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The effect of CO2 9.3 μm short-pulsed laser irradiation in enamel
erosion reduction with and without fluoride applications—a
randomized, controlled in vitro study
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Abstract
The aim of this in vitro study was to evaluate the protective effect of short-pulsed CO2 9.3 μm laser irradiation against erosion in
human enamel without and combined with TiF4 and AmF/NaF/SnCl2 applications, respectively, as well as compared to the
protective effect of these fluoride treatments alone. After polishing, ninety enamel samples (3 × 3mm) were used for 9 different
treatment groups: 4% TiF4 gel (pH 1.5, 24,533 ppm F−); AmF/NaF/SnCl2 rinse (pH 4.5; 500 ppm F−, 800 ppm Sn2); CO2 laser
(average power 0.58 W); CO2 laser (0.58 W) + TiF4; CO2 laser (0.58 W) + AmF/NaF/SnCl2; CO2 laser (0.69 W); CO2 laser
(0.69 W) + TiF4; CO2 laser (0.69 W) + AmF/NaF/SnCl2; negative control (deionized water). TiF4 gel was brushed on only once
before the first erosive cycling, while samples treated with AmF/NaF/SnCl2 were daily immersed in 5 ml of the solution before
cycling. Laser treatment occurred with a CO2 laser (wavelength 9.3 μm, pulse repetition rate 100 Hz, pulse duration 14.6 μs/
18 μs, average power 0.58 W/0.69 W, fluence 1.9 J/cm2/2.2 J/cm2, beam diameter 0.63 mm, irradiation time 10 s, air cooling).
TiF4 was applied only once, while AmF/NaF/SnCl2 was applied once daily before the erosive challenge. Surface loss (inμm)was
measured with optical profilometry immediately after treatment, and after 5 and 10 days of erosive cycling (0.5% citric acid,
pH 2.3, 6 × 2 min/day). Additionally, scanning electron microscopy investigations were performed. All application measures
resulted in loss of surface height immediately after treatment. After 5 days, significantly reduced surface loss was observed after
applying laser irradiation (both power settings) followed by applications of TiF4 or AmF/NaF/SnCl2 solution (p < 0.05; 2-way
ANOVA and Tukey test) compared to fluoride application alone. After 10 days, compared to after 5 days, a reduced tissue loss
was observed in all groups treated with AmF/NaF/SnCl2 solution. This tissue gain occurred with the AmF/NaF/SnCl2 application
alone and was significantly higher when the application was combined with the laser use (p < 0.05). Short-pulsed CO2 9.3 μm
laser irradiation followed by additional application of AmF/NaF/SnCl2 solution significantly reduces the progression of dental
enamel erosion in vitro.
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Introduction

Prevention of dental erosion or control of its progression
by the use of fluoride containing products has been

investigated by several studies [1–5]. Most of these stud-
ies included products containing sodium fluoride (NaF),
amine fluoride (AmF), titanium tetrafluoride (TiF4), and
stannous fluoride (SnF2/SnCl2), which have been proven
to be effective in preventing erosion as well as controlling
dental caries. All of these products exhibit different inter-
actions with the mineralized tooth surface. However, top-
ical applications of conventional fluorides (NaF and
AmF), which form CaF2-like compounds on the enamel
surface and act as a protective barrier against acid from
bacteria, are not as effective as the other components in
the treatment of dental erosion. In contrast, products con-
taining multivalent metal cations like tin and titanium
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combined with fluoride have been shown to be more suc-
cessful in preventing erosion [3, 6, 7].

Titanium tetrafluoride inhibits erosive demineralization by
forming an acid-resistant layer on the surface. This is due to
the ability of the titanium ion to form complexes simulta-
neously with both the fluoride and the dental structure [8].
The newly created layer known as glaze [9] acts as a diffusion
barrier and a fluoride reservoir.

Tin in combination with fluoride (stannous fluoride or stan-
nous chloride) is currently considered the gold standard in
erosion prevention. A tin deposition onto the tooth surface
through the reaction of tin ions and hydroxyapatite occurs
producing CaF2, Sn2OHPO4, Sn3F3PO4, and Ca(SnF3)2 salts,
which form a stable, relatively acid-resistant layer [10, 11].
Additionally, tin is potentially incorporated into near-surface
layers of enamel during the demineralization-remineralization
process, also resulting in increased acid resistance of the
enamel [10].

