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Titre : Ablation laser de la dentine et ses applications medicales

Résumeé :

Le développement récent, dans le domaine de la santé, de lasers femtoseconde pompés par diode,
délivrant des impulsions de forte énergie et utilisés en chirurgie (en particulier en ophtalmologie),
nous amene a chercher de nouveaux domaines d’application dans le secteur de la santé. En effet, la
durée tres breve de 'interaction laser avec la matiere (de 'ordre de 10-15s) et les fortes intensités de
radiation délivrées, permettent d’envisager une ablation tissulaire rapide avec des effets thermiques
négligeables.

Objectif

Ce travail va un triple objectif:

— Etudier la capacité d’ablation de 'émail dentaire et de la dentine avec un laser femto seconde,

— Mesurer 'accroissement de température généré par I'interaction laser/tissus avec et sans spray
d’air + eau, sachant qu'un accroissement de température au dela de 5.5°C engendre des
dommages irréversibles (nécrose) du tissu pulpaire.

— Mener une étude comparative de I'adhésion des matériaux de restauration composite sur les
surfaces préparées par laser versus I'adhésion sur des surfaces dentinaires préparées de facon
conventionnelle avec une fraise et une turbine.

Matériels et méthode

Cette étude est réalisée sur des molaires humaines saines fraichement extraites pour des raisons
parodontales. Chaque molaire est découpée sous forme de disques d’émail et de dentine qui sont
ensuite traités avec un laser Yb: KYW, a une longueur d’onde de 1030nm et 560fs et a différentes
valeurs de fluences.

La caractérisation en microstructure et en composition chimique des surfaces dentaires est étudiée

en microscopie électronique a balayage (MEB), en diffraction des rayons X (DRX), en spectroscopie
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Raman et en spectroscopie infrarouge a transformée de Fourrier (IRTF). L’accroissement de
température généré par le tir laser au sein de la dent, avec puis sans spray d’air et irrigation d’eau,
est mesuré a I'aide de thermocouple et d’électrodes placées in situ dans la racine dentaire jusqu’au
plafond de la chambre pulpaire.

L’adhésion d’'un matériau d’obturation composite sur les surfaces dentaires traitées par laser d’'une
part et par traitement conventionnel (fraise+turbine) d’autre part, est évaluée par des tests de
cisaillement. Un adhésif (Adhese Universal ® de la société Ivoclar-Vivadent ©, Liechtenstein) est
appliqué soit directement sur chaque surface dentaire traitée ou immédiatement apres I'application
d’un gel de mordangage a 'acide orthophosphorique a 32%.

Résultats

La caractérisation en microstructure des surfaces amélaires traitées au laser avec une fluence
comprise entre 4 a 14 J/cm? et des fréquences de répétition de 1 a 1000Hz révéele une fonte des
tissus amélaires en surface. L’épaisseur de cette couche tissulaire solidifiée est tres fine (1.5um). La
microstructure et la composition des tissus situés immeédiatement sous cette couche solidifiée ne
sont pas modifiées.

Les surfaces dentinaires préparées avec des fluences situées entre 2 et 14 J/cm? et des fréquences
de répétition de 1 a 1000Hz ne présentent aucun signe de matériau re-solidifié en surface. Les tubuli
dentinaires sont clairement exposés et visibles. L’analyse en spectroscopie infrarouge (IRTF) ne
montre aucune modification de la composition chimique de la dentine par rapport a la dentine non
traitée.

La température intra pulpaire mesurée pendant le traitement laser atteint des valeurs de I'ordre de
17.5°C quand le traitement par laser est réalisé avec une fluence de 14 ]J/cm?, avec une fréquence de
1kHz pendant une durée de 240s. L’application d’un spray d’air et eau combinés permet de réduire

de facon significative la température in situ (6.6°C).
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L’absence de boue dentinaire et la préservation des tubuli dentinaires ouverts au cours du
traitement laser facilite la pénétration de I'adhésif qu’il y ait eu ou non un mordengage préalable a
I'acide ortho-phosphorique. Les valeurs de cisaillement obtenues sont similaires quel que soit le
mode de préparation des surfaces (laser ou fraise). Cependant, dans le cas ou le mordangage n’a pas
été réalisé au préalable sur les surfaces traitées avec une fraise carbure de tungsténe sur contre-
angle, les valeurs d’adhésion chutent. La persistance de boue dentinaire s’oppose a la formation de
la couche hybride faite d'un entrelacement de fibres de collagéne et de polymeres de résine.

Les résultats de ce travail ont permis une meilleure compréhension du mécanisme d’ablation des
tissus durs dentaires par le laser femtoseconde.

Conclusion

L’ablation de I’émail, matériau homogéne, se produit grace a un mécanisme photo-thermique qui
produit un échauffement rapide des tissus a haute température puis une phase d’explosion
tissulaire. Par contre, 'ablation de la dentine, matériau composite alliant des nanocristaux d’'OH
apatite et un réseau de fibres collagénes, se traduit, méme a basse fluence, par une ablation des
fibres collagenes, entrainant une perte de cohésion tissulaire. Le mécanisme qui prévaut dans ce cas
n’est plus photo-thermique comme pour I'émail mais photo-mécanique.

Malgré la nature athermique de I'interaction laser femtoseconde - matériau, I'utilisation d’'un spray
d’air et eau concomitant sera obligatoire pour éviter tout risque d’accroissement de température
excessif lors des traitements dentaires et leurs effets délétéres.

Mots clefs : laser - femtoseconde - tissus durs - caractérisation — adhésion - température pulpaire.

Laser ablation of dentin and its medical application Page iii



Title : Laser ablation of dentin and its medical application

Abstract

Recent development has led to the commercialization of high power femtosecond lasers, opening a
new perspective into the field of laser surgery. Due to the short laser - material interaction time and
the very high radiation intensity achieved with this type of laser, the ablation of a wide range of
materials can be achieved with negligible thermal effects.
Objectives
The present work aims at
— Studying the ablation of dental enamel and dentin by femtosecond laser
— Measuring the increase of pulpal temperature generated during the laser treatment without
external cooling and with external cooling using an air jet and a combination of the air jet
and water irrigation.
— Comparing the adhesion of restorative materials to dentin surface treated by the laser and
by the conventional drilling method with a burr.
Materials and methods
This study was performed on human third molars which were recently extracted by clinical
procedure. Enamel and dentin disks were cut from the teeth and polished by SiC papers.
A Yb:KYW chirped-pulse-regenerative amplification laser system with 560 fs pulse duration and
1030 nm radiation wavelength was used. The laser experiments were performed with pulse
repetition rates and radiation fluences in the ranges 1 - 1000 Hz and 2 - 14 ]J/cm?, respectively, in
stationary and non-stationary modes. The laser treatments were performed in air without external
cooling, and with surface cooling methods with an air jet and with a combination of the air jet and
water irrigation. Temperature in the pulpal chamber of the tooth was measured during the laser
treatments.
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The ablation surfaces were analyzed by scanning electron microscope (SEM), Fourier transform
infrared spectroscopy (FTIR), microRaman spectroscopy and grazing incidence X-ray diffraction
(GIXRD) methods. The adhesion of dental restorative adhesive to dentin surfaces treated by the
femtosecond laser and by the conventional method with a tungsten carbide burr was studied by
shear tests. The laser treatments were performed at 1 kHz pulse repetition rate and fluences of 2
and 14 ]J/cm?2. The adhesive (Adhese Universal ®, Vivoclar Vivadent ©, France) was bonded directly
to dentin surfaces or after etching dentin surface by an etchant gel containing 32 wt% phosphoric
acid.

Results

The surface characterization shows that laser treated enamel surface is covered by resolidified
material, even with fluences just above the ablation threshold. At 1 kHz, the ablation surface is
covered by a significant amount of redeposited ablation debris, which could be removed by
ultrasonication. The microRaman results indicate that the redeposited debris consist mainly of
amorphous calcium phosphate (ACP), probably formed by the rapid resolidification of the calcium
phosphate droplets ejected in the liquid state.

On the contrary, dentin surfaces treated within the tested range of processing parameters present
no sign of resolidified material. At 1 kHz, a large amount of resolidified droplets is observed on the
laser treated surfaces, but the dentin surface exposed after ultrasonication show no signs of
resolidified material. In addition, the tubules remain open. FTIR analysis confirms that the chemical
constitution of dentin at the treated surface is not significantly affected by the laser treatment.
Despite the lack of thermal effects in the ablation of dentin, heating of the tooth bulk was observed
by the measurement of pulpal temperature. The tested cooling methods allow reducing significantly
the temperature rise without affecting the ablation rate.

The absence of the smear layer and the opening of the tubules allow the infiltration of the adhesive

resin in the laser treated dentin surfaces even when bonding was performed without etching.
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Comparable shear strength values were obtained for specimens bonded with etching, regardless of
the surface preparation method (laser or burr). However, lower shear strength values were
obtained when the adhesive was bonded to dentin surfaces prepared with a burr without a prior
etching step. This result is explained by the presence of a smear layer at burr-cut dentin surface,
which prevents the formation of the smear plugs and a strong hybrid layer.

Conclusion

The results indicate that the ablation of enamel by femtosecond laser is predominated by
photothermal mechanism, which involves rapid heating of the tissue to temperatures near its
critical point, followed by the ablation by either liquid spallation or phase explosion processes. On
the contrary, the ablation of dentin is influenced by the ablation of collagen fibrils at low fluences,
leading to a reduction of the cohesive strength of the tissue. Consequently, the ablation of the dentin
is predominated by a photomechanical mechanism (solid spallation). Thanks to this ablation
mechanism, the constitution and structure of dentin are not significantly affected by the laser
treatment. Consequently, the laser treated dentin surfaces can promote strong adhesion to the
restorative adhesive even when bonded without etching, on the contrary to the case of dentin
surfaces prepared by conventional drilling. Despite the lack of major thermal damage induced in
dental tissues during the femtosecond laser treatment, the use of air-water cooling is necessary
during prolonged treatment, especially when high fluences and high repetition rates are used, to
avoid excessive heating of the tooth.

Keywords: Femtosecond laser; dental hard tissues; laser - induced modifications; adhesion; surface

characterization
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Résumé :

Les récents développements dans le domaine des lasers femto-secondes ont ouvert la voie de leur
utilisation dans le domaine de la santé, en particulier en ophtalmologie et en chirurgie. En effet, la
durée trés breve de l'interaction laser-matiére (de I'ordre de 10-15s) et les fortes intensités de
radiation délivrées, permettent d’envisager une ablation tissulaire rapide avec des effets thermiques
négligeables.

Objectif

Les objectifs de ce travail de thése sont :

— Etudier la capacité d’ablation de I'émail dentaire et de la dentine avec un laser femto seconde.

— Mesurer l'accroissement de température générée par l'interaction laser/tissus avec et sans
projection du mélange air + eau, sachant qu’un accroissement de température au dela de 5.5°C
engendre des dommages irréversibles du tissu pulpaire (nécrose).

— Mener une étude comparative de I'adhésion des matériaux de restauration composite sur les
surfaces préparées par laser par rapport a I'adhésion sur des surfaces dentinaires préparées de
facon conventionnelle (fraise + turbine).

Matériaux et méthodologie

Cette étude est réalisée sur des molaires humaines saines fraichement extraites pour des raisons
parodontales. Le protocole clinique a été approuvé par un comité d’éthique et est enregistré sous la
référence DC 2014/04. Les disques d'émail et de dentine ont été séparés des dents et polis a I'aide
de papiers SiC.

Un laser Ytterbium femtoseconde avec une durée d’'impulsion de 560 fs et une longueur d’'onde de

1030 nm a été utilisé durant ce travail de these. Les expériences laser ont été effectuées avec des

fréquences d'impulsions et de fluences de rayonnement respectivement de 1 a 1000 Hz et de 2 a 14
J/cm?2 en mode stationnaire et non-stationnaire. Les traitements au laser ont été effectués dans l'air

ambiant sans refroidissement externe, ainsi qu’avec des méthodes de refroidissement de surface
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type « jet d'air » et « jet d'air +eau ». L’élévation de la température, générée par le tir laser au sein de
la dent, est mesurée a 'aide de thermocouples et d’électrodes placés in situ dans la racine dentaire
jusqu’au plafond de la chambre pulpaire.

Les caractérisations microstructurales et chimiques des surfaces dentaires sont étudiées en
microscopie électronique a balayage (MEB), en diffraction des rayons X (DRX), en spectroscopie
microRaman et en spectroscopie infrarouge a transformée de Fourrier (IRTF). L’adhésion d’un
matériau d’obturation composite sur les surfaces dentaires est évaluée par des tests de cisaillement.
Ces matériaux ont été traités par laser d'une part, et par traitement conventionnel (fraise + turbine)
d’autre part. Les traitements au laser ont été effectués a une fréquence d’'impulsions de 1 kHz et des
fluences de 2 et 14 J/cm2 Un adhésif (Adhese Universal ® de la société Ivoclar-Vivadent ©,
Liechtenstein) est appliqué soit directement sur chaque surface dentaire traitée ou immédiatement
apres l'application d'un gel de mordangage a I'acide phosphorique a 32%. 10 échantillons ont été
préparés pour chaque condition de traitement. L'interface adhésif - dentine dans les échantillons
collés a été étudiée par MEB.

Résultats

Les valeurs de seuil d'impulsion de 2.72 et 1.49 ] / cm?, calculées par la méthode D2, sont obtenues
respectivement pour 1'émail et la dentine. Les seuils d'ablation de ces tissus diminuent avec le
nombre croissant d'impulsions laser, ce qui indique l'influence des effets d'incubation pouvant étre
expliqués par la génération de défauts chimiques et/ou structurels dans le matériau méme a des
fluences inférieures au seuil d'ablation. Les niveaux d'énergie de ces défauts se situent dans le gap
électronique des matériaux et peuvent ainsi augmenter 1'absorption des impulsions laser suivantes.
Le facteur d'incubation, qui caractérise l'effet d'incubation, a été déterminé dans cette étude
respectivement a 0.74 et 0.79 pour 1'émail et la dentine.

Les images MEB des surfaces d'émail traitées avec des fluences comprises entre 4 et 14 J/cm?2 a une

fréquence d’impulsion de 1 Hz montrent la formation d'une couche de matériau resolidifée. A 1 kHz,
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les effets thermiques jouent un réle plus important dans le processus d'ablation de 1'émail, ce qui
conduit a I'éjection d'une plus grande quantité de gouttelettes resolidifiées s’accumulant dans des
grappes de taille micrométrique, redéposées ensuite a la surface. Les éléments redéposés peuvent
étre enlevés par ultrasons, révélant la couche de matériau resolidifiée en dessous. Dans I'échantillon
traité avec 14 ] / cm? a 1 kHz, la couche de matériau resolidifiée observée au MEB présente une
épaisseur maximale de 1.5 um. Les résultats de 1'analyse microRaman et DRX montrent que la
constitution de I'émail sous-jacente a cette couche n'est pas affectée de maniere significative. Les
résultats de microRaman montrent également que les débris déposés sont principalement
constitués de phosphate de calcium amorphe (ACP), probablement formés par la solidification
rapide des gouttes de phosphate de calcium éjectées durant I’ablation.

Les surfaces dentinaires préparées avec des fluences entre 2 et 14 J/cm? a des fréquences de
répétition de 1 a 1000Hz ne présentent quant a elles aucun signes de matériau re-solidifié en
surface. A une fréquence d'impulsions de 1 kHz, une grande quantité de gouttelettes resolidifiées et
agrégées en grappes de diameétre de plusieurs micromeétres est observée sur les surfaces des
dentines traitées au laser, Les débris déposés sont a nouveau essentiellement des ACP, tels
qu'analysés par IRTF. Dans ce cas, lasurface de la dentine exposée aprés ultrasons ne présente
aucuns signes de matériau resolidifié et les tubuli dentinaires sont clairement exposés et visibles.
Les résultats d’'IRTF ne montrent aucune modification de la composition chimique de la dentine par
rapport a la dentine non traitée.

Malgré le peu d’effet thermique durant I’ablation, la température intra pulpaire mesurée pendant le
traitement laser atteint des valeurs de 'ordre de 17.5°C pour des traitements de 14 J/cm? a 1kHz
pendant une durée de 240s. L'augmentation de la température est significativement réduite par
I'utilisation d'un refroidissement de surface de type «jet d'air » (AT = 10.5 ° C) ainsi qu’avec une
combinaison de jet d'air et d'irrigation d’eau (AT = 6.6 ° C). L'utilisation du refroidissement par air

conduit a la formation d'une couche compacte formée par les gouttelettes resolidifiées, couvrant la
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structure dentaire sous-jacente. Les débris d'ablation redéposés sont également observés dans le
cas du refroidissement air-eau, mais avec une quantité nettement inférieure. Pour les deux
méthodes de refroidissement externe, les débris peuvent étre facilement enlevés par ultrasons et la
surface exposée ne montre aucune altération significative que ce soit dans la structure ou dans la
constitution de la dentine.

L’absence de boue dentinaire et la préservation de I'ouverture des tubuli dentinaires au cours du
traitement laser facilite la pénétration de I'adhésif qu’il y ait eu ou non un mordancgage préalable a
I'acide ortho-phosphorique. Les valeurs de cisaillement obtenues sont similaires quel que soit le
mode de préparation des surfaces (laser ou fraise). Cependant, dans le cas ou le mordangage n’a pas
été réalisé au préalable sur les surfaces traitées a 'aide d’une fraise, les valeurs d’adhésion chutent.
La persistance de boue dentinaire s’oppose donc a la formation de la couche hybride faite d’'un
entrelacement de fibres de collagene et de polyméres de résine.

Conclusion

Les résultats de ce travail de thése ont permis une meilleure compréhension du mécanisme
d’ablation des tissus durs dentaires par laser femtoseconde. L’ablation de l'émail, matériau
homogeéne, se produit grace a un mécanisme photo-thermique qui produit un échauffement rapide
des tissus a haute température puis une phase d’explosion tissulaire. Par contre, I'ablation de la
dentine, matériau composite alliant des nanocristaux d’hydroxyapatite et un réseau de fibres
collagénes, se traduit, méme a basse fluence, par une ablation des fibres de collagenes entrainant
une perte de cohésion tissulaire. Le mécanisme qui prévaut dans ce cas n’est plus photo-thermique
comme pour I'émail mais photo-mécanique. En raison de ce mécanisme d'ablation, la structure et la
constitution de la dentine ne sont pas significativement affectés par le traitement laser. Par
conséquent, les surfaces de dentine traitées au laser peuvent favoriser une meilleure adhérence a
I'adhésif réparateur, méme lorsqu’appliqué sans gravure, contrairement au cas des surfaces de

dentines préparées par forage conventionnel. Malgré le manque de dommages thermiques majeurs
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induits lors du traitement laser dans les tissus dentaires, 1'utilisation du refroidissement air-eau est
nécessaire lors d'un traitement prolongé, en particulier lorsque des fluences élevées et des taux de
répétition élevés sont utilisés pour éviter un échauffement excessif de la dent.

Mots clefs : laser - femtoseconde - tissus durs - caractérisation — adhésion — température pulpaire.
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Introduction

Since the construction of the first laser by Maiman T.! in 1960, many potential application of lasers
have been studied, among which, laser dental surgery is one of the most important. The idea was
initially suggested recognizing the potential of lasers to drill and cut materials without significant
thermal damage to the remaining material, and on the ability to focus the laser beam into a very
small spot, suitable for high accuracy operation. The first investigations were performed using
pulsed ruby lasers with a radiation wavelength of 0.6943 um (unspecified pulse duration) in 1964
23, No sensation of pain or thermal effects were reported23. Further investigations performed with
various types of laser sources with radiation wavelength within the spectral range 0.193 um (ArF
laser4) to 10.6 pm (CO: laser5), and with pulse duration within the range from a few milliseconds
(ms) to a few nanoseconds (ns). Among the laser sources tested, CO, (wavelength 9.3 - 10.6 umb>),
Nd:YAG (wavelength 1064 nm¢), Er:YAG (2.940 um?), and Er, Cr:YSGG (2.780 ums8) attracted special
attention due to the overlapping of their radiation wavelengths with an absorption band of
hydroxyapatite (COz Er:YAG and Er, Cr:YSGG) or water (Nd:YAG, Er:YAG and Er, Cr:YSGG).

For CO, and Nd:YAG lasers with pulse duration within the range 10-3 - 109 s, the material removal
rates achieved are low and ablation is accompanied by heating, often leading to tissue melting,
carbonization, thermomechanical cracking and, in extreme cases, necrosisé. These results are
explained by the laser — material interaction time sufficiently long to transfer a significant amount of
heat to the material. On the contrary, Er:YAG and Er, Cr:YSGG lasers allow achieving relatively high
material removal rates while avoiding significant thermal damage, making them the main types of
lasers used in clinical applications. The absence of major thermal damage is explained by the fact
that their wavelengths are within a very strong absorption band of water. Consequently, their
radiation is efficiently absorbed by the water contained in the tissue, which warms up and boils
explosively, leading to the mechanical disruption of the tissueé8. With this ablation mechanism, the

heat transferred to the tooth bulk is minimal. However, for certain processing parameter ranges, the
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shockwave created by the rapid evaporation of water can lead to sub - superficial cracks, which
reduce significantly the tissue’s mechanical strength®.

Another approach to reduce thermal effects is by using UV lasers+19-12, The energy of the UV
photons is sufficiently high to break the covalent bonds in the organic compounds of the tissues,
allowing their ablation by a photochemical mechanism, as opposed to the photothermal mechanism
associated with the IR lasers!t13. The lack of thermal effects in the ablation of dental tissues was
confirmed by the surface characterization results reported for the laser treatment of enamel and
dentin by ArF (193 nm radiation wavelength, 10 - 23 ns pulse duration)*12 and KrF (248 nm
radiation wavelength, 30 ns pulse duration)!113 excimer lasers. However, excimer lasers are not
suitable for clinical application due to their low ablation rate and the potential health hazard caused
by exposure to intense UV radiation.

