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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 ez a/., 2006). Mature

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

Enamel is composed of mineral rods sized ~30um in length and 5 um in diameter that
are orientred roughly perpendicular to the dentino-enamel junction (DEJ). In turn, the
rods are built up of crystallites sized ~1um in length and 40 nm in diameter and aligned
with their crystallographic ¢-axis along the rod length (Jongebloed e7 a/., 1975; Klocke ez
al., 2000).

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 ¢

axes (Wang e al., 20006).
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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)s(OH)2], that contains some
impurities, such as carbonates substituring for phosphate in the crystal lattice (Simmer
and Hu, 2001; Klocke e af, 20006). 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 CO3%) or for phosphate tetraedal (B-type)
(Klocke et al., 2000). The carbonate content represents 2-4 wt% with a reported 90% of
type B and 10% of type A (Penel ¢t 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 ¢7 al., 1997). The structure of HAP can be considered as built up
of corner-sharing PO, and CaOs polyhedra forming channels along the crystallographic
¢-axis, in which the hydroxyl-groups are placed (Klocke ¢ a/., 2000).

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 um, but they vary somewhat in size and moz-
phology troughout the thickness of enamel. In the first 5 pm, 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 um 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 striac 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, lamellac 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 um
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 um per day. Situated be-
tween the rods at approximately 4 pm 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 rthythm 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 cleatly 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).



Enamel structure Angelica Bertacci

Enamel tufts and Iamellae

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 ef a/, 2001; Marshall ez al., 2001; Schulze e 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 ef 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 7 a/,
2001; Schulze ez al., 2004). The scallops and the presence of a smooth gradient of me-

chanical properties at the junction ate believed to contribute to reduce stress concentra-
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tion. This gradation of properties is initiated by biomineralization starting from the DE]
in both directions (Ten Cate, 1998).

It has been demonstrated that DE] is resistant to acid attacks as well as to mechanical
forces such as cracks propagation (Tramini ef a/., 2000; Marshall ef a/., 2001; Schulze ez
al., 2004).

Enamel formation

10

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 mattix;

® crystal nucleation;

® crystal eleongation;

® removal of the organic matrix, and

® crystal maturation.
Dentine and enamel formation take place simultaneously starting along the DE] (den-
tino-enamel junction). On enamel side of the DE], 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 ate 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 7 vivo (Berg-
man and Lindén 1965; Bakhos ¢# al.,, 1977).

The transport of water across dental enamel iz 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 ez 4/,

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 ez a/., 1982; Ten Cate 2001) even if the
importance of enamel permeability in caties, restorative materials and pulp-dentine-

enamel interaction is still not fully understood (Byers ez a/, 2003).

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

enamel with dyes (Beust 1912, Bergeren 1943, Tarbet and Forsick, 1971), the diffusion

13
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of organic components (Poole ¢# al., 1963), the permeability to inorganic ions (Sognnaes
and Shaws 1952), radioactive elements (Braden, 1971; Sognnaes and Shows 1952; Joys-
tone-Bechal ¢7 al., 1971), and water (Poole ez 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 ez 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 ¢z a/, 2005) conductance (le ¢f al., 1995; Ten Bosch ez al., 2000),
impedance (Scholberg ¢z al., 1984). These results demonstrated the bidirectional perme-

ability of enamel.

Enamel fluid transport processes

14

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).



Fluid transport processes Angelica Bertacci

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
Datling, 1991) is greatest in teeth with immature enamel, and it appears to require a
partnership with dentine (Byers ez @/, 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 e7 a/, 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 ez
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 IF more readily than older teeth; younger permanent enamel
takes up more I, exhibits a higer-water sorption capacity and imbibes more iodide than
older permanent enamel (Lindén ez al., 1986).

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

mary enamel (Issa e af., 2003).

Enamel of deciduous teeth contains more organic matter, more watet, 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 (Senju Clasen ef 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

15
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and cariostatic substances (ions and molecules) plays a crucial role in the dynamic proc-

ess of caries (Van Dijk ez a/, 1983; Featherstone, 1983; Lindén ez a/, 1980).

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 caties than teeth that have remained

free from caries lesions for a few years after eruption (Ten Bosch ez a/., 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 ez
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 incot-

poration of calcium-phosphate into the enamel (Ten Bosch ez 4/, 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 e7 a/., 1986) and that the resis-
tivity in erupted teeth was considerable higher than in unerupted teeth confirming the

effects of post eruptive mineralization (Hoppenbrouwers ez a/., 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 e# al., 2005).
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Chapter 3

Methods to assess enamel
Dermeability and structure

Replica Technique

20

The replica technique petformed in these studies has been previously described in the
literature (Barnes, 1977; Ittahgarun and Tay, 2000; Chersoni ez a/., 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 7 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 7n 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 (T'suda 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 Mortis, 2000).
Raman microspectrometry produces the capability to characterize the spatial distribu-

tions of organic and inorganic compounds with spatial resolution of about 1pum. 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 ez 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 (T'suda 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 ez
al., 1986; Bertoluzza et al., 1996; Penel ez al., 1998 Liu and Hsu, 2007). The depeosition
of CaF-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-'.

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 ¢z al, 2004).

The apatite crystallites in enamel are preferentially oriented with their crystallographice-
axis perpendicular to enamel-dentine junction, which results in different Raman scatter-

ing intensity depending on the experimental geometry (Klocke ez af., 2000).

Sound tooth enamel exhibited strong Raman polarization anisotropy, whereas eatly car-
ies consistently showed a lower degree of Raman polarization anisotropy in particular
for sound enamel the Raman peak arising from the symmetric v1 vibration of PO3%y

from hydroxyapatite at 959 cm! is strongly polarized (Sowa e7 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 ez al, 1997; Klocke et la., 2000). 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 ez a/., 2000;

Barbour and Rees, 2004; Schougall Vilchis ef 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 iz 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-
tirmed 7 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

26

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 e# 4/, 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 ez al., 1977), inorganic ions (Byers and Yoon Lin, 2003) or radioactive trac-
ers (Braden ez al., 1971; Joyston-Bechal ez al., 1971), and water (Lindén e al, 1968; Poole
¢t al., 1963; Shellis, 2000). Studies have applied 7 vitro and/ot 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 e al,

1986; Wang ez al., 2005) or conductance (Ten Bosch ez al., 2000; Ie ez 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 ez al., 1983; Featherstone, 1983; Lindén 7 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 (KKostanos and Darling, 1991). In addition, posteruptive (con-
tinuing) maturation (Fearnhead e @/, 1982; Kostanos and Datling, 1991) could reduce
the permeability of enamel, making it clinically important to determine enamel perme-
ability 7z sitn, despite the dearth of information currently available (Lindén, 1968, Berg-
man and Lindén 1965; Bakhos ¢z al., 1977).

The aim of this study was to visualize fluid flow through tooth enamel 7z 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
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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 ef 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, Switzetland). 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;

® Jow: 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.

10 kv x 3,500

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 Im 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
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Enamel permeability has been demonstrated iz vivo and 7n 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 e al, 1986;
Wang et al., 2005) or conductance (Ten Bosh ez al., 2000; Ie ez al., 1995), providing an in-
direct evaluation of enamel thickness, mineral loss and uptake (Ten Bosch ez a/, 2000),
and enamel porosity (Flaitz ¢z a/, 1986; Rock and Kidd, 1988; Huysmans ez a/., 1995;
Ricketts ez al., 1996). The present study yielded qualitative and quantitative findings on
outward fluid flow on tooth enamel surfaces iz 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 zz 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 iz vive 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 e 4/, 2000), as con-
firmed by experiments in which artificial caries lesions were produced in extracted teeth

of different posteruptive ages (Ten Bosh ez 4/, 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 e7 /., 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 iz vive, and in the meantime the tooth is more

susceptible to carious decay (Kuhar ¢ a/., 1999).

The replica procedure described identified the location of the pathway openings in the
outer surface of tooth enamel 7z 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
Drimary enamel

A relationship between caries susceptibility and enamel permeability has been proposed
for permanent teeth by detecting 7 vivo outward fluid flow on tooth enamel surface.

The aim of this study was to reveal 7z 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 iz 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 pet-
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 e a/., 1986; Cuy ¢t al., 2002; Wang ¢t al., 2006; Lussi ez al., 2000). Moreover,
overall mineral density is lower in the outermost layers but shows no significant differ-
ences closed to enamel-dentine junction (Wang ez a/., 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 e a/., 200; Lippert ez al., 2004).

The structured nature of enamel allows transport of ions, molecules and water (Lindén,
1968; Lindén e al, 1986; Shellis, 1996; Ten Bosh ez 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; Senju Clasen ef 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 e a/., 2007).

The aim of this study was to visualize 7z vzvo 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

38

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 e# 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.
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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 # 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 ¢z al, 2006). Primary
and permanent enamel showed different features that arise from differences in structure
(Wang et al., 2006; Senju Clasen ef 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 e7 a/., 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 ez a/., 2006; Dowker ¢f 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 ez al,
2007; Tjaderane, 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 /# vive 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 ez a/., 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.
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Chapter 6

Fluoride: in vivo effects on
enamel permeability

The objective of this 7z vzvo 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
Cal’» globules and no water droplets were observable. After professional brushing and
CaF, 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 Cal>-like globules were formed 7z vivo and that could be removed by professional
toothbrushing, sonically and chemically by KOH. Fluoride treatments temporarily re-
duced enamel water permeability when Cals-like globules were removed. The 7z 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. Cal'; 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
(Dgaard et al., 1988), despite a recent study that showed an increase of fluoride concen-
tration on the treated enamel surface (Jeng e al., 2008). CaF globular complexes, also
called phosphate contaminated calcium fluoride (Christoffersen e a/., 1988) are a major
reaction product following topical treatment of dental hard tissues coating dental enamel
(Nelson et al., 1984; Dijkman et a/,1988; Cruz et al., 1992; Ogaard, 2001). Previous
stuidies reported that calcium fluoride-like deposits is affected by pH (Saxegaard and
Rolla, 1988), by the type of fluoride applied, and by the length of application (Nelson ez
al.,1984; Dijkman ef al., 1988). It has been suggested that CaFs acts as a pH-controlled
reservoir of fluoride due to high solubility and release of a large amount of fluoride dur-
ing dissolution (Nelson ¢z al., 1983; Ogaard, 2001; Jeng ez al., 2008). However, the depos-
ited sutface 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 ez a/., 1967; Dijkman ef al., 1983, Caslavaska ez al., 1991). The effect of
these Cal; globules in fluoride preventing action is still unclear. Few 7z vivo studies has
been carried out to evaluate the retention of CaF, 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; Ogaard et
al., 1990).

