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In vitro studies have demonstrated the potential of CO, lasers for various dental enamel
treatments with minimal pulpal heating and comparatively low peripheral thermal damage
due to short pulse duration. In this study we used a high power TEA-CO, laser with pulse
length of ~2 ps and very low repetition rate. The ultrastructural effects at nominal fluences
of 75, 175 and 625 J/cm? on enamel with perpendicular and parallel prisms were examined
by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The enamel
surface structure of the laser spot boundary and the laser effects on cementum were also
studied. At 75 J/cm? a rather uniform glazing of enamel adequate for caries prevention was
produced. The fluence of 175 J/icm? created a rough surface by exfoliating the prism
crystals. At 625 Jicm? the laser pulses with Gaussian profile produced bubbles in the
center of the spot. Most remarkably, they were surrounded by concentric wave-like
patterns, not reported in previous studies on enamel, although similar periodic structures
were produced before with shorter laser pulses on the surface of inorganic materials. The
wave structure and periods were strongly dependent on the enamel prisms orientations,
suggesting energy absorption dependence on the surface defects density. In the irradiated
enamel with perpendicular prisms, the AFM-measured roughness vs. fluence showed a
threshold and an asymptotic saturation. The ultrastructure of the spot boundary was also
different according to the prisms orientation. Outside the spot calcination of enamel was
observed. In cementum, a moderate surface melting was produced at 75 J/cm?, while at
625 J/cm? explosive hydrokinetic ablation occurred due to residual water in the pores. For
dental applications one could make use of the enamel surface roughening associated to the
periodic patterns and the bubbles produced at 625 J/cm? and to the flaked-off surface
generated at 175 J/cm® This could improve the bond strengths of composites adhesion to
enamel in drill prepared cavities and on sealed molar groves. Treatments of periodontitis
should use low fluences (~75 J/cm?) to prevent hydrokinetic ablation of cementum. To
control the dependence of the ablation patterns produced in enamel at 625 J/cm? on the
orientation of prisms, prior structural diagnosis should be necessary. Special optical
diagnosis devices should be engineered for this purpose.
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1. Introduction

Laser applications in dentistry are extremely diverse, leading to valuable clinical results
both on hard and soft tissues [ 1 — 3]. Many clinical applications based on thermal effects and
using powerful IR" lasers with Nd:YAG, Nd:YAP, Ho:YAG, Er:YAG, Er,Cr:YSGG and CO, as
active media have been reviewed [4, 5]. In this area, the CO, laser enjoys a respectable position
not only for historical reasons [6] but also for its practical performances. The undisputed field of
the CO, laser is in the oral and maxillofacial surgery [7] and periodontics [8] due to its excellent
control of soft oral tisues hemoragy and bleeding. Other applications include implantology [9],
treatment of peri-implantitis [10], sterilization of pulp, dentin, periapical and other dental
infections [11, 12], treatment of vertical root fracture [13, 14], guided tissue regeneration,
prosthetics [7, 10 ], orthodontics and debonding of orthodontic brackets [15 ], and activation of
teeth bleaching agents [13].

The dental applications of the CO, laser thermal effects are based on the strong absorption
of its radiation by water from soft tissues and by hydroxyapatite from enamel, dentin and
cementum. At present, the US Food and Drug Administration did not yet approve the use of the
CO, laser on hard tissues [7] except for tooth whitening [16]. But from the above it is obvious that
some applications are being extended beyond the soft tissues. The laser radiation interactions with
the teeth and/or with dental materials still offer great potential in dentistry — and research in this
direction is being continued [17, 18].

The irradiation of hard tissues with the CO, laser aims the treatment of caries which
involves cavity preparation by thermal [19, 20] and hydrokinetic [21] ablation, the surgery of
maxilo-facial bones [22], and the caries prevention by surface modifications of enamel and dentin
which reduce their demineralization [17, 23 — 25]. In the most straightforward approach protection
against caries lesion onset and development is done by crystal melting and fusion of surface
enamel layer for a sealing effect at relatively low laser fluence. The use of pulsed CO, lasers for
this type of applications is favoured by confined thermal changes in a layer not deeper than 40 um
[14, 26] and a neglectible heating at the level of the pulp [27 — 29]. In related studies, the CO, laser
irradiation of dentin improved the occlusion of the dentinal tubule orifices by a bioglass mixed
with phosphoric acid [30] and increased the shear strengths of glass-infiltrated alumina ceramics
bonded to dentin [31]. CO, laser irradiation combined with fluoride inhibited the demineralization
of cementum on the root surface [32] and of enamel [33, 34]. The prevention of enamel
demineralization was obtained also by CO, laser fusion of synthetic hydroxyapatite as a sealant for
pits and fissures [35]. However, research is still needed in order to to reduce detrimental effects of
CO, lasers such as cracking, fissuring and disruption of enamel rods, carbonisation of dentinal
tubule contents, excessive loss of tooth structure [36] and loss of the odontoblastic layer [14].

In addition to forming the object of a large volume of clinically-directed research, the
complex interactions of the CO, laser radiation with the hard tissues were also studied from a
physical perspective (both experimental and theoretical) [21, 37 — 42]. To account realistically for
the properties of the biological tissues, some theoretical models proposed for various types of
lasers describe tissues as heterogeneous [43] and anisotropic [44] media. In fact the enamel has an
inhomogeneous and anisotropic structure. PIXE elemental analysis evidenced differences between
cusps of the same tooth [45]. SEM studies have found cusp dissimilarities in the enamel prism
areas, density and packing [46].

Refractive index and absorption coefficient of dental enamel at CO, laser wavelengths
highlighted a directional dependence of the optical constants, which may be important for surface

" Abbreviations and acronyms:

AFM — atomic force microscopy; CW — continuous wave; FEL — free electron laser; FT — Fourier transform;
FTIR spectrometry — Fourier transform infrared spectrometry; HA — hydroxyapatite; IR — infrared; OM —
optical microscopy; PIXE — particle-induced X-ray emission; RMS — root mean square; SEM — scanning
electron microscopy; TEA — transversally excited, atmospheric pressure; YAG — yttrium-aluminium-garnet
(Y3Als01,); YAP — yttrium-aluminium-perovskite; YSGG - yttrium-scandium-gallium garnet; XPS — X-ray
photoelectron spectroscopy.



989

treatment of teeth and fusion of dental materials [47]. Differences in the ultrastructure of irradiated
dentin were observed depending on CO, laser irradiation direction, i.e. parallel and perpendicular
to the root canal walls [48]. CO, laser-induced surface alteration like flaked off material depends
on the parallel and perpendicular prism orientation [49, 50]. These few studies suggest that more
investigation is needed for a better understanding of this interesting directional effect.

The transversely excited atmospheric pressure (TEA) CO, laser at 10.6 um could be
suitable for such studies, because due to its high power and short pulses it is highly appreciated
since the ‘90s for ablating dental hard tissue [13]. Moreover, in search for a precise ablation of
hard tissues without significant thermal side effects, the CO, TEA laser (0.1 — 2 us pulse length)
could fill a gap between the pioneering studies [6] who used a simple CO, laser with pulses 50 us
long and the developments using a highly sophisticated Nd:YLF laser system with picosecond or
femtosecond pulse durations; the later produced plasma-induced ablation without significant
thermal and mechanical damage [41]. By comparison, it is obvious that the robust TEA-CO, laser
is a cost-effective solution. Another reason for the choice of the thermomechanical ablation by
TEA-CO, laser is that the microexplosions occurring in the hydrokinetic ablation, a method very
popular these days, may induce cracks up to 300 um deep that can be the origin for new caries
development [41, 51, 52].

