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Chapter 1 

Enamel Structure 

 

Dental enamel is a composite of mineral, water, protein and lipid by volume and is the 

most mineralized tissue of the human body consisting of approximately 97 wt% mineral 

and 3% organic material and water (Simmmer and Hu, 2001; Klocke et al., 2006). Mature 

enamel can contain less than 1% organic material (Bartlett and Simmer, 1999).  

 

Enamel is composed of mineral rods sized ~30µm in length and 5 µm in diameter that 

are orientred roughly perpendicular to the dentino-enamel junction (DEJ). In turn, the 

rods are built up of crystallites sized ~1µm in length and 40 nm in diameter and aligned 

with their crystallographic c-axis along the rod length (Jongebloed et al., 1975; Klocke et 

al., 2006).   

Crystallites are highly organized, tightly packed and comprise 87% of enamel volume 

(Simmer and Hu, 2001). In enamel the crystallites are arranged in the enamel prisms and 

interprismatic substance.  

 

The orientation of the crystallites in enamel is of considerable interest since e.g. the crys-

tallite dissolution in the caries process proceeds faster in the radial direction than parallel 

to crystallite’s c-axis (Arends and Jongebloed, 1978).  

Scanning electron microscopic examination showed that demineralization, initiated at 

core (prism or rod)/wall (prism sheath) interfaces, developed anisotropically along the c- 

axes (Wang et al., 2006). 
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The inorganic content of enamel is a crystalline calcium phosphate hydroxyapatite hav-

ing an hexagonal symmetry and a general formula [Ca10(PO4)6(OH)2], that contains some 

impurities, such as carbonates substituring for phosphate in the crystal lattice (Simmer 

and Hu, 2001; Klocke et al., 2006). Various ions (eg. strontium, magnesium, and fluo-

ride) may be also incorporated into or adsorbed by the hydroxyapatite crystals (Ten 

Cate, 1998). Dental apatite contains a substantial amount of carbonate groups, which 

substitute for the OH- groups (A-type CO32-) or for phosphate tetraedal (B-type) 

(Klocke et al., 2006). The carbonate content represents 2-4 wt% with a reported 90% of 

type B and 10% of type A (Penel et al., 1998). The carbonate concentration of human 

enamel has been found to increase on going from the outside to the inside of enamel 

layer (Wentrup-Byrne et al., 1997). The structure of HAP can be considered as built up 

of corner-sharing PO4 and CaO6 polyhedra forming channels along the crystallographic 

c-axis, in which the hydroxyl-groups are placed (Klocke et al., 2006). 

 

The bulk of the organic material consists of tyrosine-rich amelogenin polypeptide 

(TRAP) peptide sequence tightly bound to the hydroxyapatite crystals, as well as nonam-

lelogenin proteins (Ten Cate, 1998). 

 

Dental enamel is extremely hard and brittle. The underlying layer of dentin, more resil-

ient, is necessary to maintain its integrity. Enamel is translucent, and it also varies in 

thickness, from a maximum of approximately 2.5 mm over working surface to a feather-

edge at the cervical line (Ten Cate, 1998).  

 

Enamel Rods 

 

Enamel is composed primarily of elongated structure called rods. The rod is shaped like 

a cylinder and is made up of crystals whose long axes run, for the most part, parallel to 

the longitudinal axis of the rod. Crystals more distant from the central axis, however, 

flare laterally to an increasing degree as they approach the rod periphery (Ten Cate, 

1998).  

 

Enamel crystals are extremely long relative to their thickness and are higly oriented. 

They generally extend from the underlying dentin toward the surface of the tooth and 

are organized into bundles, called prisms (Simmer and Hu, 2001).  
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The interrod region is an area surrounding each rod in which crystals are differently ori-

ented. The boundary where crystals of the rod meet those of the interrod region at sharp 

angles is known as the rod sheath. The basic unit of enamel described as a cylindrical 

rod has a specific spatial relation to the interrod region directly cervical to it (Ten Cate, 

1998).  

 

The forming surface of enamel consists of pits, each surrounded by a wall made up of 

newly formed interrod enamel. During active secretion, each of these walled pits is oc-

cupied by a Tomes’ process. The interrod region is formed slightly earlier than the rod 

enamel, which thus constitutes the walls of the pits. These walls are formed by secretion 

from proximal sites that completely encircle each Tomes’ process near its base, where 

adjacent processes are joined by the distal junctional complexes. Thus each wall (inter-

rod region) is formed as a cooperative effort by adjacent secretory ameloblats. 

Each ameloblast is responsible for the formation of one rod (by its distal secretory site) 

and a portion of the surrounding interrod region (by its cooperative proximal sites). 

 

 

Enamel rods have an average width of 5 µm, but they vary somewhat in size and mor-

phology troughout the thickness of enamel. In the first 5 µm, next to the dentine, there 

is no rod structure. As they traverse the enamel the rods gradually increase slightly in di-

ameter. At the enamel surface the rod structure is irregular or absent. Rodless enamel 

occurs in the outermost 30 µm or so of all primary teeth and in the gingival third of the 

enamel of permanent teeth. Crystals in these regions are perpendicular to the surface of 

the enamel. 

 

The rods are aligned in horizontal rows. The rods in each row run in a direction gener-

ally perpendicular to the surface of the dentin, with a slight inclination toward the cusp 

as they pass outward. Near the cusp tip the rows have small radius, and the rods run 

more vertically. In the cervical enamel the rods run mainly horizontally; only a fey rods 

are titled apically.  
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Striae of Retius and bands of Hunter-Schreger 

 

The striae of Retzius are incremental growth lines. They are formed as the results of a 

temporary constriction of Tomes’ process associated with a corresponding increase in 

the secretory face forming interrod enamel. As a result enamel structure is altered along 

the lines. Electron micrographs reveal a possible decrease in the number of crystals in 

the striae, suggesting that enemel rods bend as they cross an incremental line (Ten Cate, 

1998). 

 

The striae of Retius often extend from the dentino-enamel junction to the outer surface 

of enamel, where they end in shallow furrows known as perikymata. Peikymata run in 

circumferentially horizontal lines across the face of the crown. In addition, lamellae or 

craks in the enamel apprear as jagged lines in various regions of the tooth surface. In 

unerupted teeth the enamel surface consits of a structureless layer some 0.5 to 1.5 µm 

thick. Immediately below it is a layer of small, losely packed crystallites, some 5 nm 

thick, with undemineralized material between them. Interspersed among, in and on these 

fine crystallites are randomly distributed large, platelike crystals. The fine crystallite layer 

merges into the subsurface enamel where crystals are closely packed and approximately 

50 nm in size. In erupted teeth the structureless surface layer and the surface layer of 

small crystallites are rapidly lost by abrasion, attrition and ersosion (Ten Cate, 1998). 

 

Human enamel is known to form at a rate of approximately 4 µm per day. Situated be-

tween the rods at approximately 4 µm intervals are interrod regions. Cross striation 

probably indicate a daily (or circadian) variation in the secretory activity of the 

ameloblasts and the striae of Retius represent a weekly rhythm of the same cells (Ten 

Cate, 1998). 

 

The bands of Hunter and Schreger are an optical phenomenon produced solely by 

changes in rod direction. They are seen most clearly in longitudinal ground section 

viewed by reflect light and are found in the inner four fifths of the enamel. They appear 

as dark and light alternating zone that can be reversed by altering the direction of inci-

dent illumination (Ten Cate, 1998). 
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Enamel tufts and lamellae 

 

Enamel tufts project from the dentino-enamel junction for a short distance into the 

enamel; they appear to be branched and contain greater concentrations of enamel pro-

tein than the rest of the enamel. Lamellae extend for varying dephts from the surface of 

enamel and consist of linear, longitudinally oriented defects filled with enamel protein or 

organic debris from the oral cavity.  The protein of tufts is a high-molecular-weight vari-

ety similar to enamelin. Tufts are believed to occur developmentally baecause of abrupt 

changes in the direction of groups of rods that arise from different regions of the scal-

loped dentino-enamel junction. A different ratio of interrod and rod enamel in these 

groups creates less mineralized and weakened planes. Faulting of blocks of enamel re-

lieves internal strains produced by dimensional changes as the tissue matures. When a 

fault occurs, it blocks the normal exit for enamel protein, causing the higher organic 

content of tufts and lamellae (Ten Cate, 1998).  

 

Dentino-enamel junction 

 

Dentin, enamel and cementum formation involves a remarkable mechanism of complex 

molecular and cellular events that conclude in specific structured tissue joined at distinc-

tive interfaces. 

The dentino-enamel junction (DEJ) is the natural junction that unites functionally dentin 

and enamel (Habelitz et al, 2001; Marshall et al., 2001; Schulze et al., 2004). 

The junction between enamel and dentin is established as these two hard tissue begin to 

form and it appear as a series of ridges that increase the surface area and probably en-

hance the adhesion between enamel and dentin.  The DEJ has a unique structure with at 

least three levels of microstructure (Schulze et al., 2004). 

The DEJ is the junction of coronal dentin and enamel and is formed by the secretion of 

dentine on one side and of enamel on the other side. 

Before enamel forms, some newly forming odontoblast processes push between adjoin-

ing ameloblasts and when enamel formation begins, become trapped to form enamel 

spindles that do not follw the direction of enamel rods (Ten Cate, 1998). 

The scallops house microscallops that contain finer nanoscale structures (Marshall et al., 

2001; Schulze et al., 2004). The scallops and the presence of a smooth gradient of me-

chanical properties at the junction are believed to contribute to reduce stress concentra-
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tion. This gradation of properties is initiated by biomineralization starting from the DEJ 

in both directions (Ten Cate, 1998).   

It has been demonstrated that DEJ is resistant to acid attacks as well as to mechanical 

forces such as cracks propagation (Tramini et al., 2000; Marshall et al., 2001; Schulze et 

al., 2004). 

 

Enamel formation 

 

Mineralization involves the crystallization of ions from supersaturated solutions (Simmer 

and Fincham, 1995). 

Particularly mineralization process ivolves the net movement of ions out of solutions, 

where their charges are dissipated by interaction with water molecules, and into a solid 

structure stabilized by covalent interactions between oppositely charged ions (Simmer 

and Hu, 2001). 

The stages of enamel formation include (Reith, 1970):  

• secretion of an organic matrix; 

• crystal nucleation; 

• crystal eleongation; 

• removal of the organic matrix, and 

• crystal maturation. 

Dentine and enamel formation take place simultaneously starting along the DEJ (den-

tino-enamel junction). On enamel side of the DEJ, crystal nuclei elongate into long thin 

ribbons. These ribbons are evenly spaced, oriented parallel to each other, and extend 

from the DEJ to the mineralization front just outside the membrane of ameloblasts (the 

cells lining the extracellular compartment on enamel side) (Simmer and Hu, 2001). 

The shape and growth of the earliest crystallites appeared at the DEJ can be interpreted 

as evidence for a precursor phase of octocalcium phosphate (OCP). An OCP crystal 

displays on its face a surface that may act as a template for hydroxyapatite (OHAp) pre-

cipitation. Octocalcium phosphate is less stable than hydroxypapatite and can hydrolyze 

to OHAp. During this process one unit cell of octocalcium phosphate is converted into 

two unit cells of hydroxyapaptite (Simmer and Fincham, 1999). 

As ameloblasts secrete enamel proteins, the crystallites continue to growth on length but 

grow very little in width and thickness. The final length of enamel crystals is determined 
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by how long the ameloblasts continue to add enamel proteins, which also determines the 

final thickness of the enamel layer as a whole (Simmer and Hu, 2001). 

 

At a certain point, which is decided by the genetic program, ameloblasts undergo a tran-

sition that greatly reduced their secretion of enamel proteins. Instead of structural pro-

teins, proteinases are secreted and the organic matrix is degraded and suddenly disap-

pears from the extracellular compartment. These changes terminate the growth of 

enamel crystallites in length and vastly accelerate their growth in width and thickness. 

Crystal elongation is arrested by curbing the secretion of enamel matrix constituents 

such as amelogenin, ameloblastin, and enamelin. Mineral deposition on the sides of the 

crystallites accelerates, in part because of the degradation and removal of growth-

inhibhiting enamel protein, cleavage products (Simmer and Hu, 2001).  

 

In humans, the maturation stage, during which the crystallites growth in width and 

thickness, takes about three to four years. This process is necessary to harden the enamel 

layer and is directed by maturation stage of ameloblasts as they cycle trought smooth 

and ruffle-ended phases. Fluoride is incorporated into crystal structure during the matu-

ration stage. Disturbance during the maturation stage of amelogenesis results in pathol-

ogically soft (hypomaturation) enamel of normal thickness (Simmer and Hu, 2001).    

 

Dental enamel formation is highly specialized and, the proteins most directly involved in 

enamel biomineralization are specific for it. As a consequence, defect in the gene encod-

ing enamel proteins generally cause enamel malformations without affecting other parts 

of the body. There are, however, numerous genetic syndromes associated with dental 

defect of all types (Simmer and Hu 2001). 
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Chapter 2 

Fluid transport processes 

 

Enamel permeability 

 

Enamel does not behave as an inert tissue because water and organic material occur be-

tween the prisms (Bartlestone, 1951; Lindén 1968; Pashley 1996; Shellis 1996; Ten 

Bosch 2000).  

Bergman and Lindén showed that small quantities of a fluid passing through the enamel 

in vivo (Bergman and Lindéen 1965; Lindén 1968).  

Enamel fluid flowing is related to permeability but is not well documented in vivo (Berg-

man and Lindén 1965; Bakhos et al., 1977). 