The aim of this study was to evaluate iz vivo changes in enamel water permeability pro-
duced by topical fluoride application on mature permanent enamel by SEM inspection
of sequential replicas made 7z vivo. The tested null hypothesis was that enamel water

permeability was not affected by fluoride treatment.
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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. Fach 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 /# 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 77 wivo 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 pUL droplet of 1 N KOH was placed on one-
half of the fluoride-treated surface to determine if such treatment (Caslavska ez a/., 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 Cal's) (Figs. 2A-C) except in the approximal area where a single bristle of
the toothbrush partially removed CaF» 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 Cal» 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 CaF» glob-
ules by professional tooth brushing.

When fluoride-treated enamel was treated with a droplet of KOH, of the strong base
removed the CaF, 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 Cal; aggregates on enamel surface and no water droplets (images not
shown).

Teeth brushed with the electric toothbrush after fluoride treatment still showed Cal
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 Cal%; globules in the unbrushed inci-
sors, the enamel permeability remained low after 1 h. After removal of CaF» globules by
toothbrushing, the water permeability remained very low initially, but returned to pre-
treatment levels after 1 hr in Nal' treated samples while remained low until 7 days, for

1.23% acidulated fluoride treatment.
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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 pm 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 pm
in diameter. No fluid droplets are observable. The globules are CaF, aggregates. Scanning elec-
tron microscopy (SEM) photomicrograph (D) of approximal enamel replica showing the detail
of partially removed CaF; globules by a single bristle of the brush.
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Fig.3  Scanning electron microscopy (SEM) photomicrographs (A,B) of fluoride-treated and brushed
enamel replicas showing no CaF, aggregates and no water droplets were observable. Scanning
electron microscopy (SEM) photomicrograph (C) of fluoride-treated enamel brushed after 1 h
replicas showing no CaF, aggregates and no droplets observable. Only very few CaF, 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.
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Fig.5  SEM photomicrographs of APF treated teeth. The permeability remained low from 1h, 24 h
until a week (D) after the removal of CaF; 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 CaF» 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 CaF, globules showing

that their diameters were 1-3 pum.

Fig.7  SEM photomicrograph of a fluoride treated tooth after brushing with an electric tooth brush:
CaF> gluobules were still present on enamel surfaces.
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When enamel surfaces were treated with 0.2% Nal' mouthrinse and with 1.23% acidu-
late fluoride gel the CalF, 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 (Dgaard, 1999), but is reported to be lost from
enamel surface over time, ranging from days to weeks (Dijkman e# 4/,1983; Dijkman and
Arends,1988; Jeng et a/, 2008) as result of daily brushing and mastication (Jeng e al,
2008). Therefore, some researchers have argued that these deposits provide no more
than a limited protective capability (Jeng e a/., 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 CaF> is
formed not only on surfaces but also to some extent in the underlying enamel (Rolla,
1988; Dgaard, 2001; Jeng ef al., 2008), but if TEM examination did not reveal any re-
crystallized layer of fluorapatite beneath the CaF» layer (Nelson e# a/, 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 Cal% us-
ing KOH compared with control enamel (Jeng ¢ al, 2008). Regardless of these consid-
eration it has been demonstrated that only KOH-soluble fluoride inhibited caries lesion
development significantly (@Dgaard ef af., 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 (Dgaard ef a/.,1988).

In the present study, fluoride-containing globules were removed zz vivo by a sonic scaler,
by professional toothbrushing and by KOH. We speculate that although surface Cal
deposits are mechanically removable, their anti-caries action could be ascribed to tran-
sient decreases in subsurface enamel permeability and increases in plaque CaF». The fact
that enamel that had been exposed to the fluoride and immediately brushed had neither
Cal'; globules nor water droplets meant that treatment of enamel reduced the water-
permeability even in the absence of CaF; 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 e# a/, 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 ez al., 2007).

The major effect of topical fluoride treatment is the formation of CaF» on the enamel
surface or in decalcified enamel lesions (Dgaard ¢ al., 1990; Rolla and Saxegaard 1990).
The results of this study showed that the deposition of CaF; 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 NaFF 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 CaF, 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 7 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 CaF> 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 ez al., 2007). The authors assumed that top surface CaF layer
acts as a fluoride reservoir and covered a layer of Ca(OH)2 (Gerth ef al., 2007). This
Ca(OH): 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 7 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
um from the bonding system until the maximum depth of approximately 300 um.

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 ez a/., 1998; Buren ef al., 2008). These lesions constitute early forms
of enamel caries that possess the potential for own remineralization in the presence of
fluoride (Gorelick ez al., 1982; Geiger et al., 1992). Consequently many authors suggest
topical applications of fluoride during orthodontic treatment thorough dental hygiene
procedures (Geiger 7 al., 1992; Todd ez al., 1999; Wenderoth ez 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 ez al., 1975; Geiger et al., 1992;
Basdra ez 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 e al., 2007; Buren et al., 2008).
Moving from the good results achieved in several 7z 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 ¢z a/. 1992; Basdra ef al., 1996; Vorhies ez
al., 1998; Todd ez al., 1999; Foley et al., 2002) new bonding agents fluoride releasing have
been subsequently introduced on the market (Buren ez 4/, 2008).

The quoted 7 vitro studies investigated enamel decalcification through SEM (Scanning
Electron Microscope), PLM (Polarized Light Microscope), QLF (Quantitative Light-
induced Fluorescence), sonic digitizer (Basdra ¢z al., 1996; Al-Khateeb ez al., 1998; Foley
et al., 2002; Benson et al., 2003; Sudjalim ez al, 2007; Buren ¢ 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 ¢ a/., 2000; Arnold ez al., 2003;
Mahoney ¢t al., 2004; Arnold ez al., 2006). Only one study in the literature applied such
methodical to analyze orthodontic adhesives (Scougall Vilchis e# 4/, 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
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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 7z 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 um 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);

® ctched 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
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Metallographic optical microscope (MOM) analysis

Images obtained by the MOM showed micrometric lesions below the surface of the
bracket of approxiamtely 10um 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 um (348.33 pm in position 1 and 2; 342.5 um in position 3 and 4) recorded in
sample of group B, compared to an average distance of - 23.33um * (- 26.67 pm in posi-
tion 1 and 2; - 20 pm 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 um away from the bracket and about 300 um deep from
the surface (Figs 9-12).

POS 3\ /POS 1
POS 4

Fig.1  Analyzed positions for the evaluation of demineralization area:
- Position 1= 100um from the orthodontic bonding agent in the untreated area.
- Position 2= greatest demineralization depth in the untreated area.
- Position 3=100um 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.
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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.

o ——

200 pm

Fig.5  Enamel demineralization observed in a sample of group B.
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Fig. 6 SEM evaluation of the enamel demineralization in a sample
of group B: corrosion rate and gap appeared less marked.

Electron Image 1 Silicon Kal, Chlorine Kal, Calcium Kal, Phosphorus Kal, Carbon Kal_2,

a0pm

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.
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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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ull Scale 1921 ct= Cursor: 3932 (35 ci=)

Element Weight % Atomic %
OK 48.76 68.13
FK 0.63 0.74
NaK 0.50 0.48
AIK 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 um deep from the sur-

face and approximately 150 um away from the bracket.

ull Scale 1921 cts Cursor: 3932 (22 ci=)

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 um deep from the sur-

face.
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ull Scale 1921 cis Cursor: 3932 (12 cts)

kel

Element Weight % Atomic %
OK 49.40 68.92
FK 0.00 0.00
NaK 0.68 0.66
MK 0.23 0.21
PK 15.44 11.13
CaK 34.26 19.08
Total 100.00

Fig.11 XRD patterns of demineralized enamel in the previous sample at about 300 um deep from the

surface: only a not-significant amount of fluoride was found.

ull Scale 26542 otz Curzor: 4 791 (235 ct=)

ke

Element Weight % Atomic %
OK 46.96 66.72
Na K 0.46
AlK 0.13
PK 17.42
CIK 0.84
CaK 34.19
Total 100.00

Fig.12 XRD patterns of demineralized enamel in a sample of group A at about 30 pm deep from the sur-
face and 150 um away from the bracket: the presence of fluoride was not detected.

67



Effects of fluoride release from an orthodontic bonding agent Angelica Bertacci
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

68

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 ef al., 1995; Al-Khateeb et al., 1998; Benson e al., 2003; Benson et al., 2005;
Alessandri Bonetti ez 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 ez a/, 1997; Benson et al., 2005; Sudjalim ez a/, 2007),
fluoride varnishes and sealers surrounding orthodontic appliances (Todd e# 4/, 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 ef al, 1996;
Wenderoth ez al., 1999; Farrow e al., 2007).

The aim of this iz 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 ) features of the two adhesives tested.

It has been demonstrate that acid attack causes loss of calcium and other minerals, in-
cluding phosphate (Arnold ez a/., 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 pm 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 ez /. 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 e al., 1996; Trimpaneers ez al., 1996; Wenderoth ez al.,
1999; Benson ef al., 2005; Sudjalim e 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 e 4/, 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 e a/., 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 i 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 um 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

Dpermeability

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 % HCI for 120
s and 3 slices with 37% phosphoric acid gel (H;PO4) 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 HsPOy treatment
the bands due to the organic component of enamel decreased in intensity, while in-
creased after HCI treatment.

Replicas of HsPOy treated enamel showed a strongly reduced permeability with no drop-
lets detectable. Replicas of HCI 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 HsPOy treatment, involves a decrease in enamel permeability, while the increase of
the organic matter (achieved by HCI 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

74

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 ef al., 2006; Fjeld and ODgaard., 2000;
Yousseff ¢t 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 ez 4/,
2004; Kim et al., 20006; Fjeld and @Qgaard , 20006).

The effects of phosphoric acid concentration and duration of etching on enamel surface
morphology and bond strength have been investigated by several authors (Ajlouni e 4/,
2004; Vicente ez al., 20006). 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 ¢# al, 1997; Fjeld and QDgaard , 2006) and induces surface softening,
with the resultant increased porosity of the outer dental layers (Kuhar ef a/., 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 e7 al., 2006; Kuhar ef al., 1997). As a result, recent studies suggest a shorter
duration of acid etching (Kim ez a/., 20006).