The previously discovered bond strenght increase of ceramics glass ionomers to dentin by
CO, laser irradiation [31] raises the question whether a similar improvement of restorative
materials bonding could be obtained for enamel after laser modification of its surface structure. To
this purpose the roughness of the enamel surface on the micrometer or nanometer scale should be
increased. The roughening of the surface by inducing patterns of frozen waves was described for
metal targets (review in [53]), for electroinsulating inorganic crystals [54, 55] and for metallic
nitride ceramic multilayered coatings [56] by using CO, and other lasers with nanosecond to
femtosecond pulses. Therefore the search for such a possible effect in enamel irradiated with the
microsecond pulses of the TEA-CO, laser would be relevant both basically and for potential
applications.

Here we report a study by SEM and AFM on the effects produced by TEA-CO, laser
irradiation on teeth having different orientations of enamel prisms. As compared to other surface
topography analysis methods like u-PIXE [45], u-FTIR [57] and p-Raman spectroscopy [58],
these microscopy techniques have a better resolution and some other definite advantages. For
instance SEM images alow a wide range of magnifications and have an enhanced contrast and a
large depth of field, yielding a characteristic three-dimensional appearance of the surface structure,
while AFM allows the measurement of surface roughness. In addition to the ultrastructure of the
spot, its boundary is studied because the laser irradiation usually does not cover the whole surface
of a tooth. The effects of cementum and cementoenamel junction irradiation are studied for the
interest of the TEA-CO, treatments of periodontal diseases. The potential of the results for hard
dental tissue procedures of clinical interest is discussed. In the second part of this study, simple
physical models are proposed for the interpretation and a better insight of the laser-induced
changes in the surface ultrastructure.

2. Materials and methods

Dental samples

Permanent teeth from adult patients were extracted in order to solve periodontal and
therapeutic dental problems. Three teeth presenting relatively large and approximately flat areas of
sound and scale-free enamel were selected for laser irradiation. As seen with an optical microscope
in reflected light, they were an upper central incisor (Fig. 1A), a lower molar (Fig. 1B) and an
upper wisdom tooth (Fig. 1C). The teeth were washed with tap and distilled water after extraction
and kept provisionally in a saturated humid environment in sealed plastic bags. To simplify the
experiment, the organic traces from their surface enamel layer were removed by incubation in
hydrogen peroxide 10% for about 1 month. The excess humidity was then removed by keeping the
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teeth in dry air at room temperature for several days before use. The preparation ensured a clean
surface.

The irradiated enamel spots of 5 mm diameter are shown marked with circles on the teeth
in Fig. 1A — 1C. The surface microstructures of the native, non-irradiated enamel from areas
adjacent to the spots as observed by SEM are shown in Fig. 1D, 1E and 1F, respectively, below the
corresponding tooth.

Fig. 1. The laser irradiated teeth images by reflectance OM (top) and the SEM

ultrastructure of their native enamel surfaces in areas adjacent to spots (bottom). A, D —

upper incisor; B, E — lower molar; C, F — wisdom tooth. The laser spots are shown by

circles in images A, B, C. The enamel prisms are perpendicular on the surface in images

D and E, and parallel in image F. The organization of perpendicular prisms outlined in

images D and E by thin lines connecting the centers of prisms was more regular in the
upper incisor than in the lower molar.

The surface structure of native enamel
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Basically, the unirradiated enamel as seen by SEM may have the crystalline prisms
perpendicular as in the upper central incisor (Fig. 1D) and in the lower molar (Fig. 1E) or parallel
to the surface as in the wisdom tooth (Fig. 1F). The shape of the prisms’ heads in the incisor
enamel was quasi-circular while in the lower molar it was irregular. The mean distances of about 7
um between the centres of prisms including their diameter and the interprismatic spaces filled with
less ordered hydroxyapatite crystals (Table 1), were negligibly smaller in the incisor than in the
lower molar, but the corresponding standard deviation was about twice larger in the later case due
to the prism shape variability.

Table 1. The teeth characteristics and the irradiation conditions of the dental specimens
with the pulsed CO, TEA laser radiation of 10.6 zm

Orienta- Enamel | Enamel | Enamel surface Nomi-
tion of prism prism | defects density - Num- | nal flu-
enamel size density Irradiated ber of ence 3®
Tooth . . . area of ’
prisms Point- Fili- tooth laser
relative to centred, | form, pulses’
surface’ um pm? | m2 um'* Jlem?
Vestibular
face,
at a secant 3 75+ 16
Upper Perpen- level of
central °TP 7.0+0.6 (2.1+0.4)10% | ~710™" | CEJ
o dicular -
incisor Vestibular
face, near 7 175 +
the incisor 25
edge
Mesial
face, ata
Lower | Perpen- | 24,11 | (21407)107 | ~410" | diametri- o5 | 620%
molar dicular 46
cal level of
CEJ
Upper
wisdom | Parallel n.d n.d. ~510° ~10* ]E)cclusal 25 625 +
tooth ace 46

!As observed by SEM of native (unirradiated) enamel adjacent to the spots, Fig. 1.

“Energy per pulse (output from the laser, uncorrected): ~5 J with the instrumental conditions as described.
The values of energy directed to the spots were of ~15, ~35, ~75 and ~75 J, respectively.

*Spot diameter 4.9 + 0.1 mm, spot surface ~0.2 cm® Nominal fluence of laser radiation output is given. It is
assumed to be equal with the fluence incident on samples, estimated without corrections for losses in the AR
germanium lens and air.

*An estimate of the effective fluence due to absorbed radiation energy, accounting for the losses due to
plasma formation (50 - 70%), to reflection and to scattering (~5% and ~10% of the remaining, respectively
[59]) — but not for the differences due to enamel prisms orientation — gives roughly 25 + 12 J/cm? (3 pulses),
60 + 28 J/cm? (7 pulses) and 212 + 100 J/cm? (25 pulses); the errors are intentionally overestimated.

*The errors of the nominal fluence were estimated with the formula & = &, N'? assuming independent action
of the successive pulses and applying the error propagation formula (cf. [60]). Here &, is the error in the
evaluation of fluence delivered by a single pulse and N is the number of applied pulses. However the errors
should be somewhat higher if taking into account the errors associated to reflection and scattering strongly
dependent of prisms otrientation, as well as those associated to the reproducibility of the laser output energy
per pulse.
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Accordingly, the 2c confidence limits of the prism size were between 5.8 — 8.1 um in the
incisor as compared to a broader range of 5.0 — 9.2 um in the lower molar. The packing structure
and symmetry of the prisms is different in the upper incisor and lower molar enamel. In the upper
incisor they are disposed in distorted centred hexagons and rarely pentagons, like in a quasi-
crystalline 2D geometry (Fig. 1D). In the lower molar, they form an amorphous arrangement,
without any obvious long distance order, although their 2D distribution displays locally distorted
hexagons and pentagons and irregular quadrangles (Fig. 1E).

The linear density of prisms in the incisor is somewhat larger along the x direction of Fig.
1D as compared to the y direction, while the lower molar appeared two-dimensionally isotropic
(Fig. 1E). The packing in terms of interprismatic spaces between prisms is more dense in the molar
than in the incisor enamel, although their mean surface density is the same (~2 10 um®) within
errors. This means that at variance to the lower molar, the incisor contained more interprism
enamel with the hydroxyapatite crystallites oriented differently (e.g., at ~45°). In the case of the
upper wisdom tooth with parallel prisms (Fig. 1F) such a detailed ultrstructural characterization is
not possible because the prism heads are not visible.

