic acid, 99.5%), magnesium chloride hexahydrate (99%) and 

calcium fluoride (95%) were purchased from Sigma Aldrich (Steinheim, Germany); calcium 

chloride dihydrate (74-78%), potassium dihydrogen phosphate (99.5%) and tricalcium 

phosphate (35-40% (Ca)) from Panreac (Barcelona, Spain); potassium chloride (99-100.5%) 

from J. T. Baker (Deventer, Holland), all in powder form. Deionized water was purified 

through a Millipore purification system from Millipore (Milford, MA, USA). Reference 

sample of the hydroxyapatite was of analytical grade and was used as received without any 

further purification (>90%, Fluka, Sigma-Aldrich, Steinheim, Germany). 

The base of the weak acid ion-exchange resins is a copolymer from acrylic acid, 

divinylbenzene and aliphatic diene with carboxylic acid functional groups (Lewatit S 8528, 

Lanxess, Leverkusen, Germany); and the base of the weak base ion-exchange resins is a 

styrene-divinylbenzene-copolymer with tertiary amine functional groups (Lewatit S 4528, 

Lanxess, Leverkusen, Germany). These food grade ion-exchange resins charged with 

different ions (Zn2+, Ca2+, F- and PO4
3-) were purchased from MionTec (Leverkusen, 

Germany). They were ground to below 50 µm particle size and mixed to form the NMTD 

product, in which the corresponding molar ratio between Ca2+, F- and PO4
3-, is 2:1:1, 

respectively. Moreover, Zn2+ ions-charged resin is added, representing the 0.2% of the dry 

weight of the related resin. 

2.2. Methods 

2.2.1. Reference fluorapatite sample 

The fluorapatite reference powder was synthetized following a solid phase reaction [55] 

mixing in the agate miller calcium fluoride (95%) and tricalcium phosphate (35-40% (Ca)) at 

the ratio of 1.67 Ca/P. Subsequently, the reagents were placed in the muffle furnace (Selecta 

366 PE, Barcelona, Spain) and heated to 1200 ºC for 2 hours. The solid FA was then grounded 

during 15 minutes into powder. 
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2.2.2. Mineral growth in solution 

In order to form FA in solution, 0.6 g of NMTD were mixed with 1 ml of artificial saliva (KCl 

0.24 g/l, CaCl2 ∙ 2H2O 0.078 g/l, KH2PO4 0.544 g/l, MgCl2 ∙ 6H2O 0.041 g/l, HEPES 4.77 g/l; 

adjusted to pH 7.1±0.4 with KOH pellets) and placed in a closed container inside an 

incubator at 37 ºC during 24 hours. The resultant paste is filtered with the aid of a funnel 

and a Kitasato flask under vacuum and dried at room temperature. 

2.2.3. Amelogenin production 

A human 175 amino acid amelogenin (Swissprot Q99217, isoform 1, excluding the signal 

peptide) was expressed in the Escherichia coli strain BL21 (DE3) and purified with an 

acid/heat treatment as described previously Svensson Bonde and Bulow [56]. The proteins 

were analysed by matrix‐assisted laser desorption/ionization, sodium dodecyl sulfate 

polyacrylamide gel electrophoresis and western blot to confirm the obtainment of 

amelogenin. The recombinant amelogenin was quantified with a nanodrop. 

Protein purification has been performed by the ICTS “NANBIOSIS”, more specifically by the 

Protein Production Platform of CIBER in Bioengineering, Biomaterials & Nanomedicine 

(CIBER-BBN)/ IBB, at the UAB SePBioEs scientific-technical service 

(http://www.nanbiosis.es/portfolio/u1-protein-production-platform-ppp/). 

2.2.4. Specimen preparation 

Bovine teeth are used as a model due to their resemblance to human teeth [57]. Specimens 

of bovine teeth were cleaned of gross debris and the root was sectioned using a diamond 

saw (South Bay Technology, San Clemente, CA, USA). Samples were embedded in a Fastray 

acrylic resin (Harry J. Bosworth, Skokie, IL, USA) to close the root hole. Then, teeth were 

etched with 1 M HCl for 30 seconds [58] to simulate the early stage of dental erosion and 

cleaned by rinsing with MilliQ water while brushing for 20 seconds with an electric 

toothbrush. 

2.2.5. In vitro remineralizing treatment 

Groups of six teeth were prepared as explained in section 2.2.4 for each time and treatment: 

NMTD, NMTD with human amelogenin and blank samples.  

Blank samples were placed in the saliva solution at 37 ºC during the different times of the 

experiment and cleaned with MilliQ water while brushing for 20 seconds every 24 hours. 



ANNEXES 

 97 

For both remineralizing treatments, artificial saliva (in presence or absence of 100 µg/ml of 

human amelogenin) was added to NMTD until obtaining the optimal consistence of thick gel 

for its application onto the tooth. The mixture was applied directly on the enamel surface 

of the etched teeth. The samples were placed in a closed container with saliva on the 

bottom and inside an incubator in order to maintain the humidity and the natural 

temperature of the oral cavity (37 ºC). Every 24 hours, each treatment was renewed by 

carefully washing the specimens with MilliQ water and brushing for 20 seconds before 

applying a fresh portion of treatment.  

The different groups of samples were treated between 4 and 20 days. Finally, teeth were 

cleaned by brushing with MilliQ water for 20 seconds and stored in a 0.5% chloramine T 

solution until their analysis. 

Moreover, some samples that were treated during 15 days with NMTD were brushed 

continuously for 15 minutes with the electric toothbrush to study the strength of the 

remineralization. 

To study the remineralized layer, selected samples were longitudinally cut in two halves 

along the central lobe with a Struers Minitom precision diamond saw (Copenhagen, 

Denmark) and polished with a Struers LaboPol-25 polisher (Copenhagen, Denmark). A 

sequence of silicon carbide paper was used to polish the longitudinal side, starting at grit 

size P1000 and sequentially increasing to P4000, under a constant flow of water. Then, a 

diamond paste with a mean particle size of 1 µm was used to finish the polishing. 