A more effective method to reduce thermal effects is by using ultrafast lasers. With the development
of chirped pulse amplification (CPA) technique, it is possible to achieve laser source with pulse
duration in the femtosecond regime and high peak power. For such short pulse durations, the
interaction time is shorter than the characteristic energy relaxation times such as the electron-
lattice energy transfer time and heat conduction time!4. Therefore, no energy is transferred to the
lattice during the laser pulse and most of the absorbed radiation energy is spent on the ablation
process and carried away by the ablated material. Moreover, since absorption of femtosecond pulse
duration radiation by the dental hard tissues is highly non-linear, the interaction zone is confined to
a very small region, similar to the focal volume, allowing the treatments to be performed with high
precision. The characterization of the surface of hard tissues, such as enamel!516, dentin’-21 and
bonel420.2223 treated by this type of lasers, shows negligible thermal and thermomechanical
degradation of the underlying tissue. Lorenzo et al.24 report that the enamel surfaces treated by a
Ti:sapphire laser with 795 nm radiation wavelength and 120 fs pulse duration can promote higher

adhesion strengths to the orthodontic brackets than in the cases of Er:YAG laser treatment. In
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addition, the energy efficiency and material removal rates of hard tissues achieved with ultrashort
pulse lasers are higher than those obtained with nanosecond pulse duration infrared!>2> and UV
lasers26. Even though the results with dental tissues are promising for the application in dental
caries removal treatment, detailed studies on the ablation mechanisms and on the laser - induced
morphological and constitutional modifications of the hard tissues are still lacking. In addition, the
adhesion of dental restorative adhesive to laser - treated tissue surfaces needs to the investigated.
In the present work, the ablation of enamel and dentin, two main components of the human teeth,
by a near infrared femtosecond laser was studied for the application in dental caries removal
treatments. The surface morphology and chemical constitution of the laser treated tissues surfaces
were investigated for a wide range of laser processing conditions, allowing information regarding
the ablation mechanisms to be obtained. In addition, the adhesion of dental restorative adhesives to
the laser treated dentin surfaces was studied and compared to that of dentin surfaces prepared by
the conventional drilling method with the tungsten carbide burr.

The thesis is organized as follows:

. Chapter 1 introduces the major scientific concepts involved in the present work. The
structure and composition of human teeth are described, followed by a review on the
methods used in clinical dental caries removal treatments, and on the interaction between
dental restorative adhesives and tissues surfaces. The theoretical background of the
interaction between the ultrashort pulse laser radiation and dielectric materials as well as
organic materials is also described in this chapter.

. Chapter 2 describes the femtosecond laser set-ups, the methods to determine the laser
beam diameter and the ablation threshold of the tissues and the laser processing methods
used in this thesis. Finally, the surface characterization techniques and the related

instruments used are presented.
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. Chapter 3 presents the experimental results obtained in the present work. The ablation
thresholds of enamel and dentin obtained with a Yb:KYW laser (560 fs, 1030 nm) were
determined. The morphological and constitutional modifications of enamel and dentin
induced by the laser treatments were studied for a wide range of processing parameters.
The increase of temperature in the tooth pulpal chamber during the laser treatments and
the influence of external cooling were also studied. Finally, the adhesion of a self-etch
restorative adhesive to the laser treated dentin surfaces was investigated and compared
with the adhesion to dentin surfaces prepared by the tungsten carbide burr.

. Chapter 4 presents a discussion on the experimental results obtained in this work. The
evolution of the ablation thresholds of dentin and enamel with the number of laser pulses is
explained and the obtained values are compared with the values reported in the literature.
The surface characterization results are interpreted and related to the ablation mechanisms
of the tissues. The adhesion tests results are discussed to evaluate the potential of
femtosecond laser in dental caries removal treatment. Finally, the influence of external
cooling in the ablation of dentin is discussed.

. Chapter 5 presents the conclusion of this thesis and suggestions for future work.
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1. Literature review

In this chapter, scientific knowledge crucial for the understanding of this work is introduced. The
major concepts are presented as followed:
e Structure and chemical constitution of human enamel and dentin.
e The formation of dental caries and its effects on human teeth.
e (aries removal methods currently used in clinical practice, with the focus on
mechanical drilling and laser - based techniques.
e Adhesion of dental restorative adhesives to dentin surfaces after the caries removal
treatment.
e The ablation mechanisms of dielectric materials and organic matters by ultrashort
pulse lasers.

e Potential of ultrashort pulse lasers in caries removal treatment.

1.1. Structure and chemical constitution of human teeth

A schematic diagram of the structure of a human molar is presented in Figure 1.1. A human tooth
consists of two main parts: a crown, which stays above the gum and protrudes into the mouth, and a
root, which extends into the gum and is firmly held in the sockets in the jaw thanks to periodontal
ligaments??. The crown, the main focus of the present study, has two main components: enamel and
dentin. Enamel, which consists mainly of hydroxyapatite, forms a protective coating with high
resistance against wear to protect the underlying dentin and the pulp28. Dentin contains similar
inorganic components as enamel, but with a higher amount of organic matter, mainly type I
collagen, and water. This tissue possesses higher toughness than enamel and can provide
mechanical support for the outer layer?. Deep inside the tooth is the pulp chamber containing
mostly odontoblast cells, which are responsible for the biological processes leading to the formation

of dentin, nerves and blood vessels30-32,
e —
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In principle, the chemical composition of the inorganic components in dentin and enamel slightly
deviates from that of pure hydroxyapatite (Cas(PO4)3(OH)) due to the partial substitution of
hydroxyl and phosphate ions by CO32-, F- and Cl- ions, and of calcium ions by Na*, K* and Mg?* ions in
the apatite lattice33. The precise constitution of the tissue depends strongly on the complex chemical
composition of the environment in which the teeth mineralization takes place. In general, the
substitution of hydroxyl ions by carbonate ions is the most abundant in human teeth. Therefore, the

mineral phase in human teeth is usually referred to as carbonated hydroxyapatite.
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Figure 1.1: Schematic diagram of a human tooth. Adapted from Vorvick3+.

1.1.1. Enamel structure

Enamel consists mostly of carbonated hydroxyapatite (~ 96 wt.%) with minor proportions of
organic matter, mainly amelogenin, ameloblastin and enamelin proteins33. These proteins are
responsible for the growth of hydroxyapatite crystals and, therefore, mainly found in developing
enamel. Besides, enamel contains a small amount of water, including water molecules adsorbed on
the surface of hydroxyapatite crystals and “structural water”, which is integrated in the
hydroxyapatite lattice3s.

In enamel, the mineral phase is organized into closely packed bundles of rods (or prisms) 4 - 5 pm

in diameter, running from the dentin - enamel junction (DE]) to the surface of the tooth33. The rods
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contain crystallites with mean width of 68 nm, mean thickness of 26 nm and length of 150 nm to 1
um, oriented parallel to the rod axis36. The region between the rods is called interrod or rod sheath,
which also consists of hydroxyapatite nanocrystals, with significantly different orientation than
those at the center of the rods, and is relatively organic - rich3?. The organization of hydroxyapatite
nanocrystals in enamel is demonstrated in Figure 1.2. Due to the dominance of hydroxyapatite in
enamel, this tissue presents physical properties typical for dielectrics such as low absorptivity in

infrared (IR) and visible optical regimes38 and low thermal conductivities 3.

Figure 1.2: Schematic diagram of enamel rods (a) and electron microscopy images of enamel at
different faces: parallel to the rods (b) and perpendicular to the rods (c). Adapted from

Schneider et al.40,

1.1.2. Dentin structure
Dentin, the main part of human tooth, contains approximately 70 wt.% carbonated hydroxyapatite,
20 wt.% organic matter, mainly type I collagen, and 10 wt.% water*.. It is composed of peritubular

dentin and intertubular dentin, which can be seen in the SEM micrograph of dentin surface obtained
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by mechanical fracture shown in Figure 1.3a. The former component is made of hydroxyapatite

nanocrystals, which form relatively dense mineralized cuffs, surrounding 1 - 4 um diameter

channels carrying the extension (also referred to as odontoblast process) of the odontoblast cells in

the pulpal chamber and dentinal fluid, a mixture of albumin, transferrin, tenascin and proteoglycans,

from the pulp to the dentin - enamel junction (DE]). The odontoblast cells contained in the dentinal

tubules, as shown in Figure 1.3b, are responsible for the formation and growth of dentin32.

Moreover, these cells can react to compensate for the loss of hydroxyapatite in dentin due to the

effects of dental caries by inducing the formation of tertiary dentin.
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Figure 1.3: (a) A scanning electron microscopy image of dentin surface obtained by mechanical

fracture perpendicular to the dentinal tubules, adapted from De Munck et al.42, and (b) a

schematic diagram of the longitudinal view of dentin showing the tubular structure.
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While peritubular dentin contains a very small amount of organic matter, mainly proteins,
intertubular dentin consists of a network of collagen fibrils reinforced with hydroxyapatite
nanocrystals (Figure 1.4a)#344. Collagen fibrils in dentin are formed by staggering 300 nm long
collagen molecules (tropocollagen), which have a right-handed triple helical structure, constructed
by the intertwining of three left-handed helical strands of polypeptide (procollagen) with repetitive
amino acid sequence#>46. A periodic band structure is observed along the long axis of the fibrils with
periodicity of ~67 nm due to the staggered arrangement of type I collagen, typical for dentin, bone
and skin+47 (Figure 1.4b). In general, the stability of the triple helix and the fibril is mainly achieved
by hydrogen bonds and covalent cross - linking. As the collagen is heated, hydrogen bonds are
weakened, leading to an increase in the diameter of collagen fibrils and a shrinkage in the long
axis*8. In extreme cases, the molecular structure is destroyed and an amorphous structure is
formed*849. The alteration of collagen induced by heating is called thermal denaturation. The onset
of this process strongly depends on the stability of the collagen, i.e. on the constitution of the helical
chains, on the surrounding medium>°, and on the heating rate5l. Bonar et al.5° reported that the
collagen fibrils in bone are stable after heating at 100°C for 30 minutes but shortening of the fibrils
is observed in bone specimens demineralized by immersion in acid before the heat treatment. For
dentin, collagen denaturation occurs in the temperature range 160 - 180°C at a heating rate of

10°C/min, but it depends on the age of the patient and the hydration of the teeth52.
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Figure 1.4: Transmission electron microscopy image of collagen in intertubular dentin (a),
showing that the crystallites are located along and between the collagen fibrils, and the tructural

hierarchy of fibrillar collagen (b). Adapted from Arthur et al.53.

1.1.3. The formation of dental caries

Shortly after the teeth are cleaned, bacteria deposit on their surfaces. If left undisturbed, the
bacteria, mainly streptococcus mutans and anaerobes54, start to aggregate and form a continuous
layer, called dental plaque55. The microbial composition of the plaque varies from tooth to tooth in
the same individual or even for different locations on the same tooth. As fermentable carbohydrates
are consumed, they are metabolized by the bacteria and organic acids such as acetic, lactic, formic
and propionic acids are formed as by-products, which can dissolve hydroxyapatite in teeth5. [t must
be emphasized that the partial substitution of hydroxyl groups by carbonate groups in dentin and
enamel hydroxyapatite increases significantly the solubility of this phase, as compared to the pure
compound. When caries is still limited to enamel layer, its effect can still be counteracted by a

remineralization process that occurs by the absorption of calcium and phosphate ions from saliva
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and from external sources. The resistance of enamel to carious attack can be improved by the
addition of fluoride ions in the constitution of hydroxyapatite on the enamel surface, leading to the
formation of fluorapatite. This compound has high resistance against the acid corrosion than the
carbonated hydroxyapatite>é-58. If the demineralization occurs faster than remineralization, caries
results and cavity forms at the tooth surface. As the caries progresses into dentin, it not only
dissolves hydroxyapatite, but also destroys collagen and the odontoblast cells in the tubules, due to
the action of bacteria in the infected layer5%. The demineralization of dentin by dental caries is
schematically described in Figure 1.5. While dissolved hydroxyapatite can be recovered by the
supply of calcium and phosphate ions from the pulp, the destruction of the collagen matrix is
irreversible. In addition, once the bacteria reach the pulp, they can destroy the organic compounds

crucial for the tooth. Therefore, the caries must be removed as soon as it is detected.
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Dentin (CROSS SECTIONAL VIEW)
Figure 1.5: Demineralization process in dentin (longitudinal view and cross sectional view): (a)
Unaffected dentin, (b) Initial demineralization of the hydroxyapatite in dentin and (c) the

exposure of the collagen. Adapted from Magalhaes et al.®.
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1.2. Caries removal methods

Since the demineralization of enamel is hardly visible, dental caries are more frequently detected
once they reach the dentin layer, causing pigmentation of the dentin due to the presence of
chromophores from various bacteria. Therefore, most of the studies on caries treatment are
performed on this part of the teeth. Various methods have been developed for carious dentin
removal. They can be classified in three categories: mechanical, chemo-mechanical and laser-based
methods®.

The methods that are clinically approved for the removal of carious tissues are listed in Table 1.1.
Among them, mechanical drilling has been thoroughly investigated, and is usually considered as a
gold standard for the study of other methodsé2¢3. It involves abrading the tissues with diamond or
tungsten carbide burrs, rotating at high speed (> 500 rpm 64) and with abundant cooling water.
While this technique allows relatively high material removal rates, it induces high surface
temperature and pain during the treatment 616465, In addition, the vibration and noise caused by the
drilling action contribute to the discomfort of the patient.

Table 1.1: A summary of clinically approved excavation methods and their disadvantages. Adapted

from Barnejee et al. 61

Mechanical, rotary Handpieces + burrs

Hand excavators, Air-abrasion, Air-polishing, Ultrasonics,

Mechanical, non-rotary Sono-abrasion
Chemo-mechanical Caridex™, Carisolv™, Enzymes
Photo-ablation Lasers
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Compared to conventional burr caries removal methods, air - abrasion and sono - abrasion
techniques are considered to reduce heat generation and vibration, but have lower material
removal ratesé164, Similarly, chemo - mechanical removal methods, which involve the application of
a chemical to soften the affected tissue followed by excavation with a hand instrument, allows good
selectivity for the removal of carious tissue without the need of anesthesia, but this type of caries
removal method is significantly more time consuming than the conventional techniques!.

With the requirement of minimally invasive caries removal methods, lasers have also been
investigated as an alternative for caries removal. The idea was initially suggested recognizing the
potential of lasers to drill and cut materials without significant thermal damage to the remaining
material, and on the ability to focus the laser beam into a very small spot, suitable for high accuracy
operation. The first investigations were performed using pulsed ruby lasers with a radiation
wavelength of 0.6943 pum (unspecified pulse duration) in 1964 23. No sensation of pain was
perceived by the patients23. Further investigations performed with various types of laser sources
with radiation wavelength within the spectral range 0.193 um (ArF laser 4) to 10.6 pm (CO; lasers$),
and with pulse duration within the range from a few milliseconds (ms) to a few nanoseconds (ns).
Among the laser sources tested, CO; (9.3 - 10.6 pm3), Nd:YAG (1.064 pm¢), Er:YAG (2.940 pm?), and
Er, Cr:YSGG (2.780 pms8) attracted special attentions due to the overlapping of their radiation
wavelengths with an absorption band of hydroxyapatite (CO,, Er:YAG and Er, Cr:YSGG) or water
(Nd:YAG, Er:YAG and Er, Cr:YSGG). For COz and Nd:YAG lasers with pulse duration within the range
10-3 - 109 s, the material removal rates achieved are low and ablation is accompanied by heating,
often leading to tissue melting, carbonization, thermomechanical cracking and, in extreme cases,
necrosis even when the laser treatment is performed with water cooling é¢6. These results are
explained by the laser — material interaction time sufficiently long for the transfer of a significant
amount of heat to the material. On the contrary, the use of Er:YAG and Er, Cr:YSGG lasers with

sufficient water spray allow achieving relatively high material removal rates while avoiding
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significant thermal damage in the teeth, making them the main types of laser used in clinical
applications. The morphology of dentin surface ablated by CO. laser and Er:YAG laser is
demonstrated in Figure 1.6. The absence of major thermal damage in the case of Er:-YAG and Er,
Cr:YSGG laser treatment is explained by the fact that their wavelengths are within a very strong
absorption band of water. Consequently, the radiation is efficiently absorbed by the water contained
in the tissue, which warms up and boils explosively, leading to the mechanical disruption of the
tissue®8, With this ablation mechanism, the heat transferred to the tooth bulk is minimal. However,
for certain processing parameter ranges, the shockwave created by the rapid evaporation of water

can lead to sub - superficial cracks, which reduce significantly the tissue’s mechanical strength °.
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Figure 1.6: Scanning electron microscopy images of dentin surfaces ablated by CO; laser (9.6 um,
20 Hz, 212.2 J/cm?, 60 ps, 80 pulses) (a) and by Er:YAG laser (2.94 um, 2 Hz, 25.7 ] /cm?, 200 -

500 ps, 120 pulses). Adapted from Zezell et al.6”.

Another approach to reduce laser - induced thermal effects is by using UV lasers with pulse
duration within the nanosecond regime 4116869, Sanchez et al.# and Eugenio et al.!! showed that
dentin can be ablated without significant melting of the remaining tissue by using ArF and KrF
excimer lasers, respectively. On the other hand, Turkmen et al.6? showed that the treatment with

ArF laser leads to a rise of temperature in the pulpal chamber (1°C) significantly lower as compared
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to CO2 (37°C) and Nd:YAG (28°C) lasers. The lack of thermal damage induced by KrF and ArF lasers
is explained by the fact that due to their high photon energies (5 eV for KrF and 6.42 eV for ArF) the
radiation is preferentially absorbed by collagen in the dentin matrix, leading to breaking of the
covalent bonds in collagen molecules!l. The photochemical ablation of collagen decreases the
cohesion of dentin, allowing the ablation of the tissue with minimal thermal damage on the
remaining tissues. Despite these advantages, the application of excimer lasers is limited due to the

low ablation rate and the exposure of patient to the hazardous UV radiation.

1.3. Adhesion of dental adhesives to treated tissue surface

After the dental caries has been removed, the cavity must be filled to prevent further colonization by
bacteria. The filling material usually adheres to the tooth surface by the use of an adhesive (bonding
agent). The bonding of dental restorative materials to the tooth structure allows hydroxyapatite
content in dental tissues to be partially replaced by a synthetic resin which contain photo-initiators
and can be photo-polymerized. Adhesion is usually achieved by mechanical interlocks with the
prepared tissue surface?071, With previous generations of dental adhesives, hydroxyapatite in the
tissue is partially eliminated by acid etching and the products of the etching reactions are removed
by rinsing in water before the application of adhesives7072. Consequently, this type of adhesives is
referred to as etch & rinse adhesive. Phosphoric acid HsPO4 is commonly used for the etching. On
enamel, the acid dissolves the hydroxyapatite, forming etch pits between the enamel prisms, which
provide mechanical interlocks to enhance the adhesion”’0. In dentin, the dissolution of
hydroxyapatite in the intertubular dentin allows collagen fibers to be infiltrated by the adhesive
monomers forming a hybrid layer707374, In addition, resin tags are formed in the dentinal tubules,
further enhancing the adhesion. The use of acid poses a risk of over - etching leading to the
formation of a layer of exposed collagen fibrils which is not completely engulfed by the adhesive7s.
This layer has low mechanical strength and can be hydrolyzed by water trapped in the adhesive
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resin or supplied by the oral environment, leading to long term failures of the hybrid layer7576. In
order to circumvent the problems associated with the acid etching, another type of adhesive has
been developed, which contains acidic monomers and has a pH in the range 0.4 - 4.770. Those
adhesives, generally referred to as self - etch adhesives, are capable of etching the dental tissues,
allowing them to be applied either with the prior acid etching step (total - etch application mode) or
without it (self - etch application mode). In self - etch application mode, this type of adhesive
dissolves lower amount of hydroxyapatite than the phosphoric acid based etchants (pH ~ 0.1 - 0.4)
and the demineralization is accompanied by the infiltration of the resin, leading to complete
envelopment of the exposed collagen fibrils. The extent of demineralization and infiltration depend
on the pH of the adhesive mixture and on the structure and chemical constitution of the tissue
surface??78. When a dense smear layer is formed on treated surfaces of dentin or enamel, prior acid
etching step (total - etch application mode) is still recommended?’8. On the other hand, in order to
improve the adhesion strength, phosphate based monomers, such as phenyl-P (2-methacryloxyethyl
phenyl hydrogen phosphate), and 10-MDP (10-methacryloxydecyl dihydrogen phosphate), are
usually included in the self - etch adhesive mixtures to induce additional chemical bonds with the
remaining hydroxyapatite crystals7. For both etch & rinse and self - etch adhesives, the adhesion to
dental surfaces depends strongly on the chemical composition of the adhesives and the technique

used to prepare the surfaces.

1.3.1. Bonding to dentin surfaces prepared by mechanical drilling

In general, the surface of dental tissues after mechanical drilling is covered with a dense layer of
calcium phosphate debris, called smear layer. In the case of dentin, the smear layer also contains
collagen fibrils which are partially denatured due to the frictional heat induced by the drilling
process’7.7980, The thickness, morphology and structure of this layer depend on the type of drill,

rotating speed and use of water cooling??81, The debris are also detected in the dentinal tubules,
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forming smear plugs. The smear layer limits the infiltration of resin in the dental tissue and is
weakly attached to the underlying tissue, leading to a significant reduction of the resin-dentin bond
strength. To avoid this issue, an etching step is needed in case of the etch & rinse adhesives 7072, For
self - etch adhesives, their ability to dissolve the smear layer and bond with the underlying tissue
depends on the type of drill head and the drilling procedure used, which affect thickness and
composition of the smear layer, as well as on the composition of the adhesive mixture 777881, Mine et
al.”? showed that ultramild self - etch adhesives (pH ~ 2.7) might be unable to penetrate the smear
layer to form strong bonding with the underlying dentin if dense smear layer is formed after the

surface treatment.