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 e 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 HCI 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 (Patis ez af., 2007).

The aim of the present study was to evaluate the acid-induced structural transformations
in enamel after two different treatments (15 % HCI for 120 s and 37% phosphoric acid
gel (H5POy) 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 (Imm thick) were cut from sound human molars by means of a
diamond bur. Two different treatments were investigated: 3 slices were etched with 15
% HCI for 120 s and 3 slices with 37% phosphoric acid gel (H;POy) 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 Nd**-YAG laser (1064 nm) in the backscattering (180°) configuration. The focused la-
ser beam diameter was about 100 pm, the spectral resolution was 4 cm!, 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-!.

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!, respectively (Nelson and Featherstone, 1982; Apfelbaum ez
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!, respectively (Nelson and Featherstone, 1982; Penel e 4/, 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! (Raman, B-type), 1411
cm? (IR, B-type) and 1541 cm™ (IR, A-type) decreased upon treatment. From a quanti-
tative point of view, the Ais1/Asq (Featherstone ez al, 1984) and Ai411/Aeo0 (Sonju-
Clasen ez 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 Aissi/Acn absorbance ratio (see Table 1),
which was identified as marker of A-type carbonate (Senju-Clasen ez a/., 1997). Also the
downshift of the IR band at 1013 cm-! revealed the decrease of the carbonate content,
according to other authors (Antonakos ¢z al., 2007).

At the same time, both acids induced the formation of HPO4* ions, as revealed by the
increase in relative intensity of the bands at 587 cm! (Raman) and 525 cm™ (IR) (Cas-
ciani and Condrate, 1980; Rey ¢7 a/., 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™! became visible, probably due to the
breaking of the hydrogen bonds typical of the enamel structure (Rey ez /., 1990).

The position of the bands at about 600 and 560 cm as well as their Asgo/Agoo absotb-
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 ¢ 4/, 1990). Upon treatment with hydrochloric acid,
strong bands due to the organic component were observed in both Raman (2940, 1670,
1455, 1275-1248 cm!) and IR (2951, 2922, 2852 cm) 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 H3;POy 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 e al., 2007). Replicas of H;POy 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).
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Table 1. A1411/A5(,0, A1411/A(,00 and A1541/A(,00 absorbance ratios (mean value on three

spectra * standard deviation) obtained from the IR spectra of the analysed powders.

Sample Ava11/Aseo* Avann/Asoo* Aisqr/Agoo**
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
HCI 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 H3POy 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 H3POy treated enamel showed a strongly
reduced permeability with no droplets detectable (A,B) Replicas of HCI 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 H;POy treatment, involves a de-
crease in enamel permeability, while the increase of the organic matter (achieved by HCI treat-
ment) still maintains enamel permeability.

Discussion

80

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 ¢# a/., 2001; Han-
ning ez al., 2005).

Surface erosion is a diffusion-controlled process with a strong relationship between losss
of enamel and etching duration (Hermsen ¢ a/., 1993; Meyer-Lueckel ez al., 2007).

It has been demonstrated that HCI 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 ez a/., 2005).

Carboxylic groups are assumed to substitute hydroxyl or phosphate groups on the sur-

face of enamel or hydroxyapatite respectively (Hanning ez a/., 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 e 4/, 2002) thus suggesting
and increased access of ions required for mineralization (Meyer-Lueckel ez a/., 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 e7 a/., 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 ez al., 2007) and that pores in enamel, which are filled with organic material and wa-
ter, act as a diffusion pathway (Kuhar ¢f @/, 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 ez a/., 2003) and
the relative mineral content (Naujoks ez a/., 1967).

In the 7 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 Qgaard., 2006; Hobson e# 4/., 2002; Hanning ez
al., 2005). Also salivary flow rate, mode of drinking and especially the acquired salivary
pellicle have great impact on erosive effects (Hanning e7 /., 2005).

Conventional enamel etching performed with 37% phosphoric acid for 30 seconds in-
volves the loss of mineral crystals (Kim ez 4/, 2006) dissolving the prismless enamel
(Johnston et al., 1998) and provides retentive enamel surface (Ajloundi ez a/., 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 ¢ a/., 2007) and
that HCI 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 ef a/., 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 HPO4* ions. After
H3POy treatment the bands due to the organic component of enamel decreased in inten-

sity, while increased after HCI 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 H;POy treatment involves a decrease in enamel permeability, while the in-
crease of the organic matter (achieved by HCI 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 e al., 2007). The results of this study confirmed that organic matter
and permeability are correlated. The organic matter and permeability resulted increased
in HCI 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 (Patis ez a/,
2007).

Enamel permeability that is related to the porous structure of enamel, could reflect cat-
ies susceptibility (Bertacci ez 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 z vivo and 7n 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, caties 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 iz 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.

85



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 (NaFf and APF), with different pH, were examined. The major product
of topical fluoride application was the deposition of CalF»-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 7 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 Cal>-like globules were removed. The # 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 Cal; 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 ot-
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 (H;POy) for 30 s and etching with
15 % HCI 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 HsPOy treatment
the bands due to the organic component of enamel decreased in intensity, while in-
creased after HCI treatment.

Replicas of H3POy 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 H;PO, treatment, involves a decrease in
enamel permeability, while the increase of the organic matter (achieved by HCI 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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In vivo enamel fluid movement

Bertaca A, Chesont §, Davdsm CL, Prati C. In vivo mamel fuid mowmms. Sur J
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The aim of this study was to visuale fluid movement through dental enamel i viva.
Fifty permament upper central memsom, from subjects aged 10-70 yr, and 5 permanent
cemiral just-erupled mdsoms, fom subjects aged 6-7 yr, wereinchided in the study. An
imgression was obizimed by vinyl pohxiloxane, and replicas were then obtlained by
polyether impressdon material. The hydrophohic vinyl palyxdlorane material vielded a
marphalogical mage w sitw of outward fAuid fow through tooth enamel. The sindy
comfirmed i vive that emamel & 2 permeable subwirate, 2x shown by the presence of
droplets onits surface, and d d that 2 ge and ¥ hility ane closdy
related. Samples from subjects of different ages showed a decreasing number and s
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Ename] & not a completely dendge inorganic material as
ita prismatic strocture also containg water and organic
material {1-4). Many studies on enameal have Mocused on
caries research to explain the morphology of deminer-
alization and remineralization (% 6. Despite what is
known about enamel pomeability in caries, the efficacy
of restorative materals and pul p-den tine —en amel inter-
actions remain wnresolved (7).

Throwghout the last century, enamel permeabdity was
investigated in different ways, including dye penetration
(8), difusion of organic components (9), inorganic ons
(T or mdicactive tracers (10, 11), and water (1, 12, 13).
Studies have applisd fn witro andjor f wive mondtoring
techniques, ranging from acanning electron micracopy
(SEM) (14) and transmizdon microscopy (15), to the
messurement of diffudon coeficients (1, 16), elactrical
reafstance (17, 18) or conductames (4, 19.

The difusion rate of cariogenic and caripstatic sub-
stances, jons and molecules throuwgh the agueous plhase
in the enamel and pores plays a crucial rle in the
dynamics of the cards process (20-22) and fuoride
treatment (23). These transport processes are signifi-
cantly affected by enamel porosity and the amount of
water available in the tikame (24).

Fluid flowing throwgh enamel i related to pemeahil-
ity:it is important to cormelate en amel permeabdity to age
amd the extent of enamel demineralization, as caries ms-
ceptibility decreases with age (25 In addition, “poat-
e tive continodng) matwration’ (5, 25) could reduce the
pemeability of enamel, making it clindcally mportant to
determine enamel permeability in s, despite the dearth
of infomation corently available (1, 26, 27

The aim of this study was to vismalie fluid fow
thro ugh tooth enamel fn vive in permanent inmatore and
mature testh wsing a replica technigue and SEM o beer-
vations to test the effact of enamel ‘posternptive matur-

ation’. The teat null hypothesis was that patient age did
not affect enamel permesbility.

Material and methods

Filty pesmsnent uppet ceniral inciors, ﬂ.u'l.h iy vigual signg
of caries, cracks, erogion or restorations, in subgecls agad.
10-70 yr, and 5 permsanent central j -.nl.-m.ﬂndmmu. in
ltil:r:j!ﬂsl 6=1 yr, were sebected for this g
our ;;'ﬂr.iﬂmiwlﬂh {premaolars), Mﬂnflfu ortha-

doniic restons from young patenis (range age 20-40 yr),
wene uged a3 controk. The exiractions were camried out with
greal came o prevenl any ype of alleration 1o the enamel
surface,

All subjecis ensolled m the siudy (parents lor subgects
aged 6-17 yr) gave thesr mformed consent 1o the procedure,
which was non-invasive and rak-firee.

Enamel surface replica

Each tooth was brushed with a prophylactic paste for 103,
genily washed and finally air dred for 10 3 with a denal
chair ar syrings (Castellind, Castel Maggore, Bologna,
Laly).

The method used Lo investigale the mosphology of
enamel, by detecting the presence of dropleis, has been
deseribed previously (28,29).

Immeliztely afler enamel preparalion, as pm.-mdj.-
described, an impression of the surfsce we made using
polywinylsloxane imprestion maleral (Affing Bgth body;
Collene, Altatten, Svitzerdand). After 4 min, the mater-
ial was removed lrom the ensmel surface, degased lor al
lezi 48 h and lster cast m polyether mmpresgion maler-
ial (Permadyne Garanl; 3M ESPE, 51 Paul, MN,
USA). Samples were gold-sputtensd and mapected by a
scamning eleciron microdcope (Model 5800, JEOL, Tokyo,
Japam).
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Evaluation and stat|stical el

High, moderate, and bow numbers of droplets wens evalu-
ated & 2000 magnification by lwo operstons, randomby
examumng, m & double-blind manner, thres diffsnnt pomis
mepresenistive of the enamel in the cervical, medium &nd
mcisal thirds of esch sample.
The lollowing visual scale was employed:
& high: mone than 75% of the entine endmel surfscs wis
covered with dr 3
= moderate: kst than 75% but more than 5% of the entine
emnamel surfsce was covensd with droplets; and
» Jow: less than 5% of entine enamel surface was covered
with droplets

Sististical analyss was performed by the chi-square iesi.