The enamel surface showed natural or acquired morphological defects (small cavities or
pores, prominences and striations) which are primary sites of attack in the early demineralization
stages leading to caries formation. On the surface of enamel with parallel prisms of the wisdom
tooth one can see point-centered formations somewhat like flowers and low mounds, as well as
many linear scrapes (Fig. 1F) and zigzag or branched fissures (upper inset of Fig. 5E). The enamel
with perpendicular prisms of the incisor shows also scrapes (Fig. 1D) and fissures (inset of Fig.
5A). But most important the interprismatic junctions provide a surface network of filamentary or
guasi-unidimensional defects, and the prisms’ heads may be looked at like point-centered defects
(Fig. 1D, 1E, 3A inset, and 5A). We evaluated a much higher surface density of defects on the
upper incisor and lower molar enamel with perpendicular prisms, as compared to the wisdom tooth
with parallel prisms (Table 1). The point-centred defects amounted to ~2 10 um in the first case
and to only ~5 10° um? in the second. The corresponding figures for quasi-one-dimensional,
filiform defects were of close orders of magnitude (~4 — 7 10" pm™ and of ~102 um™,
respectively). Although this evaluation was very approximative, it evidenced orders of magnitude
differences of surface point-like defect density between the studied areas around the laser-
irradiated spots on the incisor and lower molar on one side and the wisdom tooth on the other.

The results showed that these ultrastructural parameters could play important roles in the
laser-induced surface alteration effects.

Laser irradiation

A pulsed CO, laser excited by transversal electric discharges at atmospheric pressure
(TEA) with preionization [61] of the Lamberton-Pearson type [62, 63] was used. The laser had
helically arranged electrodes and was assembled by three discharge tubes to ensure a larger active
volume and thus higher energy per pulse. It was operated at 40 kV in a CO,-N,-He gas mixture
(5:5:90 v/v) dopped with xylene vapours and generated 10.6 um wavelenght radiation [64 — 67].
The beam had an approximately Gaussian profile. The laser pulse energy was measured with a
Hadron 120 B energy meter, and a time display of the pulse was recorded with a germanium
photon drag detector. With the described setup, radiation pulses of ~5 J energy with a shape
typical for TEA-CO, lasers: a sharp peak with a halfwidth of ~150 ns and a tail which lasts 2 — 10
usec duration, were obtained at 10 — 12 sec time interval in a pulse-by-pulse controlled regime.
The beam was focused in a spot of about 5 mm diameter with an antireflex (AR) coated
germanium lens of 5.1 cm focal distance with antireflection coating. The irradiated tooth samples’
surface was vertical and perpendicular to the beam and the distance to the lens was preselected
with test specimens.

In the design of the teeth irradiation (Table 1) we adapted the general concept of a
screening by a few fluence values in approximately geometric progression covering a large range
[6, 23]. However our conditions (5 J per pulse, ~2 ps pulse duration, 0.15 — 0.20 s™ repetition rate)
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were completely different, i.e. shorter pulse length, higher energy per pulse and lower repetition
rate. A detailed discussion is needed to explain the rationale for the irradiation conditions.

A definite advantage expected for the shorter pulses delivered by the TEA-CO; laser could
be the ability to produce precise ablation of hard dental tissues without major thermal damage (e.g.
cracks, fissures) by reducind heat diffusion in the time frame of pulse duration [41, 68]. Implicitly
the pulsed CO; lasers provide protection of the pulp against heating (e.g. from < 1°C at 2 mm
depth with a fluence of 12.5 J/cm? per pulse [24] to ~3 °C with an incident fluence of 20 J/cm?
[28]). Moreover due to the low repetition rate used the effects of successive pulses were thermally
isolated of each other as the enamel could return close to room temperature during the long time
between pulses (10 — 12 s). Thus the morphological effects cumulated more or less additively
without major cooperative build-up of thermomechanical effects.

In our experiment, the upper incisor was irradiated on two distinct spots with 3 and 7
pulses, respectively, while the lower molar and the upper wisdom tooth received 25 pulses per
pulse. Thus the resulting nominal fluence (emitted from the laser) focused in spots of 5 mm
diameter was almost one order of magnitude higher as compared to the cited studies [6; 23].
However the term ‘fluence’ is used in various senses in dental studies and there is some
uncertainty and approximation in the literature fluence values. One has to distinguish between the
‘nominal’, emitted and measured [69, 70], incident [28] or applied, and absorbed [23] or
‘effective’ fluence. The latter accounts for the appreciable loss in the effective energy density due
to plasma formation, which could not be evaluated precisely (except by specially designed
measurements) and which is particularly important for the TEA-CO, laser.

The nominal fluence we used per single pulse was 25 J/cm? and was selected by reference
to the threshold values for effects produced by pulsed 10.6 um radiation on enamel. Thus chemical
modifications were detected by FT-Raman spectroscopy at 6.0 J/cm? and also ultrastructural
changes as seen by SEM were reported [69]. Still, other authors did not detect by SEM surface
melting and crystal fusion below 20 J/cm? [23]. Inhibition of caries-like lesions produced by in
vitro demineralization was evidenced by microradiography starting from 13 J/cm? [6] and from 25
Jlcm? by cross-sectional microhardness testing [24]. Also, at 25 J/cm? the first macroscopic effects
(surface opacity) could be produced on enamel with a sequence of longer and less energetic pulses
[6]. Hence there is some unconformity in the threshold values depending on the applied laser pulse
sequences and on the methods used for assessing the changes. However at a nominal fluence of 25
Jlem? per pulse, we could expect that each single pulse produced ultrastructural changes
observable by SEM and AFM and, moreover, potentially relevant for the protection of enamel
against caries progression.

The lowest nominal fluence of 75 J/cm? produced by 3 pulses was selected to make sure
not only for the generation of ultrastructural changes observable by SEM and AFM, but also for
some minimal macroscopic changes of the enamel surface visible with a reflexion optical
microscope. Even so, the spot irradiated with 3 pulses was extremely faint and hard to see (Fig. 1A
lower spot). This approach facilitated the observation of the spot’s margin, which is of potential
dental interest for treatments not covering the whole tooth surface. Although it exceeds the
threshold for gross surface alterations, the above fluence is typical for the caries prevention in
dental enamel and remains close enough to the threshold of caries inhibition so as to expect less
important disruptive effects due to shock wave generation [41].

The middle nominal fluence of 175 J/cm? corresponding to 7 pulses laid near the limit
between the caries prevention domain of fluencies and the laser ablation domain for caries
treatment and cavity preparation. For instance with 9.3 pum pulses and a lower fluence — which
could be considered roughly equivalent to our fluence of 7 pulses at 10.6 um as suggested by
comparative studies [23] — craters were drilled in enamel [70].

The highest nominal fluence of 625 J/cm? applied with 25 pulses delivered on the lower
molar and the upper wisdom tooth should be typical for CO, laser ablation of enamel.
Nevertheless, irradiation with 0.3 J/cm® per pulse of 5 ps at 226 Hz and cummulating a total
fluence of about 610 J/cm? was performed in order to increase caries resistance [68, 71].

The corresponding ,effective’ fluences for the 3, 7 and 25 applied pulses were evaluated to
25, 60 and 212 J/cm? (footnote 4 of Table 1), but they are only a rough guide because we found the
interaction of the laser beam with the enamel to depend critically on the orientation of the enamel
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prisms. These values are more close to the caries prevention fluence range. However a clear-cut
boundary between the fluence ranges appropriate for caries inhibition and caries removal seems to
be not possible, both because the two domains seem to overlap and because the threshold values
are approximate, depending on the laser pulse and sequence parameters as well as on the definition
of fluence. In brief, the enamel irradiation with 3, 7 and 25 pulses covered a range of fluences with
effects extending potentially from caries prevention to caries treatment by enamel ablation.

Scanning electron microscopy

The surface morphology of control and laser-irradiated enamel was examined by SEM in
secondary electron imaging regime with a JXA-50 Electron Probe Microanalyzer (Jeol, Tokyo,
Japan), an instrument which allows a resolution of 10 nm or better. The electroinsulating surface
of teeth was coated with a thin (20-40 nm) film of carbon by vacuum evaporation at 107 torr to
prevent charging and associated image artifacts and to enhance the yield of secondary electrons.