1.3.2. Bonding to dentin surfaces treated by Er:YAG and Er, Cr: YSGG lasers

Dentin surfaces treated by Er:YAG and Er, Cr:YSGG lasers are characterized by the absence of smear
layer and resolidified material, apparently making them suitable for the direct application of the
adhesive?.9.748283, Several authors showed that the bond strength of restorative dental adhesives to
dentin treated by these lasers is comparable to or higher than the bond strength obtained for dentin
prepared by drilling8+85. Unfavorable results have also been reported for the adhesion of adhesive
resins to dentin treated by these lasers. They were partially explained by the presence of sub -
superficial cracks for a certain range of laser processing conditions, leading to a significant
reduction of the mechanical strength of dentin89748687, In addition, it was shown that the heat
transferred to the remaining tissue during the laser treatment was sufficient to form a collagen
depleted layer at the laser treated surface, followed by another layer of unaltered hydroxyapatite
and thermally denatured collagen’48688, Ceballos et al.’* estimated the thicknesses of those layers to
be in the range 3 - 10 um for a surface treated by an Er:YAG laser with radiation fluence of 23 ] /cm?
and a repetition rate of 2 Hz. Similar surface alterations were observed by Moretto et al.? for dentin

treated by Er, Cr: YASGG laser with fluences in the range 90 - 181 J/cm?, pulse repetition rate of 20
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Hz and by Er:YAG laser with fluence in the range 53 - 83 ] /cm? and pulse repetition rate of 4 Hz. The
collagen depleted layer is weakly attached to the dentin substrate, causing mechanical failure during
the bond tests 86. This layer can be removed by etching to improve the adhesion, but the bond
strength obtained after etching is still lower than the strength obtained with mechanically drilled
dentin surfaces 897486, These results are explained by the fact that the partially denatured collagen
layer inhibits the formation of a strong hybrid layer by the infiltration of the adhesive.
Consequently, both rinse & etch adhesives and self - etch adhesives provide lower adhesion
strengths on dentin surface treated with Er:YAG and Er, Cr: YSGG lasers as compared to dentin

surface prepared by mechanical drilling 8974,

1.4. The use of ultrashort pulsed laser in caries removal treatment

1.4.1. Ultrashort pulsed laser ablation of dielectric materials

1.4.1.a. Absorption of ultrashort radiation

Dielectric materials are characterized by the existence of a large energy gap between the valence
and conduction band (Eg > 2.8 eV). The valance band is completely filled while the conduction band
is empty at room temperature. As a result, these materials present low thermal and electrical
conductivity. Examples of this type of material are ceramics, diamond and sapphire. Due to their
high band gap energies, these materials are transparent for low intensity radiation in the near
infrared and visible spectral regions. Consequently, they can only be machined by UV excimer lasers
(KrF89, XeCl?0) typically with high pulse duration (~ 30 ns). The availability of ultrashort pulse
duration lasers (t < 10 ps 91) allowed high peak intensity to be obtained, leading to the possibility of
radiation absorption in dielectrics by multiphoton excitation 91-94, This process allows electrons in
the valence band to absorb the energy of several photons to be promoted through the band gap into
the conduction band. Once in the conduction band, these electrons can continue to absorb radiation

energy by inverse Bremstrahlung to further increase their energy?4. The electronic processes that
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take place in dielectrics irradiated by ultrashort pulsed laser are schematically demonstrated in

Figure 1.7.

Collisional
excitation

Strong-field
excitation

Figure 1.7: A schematic description for the electronic processes in dielectrics irradiated by
ultrashort pulsed laser, which lead to the generation of electrons in the conducting band.

Adapted from Balling et al.?%.

When the density of electrons in the conduction band is sufficiently high, collisional ionization
mechanism also contributes to the generation of free electrons. When the density of excited
electrons is high, the solid presents metal - like behavior and optical properties, with high
reflectivity and high absorption coefficient 9495. The penetration of the laser pulse can be described
by the normal skin effect where the electric field of the radiation decreases exponentially with

increasing depth into the material?s:
E(x) = E(0) * exp(— 1) (L),

where s is the thickness of the skin layer and can be expressed as

C

A
Iy = ok Zmk (1.2).
The parameters w and k in equation 1.2 represent the frequency of the electromagnetic field

associated with the laser radiation and the extinction coefficient of the skin layer, respectively.

Consequently, as a sufficient amount of free electrons is generated, the extinction coefficient
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changes from values lower than 1 for dielectrics to higher than 1, typical for metals, and the
radiation energy is absorbed in a surface layer with a thickness of a fraction of the radiation

wavelength.

1.4.1.b. Ablation processes

Among the electrons promoted to the conduction band by the radiation, those with energies
surpassing the work function of the material can be ejected from the surface. In dielectric materials,
the emitted electrons are not compensated by electron diffusion from the bulk due to the low
mobility of electrons in this type of materials, leading to a breakdown of charge neutrality in the
surface region®y97. The buildup of positive charge in the surface layer causes an increasing electric
field in this region. When the electrostatic repulsion force, which is proportional to the electric field,
exceeds the binding forces of the ions in the lattice, the ions are ejected due to the intrinsic repulsive
forces, a mechanism usually referred to as Coulomb explosion®. This ablation mechanism was
firstly observed for the ablation of sapphire by radiation with a wavelength of 800 nm, pulse
duration of 100 - 200 fs and a fluence of 4 J/cm? 97.98, Figure 1.8 displays the evolution of charge
density and electric field on the irradiated surfaces of gold, silicon and sapphire as calculated by
Bulgakova et al.9?. The authors demonstrate that a transient electric field exceeding the value
needed to break atomic bonds in sapphire is formed in the subsurface region of the specimen
several hundred femtoseconds after the laser pulse. The density of accumulated charge in Si and Au
is much lower than in sapphire, probably due to the higher mobility of free carriers in those
materials, allowing electrons to diffuse to the electron depleted region. By using time - of - flight
technique, Stoian et al.?8 showed that electrons with eV energy order of magnitude (prompt
electrons) are ejected from the irradiated sapphire surface, followed by slow electrons (with
energies on the order of meV) and ions, as shown in Figure 1.9a. The ejected Al+ and O+ ions present

similar momenta but different kinetic energies, suggesting that the acceleration mechanism is mass
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independent, with well - defined momentum transfer, consistent with the transient electric field

proposed by Bulgakova et al.7. The argument is further supported by the fact that the velocity of

double charged oxygen ions is approximately twice the velocity of single charge oxygen ions%. The

timescale for the Coulomb explosion is within 1 ps after the absorption of radiation energy by the

electrons, too fast for the transfer of energy from the excited electrons to surrounding lattice to

occur (~ 10 - 100 ps in defect - free solids 99). As a result the ablation process does not involve

thermal effects and Coulomb explosion is usually referred to as a “cold” ablation mechanism.
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Figure 1.8: Simulated time evolutions of charge density (a) and electric field (b) in the surface
region of Au, Si and Al;O3 irradiated by single laser pulse with pulse duration of 100 fs,
wavelength of 800 nm and radiation fluences just above the ablation thresholds of

corresponding materials. Adapted from Bulgakova et al. 97.
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Figure 1.9: Time of flight spectra of electrons and ions ejected from Al,O3 after irradiation with a
laser with 200 fs pulse duration, 800 nm radiation wavelength and radiation fluence of 4 ] /cm?.
(a) full range. Squares: both prompt electrons and slow plasma electrons; solid line: time of
flight of the corresponding ions (O++Al*). (b) Expanded scale showing prompt electrons. Thick

line: from Al;O3; dashed line: from Al. Adapted from Stoian et al. 100,
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Another ablation mechanism that typically occurs several picoseconds after the electron excitation
by the laser radiation, involves energy transfer from the excited electrons to the lattice in the form
of heat. The heating rate depends essentially on the electron - phonon coupling rate and the thermal
diffusivity of the material and ablation occurs once the thermomechanical stability limit of the
material is reached. With pulse durations in the picosecond and femtosecond ranges, the laser -
material interaction occurs in thermal confinement conditions, which require that 101

T, < Ty»L5/Dy (1.3)
where T, T, Lp and Dr are the pulse duration, the thermal diffusion time, the radiation penetration
depth and the material thermal diffusivity, respectively.
In these conditions, the energy transferred concentrates in the absorbing region. This confinement
induces an isochoric heating process. As a result, the surface layer is transformed into a liquid that is
rapidly heated up to a temperature near the spinodal temperature of the material 94102103 This
overheated liquid is metastable and decomposes rapidly into a mixture of vapor and liquid droplets,

a process called phase explosion.
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Figure 1.10: The evolution of Gibbs free energies of a pure substance in liquid and vapor states

as the temperature approaches critical point 104,
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As shown in Figure 1.10, at the normal boiling temperature, there are two local minima in the Gibbs
free energy of a substance corresponding to the liquid and vapor states, which exist in equilibrium
with one another. The liquid - to - vapor transformation is a nucleation and growth process which
requires an activation energy for nuclei with radius higher than the critical value for homogeneous
nucleation to form04 As the temperature approaches the critical temperature, the minimum
becomes shallower and the liquid state becomes increasing unstable. At the spinodal temperature
this local minimum vanishes and the liquid - to - vapor transformation occurs spontaneously
without the need of an activation energy!%4. Phase explosion results in a sudden decomposition of
the unstable liquid near the spinodal temperature into a mixture of extremely fine liquid droplets
and vapor (Figure 1.11). The proportion of gas in the mixture depends on the overheating, which, in

turn, depends on the radiation fluence 101,
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Figure 1.11: Snapshots from the MD simulation of a molecular surface irradiated by radiation
with pulse duration of 150 ps, fulfilling the thermal confinement condition, and radiation fluence

of 39 J]/m2 (a) and 61 ]/m2 (b). Adapted from Zhigilei et al.101
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Besides the rapid increase of temperature in the absorbing region, the ultrafast deposition of
radiation energy induces compressive stress in this region03. If the pulse duration is shorter or of
the same order as the time required for the mechanical relaxation of the heated material, the
heating occurs at a constant volume, generating significant compressive stresses in the absorbing
region. This condition, referred to as stress confinement, is generally fulfilled for pulse duration in

the femtosecond regime and can be expressed by 101

T,<t5~L,/cq (1.4)
where ts and c; are the characteristic time of mechanical equilibration of the absorbing volume and
the speed of sound in the irradiated material, respectively. Once sufficient compressive stresses are
generated, they can promote mechanical fracture of the material and cavitation/fragmentation in
the metastable liquid, leading to ablation the material by a spallation mechanism, as demonstrated
in Figure 1.12a10%, The depth at which voids nucleate depends on the tensile strength of the material
and on the laser-induced pressure. If the radiation fluence is sufficiently high, ablation starts with
the phase explosion of the surface volume heated up to temperatures near the critical temperature
(Figure 1.12b). The underlying layers are also heated but remain in metastable condition. Voids are

created because of the accumulated stresses and ablation proceeds by a spallation mechanism.
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Figure 1.12: Snapshots from the MD simulation of a molecular surface irradiated by radiation
with pulse duration of 15 ps, fulfilling the stress confinement condition, and radiation fluence of

34 ]/m?2 (a) and 61 J/m2 (b). Adapted from Zhigilei et al.101.
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The time scales of different events that can happen during the interaction between ultrashort laser
and dielectrics are demonstrated in Figure 1.13. In principle, the ablation of dielectrics can involve
Coulomb explosion, liquid spallation and phase explosion. Coulomb explosion occurs within a few
hundred femtoseconds since the onset of the electron excitation process. After the Coulomb
explosion, the remaining excited electrons transfer their energy to the lattice, initiating thermal
ablation processes. The energy transfer is done via electron - phonon coupling, which, in defect-free
dielectrics, only occurs several picoseconds after the laser pulse. The presence of defects in the
dielectric facilitates energy transfer from the electrons to the lattice and, as shown by Stoian et al.%8
in the case of sapphire, leading to the increasing importance of thermal processes in ablation. The
defects can be native or generated by the irradiation even for radiation fluences below the ablation
threshold9498. These defects usually have energy levels within the band gap and can also enhance
the absorption of radiation by enabling lower order multiphoton absorption, leading to a decrease
of the ablation threshold. This dependence of the ablation threshold on the number of laser pulses,
referred to as the incubation effect 14105, is due to the creation of defects by laser irradiation, and can
be expressed by 106:

Fin(N) = Fyp (DN (1.5)
where N, Fu(1), Fm(N) and S are the number of pulses, the ablation threshold for single pulse

ablation, the ablation threshold for N-pulse ablation and the incubation coefficient, respectively.
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Figure 1.13: Time scale of different events that happen in a dielectric material after the

irradiation with ultrashort laser pulse. Adapted from Cangueiro et al. 107.

1.4.2. Ultrashort pulsed laser ablation of organic materials

Organic materials consist mainly of carbon atoms, forming the backbone of the molecular structure,
bonded with atoms of various elements such as H, O, N, F and Cl. They are abundant in biological
soft tissues such as cornea, tendons and ligaments. In hard tissues, even though hydroxyapatite is
the dominant phase, the cohesion of the tissue, especially bone and dentin, is ensured by the
presence of organic matters, mainly type I collagen. Organic materials can be ablated by infrared
pulse lasers with wavelength of several micrometers. Photon energy corresponding to this spectral
range can only induce transition of the molecules to a higher order vibration mode in the ground
electronic state108. Absorbed energy is coupled to the lattice as the molecules relax to lower order
vibration mode, leading to heating, followed by thermal decomposition of the material. Organic
compounds can also be ablated by UV lasers with wavelength in the range 193 - 308 nm and pulse

duration in the nanosecond range. In contrary to the case of IR lasers, energy of photons in the UV
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spectral range is sufficiently high to induce a transition of the organic molecule to an excited
electronic state, from which the molecules can be decomposed by breaking of the chemical bonds108.
Since the dissociation of the molecules follows a purely chemical reaction pathway, thermal effects
were observed in the remaining material. Eugenio et al.l! suggested that for KrF excimer laser
ablation of dentin, the photochemical ablation mechanism results in breaking of the covalent bonds
in collagen molecules, facilitating the ablation of the tissue without significant thermal damage.

With the development of ultrashort pulsed lasers high radiation intensity is achieved, which
facilitates multiphoton absorption processes allowing electronic excitation in organic materials
even for radiation in the near infrared rangel%. Serrano et al.11° showed that species emitted during
the ablation of organic compounds by femtosecond pulse lasers contain more fragments of the
native molecules than the case of nanosecond pulse lasers, indicating the dominance of chemical
bond breaking processes in the interaction with femtosecond duration radiation. In another study,
Hovhannisyan et al.l1! showed that type I collagens were ablated by femtosecond lasers without
significant thermal damage. New species formed by the disintegration of collagen molecules were
observed in the vicinity of the laser-modified regions, supporting the predominant photochemical
ablation mechanism. This ablation mechanism was also reported for the ablation of other biological
soft tissues by ultrashort pulse lasers109, Besides, thermal processes leading to the ablation of
organic solid material by liquid spallation and phase explosion can play increasing role in the
ablation of organic compounds if high radiation fluences are used101109, Nevertheless, thermal

damage in the remaining material is always negligible with this type of lasers.

1.4.3. Ultrashort pulsed laser ablation of dental hard tissues
The ablation of dentin and enamel by lasers with radiation wavelength in the near infrared region
and for pulse duration in the picosecond and femtosecond regions was the object of a number of

publications16-18112-116, [n general, these lasers allow accurate removal of dental tissues with

Laser ablation of dentin and its medical application Page 29



significantly lower thermal and mechanical damage to the remaining materials as compared to
lasers with longer pulse duration16112115117  The values of ablation threshold for these tissues are
summarized in Table 1.2. In general, for similar experimental conditions, the ablation threshold of
enamel is higher than the ablation threshold of dentin. This result can be explained by the higher
content of collagen in dentin as compared to enamel; the stability of the molecular structure of
collagen is ensured by weak intermolecular Van der Waal bonds. The values of the ablation
threshold determined by different authors cannot be directly compared due to the differences of the
lasers employed and processing conditions such as wavelength, pulse duration, number of laser
pulses, pulse repetition rate and diameter of the laser spot, which can significantly affect the
ablation behavior of the tissue 93106118 Differences in the specimen preparation methods and
storage conditions must also be considered, since they can influence the optical properties and the
constitution of the specimens. Unfortunately, this information is not always mentioned in the

publications.
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Table 1.2: Reported values for the ablation thresholds of dental hard tissues

by ultrashort pulsed lasers

Ablation
Dental | Wavelength Pulse Number of
threshold Authors
tissue (nm) duration (fs) pulses
(J/cm?)

Enamel 1053 350 100 0.7 Neev et al. 114
Enamel 615 300 100 0.6 Kruger et al. 16
Enamel 800 85 1 0.57 Jietal. 18
Enamel 800 95 & 150 1 22+01 Rode et al. 1>
Enamel 400 95 1 1.0+0.2 Rode et al. 15

Bello - Silva et
Enamel 1045 500 unspecified 1.6

al_ 117

Bello - Silva et

Dentin 1045 500 unspecified 1.1
al_ 117

Dentin 800 85 1 0.43 Jietal. 18
Dentin 615 300 100 0.3 Kruger et al. 16
Dentin 1053 350 100 0.5 Neev et al. 114
Dentin 1030 500 1 0.6 £0.2 Alves etal. 17

Despite many studies on the ablation threshold of dental hard tissues, only a limited effort was
dedicated to the study of the ablation mechanisms of dental hard tissues and to the characterization
of the surface morphology and constitutions of the surface layers of material after the laser
treatment!7.18119, Alves et al.1” and Bello-Silva!2® showed that the morphology of irradiated dentin
surface is similar to the morphology of mechanically fractured surface. Alves et al.17 also reported

that the structure and constitution of dentin were preserved after the laser treatment, as
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investigated by x-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR)
spectroscopy and x-ray diffraction (XRD). The absence of resolidified material and of other thermal
effects after the laser treatment was explained by a predominant electrostatic ablation mechanism.
A similar mechanism was proposed by Rode et al.15 for the ablation of enamel by femtosecond laser.
On the contrary, traces of melting and the presence of resolidified materials on the surface of dental
enamel after laser ablation by femtosecond lasers were reported by Kriiger et al. 16 (300 fs, 615 nm,
3 Hz, 100 pulses, 2 J]/cm2) and Shaheen et al.121 (130 fs, 785 nm, 20 Hz, 5 pulses, 6.2 ]/cm2) but those
authors did not perform any chemical or structural analysis.

Despite the potential of ultrashort pulse lasers in caries removal treatment, the adhesion of
restorative adhesives to dentin surfaces treated with this type of lasers has only been reported by
Bello - Silval20 and Portillo et al.8”. By using a laser with pulse duration of 500 fs, wavelength of
1045 nm operating at a repetition rate of 100 kHz and with fluences of up to 4.9 J/cm?, Bello -
Silva!20 showed that the adhesion strengths to laser treated dentin surfaces are similar or higher,
depending on the adhesive systems, than the adhesion strengths obtained with reference
specimens. On the contrary, reduced bond strengths for irradiated dentin surfaces were observed
by Portillo et al. (120 fs, 795 nm, 1 kHz, 39.8 ] /cm?2) 8. In both studies, the reference specimens were
prepared by polishing dentin surface with SiC papers with grit sizes of 800120 and 60087. The
reduction of bond strengths obtained with dentin surfaces irradiated by ultrashort pulsed laser
observed by Portillo et al.8” might be caused by the structural and chemical modifications induced in
the laser treated dentin surfaces by the very high radiation fluence used in that study (39.8 J/cm?2),

which were unfortunately not characterized in detail.
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2. Experimental methods

The content of this chapter is organized as follows:

e Sample preparation.

o Femtosecond laser system and optical setup for laser beam delivery.

e Laser ablation experiments in stationary and scanning conditions.

e Set-ups used for the measurement of temperature in the pulpal chamber during laser
treatment and for testing the influence of external cooling.

o Techniques used to characterize morphology, structure and chemical constitution of
laser treated surfaces.

e Dental restorative adhesive system and mechanical test used to evaluate the bond

strengths obtained with laser treated dentin surfaces.

2.1. Sample preparation

Human third molars were extracted from patients with informed consents following a clinical
protocol approved by the Ethics Committee in Bordeaux, France (process DC 2014/04). The
extraction was performed, at most, six months before the laser experiments and the teeth were
stored in saline solution at 4°C. Enamel and dentin disks were cut from the teeth by using a low
speed diamond saw (Accutom-50 ®, Struers ©, Denmark) at an advancing speed of 0.5 mm/s, as
indicated in Figure 2.1. One of their faces was polished under flowing water using a 600 - 1000 -
2500 grit sequence of SiC papers. The samples were prepared, at most, one week before the laser
experiments and stored in distilled water at 4°C. Prior to the laser treatment, they were extracted

from the liquid and gently wiped with a clean paper tissue to remove the water excess.
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Figure 2.1: Schematic for preparation of enamel (a) and dentin (b) disks

(adapted from Yalcin et al.122).

2.2. Femtosecond laser processing

2.2.1. Yb:KYW laser system and the set-up used for laser ablation experiments

The ablation experiments were performed in the Laser Materials Processing Laboratory of CeFEMA,
Instituto Superior Tecnico. A Yb:KYW chirped-pulse-regenerative amplification laser system (model
s-Pulse HP, Amplitude Systemes ©, France) with 560 fs pulse duration and 1030 nm radiation
wavelength was used. The laser beam had a Gaussian profile and was linearly polarized.
Specifications of the system, as provided by the manufacturer, are listed in Table 2.1. In order to
achieve a pulse repetition rate lower than 1 kHz, an external frequency generator was used to fix the

repetition rate of the laser amplifier.
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Table 2.1: Specifications of the Yb:KYW femtosecond laser system

s-Pulse HP model

Pulse duration ~ 560 fs

Maximum pulse energy ~1m]

Pulse repetitionrate | 1-100 kHz

Central wavelength 1030 nm

Laser beam quality TEMoo

The setup employed for laser experiments is presented in Figure 2.2. The emitted laser beam was
guided by a set of highly reflective mirrors to a converging lens (lfocat = 100 mm), which focused the
beam perpendicularly to the specimen surface. Before the laser experiments, a power meter (model
10A-SH-V1.1 RoHS, Ophir Photonics ©, Israel) was placed in the optical path of the laser beam and
before the mirror system to measure the average laser power. The laser power delivered at the
specimen surface was varied in the range 40 - 560 mW with the use of an optical filter as indicated
in Figure 2.2, assuming a loss of 15% of the laser power due to the mirror system. The position of
the specimen surface was precisely controlled by a computer-controlled XYZ stage (PI miCos ©,

Germany) with a positioning accuracy higher than 0.5 pm and a repeatability of 0.1 pum.
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Figure 2.2: Schematic of the optical setup used for the laser experiments.