Studies have been conducted to evaluate the effectiveness of
laser irradiation in preventing mineral loss against acids from
cariogenic challenges [12–17]. Short-pulsed carbon dioxide la-
sers alter the chemical composition and eventually the morpho-
logical structure of the enamel surface [18] due to a defined
temperature increase [12, 19]. CO2 lasers at 9.3 and 9.6 μm
wavelengths transform carbonated hydroxyapatite into a clean
hydroxyapatite without thermal injury to the pulp [20].
Consequently, the transformed enamel is less susceptible to acid
dissolution. CO2 lasers at 9.3 and 9.6 μm wavelengths are
favorable for this task since they are best absorbed by the car-
bonate and phosphate groups of the dental enamel [19, 21–23].

A synergistic effect of fluoride application and laser
irradiation has been described [24, 25]. Laser irradiation
promotes fluoride uptake into the crystal structure,
resulting in strongly bound fluoride in a fluorapatite
crystal. Numerous spherical precipitates that are mor-
phologically similar to CaF2 can act as F− reservoirs.
The observed precipitation of calcium and fluoride ions
on the surface consequently makes enamel even more
resistant to acid challenges [26]. However, the acid
challenge in caries is typically less aggressive than in
erosions.

Short-pulsed CO2 laser irradiation in the prevention of de-
mineralization by cariogenic challenges has shown favorable
results. However, only limited studies have evaluated the in-
fluence of CO2 laser irradiation on erosion prevention or the
influence of the combination of CO2 laser irradiation and mul-
tivalent metal cations containing fluoride products [27–29].

The aim of this in vitro study was to evaluate the protective
effect of short-pulsed CO2 9.3 μm laser irradiation against
erosion in human enamel without and combined with tin fluo-
ride solution or titanium tetrafluoride gel applications, as well
as compared to the protective effect of these fluoride treat-
ments alone.

Materials and methods

Experimental design—overview of the erosive cycling
study

The laboratory study was performed as a 10-day erosive cy-
cling study on human enamel. From non-erupted human third
molars, 117 samples were included in this study (selection
criteria see below). The 9 different surface treatments
consisted of no treatment as control, two laser irradiation set-
tings, and different fluoride treatments and combinations
thereof (further details see below).

The surface loss was measured with optical profilometry
immediately after treatment, after 5 and 10 days of erosive
cycling with untreated surfaces functioning as control.

In addition, twenty-seven samples (3 per treatment group)
were used for scanning electron microscope observations of
the surfaces, with untreated surfaces as control, immediately
after surface treatments occurred, and at 10 days after erosive
cycling (details see below).

Sample preparation and selection

From non-erupted human third molars, 117 enamel samples
were included in this study. From these, ninety samples were
randomly allocated to the 9 treatment groups with 10 samples
per group (details about treatment see below).

The enamel slabs (approximately 3 × 3 × 2 mm) were cut
from 65 freshly extracted, non-erupted human third molars
(showing no signs of fractures). The teeth were collected un-
der a Local Research Ethics Committee study approval, and
they were stored in deionized water (4 °C) until use.
Specimens were mounted on acrylic rods with sticky wax.
Test and opposite surfaces were flattened and polished by
using 1200, 2400, and 4000 grit Al2O3 abrasive papers
(Buehler Ltd., Lake Bluff, IL, USA). After flattening and
polishing, the specimens were sonicated for 8 min in deion-
ized water to remove any debris from polishing.

To determine potential enamel surface curvatures at baseline,
which would hinder the profilometric determination of the loss
in height due to the erosive cycling, the specimens were eval-
uated with an optical profilometer (3D ProScan 2100, Scantron,
Taunton, UK). Specimens with a surface curvature higher than
0.3 μm were excluded. Surface microhardness tests were per-
formed on the remaining specimens (3 indentations, 100 μm
apart, 0.49 N, 20 s; Microdurometer HMV-2000, Shimadzu,
Kyoto, Japan). The surface microhardness value of enamel
samples in this study was 330 ± 33 kg/mm2 (mean ± standard
deviation). Samples with surface microhardness values 10%
above or below the average were excluded.

Surfaces on both sides next to the experimental area of each
sample were covered with UPVC tapes (Graphic Tape;
Chartpak, Leeds, USA), leaving a central window of 3.0 ×
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0.75 mm exposed. Later on, the covered areas served as a
reference area for the profilometric analysis.