2.2.6. SEM-EDX measurements 

The structure and elemental composition of the samples were analyzed by scanning 

electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) with a Zeiss 

Merlin field emission SEM equipped with an EDX Oxford INCA X-Max detector. This 

microscope has a unique charge compensation system that allows the high-resolution 

imaging of non-conductive samples, electrons which accumulate on the sample surface are 

swept away by a fine jet of nitrogen. The images were taken on the surface and the 

longitudinal section of the teeth with the secondary electron detector with a low voltage of 

1-3 kV and the EDX measurements were taken at 10 kV. The powder from the mineral 

growth experiment and the HA and FA references were characterized under the same 

conditions as described above. All the experiments were performed at room temperature. 
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2.2.7. Nanoindentation 

The hardness of the teeth was measured using an MTS Nano Indenter XP with a Berkovich 

tip that provides a fast and reliable way to acquire mechanical data on the submicron scale. 

The continuous stiffness measurements (CSM) were performed in the longitudinal section 

of the tooth with a depth limit of 1000 nm and a Poisson’s ratio of 0.25 [59,60]. Continuous 

stiffness measurement with depth, in conjunction with the known indenter tip area 

function, allows continuous hardness monitoring [61]. All the experiments were performed 

at room temperature. Before every measurement, the Berkovich diamond indenter was 

calibrated on a standard fused silica specimen.  

2.2.8. Sotfware 

MEDUSA program (Stockholm, Sweden) [62] was used to create the chemical equilibrium 

diagram of the species formed in presence of the ions released from the NMTD. The basic 

parameters that are necessary for the calculation of distribution diagrams, including 

equilibrium constants, are included in the program database. 

SEM images treatment was done using ImageJ [63,64], a public domain image processing 

and analysis program developed at the U.S. National Institutes of Health. 

GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) was used for statistical analysis. 

3. Results  

3.1. Mineral growth in solution  

Theoretically, the predominant species formed in presence of the ions released from the 

NMTD at pH 7.1 would be calcium fluoride and fluorapatite, as it can be seen in the species 

distribution diagram of Fig. 1. 
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Fig. 1 Theoretical distribution diagram of the species formed in presence of the released ions from NMTD 
as function of medium pH (saliva solution in our case). 

Fig. 2 shows the SEM image of the elongated crystals obtained after the incubation of NMTD 

in artificial saliva solution for 24 hours and the EDX results of one crystal and the fluorapatite 

reference powder.  

 

Fig. 2 SEM image of the crystals obtained after the incubation of NMTD in artificial saliva solution during 
24 hours with 5000X magnification (a), EDX spectrum of one of the crystals (b), EDX spectrum of the 
fluorapatite reference powder (c). 
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3.2. In vitro experiment  

3.2.1. SEM-EDX measurements 

Teeth were lengthwise cut and the remineralized layer thickness after each treatment time 

was measured using ImageJ software. Fig. 3 shows that the layer grows gradually until day 

15, when it reaches a plateau around 23±1 µm.  

 

Fig. 3 Evolution of the remineralized layer thickness with the time of NMTD treatment. 

In order to study the formed layer bonding strength to the enamel surface, teeth were 

brushed continuously for 15 minutes after 15 days of treatment. Fig. 4 represents a 

longitudinal section of a tooth showing the remineralized layer after brushing.  

 

Fig. 4 Longitudinal section SEM images of a sample treated with NMTD for 15 days and brushed for 15 
minutes with 250X magnification (a) and 1000X magnification of the square area (b). 
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The difference between the treatment in presence and absence of amelogenin was studied. 

In Fig. 5 it can be appreciated that the crystals are bigger in presence of amelogenin. The 

diameter of the crystals for the 4-day treatment is 0.11±0.02 µm for NMTD and 0.14±0.02 

µm for NMTD in presence of amelogenin. In the case of the 15-day treatment, the diameter 

of the crystals is 0.13±0.02 µm for the treatment without protein and 0.17±0.03 µm with 

amelogenin. The 15-day treatment with protein shows significant differences in crystal size 

versus NMTD alone, according to the one-way ANOVA (analysis of variance) test performed 

with GraphPad Prism 9. 

 

Fig. 5 SEM images at 20000X magnification level of the tooth surface after 4 and 15 days of treatment: 
blank (a), NMTD (b), NMTD and amelogenin (c). 

To study the composition of the remineralized layer, an EDX study was performed by 

measuring blank and treated samples after 4 and 15 days of treatment and comparing them 

to the references of fluorapatite and hydroxyapatite powder. EDX results are shown in Table 

1. 

Table 1 Surface EDX measurements of the different treatments at different times: blank sample after 4 
days (BL4), NMTD treated sample after 4 days (NMTD4), NMTD and amelogenin treated sample after 4 
days (AH4), blank sample after 15 days (BL15), NMTD treated sample after 15 days (NMTD15), NMTD and 
amelogenin treated sample after 15 days (AH15), fluorapatite powder reference (FA), hydroxyapatite 
powder reference (HA). 

 
BL4 NMTD4 AH4 BL15 NMTD15 AH15 FA HA 

Ca (Atomic %) 18±5 14±1 20.7±0.1 20±4 14.78±0.01 20.6±0.1 25±4 21±3 

P (Atomic %) 15±3 10.5±0.5 14.68±0.08 19±2 10.9±0.1 14.53±0.04 14.3±0.8 14.7±0.9 

O (Atomic %) 66±8 64.8±1.0 56.5±0.4 61±5 63.3±0.5 56.4±0.5 56±2 65±3 

F (Atomic %) 0.3±0.1 10.8±0.5 8.1±0.2 0.1±0.1 11.0±0.4 8.5±0.4 4.9±0.7 0.00±0.01 
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To study the evolution of the formed layer across its outer part to the enamel, different EDX 

measurements were taken in longitudinally cut samples of 15 days through the formed layer 

until the enamel. Fig. 6 shows the variations of each element when moving across the new 

layer to the natural enamel. 

 

Fig. 6 Longitudinal section SEM-EDX analysis of blank sample after 15 days (a), NMTD treated sample after 
15 days (b), NMTD and amelogenin treated sample after 15 days (c). 

3.2.2. Nanoindentation  

To assess the hardness of both kinds of remineralized layer with respect to the enamel, CSM 

measurements were taken in the layer and the enamel of longitudinally cut samples, the 

measurements are shown in Fig. 7. 