Results

Fignme | summanzes the statistical analysis and shows
thr results related to healthy teath.

The percentage distribution revesled a strong mela-
tionship (P = 0L01) with age: data showed that all the
aamples from aubjects aged 620 yr presented more than
T5% of the enamel surface covered with droplets. Sam-
plez from older snbjects showed a decreasing percen tage:
samples from the 30-50 yr age group predominanthy
presented a moderate (5-75%) percentage, whereas in
the 5060 yr age group the number of sampla with a low
(= 5%) pemantage of enamel ares covensd with droplets
inceated up to the lmt goop (age > 6 y), whame all
the samples showed lesa than 5% of the enamel surface
coverad with droplets (Fig. 2A-D and 3A-D). Fig-
wre 4A-D shows detaik of an enamel pore, an enameal
crack, and white spot lesons, mespectively.

®

Frequancy
Iy
IICm

L]
: Chi squam 804 [F < 0L0) gy =T5%
oy [ 5-TE%
- jm E="1
5 I g
: -

w20 2030 3040 40-50 50S0 wED
Ags {yr)

Fig. |. Percemage distribution of enamel area covered with
draplets relsted 0 age. Barchant for groups by soare.

The number of dmoplets discloasd by SEM observation
confirmed that enamel & a permesbls substrate. Ouor
mealts demonatrated that pemeability wam mlted to
age: freshly erupted t teeth sh d mora
droplets covering the entire enamel mface Samples
from aubjecta of different ages showed a decressing
number and size of droplets.

Pemanent matwe teeth showed many droplets mainy
localizad along the perikymata, and only a few droplets
wene detected away from these.

B vitre testing on extracted testh showed a similar
maorphology. Droplets wene stll present along the peri-
keymata

Discussion

Emamel permeability has boon demonstrated in wive and
i vitre (14, 7). Permesbility is more substantial in testh

Fig. 2. The arrangement of draplets in samples according to moreasmg age of the subject Scamming electron microscapy SEM)
icragraphs of emamal from G-yr-akd (A} and 17-yr-ald (B} patients, showing many mere draplets on the emamel surface,
teeth showed i

phatami -
civening the whale surface m areas. Permanent 5

mamny droplets, mainly localred along the perikymata. SEM

photamicagraph of Z8-yr-ald (C) and 3-yr-old (¥} patients, showing typical draplet dstribution abong the paikymata. These
draplets b

measured approxmaiely | pm or ks in diameter.
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Aim 1 %08

Fig. 3. S:-:Ima electron micrascapy (SEM) photamicrograph af 33-yr-old (A) and 38-yr-old (B) patients, showing the perikymata

[= gl eis that

d to be much larger than thase of the adjacentemamel. SEM photamiaagraph of §7-yr-old {C) and
coatent.

T }I\-ddfﬂ} peiienis, showing only a few small dropleis, probably 25 2 result of the reduced emamel waier

Fig. 4. Detaik of an enamel pore {A) and an emamel crack (B), and samples of white spot lesions (CD¥)

with mmatuwe enamel and appeas to reguire a part-
nemhip with dentine (7, 30). Permeshility & slao come-
lated with ensmel pores, which may camte water uptake
and release (I Moat permeability stodies recorded
electrcal vartables, auch as electrical resistamos (17, 18)
or condwctance (4, 19), providing an indirect evabhation
of enamel thicknes, mineral loss and wptake (4), and
enmel pomoaity (31-34).

The present study yielded gualitative and guantits-
tive findings on outward fuid flow on tooth enamel
aurfaces dn wive by means of scanning electron micr-
oeopy inmpection of polyether eplicas. This techndgquee
uses droplet formation to display the discharge of

liguid from enamel during the setting time of the
impression material, = demonstmated fn wiiw by
Banwes (35)

The fluid foming these droplets may come from fres,
unhound water in blind ouwter enamel poroaities and
partly in desper structures, as suggested by the droplet
diatribution on enamel surface related to age

P by, the chanism of droplet formation is
simply diffusion. When a water-fres impression material
iz applied to hydrated ensmel, water diffuses out of the
ename down its concentration gradient and accumulates
over the pores, without wetting or spreading, on the
light -bodied hyd rophobic materdal.




Appendix

Angelica Bertacci

172 Bertacciel al.

Diroplet fomaation appearad to be typical in its loca-
tion on the enamel surface of permanent matwre teath,
with a atrong preferncs for the perikymata.

The enamel swface of mcently eruptad testh presents
these and other open stroctumes containdng protedns
produced during tooth devel t. Tmndead, the i
of freshly eropted permanent testh showed momre dis-
charge of droplets than mature emamel. It is likely that
these stroctures and inte rprismatic spaces form diffusion
pathways, which aler with time in the oml cavity as a
result of intermdttent pH shift, trawvmas, and mineral
depoation (30

The remhs of this study appear to predict that the
water content of ouwter enamel decreases with age.
Moreover, incresing enameal matoration and age involve
a progresave localization of ouwtward fluid flow on the
enamel surface slong perikymata that are anatomicalby
correlated to desp enxamel st roctures.

The mesults of this in vive stedy, obtained with a new,
ody -ivasive techndgue, could be comalated to apddemi-
ological data on cades. Recently erupted testh are more
prome to dental caries than testh that have remained fros
from canes ledons for & few years after eruption (4), &
confirmed by experiments in which artificial caries la-
ajona wemn prodoced in estracted testh of diffensnt
poateruptive ages (4, 25 This may be ascribad to dif-
ferences in enamel porosity dependent on intra-oral
maturation, presumably cawed by congestion of the
pathways by deposiion of caldum-phosplates in the
outar layer of the tooth suface ().

Therefore, enamel mface alerations, interpreted &
poateruptive matumtion and, comsequently, enamel
permesbility, am of paramount importamcs for carses
pathogeness.

Enamel flvid could ako interfiere with adhesive pro-
codumes. On the other hand, chnical procedures, such =
ackd etching and reshaping of teeth by grinding off some
of the enamel outer surface, will increage the permeals-
lity of dental ename]l. Partial recovery from such damage
takes several months i vise, and in the mesntme the
tosoth s more ausceptible to carious decay (36).

The replica procedune described identified the location
of the pathway openings in the outer surface of tooth an-
ama| i vive by demonstrating fluid owt flow, namely al ong
the perikymata. Forthemore, the anll hypotheizs was
rajected; the enamel of freshly eropted teeth presented
higher outlow than mature enameal. We speculatethat this
outflow reflects both ensmel permeability and, poazbly,
cafes susceptibility. Specific obstroction of thess path-
WHYE MAY i ciehde Caries Maints moe.

Acknovwledpenears — The authars wish to thank Mr Paolo
Femrien for 3EM assistance and Mr Vincermo Giondano for
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Letter to the Editor

The origin of enamel fluid

0 200 Thie Anifors.
dutiion 0 MW7 Far | Ol 5c

hral Srimces

Joamel

Dear Editor,

T read with interest the recent article by BERTaCOT 21 al
(1) in which the auwthors described the Auwid droplts on
the enamel surface and demonstrated that the amount of
fluid & age dependent. The article certainly iz a welcome
addition to the field. The avthors speculated in the Dis-
cugadon that the remon behind the observed droplet
formation iz presumably difusion. This may be the case;
however, there is another possible explanstion that the
authors do not present in the article — the droplats may
represent dentina] fuid

The authom refier to an excellent article by Byers &
Yoou Liv (2), in which the pemeability of enamel was
demonatrated with extemal fuomo—gold enamel labelling
Thiz article demonstrated label penstration through
enamel and dentin all the way to the odontoblaat layer,
once again showing that instesd of being solid, dental
heard tizawes are mersly e md permeab e, allowing influx of
labal and, presumably, bactertal acids and toxing, among
othem. There iz at lest ome artick showing that fluid
transportation also eccum in the other direction, all the
way from the pulp tzmuwe to the enamel swrlace. Socw-
wAEE ef al (J) demonstrated that injacted rmdiodsotopes
may pemetrate dentin and enter enamel from the pulp—
dentin complax.

The odontohlast cell layer has been suggested to form
a functional barmier betwesn pulp tsswe and dentin,
controlling at lest the transport of molcubes into the
dentinal fluid {4, 5. In the case of caries and cavity
preparation, during which the tight junctions between
odontoblasts may be altersd (4, 5), pulpal celk might
produce fuid diffion into the extracellular apace and
into dentin. Themefore, the Aud would be a physiolegic
responge to trawma (5, 6). However, even in intact
tewth, studies with radiodotopes (3, T) and fuomescent
dyes (6 8, 9) have shown a tramsport mechanim to
exist between the bleod creulation and dentin. The rate
of dentinal fhid flow iz affected by several factors,
inchiding, for example, dentinal tubule dze and pa-
temcy, reparative dentin formation (reviewad by Pasa-
ey, ref. 10), and high dietary suercas level (6, 8, 9
Decresme in tmbole dxe and patency with time could
lead to the age-melated decease in enamel fuid observed
by BErTacor er al. (1) There is also some evidencs that
an endocrine syatem, controlling the mte of demntinal
fudd flow, exdsts (9, 11).

BerTACcT et all (1) ako demonstrated that the enamel
of Mreshly erupted testh higher fludd owtflow
than matume examel, and they apaculated that this owt-
flow meflocts both | bility and, possbly,
cares susceptibility. This ma'_J.r very well be true, even i
the fluid in guestion orignates from the dentin—pulp
complex. The role of dentinal fid in dental cardes has
trad it oealhy been thowght to be protective: oo tward flow
should protect the tooth from bacterial toxing and acidic
challenge. Dentinal fluid in cadous teoth has been indi-
cated to have hgher concentmtions of mineral alements
than dentinal fluid in intact dentin (12), and au]:nraaru
rated pulpal fluid redy dentinal cares prog
i witro | 13). Reduction in dentinal fiuid fow cansed h'_l.ra
high-mucrose det (6, 8, 9) would disturb this protective
effact, thus p:uihpoaing the teoth to caries, especially in
youlg teath with wide and patent tubules. However,
experimental data indicates that devitalization of testh
may actuslly educe the caries caused by high dietary
mechoae of desalivation (8, 14, 150 It has even baan
propoded that carbohyd mtes neaded for hidden cadous
ksions mdght originate from blosd and penetrate
throwgh dentinal tubules into the leion area (16)
Interestingly, Broww & Lerrowmz (14) olserved a
agndficant reduction also in enamel caries after the
devitalization of teath.