The transport of water across dental enamel in vitro is not a simple diffusion process in 

which enamel behaves as an inert porous medium as enamel behaves as an osmotic 

membrane (Burke and Moreno, 1975). The diffusion of molecules and ions in the dental 

enamel plays an important role in the development of caries (Dibdin 1993; Kuhar et al., 

1999). 

 

Many studies in the literature investigated enamel permeability. In particular most of all 

related this property with caries trying to explain the tissues changes in the phases of 

demineralization and remineralization (Fearnhead et al., 1982; Ten Cate 2001) even if the 

importance of enamel permeability in caries, restorative materials and pulp-dentine-

enamel interaction is still not fully understood (Byers et al., 2003).  

 

From the beginning of the last century several authors investigated the penetration of 

enamel with dyes (Beust 1912, Berggren 1943, Tarbet and Forsick, 1971), the diffusion 
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of organic components (Poole et al., 1963), the permeability to inorganic ions (Sognnaes 

and Shaws 1952), radioactive elements (Braden, 1971; Sognnaes and Shows 1952; Joys-

tone-Bechal et al., 1971), and water (Poole et al., 1963; Lindén 1968; Shellis and Dibdin, 

2000). The main studies in the literature evaluated enamel permeability and fluid flowing 

in vitro and in vivo through scanning (Whittaker, 1982) and transmission microscopy 

(Poole et al., 1981), measurement of diffusion coefficients (Lindén 1968; Borggreven et 

al., 1977) and through physical parameters such as electrical resistance (Hoppenbrou-

wers et al, 1986; Wang et al., 2005) conductance (Ie et al., 1995; Ten Bosch et al., 2000), 

impedance (Scholberg et al., 1984). These results demonstrated the bidirectional perme-

ability of enamel. 

 

Enamel fluid transport processes 

 

Zahradnik and Moreno showed that dental enamel has a bimodal pore distribution 

(Zahradnik and Moreno, 1975) and that the transport processes related to mineralization 

and demineralization are significantly affected by the amount of water avaible in the tis-

sue as well as by its porous structure (Moreno and Zahradnik, 1973).  

 

Diffusion in the aqueous phase which fills enamel pores is the main transport of the 

ions in the early stages of caries progression, in remineralization, and in fluoride treat-

ment (Dibdin, 1993). 

The organic matter of the enamel is probably the route of diffusion although the role of 

organic material needs further investigation to be clearified (Shellis, 2000). Microscopic 

examinations of enamel section showed that the main channels of diffusion were the in-

terprismatic substance (Whittaker, 1982).  Microscopical observations show that the 

prism junction provide the main pathways (Tarbet and Forsick, 1971) although, in inner 

enamel some transport was observed within the prism (Lindén, 1968). 

 

Because enamel mineral exists as a very small crystals organised in an elaborate structure, 

the internal pores are small and variable in form, orientation and distribution.  The larg-

est pores in enamel are associated with the prism junctions, but these constitute only a 

small fraction of the total porosity, most of which is associated with the prism bodies 

and tails (Shellis and Dibdin, 2000). 
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Structure, porosity and enamel solubility are linked. Because the prism-junction material 

is more soluble than the interprismatic material, it is possible for prism junctions to be 

opened up under conditions where the enamel fluid is still supersaturated with respect to 

the intraprismatic mineral (Shellis, 1996).  

 

Enamel permeability is variable depending to age and demineralization (Kotsanos and 

Darling, 1991) is greatest in teeth with immature enamel, and it appears to require a 

partnership with dentine (Byers et al., 2003). Epidemiologic studies with animals have 

suggested that caries susceptibility decreases with age: a process commonly referred as 

“posteruptive maturation” of enamel may be responsible for this phenomenon reducing 

the permeability of enamel (Fearnhead et al., 1982; Kotsanos and Darling, 1991).  

 

In extracted young human teeth, cervical enamel has more dye flow than the rest of the 

crown (Lindén 1968) and appears to be the preferred pathway for fluid flowing (Poole et 

al., 1981; Byers et al., 2003). Moreover in young teeth the enamel interprismatic region is 

proportionally greater than in old teeth and the dentin is much thinner and odontoblast 

processes reach closer to the dentino-enamel junction (Byers and Sugaya, 1995). 

 

Newly-erupted teeth acquire F more readily than older teeth; younger permanent enamel 

takes up more F, exhibits a higer-water sorption capacity and imbibes more iodide than 

older permanent enamel (Lindén et al., 1986). 

Enamel fluoride concentration of permanent enamel is always higher than that for pri-

mary enamel (Issa et al., 2003). 

 

Enamel of deciduous teeth contains more organic matter, more water, less mineral and 

is more porous in agreement with clinical studies that have shown caries formation and 

progression to be faster in primary than in permanent teeth (Sønju Clasen et al., 1997; 

Issa et al., 2003).  

 

Caries and enamel fluid movement 
 

The development of carious lesions in enamel involves transport of acids into and disso-

lution of minerals from the tooth surface. Accordingly the rate of diffusion of cariogenic 
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and cariostatic substances (ions and molecules) plays a crucial role in the dynamic proc-

ess of caries (Van Dijk et al., 1983; Featherstone, 1983; Lindèn et al., 1986). 

 

The fluoride content of the mid-coronal buccal surface enamel in increasing age was 

found to decrease posteruptively with age, therefore not accounting for the decreasing 

caries susceptibility (Kostanos an Darling, 1991). Recently it has been demonstrated that 

recently erupted teeth are more sensitive to dental caries than teeth that have remained 

free from caries lesions for a few years after eruption (Ten Bosch et al., 2000). 

 

This was confirmed with experiments in which artificial caries lesions were produced in 

extracted teeth of different post-eruptive ages (Kostanos an Darling, 1991; Ten Bosch et 

al., 2000). It has been hypothesized that these differences could be ascribed to differ-

ences in enamel porosity consequent to intra-oral maturation presumably due to incor-

poration of calcium-phosphate into the enamel (Ten Bosch et al., 2000). 

 

Studies on enamel physical properties showed that the resistivity of enamel layers in-

creased from the DEJ to the outer surface, the permeability increases from the outer 

surface towards the EDJ (Lindén 1968, Hoppenbrouwers et al., 1986) and that the resis-

tivity in erupted teeth was considerable higher than in unerupted teeth confirming the 

effects of post eruptive mineralization (Hoppenbrouwers et al., 1986).    

 

The formation of caries lesions is strongly influenced by the pathways for diffusion and 

by electrochemical effects arising from the charge on the pore walls (Shellis and Dibdin, 

2000).  

Mineral loss during caries progress results in an increase in porosity: the resulting 

changes in porosity could affect the flow of an electrical current through the enamel 

(Wang et al., 2005).  
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Chapter 3 

Methods to assess enamel 
permeability and structure 

Replica Technique 

 

The replica technique performed in these studies has been previously described in the 

literature (Barnes, 1977; Ittahgarun and Tay, 2000; Chersoni et al., 2005). This technique 

allows the evaluation of fluid outflow from enamel surface and is able to detect the pres-

ence of small quantities of fluid. The specific characteristics of replica technique, that is 

not invasive and risk-free for the patient, make possible to perform in vivo studies on 

fluid outflow, that represents enamel permeability, in different clinical conditions. 

 

Hydrophobic polyvinyl siloxane impression material was applied on observational area 

and after 4 minutes, the polymerised impression material was removed and degassed for 

at least 48 hours and finally later cast in polyether impression material.  

The absence of any chemical reaction between the two impression materials makes this 

tecniqua effective in showing water exudation.  

 

The in vivo application of this technique yielded qualitative and quantitative findings on 

outward fluid flow on enamel surfaces by means of scanning electron microscopy in-

spection of polyether replicas. This technique uses droplet formation to display the dis-

charge of liquid from enamel during the setting time of the polyvinyl siloxane impres-

sion material that is able to recall water by osmotic gradient. Moreover water droplets 

are not incorporated into the polyvinyl siloxane and remain at the observation interface 

level. 
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All the replicas obtained, morphological expression of fluid outflow, were gold sputtered 

and observed by a Scannig Electron Microscope. 

 

Raman and IR Spectroscopy 
 

Raman spectroscopy is an advanced, fast analytic technique to determine the structure 

and the chemical composition of materials. It provides chemical information based on 

molecular vibrations of the molecules in the samples.  

The Raman spectroscopy technique allows obtaining vibrational spectra of minerals by 

analysing scattered light caused by monochromatic laser excitation (Tsuda and Arends, 

1997). Raman spectra analysis and infrared absorption (IR) spectroscopy are comple-

mentary techniques. While IR measures the light absorption by specific molecules using 

a broadband light source the Raman technique measures the characteristics Raman emis-

sion induced from muolecules under monochromatic laser irradiation (Tsuda and Ar-

ends, 1997). 

Raman signals are emitted in the form of light scattering and can be observed from all 

directions, unlike the co-linear optical arrangement of IR. The axes of excitation light 

and detection can be chosen independently, resulting in a considerable instrumental 

flexibility of Raman. An optical microscope (micro) can be incorporated into a Raman 

specrtroscopy system (Tsuda and Arends, 1997). 

Despite the advantages often Raman technique has the problem of fluorescence exhib-

ited by most biological materials when irradiated by laser light. In normal Raman spec-

troscopy, fluorescence spectra due to organic materials often dominate the much weakr 

Raman signals. Therefore Raman spectroscopy studies have been limited to enamel 

which contains only few organic matter (Tsuda and Arends, 1997). 

 

Raman spectroscopy, as a versatile and non-destructive technique, allows for simultane-

ous characterization of the inorganic and organic phases of the tooth. Furthermore, Ra-

man spectra exhibit little interference with water, making Raman spectroscopy advanta-

geous for the study of many biological specimens (Carden and Morris, 2000).  

 

Raman microspectrometry produces the capability to characterize the spatial distribu-

tions of organic and inorganic compounds with spatial resolution of about 1µm. The in-

tensity values of the spectra obtained from the inorganic component reveals the chemi-
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cal composition; shift analysis of the peaks in the spectra allows the chemical contents of 

the tissues to be differentiate (Schulze et al., 2004).  

The micro-Raman technique has considerable potential for studies of crystallite orienta-

tion in enamel. Spectral variations were taken as a function of rotation angle for trans-

verse or longitudinal arrangements. Similarly spectra were also obtained with the enamel 

samples at various orientation angles (Tsuda and Arends 1994). 

 

Applications of Raman spectroscopy in dental research have included studies of enamel 

powder, artificial apatite, synthetic, carbonated apatite, synthetic fluorapatite (De Mul et 

al., 1986; Bertoluzza et al., 1996; Penel et al., 1998 Liu and Hsu, 2007). The depeosition 

of CaF2-like crystals after fluoride treatment and the relative orientation of single crystals 

in dental enamel were also investigated through Raman spectroscopy (Tsuda and Ar-

ends, 1993; Tsuda and Arends 1994). 

 

The spectra from human dental hard tissue were analyzed in two specific wave number 

locations, the phosphate stretching band and the C-H stretching mode. 

The enamel Raman spectrum is dominated by bands that can be attributing to the min-

eral apatite at 591, 961, and 1071 cm-1.  

The phosphate/C-H ratio clearly showed that enamel had a different average composi-

tion than the adjacent hard tissues. The cementum had the lowest (2.8) and the enamel 

has the highest ratio (94.2). The phosphate/C-H intensity ratio for dentine was ap-

proximatively 10% that of enamel, and varied from 7.1 for dentine to 19.6 for enamel 

(Schulze et al., 2004). 

 

The apatite crystallites in enamel are preferentially oriented with their crystallographicc-

axis perpendicular to enamel-dentine junction, which results in different Raman scatter-

ing intensity depending on the experimental geometry (Klocke et al., 2006). 

 

Sound tooth enamel exhibited strong Raman polarization anisotropy, whereas early car-

ies consistently showed a lower degree of Raman polarization anisotropy in particular 

for sound enamel the Raman peak arising from the symmetric ν1 vibration of PO3-4 

from hydroxyapatite at 959 cm-1 is strongly polarized (Sowa et al., 2007).  
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FT-IR (Fourier Transform InfraRed) spectroscopy can result in a positive identification 

(qualitative analysis) of every different kind of material. 

An infrared spectrum represents a fingerprint of a sample with absorption peaks which 

correspond to the frequencies of vibrations between the bonds of the atoms making up 

the material. 

 

Because each different material is a unique combination of atoms, no two compounds 

produce the exact same infrared spectrum. In addition, the size of the peaks in the spec-

trum is a direct indication of the amount of material present. With modern software al-

gorithms, infrared is an excellent tool for quantitative analysis.  

 

Fourier transform infrared (FTIR) spectroscopy and Raman spectroscopy are chemical 

analytical methods that have been used to collect information about mineral tissues 

(Wentrup-Byrne et al., 1997; Klocke et la., 2006). The outputs from these methods are 

FTIR and Raman spectra that contain signals from the organic functional groups in the 

sample. Since the bands in FTIR spectra are due to polar functional groups while the 

bands in Raman spectra are due to nonpolar functional groups, FTIR and Raman spec-

troscopy are complementary techniques. 

  

SEM-EDX 
 

Energy Dispersive X-ray (EDX) analysis is a valuable tool for qualitative and quantita-

tive element analysis. This method allows a fast and non-destructive chemical analysis 

with a spatial resolution in the micrometer regime. It is based on the spectral analysis of 

the characteristic X-ray radiation emitted from the sample atoms upon irradiation by the 

focussed electron beam of a SEM. 