Surface treatments

Samples were randomly divided into 9 experimental groups,
as described in Table 1. This included the negative control
group (C) samples, which were immersed daily before the
erosive cycling in 5 mL deionized water (pH 7.0) for 2 min.

Laser parameters

Laser irradiationwas performedwith amicrosecond short-pulsed
CO2 laser (wavelength 9.3 μm) (Solea, Convergent Dental, Inc.,
Needham, MA). The laser had a beam spreader integrated into
the laser light transmission path and a galvo mirror scanner at the
handpiece that directed the native beam (diameter 0.25 mm) in a
newly developed irradiation pattern, covering an irradiation area
of 0.63 mm in diameter. The irradiation beam diameter was
verified by using a 1” FL lens as a relay to magnify the focused
spot 5.5× to an Ophir-Spiricon Pyrocam III pyroelectric camera
for detection (Ophir-Spiricon, LLC, North Logan, UT), and for
the measurement BeamGage V5.11 Software was used in pulsed
mode w/5mS exposure time, m 90/10 size criteria. The temporal
shape of the laser pulsewas squarewith an initial sharp peak. The
spatial beam profile was measured and pictured with an Ophir-
Spiricon Pyrocam III, Model LBS-100 pyroelectric camera with
BeamGage V6.3.0.13 Software. The spatial beam profile was
Gaussian, with a relatively homogenous energy distribution (no
energy “hot spots”) (further details see [30]).

Two different laser pulse durations (14.6 μs and 18 μs) were
used, resulting in fluences of 1.9 J/cm2 and 2.2 J/cm2. The pulse
energywas measured with a Pronto-250-Pus (Gentec-EO, Lake
Oswego, OR) before and after five samples were irradiated.
Energy losses between measurements did not occur.

The pulse repetition rate was set to 100 Hz. To ensure that
each spot was irradiated with at least 20 laser pulses, which has

been shown to enhance caries resistance [17], each sample was
irradiated for 10 s with overlapping laser irradiation. The sample
surfaces were hand irradiated. The speed of hand movement was
not relevant inasmuch 10 s of irradiation with a 100-Hz pulse
repetition rate allowed that the entire surface was sufficiently
irradiated (20 laser pulses per spot, see above). Overtreatment
was of no concern with this treatment procedure. The laser focus
length was 15 to 18 mm. A low air cooling (25 psi) delivered
through the irradiation handpiece was applied during the treat-
ment to prevent pulpal temperature increase using the laser at
100 Hz repetition rate. Table 2 shows all irradiation parameters.

A new irradiation pattern was used in this study, which has
recently been shown to successfully prevent mineral loss due
to caries acids [30]. During irradiation, the taped reference
areas of the sample surfaces were additionally protected with
a metal device.

Fluoride application measures

Samples treated with titanium fluoride (group TiF4, L1/TiF4, and
L2/TiF4) received one application of 20 μl of 4% TiF4 gel
(pH 1.5; 24,533 ppm F−; custom made at USP laboratory), with
intermittent movements with a disposable brush for 4 min prior
to the beginning of the erosive cycling. This simulates a topical
in-office fluoride varnish application occurring every 6 months.

Samples receiving stannous fluoride (group E, L1/E, and
L2/E) were daily immersed, individually, in 5 ml of AmF/
NaF/SnCl2 solution (Elmex Erosion rinse; pH 4.5;
500 ppm F−; 800 ppm Sn2) for 2 min each. The application
occurred before the performance of the first erosive challenge
of the day and simulates a typical daily at home use of a
fluoride mouth rinse.

Erosive cycling

Over a period of 10 days the erosive cycling consisted of 6
immersions in citric acid solution (0.05 M of monohydrated

Table 1 List of experimental groups with group abbreviations and
different surface treatments applied

Experimental groups
[abbreviations]

Treatment

C Negative control (deionized water)

TiF4 4% TiF4 gel

E AmF/NaF/SnCl2 rinse

L1 CO2 laser (P1)

L1/TiF4 CO2 laser (P1) + 4% TiF4 gel

L1/E CO2 laser (P1) + AmF/NaF/SnCl2 rinse

L2 CO2 laser (P2)