It iz surpriing to see how little we actually know of
the content, function, fate, and even origin of de tinal
fuid, and what its role and importance &8 in cardes.
Hopefully, the article by Bertacos e al. (1) will lead to
increaged interest in this fascinating component of the
tinit B
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The double origin of enamel fluid

Diear Editor,

We thank Prof. Tjiderhane for his intereat in owr stwdy
amd for his comments on it. The actus] understanding of
tooth enamel still doms ot allow the vnambigeous
identification of the ma origin of fud fow. However,
some concludons can be derived From the emlts of owr
expaiments 1) and from the Bterstee on age changes
and permealdlity in dental tissuwes. Ouwr ohservations of
the distribution of droplets on the emmel surface con-
firmad that interprsmatic spaces, tofts, and lamellss
Tom diffusion pathways, which are changed with time in
the oral cavity. We suggested that the fluid which forms
these droplets may orignate partly from the diffudon of
frea, unbowwd water in outer examel porosties amd
partly from desper strocheres.

The mle of dentinal flvids in droplet formation on

l was mot d i owr experiments. As droplet
fomation was ako present on enamel samples from
which dentin had been removed (unpublished meaulta),
dentinal fluids are unlikely to be the only sowrce of fwid
giving the demonatrated effect.

Moreover, it has baen shown that enamel belavwes a3 a
pemeable membrame to small iong and 33 3 semipenme.
ahle meml to large mobecules (2), and that anions do
not pass throngh ensmel a8 readily s water orcations (3.

The camotic pressume of saliva is abowt hall that of
blood and tizsme findd (4) 2o, under physiological comdi-
tions, water tends to be drawn into the tooth.

The i wive enamel dehydration under a mbber dam
may b canged by an inwand flow of udd &t an cemotic
gradient. If ouwtward fluid flow from dentine to enamel
exigted, the evapomtion procss wonld alaorh any
underhping fluid and thus would not allow dehydration.
However, when the outward camotic presors in enamel
increases|eg. in the presence of plague or a oo noentrated
augar solution), finid would be likely to move from
demtin inte enameland through the enamel to the erxamel
aurfaces that are immersad insaliva Tt may be apac bated
that thiz type of camotic change playwe a rol in caries
pathogenesis.

Ar the permes bility of dentin & far grester than thet of
enamel, a proportionsl age-related permesbdlity docresse
for dentin & mguired to explain the age-related droplat
fomation on enamel wnder physoloegical conditions, as
olserved in ouwr experments.

W can apeculate that enamel fluids have a multiphk, or
at keast a dual, ongin that i dependent on the camotic
balancs betwesn dentinal fudds on ome aide amd zaliva on
the other side, wheme the htter plays a protective role in
posten ptive maturation.
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Prof. Tjhderhane's suppeation of the significance of
dentinal Auids will certainly be borme in mind in owr
further studies on identification of the origin of enamel
Mudds.
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The influence of smear layer in lateral channels filling
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Abstract This in vito study evalusted fhe ability of a
warm guita-percha oburation system Thermafil to fill
lateral channels in presence/shaence of smesr layer. Forty
single-ronied extracted human teeth were mndomly divided
inte two groups for which different imigation regimens
were used: group A, 5 ml of 5% MaDC1 + 2.5 ml of 3.6%
Haly group B, 5 ml of 5% NaOC1 5% + 2.5 ml of 17%
ethylenedismine tetrascefic acid. A conventional crown-
performed using epoxy resin-hased cement (AH Plus) and a
warm gutta-percha plastic camier system (Thermafil).
Specimens were cleamed in metfhy]l slicylae and anslyzed
under & stereomicrmacope to evaluste the number, length,
and dismeter of lateral channels Lawersl chsnnels wene
identified in both groups st medivm and apical fhinds.
Additional ssmples wene prepared for scanning electron
microacopy inspection to confinm te presence of smesr
layer in group A, and the shsence of smesr layer in group
B. All laters]l channels resulted filled in both groups. No
statistically significant differences regarding number,
length, snd diameter were observed betwesn the two
goups. Smear layer did not prevent the sealing of lateral
channels.

A Bertacci (=) C. Bamni * M. Vestas © C. Pras
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Tnitroduc thon

The anstomical complexity of e endodontic canal system
limits the likelihood of achieving a complete filling after
chemo-mechsnical freatment. Besides the infection of
dentinal tuwhules [17], the presence of lateral channels
represents & potential clindcal isspe related to the presemoce
of bacteria colonizing their lumen [30, 31]. Harbored by
pulpal or inorganic debriz, many bacteria may reside in
fhese aress and concur with pathological conditions. These
aeas may be repopulated by other bactera, such as
Engerococeis feecalis, and may be the principal resson for
a socondary endodontic disesse or nefractory infiection [13,
28, 30, 31]. Endodontic sealers and gutta-percha should
close and fill latersl channels and dentinal twbules to
prevent bacierial growth and percolation of bacteria and
fheir by-products through e apex [35, 25, 33].

Among e various systems proposed to fill and seal
endodontic channels afier instrumentation, Thermafil mep-
resents a relatively straightforward and standsed izable
clinical chodce [2, 4, 12, 26, 33].

A recent study [31] proposed & novel clearing tochndque
which allows fhe adaptation of gutts-percha and sealer to
endodontic dentinal walls to be evalusted and both filled
and unfilled laeral channels to be observed. Type of sealer
may influence the outcome of the njection of laberal
chanmels [31] and i distribution in mot canals [34].

Alone or in ssociation with HaOg, NaQOl iz frequently
used as irrigant solution because of its well-known
pro®olytic activity [1] and its antimicrobial action [18].
Unfortunately, it is not able to remove smesr layer [1].
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Endodontic instrumentation creates a smear layer on e
ot canal walls that occludes dentinal wholes and may
prodect micrmorganism from the effects of NaDCl imigation
[5, 8] Moreover, smear layer could support the growth of
entrapped hacieria predisposing periapical reactions [5].

The influence of smear layer in the filling shility of a
sealing techmique is not fully clarified, & its presence might
represent, at least in theory, an obstacle o the penetration of
sealer and gutts-percha inside lateral channels [21, 297.

Several authors have suggested that ethylenadiaminete-
traacetic acid (EDTA) solufions or EDTA-based lubricants
acting on the norganic residue may contribute to removing
amear byer [10, 16], snd these are frequently used in
endodontic therapy,

The asim of this study was b evalste the actent to which
amear layer prevents the filling of latersl channel with gutts-
percha and sealer. The test mll hypothesis was that the
presence of smear layer impaired the filling of laters] channels,

Materiak and methods
Sample preparation

Forty non-carious exiracted single-root, single canal human
eeth were used in this study.

All e eeth included in the sudy were necrotic, as
confirmed mdicgraphically by the presence of periapical
lesions.

Teeth were equally divided in two groups with a
homogeneous distribution regarding tooth type and apical
dismeter, Roots with resorption, fractures, or open apices
were preventively discarded. The root canals selectad for
fhe sidy had an inditial apical dismeter of 020 to 0.30 mm.

Apical foramina were direcly measwred on the tooth
using an optical microscope (Kaps SOM 62 standard, Karl
Eaps GMBH &t K&, Asslar, Gemmany).

Calenlus or debriz on fhe mot surface were removed
before endodontic reament using number 78 Gracey
curettes (Hu-Friedy, Chicage, IL, USA) All specimens
were prepared by the same clinician,

The crown of each tooth was removed using a wpered
dizmond bur (#845314.012 Komet Brasseler, Lemgo,
Ghermany) mounted on a confra-sngle high-speed hand
piece (Ceramic, Castellind, Bologna, Italy).

Root instromentation was performed using conventional
crown-down technique followed by a step-back echnigue.
Stainless el K-files (F.ELG. Dentaire, La Chau-de-Fonds,
Switrerland) and Gates Glidden drilk (Densply-hMaillefer,
Baillagues, Switrerland) were used. The apical instruments-
fion was performead i obtsin a final spical dismeter of 0.30
or (L40 mm depending on tooth snatomy.

£l b

Two different irrigation regimens were usad in two
designed experimental groups: groop A, (=20 mas) 5 ml
of 5% MNaQl soletion (Miclor-3, Ogna, Milan, Italy)
followed by 25 ml of 3.6% hydmgen peracide solution
(Dgna, Milan, Italy), group B (=20 mos) 5 ml of 5%
NaC] solution {(Miclor-5, Ogna) followed by 2.5 ml of 17%
EDTA {Ogna, Milan, Italy).

Irrigation was repeated after the use of each instrument
and NaOC] solution operated for 20 min,

After canal preparstion, a final 1 ml aliguot of 17%
EDTA solution was left in sito for 2 min and replaced by
1 ml of 5% Na(x(1 for 3 min,

All irrigation procedures were delivered with a 25-gange
needle {Molteni, Firenze, Ily) inseried in the canal half-
lengih.

Thermafil (Thermafil Tolss Dentsl, Tulm, OK, TISA)
was used according to manufactorer instroctions, The
Thermafil carier was selected sccording to the size of the
ganging master apical file. A small smount of sealer (AH
Flus, Dentsply DeTrey GmbH, Konstane, Germany) was
poaitioned inside each canal using a small K-file (no. 15).
Inrmediaely afier he canal obturstion, each mnmple was
filled with Colinsol {Coltene, Switrerland) in fhe coronal
mpoct and immediaiely mmersed in tap waier for 24 h

All teeth were then immersed for 14 days in a
demineralizing solution composed of ¥4 formic acid, 8%
hydrochloric acid, and 10% sodivm citrate, The solution
was changed every 3 days while specimens were kept under
continuous agitstion (using sn sgitstor 722 by Asal s,
Milan, Ttaly) during fhe whole procedure. At the end of the
deminerslizing process, two specimens (3 maxillary lateral
incisor and a mandibulsr second hicuspid) revealed a
longidina] fracture snd were discarded The mots were
fhen rinsad in running tap waber for 2 h, immensad in 99%
acetic acid overnight, rinsed agsin in distilled water,
dehydraied in ascending ethanol from 25% o 100%, and
finally clesred and siored in methyl salicylae (Sigma, St
Louis, MO, USA).