2.2.2. Laser experiments

2.2.2.a. D2method for determination of laser beam diameter and ablation threshold

In the present work, the D2 method, proposed by Liu!23, was used to determine the diameter of the
laser beam on specimen’s surface and ablation threshold of the specimen. This method is based on
the assumption of spatial Gaussian intensity distribution of the laser beam, which allows the

radiation fluence in a plane perpendicular to the beam to be expressed by

2r?
F(r) = Foexp(—25) (2.1),

0
where r is the distance to the beam axis, wo the beam spot radius at 1/e? of the maximum intensity
and Fo the maximum fluence. Consequently, the diameter D of an ablation crater produced by single

or multiple laser pulses can be expressed by

D2 = 2w§ln(FFT‘; (2.2),
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where Fy, is the ablation threshold of the specimen. On the other hand, Fo and the pulse peak energy

Ep can be related by

2E
Fp = n—“% (2.3).
The pulse energy can be calculated from the average laser power by
P
Ep = T (2.4),

where f is the pulse repetition rate and P is the average power of laser beam delivered on the
specimen surface. In the present work, the average laser power was measured before the mirror
system (Figure 2.2) and average power P of the laser beam incident on the specimen surface was
estimated by assuming a loss of approximately 15% of the radiation intensity due to the mirror
system. The power measurement was mostly performed at 1 kHz pulse repetition rate.

Equations 2.2 and 2.3 show that D2 is linearly dependent on In(E;) and wo can be estimated from a
plot of D2 versus In(Ep). wy is calculated from the slope of a straight line obtained by fitting a linear

function to the experimental data as follows:

slope

wo = |[—— (2.5)
From the calculated value of wy, the average radiation fluence can be determined by
E
Fp =~ M’: 2 (2.6).

The threshold fluence Fw, can be derived from a plot of D2 versus In(F.) (equations 2.2 and 2.3) by
extrapolating D2 to zero.

In most materials, the ablation threshold Fu, decreases with increasing number of incident laser
pulses, an effect known as incubation. It is explained by the formation of defects in the irradiated
material even for sub-threshold fluences, which create electronic energy states within the energy
gap, facilitating radiation absorption for subsequent laser pulses. The dependence of the ablation
threshold Fu on the number of laser pulses N, can be expressed by the following equation proposed

by Jee et al.106
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Fen(N) = Fyp(1).N571 2.7),
or

N.Fip(N) = F(1). N3 (2.8),
where Fi,(N) and Fu(1) are the ablation threshold values for N pulse and a single pulse, respectively,
and S is the incubation factor of the material. According to equation 2.8, a straight line can be fitted
to the plot of In(N.Fw(N)) versus In(N), whose slope and intercept represent the incubation factor S

and the logarithm of the single pulse ablation threshold, respectively.

2.2.2.b. Laser processing methods

In the present study, the laser experiments were performed using two irradiation strategies with
stationary and non-stationary laser beam, respectively. In stationary conditions, craters were
created at the surface of dentin and enamel specimens with numbers of laser pulses up to 150, pulse
energies in the range 80 - 560 pJ and at 1 Hz pulse repetition rate. The measurement of the craters’
diameter allowed determining the laser beam diameter at the surface of the specimen as well as the
single pulse ablation threshold and the incubation factor of the tissue by the D2 method. The
evolution of the surface morphology as a function of the radiation fluence and number of laser
pulses was also studied.

In non-stationary conditions, linear tracks were created by moving the specimens in the XX
direction at a constant velocity in relation to the stationary laser beam, operated at high pulse
repetition rates. In order to achieve large treated surface area for chemical analysis, the produced
tracks were overlapped with a displacement dw in the YY direction between the linear scans. The

scanning procedure is schematically described in Figure 2.3.
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Laser beam

Figure 2.3: Schematic of the scanning procedure performed in non-stationary conditions.

For individual linear scans, the number of laser pulses incident on a particular surface position can

be estimated by

2
Nerack = ot (2.9).

v

For the processing of large areas, the number of laser pulses per surface position must be calculated

taking into consideration the overlapping of consecutive linear tracks. It is given by

4w§ f
Narea =

(2.10).

v.dw

In the present study, area treatments were performed with 5 mm/s scanning velocities, pulse
energies in the range 80 - 560 mJ, 0.01 mm lateral displacement and 1 kHz pulse repetition rate.
Most of the laser treatments were performed in air, except for some experiments on dentin which
were performed with external cooling with lateral air jet and a combination of air jet and water
irrigation. These external cooling methods were tested since they are commonly used to reduce
heating of the teeth during clinical treatments for caries removal by mechanical drilling®3 and by
Er:YAG and Er, Cr:YSGG lasers124125, The air jet was provided by a 0.5 mm diameter nozzle, which
directed air at a flow rate of 5*10-¢ 1/s to the laser spot location at the surface. The nozzle was at a
distance of 1.5 mm from the laser spot and a 30° angle with the surface. The water irrigation system
was similar to the one described by Cangueiro et al.23, which allowed covering the specimens’
surface with a 0.5 mm thick water layer. The water average flow rate and temperature were
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167*10-¢1/s and 23.5° C, respectively. To minimize the absorption of radiation by the water, during
the ablation experiments water was blown away from the irradiated spot by the air jet but the
surrounding area remained covered by the water film to ensure efficient cooling. A schematic
diagram of the air and water-cooling systems is depicted in Figure 2.4. The laser processing

conditions tested in the present work are summarized in Table 2.2.

Laser beam

. Air jet

T d~0.5mm

Water\

Needle Dentin

Figure 2.4: Schematic diagram of the external cooling set-ups tested.

Table 2.2: A summary of laser processing conditions tested in the present work

Laser processing parameters and conditions
Average laser beam power 40 - 560 mW
Average pulse energy (Ep) 40 -560 yJ
Lens - surface distance 9.7 cm
Average fluence (Faverage) 2-14]/cm?
Pulse repetition rate (f) 1 and 1000 Hz
Scanning speed 5mm/s
Lateral displacement 0.01 mm
In air and with external cooling using air jet and
Processing conditions
water irrigation
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2.2.2.c. Set-up for measurement of pulpal temperature during laser treatments

The temperature increase in the pulpal chamber during laser ablation of dentin was investigated by
performing the laser treatments on healthy molars whose occlusal surfaces were polished up to a
distance of 2 mm from the pulpal chamber. A K-type thermocouple with a tip diameter of 0.1 mm
was inserted via one of the root canals until touching the pulp chamber wall directly below the
treated surface. The thermocouple signal was measured by a digital thermometer (EL - USB - 1,
Lascar Electronic ©, USA) once every 5 s. One tooth was laser treated without external cooling using
fluences varying in the range 2 - 14 J/cm? to investigate the influence of the fluence on the
temperature rise. The effect of external cooling was compared using a second tooth which was
treated with an average fluence of 14 J/cm?, without cooling and with external cooling by the air jet
and water irrigation. The tested external cooling methods were described in Section 2.2.2.b. After
each laser treatment the tooth was cooled to its initial temperature and rehydrated by irrigation
with flowing water. The excess of water was removed with a clean absorbing paper tissue before the

following laser treatment. The room temperature during these experiments was 23.5 °C.

2.2.2.d. Ablation rate measurement methods

In the present study, the ablation rate of enamel and dentin was measured in non-stationary mode.
Linear tracks were created on the specimen surface with different pulse energies while keeping the
same pulse repetition rate and scanning velocity. A white light interferometer (model WYKO
NT1100, Veeco ©, USA) was used to measure volumes of the created tracks. The ablation rate r, was

determined by

Va
f*Ltrack

‘r'a:v*

(2.11),

where v is the scanning velocity, f the pulse repetition rate, V, the ablation volume and Lrack is the
length of the track. In order to improve the precision of the ablation rate calculation, the ablation

volume was measured at three areas along the linear tracks and the average value calculated.
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2.3. Material characterization methods

The laser treated surfaces were characterized in terms of morphology, chemical constitution and
crystallographic structure. The morphology of ablation surfaces was analyzed by scanning electron
microscopy (SEM). The chemical constitution of laser treated surfaces was investigated by
microRaman spectroscopy and Fourier transform infrared (FTIR) spectroscopy techniques. The

crystallographic structure was studied by grazing incidence X-ray diffraction (GI-XRD) technique.

2.3.1. Scanning electron microscopy

Scanning electron microscopy (SEM) allows studying the morphology and the microstructure of
material surface with high resolution. Therefore, it is a main technique used for analyzing the
surface morphology of the laser treated surfaces. An intense electron beam is generated by the
electron gun and focused on the specimen surface. The beam is scanned in a raster fashion across
the surface of the specimen. A variety of signals is generated due to the interaction of the primary
electron beam with matter, in particular secondary electrons, backscattered electrons and X-rays
(Figure 2.5). Different signals have their origin in different regions of the sample and give specific
information about the topography of the specimen surface and its chemical composition. Secondary
electrons are produced when loosely bound atomic electrons are released due to interaction with
the primary electrons. Secondary electrons have a small mean free path in the material due to their
low energy. Therefore, they provide information from a shallow depth (10-100 nm) of the material.
Backscattered electrons are formed by the scattering of primary electrons by nuclei of atoms in the
specimen. The number of backscattered electrons increases with the atomic number of the atoms in
the target and, hence, the resulting signal contains information on the target’s elemental
composition. Because of the higher escape depth of backscattered electrons (up to several microns),
this imaging mode provides lower resolution than the secondary electron imaging mode. Elemental

microanalysis can also be carried out using the SEM. This relies on the detection of X-rays of
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characteristic energy, which are emitted due to the interaction of the electron beam with atoms of
different species. Since the incident beam has a large penetration depth and the X-rays have a large
escape depth, this method of chemical analysis is significantly less surface sensitive than other
techniques such as XPS, SIMS and AFM.

In this work, the scanning electron micrographs were acquired in the secondary electron imaging
mode using a JEOL 7001F (JEOL ©, Tokyo, Japan) field-emission gun scanning electron microscope
operated at an electron acceleration voltage of 10 kV. To avoid charging effects, the samples were
coated with a gold-palladium film by direct current sputtering prior to observation. Electron
micrographs were taken at magnifications in the range 50 - 10000 in order to visualize the surface
morphology at different scales and at different positions on the specimen surface. For each laser
processing condition three specimens were analyzed to confirm the reproducibility of the laser
process. The EDX analysis was performed at 10 kV acceleration voltage and the generated X-ray was
acquired with a light element EDX detector (Oxford Instrument ©, United Kingdom) to obtain
reliable analysis results for light elements such as C and O. The ZAF correction was performed on
the acquired EDX spectra by the integrated INCA software (Oxford Instrument ©, United Kingdom).
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Figure 2.5: Generalized illustration of various electron- specimen interactions and the

corresponding interaction volumes. Adapted from Lloyd?2s.
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2.3.2. X-ray diffraction

X-ray diffraction (XRD) is a non-destructive technique that allows identifying the crystallographic
structure of a material based on the diffraction of X-rays by the crystallographic planes. As the
incident X-ray radiation interacts with atoms in a material, it can be scattered by elastic scattering
mechanism, forming spherical waves. Constructive interference of the scattered waves occurs if the
Bragg law of diffraction is fulfilled, which can be expressed by the following equation

ZthISine =nAi (212),

where dpu is the interplanar distance of planes in the {hkl} family, © and A the incident angle and
wavelength, respectively, of the X-ray radiation, n is an integer number defining the order of the
reflection.

The value of On« for which the diffraction occurs depend on the interplanar distances characteristic
for the crystalline structure of the phases that constitute the material. On the other hand, the
intensity of the diffracted beam depends on several factors including the atomic species present and
the localization of atoms in the unit cell!2”. Consequently, constituent phases in a specimen can be
identified by comparing diffraction peaks in its diffractograms with those of known materials. A
compilation of diffractograms of a vast amount of materials can be found in ICDD cards

(International Center for Diffraction Data).

Incident plane wave
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Figure 2.6: Diffraction of X-ray radiation by crystallographic planes with interplanar distance of du.

The diffractive waves form constructive interference if the Bragg condition is satisfied.
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In the present work, the grazing-incidence configuration was used for X-ray diffraction analysis due
to its high sensitivity to the specimen surface region. The X-ray radiation was incident to the
specimen surface at a small angle, which was fixed during the analysis while scanning the detector
over a range of 20 diffraction angle Figure 2.7. The intensity of the scattered signal can be expressed

by128

1(2) = loexp(—p (s + ———) (2.13),

sina  sin(26-a)
where Iy is the intensity of incident radiation, p the absorption coefficient of the material, z the

depth at which the diffracted radiation was generated, and a is the angle of incidence.

Figure 2.7: Configuration for grazing incidence X-ray diffraction analysis.

In the present work, the grazing incidence X-ray diffraction (GI-XRD) analysis was performed with
Bruker D8 Advance diffractometer equipped with a Goebel mirror, using Cu Ka radiation (A =
0.15418 nm), a mixture of two characteristic X-ray emission lines of Cu Kal (A = 0.154056 nm) and
Ka2 (A = 0.154439 nm). The angle of incidence was fixed at 0.2°. The 26 angle was varied in the
range 10 to 80° with a step of 0.02° and acquisition time of 10 seconds per step. The evolution of
scattered intensity with penetration depth with these experimental conditions is plotted in Figure

2.8. The calculation was performed using the absorption coefficient of cortical bone, a tissue with
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similar chemical constitution as dental hard tissues, at 0.15418 nm (28.773 cm-1129), and 26 value of
31.73°, the angle at which the most intense diffraction peak of hydroxyapatite appears. Figure 2.8
indicates that intensity of the diffracted signal decreases rapidly with increasing depth and,
therefore, most of the detected intensity is originated from a surface region of less than 5 pm thick
with the aforementioned experimental conditions. For each laser processing condition two
specimens were analyzed by the GI-XRD method.
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Figure 2.8: Evolution of scattered intensity with penetration depth in XRD analysis using grazing

incidence configuration.

2.3.3. Vibrational spectroscopies

2.3.3.a. Raman spectroscopy

As radiation interacts with molecular structures in a material, it can excite the molecules to a virtual
state, followed by their relaxation to the ground state leading to emission of photons with similar
energies as the incident ones. Due to the conservation of the photon energy, the process is
categorized as elastic scattering, which happens to a majority of incident photons. Besides, inelastic
scatterings of photons, known as Stokes and anti-Stokes scattering, can take place with the
involvement of phonons or change in vibrational state of the molecules. Stokes scattering leads to

relaxation of the molecules to a higher vibrational state and, hence, emission of photon with lower
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energy than the incident photon. On the contrary, for anti — Stokes scattering, the molecules are
excited from a high vibrational state before relaxing to the ground state and the emitted photon has
higher energy than the incident one. In principle, Stokes scattering has higher probability than anti-

Stokes. Scattering phenomena in material is summarized in Figure 2.9.
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Figure 2.9: Possible scattering processes between incident photons and material.

In Raman spectroscopy, the molecules are excited by laser radiation and the scattered radiations are
collected and analysed by a spectrometer. The radiation generated by Rayleigh scattering radiation
is filtered out because of the lack of molecular information it contains and of its very high intensity.
The difference in terms of photon energy between scattered photons and incident ones allows
vibration energy states in a material to be determined. Compounds existing in a specimen can be
identified by comparing the peaks observed in its Raman spectra with the spectra of known
substances. Even though the Raman shift can be expressed in various units, wavenumber is the most

commonly used. The wavenumber of the Raman shift is calculated as

~ 1 1
AVgaman = - (2.14),

Alaser Ascattered

where Ajaser, Ascattered are the wavelengths of the laser source and of the scattered radiation,

respectively.
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In the present work, microRaman analysis was performed using a Horiba LabRAM HR800 Evolution
(Jobin-Yvon ©, France) spectrometer. The instrument was coupled with a confocal optical
microscopy system, allowing higher spatial resolution than conventional Raman systems. Radius of

the laser spot on the specimen surface can be calculated by
A
Wraman = 0.61—~ (2.15),

where A and NA are wavelength of the excitation laser and numerical aperture of the microscope

objective used, respectively. The depth of analysis is given by

8WRaman
danalysis = }Iz\lA (2.16).

A 50X objective with NA = 0.75 and a laser source with radiation wavelength of 532 nm were used
in the present work, leading to a laser spot diameter of 0.87 pm and a depth of analysis of 4.62 uym. A
600 lines/mm grating spectrograph was used, allowing a resolution of 2 cm! to be achieved. Raman
spectra were acquired with duration of 40 s and 20 accumulations. Several surface locations in each
laser treated specimen were analysed to confirm the reproducibility of the laser treatment and of

the analysis.

2.3.3.b. Infrared spectroscopy

Contrarily to Raman spectroscopy, infrared vibrational spectroscopy is based on the absorption of
infrared radiation by molecules in a material. Due to the low photon energy in this spectral region,
radiation absorption can only induce transitions between vibrational levels of a molecule.
Consequently, information about the vibrational energy levels of a material can be obtained from its
IR spectra.

In the present work, Fourier transform infrared spectroscopy (FTIR) analysis was performed in
attenuated total reflectance (ATR) configuration. The IR beam is directed into a crystal with high
refractive index, whose surface is in close contact with the sample’s surface. The beam is reflected at

the internal surface of the crystal, creating an evanescent wave travelling into the sample. The
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evanescent wave is attenuated exponentially with increasing propagating distance. Some of its
energy is absorbed by the sample and the reflected radiation is collected by a detector. Solid
samples are usually clamped against the ATR crystal to minimize the presence of air trapped at the
interface and enhance the propagation of evanescent wave in the samples.

In the present work, the FTIR analysis was performed with a Nicolet 5700 FTIR spectrometer
(Thermo Electron Corporation ©, USA) equipped with a solid-substrate beam splitter and a
deuterated triglycine sulfate thermoelectrically cooled detector. A diamond/ZnSe ATR crystal
(n = 2.4) was used. The spectra were acquired in the mid-infrared region (400 - 4000 cm-1) with a
spectral resolution of 4 cm-1. The final spectra were averaged from 512 accumulations. A schematic

diagram of the ATR configuration used is displayed in Figure 2.10.

Sample

Evanescent wave

«— ATR crystal

Figure 2.10: Schematic diagram of the ATR setup used in the present work.

IR beam

Depth of penetration of the IR beam into the sample, defined as the distance required for the electric

field amplitude to fall to e! of its value at the surface, can be calculated by

d _ A
analysis = p(n2sin26-n2)1/2

(2.17),

where A is the radiation wavelength, n; and n; the refractive indexes of the ATR crystal and sample,
respectively, and 0 is the incidence angle of the IR beam for the configuration used (6 = 42°).The

evolution of the depth of penetration of the IR beam in dentin with wavenumber in the range 400 -
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4000 cm is plotted in Figure 2.11. The refractive index value for dentin of 1.54130 was used and this
value was assumed to be constant within the wavenumber range used. For each laser processing

condition, three specimens were analyzed by the FTIR method.
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Figure 2.11: The evolution of IR beam penetration depth with wavenumber of the ATR configuration

used in the present work.

2.4. Adhesion to laser-treated dentin surfaces

2.4.1. Sample preparation

Sixty non-carious human molars were selected, cleaned and embedded in epoxy resin (MA2+ ®,
Presi ©, France), which could be hardened at room temperature. Plane dentin surface was obtained
by cutting parallel to the occlusal surface and at a distance of approximately 3 mm with a low speed
diamond saw (Accutom-50, Struers ©, Denmark). The exposed surface was polished using a 600 -
1000 - 2500 grit sequence of SiC papers. Polished specimens were stored at 4°C in sealed plastic
bags with wet tissue papers to keep the teeth moist up to the surface preparation experiments.

The samples were randomly assigned into six groups (n=10) and three sets of surface treatment
conditions were tested. The surface of the specimens in groups 1 and 2 were prepared by a tungsten

carbide burr with a tip diameter of 1 mm rotating at 11000 rpm without water cooling. The burr
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was linearly translated while being pressed on the specimen surface to create linear tracks, which
were overlapped until full surface coverage was achieved. This drilling procedure was performed
twice for the translation of the burr in xx and yy directions. Specimens in the remaining groups
were treated with the femtosecond laser using the treatment procedure described in Section 2.2.2.b.
Laser pulse energy of 80 pJ, corresponding to average fluence of 2 J/cm2, was used for groups 3 and
4 while pulse energy of 560 pJ, corresponding to average fluence of 14 J/cm?, was used for groups 5
and 6, representative of the range of average fluence tested in the present work. Treated specimens
were rinsed in copious water flow; those treated with the laser were also ultrasonicated to remove
redeposited ablation debris.

In the present study, the self-etch adhesive product Adhese Universal ® (Ivoclar Vivadent ©,
Liechtenstein) was used for the adhesion test. The adhesive system contains a mixture of
hydroxyethyl methacrylate (HEMA), decandiol dimethacrylate (D3MA), bisphenol A glycidyl
methacrylate (bis-GMA), methacryloyloxydecyl dihydrogen phosphate (MDP) and methacrylated
carboxylic acid polymer (MCAP) monomers. The adhesive resin has a pH value in the range 2.5 - 3.0,
allowing it to be applied directly on dentin surfaces (self-etch mode) or with prior etching step
(total-etch mode). Both application modes were tested in the present work. Groups 1, 3 and 5 were
subject to self-etch mode and groups 2, 4 and 6 to total-etch mode. Etching of dentin surface was
performed with a silica - thickened etching gel product (Scotchbond Universal Etchant ®, 3M
Deutschland GmbH ©, Germany), which contains 32 wt.% phosphoric acid and has a pH value of
approximately 0.1. The etchant was left on specimen surface for 15 s, according to the supplier’s
instructions, and rinsed with copious water flow. The adhesive liquid was firmly applied on the
tooth surface with a brush tip, which was then rubbed on the specimen surface for 20 s. Excessive
water in the adhesive layer was removed by drying with gentle oil - free air stream for 5 s.
Polymerization was performed by using a LED device (Bluephase Style ®, Ivoclar Vivadent ©,

Liechtenstein), which emits within the spectral range 385 - 515 nm and with power approximately
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1000 mW, for 10 s. Afterwards, a vinyl ring with internal diameter and height of approximately 5
and 4 mm, respectively, was placed on the adhesive surface, filled with composite resin (Tetric
Evoceram Bulk Fill ®, Ivoclar Vivadent ©, Liechtenstein). The composite resin was cured by the
Bluephase Style LED device for 20s. The bonded specimens were stored again at 4°C in tightly
sealed plastic bags containing a wet tissue paper to maintain a moist storage environment for 24
hours before the adhesion tests. The surface preparation and bonding procedures performed in the
present study are presented in Figure 2.12. A digital photo of specimens prepared for adhesion tests
is displayed in Figure 2.13.

