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Abstract

Objective: The purpose of this study was to evaluate, using atomic force microscopy (AFM), scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS), the morphological and structural changes of
the enamel after irradiation with the Er:YAG laser. Background data: A previous study showed that subablative
Er:YAG laser irradiation produced undesirable morphological changes on the enamel surface, such as craters
and cracks; however, the enamel acid resistance was not increased. Methods: Fifty-two samples of human
enamel were divided into four groups (1 = 13): Group I was the control (no laser irradiation), whereas Groups II,
IMI, and IV were irradiated with the Er:-YAG 100mJ (12.7] /cm?), 100m]J (7.5]/cm?), and 150m] (11]/cm?),
respectively, at 10 Hz with water spray. The morphological changes were observed by AFM and SEM. The
weight percentages (wt%) of calcium (Ca), phosphorus (P), oxygen (O) and chlorine (Cl) were determined in the
resultant craters and their periphery using EDS. Kruskal-Wallis and Mann-Whitney U tests were performed
(p £0.05) to distinguish significant differences among the groups. Results: The AFM images showed cracks with
depths between 250nm and 750nm for Groups II and IV, respectively, and the widths of these cracks were
5.37 um and 2.58 um. The interior of the cracks showed a rough surface. The SEM micrographs revealed mor-
phological changes. Significant differences were detected in Ca, P, and Cl in the crater and its periphery.
Conclusions: AFM observations showed triangular-shaped cracks, whereas craters and cracks were evident by
SEM in all irradiated samples. It was not possible to establish a characteristic chemical pattern in the craters.

Introduction

HE ER:'YAG LASER IS WELL ABSORBED by all biological

tissues that contain water molecules. In dentistry, this
laser is prescribed not only for the treatment of soft tissues but
also for the ablation of hard ones.! A mechanism of biological
tissue ablation with the Er:YAG laser has been proposed that
is based on the optical properties of its emission wavelength
and the morphological features of the surface ablated by the
Er:YAG laser. During irradiation, the laser’s energy is ab-
sorbed selectively by water molecules and hydrous organic
components of the biological tissues, which causes the evap-
oration of water and organic components, resulting in thermal
effects caused by the heat generated by this process (called
“photothermal evaporation”). Moreover, in hard-tissue pro-

cedures, the water vapor production induces an increase of
the internal pressure within the tissue, resulting in an explo-
sive expansion called a “microexplosion”*® that produces
changes in the morphology of the enamel,*® including un-
desirable effects that have been described as craters and
cracks.” 4

Furthermore, the results in the available literature re-
garding subablative Er:YAG laser irradiation as a method to
increase enamel acid resistance for caries prevention have
been contradictory.’>'® One previous study evaluated en-
amel morphological changes and acid resistance after
subablative Er:YAG laser irradiation. Although the acid re-
sistance was not increased, scanning electron microscopy
(SEM) analysis on the enamel surface showed craters and
cracks,'” which may be sites of high risk sites for bacterial
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accumulation. In addition, a massive demineralization along
the cracks has been reportecl.15 However, additional research
regarding the undesirable effects of Er:YAG laser irradiation
is needed.

Recently, more attention has been focused on the appli-
cation of atomic force microscopy (AFM) in dental re-
search'® 2! because of its applications in the exploration of
biomaterial surfaces. Furthermore, it is useful because it has
a higher resolution than SEM, and a three-dimensional im-
age compared with the two-dimensional image of a sample
observed with SEM. The use of both microscopic analyses
may improve the observation of morphological changes of
the enamel, resulting in a synergism achieved by the ad-
vantages of each technique.

Regarding enamel structural changes associated with
Er:YAG laser irradiation, alterations to apatitic inorganic
component of tooth enamel,? as well as differences in the
calcium/phosphorus (Ca/P) ratio,"® and significant laser-
induced reduction of carbonate and modification of organic
material content, have been 1reported‘23

Therefore, the aim of the present study was to evaluate,
using AFM and SEM, the morphological changes of the en-
amel surface after irradiation with the Er:YAG laser, and the
structural changes through the weight percentages (wt%) of
Ca, P, oxygen (O) and chlorine (Cl) in the resulting craters
and periphery area with energy dispersive X-ray spectros-
copy (EDS).