L2/TiF4 CO2 laser (P2) + 4% TiF4 gel

L2/E CO2 laser (P2) + AmF/NaF/SnCl2 rinse

Table 2 Laser irradiation protocols P1 and P2 showing the different
laser parameters applied

Parameter Protocol P1 Protocol P2

Wavelength 9.3 μm 9.3 μm

Beam diameter of native laser beam 250 μm (90/10) 250 μm (90/10)

Beam diameter at irradiation point 0.63 mm 0.63 mm

Focus length 15–18 mm 15–18 mm

Pulse duration 14.6 μs 18 μs

Fluence 1.9 J/cm2 2.2 J/cm2

Pulse repetition rate 100 Hz 100 Hz

Power 0.58 W 0.69 W

Air/water cooling Yes/no Yes/no

Irradiation time 10 s 10 s
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citric acid (pH 2.3)) for 2 min each per day at room tempera-
ture and under constant stirring (orbital shaker 35 rpm) [31].
Samples were immersed in separate wells, containing 5 ml of
erosive solution each, and the citric acid solutions were
renewed for each new challenge. After each erosive immer-
sion, samples were washed with distilled water. The erosive
cycling was alternated with storage of the samples in
remineralizing solution, supersaturated with respect to hy-
droxyapatite (4.08 mM H3PO4, 11.90 mM NaHCO3,
20.10 mM KCl, and 1.98 mM CaCl2 (pH 6.7)) [32].
Remineralization occurred for intervals of 1.5 h after each
erosive interval and overnight. After 5 and 10 days of cycling,
surface loss analyses were performed.

Profilometric analysis

At baseline, immediately after the first study treatment and
after 5 and 10 days of erosive cycling, samples were analyzed
in an optical profilometer (resolution 12 nm; PROSCAN 2100
3D, Scantron) for surface loss determination (in μm). Prior to
the profilometric analysis, the samples were carefully dried
with absorbent paper, and the adhesive/protective tapes were
temporarily removed. The sensor was programmed to scan a
2.0 × 1.0 mm central area of each sample, covering the treated
area and parts of the reference surfaces on both sides [33]. The
surface scans covered 200 steps (0.01 mm) on the X axis and
10 steps (0.1 mm) on the Yaxis with a scanning time of 28 s.
The surface loss was calculated by a specific software
(ProScan Software Version 2.0.17).

Scanning electron microscopy

Twenty-seven samples were used for scanning electronmicro-
scope observations of the enamel surface morphology. Three
untreated enamel surfaces served as control, 3 samples from
each group were selected for SEM investigation immediately
after the surface treatments. Furthermore, 3 samples per group
were evaluated 10 days after erosive cycling.

After dehydration in ascending concentrations of alcohol
( 3 0 % , 5 0 % , 7 0 % , 9 0 % , 9 5 % , 1 0 0 % ) a n d
hexamethyldisilazane (HMDS), samples were mounted on
aluminum stubs, covered by a layer of platinum (25 nm;
MED 010, Balzers, BAL-TEC, Liechtenstein) and observed
in a SEM Philips XL30 (Philips, Amsterdam, Netherlands)
operating at 15 kVat × 1500 magnification.

Statistical analysis

Data were evaluated by two-way ANOVA for repeated mea-
sures, considering as independent variables the surface treat-
ment and experimental erosive cycling time and as dependent
variable the surface loss. The post hoc comparison was per-
formed with a Tukey test. A significance level of 5% was

required and statistical analysis was performed using
SigmaPlot 12.0 (Systat Software Inc., San Jose, CA, USA).
SEM images were considered for a descriptive analysis.

Results

Mean surface loss values (in μm) and standard deviation for
the different treatments are shown in Table 3.

Surface loss immediately after treatment

The two-wayANOVA test for repeatedmeasures revealed that
surface treatment and duration of erosive cycling (evaluation
time points) significantly affected surface loss values (p <
0.001). Moreover, all treatments showed some surface loss/
loss of surface height immediately after treatment as seen in
Table 1. There were significant differences in surface loss
between the groups immediately after treatment, with L2/E
showing the highest immediate loss in surface height.

