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Abstract: A carbon dioxide laser at 9,300 nm has a high absorption affinity for water and
a shallow depth of penetration. It can be used for soft tissue surgery and hemostasis. Besides, it
matches well with the absorption characteristic of hydroxyapatite in enamel and dentine. Therefore,
the laser possesses a great ability for energy transfer to dental hard tissues. It has a low risk of
thermo-damage to the dentine—pulp complex because it has a shallow depth of heat absorption.
Hence, the laser is safe for dental hard tissue preparation. A carbon dioxide laser at 9,300 nm can
effectively alter the chemical structure of teeth. It increases the ratio of calcium to phosphorus and
converts the carbonated hydroxyapatite to the purer hydroxyapatite of enamel and dentine. It can
alter the surface morphology of a tooth through surface melting, fusion, and ablation of dentine and
enamel. At higher power, it removes caries lesions. It can enhance the success of restoration by
increasing the bond strength of dental adhesives to the dentine and enamel. A carbon dioxide laser
at 9,300 nm can also be used with fluoride for caries prevention. The advancement of technology
allows the laser to be delivered in very short pulse durations and high repetition rates (frequency).
Consequently, the laser can now be used with high peak power. The objective of this review is to
discuss the effects and potential use of a 9,300 nm carbon dioxide laser on dental hard tissue.
Keywords: caries, prevention, fluoride, dentin, enamel, laser, carbon dioxide

Introduction

Enamel and dentine are complex hydrated biological composites. They are com-
posed of inorganic material, organic material, and water. The major component is
hydroxyapatite, which constitutes 96 wt% of enamel and 70 wt% of dentine." The
hydroxyapatite in enamel and dentine contains a certain amount of carbonates. This
substituted carbonated apatite is more soluble in acid than hydroxyapatite.”

Plenty of studies investigated the application of lasers on enamel and dentine.’
These studies used lasers at different wavelengths such as Excimer (193 nm and
308 nm), semiconductor lasers (Diode laser 445 nm, 660 nm, 810 nm, 940 nm, and
970 nm), Neodymium: YAG (Nd: YAG 1,064 nm), Erbium: Yttrium Aluminum
Garnet (Er:YAG, 2,940 nm), Erbium chromium: Yttrium Scandium Gallium Garnet
(Er: YSGG, 2,790 nm), and carbon dioxide (9,000—11,000 nm) lasers. The absorp-
tion, reflection, and scattering on enamel and dentine vary substantially according
to the wavelength of the laser used.*

Carbon dioxide lasers were the first type of laser used for dentistry. They can
be operated at wavelengths between 9,000 nm and 11,000 nm. A carbon dioxide
laser at 10,600 nm is the most common laser used for dental treatment. It allows
a bloodless surgical procedure and reduces post-operative discomfort in dental
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soft tissue surgery.” However, a 10,600 nm carbon diox-
ide laser has significantly lower absorption coefficients
than 9,300 nm or 9,600 nm
waveler1gth.6’7 A 9,300 nm or 9,600 nm carbon dioxide

to hydroxyapatite

laser is a desirable tool for application in dental hard
tissues. The absorption of hydroxyapatite is at 9,600 nm,
whereas its reflection also peaks at 9,600 nm. Hence, the
9,300 nm carbon dioxide laser possesses the greatest
energy-transfer capacity on hydroxyapatite among the
available dental lasers.’ The 9,300 nm carbon dioxide
laser requires less energy to achieve the same absorption
effect as other wavelengths. Therefore, it causes much
less heat deposit.

Studies showed a 9,300 nm carbon dioxide laser can
induce chemical and morphological changes of hard dental
tissues.”® They also found the laser effectively ablated
enamel and dentine. Because it can prevent enamel caries
and remove caries lesions, the 9,300 nm carbon dioxide laser
is getting more attention in dentistry for caries management.”
The aim of this paper is to discuss the effects and potential
use of 9,300 nm carbon dioxide lasers on dental hard tissue.

Modification of Tooth Structure

A carbon dioxide laser can modify the tooth structure and
the interaction between the laser and enamel and dentine is

complex. The changes of tooth structure are determined by
the parameters of the laser. Apart from the wavelength,
parameters such as output power, energy density, pulse
duration, and repetition rate of the laser should be taken
into consideration to achieve the desired effect on dental
hard tissue. Table 1 summarizes the effects of the 9,300
nm carbon dioxide laser on tooth structure.