Materials and Methods
Tooth selection and sample preparation

The study protocol was reviewed and approved by the
Research and Ethics Committee at the Autonomous Uni-
versity of the State of Mexico (UAEM). All subjects enrolled
in this research signed a consent form. Five unerupted per-
manent third molar teeth extracted from two patients for
therapeutic reasons were stored in a 0.1 (wt/vol) thymol
solution at 4°C until the experiment was performed. The
crown was separated from the root in each tooth using a
diamond disc (BesQual, NewYork, NY) mounted on a low-
speed motor (Brasseler, Savannah, GA) under distilled water
irrigation to prevent dehydration. The crown was fixed to a
glass slide with thermoplasticized epoxy resin (Allied, Ran-
cho Dominguez, CA).

Afterward, a diamond wheel (South Bay Technology, Inc.,
San Clemente, CA) mounted on a cutter (South Bay Tech-
nology, Inc.) was employed to obtain the samples under
constant irrigation. For the AFM evaluation, an unerupted
permanent third molar was vertically crosscut in the bucco-
lingual direction, and four samples measuring 8 mm wide x
5mm high were obtained (one for each group). The samples
were fixed with thermoplastic cement (Buehler, Lake Bluff,
IL) to AFM steel mounting discs (SPI Supplies, West Chester,
PA). All of the samples were polished with a MetaServ® 2000
polisher machine (Buehler), using diamond lapping film
with grain sizes of 35, 30, 15, 9, 6, 3, 1, 0.5, 0.25, and 0.1 yum
under constant water irrigation. Only two samples (Groups
II and III) were further polished after laser irradiation.

For the EDS and SEM analysis, the occlusal surfaces from
four unerupted permanent third molar teeth were vertically
crosscut in the buccolingual and mesiodistal directions.
Twelve samples per molar were obtained (three for each
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group), measuring 1.5mm wide x 2mm in length. A total of
48 samples were obtained (twelve samples per group) (Fig. 1).

Finally, all of the samples were rinsed with deionized
water and dried at room temperature for AFM, EDS, and
SEM evaluation.

Er:YAG laser irradiation

An Er:YAG laser system (Lumenis OPUS DUO™ Er:
YAG + CO,, Yokneam, Israel) was used to irradiate the
samples. The main experimental parameters of the laser
during the study were as follows: wavelength fixed at
2.94 um, energy pulse from 100 to 150 m], frequency of 10 Hz,
pulse duration of 250-400 usec, and an exit tip diameter from
1.0 to 1.3 mm. Fifty-two enamel samples were divided into
four groups (n=13) (Table 1).

Energy levels were calibrated using the calipers of the
equipment, and the energy delivered was measured peri-
odically with a power meter (LaserMate-P, Coherent Co.,
Santa Clara, CA). The irradiation was manually performed in
one direction such that the tips were smoothly scanned
perpendicularly to the samples’ enamel surface while dis-
tilled water was sprayed (5.0mL/min) to reduce heating.
Each sample was irradiated only once during 18sec, while
the tip-sample distance was kept at a fixed position of 1 mm.
A sheet of stainless steel (23 mm x 5mm x 0.5mm) was fixed
to the top of the laser handpiece to perform this task. At that
tip-sample distance, the exit tip and the laser beam had the
same diameter, as corroborated with a laminated infrared
sensor screen (Lumitek International, Inc., ljamsville, MD).

AFM

AFM images of four samples (three irradiated and one
control) were recorded using a Digital Instruments Multi-
mode NanoScope Illa (Digital Instruments, Plainview, NY)
operating in contact mode and using a standard SizNj, tip.