Optical microscope was wsed with magnifications in-
cressing from 5 to 40x, a5 performed in a previous study
[31], and aided by the use of a micrometer o detect fhe
number, the dismeter, and the lengh of liersl channels.
Diameter of lateral channels was measured &t the opening
slong fhe wall of the root canal Latersl channel were
recorded, making & note of different filling within apical
and middle third of the roots,

Statistical analysis
Datas were analyzed by applying logistic regression analysis

performed wsing STAT 7.0 (STATA, College Station, TX,
ISA).
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Scanning eleciron microscopy preparation

Additional samples (n=12, six for each group) were
prepared using conventional cown-down technique fol-
lowed by a siep-hack technique as described above. No oot
canal filling was made so that e dentin surface could be
ohserved after irigation with NaOQCl (n=6) or EDTA (r=6).
Once prepared, each sample was inmediately immersed in
4% glummsldehyde in 0.2 M sodivm cacodylae buffer
solution before preparation fior scanning elactron microscopy
(SEM) inspection. Each sample was then longitudinally
fractured, dehydrated in graded concentration alkcohol, dried
in & critical point drier (E 3000; Polaron, West Sussex, 1K),
then gold-sputtered (Sputter Coater; SPL Toronto, Canada)
and ohserved under SEM (JEOL, ISM 5200, Tokyo, Japan).
Two photomicrographs were obtwined at 3 magnification of
2,000 at coronal, medivm, and spical thirds,

Additional moot ssmples were prepared according to the
mefhod described ahove (MaDC1: n=4; EDTA: n=4) then
filled using the Thermafil system and immersed in @p
water for | week at 37°C. Each sample was then trans-
verssally sectionad with a slow-speed dismond ssw under-
water to ohtain fhree different root segments, approximately
in the middle of each third. Each segment was conserved
and fived in 4% glutaraldehyde in 0.2 M sodivm caco dylae
buffer solution at 4%C, dehydraed in graded concentration
sleohol, dried in & critical point drier (E 300; Polaron,
Weat Sussex, 1K) then gold-sputtered (Sputter Coater; SPI,
Toronto, Canada), and observed using SEM (JEQL, JSM
5200, Tokyo, Japan). Two phoimicrographs were obmined
at & magnification of 50,

All images were saved digitally using specific softwane
{SemAfore; TEOL) and scored in a double-hlind manner by
two traimed operstors.

Results

The clearing technigue sllows the observation of all fhe
laersl channels (both filled and unfilled ones). The samples
observed showed no unfilled channels: All lateral channels
were at least partially filled even only by the sealer. The
percentage of unfilled channels was nought in both groups
despite the anstomical varistion between the two groups.

Tahle | reponts the number of latera] chamels observed
in the two groups according to the kind of teeth included in
fhe study and i their locations in medivm or apical third of
both maxillary and mandibular teeth. A ital of 130 lateral
channels were identified along e rmots, most of them
being localized in the apical third. The presence of lateral
channels was evenly distriboted between maxillsry and
mandibular teeth,

Tahle 1 Humber of leteral charmels obsarved m e two experimental
gromps md distribeation of observation according to their localation
in e apical md medinm Sixds

KaOCl + Ha0: HaOCl + EDTA Tatal
Apical Middle Apical Middke
third dhind third third
Central maxillary 9 & 2 5 12
imcisors
Lateral maxillary 1] 1] 1 14 15
mcisom
Central mandimlar & a 15 2 15
imcisars
Lateral manditmlar 0 [i] 4 1 5
mcisom
ol lary -1 ] 4 [i] P4 |
cimimes
Mandialar 1 1] 1] 1] 1
canines
Hecond maxillary 1 9 a a 10
premalas
Fimt mandikalar 5 3 10 4 22
premalar
Zecond mandialar 0 [i] -1 1 9
premalar
Total 12 7 & x 130

Table 2 reports & descriptive statistic regarding the length
{pm) and the dismeter (pm) of latera]l channels in the two
groups at apical snd medium thirds observed under optical
microecope. Samples treated with NaDO + EDTA com-
pared to samples treated with NaQOl and HyOy revealed &
amall increase {not sitistically significant) in the mmber of
laeral channels identified. Maximum, minimum, average,

Tahle 2 Length {wm) and diameter {um) of lateral chamnds obsenyed
wmnder optical micwm scope

brigaion  MaOCO/H0: NaOCVEDTA
Lengh Agical Mednm  Apikcal  Medim
&id &ird =id =id
Mem 161.72 75737 151E6  1TLED
GRA)  @ISIET) (RM64T)  (454042)
Minmm  M-1200  M0-650  20-1,500  60-2000
Diameter  Medimm  Agical Mediom  Agical
i thEd third i
Mem 125 53 uM ) 7
[(2305)  @6L56)  (2E513)  (46247)
Minmm  H-1000 3200 &4 4300

2 dpcage
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and SD value of de length and the dismeter of lateral
channels were reporied.

Lateral channels of the apical thinds were shorter and
thinner compared with lieral channels st the middle thirds
(P=0.01).

Tahle 3 repornts lateral channel dismeter opening for e
two groups of irtigants tested. An ineresting result was that
fhe dismeter of the majority of e lateral channels (81 out
of 130) was less than 50 pm A great number of lateral
channel:, with larger dismeter snd longer length, was
reported in fe apical third of specimens treated with
Nal)(1 + EDTA compared o NaDC1 + Hy0,, which
revesled higher values for the same parametes in de
middle third, but both the resuls were not sttistically
significant,

Stereomicroscope analysis

Stereomicroscopic images of cleared ok showing fhe
filling of laeral chamek at different distances from fhe
spe bodth in presence and in shemce of smesr layer ane
shown in (Figs. | and 2).

Scanning eleciron microscopy analysis

Specific sreas were observed at & magnification of Sk,
SEM evalustions confirmed the presence of the plastic
carrier and of gutts-percha (Fig. 3). Several limited gaps
were observed along the sections, probably due to
preparation antifacts. Sealer thickness was observed at e
interface between guits-percha snd dentin,

After trestment with NaDCl dentin samples wene
compleiely covered by smesr lyer and smear plugs. The
morphalogy of dentin was similsr st coronal, medivm, and
apical thirds. In several samples, apical thirds were partially
covered by dentin debris (dimensions: 345 p) and
presented limited grooves with small ares of predentin
partislly coverad by debris.

Tahle 3 Disributon of the dinmeter of the opming (orifices) of
laieml chanme] @ the two expenmental groups

Wa(xC1 + Hz 0z NaD( + EDTA

<10 10
1020 9
=50 p 19
S1-100 p
101-150 g
151=200
] B Y
300-400
=400
Total

g-ﬂlﬁﬂﬂlﬂ
P - T

=

£l b

Fig. 1 Mommdimlar conine of the NaOCEH0, gromp: the filling of
apical biforcation and hisal banches was dedected

EDTA samples presented a smoodh and smear layer froe
dentin with all dentinal whules fully opened. Only apical
thirds presented limited areas of compacted and partially
layered smear layer islands,

Discussion

Az no mechanical instromentation can completely reach into
all the moot canal surface bocanse of e complexity of fhe
amatony of the root canal system, the only clinical tools that
can be vsad i reduce bacterial colonization are irigants and
filling materials [28, 307. Fud and Andressen [23] revealed
that inconmplete filling of laersl channels, s probably also
fhe comnal leskage may case failre of endodontc
reatment, == these emply sreas represent pathways for
bacteria and diffusion of toxing between endodontic and
perindontal tissnes. Moreover, endodontic filures that could
be ascribed i incomplete sealing of lieral channels resulied
in conplete healing after filling of these aress [23].
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Fig. 2 Secomd mandibalar premolar of the NaOQCl-EDTA groep:
mical banches of mot canal were filkd

Thus, the use of sealing materials able to penetrate and
i fill lateral chanmels could be seen &5 fhe comect approach
i prevent any further contsmination and diffusion of
bacteria present in the deepest part of dentinal tobules and
latersl chanmels,

Previous stdies indicated fat filling technigues involbe-
ing the uwse of thermoplamsticized gutts-percha are very
effective in filling fve main ot canal and latersl channels
[®, 22]. Venturi et al. [31] described adequate filling of fhe
lateral channels wsing & combined warm technigue. In
clinical use, Thermafil has bom compared to cold lateral
compaction echnique when usad with different endodontic
sealers [3, 6,9, 12, 26]. It still represents a simple and mot
clinician-sensitive medwod o fill root canals.

The clearing procedunes used in this study allowed i be
identified in both groups (NaDCl- and EDTA-treated
s les) all lateral channels filled even only by the sealer.
This dats suggest that fe insertion of Thermafil ohuratons
iward fe apical region may exen sufficient pressure to
force endodontic sealer (AH Flus) and heated gutta-percha
ingide leral channels, It is ako plausible that smesr layer

and smear plugs may be pushed inside the latera] chanmnels,
especially in e WNaDCl-trested ot cansls. The transpar-
ency indwced by the clearing procedure could have boen so
oo that it prevented fhe smear layer and smear plugs from
beeing identified.

AH Phs was chosen for this stody due to its ow
visoosity, which mesns it flows ini thin spaces when used
with warm guita-percha obiuration techniques [5, 13]. A
previous study [31] found AH Flus to be a better sesler
compared to ofer non-resinous endodontic sealers, agree-
ing with Haflkel et al. [11] who reported betier perfomance
of resinbased endodontic cements than non-resin-based
OIS,

Smear layer could be defined a5 a complex mivture of
inprganic and organic panticles constitoting of dentinal
collagen, pulpal debris, bacteria, and inorganic debris such
&5 apatite [21, 27], created by all endodontic instoments [B].
Different endodontic procedures may produce a different
amount of debris and a different mosphology of smesr layer
[21] that may be greafly affected by design of instruments
and methods of application and by the type of irigation.
Mamm] instrumentsfion with E-file produced a fine multi-
layered smesr layer, Sodium hypochlorite solution is able to
remupve pulpal debris and dentin collagen, but leaves smesr
layer intsct [20, 297

There has been & considershle debate ahout smesr layer
impact on endodontic treatment outcome [27, 29]. The
question shout presence/absence of smear layer is sl
controversial, and it is & problem of primary imponamee
considering fhe poszible role of smear layer in preventing
lateral channels sealing, apical sealing, and bacterial
contamination of dentinal twbules [21]. Previous studies
demonstrated that it may harbor microorganisms and
support fheir survival and growth [5]. Smear byer could
alan prevent or delay diffusion of irigant snd medicaments

L@kl

TR
Fig. 3 Apical #imd secfion of o ceniral maxillary masor of the

EDTA-Kal(1 gromp with man offcenter camier, covered by a dhin
layer of gatt-percha, i abwence of vwoids and gaps

S dpcager
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into dentinal tuboles and reduce the sealing abiity of
obiuration materials [29]. On one hand, 2 detrimental effiect
of smesr layer has boen supposed by inducing bacteria
contamination and preventing adequate adsption of sealers
[21, 29]. On the other hand, smeasr plugs may be
respongible for reduced permeshility of mot canal walls
and for prevention of bacterial infilration [21].