Surface loss after 5 days of erosive cycling

After 5 days of erosive cycling, the groups in which laser treat-
ment was combined with titanium or stannous fluoride when
compared with the negative control showed the lowest surface
loss of all treatments (L1/E, L1/TiF4, L2/E, and L2/TiF4). At this
observation time point, the combination of fluoride products and
irradiation with the higher laser energy resulted in surface loss,
which was significantly lower than the loss of the negative con-
trol (C) and demonstrated the lowest surface loss of all treat-
ments. Stannous fluoride treated surfaces after 5 days of cycling
showed significantly higher surface loss than the control, while
all other single fluoride or laser treatments showed only slightly
but not significantly higher surface losses.

Surface loss after 10 days of erosive cycling

After 10 days of cycling, all groups treated with the stannous
fluoride solution (E, L1/E, and L2/E) showed a reduction in
surface loss, especially the groups in which the treatment was
combined with laser irradiation (L1/E and L2/E). The laser treat-
ment combined with stannous fluoride had the lowest values of
surface loss with no statistically significant difference to the im-
mediately after treatment surface loss. All other groups presented
after 10 days a significantly higher loss than after 5 days of
erosive cycling.

SEM observations

SEM images revealed that immediately after treatments
(Fig. 1), the control and the samples treated only with any of
the fluorides had no modifications of the surface morphology.
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All groups treated with the CO2 laser showed a crazed pattern,
possibly corresponding to the laser irradiation path. After ero-
sive cycling (Fig. 2), the control group showed a typical etch-
ing pattern with an irregular and rough eroded surface. A
similar pattern was observed in the laser alone groups and
laser combined with titanium fluoride groups (L1, L1/TiF4,

L2, and L2/TiF4). Differently from the negative control group,
samples treated with stannous or titanium fluoride presented a
more continuous surface coating and an apparently lower lev-
el of erosive wear. In the laser combined with stannous fluo-
ride groups, even after 10 days of cycling, the laser irradiation
path could still be distinguished, and the area around it

Table 3 Surface loss in μm (means and standard deviations) at different points in time

Groups Immediately after treatment After 5 days of cycling After 10 days of cycling

C 0.03 (0.03) Ba 6.47 (1.08) BCb 11.39 (0.88) Dc

TiF4 0.59 (0.28) ABa 8.09 (0.28) ABb 11.93 (2.62) CDc

E 0.12 (0.08) Ba 8.49 (1.54) Ab 4.75 (1.04) Ec

L1 0.99 (0.20) ABa 7.70 (1.18) ABb 17.60 (1.90) Ac

L1/TiF4 0.62 (0.26) ABa 5.71 (0.81) Cb 16.08 (0.92) Bc

L1/E 1.05 (0.32) ABa 5.20 (0.66) Cb 1.56 (0.69) Fa

L2 1.26 (0.24) ABa 7.26 (0.70) ABb 18.83 (1.74) Ac

L2/TiF4 0.63 (0.26) ABa 2.99 (1.73) Db 13.30 (1.19) Cc

L2/E 1.62 (0.35) Aa 3.56 (0.69) Db 1.48 (0.88) Fa

Different lowercase letters indicate statistically significant differences within each group (between different time points) (p < 0.05)

Different capital letters indicate statistically significant differences between groups at same points in time (p < 0.05)

Fig. 1 Scanning electron microscope pictures, all groups immediately after treatment
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presented a more uniform, homogeneous, and smooth surface,
with only initial signs of erosion.

Discussion

An increasing incidence of erosion lesions [34] reinforces
the need for the clinician to optimize preventive methods
against erosive mineral loss before an irreversible loss of
tooth structure occurs [10]. In this in vitro study, the pro-
tective effect of applied short-pulsed 9.3 μm CO2 laser
irradiation against erosion in human enamel was evaluat-
ed combined with and without fluoride applications as
well as compared to the protective effect of these fluoride
treatments alone.

Effect of fluoride treatments alone

The fluoride compounds chosen in this study were titanium
tetrafluoride (TiF4) gel and a stannous fluoride (AmF/NaF/
SnCl2) solution. The TiF4 gel had a very low pH of 1.5 and
a very high fluoride concentration (24,533 ppm F−). It was

applied only once before the beginning of the erosive cycling,
thus simulating a topical in-office application, which typically
is performed once every 6 months in the dental office. In
contrast, the stannous fluoride solution is used as a daily at
home mouthwash presenting a pH 4.5 and a concentration of
500 ppm F− and 800 ppm Sn+2. This solution was applied
daily, simulating a regular in-home use by a patient. Despite
having different application characteristics, which complicat-
ed easy comparison, these fluoride derivatives and applica-
tions were selected since they demonstrated in previous stud-
ies remarkable potential in inhibiting the erosive deminerali-
zation of enamel [6, 35–38].