EDS

Forty-eight samples (12 per group) were dried at room
temperature and attached to a testing ring with an adhesive
carbon tape (SPI Supplies, West Chester, PA) to determine the
weight percentage (wt%) of Ca, P, O and Cl in the resulting

| Unerupted permanent thirdmolar teeth ‘

Group I Group IT Group Il Group IV
Control 100mJ 100 mJ 150mJ
fnot irradiated) 12.7 Jien? 7.5 Jiend 11 Jiend
n=13 n=13 n=13 n=13

| Atomic force microscopy (AFM) n=4 |

| Energy dispersitive X-tay spectroscopy (EDS) n=48 |

| Scanning electron microscopy (SEM}n=8 |

FIG. 1. Experimental design.
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TABLE 1. EXPERIMENTAL AND CONTROL GROUPS

Energy Diameter Energy
Groups output of the Tip density
I (Control)
II 100 m]J 1.0mm 12.7]/cm?
111 100 mJ 1.3mm 7.5]/cm?
v 150 mJ 1.3 mm 11.0]/cm?

craters and their periphery by EDS (ThermoNoran Superdry,
Thermo Scientific, Waltham, MA), under the following pa-
rameters: 15.0KeV and 100sec livetime. By this method, 12
points were performed per sample.

SEM

Eight samples (two per group) were attached to a testing
ring using an adhesive carbon paper and were gold-coated
(Vacuum Evaporator JEOL, Tokyo, Japan) for observation
using the scanning electron microscope (JSM-5300, JEOL).

Statistical analysis

All data were analyzed using the SPSS 13.0 statistical
package for Windows (SPSS Inc., Chicago, IL). The mea-
surements were analyzed using the Kolmogorov-Smirnov
test at a p <0.05 level of significance to assess the distribution
of the data. The Kruskal-Wallis and Mann-Whitney U tests
were used with a level of significance of p <0.05.

Results

AFM surface analysis

Group | control (no laser irradiation). AFM images show
the typical enamel surface of the polished sample (Fig. 2a
and b).

Group Il. A crack (~250nm deep x 2.58um wide
x 20 um long) can be easily observed on the enamel sur-

Heiaht  Angle  Surface Clear

Calculator

-15.0 300.0 nm

150.0 nm
10.0
0.0 nm
5.0
Digital Instruments HanoScope
Socan size 15.00 pm
Scan rate 2.001 Hz
Humber of sawples
Image Data Height
Data scale 300.0 nw
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face; it is marked by two red triangles or cursors. (Fig. 3a
and b).

Group Ill.  There is an S-shaped crack across the AFM top
view image. The marked segment between the red cursors is
~500nm deep x 2.22 ym wide x20 ym long (Fig. 4a). The 3-D
expression shows a very rough surface characterized by
ridges and grooves (Fig. 4b).

Group IV. The AFM top view image shows a curved
crack ~750nm deep x 5.37 um wide x20 um long, in an
unpolished sample after enamel irradiation (Fig. 5a). The 3-D
figure shows the stacking of removed material at both sides
of the crack, caused by laser irradiation (Fig. 5b). The area
inside the fissure shows an evident rough surface (Fig. 5c).

EDS evaluation

The experimental data obtained by EDS for all groups, in
the crater and periphery with respect to wt% of Ca, P, O and
Cl, are presented in Table 2. When the Kruskal-Wallis test
was applied, statistically significant differences were ob-
tained for Ca (p=0.001), P (p=0.004) and Cl (p=0.003).
According to the Mann-Whitney U test, the following sta-
tistically significant differences were found. For Ca, Groups
III and IV demonstrated values in the crater and the pe-
riphery, respectively, that differed from what was found in
all of the groups and areas studied. Additionally, in the pe-
riphery, Group III showed the lowest wt% of Ca when
compared with the control group. Regarding P, the periph-
ery of Group IV had the lowest value among all of the
groups and study areas. The results obtained for Cl revealed
differences in the crater when comparing the different
groups and areas.

SEM surface analysis

The most significant images obtained for each group are
shown. The control group (not irradiated) displayed open
enamel prisms, and the rest of the surface was predominantly

FIG. 2. Tapping mode AFM images of the control group: (a) Top view mode and (b) 3-D figure of 15 x 15 um? untreated

enamel polished area.
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FIG. 3. AFM images of 30 x 30 um from the Er:YAG laser-irradiated enamel at 100mJ/10 Hz, 12.7]/cm? after polishing.
Section analysis and (a) top view image mode and (b) 3-D figure are shown.

smooth (Fig. 6). In the irradiated samples (Figs. 7, 8, and 9),
rough areas, craters, and cracks were observed; in addition,
in the regions near the craters, occluded prisms were ob-
served in the smooth zones.