Besides, the aforementioned surface treatment and bonding procedures were performed on dentin
disks to investigate the adhesive - dentin interaction. Slices were extracted by cutting, with the
diamond saw, bonded specimens in a plane perpendicular to the adhesive - dentin interface. They
were polished with a 1000 - 4000 grit sequence of SiC papers and, then, with an alumina
suspension (particle diameter ~ 0.04 um). The slices were ultrasonicated to remove the abrasion

debris and dehydrated before SEM observations.
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Figure 2.12: Schematic diagram for the surface preparation and

bonding procedure performed for the adhesion test.

Figure 2.13: Photo of bonded specimens used for shear tests.
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2.4.2. Shear tests and failure mechanism analysis

Bond strengths of the adhesive to treated dentin surfaces were evaluated by shear tests performed
using a universal testing instrument (Model 5567, Instron Corp.©, USA). A 4 mm thick metallic plate
was firmly fixed to the cross head of the testing instrument, and connected to the composite block
bonded to dentin surfaces via a 5.5 mm diameter hole drilled in the plate (Figure 2.14). The metallic
plate was moved at a constant velocity of 0.02 mm/s in a plane parallel to the bonded surface with
increasing force applied by the instrument. The experiment was stopped once mechanical failures

occurred in the specimens and the bond strength o was determined by

— Frailure
o= (2.18),
where Frilre is the applied force recorded when the failure occurs and A is the bonded area. Photos

of the setup employed for the shear tests are displayed in Figure 2.15.
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Figure 2.14: Schematic diagram of the setup used for shear tests.
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Figure 2.15: Digital photos of the setup used for shear tests.

After the shear tests, dentin disks were extracted from the tested specimens by cutting in a plane
parallel to the fracture surface and at a distance of 2 mm. Morphology of fractured surfaces was
investigated by SEM to study the predominant failure mechanisms. Failure mechanism was
classified as cohesive (exclusive within dentin or resin composite), adhesive (mostly at the adhesive

- dentin interface) or mixed?31.

Laser ablation of dentin and its medical application Page 55



3. Experimental results

In this chapter, major results obtained in this thesis are presented as follows:

e Characterization of craters created on enamel surface with stationary laser beam at 1
Hz pulse repetition rate, average fluence and number of laser pulses in the ranges
4-14]/cm?and 5 - 75, respectively.

e Determination of the ablation threshold and of the incubation coefficient of enamel.

e Characterization of enamel surfaces treated by scanning the laser beam over the
surface while pulsing the laser at 1 kHz pulse repetition rate, average fluences of 4, 9
and 14 J/cm? and scanning velocity of 5 mm/s.

e Characterization of craters created on dentin surface with stationary laser beam at 1
Hz pulse repetition rate, average fluence and number of laser pulses in the range 2 - 14
J/cm2and 5 - 150, respectively.

e Determination of the ablation threshold and of the incubation coefficient of dentin.

e Characterization of dentin surfaces treated by scanning the laser beam over the surface
while pulsing the laser at 1 kHz pulse repetition rate, average fluences of 2, 7 and 14
J/cm2 and scanning velocity of 5 mm/s.

e Measurement of pulpal temperature during laser treatment on dentin with 1 kHz pulse
repetition rate, average fluences of 2, 7 and 14 J/cm?, scanning velocity of 5 mm/s and
treatment duration of 240s.

¢ Influence of external cooling on the increase of pulpal temperature and on morphology
and chemical constitutions of laser treated dentin surfaces.

e (Characterization of dentin surfaces prepared by a conventional tungsten carbide burr.

e (Comparison of the adhesion of dental restorative materials to dentin surfaces prepared

by femtosecond laser or carbide burr.
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3.1. Ablation behavior of dental enamel

3.1.1 Laser experiments in stationary conditions

Craters were created on enamel surfaces with laser pulse energies and numbers of laser pulses
varying in the ranges 160 - 560 pJ and 5 - 75, respectively. Diameters of the craters were measured
on their SEM images and used for the determination of the ablation threshold of enamel by the D2

method (Section 2.2.2.a). The morphology of the ablation surfaces was observed by SEM as well.

3.1.1a Ablation threshold and incubation coefficient

Figure 3.1 displays representative SEM images of craters created on enamel surfaces with laser
pulse energies and numbers of laser pulses varying in the ranges 160 - 560 pJ and 5 - 75,
respectively. The cracks occasionally observed on enamel surface are due to the dehydration
process performed before SEM observation of the specimen and did not result from the laser
treatment. Diameter of the craters was measured on these micrographs using Image] software
(Bethesda, Maryland, USA)132. The laser spot diameter at 1/e? the maximum intensity was
determined from plots of the square of the craters’ diameter as a function of the logarithm of laser
pulse energy according to equations 2.2 and 2.5 (Section 2.2.2.a), leading to a value of 71 pm.
Knowing this diameter, the average fluence could be calculated according to equation 2.6. The plots
of the square of craters’ diameter versus the average fluence for different numbers of laser pulses
are depicted in Figure 3.2. The ablation thresholds were determined by extrapolating the D2 to zero
for each number of laser pulses. The evolution of ablation threshold with number of laser pulses is
presented in Figure 3.3a. The observed decrease of ablation threshold with increasing number of
laser pulses indicates the existence of an incubation effect, as described in Section 2.2.2.a. The
relationship between the accumulated fluence N*Fw(N) and number of pulses N, as expressed by

equation 2.8, is depicted in Figure 3.3b. The slope of the line represents the incubation factor S. The
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values of the single pulse ablation threshold and of the incubation coefficient of enamel determined

are 2.72 £0.30J/cm2and 0.74 £ 0.03, respectively.

160 W 360 w 560

5 pulses

20 pulses

40 pulses

75 pulses

Figure 3.1: SEM images of craters created on enamel surface. The laser pulse energy and number of

laser pulses were in the ranges 160 - 560 pJ and 5 - 75, respectively.
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Figure 3.2: Semilogarithmic plot of D2 as a function of the average fluence for each value of number
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Figure 3.3: (a) Variation of the ablation threshold of enamel with number of pulses and (b) plot of
the accumulated fluence versus number of pulses.
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3.1.1b Morphology of ablation surfaces

High magnification SEM images of the craters created with a stationary laser beam are depicted in
Figure 3.4 - 3.7. The craters are well-defined, with no significant alteration in the surrounding
material. The ablation surface both at the center and at the periphery of the craters, is covered by a
layer of resolidified material, indicating that melting of the hydroxyapatite in enamel occurred. This
is true even for an average fluence as low as 4 J/cm? and 5 laser pulses (Figure 3.4a and b). It is
worth emphasizing that this fluence is approximately two times higher than the ablation threshold,
which is 1.86 * 0.16 ]J/cm? for 5 laser pulses, as indicated in Figure 3.3. The layer of resolidified
material presents round pores opening at the surface and traces of collapsed gas bubbles, showing
that gases were released from the melted material, leading to the formation of bubbles that
collapsed upon reaching the surface. It is likely that the released gas consisted of CO; and gaseous
H,0, generated by the decomposition of the carbonated hydroxyapatite present in dental
enamel!33134, The morphology of the ablation surface is not significantly affected by the average

fluence and the number of laser pulses.
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Figure 3.4: Morphology of craters created on enamel surface using 5 laser pulses with average

fluences of 4 ] /cm2 (a, b), 9 ]/cm2(c, d) and 14 J/cm? (e, f).

Laser ablation of dentin and its medical application Page 61



Figure 3.5: Morphology of craters created on enamel surface with average fluence of 4 ] /cm? using

20 (a), 40 (b) and 75 (c) laser pulses.
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Figure 3.6: Morphology of craters created on enamel surface with average fluence of 9 ] /cm2 using

20 (a), 40 (b) and 75 (c) laser pulses.
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Figure 3.7: Morphology of craters created on enamel surface with average fluence of 14 J/cm? using

20 (a), 40 (b) and 75 (c) laser pulses.

3.1.2 Laser experiments in non-stationary conditions

This part of the study concerns laser experiments performed on enamel surfaces by moving the
specimens at a velocity of 5 mm/s, while pulsing the stationary laser beam at a pulse repetition rate
of 1 kHz. The ablation rate of enamel in these processing conditions was determined by calculating
the volume of the linear tracks created on the specimen surface with different radiation fluences on
the basis of white light interferometer surface profiles (Section 2.2.2.d). In this experiment, each
surface location received 14 laser pulses. Large treated areas were also prepared for surface
morphology and chemical constitution analysis by SEM and microRaman spectroscopy, respectively,

by overlapping the linear tracks with a lateral displacement of 0.01 mm (Section 2.2.2.b). In these
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conditions, the consecutive linear tracks were overlapped by 86%, taking into consideration that
2wo equals 71 pm (Section 3.1.1), and each surface location received 100 laser pulses (equation

2.10).

3.1.2a Ablation rate

The evolution of the track’s width with average fluence in the range 3 - 14 ]J/cm? is presented in
Figure 3.8a in a semilogarithmic plot. The data show good agreement with equations 2.2 and 2.3
(Section 2.2.2.a), which describe the dependence of the diameter of craters ablated by a laser beam
with a Gaussian intensity distribution on the average fluence. On the contrary, the variation of the
track depth (Figure 3.8b) and of the ablated volume per laser pulse (Figure 3.9) with fluence show a
rapid increase in the range 3 - 6 ]J/cm?, followed by saturation at higher fluences. With the tested
range of fluence, a maximum ablation rate of 25 * 102 ums3 per laser pulse is achieved for a fluence of

14 ]/cmz2,
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Figure 3.8: Widths (a) and depths (b) of the linear tracks created on enamel surface at 1 kHz pulse

repetition rate, 5 mm/s scanning speed and fluences in the range 4 - 14 ] /cmz2.
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Figure 3.9: Evolution of ablation rate of enamel with radiation fluence.

3.1.2b Surface morphology

SEM micrographs of enamel surfaces treated with average fluence of 4, 9 and 14 J/cm?, pulse
repetition rate of 1 kHz and scanning velocity of 5 mm/s are depicted in Figure 3.10. Contrarily to
the ablation surfaces produced at 1 Hz repetition rate (Figure 3.4 - 3.7), the morphology varies
considerably when the laser beam is scanned continuously while pulsing at 1 kHz pulse repetition
rate. In particular, the ablation surfaces produced at 1 kHz pulse repetition rate are covered by a
large amount of redeposited resolidified droplets and ablation debris (Figure 3.10). The amount of
redeposited material increases with increasing radiation fluence and aggregates with 3 - 4 pm,
approximately, in diameter are observed in specimen treated with 14 J/cm? (Figure 3.10c). The
layer of redeposited material is poorly adhered to the surface and can be easily removed by
ultrasonication, exposing areas of resolidified material underneath (Figure 3.11). The observed
morphology indicates that thermal effects play a more important role in the ablation of enamel in
these processing conditions, leading to the ejection of a large amount of resolidified droplets and
ablation debris, which aggregate into clusters and redeposit at the ablation surfaces.

Thickness of the molten layer that covers the laser treated surfaces was evaluated by fracturing the

specimens in liquid nitrogen and observing their cross section by scanning electron microscopy. The
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SEM micrographs are presented in Figure 3.12. In the specimens treated with 4 and 9 J/cm?, the
layer of resolidified material cannot be clearly distinguished and the enamel rods are observed at
the proximity of the laser treated surface (Figure 3.12a and b). On the contrary, a surface layer of
resolidified material can be clearly observed in the specimen treated with 14 J/cm? (Figure 3.12c).
This layer presents a uniform structure and traces of bubbles of gas as a result of the decomposition

of hydroxyapatite during laser treatment. The thickness of the resolidified layer varies significantly

from place to place, reaching a maximum value of 1.5 um in some locations.

&
:

Figure 3.10: SEM micrographs of enamel surface treated with 1 kHz pulse repetition rate, 5 mm/s

scanning velocity and fluences of 4 ] /cm? (a), 9 J/cm? (b) and 14]/cm? (c).
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Figure 3.11: Morphology of laser treated enamel surfaces after ultrasonication. The laser treatment
were performed with pulse repetition rate of 1 kHz, scanning velocity of 5 mm/s and fluences of

4]J/cm2 (a,b),9]/cm? (c,d) and 14 J/cm?2 (e, f).
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Resolidified material

Pristine enamel rods

Figure 3.12: SEM micrographs of the cross section of enamel surfaces treated with 1 kHz pulse
repetition rate, scanning velocity of 5 mm/s and average fluences of 4 | /cm2 (a), 9 ]/cm? (b) and 14
J/cm2 (c). The border between the resolidified material layer and unaltered enamel structure
observed in specimen treated with 14 J/cm? is indicated by a red dashed line. Traces of bubbles

formed during melting of hydroxyapatite are marked by asterisks (*).

3.1.2c X-ray diffraction

The phases present in the laser treated enamel surfaces were analyzed by grazing incident X-ray
diffraction. The diffractograms of polished and laser treated enamel surfaces are shown in Figure
3.13. All the peaks observed in the diffractogram of the polished specimen can be indexed as
belonging to a non-stoichiometric hydroxyapatite, according to ICDD card number 9-432135, No new

peaks are observed in the diffractograms of the laser treated specimens despite the presence of the

Laser ablation of dentin and its medical application Page 69



resolidified material layer formed by melting of the hydroxyapatite. All the peaks observed can be
assigned to non-stoichiometric hydroxyapatite. No peaks that correspond to phases resulting from
the thermal decomposition of hydroxyapatite are observed. This result does not mean that no
decomposition of hydroxyapatite occurred. The absence of the new phases can be explained by the
fact that the thickness of the resolidified material, < 1.5 um as depicted in Figure 3.12, is much lower

than the depth of analysis of the GI-XRD technique used, which was estimated to be 5 um (Section

2.3.2).
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Figure 3.13: Diffractograms of polished and laser treated enamel. Angle of incidence: 0.2¢. The

indexed peaks correspond to hydroxyapatite.

3.1.2d Chemical constitution

The chemical constitution of the laser treated enamel surfaces was investigated by microRaman
spectroscopy. The Raman spectra of the laser treated specimens and the spectrum of a polished
sample, all normalized to the largest amplitude peak, at 960 cm-1, are shown in Figure 3.14. The
peak at 960 cm! corresponds to the v; vibration of the phosphate group in hydroxyapatite!4. The
bands at 440, 580 and 1025 - 1085 cm-! can be assigned to the v;, vsand v; vibrational modes of the

phosphate group136-138, A peak at 1070 cm-!, which corresponds to the v, vibration of the carbonate
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group 1433, is also observed due to the partial replacement of the hydroxyl and phosphate anions in

the hydroxyapatite lattice by carbonate anions. The band assignments for the Raman spectrum of

enamel are summarized in Table 3.1.

Arbitrary unit (a.u.)

Table 3.1: Band assignments of enamel Raman spectral3?

9J/cm?

Peak position (cm1) Assignment
440 vz mode of P43
580 vsmode of PO43-
960 vimode of PO43-
1033 vzmode of PO43-
1070 vi mode of CO3?-
v, PO, (HA)
v, PO 1 |
@) Yo | ) >
V3 4™ 3- |
v, PO v, PO v; COZ v, PO,* (ACP) !
¥ polished "N \b:
E 1 polished
4 Jjem? = 4)/cm?
5
E

9 J/lcm?

14 Jlcm?

400 500 600 700 800 900 1000 1100 1200

Wavenumber (cm™)

14 J/cm?

T T T T T T T T T I T T T T T T T T T 1
900 910 920 930 940 950 960 970 980 990 1000
Wavenumber (cm™)

Figure 3.14: Raman spectra of polished and laser treated enamel (a) and a magnified view of the

spectral range 900 - 1000 cm-1. Positions of the peaks corresponding to vi mode of PO43- in

hydroxyapatite (HA) and amorphous calcium phosphate (ACP) are indicated.
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Figure 3.14a reveals that the relative intensity of the vi peak of PO43- decreases with increasing
fluence, indicating that nanocrystalline and/or amorphous calcium phosphate (ACP) is formed in
the enamel surfaces due to the laser treatment!39140, The presence of ACP is confirmed by an
increase of the relative intensity in the region around 950 cm- in the laser treated specimens,
especially with 14 J/cm? as compared to the untreated specimen spectrum (Figure 3.14b). After
ultrasonication, Raman spectra of laser treated specimens become similar to the spectrum of
polished specimen, as depicted in Figure 3.15. This result indicates that ACP is mainly concentrated
in the redeposited ablation debris, which were removed by the ultrasonication (Figure 3.11), and
that the chemical constitution of underlying structure is similar to that of pristine enamel. The
chemical constitution of the layer of resolidified material could not be successfully analyzed due to
its very low thickness (< 1.5 pm) as compared to the probing depth of the microRaman technique

used (4.62 um, Section 2.3.3.a).

v, PO, (HA) |

v, PO (ACP)

\

polished

Intensity (a.u.)

4 )fcm?

9])/cm?2

141/cm?
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900 910 920 930 940 950 950 970 980 990 100
Wavenumber (cm™)

Figure 3.15: Raman spectra of polished and laser treated specimens after ultrasonication.

3.2. Femtosecond laser ablation of dentin

3.2.1. Laser experiments in stationary conditions
Craters were created on dentin surfaces with laser pulse energies and numbers of laser pulses

varying in the ranges 40 - 560 pJ and 5 - 150, respectively. The pulse repetition rate of 1 Hz was
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used. SEM observations were performed to analyze the morphology of the ablation surfaces as well
as to measure the craters’ diameters for the determination of dentin ablation threshold and

incubation coefficient.

3.2.1.a. Ablation threshold

SEM micrographs of craters created on dentin surface with the stationary beam are presented in
Figure 3.16, which allow the craters diameter to be measured. The average fluence was determined
from the laser pulse energy using equation 2.6 with a value of laser spot diameter at its 1/e?
maximum intensity of 71 um, this value is similar to the one calculated for enamel because the
focusing lens - specimen distance was similar in both cases. The plots of the square of craters’
diameter versus the average fluence for different numbers of laser pulses are depicted in Figure
3.17. A linear dependence can be observed at low average fluences (F. = 1 - 4 J/cmZ2), whose slope is
compatible with a laser spot diameter of 71 pm. On the contrary, the craters produced with high
average fluences (Fa > 4.5 J/cm?) and high number of pulses (N>40) present diameters smaller than
the values predicted by equation 2.2. This deviation is not due to the difference in ablation
mechanism since the SEM micrographs of the perimeter of the craters produced at high fluences and
high number of pulses present a morphology similar to the morphology of craters produced at
lower fluences and lower number of laser pulses. Instead, it might be explained by the influence of
ablation debris, which are ejected by the laser ablation and redeposit on the surface surrounding
the craters at the end of each ablation process. The redeposited debris can absorb the subsequent
laser pulse, reducing the radiation fluence available for the ablation of the underlying dentin. The
absence of this effect for low fluences and low numbers of laser pulses is probably due to the
negligible amount of redeposited material in this case. The amount of redeposited ablation debris

only becomes significant with high fluence and high number of laser pulses.
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Due to this inconsistency, the linear functions displayed in Figure 3.17 were only fitted for data
points within the average fluence range 1 - 4 J/cm2 The ablation thresholds values were
determined by extrapolating plot of D2 versus fluence to zero. The evolution of ablation threshold
with the number of laser pulses is presented in Figure 3.18a. The ablation threshold decreases for
increasing number of laser pulses, indicating the existence of an incubation effect in dentin. The
relationship between the accumulated fluence N*Fw(N) and the number of laser pulses N, as
expressed by equation 2.8 (Section 2.2.2.a), is depicted in Figure 3.18b. The values of the single
pulse ablation threshold and of the incubation coefficient of dentin determined from this equation

are 1.49 £ 0.13 ]/cm2and 0.79 * 0.01, respectively.
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80 W, 2J/cm? 270 W, 7 J/cm? 560 W, 14 J/cm?

5 pulses

20 pulses

40 pulses

75 pulses

100 pulses

150 pulses

Figure 3.16: SEM micrographs of craters ablated on dentin surface at 1 Hz pulse repetition rate.

Number of laser pulses, laser pulse energy and corresponding average fluences are indicated.
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Figure 3.17: Semilogarithmic plot of D2 as a function of th

e average pulse energy for each number of

pulses. The lines are linear fitting of the experimental data. The R?, slopes and intersection values

resulting from each fitting are indicated.
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Figure 3.18: (a) Variation of the ablation threshold with number of pulses and (b) plot of the

accumulated fluence versus number of pulses.

3.2.1.b. Surface morphology

SEM micrographs of the craters produced on dentin surface with 5, 20 and 40 laser pulses, average
fluences of 2, 7 and 14 ]/cm? and at a pulse repetition rate of 1 Hz are depicted in Figure 3.19- 3.21.
The ablation surfaces show no sign of resolidified material. The original structure of dentin, with
hydroxyapatite nanocrystals and open dentinal tubules can be clearly observed, regardless of the
radiation fluence and number of laser pulses used. The result indicates that the influence of thermal
effects on the ablation of dentin is negligible, contrarily to the ablation of enamel, which involves
melting of the surface for the same fluence range, as presented in Section 3.1.1b. In addition, no
mechanical damage of the tissue is observed. The sub-micron sized cracks occasionally observed in
the peritubular dentin are probably due to the dehydration process performed before SEM

observation.
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Figure 3.19: Morphology of craters created on dentin surface with fluence of 2 ]/cm? and with 5 (a),

20 (b) and 40 (c) laser pulses.
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Figure 3.20: Morphology of craters created on dentin surface with fluence of 7 ] /cm? and with 5 (a),

20 (b) and 40 (c) laser pulses.
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Figure 3.21: Morphology of craters created on dentin surface with fluence of 14 J/cm?2 and with 5

(), 20 (b) and 40 (c) laser pulses.