Two different irrigation regimens were selecied and used
in thiz study to evaluste the effective influence of smesr
layer in filling lteral channels. So, in group A, NaOC] and
hydrogen peroxide were used a5 agents capable of leaving
smear layer produced by K-files intct snd unaliered, as
confirmed by SEM analysis. In group B, in conirast, instead
of hydrogen peroxide, EDTA was used 0 remove smesr
layer amd smesr plugs [19].

Several sudies described the dentinal wall adapttion of
themoplasticized guits-percha in shsence or in presence of
amear layer [5, 7] In vitro stodies demonstrated that
removing smear layer significantly reduces apical leakage,
which improves the seal (although other varishles need to
be considered, e.g., the kind of sealer) [5].

In conirast, other swdies demonstrated that removing
amear layer had mo effect on the apical seal [7, 32] and no
obliteration of accessory channels,

Furthermore, with regard to imigation regimes and their
comelation with enhanced penetration into the accessory
channels, a recent study demonstrated that the removal of
organic (NaO(C1) and inorganic {EDTA) substance did not
prosduwce statistically significsnt dif ferences in the obturation
makerizl penetration rate [32].

As suggesied by the SEM pictures obtsined during this
sudy, the thidmess of endodontic smear layer is probably
1-5 y, and this smear layer muost be easily pushed with
enoigh pressure by warm gotts-percha inserted inside root
channels, In spile of the wse of a 17% EDTA solution, it is
alan plansible that in the apical sres, debris and smesr layer
were also still present in e smear layer-free group. Recent
studies demonsirated that the apical thirds ako have a
considershle smount of smesr layer afier using chelating
agents [19]. The inability of EDTA to completely remowve
the smear layer from apical third may suggest that
morphology of dentin in fhis area is similar in both groups.

For several reasons, it may be difficult for AH Flus and
wanm  guita-percha to penctrate smaller lateral channels
partially or conmpletely closed by smear layer However, in
thiz study, they appeared shle to penetraie (or partially
infiltrate) even smaller latera] channels in both groups.

Finally, a recent mvestigation by Saleh ot al. [24]
demonstraied that AH Flus adhesion to dentin may be
negatively influenced by EDTA smear layer removal. They
suggest that smear layer removal may impair sealer
adhesion to dentin, These findings are extremely interest-
ing, =5 they provide funther insight into the results ob tained

£ g

in fhe study presented in this paper. A previous study of AH
Flus observed greater penetration of latersl channels
companed i ofver sealers [31]. Lee et al [14] indicate thst
compared & other endodontic sealers, AH Flus has the
highest bond strength to dentin (206 MPa) and also to
guita-percha (293 MPa). However, it is difficult to evaluste
whether or not adhesive properties of sealer may improve
penetration inside hiersl channels and fhe interaction with
amear layer

The presence of a large number of open dentinal tubules
at coronal and medivm thinds in the EDTA-treated group
may suggest that during e insertion of warm guita-percha,
many small guits-plugs may penetrate the twbules snd may
reduce the pressure af fwe apical thind Forthermore, fe
thixotropic behavior of o-phase gutts-percha may have
influenced the filling of laeral channels st the apical third
[15] Future studies should evaluste the penewration of
guits-penchs snd endodontic sealer inside dentinal tobules.

Conclusion

The goal of this study was to evalwsie if removal of smesr
layer at fhe bottom orifice by EDTA inproved the quality
of lieral channels filling. The null hypothesis was rejected.

This study confirms that fwe presence of smear layer
does mot prevent the njection of liersl channels. In other
words, the findings presented here suppont the concept thet
amear layer does not represent an obstacle to the penstra-
tion of sealers such & AH Plus and warm gutts-pernchs
inside the lateral channels.
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Recovery of Enterococcus faecalis in root canal
lumen of patients with primary and secondary
endodontic lesions
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SUMMARY

The presence of Enerococcus jaealis in mot canal teeth affected by primary and secondary periapical lesions was stud-
ied using polymemse chain reaction (PCR) assays, The association between presence of E, feeaalis with dinical signs
of apical lesioms was msesed o evaluate a possible reatiorship between clinical findings.

Micmbial samples were obtained from healthy patienis afected by different periapical lesiors, 79 teeth with primary
periapical kesion and 23 with ssoondary periapical lesion. Foreach toath, clinical sym proms and X-my appearance were

E. feecaliz was detected in & of 79 samples with primary lesion (7.6%), andin 9 of 23 with seeondary lesion (20,15,
Sugpested assocition was found between E. fzealis and secondary apical kesions. As mgard specific signs and symp-
toms E. faecalis was more associated with asymptomatic lesions (all p<0.05) than with symptomatic apical lesioms.
The sty confimms the high presence of E. faaali in secondary apical lesions. However, its effective role in endodon tic
pathogenesis such as bone periapical lesions nesds o be darified.

EEY WORDS: Clinical signs, Exterococcs feecaliz, PCR, Endodontic lesion

Recetved Ootaber 02, 2007

INTRODUCTION

In dentistry, Enterococei have long been impli-
cated in secondary or persistent root canal infec-
tion (Sedgley er al, 2005). Enterococcus faecalis is
a persistent micro-organism that is probably able
to survive in the root canal as a single organism
or as a major component of the flora (Evans er
al, 2002; Portenier ef gl , 2003). It has been sug-
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gested that this species is involved in the patho-
penesis of secondary endodontic apical lesions
(Tronstad and Sunde, 2003). Mevertheless, there
are some reports in the literature that have
demonstrated that Enterococcd can also be found
in root-filled teeth with no apical (periapical) le-
sions (Zoletti ef el., 2006) and also in primary en-
dodontic lesions (Ferrari er al. 2005, Siqueira,
2002; Sakamoto er al., 2006). Finally, the associ-
ation of E. faccalis with the specific signs and
symptoms of periapical lesions is not well de-
fined. The typical symptoms associated with api-
cal lesions are pain to percussion, swelling and
tenderness to percussion. Apical radiclucency de-
tected by intra-oral Bx is more frequent in chron-
ic apical lesion or in re-exacerbated apical lesions
and are caused by a localized bone defect in the
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root apical region (Mair er al., 2005), Apical bone
defects are more commean in chronic lesions than
in acute symptomatic lesions (Mair er l., 2005
and 2008,

Only few clinical studies have been performed in
an Halian population detecting the presence of
thiz pathogen in primary and in secondary en-
dodontic lesions (DArcangelo er al., 1999,

The aim of the present studywas to use PCR tech-
niques to investigate the correlation between E
faecalis, identified within root canals in primary
and secondary endodontic lesions, and the pres-
ence of signs and symptoms. The role of this mi-
cro-organism in patients with primary and sec-
ondary apical endodontic lesions with and with-
out bone lesions has to be clard fied.

MATERIAL AND METHODS

Fatlents

The study population consisted of 102 patients
presenting at the Endodontic Clinical Section of
the Department of Dental Science-University of
Bologna, Italy for endodontic treatments, Medical
histories revealed that all patients were in good
general health and had no impartant systemic dis-
eases such as diabetes. Patients that had received
antibiotic therapy during the last two months be-
fore root canal therapy were excluded from the
study. The patient ages ranged from 16 t0 73 vears,
mean + S0 36,7 + 15.6 years. During the first vis-
it, written informed consent was obtained from
each patient before inclusion in the studwy.

Only third molars were excluded from the study
for anatomical reasons, but all the other types of
teeth (i.e. molars, canines ete.) were included.
Lesions with periodontal pocket probing greater
than 4.0 mm were excluded due to possible en-
dodontic-periodontal infection. Ancther excla-
sion criterion was teeth in which proper rubber
dam isolation could not be achieved during the
sampling procedures and followed endodontic re-
treatment. We collected 79 primary endodontic
{perijapical lesions and 23 secandary (perijapical

endodontic lesions,

Clinical signs and symptoms

Clinical features were recorded for each tooth.
The following clinical data were collected: pres-
ence af previous root canal filling, pain, tender-

ness to percussion or palpation, swelling, and pe-
riapical radiclucency:

For all teeth the presence of a periapical radiolu-
cency was assessed using the periapical index
(PAL, determined with a paralleling X-ray tech-
nique, according to Orstavik e al. (1986). Teeth
with a PAI score equal to or greater than '3 (signs
of structural changes of bone periapical structure
with mineral loss and anatomical lesion) were con-
gidered to be affected by (periapical bone lesions.

Specimen samphlng

Endodontic samplings from teeth of different pa-
tients were obiained during the first visit for root
canal therapy. After anaesthesia, a rubber dam
was placed and surface disinfection of intact
enamel was carried out using a small cotton pel-
let immiersed in MaOC] 5.25% (Niclor 5, Ogna,
Muggit, Italy) as described by Mg er al. (2003),
The antimicrobial selution was scaked up witha
second dry sterile cotton pellet. Mo rubber dam
leskage was observed during the access cavity pro-
cedure, Access cavity preparations were made us-
ing sterile burs with sterile water spray supplied
by Logos Tunior and Due dental units (Castellini
S.p.A., Castel Maggiore, Italy), equipped with an
Avtosteril system (Montebugnoli & Dolci, 2002).
The patency of each canal was assessed by in-
serting a sterile #10 or 15 K-file (Dentsply-
Maillefer; Ballaigues, CH) zo that the tip was ap-
proximately 2-4 mm short from the apex, previ-
ously measured on the pre-operative radiograph.
In cases of previously filled root canals (sec-
ondary apical lesions group), gutta-percha was
preliminary removed without chemical solvents
with the use of # 4, 3 and 2 Gates Glidden burs
{Dentsply-Maillefer, Ballaiguies, CH) and # 10-15
K-files. To obtain microbial samples, two or more
paper points (ADA products-Mynol, Milwaukee,
WI, USA) were placed into the root canal and re-
tained inside for 40 seconds. The paper points
were then immediately transferred to sterile 1.5
ml tubes (Eppendorf AG, Hamburg, Germany)
containing 500 pl of sterile phosphate buffered
saline (PBS) solution. Samples were frozen im-
mediately at -20°C and stored up to one-two
months until assaved by PCE.