The incident beam electrons excite electrons in a lower energy states, prompting their 

ejection and resulting in the formation of electron holes within the atom’s electronic 

structure. Electrons from an outer, higher-energy shell then fill the holes, and the excess 

energy of those electrons is released in the form of X-ray photons. The release of these 

X-rays creates spectral lines that are highly specific to individual elements. In this way 

the X-ray emission data can be analyzed to characterize the sample.  
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The data generated by EDX analysis consist of spectra showing peaks corresponding to 

the elements making up the true composition of the specimen being analysed.  

The technique can be qualitative, semi-quantitative, quantitative and also provide spatial 

distribution of elements through mapping.  

The EDX technique is non-destructive and if required specimens of interest can be ex-

amined in situ with little or no sample preparation.  The EDX systems also have Image 

Analysis packages that can be applied to any images generated by the SEM / EDX tech-

nique allows for the identification of the critical characteristics of particles. It offers the 

ability to gather information about finer particles than by optical microscopes and can 

readily distinguish between clusters and agglomerates of particles in addition to the 

chemical analysis available by EDX. The strength of this analysis technique is its ability 

to gather statistically significant data on the size, morphology and composition of the 

particles in a time efficient manner, beyond the capabilities of conventional optical mi-

croscopy.  

 

Severals studies used EDX investigating the effect of different treatment (such as fluo-

ride, peroxide etc) on the chemical composition of enamel surface (Takagi et al., 2000; 

Barbour and Rees, 2004; Schougall Vilchis et al., 2008).    
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Chapter 4 

In vivo enamel fluid movement 

 

The aim of this study was to visualize fluid movement through dental enamel in vivo. 

Fifty permanent upper central incisors, from subjects aged 10–70 yr, and 5 permanent 

central just-erupted incisors, from subjects aged 6–7 yr, were included in the study. An 

impression was obtained by vinyl polyxiloxane, and replicas were then obtained by poly-

ether impression material. The hydrophobic vinyl polyxiloxane material yielded a mor-

phological image in situ of outward fluid flow through tooth enamel. The study con-

firmed in vivo that enamel is a permeable substrate, as shown by the presence of droplets 

on its surface, and demonstrated that age and enamel permeability are closely related. 

Samples from subjects of different ages showed a decreasing number and size of drop-

lets with increasing age: freshly erupted permanent teeth showed many droplets covering 

the entire enamel surface. Droplets in permanent teeth were prominent along enamel 

perikymata. 

 

Introduction 
 

Enamel is not a completely dense inorganic material as its prismatic structure also con-

tains water and organic material (Lindén, 1968; Pashley, 1996; Schellis, 1996; Ten Bosch 

et al., 2000). Many studies on enamel have focused on caries research to explain the 

morphology of demineralization and remineralization (Fearnhead et al., 1982; Ten Cate, 

2001).  Despite what is known about enamel permeability in caries, the efficacy of re-

storative materials and pulp–dentine–enamel interactions remain unresolved (Byers and 

Yoon Lin, 2003).  
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Throughout the last century, enamel permeability was investigated in different ways, in-

cluding dye penetration (Tarbet and Forsick, 1971), diffusion of organic components 

(Borggrevven et al., 1977), inorganic ions (Byers and Yoon Lin, 2003) or radioactive trac-

ers (Braden et al., 1971; Joyston-Bechal et al., 1971), and water (Lindén et al., 1968; Poole 

et al., 1963; Shellis, 2000). Studies have applied in vitro and/or in vivo monitoring tech-

niques, ranging from scanning electron microscopy (SEM) (Whittaker, 1982) and trans-

mission microscopy (Poole et al., 1981), to the measurement of diffusion coefficients 

(Lindén, 1968; Borggrevven et al., 1980), electrical resistance (Hoppenbrouwers et al., 

1986; Wang et al., 2005) or conductance (Ten Bosch et al., 2000; Ie et al., 1995).  

 

The diffusion rate of cariogenic and cariostatic substances, ions and molecules through 

the aqueous phase in the enamel and pores plays a crucial role in the dynamics of the 

caries process (Van Dijk et al., 1983; Featherstone, 1983; Lindén et al., 1986) and fluoride 

treatment (Dibdin, 1993). These transport processes are significantly affected by enamel 

porosity and the amount of water available in the tissue (Moreno and Zaharadnik, 1973). 

 

Fluid flowing through enamel is related to permeability: it is important to correlate 

enamel permeability to age and the extent of enamel demineralization, as caries suscepti-

bility decreases with age (Kostanos and Darling, 1991). In addition, posteruptive (con-

tinuing) maturation (Fearnhead et al., 1982; Kostanos and Darling, 1991) could reduce 

the permeability of enamel, making it clinically important to determine enamel perme-

ability in situ, despite the dearth of information currently available (Lindén, 1968, Berg-

man and Lindén 1965; Bakhos et al., 1977). 

 

The aim of this study was to visualize fluid flow through tooth enamel in vivo in perma-

nent immature and mature teeth using a replica technique and SEM observations to test 

the effect of enamel posteruptive maturation. 

 

The test null hypothesis was that patient age did not affect enamel permeability. 
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Materials and Methods 
 

Fifty permanent upper central incisors, with no visual signs of caries, cracks, erosion or 

restorations, in subjects aged 10–70 yr, and 5 permanent central just-erupted incisors, in 

subjects aged 6–7 yr, were selected for this study. 

Four permanent teeth (premolars), extracted for orthodontic reasons from young pa-

tients (range age 20–40 yr), were used as controls. The extractions were carried out with 

great care to prevent any type of alteration to the enamel surface. All subjects enrolled in 

the study (parents for subjects aged 6–17 yr) gave their informed consent to the proce-

dure, which was non-invasive and risk-free. 
 

Enamel surface replica 

Each tooth was brushed with a prophylactic paste for 10 s, gently washed and finally air 

dried for 10 s with a dental chair air syringe (Castellini, Castel Maggiore, Bologna,Italy). 

The method used to investigate the morphology of enamel, by detecting the presence of 

droplets, has been described previously (Itthagarun and Tay, 2000; Chersoni et al., 2004). 

Immediately after enamel preparation, as previously described, an impression of the sur-

face was made using polyvinylsiloxane impression material (Affinis ligth body; Coltene, 

Alstatten, Switzerland). After 4 min, the material was removed from the enamel surface, 

degassed for at least 48 h and later cast in polyether impression material (Permadyne Ga-

rant; 3M ESPE, St Paul, MN, USA). Samples were gold-sputtered and inspected by a 

scanning electron microscope (Model 5400; JEOL, Tokyo, Japan). 
 

Evaluation and statistical analysis 

High, moderate, and low numbers of droplets were evaluated at X200 magnification by 

two operators, randomly examining, in a double-blind manner, three different points 

representative of the enamel in the cervical, medium and incisal thirds of each sample.  
 

The following visual scale was employed: 

• high: more than 75% of the entire enamel surface was covered with droplets; 

• moderate: less than 75% but more than 5% of the entire enamel surface was 

covered with droplets;  

• low: less than 5% of entire enamel surface was covered with droplets. 
 

Statistical analysis was performed by the chi-square test. 
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Results 
 

Figure 1 summarizes the statistical analysis and shows the results related to healthy teeth. 

The percentage distribution revealed a strong relationship (P < 0.01) with age: data 

showed that all the samples from subjects aged 6–20 yr presented more than 75% of the 

enamel surface covered with droplets. Samples from older subjects showed a decreasing 

percentage: samples from the 30–50 yr age group predominantly presented a moderate 

(5–75%) percentage, whereas in the 50–60 yr age group the number of samples with a 

low (< 5%) percentage of enamel area covered with droplets increased up to the last 

group (age > 60 yr), where all the samples showed less than 5% of the enamel surface 

covered with droplets (Fig. 2A–D and 3A–D). Figure 4A–D shows details of an enamel 

pore, an enamel crack, and white spot lesions, respectively. The number of droplets dis-

closed by SEM observation confirmed that enamel is a permeable substrate. Our results 

demonstrated that permeability was related to age: freshly erupted permanent teeth 

showed more droplets covering the entire enamel surface. Samples from subjects of dif-

ferent ages showed a decreasing number and size of droplets. 

 

Permanent mature teeth showed many droplets mainly localized along the perikymata, 

and only a few droplets were detected away from these. 

In vitro testing on extracted teeth showed a similar morphology. Droplets were still pre-

sent along the perikymata. 
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Fig. 1  Percentage distribution of enamel area covered with droplets related to age. Barchart for groups 
by score. 

 

 

 
 

Fig. 2  The arrangement of droplets in samples according to increasing age of the subject. Scanning elec-
tron microscopy (SEM) photomicrographs of enamel from 6-yr-old (A) and 17-yr-old (B) pa-
tients, showing many more droplets on the enamel surface, covering the whole surface in several 
areas. Permanent teeth showed many droplets, mainly localized along the perikymata. SEM pho-
tomicrograph of 28-yr-old (C) and 30-yr-old (D) patients, showing typical droplet distribution 
along the perikymata. These droplets measured approximately 1 lm or less in diameter. 
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Fig. 3  Scanning electron microscopy (SEM) photomicrograph of 33-yr-old (A) and 39-yr-old (B) patients, 

showing the perikymata covered with droplets that appeared to be much larger than those of the adja-
cent enamel. SEM photomicrograph of 67-yr-old (C) and 70- yr-old (D) patients, showing only a few 
small droplets, probably as a result of the reduced enamel water content. 

 
 

 
 

Fig. 4  Details of an enamel pore (A) and an enamel crack (B), and samples of white spot lesions (C,D). 
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Discussion 
 

Enamel permeability has been demonstrated in vivo and in vitro (Lindén, 1968; Ten Bosch 

et al., 2000; Byers and Yoon Lin, 2003). Permeability is more substantial in teeth with 

immature enamel and appears to require a partnership with dentine (Byers and Yoon 

Lin, 2003, Shellis and Dibidin, 2000). Permeability is also correlated with enamel pores, 

which may cause water uptake and release (Shellis, 1996). Most permeability studies re-

corded electrical variables, such as electrical resistance (Hoppenbrouwers et al., 1986; 

Wang et al., 2005) or conductance (Ten Bosh et al., 2000; Ie et al., 1995), providing an in-

direct evaluation of enamel thickness, mineral loss and uptake (Ten Bosch et al., 2000), 

and enamel porosity (Flaitz et al., 1986; Rock and Kidd, 1988; Huysmans et al., 1995; 

Ricketts et al., 1996). The present study yielded qualitative and quantitative findings on 

outward fluid flow on tooth enamel surfaces in vivo by means of scanning electron mi-

croscopy inspection of polyether replicas. This technique uses droplet formation to dis-

play the discharge of liquid from enamel during the setting time of the impression mate-

rial, as demonstrated in vitro by Barnes (Barnes, 1977). The fluid forming these droplets 

may come from free, unbound water in blind outer enamel porosities and partly in 

deeper structures, as suggested by the droplet distribution on enamel surface related to 

age. Presumably, the mechanism of droplet formation is simply diffusion. When a water-

free impression material is applied to hydrated enamel, water diffuses out of the enamel 

down its concentration gradient and accumulates over the pores, without wetting or 

spreading, on the light-bodied hydrophobic material. 

 

Droplet formation appeared to be typical in its location on the enamel surface of per-

manent mature teeth, with a strong preference for the perikymata. The enamel surface 

of recently erupted teeth presents these and other open structures containing proteins 

produced during tooth development. Indeed, the enamel of freshly erupted permanent 

teeth showed more discharge of droplets than mature enamel. It is likely that these 

structures and interprismatic spaces form diffusion pathways, which alter with time in 

the oral cavity as a result of intermittent pH shift, traumas, and mineral deposition 

(Shellis and Dibdin, 2000). The results of this study appear to predict that the water con-

tent of outer enamel decreases with age. 
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Moreover, increasing enamel maturation and age involve a progressive localization of 

outward fluid flow on the enamel surface along perikymata those are anatomically corre-

lated to deep enamel structures. 

 

The results of this in vivo study, obtained with a new, non-invasive technique, could be 

correlated to epidemiological data on caries.  

 

Recently erupted teeth are more prone to dental caries than teeth that have remained 

free from caries lesions for a few years after eruption (Ten Bosch et al., 2000), as con-

firmed by experiments in which artificial caries lesions were produced in extracted teeth 

of different posteruptive ages (Ten Bosh et al., 2000, Kostanos and Darling, 1991).  

 

This may be ascribed to differences in enamel porosity dependent on intra-oral matura-

tion, presumably caused by congestion of the pathways by deposition of calcium-

phosphates in the outer layer of the tooth surface (Ten Bosh et al., 2000). 

 

Therefore, enamel surface alterations, interpreted as posteruptive maturation and, con-

sequently, enamel permeability, are of paramount importance for caries pathogenesis. 

Enamel fluid could also interfere with adhesive procedures. On the other hand, clinical 

procedures, such as acid etching and reshaping of teeth by grinding off some of the 

enamel outer surface, will increase the permeability of dental enamel. Partial recovery 

from such damage takes several months in vivo, and in the meantime the tooth is more 

susceptible to carious decay (Kuhar et al., 1999). 

 

The replica procedure described identified the location of the pathway openings in the 

outer surface of tooth enamel in vivo by demonstrating fluid outflow, namely along the 

perikymata. Furthermore, the null hypothesis was rejected; the enamel of freshly erupted 

teeth presented higher outflow than mature enamel. We speculate that this outflow re-

flects both enamel permeability and, possibly, caries susceptibility. Specific obstruction 

of these pathways may increase caries resistance. 
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Chapter 5 

In vivo fluid release from 
primary enamel  

 

A relationship between caries susceptibility and enamel permeability has been proposed 

for permanent teeth by detecting in vivo outward fluid flow on tooth enamel surface.  