When enamel is irradiated with a 9,300 nm carbon
dioxide laser, decomposition of its chemical elements hap-
pens. Also, melting and fusion of enamel may occur
because the momentary temperature exceeds the threshold.
The laser alters the microstructure and surface morphology
of enamel after cooling. Moreover, the laser induces che-
mical changes in dental hard tissues such as reducing the
carbonate content of dental hard tissues. The conversion of
carbonated apatite crystals to purer apatite crystals makes
enamel less soluble to acid challenge.®'® Furthermore, the
calcium and phosphorus content of enamel and dentine
increased after the laser irradiation.® The irradiated dentine
shows three prominent intrinsic phosphate bands under
Fourier transform infrared microscopy. The results indi-
cate an increased crystallinity of dentine after the laser
irradiation.® A study found that 9,300 nm carbon dioxide
laser irradiation increased the calcium and phosphorus

ratio of sound but not carious enamel and dentine.®

Table | Studies of Effects on Enamel and Dentine by a 9,300 nm Carbon Dioxide Laser

Authors, Year [Reference]

Irradiation Effects

Enamel

Featherstone et al, 1997'°

Alter chemical composition of enamel crystals

Decompose carbonate of hydroxyapatite

Takahashi et al, 1998°

Produce crater-like structures

Increase the calcium and phosphorus content

Increase calcium-to-phosphorus ratio on enamel

Dentine

Takahashi et al, 1998°

Cover dentinal tubules with material fused by laser

Increase the calcium and phosphorus content

Increase the calcium-to-phosphorus ratio on dentine

Kimura et al, 2000*?

Produce small cracks in the subsurface layer

Produce surface with molten and solidified particles

Fried et al, 2002°

Cause fusion of the individual dentine crystallites

Eliminate carbonate, water, and protein amide
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Basically, the higher the calcium to phosphorus molar ratio
is, the lower solubility the calcium phosphate compound
has. The results also suggest that the laser irradiation
evaporated the organic components in carious enamel
and dentine.

Laser irradiation at appropriate parameters can produce
a melting surface of dentine. A homogenous and smooth
dentine surface can be formed.'" The irradiation was able
to induce fusion of individual crystallites to generate
a hypercrystalline-like matrix.® However, laser irradiation
at high energy results in carbonization. It also causes loss
of the collagen matrix and tissue contraction. As a result,
cracks can occur on the dentine surface. These cracks
weakened resistance of dentine to demineralization under
acid challenge.® A study found after laser irradiation at
high energy, the tubules at the dentine surface remained
patent, although they were partially fused by the laser.®
More research is needed to determine the effect of a 9,300
nm carbon dioxide laser on enamel and dentine.

Insignificant Thermal Effect on Pulp
The temperature rise in the pulp chamber should not
exceed 5.5°C for laser treatment. Otherwise, excessive
heat accumulation would cause thermal trauma to the
dentine—pulp complex, such as destruction and disruption
of odontoblasts or even pulp necrosis.'* A series of studies
reported that the thermal effect of 9,300 nm carbon diox-
ide laser irradiation on pulp was shown to be minimal'*"'*
because the laser will be absorbed very near to the surface
of the hard tissues and rapidly transformed to heat."
Compared with 9,300 nm or 9,600 nm carbon dioxide
lasers, a 10,600 nm carbon dioxide laser requires more
incident energy for a similar inhibition effect.” In addition,
the pulp chamber temperature can increase 10°C at similar
incident energy, which is detrimental to the dentine—pulp
complex.'®

Studies demonstrated that air or water aerosol spray
could efficiently reduce the heat accumulation by
laser.'*!” They also showed that the bond strength to
dentine was reduced with no water cooling during laser
irradiation. Depending on the power selected, the heat
generated by laser could affect and even damage the
structural integrity of dentine. In contrast, the temperature
rise was always below 5.5°C for all samples with water
spray, and the surfaces were highly smooth and homoge-
nous. A clinical study reported even operating at relatively
high energy and without water cooling, a 9,300 nm carbon
dioxide laser could ablate enamel with no pulpal damage.