Areas of native and laser-irradiated enamel as well as of the boundary zones between the
two contiguous regions were selected with the adjustable sample stage. By appropriate choice of
working distance and acceleration voltage, nominal magnifications of x50 to x2500 were used.
The scale of the SEM images at x1000 and x2000 magnifications is similar to that of the AFM
images.

Atomic force microscopy

AFM images were taken with an XE-100 instrument (Park Systems, S. Korea) operated in
the noncontact mode, using a silicon tip of 10 — 20 nm radius. A scanning rate of 0.2-0.3 lines s
was used, as a function of topography and scanned area. The laser irradiated spots were observed
and nearby zones of unirradiated enamel were used as controls. Three or two distinct square fields
of 20 um sides were scanned on each examined area. Root mean square (RMS) roughness
measurements of the areas were performed using the incorporated XEI soft. Control optical
microscopy images of the sample were taken with the incorporated microscope at a magnification
of x300 — x780.

3. Results and discussion

Enamel ablation at low and intermediate fluence

On the incisor surface observed with the optical microscope in reflected light (Fig. 1 A),
the spot partly overlapping the cementoenamel junction which was irradiated with 3 pulses suming
up 75 J/em? nominal fluence was hardly visible and only in grazing light. It looked like a patch
somewhat bleached and slightly more opaque than the surrounding enamel. The irradiation with 7
pulses (175 J/cm? nominal fluence) of the spot near the tooth edge produced a little more pregnant
discoloration and an extremely slight depression on the enamel surface, probably associated with
an incipient ablation. The two circular spots of about 5 mm diameter presented in common a
macroscopic aspect a bit more unpolished than the outside enamel around.
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0 4 8 12 16 20 pm

Fig. 2. — AFM maps of upper incisor enamel with perpendicular prisms irradiated at low
and intermediate fluence. A, native; B, irradiated at 75 J/cm? fluence; C, irradiated at 175
Jlem? fluence.

The AFM maps of unirradiated, native enamel evidenced many small peaked irregularities
of 100-200 nm heigth and of 0.5-1 um diameter (Fig. 2A). After the 75 J/cm? irradiation (Fig. 2B),
these small relief forms were no longer observed. The surface looked rather smooth, amorphous
and glassy with valleys and hills up to ~1 pm high and about 5 um in size. At 175 J/cm® nominal
fluence (Fig. 2C) these large forms become higher up to ~2 um and the aspect of their surface was
less smooth and glassy, being covered with small irregularities of about 0.5 pum size. Both
irradiated spots evidenced thus clearly the superficial melting of enamel, but with particularities
depending on the fluence.

100 pm

Fig. 3. SEM images of native (A) and laser-irradiated enamel of the upper incisor with perpendicular
prisms exposed to low and intermediate fluence of 75 J/cm? (B) and 175 J/cm? (C).

The SEM images of the incisor produce further insight. While the unirradiated zones show
at a higher magnification the enamel prisms prependicular on the surface with appreciable
interprism enamel (Fig. 1D), at a lower magnification the prisms still can be seen (Fig. 3A inset)
and various defects such as small but rare cavities are observed (Fig. 3A).

At a magnification comparable to the AFM images, the spot irradiated with 75 J/cm? (Fig.
3B) shows a smooth and glassy surface with larger protuberances of about 5 um diameter and with
numerous small (0.5-1 um) cavities and rare larger (up to 2 um) hollow spaces. Moreover the
glazed enamel showed narrow fissures probably due to tensions appeared during cooling which
were not seen in the AFM pictures.

The aspect of the enamel irradiated at 175 J/cm? (Fig. 3C) was no longer smooth and
glassy and revealed a conglomerate, flaked-off structure resulted by some kind of exfoliation and
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not evidenced by AFM. The surface appears to be rough and decorated with stacked elements of 2-
3 um, looking like flakes or tree bark. This unusual structure seems to be a loose formation made
up by ablation scraps protruding from the ablated surface. Flaked-off products material has been
produced by pulsed laser ablation of materials so diverse as polyimide film [72] and dental enamel
with parallel prism orientation [50]. Also the CO, laser showed a tendency to detach material in
the head of the enamel prisms where crystallites ran parallel to the long axis of the prism [49].
therefore The observed flakes from Fig. 3C may be detached hydroxyapatite crystals either from
the perpendicular prisms or from the interrod enamel where the crystals are oriented in a different
direction (whichever is more favourably oriented). Alternately, the exfoliation of a quasi-
homogeneous polymer film [72] suggests that the flakes could be small drops of melted enamel
which were spread radially by rampant boiling during the laser beam impact. They probably begun
to solidify before reaching the solid enamel surface and adhered to it in a semi-solid state
aggregating themselves in an layer stacked on the surface.

Note that the effects of the CO, laser irradiation at low and intermediate fluence — which
explain the increase in enamel’s acid resistance — are very complex and include, in addition to the
decrease of the enamel permeability by fusion of the enamel surface ultrastructure, other
alterations such as inhibition of the ion diffusion into enamel by decomposition of the protein
matrix, and reduction of solubility by recrystallization and chemical changes (reduction of water
and carbonate contents, altered calcium—phosphate ratio, increase in hydroxyl ion contents,
formation of pyrophosphates, etc.) [73].

Patterns of enamel thermal ablation at high fluence

Changes like carbonate loss, crystallographic restructuring, and fusion of enamel could be
even more important in the high fluence domain, but among them we examined only the results of
melting and resolidification of enamel as seen in the changes of surface micro- and ultrastructure.
In enamel, the typical macroscopic effect of laser irradiation with 25 pulses — yielding a nominal
fluence of 625 + 46 Jicm? (and estimated effective fluence of 212 + 100 J/cm®) — was the
formation of rather shallow depressions (Fig. 1B and 1C). On the other hand an appreciably deeper
crater was produced in the cementum of the lower molar (Fig. 1B). The SEM examination of the
shallow craters produced by 25 laser pulses in the enamel of both teeth evidenced disordered
structures in the central areas of the spots and clear periodic patterns at the periphery (Fig. 4A and
4B). To our knowledge, this is the first report of periodic patterns produced by CO, laser
irradiation of dental enamel. The particular characteristics of the altered surface morphology
patterns were different on the two samples according to the orientation of the enamel prisms with
respect to the natural surface of the teeth (Fig. 4A and 4B). The structural differences seen in the
irradiated enamel correlate with the different orientation of prisms — perpendicular in the lower
molar (Fig. 1E) and parallel in the wisdom tooth (Fig. 1F) —, emphasizing the postulate of a strong
dependence of the laser effects on the native enamel’s ultrastructure.

Quasi-periodic enamel patterns at high fluence

Both teeth irradiated with 25 pulses showed concentric, radial wave patterns in the
peripheric region nearby the margin of the spot, where the radiation intensity of the beam with
quasi-Gaussian profile was lower (Fig. 4A, 4B, and 5B, 5F). In the upper panel of Fig. 5 SEM
images of the lower molar’s mesial face with perpendicular prisms are shown in detail. The lower
panel displays the occlusal face of the wisdom tooth with the prisms parallel to the surface. The
periods of the waves increased progressively up to the maximum radius of the spots (~2500 um).
The occurrence of these periodic patterns suggests that waves are formed in the surface enamel
layer melted by the laser pulse. The solidified waves could be due to thermo-mechanical effects
due to fast local dilatation of the melted substance, to modeling of the ablation pattern in the
molten enamel by plasma or acoustic waves, or to both of them.

The periodic patterns — regardless of their formation mechanism(s) — were different
according to the orientation of the enamel prisms. In the mesial face enamel of the lower molar
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with perpendicular prisms they were spaced 42 + 2 um apart (Fig. 4A, 5B); in the occlusal face
enamel of the wisdom tooth with parallel prisms their periods were of 68 + 7 um (Fig. 4B, 5F).
Also, the increase in the periods of the radial waves near the periphery of the spot is more visible
on the enamel with parallel prisms of the wisdom tooth.