3.2.1.c. Influence of collagen content in the ablation of dentin

The absence of resolidified material on the ablation surfaces of dentin, as opposed to that of enamel,
suggests that their predominant ablation mechanisms are different. Such differences might be due
to the presence of collagen molecules in dentin, which can be ablated at low fluences102141 by
photochemical or photothermal mechanisms, leading to a reduction of dentin’s cohesive strength
and facilitating the tissue removal. The influence of collagen on the ablation of dentin was studied
by performing laser experiments on a dentin specimen pre-treated with a 10 wt.% NaOCI solution
for 1 hour to partially remove the collagen molecules in the surface region. Craters were created

with average fluence of 2, 7 and 14 ]/cm?, 5 laser pulses and 1 Hz pulse repetition rate, parameters
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that are similar to those applied to produce the craters presented in Figure 3.19 - 3.21. SEM
observations were performed to study the surface morphology and to measure the craters.

The ablation threshold of the dentin specimens pretreated with NaOCl, determined by the D2
method, was 1.25 + 0.12 J/cm?, a value similar to the ablation threshold of dentin (1.1 * 0.3 J/cm?,
Figure 3.18a). On the other hand, the ablation surfaces (Figure 3.22) present traces of resolidified
material and sub-micron collapsed bubbles, a morphology that resembles the morphology of the
ablated enamel surface (Figure 3.4). The resolidified material was observed even in craters
produced with a fluence as low as 2 J/cm?, contrarily to what happens for pristine dentin. The
presence of resolidified material in the specimens treated with NaOCI suggests that the role of
thermal effects is more important when ablation occurs in specimens that contain less collagen

molecules in the surface region.
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Figure 3.22: SEM images of craters created with 5 laser pulses and average fluence of 2, 7 and 14
]J/cm? on a dentin disk pre-treated with NaOCl. Traces of resolidified material are indicated by red

arrows.

3.2.2. Laser experiments in non-stationary conditions

Due to the relatively low ablation rate per pulse of dentin for femtosecond lasers, high pulse
repetition rates and high radiation fluences are necessary for caries removal treatment in clinics. In
this part of the study, the influence of high pulse repetition rates and radiation fluences on the
morphology and chemical constitution of dentin was investigated. The laser treatment of dentin
surfaces was performed by moving the specimens at a velocity of 5 mm/s while pulsing the laser
beam at 1 kHz pulse repetition rate. Firstly, linear tracks were produced on the dentin surfaces with

average fluences in the range 2 - 14 J/cmz2. The tracks were analyzed by a white light interferometer
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(Section 2.2.2.d) to evaluate the ablation rate. The ablation rate per laser pulse was calculated by
equation 2.11. Secondly, large areas were treated by overlapping the consecutive linear tracks
created on dentin surface with similar scanning parameters and with a lateral displacement of 0.01
mm between the tracks. These treated specimens were used for the characterization of morphology
and chemical constitution of laser treated dentin. The second set of experiments was performed

with average fluences of 2, 7, and 14 J/cm?2.

3.2.2.a. Ablation rate

The evolution of the track width with the average fluence in the range 2 - 14 J/cm? is presented in
Figure 3.23a by a semilogarithmic plot. The plot is in good agreement with the prediction of
equation 2.2. The ablation depth increases linearly with increasing fluence (Figure 3.23b), contrarily
to what was observed for enamel (Figure 3.8). This discrepancy was also reported by Ji et al.18 for
the ablation of dentin and enamel by a Ti:sapphire femtosecond laser (800 nm radiation
wavelength, 85 fs pulse duration). The plot of the resulting ablation rate versus radiation fluence is
presented in Figure 3.24. The ablated volume per laser pulse of dentin increases with fluence in the

tested range and reaches the value of 44*102 um3/pulse with 14 ] /cmz2.
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Figure 3.23: The evolution of width (a) and depth (b) of the linear tracks created on dentin surface

with radiation fluence in the range 2 - 14 ] /cm?2.
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Figure 3.24: Evolution of the ablation rate of dentin with radiation fluence

in the range 2 - 14 ] /cm2.

3.2.2.b. Surface morphology

The morphology of dentin surfaces treated with average fluences of 2, 7 and 14 ]J/cm? is depicted in
the SEM micrographs of Figure 3.25. The surface treated with 2 J/cm? is flat and presents an
irregular morphology with open tubules and a very small amount of redeposited ablation debris and
spherical resolidified droplets (Figure 3.25a). The amount of ablation debris increases with fluence
and the surfaces prepared with 7 and 14 ]J/cm? are covered by a layer of ablation debris and
resolidified droplets aggregated in relatively large clusters (Figure 3.25c and 3.24e€). The size of the
clusters increases with fluence. The presence of resolidified droplets indicates a more important
role of thermal effects in the ablation of dentin at 1 kHz pulse repetition rate as compared to 1 Hz
pulse repetition rate (Figure 3.19 - 3.21), probably due to the increased accumulation of laser-
induced heat in the ablation surface. Nevertheless, the layer of ablation debris is poorly adherent to
the surface and can be removed by ultrasonication (Figure 3.25b, d and f). High magnification SEM
images of these specimens are displayed in Figure 3.26. The dentinal structure is now clearly
exposed and the tubules remain open. Afterwards, the laser treated specimens were immersed in

liquid nitrogen and fractured with a sharp hammer blow on the backside. The cross-section of those
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specimens was observed by SEM. The micrographs depicted in Figure 3.27 show that the laser

treatments induce no significant damage in the remaining tissue.

Before ultrasonication After ultrasonication

Figure 3.25: Morphology of laser treated dentin surfaces before and after ultrasonication.

Fluences 2 J/cm2 (a, b), 7 ]J/cm2 (c, d), and 14 (e, f) ]/cm2. Pulse repetition rate 1 kHz.
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Figure 3.26: 10000X magnification SEM images of laser treated dentin surfaces after

ultrasonication. Average fluences 2 ] /cm? (a), 7 ] /cm? (b) and 14 J/cm? (c). Pulse repetition rate

1 kHz.
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Figure 3.27: Cross sectional SEM images of dentin specimens treated with average fluences of

2]/cm2?,7]/cm2, 14 ]/cm? and at 1 kHz pulse repetition rate.

3.2.2.c. Surface constitution

The constitution of laser treated dentin specimens was studied by FTIR spectroscopy, which
presents lower depth of analysis and better sensitivity to collagen than microRaman spectroscopy
(Section 2.3.3.b). The IR spectra of polished and laser treated dentin specimens are shown in Figure
3.28. They were normalized to the largest amplitude peak, at 1005 cm -1, which corresponds to the
v3 vibrational mode of the phosphate group of hydroxyapatitel#142. The peak at 960 cm- can be
assigned to the v; vibrational mode of the same anion, while the peak at 875 cm-! corresponds to the
v, vibrational mode of the carbonate anions and the peaks at 1415 and 1430 cm< to the v3

vibrational mode of the same anions substituted in B-type P43 and A-type OH- anionic sites,
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respectively 14142, The bands between 1680 and 1600 cm-!, and 1580 and 1510 cm-! correspond to
the vibrational modes of amide [ (C=0 stretching) and amide II (C-N stretching and N-H deformation

modes) groups of collagen, respectively 4. The assignments of dentin IR bands are summarized in

Table 3.2.
Table 3.2: Band assignments for dentin IR spectra
Band position (cm-1) Assignment
Phosphates 14143
875 vz mode of CO3?-
960 vimode of PO43- (symmetric stretch)
1005 vzmode of PO43- in apatitic environment (asymmetric stretch)
vzmode of PO43- in nonstoichiometric apatites
1020 containing HPO4%-and/or CO3%
1030 vsmode of PO43- in stoichiometric apatites
1109 Found in poorly crystalline apatites
1123 Found in HPO4? containing apatites
1415 vz mode of CO3? substituted in B-type PO43- anionic sites
1430 vz mode of CO32 substituted in A-type OH- anionic sites
Organics 143144
1238,1248 Amide III, B-sheet
1350 CH: wagging of the proline side chain
1400 v CO0%
1454 6 CHs
1540 Amide II, a-helix
1634 Collagen random coil
1650 Amide I, a-helix

Laser ablation of dentin and its medical application Page 88



amide Il

amide |

polished

Intensity (a.u.)

750 900 1050 1200 1350 1500 1650 1800 1950
Wavenumber (cm™)

Figure 3.28: Infrared spectra of polished and dentin specimens treated at 1 kHz pulse repetition rate

and fluences of 2, 7 and 14 J/cmz.

The FTIR spectrum of the specimen treated with 2 J/cm?2 is similar to the spectrum of the polished
specimen, showing that laser ablation with this low fluence does not change significantly the
constitution of dentin. On the contrary, the spectra of the specimens treated with 7 and 14 ]J/cm?
present some significant differences as compared to those of untreated dentin. On one hand, the
amplitude of the peaks corresponding to the vibrational modes of CO32 and to the amides decreases
after a laser treatment with 7 J/cm? and these peaks disappear when the surface treatment is
performed with 14 J/cm2. On the other hand, the width of the phosphate band at 1005 cm
increases and the narrow phosphate peak at 960 cm-!, which appears in the spectra of the polished
specimen and of the specimens treated with 2 and 7]J/cm2 is replaced by a broad peak at 950 cm-1 in
the spectrum of the specimen treated at 14 J/cm?2. Interestingly, the FTIR spectra of the specimens
treated with 14 ]J/cm? are similar to the spectrum of amorphous calcium phosphate (ACP)145146
indicating that this compound is the main constituent of the dentin surface after laser treatment

with this fluence. ACP peaks are also observed in the spectra of the specimens treated with 7 J/cm?2,
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but their amplitudes are lower, indicating that the proportion of this compound in the surface layer
decreased.

After removing the ablation debris by ultrasonication, the spectra of the specimens treated with 7
and 14 J/cm? become similar to the spectrum of the polished specimen (Figure 3.29), indicating that
the amorphous calcium phosphate exists mainly in the redeposited ablation debris and resolidified
droplets (Figure 3.25) and that the tissue underneath was unaffected by the ablation process. It
should be emphasized that the depth of sampling of the FTIR spectroscopy method used, estimated
assuming that the refractive index of dentin is 1.54 130 for the IR absorption spectral region of
collagen (1650 cm-1) is approximately 0.6 pm.

v; (PO,)*

vy (PO,)* /
| \& amide I

amide |

l

vz (CO3)*

polished

2 J/lcm?

Intensity (a.u.)

7 Jlcm?

14 J/cm?2

— T T T T T T T T T T T T T 1
750 900 1050 1200 1350 1500 1650 1800 1950
Wavenumber (cm™)

Figure 3.29: Infrared spectra of laser treated specimens after ultrasonication.

3.2.3. Heating of the teeth during laser treatments and influence of external cooling

Despite the lack of major thermal effects induced in dentin by femtosecond lasers, heat transfer to
the tooth bulk cannot be avoided, in particular when performing prolonged treatments with high
pulse repetition rates and high fluences, particular settings that are required to achieve high
material removal rates23117, [n this section, heating of the teeth induced by the femtosecond laser
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was studied by measuring temperature in the pulpal chamber during the laser treatments. The set-
up for the temperature measurements was described in Section 2.2.2.c. Two healthy molars were
used for this experiment. An area 3 x 3.5 mm2 was treated on one of the teeth in non-stationary
conditions with 5 mm/s scanning velocity, 1 kHz pulse repetition rate and radiation fluences of 2, 7
and 14 J/cm? to investigate the influence of fluence on the temperature rise. The duration of each
laser treatment was 240s. A similar laser treatment was performed on the second tooth with an
average fluence of 14 ]J/cm?, without cooling and with external cooling by an air jet and water
irrigation (Section 2.2.2.b). After each laser treatment the tooth was cooled to its initial temperature
and rehydrated by irrigation with flowing water. The excess of water was removed with a clean
absorbing paper tissue before the following laser treatment. The room temperature during these
experiments was 23.5°C. The area laser treatments with external cooling were also performed on
polished dentin disks to investigate the morphology and chemical constitution of dentin surfaces

treated in these conditions by SEM and FTIR spectroscopy, respectively.

3.2.3.a. Temperature measurement

The variation of the pulpal chamber temperature during a laser treatment without external cooling,
an average fluence of 7 ] /cm2 and a pulse repetition rate of 1 kHz is depicted in Figure 3.30a. Despite
the short pulse duration and the moderate pulse repetition rate, heat accumulates in the tooth
leading to a rapid increase of the temperature, which reaches 34.5°C after 65 s, then remains
approximately constant during the full duration up to the end of the laser treatment (175 s more).
The temperature decreases after stopping the laser irradiation, but the cooling rate is quite low due
to the low thermal diffusivity of dentin3>. The behavior is similar for the other fluences tested. The
temperature variation increases with fluence from approximately 3.1°C for 2 J/cm2 to 17.5°C for 14

J/cm2 and for 240s laser treatments (Figure 3.30b).
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The maximum temperature reached during laser treatments performed with 14 ]J/cm?, without and

with forced cooling are summarized in Table 3.3. The maximum temperature observed without

external cooling in this set of experiments was 39.3 + 0.5°C. Cooling with an air jet leads to a

decrease of the maximum temperature to 34.3 + 1.0°C,

temperature is 30.1 + 2.3°C.

while for water irrigation the maximum
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Figure 3.30: (a) Variation of the pulpal temperature during laser treatment performed in air

with 7 J/cm? and (b) Variation of the maximum pulpal temperature with fluence.

Table 3.3: Influence of external cooling on the maximum pulpal temperature reached during

laser treatment with 14 ] /cm?

Cooling mode

Average temperature (°C)

No cooling 39.3+0.5
Air jet 343+1.0
Air jet + water irrigation 30123

3.2.3.b. Surface morphology

The surface morphology of dentin specimens treated with external cooling is depicted in the SEM

micrographs of Figure 3.31. The surface prepared with air cooling and fluence of 2 J/cm2 is partially

covered by a layer of redeposited ablation debris and a few resolidified droplets, which obstruct the
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structure of the underlying tissue (Figure 3.31a). The amount of redeposited material increases with
fluence and the ablation debris form a continuous layer for surfaces treated with 7 and 14 J/cm?
(Figure 3.31c and e). This layer can be observed in cross-section depicted in Figure 3.32. Its
thickness increases with fluence (approximately 2 and 4 pm for 7 and 14 ]/cm?, respectively).
However the structure of the dentin below this layer was not affected by the ablation process within
this fluence range. As compared to the ablation surfaces produced without cooling (Figure 3.25),
those treated with air cooling present significantly higher amount of resolidified droplets in the
redeposited material. This result might be explained by the dehydration of dentin by the air stream,
leading to reduced heat capacity of the tissuel?’, and, hence, more important role of thermal effects
in the ablation process. On the contrary, water - cooled specimens present rougher surfaces and the
amount of redeposited debris is smaller than with air jet cooling. The layer of redeposited material
is discontinuous for 2 and 7 J/cm?, leaving the dentinal tubules exposed (Figure 3.31b and d). For 14
]J/cm? the ablation debris layer is continuous and it obstructs the dentinal structure (Figure 3.31f).
Regardless of the external cooling method used, the ablation debris can be easily removed by
ultrasonication, revealing that the structure of the underlying dentin was not affected by the laser

treatment (Figure 3.33).
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Air cooling Air cooling + water irrigation

Figure 3.31: Morphology of dentin surfaces treated with air and water cooling. Fluences 2

J/cmz2 (a,b), 7 ]/cm2 (c, d), and 14 (e, f) J/cmz2.
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Figure 3.33: Morphology of dentin surfaces treated with 14 J/cm? after removal of the debris

layer by ultrasonication: (a) air cooling and (b) water cooling.

3.2.3.c. Surface constitution

The IR spectra of the laser treated specimens are shown in Figure 3.34 together with the spectrum
of a polished sample, used as a reference. All the spectra were normalized to the largest amplitude
peak, centered at 1005 cm -1, which corresponds to vz vibrational mode of the phosphate group of
hydroxyapatite. The spectrum of the specimen treated with 2 J/cm2 and cooled with air is similar to
the spectrum of the polished specimen, but differences are observed after laser treatments with 7
and 14 J/cm? indicating that the surface constitution of dentin is modified after a laser treatment in

this fluence range. The most important differences are as follows:
- |
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(a) the peaks corresponding to the COs2- and to the amides group vanish;
(b) the width of the phosphate band at 1005 cm-! increases and the narrow phosphate peak,
which appears at 960 cm-in the spectra of the polished specimen and after laser treatment
with 2 J/cm? is replaced by a broad band centered at 950 cm-L.
When the water irrigation is used alterations are only observed for the specimen treated with 14
J/cm2 and they are less conspicuous, showing that water cooling minimizes changes to the specimen
surface constitution. Regardless of the cooling method and the fluence used, the spectra of the laser
treated specimens after ultrasonication are similar to the reference spectrum, indicating that the
alterations of constitution observed by the FTIR is only due to the redeposited ablation debris, the

constitution of the underlying tissue remaining unaltered (Figure 3.35).
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Figure 3.34: Infrared spectra of polished and laser treated dentin specimens.
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Figure 3.35: Infrared spectra of polished specimen and

laser treated specimens after ultrasonication.

3.2.3.d. Influence of external cooling in the ablation rate of dentin

The ablation rate of dentin with external cooling was determined by measuring the depth of the
laser treated areas on dentin surface by optical microscopy using a 100X objective (NA 0.9). The
measurement was also performed on dentin disks treated without external cooling for comparison.
The laser treated specimens were ultrasonicated before the optical microscope observation. The
microscope was focused at the bottom of the treated area and at the surrounding polished surface
consecutively, the ablation depth being calculated as the difference of the two vertical coordinates.
Since the depth of focus of the microscope, which is 1 and 1.2 pm at 532 and 633 nm radiation
wavelengths, respectively, is much lower than the surface roughness at the bottom of the craters,
the measurement error was estimated by the standard deviation of the measured values. The
ablation volume was then determined from the measured depth, length and width of the treated
surface. The ablation rate per pulse was calculated by dividing the ablation volume by the number of

laser pulses required. The variation of the ablation rate with average fluences in the range 2 - 14
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J/cm? for different cooling methods is plotted in the graph of Figure 3.36. The result shows an
increase of ablation rate with radiation fluence, regardless of the cooling method used. In addition,
external cooling has a negligible influence on the ablation rate for fluences in the tested fluence

range.
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Figure 3.36: Variation of the ablation rate with fluences for different cooling methods.

3.3. Adhesion of Adhese Universal self-etch adhesive to laser treated dentin

surfaces

This part of the study aimed at evaluating the bond strength of dental restorative adhesives to
dentin surfaces prepared by femtosecond laser treatment and comparing it with the bond strength
to surfaces prepared with a tungsten carbide burr. The method used for the preparation of dentin
surfaces with the burr was described in Section 2.4.1. The morphology of dentin surfaces prepared
by drilling was investigated by SEM while the etching behavior of dentin surfaces prepared with the
burr and by laser treatment was studied by SEM and FTIR spectroscopy. Etching was performed
with a silica-thickened gel (Scotchbond Universal Etchant®, 3M Deutschland GmbH, Germany),

which contains 32 wt.% H3PO4 and present a pH of 0.1. The bond strength of the self-etch adhesive
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(Adhese Universal ®, Ivoclar Vivadent ©, Lithuania) to the dentin surfaces was evaluated by shear
tests. The failure mechanisms were investigated by observing the fracture surfaces by SEM. The

adhesive system and the setup used for the shear tests were described in detail in Section 2.4.1.

3.3.1. Dentin surfaces prepared by tungsten carbide burr

The morphology of dentin surfaces prepared with a 1 mm diameter tungsten carbide burr is
presented in Figure 3.37. The surface is covered by a smear layer consisting of debris produced by
the abrasion of dentin by the burr, which obstructs the dentinal tubules. Cracks are observed on the
surface, but they are limited to the smear layer, as shown in the SEM micrograph of the specimen
cross section (Figure 3.37c). No mechanical damage occurs in the underlying dentin. The observed

smear layer has a thickness in the range 1 - 2 pm.

Figure 3.37: SEM micrographs of dentin surface prepared by tungsten carbide burr. (a), (b) top-view
and (c) cross-section.
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3.3.2. Etching behavior of treated dentin surfaces

The etching behavior was studied on surfaces prepared by laser treatment, with fluences of 2 and
14 ]J/cm? at 1 kHz pulse repetition rate, and by drilling with a tungsten carbide burr. These surface
treatments were performed on polished dentin disks. The treated surfaces were etched by direct
contact with the etching gel during 15 s, according to the supplier’s instruction, followed by rinsing
with a copious water flow. SEM micrographs of the dentin surfaces after etching are presented in
Figure 3.38. The etchant dissolves completely the smear layer and hydroxyapatite in a layer of
dentin underneath it (Figure 3.38a and b). The dissolution of hydroxyapatite leads to the
disappearance of the peritubular dentin surrounding the dentinal tubules and to the exposure of the
collagen fibers of the intertubular dentin. These fibers collapsed in the SEM micrographs of Figure
3.38 due to the dehydration in the vacuum environment in the SEM. When the specimens are kept in
water, they form a continuous layer of collagen fibrils70. When etching is performed after the laser
treatment the etched surfaces present an irregular morphology with numerous sub-micron sized
voids, regardless of the laser fluence used. The presence of these voids in the exposed collagen layer
shows that the sub-superficial collagen molecules in those specimens were partially removed by the
laser treatments. Collagen may have been removed by photothermal or photochemical laser
ablation mechanisms1109, or simply denatured due to the temperature increase in the surface layer
of dentin during the laser treatment?4. Regardless of the surface treatment, clusters of silica
particles are observed on the etched surfaces. These particles are a constituent of the etching gel,
used to increase its viscosity148 and have a negligible influence on the bond strength of restorative

adhesives to dental hard tissues surface4s,
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Figure 3.38: Morphology of dentin surfaces prepared by tungsten carbide burr (a, b) and laser

treatments with 2 J/cm? (c, d), and 14 J/cm? (e, f) after acid etching. Legend: DT - dentinal tubules.