The aim of this study was to reveal in vivo the occurrence of fluid release from primary 

tooth enamel. 

Four primary upper canines with no visual signs of caries, cracks, erosion or restorations 

from 6 to 10 years old subjects and two retained primary upper canines from 33 and 40 

years old subjects were included in the study. The enamel surface was gently polished 

and air dried for 10 s. An impression was immediately obtained by vinyl polyxiloxane. 

Replicas were then obtained by polyether impression material, gold coated and inspected 

under SEM. The hydrophobic vinyl polyxiloxane material enabled to obtain in situ a 

morphological image of the presence of droplets, most likely resulting from outward flu-

ids flow through outer enamel.  

Primary enamel showed a substantive permeability as confirmed by droplets presence on 

its surface. Droplets distribution covered the entire enamel surface in all the samples, 

without any specific localization. No signs of post-eruptive maturation with changes in 

droplets distribution were observed in samples from adult subjects.  

SEM evaluation of droplets distribution on enamel surface indicated a substantive per-

meability in primary teeth, accordingly with histological features, without changes during 

aging and suggested a strong relationship between enamel permeability and caries sus-

ceptibility.  
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Introduction 
 

Primary enamel is less-mineralized (81.3-94.2 wt%), more porous, contains more organic 

matter, more water, and shows a greater diffusion coefficient  than enamel of permanent 

teeth (Lindén et al., 1986; Cuy et al., 2002; Wang et al., 2006; Lussi et al., 2000). Moreover, 

overall mineral density is lower in the outermost layers but shows no significant differ-

ences closed to enamel-dentine junction (Wang et al., 2006; Wilson and Beyond, 1989). 

The primary enamel is not more susceptible to erosion even though it is reported to be 

statistically significantly softer and less elastic and was reported that dissolves considera-

bly faster than permanent enamel (Lussi et al., 200; Lippert et al., 2004). 

The structured nature of enamel allows transport of ions, molecules and water (Lindén, 

1968; Lindén et al., 1986; Shellis, 1996; Ten Bosh et al., 2000). Fluid flowing through 

enamel is related to its water content and its permeability. As clinical studies showed car-

ies formation and progression to be faster in primary than in permanent teeth (Kostanos 

and Darling, 1991; Sønju Clasen et al., 1997; Issa et al., 2003), an eventual correlation be-

tween caries susceptibility and fluid flow might be existing. Moreover enamel fluid flow 

has been correlated with post-eruptive maturation as permanent teeth showed a decreas-

ing permeability with age (Bertacci et al., 2007).  

The aim of this study was to visualize in vivo fluid flow through tooth enamel in primary 

teeth with a replica technique and SEM observations to investigate the effects of intra-

oral staying on primary enamel.   

 

Materials and Methods 
 

Patient and tooth selection 

Four primary upper canines with no visual signs of caries, cracks, erosion or restorations 

from six  to 10 years old subjects and 2 retained upper primary canines from 2 adult sub-

jects (aged 33 and 40 years) were included in this study.  The study has been conducted 

in full accordance with ethical principles of the World Medical Association Declaration 

of Helsinki. Parents for all subjects aged 6 to 10 years old included in the study, gave 

written consensus to the procedure that was non-invasive, and did not create any risk for 

the patients.  
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Enamel treatment procedures 

Each tooth was brushed with a prophylactic paste for 10 s, gently washed and finally air 

dried for 10 s with a dental chair air syringe (Castellini, Italy). The method used to inves-

tigate the morphology of enamel detecting the presence of droplets was previously de-

scribed (Bertacci et al., 2007). 

 Immediately after enamel preparation as previously described, an impression of the sur-

face was made using a polyvinilsiloxane impression material (Affinis® light body 

COLTENE, Alstatten, Switzerland). After 4 min, the material was removed from the 

enamel surface and was degassed for 48 h and poured out in polyether impression mate-

rial (Permadyne Garant®, 3M ESPE, St. Paul, MN, USA). 

Samples were gold-sputtered and inspected by scanning electron microscope (SEM, 

JEOL, Model 5400, Tokyo, Japan). 

 

Evaluation and statistical analysis  

The evaluations on presence of droplets were performed at x 2000 and x 3500 magnifi-

cation by two double blind operators examining randomly for each sample three differ-

ent points representative of the enamel in the cervical, medium and incisal third. 

 

Results 
 

SEM replicas observation showed that all enamel surfaces release equal droplet forma-

tion. All the samples from patients aged 6-10 yr showed many droplets that covered the 

entire enamel surface (Fig 1). Enamel of primary teeth from adult subjects showed no 

difference in droplets distribution: droplets covered the entire surface without any spe-

cific localization (Fig.2). 
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Fig. 1  SEM photomicrograph of  10-yr-old patient upper canine shows the typical droplets arrangement. 
Many droplets cover the whole enamel surface. 

  

 
 

Fig. 2  SEM photomicrograph of 33-yr-old patient enamel surface. According to increasing subject’s age 
no difference in droplets distribution were observed. 
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Discussion 
 

The aim of this study was to visualize in vivo outward fluid flow from tooth enamel sur-

faces in order to predict susceptibility of the tissue for diverse influences such as caries, 

and intra-oral environment and to correlate these influences with enamel permeability.  

The composition and structure of enamel tissues are inhomogeneous and change with 

post-eruptive maturation and also with caries progression (Wang et al., 2006). Primary 

and permanent enamel showed different features that arise from differences in structure 

(Wang et al., 2006; Sønju Clasen et al., 1997; Shellis, 1984). Prism-junction density and 

volume fraction of inter-prismatic enamel are significantly greater in primary enamel 

than in fully matured enamel, whereas the degree of microcrystal arrangement is lower 

(Shellis, 1984; Wilson and Beynon, 1989). It has been demonstrated that matrix proteins 

are essentially removed during mature enamel formation (Wang et al., 2006). Changes in 

ion transport, induced by local diffusion coefficients with changing porosity and the 

relative mineral contents could set the accessible pore volume in partially demineralised 

enamel and influence the distribution of mineral loss (Wang et al., 2006; Dowker et al., 

2003). 

The histological features of primary enamel are related with permeability and both of 

them are involved in caries pathogenesis. 

Regarding permanent teeth, it has been demonstrated that enamel surface of recently 

erupted teeth showed more discharge of droplets than mature enamel presumably due to 

the presence of open structures containing proteins produced during tooth development 

that presumably form diffusion pathways as inter-crystalline spaces that will alter with 

dwell time in the oral cavity predominantly due to mineral deposition (Bertacci et al., 

2007; Tjäderane, 2007). 

Primary enamel showed a great droplet forming (permeability) that remained unchanged 

despite the prolonged staying in the oral cavity, as the exam of primary teeth in adult 

subjects demonstrated. Primary enamel appeared to be not affected by surface altera-

tions, such as deposition of calcium-phosphates in the outer layer of the tooth surface, 

due to intra-oral maturation. This could be ascribed to differences in enamel structure 

and to a metabolic inertia that prevent the mineral deposition and the exchange with 

salivary ions. 

The results of this in vivo study confirmed that primary teeth are more permeable than 

permanent mature teeth as well studies on caries formation showed that primary enamel 

have a great susceptibility to demineralization than permanent teeth (Wang et al., 2006) 
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This study suggested that caries susceptibility and enamel permeability are mutually re-

lated, and that enamel permeability depends on surface alterations essentially affecting 

the outer layer of enamel. 

This study confirmed the relationship between caries susceptibility and enamel perme-

ability in primary teeth. These innovative results open the way to further study about 

caries prevention and therapy.  

 

References 

 

Bertacci A, Chersoni S, Davidson CL, Prati C. In vivo enamel fluid movement. Eur J 

Oral Sci 2007; 115: 169-173.. 

Cuy JL, Mann AB, Livi KJ, Teaford MF, Weihs TP. Nanoindentation mapping of the 

mechanical properties of human molar tooth enamel. Arch Oral Biol 2002; 47: 281-291. 

Dowker SE, Elliott JC, Davis GR, Wassif HS. Longitudinal study of the three-

dimensional development of subsurface enamel lesions during in vitro demineralization. 

Caries Res 2003; 37: 237-245. 

Issa AI, Preston KP, Preston AJ, Toumba KJ, Duggal MS. A study investigatine the 

formation of artificial sub-surface enamel caries-like lesions in deciduous and permanet 

teeth in the presence and absence of fluoride. Arch Oral Biol  2003; 48: 567-571. 

Kotsanos N, Darling AI. Influence of posteruptive age of enamel on its susceptibility to 

artificial caries. Caries Res 1991; 25: 241-50. 

Lindén LǺ, Bjorkman S, Hattab F. The diffusion in vitro of fluoride and chlorhexidine 

in the enamel of human deciduous and permanent teeth. Arch Oral Biol 1986; 31: 33–

37. 

Lindén LǺ. Microscopic observations of fluid flowing through enamel in vitro. Odontol 

Revy 1968; 19: 349-345.  

Lippert F, Parker DM, Jandt KD. Susceptibility of deciduous and permanent enamel to 

dietary acid-induced erosion studied with atomic force microscopy nanoindentation. Eur 

J Oral Sci 2004; 112:61-66. 

Lussi A, Kohler N, Zero D, Schaffner M, Megert B.A comparison of the erosive poten-

tial of different beverages in primary and permanent teeth using an in vitro model. Eur J 

Oral Sci 2000; 108: 110–114. 

Schellis RP. Relationship between human enamel structure and the formation of caries-

like lesions in vitro. Arch Oral Biol 1984; 29: 975-981. 



In vivo fluid release from primary enamel Angelica Bertacci 

 

 

 43 

Shellis RP. A scanning electron-microscopic study of solubility variation in human 

enamel and dentine. Arch Oral Biol 1996; 41: 473-484. 

Sønju Clasen AB, Øgaard B, Duschner H, Ruben J, Arends J, Sønju T. Caries develop-

ment in fluoridated and non fluoridated deciduous and permanent enamel in situ exam-

ined by microradiography and confocal laser scanning microscopy. Adv Dent Res 1997; 

11: 442-7. 

Ten Bosch JJ, Fennis-IE Y, Verdonschot EH. Time-dependent decrease and seasonal 

variation of the porosity of recently erupted sound dental enamel in vivo. J Dent Res  

2000; 79: 1556-1559. 

Tjäderhane L. The origin of enamel fluid. Eur J Oral Sci 2007;115:522-3. 

Wang LJ, Tang R, Bonstein T, Bush P, Nancollas GH. Enamel demineralization in pri-

mary and permanent teeth. J Dent Res  2006; 85: 359-363. 

Wilson PR, Beynon AD. Mineralization differences between human deciduous and 

permanent enamel measured by quantitative microradiography. Arch Oral Biol 1989; 34: 

85–88. 

Wilson PR, Beynon AD. Mineralization differences between human deciduous and 

permanent enamel measured by quantitative microradiography. Arch Oral Biol 1989; 

34:85-88. 

 

 

 

 

 

 

 



Fluoride: in vivo effects on enamel permeability Angelica Bertacci 

 

 

 44 

Chapter 6 

Fluoride: in vivo effects on 
enamel permeability 

 
The objective of this in vivo study was to evaluate the effects of topical fluoride applica-

tion on enamel permeability to water. 

Impressions of buccal enamel were obtained before and after a 2 min application of 

fluoride (NaF and APF, acidulate phosphate fluoride). Baseline replicas showed the 

presence of water droplets on enamel surfaces. Immediately after fluoride application 

CaF2 globules and no water droplets were observable. After professional brushing and 

CaF2 globules removal, water droplets were present again within 1 hour for NaF while 

APF treated samples still showed no droplets after 7 days. Control groups demonstrated 

that CaF2-like globules were formed in vivo and that could be removed by professional 

toothbrushing, sonically and chemically by KOH. Fluoride treatments temporarily re-

duced enamel water permeability when CaF2-like globules were removed. The in vivo 

permanence of decreased enamel permeability after CaF2 globules removal has been 

demonstrated for  1 h for NaF treated teeth and for at least 7 days for APF treated teeth.   

The caries-preventing action of fluoride application may be due, in part, to its ability to 

decrease enamel water permeability. CaF2 like-globules seem to be indirectly involved in 

enamel protection over time maintaining low permeability. 
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Introduction 

 

Fluoride-tooth interactions following topical fluoride application in mature permanent 

teeth involves enamel surfaces, oral fluids, and fluids flowing through dental hard tissues 

(ten Cate and Featherstone, 1991).  

It has been demonstrated that most of the cariostatic effect of topical fluoride can not 

be attributed to the incorporation of fluoride in the hydroxyapatite crystal lattice 

(Øgaard et al., 1988), despite a recent study that showed an increase of fluoride concen-

tration on the treated enamel surface (Jeng et al., 2008). CaF2 globular complexes, also 

called phosphate contaminated calcium fluoride (Christoffersen et al., 1988) are a major 

reaction product following topical treatment of dental hard tissues coating dental enamel 

(Nelson et al., 1984; Dijkman et al.,1988; Cruz et al., 1992; Øgaard, 2001). Previous 

stuidies reported that calcium fluoride-like deposits is affected by pH (Saxegaard and 

Rølla, 1988), by the type of fluoride applied, and by the length of application (Nelson et 

al.,1984; Dijkman et al., 1988). It has been suggested that CaF2 acts as a pH-controlled 

reservoir of fluoride due to high solubility and release of a large amount of fluoride dur-

ing dissolution (Nelson et al., 1983; Øgaard, 2001; Jeng et al., 2008). However, the depos-

ited surface fluoride coating is not permanent and, depending on the topical fluoride 

agent and oral conditions, most of the fluoride can be lost over a few days to a few 

weeks (Brudevold et al., 1967; Dijkman et al., 1983, Caslavaska et al., 1991). The effect of 

these CaF2 globules in fluoride preventing action is still unclear. Few in vivo studies has 

been carried out to evaluate the retention of CaF2 globules and the effect of fluoride 

treatment on human enamel physical properties and only one evaluated the effect on 

permeability (Brewer et. al, 1956; Melleberg et al., 1977; Arends et al., 1988; Øgaard et 

al., 1996). 