The TiF4 gel’s ability to reduce erosive surface loss is due
to the high affinity between titanium and oxygen. Titanium
ions released after the hydrolysis of TiF4 molecules can bind
to oxygen derived from water and/or phosphate of the enamel
or dentin surface, forming a TiO2 layer at the surface or in a
surface zone or binding directly to the organic matrix [39–41].
This layer, known as glaze, is acid-resistant and acts both as a
diffusion barrier and a fluoride reservoir [41]. Unlike many
other studies demonstrating good erosion prevention using
this compound [2, 35, 42, 43], in this study the TiF4 gel was

Fig. 2 Scanning electron microscope pictures, all groups after 10 days of erosive cycling
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not able to inhibit erosive demineralization in human enamel.
After 5 or 10 days of erosive cycling, the loss was not statis-
tically different from the surface loss of the negative control.
As high fluoride concentration gel, it was applied only once at
the beginning of the study. A one-time application may have
impaired its effectiveness against an aggressive erosive cy-
cling as performed here. Yu and coworkers also reported
higher substance loss when TiF4 was used compared to stan-
nous or amine fluoride products [37]. They contributed the
unexpected observation of a partially dissolved layer after
erosion to the more intensive erosive attacks adopted in their
study [37]. Depending on the intensity of the erosive chal-
lenge, others also showed no beneficial effect of TiF4 solution
and gels in enamel erosion prevention in laboratory [44] or in
situ studies [45].

Stannous fluoride (AmF/NaF/SnCl2) as rinse can easily be
used at home for daily erosion prevention, and has in compar-
ison to sodium fluoride demonstrated a remarkable effective-
ness in protecting the tooth surfaces from the erosive process
in vitro and in situ [46–51]. Its mechanism of action is based
on the precipitation of CaF2, Sn2OHPO4, Sn3F3PO4, and
Ca(SnF3)2 salts [11], produced from the reaction of tin with
hydroxyapatite forming a relatively stable and acid-resistant
layer [6, 52].

In contrast with other studies, the AmF/NaF/SnCl2 solution
not only failed to reduce tissue loss but showed significantly
more tissue loss than the control after the first 5 days of the
experiment. Despite this performance after 5 days, after
10 days a significant gain in tissue height was observed.
This gain in substrate surface strongly suggests that this stan-
nous fluoride compound may favor mineral deposition. This
could be explained by the characteristics of tin in the eroded
subst rate . When faced with a demineral iza t ion-
remineralization process, tin ions are incorporated into the
enamel surface and form structurally modified surface areas
less susceptible to acid dissolution [7, 36].

Effect of CO2 laser treatments alone

Microsecond short-pulsed CO2 lasers at 9.3 or 9.6 μm wave-
lengths have proven their efficacy in caries prevention in sev-
eral laboratory [12, 21, 53] and clinical studies [16, 17]. These
two wavelengths are more strongly absorbed by enamel than
the conventional 10.6 μm carbon dioxide laser wavelength
[23]. Due to defined heating of the enamel surface by the laser
irradiation, the carbonate phase is removed from the enamel
crystals [22, 54], transforming the carbonated hydroxyapatite
into the more acid-resistant hydroxyapatite. Temperatures of
400 °C and above are sufficient to decompose the carbonate
inclusions in the enamel mineral [55, 56]. If fluoride is added
at this time, the formation of fluorapatite is observed, which is
even less acid soluble [57].

Despite these promising results of reducing mineral loss
caused by cariogenic challenges, which are characterized by
acids produced by cariogenic bacteria with less aggressive pH
levels than erosive attacks, there are no studies using short-
pulsed CO2 9.3 μm laser irradiation to prevent dental erosion.
In this present study, two slightly different laser energies were
applied, which released the carbonate phase without melting
of the enamel [30, 53]. Nevertheless, the irradiation on its own
caused a small initial reduction in surface height of the sam-
ples, likely due to a modification of the enamel, described as
crazing [58]. Irradiation with the CO2 laser alone did not in-
hibit tissue loss after 5 days of erosive cycling. For both ap-
plied laser energies, the surface loss was not statistically dif-
ferent from the negative control. After 10 days of erosive
cycling, the groups in which only laser irradiation was per-
formed had the significantly largest mineral loss of all groups.
Only removing the carbonate phase from the enamel surface is
not sufficient to resist an erosive cycling, which is more ag-
gressive than a typical cariogenic challenge.