 

Fig. 7 Longitudinal section continuous stiffness measurements of a 15 days NMTD treated sample (a) and 
a 15 days NMTD and amelogenin treated sample (b). 

4. Discussion 

The results of the solution experiment confirm the expected formation of fluorapatite. It 

can be observed in Fig. 2 that the shape of the crystals formed with the NMTD in saliva 

solution after 24 hours resembles the first phase of the formation of fluorapatite spherulites 
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[65–68]. Moreover, the EDX spectrum of the crystals matches the fluorapatite reference 

spectrum. 

The remineralization of the tooth samples has been successful, as it can be seen in Fig. 3, 

the thickness of the remineralized layer progressively increases until day 15, when it reaches 

its maximum at around 23±1 µm.  

Fig. 4 shows the remineralized layer of the 15 days treatment to remain intact after brushing 

for 15 minutes, demonstrating that it is attached to the tooth surface strongly enough to 

resist the brushing of the daily hygiene.  

The increase in crystal size with amelogenin for both treatment times (4 and 15 days) seen 

in Fig. 5 suggests amelogenin protein to accelerate the crystallization rate [69]. 

We can observe in Table 1 that the presence of amelogenin during the remineralization 

process produces a layer more similar in composition to pure fluorapatite, with more Ca and 

P but less O and F than the layer formed only with NMTD that also shows the formation of 

other minerals like calcium fluoride. This calcium fluoride is a precursor that will derive in 

fluorapatite in the presence of phosphate [2,70]. The composition of the blank samples 

treated with saliva alone is similar to that of hydroxyapatite as expected. The results 

obtained from the 4-day and 15-day treatments are similar, which means that extending the 

treatment time increases the thickness of the layer, as observed previously, but does not 

alter its composition. 

In Fig. 6, comparing the remineralized layer (first 23 µm) to natural enamel (beneath this 23 

µm), fluorine concentration is higher and the oxygen concentration is lower due to the 

expected production of fluorapatite in the layer (increase of fluoride content) replacing 

corresponding hydroxyapatite (decrease of the OH- content). In the presence of amelogenin, 

calcium and phosphorus remain largely similar along the new layer to the original enamel 

since fluorapatite and hydroxyapatite contain the same amount of calcium and phosphorus, 

thus supporting our expected mineral formation. On the contrary and in absence of 

amelogenin, the observed decrease of oxygen, calcium and phosphorus in the formed layer 

against the original enamel may be interpreted by the formation of a considerable 

proportion of CaF2 instead of just fluorapatite. In the blank samples, these changes are not 

observed due to the absence of the remineralized layer. 
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We can observe in Fig. 7 the remineralized layer without protein to be slightly harder than 

enamel during the first 500 nm although it loses hardness from there unlike enamel. 

However, in the presence of amelogenin, the hardness of the remineralized layer is 

maintained at values similar to the enamel. These results may be due to the role of 

amelogenin in guiding the morphology and alignment of crystals formation [22,43]. 

The development of technologies to rebuild tooth enamel and preserve tooth structure is 

of great interest due to the inability of the mature tooth enamel to regenerate itself after 

substantial mineral loss [1,2,25,40,47,71–73]. 

In conclusion, the NMTD product is effective and induces the remineralization after an acid 

attack creating a fluorapatite layer of around 23 µm after 15 days of treatment, overcoming 

the brushing process of the daily hygiene. The presence of amelogenin protein during the 

remineralization process improves the layer hardness and the crystal morphology, also 

accelerating the crystallization rate. Furthermore, amelogenin seems to induce the 

composition of the layer closer to that of pure fluorapatite. The novel product of NMTD with 

amelogenin induces complete remineralization with a hardness that reaches the levels 

observed in natural healthy enamel. Therefore, the novel product is promising to inhibit 

demineralization and provide long-term remineralization to inhibit caries and protect tooth 

structures. Nevertheless, further studies would be convenient to evaluate the clinical 

applicability of this biomimetic material. 
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ABSTRACT 

The limitations to assess dental enamel remineralization have been overcome by a 

methodology resulting from the appropriate combination of synchrotron radiation-based 

techniques on both, infrared microspectroscopy and micro X-ray diffraction, with the help 

of specific data mining. Since amelogenin plays a key role in modulating the mineralization 

of tooth enamel, we propose a controlled ion release for fluorapatite structural ions (Ca2+, 

PO4
3- and F-, also including Zn2+) by using weak acid and weak base ion-exchange resins in 

presence of amelogenin to remineralize the surface of etched teeth. This combination 

provides the necessary ions for enamel remineralization and a guide for crystal growth due 

to the protein. Remineralized tooth samples were analyzed by applying the indicated 

methodology. The synchrotron data were treated using principal component analysis and 

multivariate curve resolution to analyze the mineral layer formed in the presence and 

absence of amelogenin. The remineralizing treatment created a fluorapatite layer free of 

carbonate impurities and with a similar orientation to that of the natural enamel thanks to 

amelogenin contribution. 
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1. INTRODUCTION 

Teeth have a layered structure composed of dental enamel that covers the dentin 

containing the tooth pulp. Tooth enamel is the most mineralized and hardest tissue in the 

human body. The enamel is constituted by multiple rod-like apatite crystals, which are 

arranged in ordered prisms.1,2 Mineral composition of mature enamel is a mixture of 

compounds, primarily hydroxyapatite (HA), which is crystalline calcium phosphate 

(Ca10(PO4)6(OH)2) that has a hexagonal crystal system with the P63/m space group.3,4 This 

enamel HA is not stable and suffers changes due to chemical interactions. The major change 

is produced when phosphate is substituted by carbonate because this substitution increases 

the solubility of the enamel. However, if the hydroxyl ions of HA are replaced by fluoride 

ions, fluorapatite (FA), a more acid-resistant compound, is generated.5 As the fluoride ion is 

smaller than the hydroxyl ion, the triangle formed by the three coordinating calcium ions 

shrinks, resulting in a symmetry-conserving contraction of the unit cell in the a,b-plane with 

no change in the c-axis dimension (long axis of apatite crystal). This reduction in the volume 

of about 1% is responsible for the greater mechanical strength of FA compared to HA and 

the enhanced chemical stability by the electrostatic bond between fluoride and the adjacent 

ions.6–9 

In vitro models are established methods in dental research as a powerful instrument to 

evaluate the anticaries efficiency of remineralizing agents. Several techniques have been 

used to assess tooth remineralization, such as scanning electron microscopy, atomic force 

microscopy or indentation. However, these techniques have certain limitations regarding 

the analysis of the composition of enamel remineralization and crystal orientation.10,11 

Therefore, synchrotron radiation-based infrared microspectroscopy and microdiffraction 

were used for this study to overcome these constraints. 