Moreover, on the enamel of the lower molar with perpendicular prisms, we observed a
superimposed second pattern of waves with shorter period of 11.0+1.5 um (lower image of Fig.
5B). These were genuine details and could not be due to parasitic SEM effects because they have
been observed in different zones and with different magnifications. However, their wavelength
was very close to the A = 10.6 um radiation, and one cannot rule out the possibility that these short
waves could be produced in enamel by a diffraction pattern of the incident laser beam. The short
wavelength periodic patterns were often grouped in trains of about 10 waves. The orientation of
their wavefronts was frequently quasi-perpendicular to the radial waves of 42 um (upper panel of
Fig. 5B) and sometimes quasi-parallel (lower zone of Fig. 4A, visible on higher magnification). In
other zones they formed complicated motifs with parallel curves (lower panel of Fig. 5B).
However in each examined area they were oriented within approximately less than +30° about a
preferential direction. The observed waves of ~11 um showed many features which are
characteristic to the so-called ‘resonance periodic structures’ which were induced by CO, laser
irradiation at the surface of metal targets [53], first of all their period A close to the radiation
wavelength A but also their preferential orientation. They arise by interdependent electrodynamic
and thermophysical mecahanisms which are not yet fully understood, as their origin is very
complex and non-singular (review in [53]). In such models the period A ~ A is due to the
interference between the incident / scattered / diffracted and/or refracted waves which creates
strong lateral temperature gradients along distances of the order of A. Consequently the
corresponding gradients of temperature-dependent properties of the melted material result in
spatial waves with periods close to the laser radiation wavelength.

1000 pm
|

Fig. 4. — SEM images of high fluence (625 J/cm?) ablation patterns in enamel with
perpendicular (A) and parallel (B) prisms showing bubbles at the center of the spots and
concentric waves in the outer regions.

Possible explanations of the laser ablation patterns dependence on enamel structure are
discussed in Part 11 of this study. However, one can assume a higher absorption of energy in the
enamel with perpendicular prisms due to the higher density of defects on its surface as compared
to the one with parallel prisms. In fact the formation of resonant periodic structures is favoured by
the presence of defects on the irradiated surface [53], and the resonant periodic structures were
observed only on the enamel with perpendicular prisms. The surface defects should play a similar
role in the case of the waves with longer periods (42 and 67 um). Another factor possibly involved
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could be the anisotropy of the enamel surface layer, because one can expect different coefficients
of thermal conductivity and dilatation along the longitudinal and transversal prism axes, and the
orientations of prisms were different. Therefore, various thermo-mechanical effects, producing the
specific periodic patterns and other particular structures, could take place in different ways in the
enamel surface layers with parallel and perpendicular prisms.

But whatever the involved mechanisms could be, this is the first evidence of wave-like
patterns — and in particular of resonant periodic structures — produced by laser irradiation in dental
enamel and, more generally, in biological tissues. This is noteworthy because the formation
mechanisms of resonant periodic structures in electroinsulating enamel should be different of those
involved in the laser irradiation of conducting metals [53]. Moreover there should be a difference
with respect to the generation of resonant periodic structures in electroinsulating inorganic
crystals, because the very complex and hierachical organization of enamel contrasts to the more
simple and regular structure of crystals [54, 55] and of ceramic multilayered coatings [56].
However, the TEA-CO, laser irradiation by its much longer pulses provided an approach adequate
to overcome these differences and produce similar effects in enamel.

Quasi-disordered enamel bubbles at high fluence

In both types of enamel, the periodic patterns evanesce and then perish towards the center
of the spot, leaving place to quasi-random structures (Fig. 4A, 4B, and 5B, 5F). They do not show
any more trace of periodicity and, at higher magnifications, evidence amorphous, glassy and
chaotic patterns (Fig. 5C-5D and 5G-5H). They seem to be the result of more or less violent,
turbulent processes of melted material boiling and evaporation due to very fast heating in the
central spot zone, irradiated here by the laser beam of approximately Gaussian (1/e°) profile at its
highest intensity.

Fig. 5. SEM images of different magnifications showing normal (A, E) and irradiated (B — D and F — H)
enamel at high fluence of 625 J/cm?. Enamel with perpendicular (A — D) and parallel (E — H) prisms.
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The morphology of melted and disorderly resolidified enamel is different for the two types
of enamel. When drawing away from the oscillatory pattern to the central area, in the enamel with
perpendicular prisms the waves are steeply followed by bubbles of 50-75 um diameter apparently
not broken (lower image of Fig. 5B). This pattern is not seen in the enamel with parallel prisms,
where the concentric waves degenerate into hemispherical features of 30-100 um diameter and a
void center with the form of broken bubbles distributed quasi-randomly (upper image of Fig. 5F).
As long as they still follow the maximum of a wave, they are spaced at 30-150 um of each other.

At higher magnifications, the SEM appearance of the irradiated enamel with perpendicular
prisms examined at various magnifications is completely “chaotic”, recalling the aspect of some
“boiling volcanic lava”, consistent to a deeply turbulent process (Fig. SC-5D). By contrast, the
irradiated enamel with parallel prisms shows an amorphous, glassy aspect with larger cavities of
5-15 pum and smaller cavities of ~1 um (Fig. 5G-5H). Differences could be seen in different areas
of the spot, but basically they are similar (compare the two zones presented in Fig. 5G with Fig.
5H). Although the surface is rather irregular, it may be described as “locally smooth”on a 10—40
um scale if we neglect the cavities.

Unexpectedly, the surface morphology of some areas of the enamel with parallel prisms
irradiated with 25 pulses (Fig. 5G) and of the enamel with perpendicular prisms irradiated with 3
pulses (Fig. 3B) evidenced a similar glassy and amorphous structure in spite of the very different
fluencies. This suggests most plausibly that the effective total absorbed energy was of the same
order of magnitude in both cases. Thus we postulate that the enamel with parallel prisms and a
small surface density of defects absorbed a smaller fraction of the energy delivered by the 25
pulses, while the enamel with perpendicular prisms and a high density of defects absorbed most of
the incident energy from the 3 pulses.

Apart from providing an argument for the essential role of surface defects, this shows that
the effective fluence is hard to evaluate because it depends on the surface structure of enamel.
Moreover, any estimate of the effective fluence based only on the nominal fluence and on a
plausibly guessed lost energy fraction due to plasma formation may be very inaccurate as long as
the effects due to surface density defects are not accounted for.

A B
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Fig. 6. — AFM maps of enamel with perpendicular prisms of the lower molar, A — native,
B — irradiated at high fluence of 625 J/cm?.

The similar aspect of the enamel with parallel prisms irradiated with 25 pulses (Fig. 5G)
and of the enamel with perpendicular prisms irradiated with 3 pulses (Fig. 3B) shows in addition
fine fissures in the glassy melted substance. They formed probably by contraction-associated
tensions generated by fast cooling of the melted material after each laser pulse. Thus not only the
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heating was very fast (~1 pus) but also the cooling (although its time course was unknown). These
fissures are too narrow (< 0.1 um) to accommodate bacteria, but probably they would weaken the
mechanical strength of irradiated enamel.

Note finally that the AFM images of the enamel with perpendicular prisms of the lower
molar (Fig. 6A) after irradiation with 25 pulses shows a ‘glassy ruggedness’ pattern (Fig. 6B)
which is similar to the area scanned by SEM at a close magnification (lower image of Fig. 5D).
Thus AFM evidenced also substantial ultrastructure changes with respect to the native enamel,
after irradiation it displayed also small cavities of 1-2 um and a quasi-circular ‘bubble’-shaped
detail of 4-5 um diameter just like the SEM image. The apparent height of the surface relief due to
shadow effects in SEM images seems much higher than the AFM-measured RMS height because
the field depth of SEM is much larger. Each method provided a few specific additional details with
respect to the other, and confirms complementarily the ultrastructural changes induced in enamel
by the laser irradiation.