The aim of this study was to evaluate in vivo changes in enamel water permeability pro-

duced by topical fluoride application on mature permanent enamel by SEM inspection 

of sequential replicas made in vivo. The tested null hypothesis was that enamel water 

permeability was not affected by fluoride treatment. 
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Materials and Methods 

 

Enamel Preaparation  

Forty permanent sound upper central incisors from 20 six subjects aged 25–40 yr were 

selected. All subjects enrolled in the study gave their informed consent to the procedure, 

which was non-invasive and risk-free. All the subjects did not use any fluoridated prod-

uct at least in the previous week. Each tooth was brushed with a prophylactic brush 

(Prophy minicups, Westpoint-Perident, Firenze, Italy) mounted on a rotary micro-motor 

handpiece (4000 rpm) for 30 s and air-dried for 10 s. 

Two different fluoride treatments were examined: two minutes rines with 0.2% NaF at 

neutral pH (Oral-B Fluorinse®, Procter & Gamble, Cincinnati, Usa) and two minutes of 

1.23% acidulated phosphate fluoride gel application (APF gel, Dental Medical, Conegli-

ano, Italy).  

Baseline impressions of buccal enamel of both central incisor of each subject were made 

using polyvinylsiloxane (Affinis light body). Patients group 1 (n=10) were given 10 mL 

of Oral-B Fluorinse® and asked to agitate the mouthrinse in their mouth for 2 min. Af-

ter expectoration, the right central incisor was brushed, washed and air-dried, while the 

left central incisor was only washed and air-dried before taking second impressions. 

Then the patients were dismissed and asked to return in 1 hr. After they returned, left 

incisors were brushed and air-dried while right incisors were only washed and air dried 

before taking third impressions. Patients of group 2 (n=10) applied 2 min of 1.23% 

acidulated phosphate fluoride on buccal surface of both central incisors. After water 

rinse and expectoration, the same time-impression sequence of the first experimental 

group was carried out.  

Control Groups 

The first in vivo control group consisted of two upper incisors that separately received 

both topical fluoride treatments, as previously described, followed by 30 s of water-spray 

sonication (Castellini, Castel Maggiore, Bologna, Italy) with ultrasonic tips (EMS, Ge-

neva, Switzerland) before taking an impression. Likewise the second in vivo control 

group, consisted of tow upper incisors, was treated with topical fluoride application. Af-

ter taking baseline impression of the two upper incisors, the incisor enamel surface was 

adjusted to be parallel to the floor and a 2 µL droplet of 1 N KOH was placed on one-

half of the fluoride-treated surface to determine if such treatment (Caslavska et al., 1975) 

could extract the surface globules. After 5 min, the drop of KOH was carefully removed 

by absorbent paper and the surface rinsed with water, air-dried, and then subjected to a 
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second impression. Additional samples (n=4) were obtained from 2 upper central inci-

sors fluoride-treated as previously described and brushed with an electric toothbrush 

(Oral B triumph, Oral B, Procter & Gamble, Cincinnati, Usa) and from 2 APF treated 

incisors impressed 24 h and a week after treatment (application and professional 

toothbrushing). 

Enamel Surface Replica 

During each impression, the material was allowed to set on the tooth for 4 min. Then 

the material was removed from the enamel surface, degassed for at least 48 h and later 

cast in polyether impression material (Permadyne Garant; 3M ESPE, St Paul, MN, 

USA). After separation, the casts were gold-sputtered and inspected by scanning elec-

tron microscope (Model 5400; JEOL, Tokyo, Japan). 

 

Results 

 

Baseline replicas of incisors before fluoride-treatment showed the presence of water 

droplets on enamel surfaces that represent water outflow from enamel during the 4 min 

setting time of the material (Fig, 1). The second replica of the left incisor (unbrushed 

group) after fluoride treatment revealed extensive deposition of globular aggregates (well 

recognized as CaF2) (Figs. 2A-C) except in the approximal area where a single bristle of 

the toothbrush partially removed CaF2 gluobules (Fig. 2D). The second replica of the 

right tooth (brushed group) did not show any water droplets or globular aggregates 

(Figs. 3A-B). In fluoride-treated enamel surfaces that were not immediately brushed, 

when the patients returned after 1 h for the third impression of left tooth, replicas failed 

to reveal either water droplets or CaF2 globules (Figs. 3C-D) on the enamel surfaces.  

In contrast, when impressions were taken of the right incisor 1 h after fluoride treatment 

and immediate brushing, the NaF fluoride-treated surface showed water droplets again 

(Figs. 4 A-B).  

Different results were obtained after 1.23% acidulated fluoride treatment (Figs 5 A-D). 

The permeability remained low from 24 h until a week after the removal of CaF2  glob-

ules by professional tooth brushing. 

When fluoride-treated enamel was treated with a droplet of KOH, of the strong base 

removed the CaF2 globules, while the surrounding area remained covered with such 

globules (Figs. 6A-B). Sonicated teeth that had been treated with topical fluoride applica-
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tion showed no CaF2 aggregates on enamel surface and no water droplets (images not 

shown). 

Teeth brushed with the electric toothbrush after fluoride treatment still showed CaF2 

globules (Fig. 7).  

Thus, topical fluoride treatment temporarily reduced enamel permeability and produced 

deposition of globular aggregates that were easily removed by brushing, ultrasonical or 

chemical extraction with KOH. In the presence of CaF2 globules in the unbrushed inci-

sors, the enamel permeability remained low after 1 h. After removal of CaF2 globules by 

toothbrushing, the water permeability remained very low initially, but returned to pre-

treatment levels after 1 hr in NaF treated samples while remained low until 7 days, for 

1.23% acidulated fluoride treatment. 

 

 
 
Fig. 1  Scanning electron microscopy (SEM) photomicrographs of baseline enamel control replicas from 

30-yr-old (1) patient, showing many water droplets, mainly localized along the interprismatic 
(perikymata) enamel. These droplets measured approximately 1 µm or less in diameter.  No topi-
cal fluoride was applied in the control condition.  
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Fig. 2  Scanning electron microscopy (SEM) photomicrographs (A,B,C) of unbrushed fluoride-treated 
enamel replicas showing a deposition of globular aggregates that ranged in size from 0.4-4 µm  
in diameter. No fluid droplets are observable.  The globules are CaF2 aggregates. Scanning elec-
tron microscopy (SEM) photomicrograph (D) of approximal enamel replica showing the detail 
of partially removed CaF2 globules by a single bristle of the brush.   

 

 
 

Fig. 3  Scanning electron microscopy (SEM) photomicrographs (A,B) of fluoride-treated and brushed 
enamel replicas showing no CaF2 aggregates and no water droplets were observable. Scanning 
electron microscopy (SEM) photomicrograph (C) of fluoride-treated enamel brushed after 1 h 
replicas showing no CaF2 aggregates and no droplets observable. Only very few CaF2 aggregates 
were present in a smple (D).  
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Fig. 4  Scanning electron microscopy (SEM) photomicrographs of enamel replicas after fluoride treat-
ment and immediate toothbrushing 1h later showing many fluid droplets observable as baselines 
replicas showed.  The patient was dismissed for 1 h.  Upon their return, the tooth was rinsed and 
air-dried and impressions replicas were made.  The previously impermeable enamel was now per-
meable to water and formed water droplets.      

 

 
 

Fig. 5  SEM photomicrographs of APF treated teeth. The permeability remained low from 1h, 24 h 
until a week (D) after the removal of CaF2 globules by professional tooth brushing. 
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Fig. 6  Low power (350X) micrograph (5A) of replicas of human incisor enamel after fluoride treatment.  
After rinsing and air-drying a tiny drop of 1 N, KOH was placed in the center of the fluoride-
treated area, and left in place for 5 min.  The KOH was then removed with absorbent paper, 
rinsed with water and air-dried.  Then an impression was taken and a replica made. 

 Note the globules of CaF2 on the left side of Fig. 5A, and their absence on the right side that was 
treated with KOH.  Fig. 5B shows a higher power (1500X) view of the CaF2 globules showing 
that their diameters were 1-3 µm. 

                      

 
 
Fig. 7  SEM photomicrograph of a fluoride treated tooth after brushing with an electric tooth brush: 

CaF2 gluobules were still present on enamel surfaces. 
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Discussion 

 

When enamel surfaces were treated with 0.2% NaF mouthrinse and with 1.23% acidu-

late fluoride gel the CaF2 globules deposited on the surface blocked outward water 

movement through interprismatic enamel and this result requires rejection of the test 

null hypothesis that enamel water permeability was not affected by fluoride treatment.  

This globular surface material often becomes coated with phosphates or proteins and is 

regarded as being relatively insoluble (Øgaard, 1999), but is reported to be lost from 

enamel surface over time, ranging from days to weeks (Dijkman et al.,1983; Dijkman and 

Arends,1988; Jeng et al, 2008) as result of daily brushing and mastication (Jeng et al., 

2008). Therefore, some researchers have argued that these deposits provide no more 

than a limited protective capability (Jeng et al., 2008). The present study confirmed that 

these surface deposits are easily removed mechanically and cannot be responsible of the 

long-term effectiveness of topical fluoride treatment. It has been suggested that CaF2 is 

formed not only on surfaces but also to some extent in the underlying enamel (Rølla, 

1988; Øgaard, 2001; Jeng et al., 2008), but  if TEM examination did not reveal any re-

crystallized layer of fluorapatite beneath the CaF2 layer (Nelson et al., 1983; White and 

Nancollas, 1990), on the other hand a recent study showed that the underlying enamel 

surface showed a 22% increase in the fluoride content after removal of surface CaF2 us-

ing KOH compared with control enamel (Jeng et al., 2008). Regardless of these consid-

eration it has been demonstrated that only KOH-soluble fluoride inhibited caries lesion 

development significantly (Øgaard et al., 1990), while the increase in KOH-insoluble 

fluoride (firmly-bound or apatitically-incorporated fluoride) had apparently no clinical 

significance and that even pure fluorapatite has been shown to have a limited cariostatic 

potential in intra-oral models (Øgaard et al.,1988). 

In the present study, fluoride-containing globules were removed in vivo by a sonic scaler, 

by professional toothbrushing and by KOH. We speculate that although surface CaF2 

deposits are mechanically removable, their anti-caries action could be ascribed to tran-

sient decreases in subsurface enamel permeability and increases in plaque CaF2. The fact 

that enamel that had been exposed to the fluoride and immediately brushed had neither 

CaF2 globules nor water droplets meant that treatment of enamel reduced the water-

permeability even in the absence of CaF2 globules. 

It is likely that there were relatively insoluble salts of fluoride in subsurface interpris-

matic porosities that blocked water movement but that solubilised with 1 h for NaF 
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treatment. On the other hand 1.23% acidulated fluoride reduced enamel permeability for 

24 hour until 7 days. 

The effectiveness of a topical fluoride agent may be related to the changes it produces in 

enamel permeability and these changes could be related to the pH of the fluoride solu-

tion, with a more prolonged effect in permeability reduction demonstrated for APF gel 

in this study. 

Calcium fluoride deposition may be the outward manifestation of relatively insoluble 

subsurface blockage of enamel surface that may block enamel pores (ten Cate and 

Featherstone 1991) and other diffusion pathways (Nelson et al., 1984; Shellis and Dibdin 

2000) probably also realated to the pH of the fluoride solution as unpublished results on 

acid treatment on sound enamel suggest. 

Since there is an outward fluid movement from the tooth to the enamel surface, it is 

likely that water-soluble materials could move from the surface into the enamel. If this 

material includes hydrogen ions, it might promote caries development. It has been 

speculated that specific occlusion of the pathways of fluid outflow may increase caries 

resistance (Bertacci et al., 2007).  

The major effect of topical fluoride treatment is the formation of CaF2 on the enamel 

surface or in decalcified enamel lesions (Øgaard et al., 1990; Rølla and Saxegaard 1990). 

The results of this study showed that the deposition of CaF2 globular aggregates on 

enamel surfaces is associated with a transient decrease of enamel permeability and that 

mechanical removal of these globules by ultrasonication and professional toothbrushing 

allows the return of baseline water permeability within 1 for NaF h and much longer (at 

least 7 days) for acidulate fluoride treatment.  

However, teeth that were not brushed with professional tooth-brush, showed very low 

enamel permeability for at least 1 h. So professional toothbrushing could reduce the ef-

ficacy of fluoride treatment by removing CaF2 globules deposited, that remains only in 

the approximal areas where the bristles do not reach.  

During the carious process, demineralization occurs on and under enamel surfaces and 

involves ionic exchange between the lesion and the enamel surface. The cariostatic effect 

of fluoride could achieve by blocking these demineralizating episodes, by transient re-

ductions in enamel permeability, rather than the reinforcing of the enamel surface, in as 

much as the deposited layer is potentially lost in a short time. Previous studies have 

shown that acid etching of enamel caries-like lesions enhances reminaralization in vitro 

(Yamazaki and Margolis, 2008). It has been proposed that organic acid buffers contain-
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ing fluoride can simultaneously promote enamel dissolution and the deposition of 

fluorapatite-like phases within enamel (Yamazaki and Margolis, 2008).  