Fourier transformed infrared (FTIR) spectroscopy is a well-recognized molecular vibrational 

technique that has been widely used to investigate the chemical structural properties of 

natural materials.12,13 It has been extensively used for mapping the material properties of 

mineralized tissues such as dental enamel, including mineralization, crystallinity or 

carbonate substitution.14 The incorporation of a microscope in FTIR microspectroscopy 

(μFTIR) has introduced the possibility of combining biochemical and spatial information. 

Coupling this technique to a synchrotron radiation light source, synchrotron radiation-based 

FTIR microspectroscopy (SR-μFTIR), allows a much better signal-to-noise ratio and the use 
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of a smaller beam size without losing signal efficiency, since one of the most outstanding 

properties of a synchrotron radiation source is its high brightness compared with a 

traditional globar source.15 

On the other hand, as apatites have a well-defined hexagonal crystal structure, diffraction 

methods can be used to analyze the crystal structure in teeth.1 The crystallographic 

properties of enamel and fluoridated enamel have been investigated using X-ray diffraction 

(XRD). Incorporating fluoride into the enamel structure may lead to crystallographic changes 

in enamel (contraction of a,b-axis, increase in apatite crystal size and reduction of crystal 

defects). Nevertheless, enamel crystallinity varies at different layers. If the enamel is ground 

into powder mixing them, it may affect the accuracy of the measurement.16 The micro X-ray 

diffraction (μXRD) analysis overcomes the limitations of conventional powder XRD and can 

obtain site-specific data directly from the tooth allowing the study of the enamel crystallinity 

at different levels.17 The synchrotron through-the-substrate micro X-ray diffraction (tts-

μXRD) used in the present work allows performing punctual analysis in thin sections with a 

spot size of few micrometers. Therefore, this technique enables data collection directly on 

thin tooth sections preserving the textural context and allowing local identification of 

mineral phases.18 

There are several factors that put oral health at risk, such as the popularity of whitening 

systems with their side effects or the excessive consumption of acidic foods and 

beverages.19–22 Demineralization caused by regular exposure of the tooth enamel to acids, 

such as those produced within accumulations of bacterial plaque from dietary 

carbohydrates, removes mineral ions from HA crystals and may cause a caries lesion. Dental 

caries is a dynamic process, but if left unchecked, enamel demineralization can progress 

from a stage of an early reversible lesion to an irreversible collapse of the enamel surface, 

with the development of a dental cavity. Demineralization in early caries lesion can be 

reversed by calcium and phosphate in saliva.23–26 However, mature tooth enamel is acellular 

and does not regenerate itself after substantial loss.27,28 Mechanical properties of the 

macroscopic enamel tissue are highly dependent on the alignment and orientation of HA 

crystals. Tooth surfaces formed by dental enamel are required to have a high resistance to 

abrasion and corrosion. Therefore, changes in surface structure as a result of caries or 

microscopic damage can cause significant impairment of the dental function and, ultimately, 

tooth loss.1 More than 12 million dental implants are needed annually worldwide as part of 

routine oral rehabilitation.29 
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Fluoride is the most popular agent for enhancing remineralization. Besides the antibacterial 

properties at low concentrations, fluoride stops the demineralization and favours the 

opposite process of remineralization on the tooth surface.24 During remineralization 

processes, fluoride ions promote the formation of FA in the presence of calcium and 

phosphate ions. At higher concentrations, it creates a calcium fluoride layer that acts as a 

reservoir source for fluoride and protects the enamel from the formation of caries.30 When 

early enamel lesions are fluoride-enhanced, the fluoride provides remineralization and acid 

resistance to enamel. The presence of fluoride in saliva has been associated with increased 

remineralization rates and decreased caries incidence. Therefore, fluoride is added to 

toothpastes, mouthwashes and drinking water as an anticaries agent.24 Despite its benefits, 

high concentrations of fluoride can cause undesirable side effects and unfortunately, in 

many dental products, fluoride ions are released too rapidly, producing high concentrations 

in a brief period due to the short oral application time.31,32  

This research employs an innovative approach against dental demineralization to avoid the 

side effects of high fluoride concentrations in the oral environment and extend the contact 

time between the fluoride ions and the tooth surface, enabling successful remineralization. 

The product called NMTD33 (new dental treatment material or Nuevo Material de 

Tratamiento Dental in Spanish) provides a controlled release system for the anticaries 

treatment and it is composed of a combination of weak acid and weak base ion-exchange 

resins loaded with calcium, fluoride, phosphate and zinc. This agent allows the formation of 

FA by controlling the rate of fluoride release into the oral environment, in conjunction with 

the release of calcium and phosphate ions to induce remineralization. Thus, the 

remineralized layer made of FA shows lower mineral solubility, higher mechanical strength 

and greater resistance to caries diseases than enamel HA. The molar ratio of the calcium, 

fluoride and phosphate ions has to be close to that of the organomineral tissue to be 

remineralized. Zinc ions act as initiators of the ionic release of the structural ions. In 

addition, zinc incorporation into enamel may accelerate its remineralization and reduce the 

rate of enamel demineralization, zinc also has antibacterial and malodor control 

properties.25,34 Ion-exchange materials have the advantage of releasing ions only due to the 

ion-exchange mechanism and therefore do not introduce undesirable ions into the solution. 