Discussion

It has been reported*'* that Er:YAG laser irradiation in-
duces morphological changes in the enamel that include the
formation of rough surfaces, cracks, and craters, which seem
to be more prone to bacterial accumulation. Such morpho-
logical changes create favorable conditions for the develop-
ment of carious lesions.!® On the other hand, an increase in
enamel acid resistance associated with Er:YAG laser irradi-
ation of smooth surfaces has been suggested by several au-
thors.'""!® The results from a previous study'” pointed out

that the used subablative energy density did not promote an
increase in the acid resistance of the occlusal enamel surface.
In contrast, evident enamel morphological changes were
found by SEM evaluation.

In order to further study the morphology and chemical
characterization of these undesirable effects, the samples
investigated in the actual study were irradiated under the
same conditions used in a previous work, which were based
on observations from pilot studies.

In this study, both SEM and AFM techniques, which are
widely used in materials science, were chosen to evaluate the
samples’ morphology. Furthermore, SEM has been widely
used in dentistry, whereas AFM has only recently been in-
troduced to this discipline and is rarely applied to the study
of enamel morphological changes produced by irradiation
with any type of laser. Both techniques have advantages and
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FIG. 5. (a and b) AFM images after Er:YAG laser irradiation
from the interior of the fissure.

disadvantages and they are complementary to each other.
There are two main advantages of SEM versus AFM: first,
one can observe samples almost without any sample prep-
aration (other than the gold coating that is desired for
high resolution images, which is not always needed) and
second, one can obtain the chemical composition of a sample
if the microscope is provided with an EDS detector. On the
other hand, the main advantage of AFM is that one can not
only obtain the surface morphology (as in SEM images) but
also information in three dimensions, which makes it espe-
cially useful to measure heights of particles, valleys, and
cracks.

10,000 wwdiv
1000, 000 resdiv

Digital Instrusents Manoloope
Scan size

2.500 wm
Scan rate 2.001 Hz
of samples
Image Data Helght
Pata scale 300.0 e

X 0.500 pw/div
2 300.000 nefdiv

at 150mJ/10Hz, 11]/cm?, and (c) the AFM image obtained

For this reason, AFM was used to obtain 3D images of the
crack produced in the enamel surface by Er:YAG laser irra-
diation. A detailed analysis of the cracks suggested that these
defects show a triangular shape with a greater width than
depth and with the base of the triangle oriented toward the
irradiated surface, an apex in the bottom and a rough in-
ternal surface. These characteristics are more evident in the
3D image obtained from inside a crack in Group IV. Al-
though the studied cracks had different widths and depths, it
was not possible to establish a correlation between the em-
ployed irradiation conditions and the crack dimensions;
consequently, additional studies are needed. The 3D image

TABLE 2. MEAN VALUES AND STANDARD DEVIATIONS OF WEIGHT PERCENTAGES FOR EACH ELEMENT
oF THE CRATER AND PERIPHERY ON THE ENAMEL SURFACE

Group N Ca P O ci

Control 12 31.4 +35% 17.34+2.3% 4444334 0.6 £0.14€
group I

Experimental N Crater Periphery Crater Periphery  Crater Periphery  Crater Periphery
groups

I 12 334%C 476 3334+£10.1 1714426 166°+1.6 44244100 42544133 0.6°P+0.1 0.6~ +0.1

111 12 41.1%+122 304S+41 175%+19 179417 384°+125 4784458  0.7°4+0.1 054C+0.2

v 12 2924C4+48  250°+50 17.04°+21 *13.9°+2.1 4992 +6.8 47.3*+109 0.6°+0.1 05°+0.1

*Groups with different letters are significantly different (p <0.05), statistical analysis by element.
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FIG. 6. Representative SEM micrograph of samples from
the control group showing occluded prisms and a smooth
area (original magnificationx1000); scale bar =20 um.