The thickness of the demineralized layer was investigated by SEM observation at the cross section

of etched specimens. The dentin specimens were immersed in liquid nitrogen and fractured with a
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sharp hammer blow on the backside. The SEM micrographs of the fractured surfaces are depicted in
Figure 3.39. They show that the demineralization affected a surface layer 1 - 2 um thick. The
thickness of this layer does not depend on the specimen preparation method. Since the specimens
were dehydrated by exposure to vacuum during the SEM observation, the collagen fibers in the
demineralized layer collapsed, so the thickness of this layer as observed in the SEM micrographs is
lower than the thickness of the demineralized dentin available for infiltration by the adhesive resin

to form the hybrid layer.

Laser ablation of dentin and its medical application Page 102



Figure 3.39: SEM micrographs of the cross sections of dentin surfaces prepared by tungsten carbide
burr (a, b) and laser treatment with 2 J/cm? (c, d) and 14 J/cm? (e, f) after acid etching. The

demineralized layer is indicated by asterisks (*).
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The chemical constitution of the demineralized dentin was analyzed by FTIR spectroscopy. The
spectra obtained are presented in Figure 3.40. The assignment of the IR bands is indicated in Table
3.2. The spectra were normalized to the highest amplitude peak at ca. 1640 cm. This peak
corresponds to the amide I group of collagen. Compared to the IR spectrum of polished dentin
(Figure 3.28), the spectra of etched dentin present a significantly lower spectral intensity in the
range 800 - 1200 cm1. The peaks at 850, 960 and 1005 cm! are not observed in the spectra of
surfaces prepared by laser treatment with 2 J/cm-! and by drilling with the tungsten carbide burr,
indicating that dentin hydroxyapatite was completely removed by the acid etchant. On the contrary,
those peaks are still discernible in the spectrum of specimen treated with 14 J/cm?, indicating that
the thickness of the demineralized layer is lower in this specimen than in other specimens. In
addition, a shift of the peak corresponding to vi vibrational mode of PO43- anions from 1005 cm-! to
ca. 1020 cm! can be clearly observed in the specimen treated with 14 ]J/cm? after etching. This
difference can be explained by the replacement of the phosphate anions by HPO4% due to the
exposure to the acidic environment!49.150, The intensity of this peak in the spectrum of the specimen
treated with 14 J/cm? is lower than its intensity in the spectra of the other etched specimens. The
observation confirms that the demineralized layer in the specimen treated with 14 J/cm? has lower
thickness than in the other etched specimens. The difference might be explained by the removal of
the sub-surface collagen molecules by thermal denaturation (Taenaturaton ~ 160°C?51) due to the
increase of dentin temperature during the surface treatment, which is probably more significant
with 14 J/cm? than with 2 J/cm? and with the burr. The substantial heat accumulation induced in
dentin during the laser treatment with 14 J/cm? can also cause the release of CO; from the
carbonated hydroxyapatite present in dentin, which often occurs in the temperature range (T = 100
- 6500(C66134152153), This decomposition of carbonated hydroxyapatite enhances the acid resistance
of the mineral phase in dentin¢6152. Consequently, the demineralization of the surface treated with

14 ]J/cm? occurred at a lower rate than the surfaces treated with 2 J/cm2 and with the burr. The low
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dissolution rate of the specimen treated with 14 J/cm?2 also contributes to the low thickness of the
exposed collagen layer in this specimen after etching.

The intensity of the peak observed at ca. 1080 cm-! in the IR spectra of the etched specimens is not
significantly influenced by the surface treatment. This peak can be assigned to either the v;
vibration mode of P0O43- 143 or to the Si - O - Si v; stretching mode of silical54. The latter assignment
is more likely, due to the presence of silica particles on the etched dentin surfaces (Figure 3.38 and
Figure 3.39), and because the other prominent peaks of PO43- anions are not observed. The bands
observed in the range 1200 - 1800 cm! of the spectra presented in Figure 3.40 are similar to those
observed in the spectra of pristine collagen!55, showing that the molecular structure of the collagen

present near the surface was not significantly modified by the surface treatment method performed.
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Figure 3.40: Infrared spectroscopy of treated specimens after acid etching.

3.3.3. Analysis of the adhesive - dentin interface
The adhesive - dentin interfaces in the specimens prepared by laser treatment or drilling with the

tungsten carbide burr were observed by scanning electron microscopy. The bonding procedures
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and preparation of specimens for SEM analysis were described in detail in Chapter 2. The SEM
micrographs for specimens bonded with etching (total-etch mode) and without etching (self-etch
mode) are depicted in Figure 3.41 and Figure 3.42, respectively. In the specimens bonded in the
total-etch mode the adhesive resin infiltrates the dentinal tubules, leading to the formation of resin
tags, regardless of the surface treatment (Figure 3.41). A layer of material that shows signs of
degradation under prolonged electron beam irradiation is observed at the adhesive - dentin
interface in those specimens (indicated by the red lines). According to Van Meerbeek et al.156157 and
Armstrong et al.158 this layer is formed by the infiltration of the adhesive resin in the partially
demineralized dentin layer at the surface and it is called hybrid layer. The thickness of the hybrid
layer is lower in the specimen treated with 14 J/cm2 (~ 1 - 2 um) as compared to the specimens
treated with 2 J/cm? and tungsten carbide burr (~ 2 - 3 pm), but the difference is not significant,

due to the large variations of the thickness of this layer.
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Figure 3.41: SEM micrographs of the adhesive - dentin interface in specimens bonded in total-etch
mode. Surface preparation was performed by tungsten carbide burr (a and b) and laser treatment

with 2 J/cm? (c and d) and 14 J/cm? (d and f). Legend: HL - hybrid layer, RT - resin tag.
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Resin tags are also detected in the specimens prepared by laser treatment and bonded in self-etch
mode, but no well-defined hybrid layer is observed in this case (Figure 3.42). The adhesive - dentin
interface in the specimen treated with 14 ]J/cm? presents a layer in which hydroxyapatite was
partially dissolved and infiltrated by the adhesive resin (Figure 3.42e and f). The elemental
composition of the interfacial material layer was investigated by EDX mapping (Section 2.3.1). The
distributions of Ca, P and O (the main constituents of hydroxyapatite), and of C (the main
constituent of the adhesive resin) are presented in Figure 3.43. The layer of material at the interface
consists mainly of calcium phosphate. The particles of calcium phosphate observed in the SEM
micrographs of (Figure 3.42e and f) present a rounded elongated shape, indicating that they do not
originate from the redeposited resolidified droplets formed by the laser ablation, which are
spherical in shape. The temperature increase caused by the laser treatment with 14 J/cm? may be
sufficient to cause chemical modifications in dentin such as the decomposition of carbonated
hydroxyapatite and its partial melting. These modifications of hydroxyapatite can enhance the
resistance of the calcium phosphate against acid etching!s?, forming a layer of calcium phosphate
particles that are not completely dissolved by the adhesive, as observed in Figure 3.42e and f. On the
contrary, the specimens prepared with the mechanical burr and bonded in self-etch mode present
hollow dentinal tubules (Figure 3.42a and b), indicating that the adhesive resin failed to infiltrate
the dentinal structure underneath the smear layer. No hybrid layer is observed in the micrographs

of these specimens.
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Figure 3.42: SEM micrographs of the adhesive - dentin interface in specimens prepared by (a, b)
tungsten carbide burr and laser treatment with 2 J/cm? (¢, d) and 14 J/cm? (e, f) and bonded in self-

etch mode. Legend: RT - resin tags.
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(a) SEM micrograph (b) C distribution

(c) Ca distribution (d) P distribution

(e) O distribution

Figure 3.43: (a) SEM micrograph of the adhesive - dentin interface in the specimens treated with
14 J/cm? and bonded in self-etch mode and the 2D distributions of C (b), Ca (c), P (d) and O (e)
elements as analyzed by EDX. The layer of material containing nanoparticles at the adhesive -

dentin interface is indicated by the dashed red lines.
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3.3.4. Shear testresults

The average shear bond strength and the corresponding standard deviation of the mechanical tests
of specimens prepared with different surface preparation methods are presented in Figure 3.44.
The highest average bond strength (15.29 + 3.38 MPa) is achieved for the specimens prepared by
laser treatment with 14 J/cm2 and etched before the adhesive application (total-etch mode). The
specimens prepared with the mechanical burr and bonded without acid etching (self-etch mode)
present the lowest average bond strength (9.18 + 3.25 MPa). Average bond strengths in the range
11 - 12 MPa (* 2 - 4 MPa) are observed for all other specimens. The shear tests results of the
experimental groups were statistically compared in pairs by t-test with a significance level of 5%.
The statistical analysis results confirm that the bond strength of the specimens prepared by the burr
and bonded in self-etch mode is significantly lower than the bond strength of those treated with a
fluence of 14 J/cm? and bonded in total-etch mode but the other differences are not statistically

meaningful due to the large standard deviations in the bond strength values.
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Figure 3.44: A comparison of shear bond strengths of dentin specimens prepared by tungsten

carbide and by laser treatments with fluences of 2 and 14 J/cm? (N=10).
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3.3.5. Analysis of the fracture mechanism
The fracture surfaces of the specimens in each experimental group were analyzed by SEM to identify
the predominant failure mode. Micrographs of representative fracture surface morphologies are
depicted in Figure 3.45 to Figure 3.47. The macroscopic cracks observed occasionally in those
micrographs are mainly due to the dehydration process performed before the SEM observation. The
morphology of the fracture surfaces can be categorized as follows:
_ type A: the fracture surface presents traces of the adhesive and the underlying dentin is
partially exposed. Removal of dentin from the substrate is negligible. This morphology
indicates that the crack propagated mainly within the adhesive resin and a very thin surface
region of the dentin substrate. Consequently, the mechanical failure in the shear test is a
mixture of cohesive failure in the adhesive layer and adhesive failure at the adhesive - dentin
interface!s.
_ type B: the fracture surface is largely covered by adhesive, which shows signs of fracture.
The area of the underlying dentin exposed is negligible. This morphology indicates that the
crack propagated through the adhesive and the mechanical failure in the shear test occurred
predominantly by cohesive failure in the adhesive.
_type C: a large proportion of the bond area presents traces of dentin fracture. Craters up to 1
mm deep are observed. The areas of adhesive resin remaining are negligible. This morphology
indicates that the crack propagated within the dentin substrate and in the adhesive layer as
well. Consequently, the mechanical failure in the shear test is a mixture of cohesive failure of
dentin and adhesive failure, with the first one being predominant.
The propagation pathways of the fracture associated with the observed fracture surface

morphologies are schematically described in Figure 3.48.
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Bonded area Unbonded area

Figure 3.45: Representative SEM micrographs with a magnification of 25 (a), 100 (b), 1000 (c)
and 2000X (d) of the type A fracture surface morphology. The areas depicted in Figures b, c and d
are indicated by the dashed rectangles in Figures a, b and c, respectively. A portion of the fracture

surface is still covered by the adhesive resin while the rest of it presents the exposure of the dentin
surface with negligible signs of cohesive failure in the dentin. The exposed dentin surface appears
bright while the adhesive resin remains appear dark in the micrographs.

Legend: A - adhesive, D —-dentin.
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Figure 3.46: Representative SEM micrographs with a magnification of 25 (a), 100 (b), 1000 (c) and
2000X (d) of the type B fracture surface morphology. The areas depicted in Figures b, c and d are
indicated by the dashed rectangles in Figures a, b and c, respectively. The fracture surface is largely
covered by the adhesive resin layer that shows signs of fracture within the layer. The exposed
dentin surface can only be observed in a small portion of the fracture surface. The exposed dentin
surface appears bright while the adhesive resin remains appear dark in the micrographs.

Legend: A - adhesive, D -dentin.
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Figure 3.47: Representative SEM micrographs with a magnification of 25 (a), 100 (b), 1000 (c) and
2000X (d) of the type C fracture surface morphology. The areas depicted in Figures b, c and d are
indicated by the dashed rectangles in Figures a, b and c, respectively. A large portion of the fracture
surface presents cohesive failure in dentin, which leads to the removal of a large amount of material
in the dentin substrate at the bonded area. Traces of the adhesive resin are also observed but only at
a small portion of the fracture surface. The exposed dentin surface appears bright while the
adhesive resin remains appear dark in the micrographs. Legend: A - adhesive, CD - cohesively

fractured dentin.
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Figure 3.48: Schematic diagram of the propagation of the crack induced by the shear stress

associated with type A (a), B (b) and C (c) fracture surface morphology.

Adapted from Scherrer et al.159.

In the present work, the type A failure mode is mainly observed in the specimens prepared with the

burr and bonded without acid etching. Most of the specimens of the other groups present a

dominance of type C failure mode. The distribution of the failure modes observed in the present

work is listed in Table 3.4.

Table 3.4: The distribution of the main failure modes in the specimens subjected to the shear tests

(N=10)
Burr + 2]/cm? + 2 14]/cm? + 14
Main failure mode Burr
etching etching J/cm? etching ]J/cm?
Adhesive failure (type A) 2 7 1 0 0 2
Mixed failure predominated by
cohesive fracture in the adhesive 2 2 2 2 3 2
resin (type B)
Mixed failure predominated by
cohesive fracture in the dentin 6 1 7 8 7 6
(type C)
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4, General discussion

The discussion of the experimental results obtained in the present work is organized as follows:

e Ablation threshold and incubation coefficient of enamel and dentin

e Morphological, structural and constitutional modifications of enamel and dentin
surfaces induced by the femtosecond laser treatment.

¢ Ablation mechanisms of enamel and dentin.

e Ablation rate of enamel and dentin.

e Laser - induced heating of teeth during the laser treatment and effect of external
cooling on the temperature increase and on the morphology and chemical constitution
of laser treated dentin surfaces.

e Adhesion of restorative materials to dentin surfaces treated by femtosecond laser.

4.1. Ablation threshold and incubation coefficient

In the present work, the single pulse ablation thresholds of enamel and dentin, determined by the D2
method, are 2.72 * 0.30 and 1.49 £ 0.13 J/cm?, respectively. The ablation threshold decreases with
increasing number of laser pulses. A similar evolution of the ablation threshold with the number of
laser pulses was observed for other materials and is usually explained by the generation of
chemical/structural defects in the material even for radiation fluences below the ablation threshold
1494,106160,161 Since the electronic energy levels of such defects lie within the band gap of the
material, their presence allows electrons to be excited by absorption of a lower number of photons
than those required for a intraband excitation process, increasing the coefficient of absorption of the
radiation by the material. The fluence required to start the ablation process decreases with
increasing number of laser pulses because the laser-induced defects are created by each laser pulse
and accumulate in the material. The incubation effect, demonstrated in Figure 4.1, is characterized
by the incubation coefficient S, proposed by Jee et al.l%, In the present work, the incubation
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coefficients of enamel and dentin calculated by using equations 2.7 and 2.8 are 0.74 + 0.03 and 0.79
* 0.01, respectively.

Conduction band

" - --—--- Defect energy level

Photon energy

Valence band

Figure 4.1: A schematic diagram of the electronic structure of a dielectric material. The electron
excitation by multiphoton absorption process is demonstrated for the intrinsic material (1) as well
as for the material with the presence of laser-induced defects (2). The arrows indicate the photon

energy of the laser radiation.

The values of the ablation threshold of dental hard tissues found in the literature were determined
by wide range of different methods including the D2 method!23 used in the present work, ablation
rate regression!s16 and microscopic observation of the ablation surface!?.162. The ablation rate
regression method is based on the assumption that a specific ablation mechanism predominates for
a particular material and affects the relation between the ablation rate and the radiation fluence.
The ablation threshold is then determined by extrapolating the ablation rate to 0 in a plot of
ablation rate versus fluencel516, The determination of ablation threshold based on microscopic
observation of the ablation surface relies on the observation of a threshold fluence at which the
surface damage can be observed by optical or electron microscopy. The different methods of
ablation threshold determination can lead to different values of the threshold!63. The large
dispersion of the ablation threshold values reported in the literature is also caused by differences in
specimen preparation methods and differences in some laser processing parameters (radiation
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wavelength, laser pulse duration etc.), which can significantly affect the radiation absorption of the
tissues. Therefore, any comparison of the ablation threshold values obtained in the present work
with those reported in the literature is hazardous. Nevertheless, the observation that the ablation
threshold of enamel is significantly higher than that of dentin agrees with the results reported by
other authors!825. The difference might be explained by the difference in the ablation mechanisms of
dentin and enamel, which will be discussed in detail in the following section. Moreover, the values of
the incubation factor determined in the present work for the dental hard tissues are in good
agreement with the values reported for cortical bonel429, a tissue with a constitution similar to

dentin.

4.2, Characterization of the ablation surfaces and the ablation mechanisms

of dental tissues

The SEM micrographs of craters produced on enamel (Figures 3.4 - 3.7) at 1 Hz pulse repetition rate
show the presence of a resolidified material layer. This layer exists even for 5 laser pulses and an
average fluence of 4 J/cm?, approximately 2 times higher than the ablation threshold of enamel in
this condition (1.86 J/cm?, Section 3.1.1a). This observation indicates that the ablation of enamel is
dominated by thermal processes, involving heating of the tissue surface to a temperature higher
than 1600°C, the melting temperature of carbonated hydroxyapatite134164, followed by the ablation
by either phase explosion or liquid spallation. The pores and traces of bubbles observed in the
resolidified layer show that the liquid decomposed, resulting in the release of gases. According to
Holcomb et al.1¢5 and Fowler et al.133, enamel decomposes at temperatures above 100°C, much lower
than its melting point!34165, releasing gaseous water and CO. These reactions cannot occur in the
present case due to the extremely fast heating rate and decomposition of enamel only occurs after

melting, leading to gas release within the liquid.
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On the contrary, no signs of resolidified material are observed in the SEM micrographs of the dentin
ablation surfaces produced with similar laser processing conditions. The structure of dentin can be
observed in the laser ablation craters, regardless of the fluence and number of laser pulses used,
indicating that the thermal effects involved in the ablation process of dentin are negligible, as
opposed to what happens with enamel. This difference is certainly due to the different structure of
these tissues. While enamel consists mainly of hydroxyapatite (96% wt.%), dentin is a composite
material consisting of hydroxyapatite nanocrystals dispersed in a network of collagen fibrils.
Despite the fact that the predominant phase of dentin is hydroxyapatite (~ 70 wt.% in average), its
cohesive strength is ensured by the collagen fibrils2°. These fibrils consist of long molecular chains
in which the atoms are bonded by covalent bonds, connected to one another by weak Van der Waals
forces. As a result, collagen presents lower thermal stability52 and lower ablation threshold for
femtosecond laser radiation (0.06 J/cm2)!41 than enamel, which consists entirely of hydroxyapatite
(3.3 J/cm?2) 166, Collagen can be decomposed for relatively low radiation intensities. The removal of
collagen reduces the cohesive strength of dentin and facilitates its ablation by a predominant
photomechanical mechanism for radiation intensities much lower than those required to ablate
hydroxyapatite-rich enamel and crystalline hydroxyapatite, which are ablated by liquid spallation or
phase explosion, depending on the laser processing parameters!16166, This photomechanical
ablation mechanism was initially proposed by Eugenio et al.1! for the ablation of dentin by 248 nm
laser radiation and, more recently, by Domke et al.11? for the ablation of dentin by femtosecond laser
on the basis of pump-probe experiment results.

The influence of collagen on the ablation of dentin was studied by immersing a dentin specimen in
NaOCl solution to partially remove collagen from its surface region before the laser ablation
experiments. Traces of resolidified material can be observed in the ablation craters even for an
average fluence as low as 2 J/cm?, 1 Hz pulse repetition rate and 5 laser pulses. Even though the

amount of resolidified material observed in those craters is much lower than that observed in the
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craters created on enamel surface using similar laser parameters, this result clearly indicates that
once collagen is removed, laser ablation of dentin occurs by melting, followed by liquid ejection and
vaporization.

At 1 kHz pulse repetition rate, a large amount of redeposited ablation debris is observed on the laser
treated dentin and enamel surfaces. MicroRaman and FTIR analysis show that the ablation debris
consist mainly of amorphous calcium phosphate, formed due to the rapid cooling of calcium
phosphate from the vapor and the liquid phase!¢?. The observation indicates the contribution of
thermal mechanisms such as liquid spallation and phase explosion in the ablation of the dental hard
tissues at high repetition rates 101103, For enamel, a layer of resolidified material is observed on the
laser treated surfaces after the removal of the redeposited debris but its thickness is negligible in
the specimens treated with 4 and 9 J/cm? and measurable in the specimen treated with 14 J/cm?
(~1.5 um). The structure and chemical constitution of the enamel below this layer is unaltered, as
indicated by SEM, GI-XRD and microRaman analysis. Since the thickness of the resolidified layer is
lower than the depth of analysis of microRaman spectroscopy (4.6 pm, Section 2.3.3a) and GI-XRD
(5 um, Section 2.3.2), these analytical methods probe both the laser modified layer and the substrate
and it is difficult to analyze only the altered layer. The presence of the resolidified droplets at the
laser treated dentin surfaces indicates that melting of the hydroxyapatite occurs during dentin
ablation at 1 kHz laser pulse repetition rate, but, as before, the structure and constitution of the
dentin at the surfaces are not significantly altered, even for an average fluence of 14 ]J/cmz2.
Considering that the depth of analysis of the FTIR is 0.6 um for the spectral region of collagen (1250
- 1650 cm-?), the similarity between the spectra of polished and laser treated specimens indicates

that the laser - modified region in dentin is lower than 0.6 pm.
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4.3. Ablation rate of dentin and enamel

In the present work, the ablation rate of dentin and enamel was studied for average fluences in the
range 2 - 14 ]J/cm?, a pulse repetition rate of 1 kHz and an average number of laser pulses per
surface location of 14. Within this range of laser processing conditions, the amount of material
ablated per laser pulse is significantly higher for dentin than for enamel, in good agreement with the
observation reported by others1825117. This result can be explained by the presence of organic
compounds and water, which have lower bond energy than hydroxyapatite!l, with higher content in
dentin than in enamel. In addition, the evolution of enamel ablation rate with fluence presents a
saturation for average fluences higher than 8 J/cm? (Figure 3.9), which is not observed for dentin
(Figure 3.24). Some authors suggested that the ablation rate can be expressed as a function of
In(F/Fw) based on the assumption that the radiation penetration depth in a material can be
described by the Lambert-Beer law95105168, However, this suggestion does not take into
consideration the progressive increase of the depth and the curvature of the ablation surfaces,
which can significantly affect the effective radiation fluence. Therefore, deviations from the
suggested In(F/Fu) dependence are expectable in the present work, where the depth of the ablation
craters (7 - 35 pum) is higher than the maximum depths of 0.9 and 3 um obtained by Ben-Yakar et
al.168 and Semaltianos et al.105, respectively, which imply a more significant increase of the ablation
surface area. Further studies are needed to investigate the observed difference in the evolution of
ablation rate with fluence between dentin and enamel.