Fractal surface of enamel at high laser fluence

A surprising result — mainly due to SEM’s capability of using a large range of
magnifications, providing thus a comprehensive ‘big picture’ — consists in the fact that for both
types of enamel, two specific and almost invariant motifs are visible on the 10 — 100 um scales in
the quasi-disordered patterns produced by laser irradiation. At various magnifications and in
different examined areas, the same ‘chaotic’ image was found in the case of the enamel with
perpendicular prisms (Fig. 5C-5D), and the same glassy aspect was shown in the enamel with
parallel prisms (Fig. 5G-5H). This suggests that in both cases the alterations had a hierarchical
structure, with features which reproduced themselves approximately from lower to higher
magnification. The property that a magnified view of one part will have the same qualitative
appearance although it will not precisely reproduce the whole object represents precisely the so-
called statistical self-similarity of natural fractals. In other words, the SEM images suggest that the
surface morphology of the enamel altered by high fluence CO, laser irradiation may have a fractal-
type structure. The fractal analysis of surfaces [74] emerged as a powerful method for biomedical
applications [75]. It has been applied recently in studies of dental composites [76] and allowed
deeper insight in an investigation of the laser ablation of alumina [77]. The fractal dimension of
patterns with rough and irregular geometric shape as those produced in enamel by laser irradiation
may give a quantitative measure of complexity, defined as a change in detail with change in scale.
Although the careful examination of the fractal properties of laser-irradiated enamel is beyond the
scope of the present article, it is being considered in a subsequent study (Preoteasa et al, in
preparation).

The spot boundary at high laser fluence

Characteristic ultrastructural configurations dependent on the orientation of the enamel
prisms were observed at the boundaries of the spots produced by 25 laser pulses. The spot
boundary is important because in a practical laser treatment it would be almost impossible to cover
completely the surface of a tooth. It has been noted previously that the melting produced by the
laser spot was not homogeneous, and was restricted to limited areas [50].

The spot of the enamel with perpendicular prisms of the lower molar shows a clear halo in
certain boundary zones (Fig. 7A), while in other parts a stacked long-wavelength periodic pattern
was seen, followed by a smooth but distinct outer ring (Fig. 7B). The annular moulds showed in
addition short-wavelength periodic patterns (insets of Fig. 7A). Thus both forms of boundary
structures exhibited definite types of order emerging just at the limit of the laser beam, which
appear to be formed by solidification of melted enamel without splashing or blowing out. The halo
images from the upper and lower panels of Fig. 7A displays some non-uniformity with respect to
its width, varying between ~250 and ~320 um, and to its form. The apparent morphology
differences may be explained either by genuinely different profiles of the halo in the two places,
by an asymmetric profile of the halo wth respect of its median, or by both. The assumption of the
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halo’s profile variability is favoured by its different widths from point to point. It is also
substantiated by the completely different pattern in a third place on the frontier of the same spot
from the lower molar as shown in Fig. 7B. In the lower panel of Fig. 7A outside calcinations of
enamel are observed. The calcinations could be explained by the fact that the oscillating
electromagnetic field produced inside the laser spot does not drop abruptly to zero at the perifery,
but decreases exponentially outside the border [53]. A halo of about 100 um wide surrounding the
spot produced in enamel has been reported before [49]. Similarly, altered circular zones outside
the laser spot were observed in a polymer film [72] and in ceramics [78]; in the latter case it was
attributed to the plasma formed in the vapor plume and not to heat diffusion from the irradiation
spot.

Fig.7. — SEM images of the spot boundary in enamel with perpendicular prisms (A, B) and
parallel prisms (C, D) irradiated at high fluence of 625 J/cm?. The insets in (A) show the
short wavelengths periodic patterns which are superimposed on the boundary structures
(enlarged twice). In (B) stacked waves are seen at the frontier. The enemel with parallel

prisms shows splashed-out (C) and flaked-off(D) structures.

In the case of the enamel with parallel prisms of the wisdom tooth the spot is bordered by
dropped material. This either was melted and splashed enamel which solidified instantly taking the
aspect of a foam (Fig. 7C), or ejected flaked-off debris which formed a sintered conglomerate (Fig.
7D). Both these structures seem to have been projected slightly beyond the effective limits of the
radiation beam. Similarly to the splashed foam of enamel, irregular and uneven margins with
complicated forms were observed at the boundaries of enamel spots [79]. The occurrence of
exfoliated debris boundary structure on the enamel with parallel prisms is in agreement with the
observations of other investigators [49, 50] who found flakedoff material to be more common in
parallel than in perpendicular prism orientation to the specimen surface.

To conclude, the important differences evidenced between the spot border effects
produced on enamel with perpendicular and parallel prisms strongly supports the postulate that
certain ablation mechanisms involved were different as a function of enamel prisms orientation
with respect to the tooth surface.
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Laser ablation of cementum and cementoenamel junction

The SEM examination of the laser-irradiated cementum (Fig. 8) shows more devastating
effects as compared to enamel. This is most strikingly seen in the case of the lower molar, where
the cervical cementum below the cementoenamel junction was vigorously ablated resulting in the
deepest crater of all irradiated specimens, of a few tenths of millimeter (Fig. 1B). The difference to
enamel is explained by the very different composition of cementum: approximately 45-50%
inorganic material (mainly hydroxyapatite), 33% organic material (mainly collagen) and 17-22%
water, as compared to about 96% inorganic material in enamel. The relatively large amount of
water retained in the highly porous structure evaporated instantaneously causing a hydrokinetic
ablation of the first layers of cementum. This has been observed in fact during the laser irradiation
as a microexplosion with expulsion of debris. It was a particular case of laser-induced explosion of
solids [80].

Fig. 8. — SEM images of native cementum from the upper incisor (A) and lower molar (C),
and of cemetum of these teeth irradiated with 75 J/cm? (B) and 625 J/cm? (D).

The native dental cementum has a loose and fibrous morphology forming a network with
irregular surface. We observed this network either as a disordered and isotropic structure as in the
central incisive (Fig. 8A) or as somewhat anisotropic with fibers partly oriented along a
preferential direction and many canals connecting lacunary spaces in the lower molar (Fig. 8C).
After irradiation with 3 pulses of the central incisive and 25 pulses of the lower molar,
respectively, the surface morphology could hardly be recognized (Fig. 8B and 8D). Both types of
cementum showed structures which suggest a massive melting of the mineral substance followed
by resolidification in an amorphous glassy architecture with large alveoli (~10—40 um diameter)
and pores (~1-5 um diameter).

The alterations of cementum were less extensive in studies using different types of lasers
with milder irradiation conditions. The CW irradiated cementum was described as micro-irregular
and particulate with numerous projections [81], while pulse irradiation produced a low depression
of round shape, circular borders and irregular adjacent area [82]. Pulsed irradiation at subablative
fluences of 25-35 J/cm? resulted in a uniform melting without the presence of superficial ablation
[83]. But although we used higher fluences, no cracking was observed in the melted cementum, as
noted in different circumstances [81].

There are certain differences between the two cementum surfaces irradiated with different
fluencies: the cavities are significantly larger after 25 than after 3 pulses, and the solid glassy
network which demarcate the voids are bigger and sparser. The different structures of the native
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cementum in the two irradiated areas and the different laser fluences could be easily invoked to
explain the disparities between the two irradiated cementum areas (Fig. 8B and 8D).