The caries-preventing action of fluoride application to enamel may be due to its ability 

to modify the permeability of enamel and associated ionic and osmotic fluid fluxes. Cal-

cium-fluoride like-globules seem to be indirectly involved in enamel protection over 

time since their removal did not immediately restore enamel permeability to outward 

fluid flow. The presence of these globular deposits of CaF2 may protect underlying fluo-

ride by delaying its solubilization. 

Recently a three layer structure model of enamel treated with amine fluorides (pH=4) 

has beeen proposed (Gerth et al., 2007). The authors assumed that top surface CaF2 layer 

acts as a fluoride reservoir and covered a layer of Ca(OH)2 (Gerth et al., 2007). This 

Ca(OH)2 layer could be responsible for reduced enamel demineralization and as our re-

sults on permeability allowed to speculate.  

A similar layer or a calcium phosphate acid induced could be responsible for decreasing 

enamel permeability. 

Enamel permeability could be involved in caries pathogenesis and the caries prevention 

action of fluoride could be ascribed to both decreasing enamel permeability and to pro-

moting remineralization of demineralized enamel. 

The null hypothesis was rejected because fluoride is able to temporarily block enamel 

permeability. 

These results suggest a new mechanism of fluoride action, opening the way to further 

studies. If the caries preventive action of fluoride depends on decreasing enamel perme-

ability, new substances with the same effects but with longer retention could be intro-

duced for caries prevention. The proposed mechanism of fluoride caries-preventing ac-

tion could explain the evidence that the primary effect of topical fluoride is post-

eruptive (Cury and Tenuta, 2008). 
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Chapter 7 

Effects of fluoride release from 
an orthodontic bondig agent on 

enamel demineralization  

The aim of this study was to compare in vitro a traditional orthodontic bonding agent 

with a fluoride-releasing one. The treated enamel surface around the bracket was investi-

gated through MOM and SEM/EDX analysis after acid attack. 

Two groups of 6 elements were respectively bonded with Transbond XT (group A) and 

Transbond Plus, fluoride-releasing (group B).   

A template calibrated on bracket size (3x3 mm), with an excess of 3 mm from one side 

was placed on each sample in order to delimit an etched and primer-painted enamel sur-

face. 

The samples were exposed to a demineralizing solution (lactic acid) for three days, then 

incorporated in resin cylinders and finally smoothed and polished. 

In all the enamel surfaces investigated, samples of group B showed an average depth of 

demineralization which was at least 40% lower compared to samples of group A. The 

differences in demineralization marks and in calcium and phosphorus content between 

the two groups are likely due to the different chemical characteristics (fluoride-release) 

of the bonding agents examined. 

Fluoride particles have been found on the enamel surface of samples of group B at 150 

µm from the bonding system until the maximum depth of approximately 300 µm. 

In the present study the amount of fluoride contained in the examined bonding agents 

appeared to reduce the demineralization marks and to modify the chemical composition 

of the enamel in the treated area. 
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Introduction 
 

The appearance of enamel demineralization around bonded brackets represents a re-

markable clinical problem in orthodontic treatment with fixed appliances. Moreover the 

presence of bands/brackets and of others orthodontic devices such as elastics makes the 

patient’s dental hygiene hard to be maintained and facilitates plaque accumulation.   

Clinically demineralization marks appear as white lesions (white spot lesions) around the 

brackets (Al-Khateeb et al., 1998; Buren et al., 2008). These lesions constitute early forms 

of enamel caries that possess the potential for own remineralization in the presence of 

fluoride (Gorelick et al., 1982; Geiger et al., 1992). Consequently many authors suggest 

topical applications of fluoride during orthodontic treatment thorough dental hygiene 

procedures (Geiger et al., 1992; Todd et al., 1999; Wenderoth et al., 1999). 

Adjunctive fluoride therapy is commonly used to prevent demineralization and to pro-

mote enamel remineralisation. As fluoride has been also shown able to reduce plaque 

formation by inhibiting bacterial enzymatic acid production its use appears suitable in 

clinical conditions that make plaque removal difficult such as the presence of orthodon-

tic appliances (Stratemann and Shannon, 1974; Arends et al., 1975; Geiger et al., 1992; 

Basdra et al., 1996; Vorhies et al., 1998; Todd et al., 1999; Prati et al., 2001; Foley et al., 

2002; Chadwick et al., 2005; Farrow et al., 2007; Wiegand et al., 2007; Buren et al., 2008).  

Moving from the good results achieved in several in vitro studies that showed the efficacy 

of fluoride in inhibiting white spot lesions and enamel demineralization and the lower 

but clinically acceptable bond strengths (Geiger et al. 1992; Basdra et al., 1996; Vorhies et 

al., 1998; Todd et al., 1999; Foley et al., 2002) new bonding agents fluoride releasing have 

been subsequently introduced on the market (Buren et al., 2008). 

The quoted in vitro studies investigated enamel decalcification through SEM (Scanning 

Electron Microscope), PLM (Polarized Light Microscope), QLF (Quantitative Light-

induced Fluorescence), sonic digitizer (Basdra et al., 1996; Al-Khateeb et al., 1998; Foley 

et al., 2002; Benson et al., 2003; Sudjalim et al., 2007; Buren et al., 2008). Other authors 

carried out similar experimentations, using EDX (Energy Dispersive X-ray Analysis), an 

instrumental analytic methodical that takes advantage from X-rays emission and allows 

an accurate semiquantitative analysis of the chemical composition of the materials 

through X-ray detector system attached to a SEM (Takagi et al., 2000; Arnold et al., 2003; 

Mahoney et al., 2004; Arnold et al., 2006). Only one study in the literature applied such 

methodical to analyze orthodontic adhesives (Scougall Vilchis et al., 2008). Moreover 

there are no published studies that evaluate the demineralization and the fluoride con-
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tent in the enamel areas adjacent to brackets applied with a fluoride-releasing adhesive 

comparing with a not fluoride-releasing one. 

The aim of this study was to investigate the morphology and the depth of demineraliza-

tion of the enamel surface surrounding bonded orthodontic brackets exposed to an arti-

ficial caries solution (lactic acid).  The fluoride content and the differences in the con-

centration of calcium and phosphate were also evaluated. 

Two different orthodontic resins Transbond Plus, fluoride-releasing and Transbond XT, 

not fluoride-releasing, were compared to evidence the differences in depth and mor-

phology of enamel lesion and to verify the presence of the fluoride.  

 

Materials and Methods 
 

Sample preparation 

Twelve extracted healthy and caries-free human molars collected and kept in water until 

thirty days were randomly divided into two groups: group A composed of 6 teeth 

bonded with Transbond XT (3M Unitek, Monrovia, CA, USA) and group B of 6 ele-

ments bonded with Transbond Plus (3M Unitek, Monrovia, CA, USA). The teeth were 

also cross-sectioned axially with a carbide tungsten bur Komet H245 (ISO 233006) on 

the turbine at high speed, thus eliminating the root component of teeth. 

Each sample was rinsed and cleaned with a rubber prophylaxis cup at slow speed for 15 

seconds. Samples of both groups were etched with 35% phosphoric acid gel 

(Scotchbond 3M Unitek, Monrovia, CA, USA) for 30 seconds and before bracket bond-

ing the same primer was applied (Transbond XT, light cure adhesive primer. 3M Unitek, 

Monrovia, CA, USA). On each sample was placed a template calibrated on bracket size 

(3x3 mm), with an excess of 3 mm from a single side, in order to delimit an etched and 

primer-painted enamel surface. 

After the application of a thin and uniform layer of the composite resin Transbond XT 

(group A) on the brackets were positioned with firm pressure. Likewise on group B 

samples brackets were applied with adhesive paste Transbond Plus fluoride-releasing. 

The excess bonding material was carefully removed with a scaler before the set of the 

adhesive and then started the polymerization of 20 seconds with a visible curing light 

(L.E. Demetron I) at the constant intensity of 350-400 mW/cm2. Before demineraliza-

tion simulation procedure, a layer of varnish (colored nail polish) was applied on each 
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sample over the end of the template in order to define, making it visible, the area to ex-

amine. 

 

Storage and perfusion 

All the teeth were subjected to an artificial caries solution consisting of 7.44 ml of 99% 

lactic acid at pH 4.4, taken with a graduated pipette and placed in a container having a 

capacity of 1000ml and brought to volume with deionized water. 

This was to reproduce in vitro the effects of bacterial metabolism and to simulate the fac-

tors stimulating the the oral microflora reaction. 

All the samples prepared as previously described were placed in 25 ml of this solution 

and stored in an incubator model ICT 70 (Falc Instruments s.r.l. BG) at 37°. 

Teeth were cycled between artificial caries solution and deionized water for three days, 

as shown in table 1. 

After the three day-storage, samples were washed and copiously rinsed with deionized 

water to completely remove any cariogenic solution remaining and finally dried. 

All specimens were embedded in methylmetacrylate (Technovit ®2060, Italy) in plastic 

cylinders (diameter 0.2), left to harden for 20-30 minutes at room temperature. 

 

Sample preparation for microscope analyses 

After polymerization reaction of the resin, specimens were flattened by passing through  

paper of abrasive particle size decreasing from 220 to 2000 Grit and polished on discs of 

tissue (Polilap n°. 10), with a suspension of alumina powder N2-3 from 3 to 0.1 µm to 

obtain a mirror surface of the sample.  

This preparation made possible the complete removal of abrasion from the samples’ 

surfaces allowing a better observation on metallographic optical microscope (Reichert 

MeF3), on SEM (Zeiss EVO 50) and on EDX (INCAX-sight Oxford Instruments). 

All samples were subjected to morphological evaluations of the enamel in the following 

areas: 

• central with bracket bonded area (zone 1); 

• etched and primer-painted area (zone 2); 

• not-treated area (zone 3). 

 

More specifically the areas have been divided into 4 different positions of observation, 

as shown in Figure 1. 
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Results 
 

Metallographic optical microscope (MOM) analysis 

Images obtained by the MOM showed micrometric lesions below the surface of the 

bracket of approxiamtely 10µm in depth in 4 of 6 samples of group A while, in all the 

samples of Group B, the enamel below the bracket-adhesive system appeared intact: this 

indicates a higher protective effect from acid attack. 

The mean depth and area, standard deviations, ranges and maximum measurements re-

corded in the different positions of the analyzed samples are summarized in table 2. 

In all the enamel positions investigated, samples of group B (Transbond Plus) showed 

average depths of demineralization at least 40% lower compared to samples of group A 

(Transbond XT). 

In a comparison between the treated and untreated areas in both groups (zones 2 and 3), 

the demineralization depth marks appeared lower in position 3 and 4 than in positions 1 

and 2, as well as a significant difference in the depth of lesion was detected by the com-

parison between groups in zones 2 (position 3 and 4) and 3 (positions 1 and 2). 

The distance between the edge of the adhesive on the enamel surface and the border of 

the demineralized zone was significantly longer for the fluoride-releasing samples: 

368.44 µm (348.33 µm in position 1 and 2; 342.5 µm in position 3 and 4) recorded in 

sample of group B, compared to an average distance of - 23.33µm * (- 26.67 µm in posi-

tion 1 and 2; - 20 µm in position 3 and 4) in the samples of group A. 

*negative values (sign "-" before the values) indicate that the demineralization zone 

started under the bracket. 

 

SEM analysis 

SEM morphological analysis revealed the presence of different degrees of demineraliza-

tion highlighted in the form of bars, explained as the progressive loss of substance in the 

most superficial area of hydroxyapatite crystals. 

Although these bands were visible in the enamel of both groups, the lesions presented 

different morphologies: SEM evaluation of the enamel demineralization in samples of 

group A (Transbond XT) showed a marked corrosion rate and a line of fracture 

(“crack”) within the lesion (Figs 2-4).  Corrosion rate and gap appeared less pronounced 

in samples of group B (Transbond Plus) and the “crack” of the enamel was not detected 

(Figs5-6). 
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EDX analysis 

The EDX analysis at positions 3 and 4 allowed to detect differences in calcium and 

phosphorus content in correspondence to the previously mentioned bands. These dif-

ferences were more pronounced in the samples of group A, in fact it has been possible 

to highlight the peaks of reduction of the concentration of these elements. (Figs.7 -8). 

To confirm MOM data, EDX analysis at positions 3 and 4 also detected the presence of 

fluoride at approximately 150 µm away from the bracket and about 300 µm deep from 

the surface (Figs 9-12).    

 

 
Fig. 1  Analyzed positions for the evaluation of demineralization area: 

- Position 1= 100µm from the orthodontic bonding agent in the untreated area. 
- Position 2= greatest demineralization depth in the untreated area. 
- Position 3=100µm from the orthodontic bonding agent in the etched and primer-painted area. 
- Position 4=greatest demineralization depth in the etched and primer-painted area. 

 

 

 
Fig. 2 Enamel demineralization observed in a sample of group A. 

 

COMPOSITE 
ADHESIVE 

BRACKET 
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Fig. 3  Detail of the enamel “void” in the previous sample. 
 
 

 
Fig. 4 SEM evaluation of the enamel demineralization in a sample of  
 Group A: a line of fracture within the lesion.  

 

 
Fig. 5  Enamel demineralization observed in a sample of group B. 

 



Effects of fluoride release from an orthodontic bonding agent Angelica Bertacci 

 

 

 65 

 
    Fig. 6  SEM evaluation of the enamel demineralization in a sample  
 of group B: corrosion rate and gap appeared less marked. 

 

 

 
Fig. 7  EDX evaluation of the enamel demineralization in a sample of group A : line-scan in the various 

bars within the lesion showed a decrease of calcium and phosphorus content in the enamel. 
 