The volume of material removed per second (mm3/s) by the femtosecond laser can be determined
from the ablation volume per laser pulse by taking into consideration the pulse repetition rate used
in the experiments. The maximum removal rate found in the present work is 0.44 * 10-2 mm3/s and
0.25 * 10-2 mm3/s for dentin and enamel, respectively, for an average fluence of 14 |/cm?2. It must be
emphasized that the values were obtained for healthy tissues. Engelbach et al.1¢? reported that the

ablation rate of carious tissues by ultrashort pulsed lasers is 2 -3 times higher than that of healthy
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tissues, due to the absence of hydroxyapatite and the abundance of water and organic matters in the
carious tissues!70. Nevertheless, the material removal rates obtained for ultrashort pulsed lasers are
significantly lower than the value obtained by drilling (~1 mm3/s)117.169, indicating the need to
increase the radiation fluence and the pulse repetition rate to make femtosecond lasers suitable for
clinical applications. Despite the possibility to achieve high ablation rate, the ablation of dental
tissues in such conditions needs to be systematically studied before being used for dental
treatments since the thermal effects induced during the ablation process increase with the laser

pulse repetition rate as well as fluence.

4.4. Laser-induced heating of the teeth and the influence of external cooling

A study on the femtosecond laser ablation of cortical bone, a tissue with a constitution similar to
dentin, carried out by Cangueiro et al.23, showed that, despite the absence of thermal degradation of
the tissue, during prolonged laser treatments heat accumulates in the tissue and large temperature
increases occur if no external cooling is provided. A substantial increase of temperature was
observed for pulse repetition rates and average fluences as low as 50 Hz and 2 J/cm?, respectively.
This increase in the tissue average temperature leads to an increasing presence of thermal effects,
such as liquid droplet ejection and thermal exfoliation of the tissue23. At a pulse repetition rate of 2
kHz, the laser treated surface presented signs of carbonization and cracking due to excessive
heating. The same problem occurred for the ablation of dentin or dental enamel. The redeposition of
resolidified droplets was observed on the tissues surfaces treated by the femtosecond laser in the
average fluence range 2 - 14 J/cm? and pulse repetition rate of 1 kHz. The observation indicates a
large influence of thermal effects in the ablation of the tissues in these processing conditions and the
possibility of undesirable heat accumulation in the teeth, which can cause irreversible damage to
the soft tissues in the pulpal chamber!71172, Zach et al.l”! observed pulp necrosis when the
temperature in the pulp reaches 42.5°C, a value 5.5°C higher than the initial temperature of 37°C.
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The present work showed that the temperature increase in the pulp may reach 17.5°C for laser
treatments with a pulse repetition rate of 1 kHz and 14 ]J/cm? average fluence if no external cooling
is used. The average temperature increase in the pulpal chamber was 3.1, 9.5 and 14.6°C for laser
treatments performed with average fluences of 2, 7 and 11 ]J/cm?, respectively. Bello - Silva et al.3!
observed a temperature increase of up to 4.2°C at the surface of 1 mm thick dentin disks treated on
the opposite face with 500 fs duration laser pulse of 1045 nm radiation at an average fluence of 4.4
J/cm2 and pulse repetition rate of 100 kHz 31, The authors did not indicate the duration of the laser
treatment so a direct comparison with the present results is impossible. Pike et al.173 and Chang et
al.l74 also measured the temperature rise on dentin surfaces irradiated with femtosecond laser
pulses and compared the experimental values with mathematical simulation results, but these
studies were performed with fluences lower than the ablation threshold of dentin and, therefore,
are not relevant for comparison. It must be emphasized that the increase of the pulpal chamber
temperature due to the laser treatment depends on a wide range of factors, including the laser
processing parameters, the laser treatment duration, specimen geometry and dimensions, distance
between the laser treated surface and the pulpal cavity, thermal properties of the tooth, etc.. In a
clinical situation, the temperature increase will also be affected by the flow of dentinal fluid in the
teeth, a factor not considered in the present work as well in the work of Bello - Silva et al.117.175,
Therefore, differences are expected between the results obtained in the laboratory and in clinical
practice. Nevertheless, the results obtained in the present study as well as those reported by Bello -
Silva et al.117 show that external cooling is mandatory to avoid the necrosis of the pulp, in particular
when high fluences and high repetition rates are employed to achieve large material removal rates
or if the treatment is carried out in the vicinity of the pulpal chamber.

The influence of external cooling by air jet and water irrigation was studied since these cooling
methods are commonly used in the clinical caries removal treatments with burrs used with a

turbine or with Er:YAG and Er, Cr:YSGG lasers. The results show that the cooling effect of the air jet
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is insufficient and this cooling method leads to a significant redeposition of ablation debris, which
form a continuous poorly adherent layer for high average fluences (7 and 14 J/cm?2). This layer must
be removed before the restoration to prevent it to reduce the adhesion between restorative
materials and dentin. The chemical analysis performed showed that, within the range of processing
parameters used, the constitution and structure of dentin are not affected by the laser treatment
and that chemical changes only affect the ablation debris. The FTIR spectra of these debris are
similar to those of amorphous calcium phosphate (ACP)145146, indicating that this is the main
constituent of the debris. The large amount of redeposited debris formed with air cooling indicates
that thermal effects are more important in these conditions, as suggested by Cangueiro et al.23 for
cortical bone. The flow of air impinging on the specimen’s surface seems to dehydrate the tissue,
reducing the dentin’s heat capacity, due to the higher heat capacity of water (4.18 ]J/geC) as
compared to that of hydroxyapatite (0.71 J/goC)147.

Water irrigation reduces significantly the temperature increase observed during the laser
treatment, by improving heat dissipation. It also reduces the amount of redeposited ablation debris,
which are carried away by the flowing water, and the tendency of dentin to dehydrate during the
laser treatment, thus reducing thermal effects during ablation23. Contrarily to the observations of
Bello - Silva et al.l'7 and Cangueiro et al.z3, in the present work the ablation rate was not
significantly reduced with the water cooling. The reductions observed by those authors were due to
the absorption of radiation by water34, in particular when this water contains significant
proportions of ablation debris in suspension. In the present case, radiation absorption by water film
was decreased by directing a complimentary air jet to the laser interaction region, allowing high

ablation rates to be achieved.
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4.5. Adhesion of self-etch adhesive to laser treated dentin surfaces

In the present work, the adhesion of restorative materials to dentin surfaces prepared by laser
treatment was studied and compared with the adhesion to dentin surfaces prepared by
conventional drilling. The surface preparation and bonding procedures are described in detail in
Section 2.4.1.

The dentin surfaces prepared by the burr are covered by a dense smear layer 1 - 2 um thick, which
also extends approximately 1 - 2 um into the underlying dentinal tubules. It is reported that this
layer consists mainly of calcium phosphate debris and collagen fragments formed by the abrasion of
the tissue and has low adhesion to the underlying dentin substrate?080, When the etchant gel was
used (total - etch mode), the smear layer was completely removed and the underlying dentin was
partially demineralized, allowing the formation of the resin tags and a hybrid layer 2 - 3 pm thick as
indicated in the SEM micrographs of the adhesive - dentin interface (Figures 3.41a and b). As a
result, strong adhesion between the adhesive and the dentin substrate (12.25 * 4.00 MPa) was
achieved mainly by a micromechanical interlocking mechanism?%74 On the contrary, no resin tags
were observed in the specimens prepared with the burr when the adhesive resin was applied
directly without acid etching (self - etch mode). Moreover, no hybrid layer was observed in these
specimens. This observation is in good agreement with the results of Mine et al.”” and Koshiro et
al.176 for dentin surfaces bonded by ultramild self - etch adhesives (pH ~2.0 - 2.9, similar to the
adhesive resin used in the present work pH ~2.5 - 3.0). The authors showed that, in these
conditions, the smear layer was not completely dissolved, but was impregnated in the adhesive
resin to form a resin - smear complex at the interface. The hybrid layer at the dentin surface was
less than 100 nm thick?7.176 and, therefore, could not be resolved by the SEM method used in the
present work. In addition, only few resin tags formed due to the incomplete dissolution of the smear
plugs. The authors suggest that the adhesive - dentin adhesion in this case is a combination of

submicron mechanical interlocking and of the chemical interaction between the
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methacryloyloxydecyl dihydrogen phosphate (MDP) monomers existing in the adhesive resin
molecules and hydroxyapatite??77. This adhesion mechanism is expected for the Adhese Universal ®
adhesive tested in the present work since it also contains MDP monomers. The shear bond strength
obtained by the self - etch mode (9.18 + 3.25 MPa) was slightly lower than the shear bond strengths
obtained with the total - etch mode (12.25 + 4.00 MPa), indicating that acid etching before bonding
is required to improve adhesion between the adhesive and dentin. The present results are in good
agreement with those reported by previous authors78177.178, Those authors also recommend the use
of acid etching in the case of ultramild self-etch adhesives to ensure high bond strengths. It must be
emphasized that the bond strength of ultramild self-etch adhesives can be overestimated if the
dentin surfaces are prepared by polishing with SiC abrasive papers, a method sometimes used due
to the ease of preparation?7477.87. Mine et al.’? showed that the smear layer produced by polishing
with SiC papers is less dense and, hence, can be better dissolved by the self-etch adhesives than the
smear layer produced by burrs. As a result, the adhesive resin can infiltrate better the dentin
surface, leading to better adhesion.

Contrarily to dentin surfaces prepared with burrs, the structure of dentin after laser treatment was
well-preserved and the tubules remained open. When etching was performed on the laser treated
surfaces, the demineralized layer presented micron sized holes, regardless of the fluence used
(Figure 3.38). The observation indicates that the subsurface collagen molecules may have been
partially removed by laser ablation via photothermal or photochemical mechanisms109.111179 or
simply thermally denatured due to the surface temperature increase during the laser treatment?3.
The FTIR and cross sectional SEM analysis of the demineralized layer showed that the thickness of
this layer is lower in the specimens treated with 14 J/cm? than in the specimens treated with 2
J/cm? or prepared with burrs. The difference might be explained by the substantial heat
accumulation induced in dentin during the laser treatment with 14 J/cm?, which was sufficient for

thermal denaturation of collagen near the surface (Tgenaturation ~ 160 °C23151), leading to lower
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content of surface collagen after etching. At the denaturation temperature of collagen,
decomposition of carbonate anions in carbonated hydroxyapatite could also occur (Tgecomposition ~
100 - 650 °C133.152), which increased dentin’s resistance to acids, leading to a demineralization rate
of dentin lower in the specimens treated with 14 J/cm? than in the specimens treated with 2 J/cm?
or prepared with burrs. The denaturation of collagen and the decomposition of carbonate ions in
the laser treated specimens was limited to a surface region with thickness lower than the probing
depth of FTIR (~ 0.7 um and 0.6 um for 1415 cm-! carbonate peak and 1650 cm-! amide I peak,
Section 2.3.3.b).

The demineralization of laser treated dentin surfaces allowed forming hybrid layers 2 - 3 ym and 1
- 2 um thick in the specimens treated with 2 and 14 ]J/cm?, respectively (Figure 3.41). Resin tags are
also observed in those specimens. The shear bond strength obtained for the specimens treated with
14 J/cm2 (15.29 + 3.38 MPa) was slightly higher than for the specimens treated with 2 J/cm2 (12.83
+ 3.55 MPa) or prepared with burrs (12.25 + 4.00 MPa) and etched prior to adhesive application.
When the bonding was performed without etching, resin tags formed in laser treated specimens
because the dentinal tubules remained open. However, the hybrid layer could not be distinguished
in the specimens treated with 2 J/cm?, probably due to its low thickness?’. On the contrary, the
specimens treated with 14 J/cm? presented a layer consisting of calcium phosphate nanoparticles at
the adhesive - dentin interface, which is partially dissolved and impregnated in the adhesive resin.
This layer was certainly formed because the thermal decomposition of carbonate ions in a
superficial layer of dentin resulted in an increase of the resistance of the phosphate to acids. The
formation of this layer had no negative effects on the adhesive-dentin adhesion. The bond strength
for the specimens treated with 14 and 2 J/cm? (12.57 * 2.08 MPa and 11.61 = 4.45 MPa,
respectively) and bonded without etching are similar.

In the present study, the adhesive-dentin bond strength obtained after laser treatment, regardless of

the radiation fluence and bonding method, is comparable to that obtained with the burrs after
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etching. On the contrary, lower bond strengths are obtained for burr - cut dentin when the adhesive
is applied without etching. In this case, the adhesive fail to penetrate the weakly attached smear
layer to bond to the underlying dentin, leading to lower adhesion and crack propagation, in the
mechanical tests, predominantly at the interface. On the contrary, the specimens in other groups
show mainly cohesive failures in dentin in the mechanical tests, but this does not imply mechanical
weakening of dentin due to the laser treatment as suggested by Domke et al.119 because the cracks
do not propagate through the superficial region of the laser treated surface (Figure 3.27).

The strong bond strength of the laser - treated specimens observed in the present work is in
contradiction with the results reported by Portillo et al.8’. These authors reported that the bond
strength obtained for dentin surfaces prepared by polishing is significantly higher than for dentin
treated with a Ti:sapphire laser with radiation wavelength of 780 nm, pulse duration of 120 fs,
operating at pulse repetition rate of 1 kHz, and a laser fluence of 39.8 J/cm2. It is likely that the low
bond strength observed by Portillo et al. 87 is due to the use of high fluences, which may cause
structural and constitutional alterations of dentin or formation of a layer of redeposited ablation
debris covering the dentin surface. As shown in the present work, this layer consists mainly of
resolidified droplets formed by melting and rapid resolidification of hydroxyapatite, which have
high acid resistance due to the absence of carbonate anions in their structure!33152180, Consequently,
the redeposited materials must be removed prior to bonding to ensure good adhesion. The present
work shows that these debris can be completely removed by ultrasonication.

The adhesion study performed in the present work confirms the potential of this technology as an
alternative to Er:YAG, Er,Cr:YSGG lasers and to conventional burr drilling. Burrs offer higher
material removal rates but induce pain due to the mechanical stimulation, leading to the need of
anesthesia¢*. In addition, acid etching is required prior to adhesive application to remove the smear
layer and achieve high bond strength between the adhesive and dentin. On the other hand, Er:YAG

and Er,Cr:YSGG lasers, the main type of lasers presently used in clinics, cause negligible pain and the
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ablation dentin surface presents a micro-retentive morphology with open tubules, seemingly
suitable for the adhesive/dentin adhesion83125181182, Several authors reported that the bond
strength obtained for dentin treated by these lasers, even without acid etching, was comparable to
the bond strength obtained for dentin prepared with burrs8485. On the contrary, other authors
showed that, for a certain range of laser processing conditions, the laser treatment had a negative
impact on the adhesive/dentin adhesion89427486, which was explained by the structural and
constitutional alteration of the tissue by the laser. Ceballos et al.’4 and Moretto et al.? observed a 3 -
5 um thick collagen depleted layer, followed by another layer about 1pum thick containing partially
denatured collagen on surfaces treated with Er:YAG (23 ]J/cm? and 2 Hz)7* and Er, Cr:YSGG (90
J/cm2 and 20 Hz)° These alterations decrease the bond strength8s and limit the infiltration of
collagen by the adhesive to form a hybrid layer®74. Moreover, sub-superficial cracks parallel to the
surface are observed in samples treated with Er:YAG laser with radiation fluence of 31.45 J/cm?, 10
Hz pulse repetition rate!83 and with Er, Cr:YSGG laser with radiation fluence of 90 J/cm2 and
repetition rate of 20 Hz%, which formed due to the shockwave created by the explosive evaporation
of water. These cracks reduce the mechanical strength of the tissue and facilitate cohesive failures in

the adhesion test9184,
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5. Conclusion

The general aim of the present work was to study the ablation of dental hard tissues, enamel and
dentin by femtosecond lasers and to evaluate the potential of this technology in dental caries
removal treatment.

The single pulse ablation threshold values of enamel and dentin were determined to be 2.72 * 0.30
and 1.49 * 0.13 J/cm?, respectively. The ablation threshold decreased with increasing number of
laser pulses, a variation explained by the accumulation of radiation - induced defects in the
materials, which could facilitate the radiation absorption by the material. The incubation
coefficients of enamel and dentin were 0.74 = 0.03 and 0.79 * 0.01, respectively. The analysis of the
laser treated surfaces indicated that the ablation of enamel was accompanied by melting, regardless
of the laser processing parameter used (average fluences in the range 4 - 14 J/cm? and pulse
repetition rates of 1 and 1000 Hz), but melting was limited to thin surface region of the treated
specimens. The layer of resolidified material in the specimens treated with 14 J/cm2 and 1 kHz pulse
repetition rate was less than 1.5 um thick. The chemical constitution and structure of enamel below
the resolidified material was not altered. The ablation surfaces of dentin showed no signs of
resolidified material even for the laser treatments performed with 14 J/cm? and 1 kHz pulse
repetition rate. The chemical constitution and structure of dentin were well-preserved within the
ranges of laser parameters used (average fluences in the range 2 - 14 J/cm? and pulse repetition
rates of 1 and 1000 Hz).

The difference in the ablation mechanism of dentin and enamel can be explained by the preferential
ablation of collagen in dentin, which occurs at lower fluences than hydroxyapatite and reduces
significantly the cohesive strength of the tissue, facilitating dentin ablation predominantly by a
photomechanical solid spallation instead of photothermal ablation mechanism of enamel.

The bond strength of the tested self-etch adhesive product, measured by shear tests, to dentin

surfaces treated by the femtosecond laser with average fluences of 2 and 14 ]J/cm?, regardless of
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acid etching, is similar to the bond strength to dentin surfaces prepared with a tungsten carbide
burr and etched before adhesive application. On the contrary, the burr - cut specimens that were
bonded without acid etching presented relatively lower bond strength, probably due to the low
etching capability of the adhesive resin tested, which caused incomplete dissolution of the smear
layer needed for the bonding of the adhesive to the underlying dentin substrate.

The temperature measurement performed in the present work showed that the laser - induced heat
transfer to the tooth bulk cannot be avoided, despite the negligible contribution of thermal effects in
the femtosecond laser ablation of dental hard tissues. An increase of the pulpal cavity temperature
of human molars of 3.1°C was observed when the laser treatment was performed with 2 J/cm2, 1
kHz pulse repetition rate, 5 mm/s scanning velocity and during 240 s duration. The temperature
rise reached a value of 17.5 °C during the laser treatment performed with 14 J/cm2. The result
shows that external cooling must be systematically used during laser treatments, especially when
the treatments are performed with high fluences and pulse repetition rates to achieve high material
removal rates. In the present work, the use of a lateral air jet and a combination of the air jet and
water irrigation during the laser treatments allowed remarkable reduction of the temperature rise
in the pulpal chamber without significant influence on the ablation rate. The temperature increase
observed during the laser treatment with 14 ]J/cm?2 with a lateral air jet and with a combination of
the air jet and water irrigation was 10.8 °C and 6.6 °C, respectively.

The present work demonstrates that femtosecond lasers can be considered as an alternative
method for the dental caries removal treatment. The negligible contribution of thermal effects in the
ablation process, in particular for dentin, allows preserving the structure and constitution of the
tissues. Dentin specimens treated by the laser within the tested range of laser parameters can form
adequate adhesion with the restorative adhesive resin. Nevertheless, the number of specimens in
each experimental group for the adhesion tests was relatively low (N=10). Due to the large sample-

to-sample variations usually observed for biological samples, the future adhesion test should be
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performed with a higher number of specimens to increase the precision of the bond strength
evaluation. In addition, several adhesive products should be tested to obtain a better assessment of
the potential of femtosecond lasers in dental caries removal treatment.

The potential of femtosecond lasers for clinical applications can be improved if higher material
removal rates can be achieved. Pulse repetition rates and fluences higher than the values tested in
the present work are needed to obtain a removal rate comparable to that obtained for drilling. The

ablation of dental hard tissues in those conditions needs to be performed in the future work.
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Appendix

Table A-1: The shear bond strength values (MPa) obtained with the tested treatment conditions and

with the self-etch adhesive Adhese Universal® (Ivoclar Vivadent ©), Lieschtenstein).

Burr Burr + etching 2 ]/cm?2 2]/cm2 + 14 J/cm? 14 J/cm? +
(MPa) (MPa) (MPa) etching (MPa) (MPa) etching (MPa)
5.61 12.74 8.50 8.94 13.28 16.75
13.76 8.87 10.19 10.70 15.24 10.19
12.74 10.19 7.75 16.10 11.60 15.29
10.7 10.7 5.12 20.20 12.54 19.87
5.66 9.68 12.80 10.20 10.19 13.10
3.57 17.32 15.29 11.16 11.21 19.87
8.92 16.56 20.10 15.10 8.60 16.38
8.90 20.38 17.35 9.81 13.45 18.33
12.74 6.37 9.61 10.10 15.44 12.37
12.79 9.68 9.37 15.95 14.11 10.75
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