These resins are mostly non-toxic and used in medical applications, the pharmaceutical 

industry, and even in the food industry.35 An NMTD containing toothpaste has 



ANNEXES 

 115 

demonstrated efficacy in limiting enamel demineralization and enhancing remineralization 

in vitro.36 

Furthermore, enamel matrix proteins play a vital part during the development of enamel in 

the regulation of mineralization and crystal organization. Then, the protein matrix is 

proteolytically degraded during the enamel maturation stage. Amelogenin constitutes more 

than 90% of the organic matrix, being the most abundant protein in the forming enamel. 

The importance of the amelogenin protein is well known because amelogenin self-assembly 

controls the morphology, size and orientation of the growing crystals.27 For this reason, 

amelogenin in conjunction with NMTD is used in this research to achieve a remineralization 

similar to that of natural enamel. 

Principal component analysis (PCA) and multivariate curve resolution (MCR) were used to 

study the obtained data deeply. PCA is, arguably, the most frequently employed 

chemometric method. PCA is a variable reduction tool, which makes it possible to identify 

trends and patterns more easily.37 MCR was also used to analyze the differences of the 

mineral formed in the presence and absence of amelogenin. MCR is a widespread and 

powerful methodology for data analysis that maximizes the explained variance in the data, 

as PCA would, but imposing component profiles to follow significant physical or chemical 

constraints, instead of mathematical or statistical restrictions as for PCA.38 

This study aims to evaluate the efficiency of the remineralization after the treatment with 

NMTD and amelogenin; and to determine the protein influence on the morphological 

changes of the remineralized enamel. Synchrotron infrared microspectroscopy and 

microdiffraction, joined with the proper chemometric method, allow us to study the 

evolution of the structure of apatites and their distribution after the remineralization 

process. Thus, we could achieve the spatial resolution required to determine the changes in 

the remineralization as a function of the depth thanks to the enhanced signal-to-noise ratio 

provided by the synchrotron source. 

2. EXPERIMENTAL SECTION 

2.1. Reagents 

HEPES [4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid] (99.5%), magnesium chloride 

hexahydrate (99%), calcium fluoride (95%) and chloramine T trihydrate (98-103%) were 

purchased from Sigma Aldrich (Steinheim, Germany); potassium dihydrogen phosphate 
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(99.5%), calcium chloride dihydrate (74-78%) and tricalcium phosphate (35-40% (Ca)) from 

Panreac (Barcelona, Spain); potassium chloride (99-100.5%) from J. T. Baker (Deventer, 

Holland), all in powder form. Potassium hydroxide pellets (85%) and hydrochloric acid (37%) 

were purchased from Panreac (Barcelona, Spain). Deionized water was purified using a 

Millipore purification system (Millipore, Milford, MA, USA). The hydroxyapatite reference 

powder was of analytical grade and was used as received without further purification (>90%, 

Fluka, Sigma-Aldrich, Steinheim, Germany). 

Food grade ion-exchange resins charged with different ions (Zn2+, Ca2+, F- and PO4
3-) were 

purchased from MionTec (Leverkusen, Germany). The base of the weak acid ion-exchange 

resins is a copolymer from acrylic acid, divinylbenzene and aliphatic diene with carboxylic 

acid functional groups (Lewatit S 8528, Lanxess, Leverkusen, Germany). While the base of 

the weak base ion-exchange resins is a styrene-divinylbenzene-copolymer with tertiary 

amine functional groups (Lewatit S 4528, Lanxess, Leverkusen, Germany). The different 

resins, ground to a particle size below 50 µm, were mixed to form the NMTD product, with 

a molar ratio between Ca2+, F- and PO4
3- of 2:1:1, respectively. In addition, resin charged with 

Zn2+ ions is added, representing 0.2% of the dry weight of the resulting product. 

2.2. Fluorapatite Reference Synthesis 

The fluorapatite sample was synthetized by a solid phase reaction3 mixing calcium fluoride 

(95%) and tricalcium phosphate (35-40% (Ca)) in the agate miller at the ratio of 1.67 Ca/P. 

Afterwards, the reagents were placed in the muffle furnace Selecta 366 PE (Selecta, 

Barcelona, Spain) to heat them at 1200 ºC for 2 hours. The solid fluorapatite was then 

ground to powder for 15 minutes. 

2.3. Amelogenin Protein Synthesis 

A human 175 amino acid amelogenin (Swissprot Q99217, isoform 1, excluding the signal 

peptide) was expressed in Escherichia coli strain BL21 (DE3) and purified by an acid/heat 

treatment as described previously Svensson Bonde and Bulow39. Proteins were analyzed by 

matrix‐assisted laser desorption/ionization, sodium dodecyl sulfate polyacrylamide gel 

electrophoresis and western blot to confirm the amelogenin production. Finally, 

recombinant amelogenin was quantified with a nanodrop. 

Protein purification has been performed by the ICTS “NANBIOSIS”, more specifically by the 

Protein Production Platform of CIBER in Bioengineering, Biomaterials & Nanomedicine 
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(CIBER-BBN)/ IBB, at the UAB SePBioEs scientific-technical service 

(http://www.nanbiosis.es/portfolio/u1-protein-production-platform-ppp/). 

2.4. In Vitro Dental Remineralization 

Bovine teeth are used as a model, given their similarity to human teeth.40,41 Bovine tooth 

specimens were cleaned of gross debris before removing the root with a diamond saw 

(South Bay Technology, San Clemente, CA, USA). The resulting tooth samples were 

embedded in a Paladur clear autopolymerizing acrylic resin (Heraeus Kulzer, Hanau, 

Germany), closing the root aperture and leaving the front surface exposed. The embedded 

teeth were then etched with hydrochloric acid 1 M for 30 seconds to mimic the early stage 

of dental erosion and immediately afterwards cleaned by rinsing with MilliQ water while 

brushing for 20 seconds with an electric toothbrush. 

Artificial saliva was prepared by mixing the following compounds in the indicated 

concentrations: potassium chloride 0.24 g/l, calcium chloride dihydrate 0.078 g/l, potassium 

dihydrogen phosphate 0.544 g/l, magnesium chloride hexahydrate 0.041 g/l, HEPES 4.77 g/l. 

After complete dissolution of the saliva components, the pH was adjusted to 7.1±0.4 with 

potassium hydroxide pellets. 