 

 

 
Fig. 8 EDX mapping of the enamel demineralization in a sample of group B showed a homogeneous 

distribution of calcium and phosphorus within the lesion. 
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Element Weight % Atomic % 

OK 48.76 68.13 
FK 0.63 0.74 
NaK 0.50 0.48 
AlK 0.16 0.13 
SiK 0.51 0.41 
PK 15.45 11.15 
CaK 34.00 18.96 
Total 100.00  

 
Fig. 9  XRD patterns of demineralized enamel in a sample of group B at about 30 µm deep from the sur-

face and approximately 150 µm away from the bracket. 
 

 
 

Element Weight % Atomic % 

OK 48.85 68.07 
FK 0.56 0.65 
NaK 0.51 0.50 
MgK 0.19 0.18 
SiK 0.82 0.65 
PK 15.67 11.28 
CaK 33.03 18.37 
Total 100.00  

 
Fig. 10  XRD patterns of demineralized enamel in the previous sample at about 80 µm deep from the sur-

face. 
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Fig. 11  XRD patterns of demineralized enamel in the previous sample at about 300 µm deep from the 
surface: only a not-significant amount of fluoride was found. 

 
 

 
 

Element Weight % Atomic % 
 

O K 46.96 66.72 
Na K 0.46  
Al K 0.13  
P K 17.42  
Cl K 0.84  
Ca K 34.19  
Total 100.00  

 

Fig. 12  XRD patterns of demineralized enamel in a sample of group A at about 30 µm deep from the sur-
face and 150 µm away from the bracket: the presence of fluoride was not detected. 

 
 

Element Weight % Atomic % 

OK 49.40 68.92 
FK 0.00 0.00 
NaK 0.68 0.66 
MgK 0.23 0.21 
PK 15.44 11.13 
CaK 34.26 19.08 
Total 100.00  
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Time Fluid 
8.00→8.30  Deionized water 
8.30→12.30  Lactic acid 
12.30→13.00 Deionized water 
13.00→16.30 Lactic acid 
16.30→17.00 Deionized water 
17.00→8.00 Lactic acid 

 

Tab. 1  Cycles artificial caries solution and deionized water. 
 

 Position 1 Position 2 Position 3 Position 4 
Transbond XT 108.33± 44.46 135.00±57.18 75.00±8.37 78.33±11.69 
Transbond Plus 40.00± 27.66 63.33± 32.66 30.00± 29.66 55.00±36.19 
 
Tab.2  Summarizing table of the different values of demineralization depth in all the positions examined. 

 

Discussion 

 

The presence of enamel demineralization and white spot lesions adjacent to fixed ortho-

dontic appliances still represents a relevant clinical problem that could compromise both 

esthetic and oral health, overshadowing the positive effects of orthodontic treatment 

(Erikson et al., 1995; Al-Khateeb et al., 1998; Benson et al., 2003; Benson et al., 2005; 

Alessandri Bonetti et al., 2009). Because of the increased difficulty in adequately removal 

bacterial plaque around orthodontic appliances, adjunctive fluoride therapy is commonly 

used to prevent demineralization. Some authors suggested the use of a daily sodium 

fluoride rinses program (Marinelli et al., 1997; Benson et al., 2005; Sudjalim et al., 2007), 

fluoride varnishes and sealers surrounding orthodontic appliances (Todd et al., 1999; Bu-

ren et al., 2008). However, effective protection with fluoride could require appropriate 

patient compliance and the inconsistency of patient cooperation is a challenging aspect 

of orthodontic care. One of the different methods proposed to prevent and decrease 

enamel demineralization that do not require patient compliance is the use of fluoride-

releasing bonding systems.  

Clinical studies exhibited conflicting data about the efficacy of these materials in preven-

tion or inhibition of white spot lesions and in affecting the growth of caries-associated 

bacteria compared to non-fluoritated sealants or adhesives (Trimpeneers et al., 1996; 

Wenderoth et al., 1999; Farrow et al., 2007). 

The aim of this in vitro study was to examine the fluoride release and its effects on 

enamel demineralization (depth and morphology) and to investigate the alterations on 

the enamel surface after the use of two different orthodontic bonding system. 
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The fluoride content in the bonding agent tested in this study (Transbond Plus) showed 

ability to reduce "white spots" both in depth and in extension, changing the morphology 

of the demineralization. 

The comparison between zones 2 and 3 of both groups showed demineralization depths 

lower in positions 3 and 4 than in positions 1 and 2: this result is due to a protective, 

mechanical, action of the primer on the enamel. On the other hand the differences in 

demineralization marks observed between groups A and B in zones 2 and 3 are due to 

the different chemical (release of F-) features of the two adhesives tested. 

It has been demonstrate that acid attack causes loss of calcium and other minerals, in-

cluding phosphate (Arnold et al., 2006). In this experimental model, acid attack resulted 

in an increase of the enamel porosity and permeability, both in the surface and in deeper 

layers over 100 µm as showed by SEM. 

The EDX analysis confirmed that the calcium/phosphate ratio of hypo-demineralised 

enamel was significantly lower than the unaffected enamel (Mahoney et al. 2004). 

The lower concentrations of calcium and phosphorus, observed in the present study, 

within the lesions on enamel treated with a bonding agent not fluoride-releasing and the 

higher concentrations in the samples bonded with a fluoride releasing one are in agree-

ment with previous studies (Basdra et al., 1996; Trimpaneers et al., 1996; Wenderoth et al., 

1999; Benson et al., 2005; Sudjalim et al., 2007). 

 As shown in several study, calcium fluoride-like particles are present on the enamel sur-

face of the fluoride-releasing bonding systems, forming a potential protective deposit on 

the enamel surface (Basdra et al., 1996). The dissociation of fluoride ions from calcium 

fluoride crystals and their diffusion into enemel pores may occurred, either during the 

initial intense release or later during the slow but regular exposure to fluoride, followed 

by incorporation into the enamel apatite crystals during demineralization and reminerali-

zation procedures, finally forming larger, more acid resistant crystals (Basdra et al., 1996). 

Fluoride ions released on the enamel surface from Transbond Plus may act as a potential 

reservoir, available for remineralization or deposition into demineralized areas, or as a 

diffusion barrier during acid attacks. The purpose of this in vitro study was to evaluate 

the effectiveness of an orthodontic bonding agent fluoride-releasing on inhibiting 

enamel demineralization and early caries by the anlysis of depth and extension of enamel 

demineralization and surface appearance.  

The conclusion achieved were that fluoride released from the adhesive system provided 

significant reduction in enamel demineralization marks and changed the morphology of 
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the enamel lesions: our results qualitatively and quantitatively confirmed the existence of 

an inhibitory effect of fluoride (found up to 300 µm depth) on enamel demineralization 

induced by exposition to an artificial caries solution. 

Clinically, these results encourage the choice of fluoride-releasing materials for bands 

and brackets application in order to prevent the onset of caries in a subject at risk as the 

orthodontic one: these products can be applied directly by orthodontists and are not 

bound to the domestic use, allowing to overcome one of the major limitations of pre-

vention with fluoride, the patient’s compliance. 
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Chapter 8 

Acid treatments modify enamel 
permeability 

The aim of the present study was to evaluate the acid-induced structural transformations 

in enamel after two different treatments by means of Raman and IR spectroscopy analy-

sis and to correlate these findings with enamel permeability. 

Two different treatments were investigated: 3 slices were etched with 15 % HCl for 120 

s and 3 slices with 37% phosphoric acid gel (H3PO4)  for 30 s, rinsed for 30 s and then 

air-dried for 20 s. Powders of enamel treated as previously described were produced. 

Replicas of enamel subjected to the same treatments were obtained. 

Raman and IR spectroscopy showed that the treatment with both hydrochloric and 

phosphoric acids induced a decrease in the carbonate content of the enamel apatite. At 

the same time, both acids induced the formation of HPO42- ions. After H3PO4 treatment 

the bands due to the organic component of enamel decreased in intensity, while in-

creased after HCl treatment.  

Replicas of H3PO4 treated enamel showed a strongly reduced permeability with no drop-

lets detectable. Replicas of HCl 15% treated samples showed a maintained permeability, 

with smaller droplets covering the enamel surface with a different distribution in com-

parison with baseline replicas. A decrease of the enamel organic component, as resulted 

after H3PO4 treatment, involves a decrease in enamel permeability, while the increase of 

the organic matter (achieved by HCl treatment) still maintains enamel permeability. 

These results suggested a correlation between the amount of the organic matter, enamel 

permeability and caries. 
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Introduction 

 

Since its introduction by Buonocore (Buonocore, 1955) acid etching of dental enamel 

has been usually employed in bonding procedures increasing microscopic roughness, by 

selectively removing mineral crystal. This procedure creates microscopic porosities in 

the enamel surface and hardens in tag-like projections that attach the material to the 

tooth structure according to a micromechanical retention principle to improve the resin-

enamel bond in composite restoratives (Vicente et al., 2006; Fjeld and Øgaard., 2006; 

Yousseff et al., 2006).  To achieve this a relatively strong acid, generally 37% phosphoric 

acid, is used for 30 seconds to clean the surface and dissolve the minerals (Ajlouni et al., 

2004; Kim et al., 2006; Fjeld and Øgaard , 2006).  

The effects of phosphoric acid concentration and duration of etching on enamel surface 

morphology and bond strength have been investigated by several authors (Ajlouni et al., 

2004; Vicente et al., 2006). It has been supposed that routine etching with phosphoric 

acid removes irreversibly several microns of the enamel surface although not to a uni-

form depth (Kuhar et al.,  1997; Fjeld and Øgaard , 2006) and induces surface softening, 

with the resultant increased porosity of the outer dental layers (Kuhar et al., 1997). The 

mineral loss could make the acid-etched region vulnerable to successive acid attacks in 

the oral environment because of persisting of the characteristic etch patterns for several 

months (Kim et al., 2006; Kuhar et al., 1997). As a result, recent studies suggest a shorter 

duration of acid etching (Kim et al., 2006).  

Acid etching might perforate or even remove the surface layer and thus enhance resin 

infiltration of the more porous lesion body. Hydrochloric acid produced a small demin-

eralised layer with brief erosion (Wiegand et al., 2007) and has been applied in aesthetic 

dentistry to remove superficial discolorations by enamel microabrasion (Meyer-Lueckel 

et al., 2007).  

Recently it has been demonstrated that HCl 15% gel for 90-120 s led to a virtually com-

plete removal of the surface layer and therefore seems to be more suitable for the pre-

treatment of natural enamel lesion prior to resin infiltration (Paris et al., 2007). 

The aim of the present study was to evaluate the acid-induced structural transformations 

in enamel after two different treatments (15 % HCl for 120 s and 37% phosphoric acid 

gel (H3PO4) for 30 s) by means of Raman and IR spectroscopy analysis and to correlate 

these findings with enamel permeability evaluated by SEM inspection of replicas. 
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Materials and Methods 

 

Raman and IR spectroscopy 

Nine slices of enamel (1mm thick) were cut from sound human molars by means of a 

diamond bur. Two different treatments were investigated: 3 slices were etched with 15 

% HCl for 120 s and 3 slices with 37% phosphoric acid gel (H3PO4) for 30 s, rinsed for 

30 s and then air-dried for 20 s. Three slices of untreated enamel were used as control. 

Powders for IR analysis were obtained by grinding with a multilama bur 9 slices of 

enamel treated and not as previously described. 

The Raman spectra were recorded on a Bruker IFS66 spectrometer equipped with a 

FRA-106 FT-Raman module and a cooled Ge-diode detector. The excitation source was 

a Nd3+-YAG laser (1064 nm) in the backscattering (180°) configuration. The focused la-

ser beam diameter was about 100 µm, the spectral resolution was 4 cm-1, and the laser 

power at the sample was about 140 mW.  

The IR spectra were recorded on a Nicolet 5700 FTIR spectrometer, equipped with a 

Smart Orbit diamond attenuated total reflectance (ATR) accessory and a DTGS detec-

tor; the spectral resolution was 4 cm-1.  

Replica tecnique 

Four permanent teeth (premolars), extracted for orthodontic reasons from young pa-

tients (range age 20–40 yr), were prepared for replica technique at baseline and after the 

two treatments previously described. An impression of the buccal surface was made us-

ing polyvinylsiloxane impression material (Affinis ligth body; Coltene, Alstatten, Switzer-

land). After 4 min, the material was removed from the enamel surface, degassed for at 

least 48 h and later cast in polyether impression material (Permadyne Garant; 3M ESPE, 

St Paul, MN, USA). Samples were gold-sputtered and inspected by a scanning electron 

microscope.  

 

Results 

 

The IR spectrum of control enamel showed the presence of both A- and B- types car-

bonated apatites; in fact, the former and the latter are characterised by the bands at 

about 1545 and 1410 cm-1, respectively (Nelson and Featherstone, 1982; Apfelbaum et 

al., 1992).  
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The Raman spectrum as well revealed the presence of both A- and B- types carbonated 

apatites; in fact, the former and the latter are characterised by the bands at about 1100 

and 1073 cm-1, respectively (Nelson and Featherstone, 1982; Penel et al., 1998). Upon 

treatment with both hydrochloric and phosphoric acids the carbonate content of enamel 

decreased. In fact, the relative intensity of the bands at 1073 cm-1 (Raman, B-type), 1411 

cm-1 (IR, B-type) and 1541 cm-1 (IR, A-type) decreased upon treatment. From a quanti-

tative point of view, the A1411/A560 (Featherstone et al., 1984) and A1411/A600 (Sønju-

Clasen et al., 1997) absorbance ratios were identified as marker of B-type carbonate con-

tent; as can be seen from Table 1, their values decreased upon treatment with both acids. 