However the resemblances of the alterations induced in the two cements were
considerable although irradiated with different fluencies (Fig. 8B and 8D). This behavior was in
contrast to that of enamel and seemed more difficult to understand at first sight. One possible
explanation could be the saturation of the laser effects after a few pulses. For another possible
interpretation we postulate that the energy carried by the 25 pulses was only partly used for
melting the cementum of the lower molar, because an important fraction was used for the
hydrokinetic ablation of the first layers of cementum. This would reduce the difference between
the energy delivered to the cementum for shaping the final morphology in the lower molar (25
pulses) and the central incissive (3 pulses) and, accordingly, the final alterations were comparable.
On the basis of the present data, we cannot decide in favour of one hypothesis or the other, or of
both.
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Fig. 9 — SEM images of cementoenamel junction (CEJ) in native state with enamel in
upper left area and cementum in lower right zone (A) and CEJ irradiated with 625 J/cm?
shown at different magnifications (B, C), with enamel above and cementum below.

The native cementoenamel junction of the upper incisor illustrates a less compact and
naturally fissured structure of enamel and the fibrous aspect of cementum, without a specific
barrier element between them (Fig. 9A). The cementoenamel junction of the lower molar located
at the center of the spot irradiated with 25 laser pulses (Fig. 9B and 9C) shows three distinct
regions: 1) the melted enamel structure similar to the irradiated enamel far from the junction but
less compact (Fig. 5); 2) the damaged (ablated) and melted cementum similar to Fig. 8D; and 3) an
interface zone consisting in a narrow grove in the enamel region, a larger grove in the cementum
region apparently depleted of much of the cementum, and a ‘wall’ looking like melted enamel in
the middle. Some parts of this ‘wall’ show discontinuities at a higher magnification (Fig. 9C).
Note that the enamel itself shows groves and channels absent in the irradiated bulk enamel zones.
The overall aspect indicates a rather sensitive, even vulnerable zone of the teeth which undergoes
most drastic effects induced by laser irradiation.

Laser-irradiated enamel surface roughness evaluated by AFM

Quantitative characterization of laser-induced changes of enamel was allowed by AFM
measurement of surface roughness assessed by its root mean square (RMS). This makes possible
concomitant correlations involving different enamel areas and teeth irradiated with 0, 3, 7 and 25
pulses. Mean values of about 66, 324, 358 and 232 nm were estimated for RMS at 0, 75, 175 and
625 J/lcm” nominal fluence, showing a roughly increasing trend with the surface energy density
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followed by saturation. These RMS values are rather small and they describe only the local
roughness as seen in the 20 x 20 pm? AFM maps.

Although we did not perform an accurate examination of the roughness-fluence
relationship and the available data are rather scarce, together with a few prerequisites they afford
at last a semi-quantitatative image. First, we assume a threshold fluence of 13 J/cm? where the first
ultrastructural changes appear [6]. Moreover, this is supposed to be the highest fluence which
produces a practically negligible effect on enamel and thus the corresponding RMS roughness is
presumed to be the same as in the control enamel. Accordingly, the data points representing the
roughness R dependence on fluence o are consistently fitted above the threshold ., in particular
with an exponential saturation curve or with a Langmuir function typical for surface adsorption-
desorption phenomena (Fig. 10):

Ry = const., for o < g,
_ 1-c
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where o, is the fluence threshold given in nm as long as o and R is given in J/cm?.
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Fig. 10. Hlustration of the dependence on laser fluence of the AFM-measured RMS

roughness of irradiated enamel with perpendicular prisms. Open squares and solid line,

upper incisor with ordered prisms. Full square, lower molar with disordered prisms. The

open and full squares were included together in the fit with the dashed line. The fit curves

are Langmuir functions. The inset shows a semilogarithmic plot as a function of number of
pulses.

In the exponential function Ry is the rugosity in the absence of laser irradiation, Ry is the
maximum (saturation) rugosity produced by laser, and s is a saturation constant with the
dimension of fluence. In the Langmuir function R, has the same meaning as above while b and ¢
are parameters. Taking o, = 13 Jlem? for the critical fluence one finds Rz ~ 360 nm for the upper
central incissive alone and R. = 320 nm if the data of the incissive and of the lower molar are
pooled and fitted together. Of course, similar values for Ry, are obtained if another threshold is
chosen, e.g. o, = 30 J/cm? which slightly above the value of 25 J/cm? where the first macroscopic
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changes appear [6]. The dependence of the saturation Ry, on the inclusion of the molar in the fit
highlights the significantly different response of this tooth’s enamel as compared to the incissive’s
enamel, although the enamel had perpendicular prisms in both teeth. This suggests that besides the
orientation of prisms with respect to the surface, other structural factors — size and form of prisms,
crystallinity and interprism enamel filling the volume between prisms — should play a role in the
effects of laser irradiation. The lower value of the molar’s Rn.x may be due to the closer packing of
prisms and lower amount of interprism enamel in the molar than in the incisor because the same
laser energy has to ablate a larger amount of enamel in its hardest crystallized form in a surface
layer of a similar thickness. Although the experimental errors were considerable, this hypothesis
remains plausible and worth of further investigation.

The shape of the curves shown in Fig. 11 and described by eq. (1) is similar to the fluence
dependencies of other effects in laser ablation which show also an initial lag and increase above a
threshold reaching asymptotically a saturation. Thus the desorption yield of ions of different
masses from dentin irradiated with a free electron laser (FEL) increases with the fluence above a
threshold and then saturates [84]. Similar curves have been obtained for the ablation rate of enamel
and dentin [40], for cut depth in bone [85, 21], and for ablation rate of ceramics, aluminum and
steel [78]. Also, the quasi-unidimensional flowing thickness of the vapour-plasma mixture
produced in the ablation of aluminum by a CO, laser appears to increase above a threshold and,
even if it did not reach saturation in the investigated fluence domain, its derivative decreased
monotously [86], similarly to the initial branches of our curves. Let apart the occurence of a
threshold which was to be expected in our experiment, the significance of the mentioned similarity
is still unclear, but it suggests that the laser action on enamel has a common nature with other laser
ablation processes. It may also involve a contribution related to the fluence dependence of plasma
formation, as suggested by the second comparison. Further studies could be devised to examine
this suggestion.

Potential for hard dental tissue procedures

The effects produced in the low fluence domain are of high interest because here the CO,
laser — delivering the energy of short pulses to a small volume at the surface of enamel with less
risk of damages in dental pulp (review in [73]) — is the most successful laser for increasing
enamel’s resistance to caries by reducing the rate of subsurface enamel demineralization [25, 73,
87]. The CO, laser irradiation ,,can reduce initial enamel demineralization, inhibit subsequent
lesion progression, and enhance fluoride adsorption” [73]. At 10.6 um which is the strongest line
of the CO, laser and fluences from 2 to 50 J/cm? without fluoride, the caries inhibition varied
between 30 to 55 % and better [6, 24, 87, 88]. For prophilactic action the 10.6 um CO, laser was
superior to the Nd:YAG laser and comparable to the Er:YAG and Er,Cr:YSGG lasers with a 40 %
and 60 % maximum caries reduction, respectively [73, 89]. We investigated the changes induced
in the enamel surface ultrastructure, but keeping in mind that the effects at various levels (surface
landscape, crystallographic, chemical and elemental) are much more complex.
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Fig. 11. A large fisure in enamel protruding in the spot (left side) was not sealed by laser
irradiation at low fluence of 75 J/cm?.

At the lowest tested fluence of 75 J/cm? the uniform glazing of enamel with minimal
physiognomic changes may be well suited for increasing resistance to demineralization and caries
prevention [41, 87]. In particular, the ~2 um spaces between the perpendicular prisms filled with
the less ordered interprismatic enamel were completely sealed even at this low fluence, which
provided thus an adequate protective effect. The results sugest future tests of fluoride [32 — 34],
bioglass [30] or hydroxyapatite [35, 90] capping of enamel combined with the TEA-CO; laser, in
search for better results than e.g. with the argon laser which increases fluoride uptake by
photochemical action [73, 91].