and cross-section analysis showed an evident stacking of
material on the surface around the crack when the sample
was not polished after laser irradiation, resulting in an
apparently deeper and wider defect. This stacking phe-
nomenon has not been reported in previous SEM studies,
suggesting that AFM may be a useful tool to study more
thoroughly the morphological characteristics of the enamel
surface after Er:YAG laser irradiation. Considering that the
average radius of Streptococcus mutans is 0.321+0.007 um,**
the dimensions of the cracks and their internal rough surface
shown in the 3D profile could be favorable sites for the ac-
cumulation of cariogenic bacteria such as S. mutans.
Regarding the SEM observations, non—irradiated samples
(Group I) showed mainly exposed and closed prisms as well
as smooth surfaces. Furthermore, all of the irradiated sam-

' .’_’" :
/‘ - Jv"& J-WE’J

FIG. 7. SEM micrograph of the enamel surface after Er:-
YAG laser irradiation at 100 mJ/10Hz, 12.7]/cm? (original
magnification x2000); scale bar =10 um. A crack is evident
crossing the central area of the surface.
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FIG. 8. SEM micrograph of the enamel surface after Er:
YAG laser irradiation at 100mJ/10Hz, 7.5]J/cm? (orlgmal
magnification x2000); scale bar =60 um. (a) Typical image of
a crater produced by irradiation. (b) Smooth enamel surface
surrounding a crater.

ples displayed rough areas, craters, and cracks, consistent
with the results of previous studies.*”

The use of SEM has provided relevant findings for the
study of enamel morphological changes after laser irradia-
tion. However, the addition of EDS as an analytical tech-
nique provides valuable information about the chemical
changes on the irradiated enamel surface. Considering that
the craters could be zones more susceptible to caries devel-
opment because of their morphology (evident changes inside
the crater and less pronounced in the outer area) it is im-
portant to determinate their chemical composition.

The EDS analysis revealed differences within the groups,
depending upon the studied area, as well as among the
groups, whereas it has been reported that laser treatment did
not affect the mean percentage weights of Ca and P, or the
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FIG. 9.

(a and b) SEM micrograph of the enamel surface
after Er:YAG laser irradiation at 150m]J/10Hz, 11]/ cm?
(original magnification x2000); scale bar =10 um.

Ca/P ratio on the enamel surface.”® However, X-ray photo-
electron spectroscopy (XPS) analysis reported that the bind-
ing energies of Ca 2p and P 2p of Er:YAG laser—irradiated
bovine enamel were slightly different from those of control
group.”

Regarding the wt% of the studied elements, only O
showed similar values among studied groups and areas. For
Ca, there was no change in the wt% among groups and
studied areas when higher energy density was used, sug-
gesting that a lower energy density is a factor associated with
the increase in Ca wt%, which could increase acid resistance
to bacterial attack despite crater morphology. A tendency to
P wt% stability was observed, but additional research is
necessary to confirm it. Moreover, chemical changes, such as
the reduction of phosphorus in the periphery area of the
craters of Group IV, could increase the risk of development
of carious lesions because of the important role played by
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phosphate ions in the demineralization-remineralization
process of hydroxyapatite crystals.

Regarding ClI wt%, no significant difference between the
crater and the periphery was observed when the highest
energy density was used for Er:YAG laser irradiation, con-
sistent with the findings of Ca and O, suggesting that this
energy density only produces morphological changes on the
enamel without structural variations. The differences found
among groups and areas could be explained by atomic
substitution in apatite, specifically chlorapatite (ClAp), as
might be expected from the difference in electronegativities
of the elements and the heat generated, which promotes
atomic substitution,® specifically the temperature produced
by lower energy densities of laser irradiation as used in
Groups III and IV. Nevertheless, additional research is nee-
ded to confirm this hypothesis.

Conclusions

AFM observations revealed cracks characterized by a tri-
angular shape with a greater width than depth and with
their bases oriented toward the irradiated surface. Also, in-
ternal surfaces of the cracks were rough, and it was not
possible to establish a clear tendency of the chemical changes
observed inside and in the periphery of the craters. Finally,
additional research is necessary to clarify the probable in-
fluence of the irradiation conditions on the morphology and
chemical composition of the cracks and craters.
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