The same behaviour was observed for the A1541/A600 absorbance ratio (see Table 1), 

which was identified as marker of A-type carbonate (Sønju-Clasen et al., 1997). Also the 

downshift of the IR band at 1013 cm-1 revealed the decrease of the carbonate content, 

according to other authors (Antonakos et al., 2007).   

At the same time, both acids induced the formation of HPO42- ions, as revealed by the 

increase in relative intensity of the bands at 587 cm-1 (Raman) and 525 cm-1 (IR) (Cas-

ciani and Condrate, 1980; Rey et al., 1990). 

The hydrogen bonding system as well was affected by the acid treatment; the IR bands 

due to a free OH group at about 3570 and 630 cm-1 became visible, probably due to the 

breaking of the hydrogen bonds typical of the enamel structure (Rey et al., 1990). 

The position of the bands at about 600 and 560 cm-1 as well as their A560/A600 absorb-

ance ratio has been identified as marker of the maturation degree of the minerl hydroya-

patite-lke phase of bone. In the spectra of the acid-treated enamel this ratio decreased 

and the bands shifted to lower wavenumbers, i.e. to a situation which would be typical 

of a less mature mineral stage (Rey et al., 1990). Upon treatment with hydrochloric acid, 

strong bands due to the organic component were observed in both Raman (2940, 1670, 

1455, 1275-1248 cm-1) and IR (2951, 2922, 2852 cm-1) spectra. On the contrary a de-

crease in intensity of the Raman organic bands was observed upon treatment with phos-

phoric acid. 

SEM photomicrographs of H3PO4 treated enamel showed the typical appearance of 

enamel (Fig.s 4 A-D). 

SEM analysis of replicas confirmed that baseline replicas showed many droplets cover-

ing the whole surface in several areas and mainly localized along the perikymata as pre-

viously described (Bertacci et al., 2007). Replicas of H3PO4 treated enamel showed a 

strongly reduced permeability with no droplets detectable (Figs. 5 A-B). On the other 
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hand replicas of HCl 15% treated samples showed a maintained permeability, with 

smaller droplets covering the enamel surface with a different distribution in comparison 

with baseline replicas (Figs. 5 C-D). 

 
   
Fig. 1  Raman spectra of enamel before (control) and after treatment with H3PO4 for 30’’. 
 

 
Fig. 2  IR spectra of enamel before (control) and after treatment with H3PO4 for 30’’. 
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Fig. 3  Raman spectra of enamel before (control) and after treatment with HCl for 120’’. 
 

 
 

Fig. 2 IR spectra of enamel before (control) and after treatment with HCl for 120’’. 
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Table 1.  A1411/A560, A1411/A600 and A1541/A600 absorbance ratios (mean value on three 

spectra ± standard deviation) obtained from the IR spectra of the analysed powders.  

Sample A1411/A560* A1411/A600* A1541/A600** 

Control 0.144 ± 0.001 0.211 ± 0.002 0.079 ± 0.005 

H3PO4 30’’ 0.112 ± 0.003 0.161 ± 0.005 0.044 ± 0.009 

HCl 120’’ 0.108 ± 0.006 0.151 ± 0.003 0.061 ± 0.002 
 

* marker of B-type carbonated apatite content 

** marker of A-type carbonated apatite content 

 

 

 
 

Fig. 4 Scanning electron photomicrographs of  H3PO4 trated enamel. The acid dissolved both interpris-
matic and prismatic enamel resulting in the typical honeycomb appearance. 
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Fig. 5 Scanning electron photomicrographs of replicas of H3PO4 treated enamel showed a strongly 
reduced permeability with no droplets detectable (A,B) Replicas of HCl 15% treated samples 
showed a maintained permeability, with smaller droplets covering the enamel surface (C,D) 
Decrease of the enamel organic component, as resulted after H3PO4 treatment, involves a de-
crease in enamel permeability, while the increase of the organic matter (achieved by HCl treat-
ment) still maintains enamel permeability.   

 

Discussion 
 

The surface morphology resulting from etching treatment and the induced chemical al-

terations are important for evaluation and further improvement of the adhesion systems. 

Different etching treatments showed different effects on enamel structure due to their 

specific characteristics (pH, type of acid, proton concentration) (West et al., 2001; Han-

ning et al., 2005). 

Surface erosion is a diffusion-controlled process with a strong relationship between losss 

of enamel and etching duration (Hermsen et al., 1993; Meyer-Lueckel et al., 2007). 

It has been demonstrated that HCl caused linear release of Ca and P, phosphoric acid of 

Ca. The different erosive effects could be due to specific interactions of organic acids 

and hydroxyapatite. Mono-, di-, and tri-carboxylic acids are chemisorbed and bonded to 

hydroxyapatite via ionic interactions (Hanning et al., 2005). 

Carboxylic groups are assumed to substitute hydroxyl or phosphate groups on the sur-

face of enamel or hydroxyapatite respectively (Hanning et al., 2005). 
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In several studies an increased remineralization of initial subsurface lesions could be ob-

served after acid etching (Flaitz and Hicks 1994, Al-Khateeb et al., 2002) thus suggesting 

and increased access of ions required for mineralization (Meyer-Lueckel et al., 2007).  

Another study that investigated whether full remineralization would occur in white spot 

lesions when the surface porosity was increase by acid-etching concluded that full 

remineralization was not achieved by etching, by the addition of fluoride, nor by the 

combination of both treatments in this in vitro study (Al-Khateeb et al., 2000).  

It has been demonstrated that the surface layer of enamel caries lesions has a lower pore 

volume compared with that of the lesion body underneath (Bergman and Linde 1966; 

Paris et al., 2007) and that pores in enamel, which are filled with organic material and wa-

ter, act as a diffusion pathway (Kuhar et al., 1997; Dibdin, 1993).   

The accessible pore volume in partially demineralised enamel influences the distribution 

of subsequent mineral loss. The effects might be mediated by changes in ion transport, 

induced by local diffusion coefficients with changing porosity (Dowker et al., 2003) and 

the relative mineral content (Naujoks et al., 1967). 

In the in vivo situation the effects of acids on dental hard tissue are modulated by several 

factors, such as tissue related factors (local porosities, crystal quality, presence of pris-

matic enamel) and others as components of acidic beverages like buffering agents, fluo-

ride, calcium and phosphate (Fjeld and Øgaard., 2006; Hobson et al., 2002; Hanning et 

al., 2005). Also salivary flow rate, mode of drinking and especially the acquired salivary 

pellicle have great impact on erosive effects (Hanning et al., 2005). 

Conventional enamel etching performed with 37% phosphoric acid for 30 seconds in-

volves the loss of mineral crystals (Kim et al., 2006) dissolving the prismless enamel 

(Johnston et al., 1998) and provides retentive enamel surface (Ajloundi et al., 2004). 

Recently it has been demonstrated that 15% hydrochloric acod gel proved to erode sur-

face layer more effectively than 37% phosphoric acid gel (Meyer-Luekel et al., 2007) and 

that HCl 15% gel for 90-120 s seems to be more suitable for the pre-treatment of natu-

ral enamel lesion prior to resin infiltration (Paris et al., 2007). 

 

In this study Raman and IR spectroscopy showed that the treatment with both hydro-

chloric and phosphoric acids induced a decrease in the carbonate content of the enamel 

apatite. At the same time, both acids induced the formation of HPO42- ions. After 

H3PO4 treatment the bands due to the organic component of enamel decreased in inten-

sity, while increased after HCl treatment.  
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The results of Raman and IR spectroscopy could be related with the data obtained by 

monitoring enamel permeability. A decrease of the enamel organic component, as re-

sulted after H3PO4 treatment involves a decrease in enamel permeability, while the in-

crease of the organic matter (achieved by HCl treatment) still maintains enamel perme-

ability.  The innovative results obtained in this study about the effects of acid etching on 

fluid outflow allow improving the knowledge on etching and adhesion mechanisms. It 

has been previously demonstrated that organic components inhibit crystal dissolution 

and that matrix proteins are essentially removed during mature enamel formation (Veis, 

2004) with a post eruptive maturation that decreases enamel permeability and caries sus-

ceptibility (Bertcci et al., 2007). The results of this study confirmed that organic matter 

and permeability are correlated. The organic matter and permeability resulted increased 

in HCl treated samples in contrast with other results reported in the literature that sug-

gest such treatment for the pre-treatment of enamel prior to resin infiltration (Paris et al., 

2007). 

Enamel permeability that is related to the porous structure of enamel, could reflect car-

ies susceptibility (Bertacci et al., 2007) and these results suggested a correlation between 

the amount of the organic matter, enamel permeability and caries. 
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Chapter 9 

Appendix 

 

Thesis Abstract 
 

This thesis evaluated in vivo and in vitro enamel permeability in different physiological and 

clinical conditions by means of SEM inspection of replicas of enamel surface obtained 

from polyvinyl siloxane impressions subsequently later cast in polyether impression ma-

terial. This technique, not invasive and risk-free, allows the evaluation of fluid outflow 

from enamel surface and is able to detect the presence of small quantities of fluid, visu-

alized as droplets. Fluid outflow on enamel surface represents enamel permeability. This 

property has a paramount importance in enamel physiolgy and pathology although its ef-

fective role in adhesion, caries pathogenesis and prevention today is still not fully under-

stood.   

The aim of the studies proposed was to evaluate enamel permeability changes in differ-

ent conditions and to correlate the findings with the actual knowledge about enamel 

physiology, caries pathogenesis, fluoride and etchinhg treatments. To obtain confirmed 

data the replica technique has been supported by others specific techniques such as Ra-

man and IR spectroscopy and EDX analysis.   

The first study carried out visualized fluid movement through dental enamel in vivo con-

firmed that enamel is a permeable substrate and demonstrated that age and enamel per-

meability are closely related. Examined samples from subjects of different ages showed a 

decreasing number and size of droplets with increasing age: freshly erupted permanent 

teeth showed many droplets covering the entire enamel surface. Droplets in permanent 

teeth were prominent along enamel perikymata. 



Appendix Angelica Bertacci 

 

 

 86 

These results obtained through SEM inspection of replicas allowed innovative remarks 

in enamel physiology. An analogous testing has been developed for evaluation of enamel 

permeability in primary enamel. The results of this second study showed that primary 

enamel revealed a substantive permeability with droplets covering the entire enamel sur-

face without any specific localization accordingly with histological features, without 

changes during aging signs of post-eruptive maturation.  These results confirmed clinical 

data that showed a higher caries susceptibility for primary enamel and suggested a strong 

relationship between this one and enamel permeability.  

Topical fluoride application represents the gold standard for caries prevention although 

the mechanism of cariostatic effect of fluoride still needs to be clarified. The effects of 

topical fluoride application on enamel permeability were evaluated. Particularly two dif-

ferent treatments (NaF and APF), with different pH, were examined. The major product 

of topical fluoride application was the deposition of CaF2-like globules. Replicas inspec-

tion before and after both treatments at different times intervals and after specific addi-

tional clinical interventions showed that such globule formed in vivo could be removed 

by professional toothbrushing, sonically and chemically by KOH. The results obtained 

in relation to enamel permeability showed that fluoride treatments temporarily reduced 

enamel water permeability when CaF2-like globules were removed. The in vivo perma-

nence of decreased enamel permeability after CaF2 globules removal has been demon-

strated for 1 h for NaF treated teeth and for at least 7 days for APF treated teeth.   

Important clinical consideration moved from these results. In fact the caries-preventing 

action of fluoride application may be due, in part, to its ability to decrease enamel water 

permeability and CaF2 like-globules seem to be indirectly involved in enamel protection 

over time maintaining low permeability.  

Others results obtained by metallographic microscope and SEM/EDX analyses of or-

thodontic resins fluoride releasing and not demonstrated the relevance of topical fluo-

ride application in decreasing the demineralization marks and modifying the chemical 

composition of the enamel in the treated area.  

These data obtained in both the experiments confirmed the efficacy of fluoride in caries 

prevention and contribute to clarify its mechanism of action. 

Adhesive dentistry is the gold standard for caries treatment and tooth rehabilitation and 

is founded on important chemical and physical principles involving both enamel and 

dentine substrates.  
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Particularly acid etching of dental enamel enamel has usually employed in bonding pro-

cedures increasing microscopic roughness. Different acids have been tested in the litera-

ture suggesting several etching procedures. The acid-induced structural transformations 

in enamel after different etching treatments by means of Raman and IR spectroscopy 

analysis were evaluated and these findings were correlated with enamel permeability. 

Conventional etching with 37% phosphoric acid gel (H3PO4) for 30 s and etching with 

15 % HCl for 120 s were investigated.  

Raman and IR spectroscopy showed that the treatment with both hydrochloric and 

phosphoric acids induced a decrease in the carbonate content of the enamel apatite. At 

the same time, both acids induced the formation of HPO42- ions. After H3PO4 treatment 

the bands due to the organic component of enamel decreased in intensity, while in-

creased after HCl treatment.  

Replicas of H3PO4 treated enamel showed a strongly reduced permeability while replicas 

of HCl 15% treated samples showed a maintained permeability. A decrease of the 

enamel organic component, as resulted after H3PO4 treatment, involves a decrease in 

enamel permeability, while the increase of the organic matter (achieved by HCl treat-

ment) still maintains enamel permeability. These results suggested a correlation between 

the amount of the organic matter, enamel permeability and caries. 

The results of the different studies carried out in this thesis contributed to clarify and 

improve the knowledge about enamel properties with important rebounds in theoretical 

and clinical aspects of Dentistry.   
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