Special care is needed however at the margins of the spot where splashed or flaked-off
material and adjacent calcinations may occur and host plaque and bacteria favoring thus
subsequent caries onset. Moreover note that at the boundary of the spot, where the Gaussian beam
profile provides a relatively low intensity (~1/e?), the large enamel fissueres or other defects are
not sealed due to the low average fluence of 75 J/cm? (Fig. 11) and thus the irradiation yields only
a limited protection against caries at the boundary of the spot in these conditions.

Considering the irradiation of cementum, it is encouraging to note that at the low fluence
corresponding to 3 pulses the cementum was melted superficially but was not damaged by
hydrokinetic ablation as with 25 pulses. Therefore the low fluence may be tested also for
treatments of lesions in chronic periodontitis such as scaling of periodontal pockets [92]. Also,
given that the excellent performances of the CO, laser for soft tissues may be used for the healing
of periodontal wounds [93], the lack of cementum damage at low fluence implies that the
unintended but sometimes unavoidable irradiation of the tooth below the cementoenamel junction
during such treatments will not be harmful.

The cementum is however strongly damaged and deeply ablated by the hydrokinetic
mechanism, and the roughness in the cementoenamel junction region is increased at the highest
tested fluence of 625 J/cm? (25 pulses). This strongly recommends caution and milder laser
treatments, e.g. about 75 J/cm? near the gingiva with the irradiation limited as much as possible to
enamel, because the damaged hard tissues in this region will obviously favor caries onset by
hosting plaque and bacteria.

Also, the purely thermal ablation with a depth of 25 — 100 um produced in enamel at 625
Jlem? fluence is too low for caries treatment and cavity preparation.

But in enamel the unexpectedly observed — and remarkable — periodic patterns and the
quasi-disordered bubbles generated at 625 J/cm? which are characterized by a gross surface
roughness of about 10 -50 um, could be ideal for increasing the bond strengths of composite
materials to enamel and thus extend the lifetime of dental restorations. A similar effect could be
obtained at the intermediate fluence of 175 J/cm? which produced a flaked-off surface of enamel
by exfoliation of the hydroxyapatite crystals, but the mechanical strength could be lower in this
case because the bonding of the sintered ablation products to the bulk enemel could be weaker as
compared to the waves and bubbles. In a previous study, CO, laser irradiation induced
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significantly higher bond strength of bioglass [30] and ceramics composites [31] to dentin. Such a
laser treatment may be applied for instance to the surface of drill prepared cavities, as an
alternative to the classical roughening by phosphoric acid etching. Moreover, it may find an
excellent, simple and new application, without need of previous drill treatment, for the protective
sealing of the molars’ groves with fluid composite restoration materials, e.g. for patients
complaining of hypersensitivity to cold and hot fluids.

The strong dependence of the effects produced by the TEA-CO, laser in enamel on the
orientation of prisms means, from a practical point of view, that a precise and reproducible
treatment is not possible unless the later is well known. This is a difficult task because the prisms’
orientation may vary from one tooth to another and from cusp to cusp. For now we could consider
only two approaches of this problem. On one hand, one should have a complete map of prism
orientation in all teeth, but this is not feasible due to the biological individual variability. On the
other, the determination of prism orientation should require an apriori examination of the enamel
surface, for instance with some optical reflection microscope or with an optical device for the
diagnosis of prisms orientation based on their anisotropy [47]. Without a specially designed optical
sensor this would be hard to perform in situ in the general dental surgery. Therefore further studies
of the enamel surface anisotropy effects in laser irradiation — largely ignored before with a few
exceptions [48 — 50] —, as well as for the engineering of a dedicated enamel prism orientation
diagnosis device, are necessary for a better understanding and control of these effects.

4. Conclusions

The TEA-CO, laser pulses ~2 us long at fluences above the macroscopic changes
threshold and at low repetition rate produced a large variety of ultrastructural effects in enamel and
cementum as evidenced by SEM and AFM. The most striking change was the generation of
periodic ablation patterns in enamel at 625 J/cm?, reported here for the first time in a biological
hard tissue. The period of the ‘frozen waves’ was of 42 + 2 um in the enamel with perpendicular
prisms, while in the tooth with parallel prisms it was of 68 + 7 um. Moreover, the enamel with
perpendicular prisms showed shorter periodic structures of 11.0 + 1.5 um which were absent in the
enamel with parallel prisms. The later short waves showed the characteristics of ‘resonant periodic
structures’ seen before in non-biological materials such as metals, dielectric crystals and ceramic
multilayered coatings. The dependence of AFM-measured roughness on fluence showed a
threshold and an asymptotic saturation in the irradiated enamel with perpendicular prisms. Thus
the observed effects were dependent not only on fluence but also on the orientation of enamel
prisms, as well as on the density of surface defects. Such characteristics appear to play an
important role in the differences evidenced between the dental targets with different surface
structure.

The potential of the results may suggest beneficial applications in dentistry, both along the
traditional lines, e.g. caries prevention at 75 J/cm?, as well as in the perspective of new practical
uses at 175 and 625 J/cm®. A possible new application could make use of the surface roughness of
(probably) about 10 — 50 um associated to the periodic patterns and the bubbles with fractal-like
structure produced in enamel at 625 J/cm? and to the flaked-off surface generated at the
intermediate fluence of 175 J/cm?. This surface roughening could improve the bond strengths of
composite materials adhesion to enamel both in drill prepared cavities and on the molar groves
sealed with fluid composites for protection. In the later application suggested here, the roughened
enamel surfaces pertain to hidden locations on the teeth so that no possible physiognomic
inconvenience is entailed. On the other hand, treatments of periodontitis should use low fluences
around 75 J/cm?®, which melt superficially the cementum without producing gross damage by
hydrokinetic ablation. The results emphasize the role of the local structure of enamel and of its
hierarchical organization typical for biological materials. The ablation patterns produced in enamel
at 625 J/cm® by the TEA-CO, laser were proven to be dependent on the orientation of prisms,
which should be known prior to irradiation for a precise and reproducible treatment. So far, a
method for the determination of this microanatomical parameter in situ is not at hand, and the
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statistical spread of the effects is high due to various prism orientation and to plasma formation
characteristic to the TEA-CO, laser. Thus further studies for the evaluation of enamel surface
anisotropy and its role in laser irradiation are needed.

Both the SEM and AFM microscopy results reveal the necessity of continuing the studies
of teeth hard tissue irradiation with TEA-CO, lasers in more controlled experimental conditions
and using different pulse parameters. Studies of the plasma plume may help for a more accurate
evaluation of the effective fluence delivered to the tooth hard tissues. In addition to the 10.6 um
radiation, the other wavelengths of the CO, lasers (9.3, 9.6, 10.3 um) should be explored because
they have different absorption coefficients in the two main components of the hard tisues —
hydroxyapatite and water. This may help augmentation of desired effects and reduction of
damaging ones. Measurements of surface optical characteristics of dental enamel could help the
determination of the prisms orientation and may lead the way for the engineering of a diagnosis
device for clinical applications. Finally, in addition to SEM and AFM, there are many atomic and
nuclear surface analysis methods which could characterize the physical and chemical effects
produced by the TEA-CO, laser.

In brief, our SEM and AFM studies may be considered only a first step, at the
ultrastructural level, in the characterization of the effects determined in enamel and cementum by
the TEA-CO, laser. More important, we succeeded to evidence certain ablation patterns dependent
on enamel’s prisms orientation, and especially periodic structures which were not reported in
previous investigations. In the second part of this study, simple physical models are postulated to
allow a better interpretation of the laser-enamel interactions beyond the micro- and ultrastructural
appearance.
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