Table 2 Studies on Effect of 9,300 nm Carbon Dioxide Laser on
Pulp

Authors, Year Irradiation Effects

[Reference]

Assa et al, 2008'3 Temperature rise below 5.5°C with water

Staninec et al, 2009'7 | Temperature rise below 5.5°C with or

without water

uyen et al, emperature rise below 5. with or
Nguyen et al, 2011'* | Temperat below 5.5°C with
without water

Normal vascular pattern with no

enlargement or engorgement

No inflammatory response or cell infiltrate

However, the tooth surface irradiated with no water cool-
ing was uneven with white asperities. This change could
adversely affect its adhesion to resin and its resistance to
acid challenge.'” Table 2 summarizes the studies of the
effect of 9,300 nm carbon dioxide laser on the pulp.

Prevention of Enamel Caries

When a tooth is irradiated with a 9,300 nm carbon dioxide
laser, its energy is mostly absorbed by apatite and con-
verted into heat energy at the surface or subsurface zone.
The chemical composition of enamel will change when the
temperature reaches 400°C. Melting of enamel will happen
when the temperature is above 800°C. Ablation of enamel
will occur when the temperature is above 1200°C.’

Studies demonstrated that irradiation by a 9,300 nm
carbon dioxide laser at sub-ablative energy could effec-
tively prevent enamel caries.” ®'®!® They showed that
enamel with sub-ablative irradiation reduced up to 70%
caries development. Furthermore, the irradiated enamel
demonstrated surface melting was more resistant to acid
attack than those with no melting at all.

Most dentists use burs as the traditional or mechanical
approach for caries removal. The 9,300 nm carbon dioxide
laser offers an alternative approach for caries removal.
Studies reported that a 9,300 nm carbon dioxide laser
guided by near-infrared reflectance image could selec-
tively remove caries lesions on occlusal and smooth
20725 Studies also revealed that the ablated
surfaces of enamel or dentine were more acid-
resistant.’®?’ The studies demonstrated the use of 9,300

nm carbon dioxide as a conservative technique of caries

surfaces.

and cavity preparation. A study found the enamel ablated
by carbon dioxide laser had a significantly lower calcium
and phosphate loss after acid challenge than the control

Clinical, Cosmetic and Investigational Dentistry 2021:13

157

Dove:


https://www.dovepress.com
https://www.dovepress.com

Xue et al

Dove

group.?” Another study investigated the inhibition of sec-
ondary caries by laser ablation and observed that a 9,300
nm carbon dioxide laser could produce a cavity surface
morphology with marked resistance to artificial secondary
caries compared to mechanical removal.?® Therefore,
using a 9,300 nm carbon dioxide laser in cavity prepara-
tion for restoration has a promising future in preventing
secondary caries.

Carbon dioxide laser irradiation causes chemical modifica-
tion to dental hard tissues. Studies found the irradiated enamel
and dentine had complete loss of the two carbonate bands,
a narrowing of the phosphate peak, and an increase of calcium
to phosphorous molar ratio.””* This suggested the soluble
carbonate impurities were removed from the hydroxyapatite,
which become less soluble. Carbon dioxide laser irradiation
also causes morphological changes of enamel and dentine
which demonstrated resistance to acid challenge. The morpho-
logical or chemical modification to dental hard tissues are
related to the caries-preventive effect of a carbon dioxide laser.

These findings reasonably explain the mechanisms of
caries prevention by carbon dioxide laser. The inhibition
of demineralization can most likely be attributed to ther-
mal decomposition of the more soluble carbonated hydro-
xyapatite and transformation into purer phase
hydroxyapatite, with corresponding changes of crystal
structure. It has been postulated that modification of the
protein matrix and permeability changes by laser irradia-
tion or ablation strengthen the resistance of enamel and
dentine to acid attack and play a role in caries
prevention.”® Table 3 summarizes the studies of 9,300
nm carbon dioxide lasers on prevention of enamel caries.

Fluoride is effective in preventing enamel deminerali-
zation. Besides, fluoride in high concentration inhibits
bacterial enzymes.”’ A carbon dioxide laser at 9,300 nm
is effective in converting carbonated hydroxyapatite to
a purer phase hydroxyapatite with more resistance to
acid challenge. Fluoride promotes formation of fluorapa-
tite which is even more resistant to acid dissolution.*
A study found that laser-activated fluoride therapy reduced
the critical acidity (pH) at which enamel dissolved.”'
Hence, a combination of the laser irradiation and the
fluoride could produce a synergistic effect on caries
prevention.>' The study also showed that the action spec-
trum of the laser-activated fluoride effect was across the
visible and near—infrared wavelengths, including the
wavelengths of carbon dioxide laser.