In order to perform the remineralizing treatments artificial saliva was added to NMTD until 

the consistency of dense gel was reached for its application to the teeth. In the case of the 

treatment with NMTD and amelogenin, 100 µg/ml of human amelogenin was added to the 

saliva before mixing with NMTD. In both cases the mixture of NMTD with the corresponding 

saliva (with or without amelogenin) was distributed on the enamel surface of acid-etched 

teeth, and then the samples were placed in a sealed vessel. The base of this container was 

filled with saliva to maintain the humidity of the environment and the recipient was placed 

inside an incubator at the normal temperature of the oral cavity (37 ºC). Every 24 hours for 

15 days, each treatment was renewed by washing the samples carefully with MilliQ water 

and brushing for 20 seconds before applying a fresh treatment portion. 

Finally, all teeth were cleaned by brushing with MilliQ water for 20 seconds and stored in a 

0.5% chloramine T solution until the preparatation for the synchrotron experiments. 
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2.5. Specular Reflectance SR-μFTIR Experiment 

2.5.1. Sample Preparation 

Two samples of each treatment were completely embedded in the same Paladur acrylic 

resin and longitudinally cut in two halves with a Struers Minitom precision diamond saw 

(Copenhagen, Denmark) to obtain a mesial view from the inside. A sequence of silicon 

carbide paper was used to polish the exposed tooth area with a Struers LaboPol-25 polishing 

machine (Copenhagen, Denmark), starting at grit size P2500 and increasing to P4000, under 

a constant flow of tap water. A sequence of diamond suspensions with a mean particle size 

of 3 and 1 µm was used to finish the polishing and obtain the appropriate reflection 

properties for the measurements. A sample image can be observed in the Supporting 

Information Figure S1a. 

2.5.2. Data Acquisition 

µFTIR coupled to synchrotron radiation (SR-µFTIR) experiment in reflectance mode was 

carried out at MIRAS beamline of ALBA Synchrotron (Cerdanyola del Vallès, Spain)42. 

Specular reflectance spectra of the tooth samples were acquired using a Hyperion 3000 

microscope coupled to a Vertex 70 spectrometer (Bruker, Ettlingen, Germany) and equipped 

with a Mercury-Cadmium-Telluride (MCT) detector. The microscope uses a 36x 

Schwarzschild objective (NA=0.52) coupled to a 36x Schwarzschild condenser to focus the 

synchrotron IR light on the sample. Spectra were collected with OPUS 7.5 software (Bruker, 

Ettlingen, Germany) in the 700-4000 cm-1 range, at a spectral resolution of 4 cm-1, with a 

masking aperture size of 6x6 μm2, taking 256 co-added scans per spectrum to achieve a 

good signal-to-noise ratio and using and a step size of 5x5 μm2. A gold mirror was used as 

the reference to collect the background. 

2.5.3. Data Treatment 

OriginLab software (OriginLab, Northampton, MA, USA) was employed to assign peak 

spectra numbers and perform maximum normalizations when comparing spectra. PCA was 

performed on these data on the mean centered spectra using PLS_Toolbox (Eigenvector 

Research, Wenatchee, WA, USA) working under MATLAB (The MathWorks, Natick, MA, 

USA). 
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2.6. Synchrotron tts-μXRD Experiment 

2.6.1. Sample Preparation 

A couple of samples of each treatment were released from the Paladur acrylic resin and 

embedded in Epofix resin (Struers, Copenhagen, Denmark). The tooth samples were 

longitudinally cut in half, fixed on a glass substrate of 1.5 mm thickness and polished to 

reduce the sample thickness down to 30 μm and achieve a flat surface. A tooth thin section 

image can be seen in the Supporting Information Figure S1b. 

2.6.2. Data Acquisition 

Synchrotron tts-μXRD measurements were performed at the Materials Science and Powder 

Diffraction (MSPD) beamline of ALBA Synchrotron (Cerdanyola del Vallès, Spain)43. The 

MSPD beamline is equipped with Kirkpatrick-Baez mirrors, providing a monochromatic 

focused beam of 15x15 μm2 size at full width at half maximum and with a Rayonix SX165 

CCD detector (round active area of 165 mm diameter, frame size 2048x2048 pixels, 79 mm 

pixel size and dynamic range 16 bit). The tooth sections were measured in transmission 

mode through the glass substrate.44 The energy employed was 29.2 keV (λ=0.4246 Å), as 

determined from the Sn absorption K-edge. Instrumental calibration was carried out with a 

LaB6 standard (NIST SRM 660b). The final data consisted of a two dimensions (2D) diffraction 

pattern in a series of points from outside to inside the tooth in lines separated by 200 μm. 

Reference compounds (hydroxyapatite and fluorapatite) were measured using a Kapton 

polyimide film as support material. 

2.6.3. Data Treatment 

The diffraction data of the samples were processed with the programs d1Dplot and 

d2Dplot45, including the azimuthal plots, which consist of the evolution of pixel intensity 

along an ellipse specified by the Bragg angle 2θ and a given tolerance. This intensity was 

integrated over 360º in a narrow band containing the reflection with Miller indices (002) 

and then plotted versus the azimuthal angle Φ. The azimuthal plots of the reflection (002) 

were selected for this analysis since this reflection is normal to the c-axis of enamel 

crystallites.46,47 MCR was performed using the same toolbox as before to study the evolution 

of the different orientations along the azimuthal plots of the reflection (002) collected from 

each line measured from the surface to the inside of the samples and with baseline 
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correction. OriginLab was used to perform baseline correction and maximum normalization 

to the diffractograms when observing peak shifts. 

3. RESULTS AND DISCUSSION 

3.1. Specular Reflectance SR-μFTIR 

After 15 days of the remineralizing treatments, teeth had a new mineral layer between 20 

and 30 µm of thickness measurable with the microscope of MIRAS beamline. Measurements 

were taken on a frame including points of the enamel and of this new layer to study the 

similarities and differences of the crystals of the newly formed layers for the different 

treatments (NMTD with amelogenin or NMTD alone) with the underlying enamel. 