Effect of CO2 laser treatments combined with fluoride
applications

Immediately after treatment, all laser treatments combined
with fluoride components showed higher initial loss in surface
height than the fluoride treatments alone. This is due to a
surface height loss already caused by crazing [58], a laser
modification effect occurring when carbonate is driven out
by heating up the enamel. Of the combination treatments, laser
and TiF4 treatments showed the lowest initial surface loss
while laser and stannous fluoride exhibited the highest initial
height loss.

After 5 days of erosive cycling, laser combined with TiF4
treatment showed significant lower tissue loss than the TiF4
treatment alone. Actually, the treatment with the higher irra-
diation energy combined with TiF4 treatment showed the low-
est tissue loss for all products observed at this time point. The
loss in height was 54% lower in comparison to the control.

Due to the application of TiF4 alone, with the formation of
an acid-resistant TiO2 glaze layer acting as a diffusion barrier,
erosion is very successfully prevented for a short period of
time. The laser irradiation effect apparently enhances the
TiF4 effect. Applying the higher laser irradiation energy pro-
duced a thicker crazed layer and thus the combination showed
the lowest tissue loss of all products. Nevertheless, after
10 days of cycling the surface losses for the laser plus TiF4
treatment groups significantly increased above the loss in the
control group. It might be speculated that this observation is
related to the depth of change due to the laser irradiation.
Similar to laser treatment alone, after 5 days the loss of height
is low but when the erosion reaches deeper than the laser
treatment effect, which is speculated to be around 5 to
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10 μm, erosion radically speeds up. At this depth, enamel
might be even less protected against erosion.

When laser irradiation was performed followed by applica-
tions of the tin fluoride rinse (AmF/NaF/SnCl2 solution) after
5 days of erosive cycling, relatively small tissue losses were
observed. Again, as with the laser TiF4 combination, using the
higher laser energy, the loss was significantly lower than the
control group loss.

After 10 days of erosive cycling for the combination of
laser irradiation and the tin containing rinse, as seen for this
rinse application alone, the tooth surface loss was reduced
compared to the results after 5 days of cycling. Another study
showed that after 5 days cycling combining amine and sodium
fluoride gel with a laser treatment after 3 days a 74% and after
5 days only a 50% erosion reduction was observed [59].

This present study demonstrated that after 10 days of cy-
cling, the surface losses were further reduced and surface
levels were similar and statistically not significantly different
from the levels observed immediately after treatment. In an-
other study using a much weaker absorbed laser, a gain in
height was observed for 3 days immediately after using the
laser alone, and a low loss occurred when using the laser
combined with an AmF/NaF/SnCl2 rinse [60]. The authors
did not observe the initial loss and then gain in surface height,
most likely caused by initial melting of the enamel, which
produced the immediate surface height increase.

These observations suggest that when combined with an
AmF/NaF/SnCl2 solution, the short-pulsed CO2 9.3 μm laser
irradiation promotes greater mineral deposition on the enamel
surface than the rinse alone does. The AmF/NaF/SnCl2 solu-
tion was applied daily, which might favor the retention and
deposi t ion of f luor ide in the enamel . Increased
remineralization compared to the control teeth had been ob-
served in the clinical studies for in vivo caries prevention
performed with a short-pulsed CO2 9.6 μm laser. Irradiated
areas around orthodontic brackets as well as occlusal fissures
of molars exhibited increased remineralization over time [16,
17]. It has been reported that carbon dioxide laser irradiation
promotes the uptake of fluoride into the enamel in form of
loosely and strongly bound apatitic fluoride [26, 61, 62].

Although the AmF/NaF/SnCl2 solution is currently consid-
ered a standard for erosion prevention, it is not able to inhibit
erosive demineralization altogether. The additional treatment
with short-pulsed CO2 9.3 μm laser demonstrates a potential
improvement of the effectiveness of this solution in erosion
prevention.

Conclusion

Short-pulsed CO2 9.3 μm laser irradiation at both applied
energies followed by additional applications of AmF/NaF/

SnCl2 solution were able to significantly reduce the progres-
sion of dental enamel erosion.
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