PCR assays
DMNA extraction of samples was performed using
the QlAamp DNA Blood Mini Kit (Qiagen GmbH,
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Hilden, Germany) according to the manufacturers
instructions. To contral for the efficiency of DNA
extraction and the absence of PCR inhibitors, a
partial region of the human Hfe gene (390 bp) was
amplified for each sample using a specific pair of
primers (Hfel 5-TGGCAAGGGTAAACAAGATCC-
3, Hfe2 5-CTCAGGCACTCCTCTCAACC-3").

In addition, the presence of different Enterococcis
species within the root canal samples was first in-
vestigated by amplifving the Eneerococcus spp. i
gene with genus-specific primers (Table 1). The
samples vielding a positive result for the presence
of Enterococcus spp. were further imestigated for
E. faecalis using specific primers targeting the dal
gene (Table 1), The DNA extracted from two clin-
ical izolates of E. faecium and E faecalis respec-
tively was amplified as a positive control. The
specificity of each primerspair was confirmed us-
ing the BLAST software available on-line at
httpeiarwwnebinlm.nih gowhlast. Primers were
custom synthesized by PRIMM (Milan, Italv). The
amplifications were performed in 30 pl total final
volume, containing 10 mM Tris-HCL, 50 mM KCl,
0.2 mM of each dNTF, 1.5 mM MgCL, 1.5 U Taq
polymerase {Takara, Shiga, Japan) and a specific
primer paic

The concentration of primer was 0.4 pM for
Enterococous spp. and the human Hffe gene. For
each sample 10 pl of extracted DMA was added to
the reaction mixture, and PCRs were performed
in a Mastercyeler thermaleyeler (Eppendort,
Hamburg, Germany) under optimi ze=d conditions
as reported in Table 1. For detection of the Hife
gene, 35 amplification cycles were used (1 min
at 95°C, 1 minat 61°C and 1 min at 72°C). An ini-

tial denaturation step of 3 min at 95°C preceded
the amplification cycles, followed by a final ex-
tension step of 3 min at 72°C in cach PCR reac-
tiom. The amplification preducts were analyzed
by 29 agarose gel electrophoresis in TBE buffer
(Tris-borate EDTA) at 100V for 2h. The gels were
stained with ethidium bromide (0.5 pg/ml) and
the PCR praducts were visualized under U7V light
with a TFX-20M Gibco BRL (Gaithersburg, MD,
USA) UV Transilluminator. The identity of each
band was inferred by comparison with a molec-
ular weight ladder (DNA Marker IV, Roche,
Penzberg, Germany) using the 1D image analysis
software (Kodak Digital Science, Rochester; NY,
LISA).

Data

Data collected for each sample were recorded on
an electronic data spreadsheet and analyzed with
SPSS 12.0 (SPSS Inc., Chicago, IL, USA).
Descriptive statistical analysis was performed us-
ing the Pesrson Chi-square test or the one-sided
Fishers Exact test, as appropriate, The mall hy-
pothesis was that there was no correlation be-
tween different clinical signs of apical lesions and
the detection of specific bacteria strains in sam-
pled root canals.

RESULTS

Table 2 shows the incidence of cases in the study
groups, according to their different clinical cate-
pories. Specifically, 79102 teeth presented pri-
mary endodontic infection, while 23/102 pre-

TABLE 1 - PCR primers, with expected @mplicon size and thermocycling parameters,
for endodontic pathogens investigated in the present sty

Bacterial specias Primaars saquience Amplicon sige Awmplfication Refaence
{from 5¢a 37} fbp) cycles
Exgeroccoccis TACTCACAAACCATTCATGATG 112bp 35 cycles Keet al
Speches AACTTCGTCACCAACGCGARC 05°C W s {1994
SEC45s
T2C20s
E. faecalis ATCAAGTACAGTTAGTCT 941 bp 36 oycles: Ditka-Malen
ACGATTCAAAGCTAACTG 05°C W s of al.
4TC45s (1985)
T2C40s
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TABLE 2 - Distribuzion and percenfage of e.faccalis in privary and secondary apical lesion groups
according fo different clinical signs and sympmoms.

Signs mud symyroms Deetectal Prinary apical lesion Secondary apical ksion
(esno) fi= 79 fi=23)
E. faecals E. faecalis E. facaalis E. faecalis
posithe HegErive posifive negarive
(760 9245 (3915 60, 90
Pain Yes 40,45 37 WA4%
Mo T 4300 045 0.5%
Periapical radiclucency Yes [ 40,45 4% 47.8%
Ko 1.3% 4300 7% 13.1%
Swelling Yes B.7% M4 1% 8.7 BT%
KMo 51% 6835 045 435%
Tenderness to percussion Yes 2.5% 3. 2.1 Ak
Ko 5.1% 0% 045 26.0%

sented secondary endedontic lesions.

Sugsested association were found between E. fae-
calis and secondary apical lesions (p=0.05). E. fae-
calis resulted associated with a large number of
asymptomatic apical periodontitis (p<0005) in pri-
mary apical lesions,

DISCUSSION

The purpose of this study was to evaluate the
presence of E feecalis in the root canals of teeth
with endodontic apical lesions and to associate
its presence with clinical symptoms.

Bone defect is the principal condition determin-
ing a diagnosis of primary or secondary apical le-
sions (Mair 2006). In many cases the bone defect
iz radiographically detectable as an apical radi-
olucency. Bacteria, toxins, foreign bodies have
been considered responsible for apical lesions
such as apical granulomas and apical cysts (Nair
2006). The presence of radicpraphically detected
apical bone rescrption is indicative of a complex
pathogenic mechanism which involves large
numbers of bacteria at root apical level and in
the proximity of root apical bone (Fabricious e¢
al., 1982) for a sufficient pericd of time to stim-
ulate bone destruction and resorption and other
complex immunological activities (Siqueira ef al,
2004; Siqueira & Rocas 2004 Nair e al., 2005). In
an innovative study, Sunde ef al. (2003) revealed

microorganisms directly in the apical region us-
ing fluorescent in sine hvbridization techniques.
These microorganisms were assumed to play a
major role in the development of clinical symp-
toms (Jacinto er ql., 2003) and in tissue alterations
and resorption (Siqueira er al., 2004; Siqueira &
Rocas 2004). Hancock ef el (2001) examined root
filled teeth with persistent apical radiolucencies
{considered secondary apical lesions) and found
that as well as Enterococcus other genera, viz
Peplostreptocococus, Actinomyces and Strepto-
coceus predominated.

Our results confirm that E faecalis is associated
with sscondary apical lesions (i.e. previous treat-
ment failures). No relationship was suggested
with the symptoms studied both in primary and
in secondary endodontic infections.

Using the DMNA-DMNA checkerboard technique, an
8.0% prevalence of E. faccalis was also reported
in primary endodontic infections (Siqueira er al.,
2002), which agrees well with our study (7.698).
Another molecular-based study revealed the con-
current presence of E faecalis and other bacte-
ria (Pseudoramibacter, Proprionibacterinm,
Dialister, and Filifacior) (Siqueira er al., 2004 in
these types of lesions in asymptomatic patients.
It is not currently possible to consider E. faecalis
responsible for the bone lesions, but it is evident
that they may be only partially involved in the
formation of the bone damage. It may be a sort
of “in vivo index” and may be present in the api-
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cal biofilm with octher bacteria and play a criti-
cal support role (Johnson e al., 20068), It has been
demonstrated that dentinal tubules may repre-
sent a long-term nidus for secondary subsaquent
root canal infection and subsequent apical bone
infection. Hence, these bacteria mav reside not
only in the canal lumen but also may invade the
dentinal tubules for more than 200 microns.
Hence, these structures may act as a reservoir for
future dental and systemnic infections (Oguntebi
1994 Peterser al., 2001; Matsuo e al., 2003).

To explain the reason for a high percentage of
positive samples only in secondary lesions, E.
faecalis survival is favoursd during therapy, and
can also persist for a long time inside dentinal
tubules before initiating secondary disease
{Pinheiro er al., 2003). Adhesion to the dentin
surface is an essential step determining the path-
ogenic potential of E. faecalis in the medicated
root canal: serine protease and Ace aid E. fae-
calis binding to dentin (Hubble e al., 2003).
Therefore dentinal tubules may work as a great
reservoir of bacteria completely outside im-
munalogical contral.

Cleady, more effective clinical methodol ogies for
dizsinfection of root canals must be sstablished to
eradicate this pathogen in the course of en-
dodontic treatment. E. faecalis, mav survive in
the smear layer and in debris inside the root canal
{and inside the lateral canals and dentinal
tubules) and may be extremely difficult to remove
by irrigation and instrumentation (Yang er al.,
2006, Estrela er al., 2007). For these reasons, it is
important to consider that when an E faecalis in-
fection is suspected a different type of irrigation
must be used in the root canal. Chlorexidines has
a broad-spectrum antimicrobial effect and kills
E faecalis in the dentinal tubules more effective-
ly than other irrigations and disinfectants
(Schafer and Bossman, 20035). Alternatively, ul-
trasound mechanical preparation and other son-
ic procedures must be ussd the remove and kill
pathogen bacteria (Gulabivara er al., 2004).
Lastly, the presence of these pathogens inside the
root canal may increase the risk for iatrogenic ex-
acerbations (flare ups) when infected dentin de-
bris is transported into the apical region
(Siqueira, 2001).

Based on the ubiquitous occcumrenece of entero-
cooei in many food products, such as cheeses and
milk derivates, it can be speculated that niches

such as root canal lumens and dentinal tubules
may favour their survival and long-standing lo-
cal infection (Razavi er al,, 2007), The bacteria in-
gide the root canal could be the consequence of
a coronal colonization after contaminated food
ingestion.

In conclusion, the present study confirms that E.
faecalis inside root canal may be detected in teeth
with secondary apical lesions (treatment Failures).
Surprisingly, sign= and symptoms are not corre-
lated to bacteria presence. We could speculate
that coagoregation interactions betwesn this and
other bacterial species could play a major role in
endodontic infection.
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