Infrared spectroscopy of apatites generally provides two different kinds of information. The 

crystalline quality is evaluated from the width of the absorption bands due to the phosphate 

vibrational modes. The other type of information is based on the presence of molecular 

species, like carbonate groups, which are detected by specific vibrational bands.48 Bands 

corresponding to carbonates and phosphates in the enamel HA are identified in Figure 1a. 

The bands associated with the ν3PO4 vibrations (antisymmetric stretching) are observed 

between 1170 and 965 cm−1.49,50 In the literature, the deconvolution of the ν3PO4 bands in 

stoichiometric apatite is described as secondary phase vibrations of Ca-O-P at 1103 cm-1,    

P-O at 1091 cm-1, Ca-O at 1047 cm-1 and O-Ca-O at 1031 cm-1.51 The weak ν1PO4 band 

(symmetric stretching) is present at 966 cm−1.48 The region between 1580-1320 cm-1 

corresponds to ν3CO3 antisymmetric stretching, where two maximums at 1442 and 1401  

cm-1 can be appreciated.12 An additional small band related to structural carbonates (ν2CO3 

symmetric angular deformation) is present at 867 cm−1.12,48,50 Carbonate can substitute into 

two anionic sites of the HA structure. In carbonated apatite type B, which is the predominant 

type in biological apatite, it is located at phosphate group sites, while in carbonated apatite 

type A, it is found at hydroxyl group sites.52 According to the peak deconvolution from the 

literature, the ν3CO3 vibration in carbonated apatite type A splits into two peaks at 1530 

cm−1 and 1465 cm−1. In contrast, type B can be characterized by peaks at 1456 and 1423 

cm−1 in the IR spectrum.52,53 In the case of the ν2CO3 out-of-plane bending mode, a peak at 

879 cm-1 is reported to belong to type A and another at 872 cm-1 to type B.52,54 The combined 

presence of A and B carbonates affects the carbonate peak positions compared to apatite 

with only A or only B type.52 Meaning that the carbonate peaks detected in the regions 1580-



ANNEXES 

 121 

1320 cm-1 and 880-830 cm-1 of the enamel in reflection mode show a mixture of type A and 

B carbonates. 

 

Figure 1. (a) Average of the specular reflectance FTIR spectra of enamel and band assignment numbers 
(n=11). (b) Average of spectra corresponding to enamel, NMTD layer with amelogenin and NMTD layer 
without amelogenin normalized to maximum (n=11). 

Both types of layers (Figure 1b) present the characteristic peak of apatites due to the 

phosphate group near 1050 cm-1, indicating a high crystallinity.55 In both layers, there is an 

absence of the two small peaks near 1400 cm-1 and the small peak at 867 cm−1 that are 

present in the enamel due to the carbonate group.56 The lack of the carbonate substitution 

group with high solubility and the narrowing of the phosphate peak in both layers indicate 

conversion to a more highly crystalline apatite compared to enamel. In addition, the layers 

appear to have a more evident vibration at 1103 cm-1 than the enamel, corresponding to 

the Ca-O-P secondary phase vibration. This could be due to a higher amount of calcium 

interacting with phosphate than in enamel since there are no carbonates in the layer, and 

therefore there is no calcium bound to carbonate as in enamel. Further evidence is included 

in the Supporting Information Figure S2.  

In Figure 2a, the PCA of spectra corresponding to enamel and both layers shows that 

principal component 1 (PC 1) separates the two treatments (NMTD with and without 

amelogenin) from each other and principal component 2 (PC 2) separates the enamel from 

the treatments as it separates according to the depth of the measurement. PC 1 represents 

59.95% of the variation, while PC 2 accounts for the 33.10%. In Figure 2b, the loadings for 

PC1 and PC2 show the main peaks in the regions 1580-1320 cm-1 and 1170 and 965 cm−1, 

corresponding to the ν3CO3 and the ν3PO4 vibrations. Therefore, these vibrations are 

responsible for the scores separation in Figure 2a. The points in the PCA belonging to the 

layer with protein are statistically closer to the enamel points than those belonging to the 
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layer with NMTD alone, which may be due to the 1103 cm-1 shoulder being more 

pronounced in the NMTD layer (Figure 1b).  

 

Figure 2. (a) PCA scores graph of the FTIR spectra from the enamel and layer of two samples with 
amelogenin and two samples without amelogenin. (b) PC 1 and PC 2 loadings of the PCA. 

3.2. Synchrotron tts-μXRD  

A typical diffraction pattern of HA was found inside the enamel, the main (hkl) Miller 

indices4,57 (002), (211), (112), (300), (202), (222), (213) and (004) are indicated in Figure 3. A 

shift to a slightly higher angle was observed in the (211), (112) and (300) reflections of the 

external layer and the FA reference, compared to the enamel and the HA reference, as 

expected from the slight reduction in a,b-axis dimension when F- ions replaces OH- ions.58,59 

This shift confirmed the substitution of fluoride ions into the apatite lattice, therefore the 

remineralized layer formed is composed of FA, more resistant than enamel HA. 

 

Figure 3. Diffractograms obtained by synchrotron tts-μXRD for HA reference, FA reference, enamel, NMTD 
layer with amelogenin and NMTD layer without amelogenin, normalized to maximum and showing 
reflections. 
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Synchrotron tts-μXRD was also used to investigate the texture (or preferred orientation) of 

enamel crystallites in the tooth sections. The preferred orientation refers to the degree of 

alignment of the crystallites. The intensities of different XRD peaks can be employed to 

estimate the macroscopic level-specific orientation of crystals. Sharp and intense (002) and 

(004) peaks in the apatite, as can be seen for the new layers in Figure 3, indicate that crystals 

prefer to be aligned along the c-crystallographic axis as in real enamel.60,61 The lattice planes 

(002) and (004) along the c-axis of the enamel crystals are oriented perpendicular to the 

tooth surface, following the direction of the enamel prism arrangement.1,62 Perpendicularity 

to the enamel surface maximizes the strength and bending capability and enhances the 

wear resistance capacity.63 

A high degree of crystalline anisotropy, as in dental enamel, produces a change in the 

intensity around the Debye ring of Bragg reflections in two dimensions that correlates with 

the degree of crystallite alignment or ordering.46 The intensity variations around the 

diffraction rings are indicative of tooth enamel texture.62 Diffraction spots in Figure 4 (a and 

b) are concentrated in distinct arcs, both in the enamel and in the layers, which means that 

the crystals are ordered.64 The strongest texture (the most extreme intensity variation) for 

both kinds of samples (NMTD treatment with or without amelogenin) was found in the 

reflection (002), as can be appreciated in Figure 4 (a and b). The lattice plane reflection (002) 

does not overlap with other reflections and has the greatest intensity variation with maxima 

normal to the c-axis.63 Moreover, in the diffractograms shown in Figure 3 a shift was not 

observed in the (002) peak, since the contribution is due to the c-axis in this reflection and 

the c-axis dimension does not change from HA to FA.3 To analyze the different behavior of 

crystal orientation along the lines of points that enter into the teeth, the evolution of the 

azimuthal intensity of the reflection (002) has been plotted. This gives a linear 

representation of the evolution of the pixel intensity along the ellipse specified by the angle 

2θ (Debye ring).45 Figure 4 (c and d) shows a typical example of the azimuthal plot for all the 

points of one line from both samples where there are two pronounced peaks separated by 

approximately 180º. The two pronounced peaks represent the opposing (002) reflection 

maxima that can be observed in the 2D μXRD images of Figure 4 (a and b). Sharp intense 

peaks are evidence of a strong preferred orientation, while broad peaks would indicate a 

more random orientation of the crystallites.47 It can be seen in Figure 4 (c and d) that both 

kinds of layers have a strong preferred orientation with intense peaks, even exceeding the 

intensity of the underlying enamel. Moreover, the treatment with NMTD and amelogenin 
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(Figure 4a and 4c) produces a layer that follows the preferred orientation of the surface 

enamel better than the treatment with only NMTD (Figure 4b and 4d), since the positions 

of the arcs and the peaks for the reflection (002) match better with enamel ones. The 

presence of another population of crystallites with distinct preferred orientation can be 

appreciated deeper in the enamel of the sample with protein where there are two 

additional peaks, also separated by approximately 180º (Figure 4c). This effect of four peaks 

due to two crystal populations with different preferred orientation is due to the natural 

structure of the enamel and can also be seen in the azimuthal plots of the enamel of both 

sample types in the Supporting Information Figure S3 (a and b). 

 

Figure 4. 2D μXRD images from (a) a sample with amelogenin and (b) a sample without amelogenin 
(enamel point on the top and layer point on the bottom). Representation of the azimuthal plots from a 
line of (c) a sample with amelogenin and (d) a sample without amelogenin. 
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In Figure 5 MCR analysis of the azimuthal plots of the reflection (002) from both treatments 

(NMTD with amelogenin and NMTD alone) is shown. MCR was developed by imposing non-

negativity in both the intensities and azimuthal profiles. The orientation of component 1 

(blue) is mostly present in the layer, while component 2 (orange) appears in the outer 

enamel and component 3 (yellow) becomes more important in the deeper enamel where 

new preferred orientations appear. Component 4 (purple) belongs to the points outside 

before reaching the samples. The evolution of the different components confirms that the 

orientation of the layer with NMTD and amelogenin (Figure 5a) follows the enamel 

underneath better than the layer with only NMTD (Figure 5b). In the NMTD layer with 

amelogenin the change of the components 1 and 2 between the layer and the enamel is 

more gradual than in the one with NMTD alone, which is consistent with the movement of 

the peaks in Figure 4 (c and d). The changes in the intensities of the components as they 

enter deeper into the tooth (Figure 5a and 5b) can also be correlated with the intensities of 

the peaks in the azimuthal plots at different depths. The intensity in the layers of the 

azimuthal plots in Figure 4 (c and d) is also higher than in the enamel. More examples are 

included in the Supporting Information Figure S3. 
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Figure 5. Examples of MCR analysis of the azimuthal plots from a line of (a) the sample with amelogenin 
and (b) the sample without amelogenin. (c) Loadings for each component of both samples, with 
amelogenin and without amelogenin. 

The loadings in Figure 5c show peaks separated by 180º, as the peaks of the original 

azimuthal plots. The peaks for components 1 and 2 are in similar positions, yet component 

3 has them shifted to lower angles. This is consistent with component 3 being predominant 

in the inner enamel (Figure 5a and 5b) where azimuthal peaks appear at lower angles 

(Figure 4c and 4d).  

4. CONCLUSIONS 

The combination of synchrotron infrared microspectroscopy and micro X-ray diffraction 

have shown to conform a useful methodology, together with the proper data treatment, to 

analyze the structure of apatites in samples of hard dental tissues. Infrared 

microspectroscopy provides information on chemical structural properties such as 

carbonate substitution, while micro X-ray diffraction allows to study the crystal structure 

and texture distribution on dental specimens. Synchrotron radiation allows to detect small 

changes with better resolution and to analyze microzones with high signal intensity.  
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Since mature tooth enamel does not regenerate after substantial loss, finding a suitable 

solution for the dental problems is essential.27,28,47 The NMTD resin with or without 

amelogenin protein creates a remineralized layer on the surface of acid-etched teeth 

composed of carbonate free FA that has higher physicochemical stability than tooth HA. 

Nevertheless, amelogenin is a crucial component of this remineralizing product since it plays 

a critical role in controlling the preferred orientation of the growing crystal to resemble 

dental enamel. 

Further studies would be desirable to assess the clinical applicability of this biomimetic 

treatment in humans. 
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Figure S1. Image of a dental specimen prepared for (a) specular reflectance synchrotron 
radiation-based Fourier transform infrared microspectroscopy and (b) synchrotron through-
the-substrate micro X-ray diffraction. 

 

Figure S2. Savitzky-Golay second derivative average spectra of the enamel and the different 
layers performed with a polynomial order 3 on the region between 1660 and 700 cm-1 with 
Unscrambler X software (n=11). 
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Figure S3. Representation of the azimuthal plots from a line of (a) a sample with amelogenin 
and (b) a sample without amelogenin. Examples of MCR analysis of the azimuthal plots from 
a line of (c) the sample with amelogenin and (d) the sample without amelogenin. 

 





 

 

 

 

 

 

 

 

Y como dice siempre mi padre: 
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