A clinical trial reported that combined 9,600 nm car-

bon dioxide laser irradiation with fluoride varnish

Table 3 Studies of Prevention of Enamel Caries by 9,300 nm
Carbon Dioxide Laser

Authors, Year, Caries Preventive Effects

[Reference]

Featherstone et al,
19914

Arrest progression of caries

Featherstone et al,
1998'¢

Inhibit caries development

Konishi et al, 1999 Prevent secondary caries of composite

restoration

Fried et al, 200627 Enhance resistance to acid dissolution

Rechmann et al, 2016° Inhibit acid dissolution and reduce

mineral loss

application promoted remineralization and inhibited devel-
opment of fissure caries in molars.>* Accordingly, a 9,300
nm laser may perform similarly because their absorption
of dental hard
Nevertheless, only a few studies on 9,300 nm carbon

characteristics tissues are similar.
dioxide lasers and no clinical trial can be found in the
literature. Most of the studies examined enamel caries.
They used acidulated phosphate fluoride, sodium fluoride,
and silver diamine fluoride.”'®!%*373¢ Some studies
showed that enamel treated with a 9,300 nm carbon diox-
ide laser before fluoride treatment had less mineral loss
after acid challenge than those treated with laser or
fluoride.”'®333% Also, 9,300 nm carbon dioxide laser irra-
diation before fluoride can also enhance the caries-
effect
dentine.'***?¢ There is only one paper studying the com-

preventive of fluoride on enamel and
bined treatment of a 9,300 nm carbon dioxide laser and
fluoride on dentine. The study demonstrated that, com-
pared with a laser group, the combined treatment group
showed an increase in resistance of dentine to deminerali-
zation. However, the combined treatment did not show any
difference in resistance to demineralization compared with
topical fluoride treatment.>” Current evidence of the effec-
tiveness of the treatment combining 9,300 nm carbon
dioxide laser and fluoride on preventing dentine caries is
insufficient and more research is needed to draw

a conclusion.

Enhancing Resin Bonding to Enamel
The effect of carbon dioxide laser on bond strength of
and dentine is

resin to enamel irradiation-energy-
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dependent. Sub-ablative irradiation on an enamel surface
before etch-and-rinse could increase the shear bond
strength of composite resin to enamel.*® However, com-
pared to etch-and-rinse, ablative irradiation before etching
cannot enhance shear bond strength of enamel to
resin.”®**® The high irradiation energy causes thermal
damage to enamel. Large white asperities can be formed
on the enamel surface when ablated with high energy. The
asperities are loosely attached to the surface and they
compromise adhesion to restorative materials.?’

Ablative irradiation or sub-ablative before using self-
etch system could increase the shear bond strength of resin
to enamel.>® Nevertheless, ablative irradiation or sub-
ablative on dentine before using a self-etch system could
not increase the shear bond strength of resin to dentine.*
In this review, studies showed that additional etching after
laser irradiation on dental hard tissues is necessary. Table 4
summarizes studies of resin bond strength to enamel and
dentine with irradiation of a 9,300 nm carbon dioxide

laser.

Clinical Use of 9,300 nm Carbon

Dioxide Laser

At present, a 10,600 nm carbon dioxide laser is the most
common carbon dioxide laser device on the market.
However, its excessive heat accumulation and less effi-
ciency in operation limits its application in clinical treat-
ment. A carbon dioxide laser at 9,300 nm matches well the

absorption characteristics of dental hard tissues. Therefore,

Table 4 Studies of Resin Bond Strength to Enamel and Dentine
with Irradiation of 9,300 nm Carbon Dioxide Laser

Authors, Year [Reference] Resin Bond Strength

Enamel

Nguyen et al, 201 1% al+ER = ER > al

Rechmann et al, 201738 sL+ER > ER > sL

al+ER > ER >al

Rechmann et al, 2017%° sL+ER > ER
al+ER < ER

Dentine

Nguyen et al, 201 [“° al <al+ER < ER

Rechmann et al, 2017%° sL+ER < ER
al+ER < ER

Abbreviations: sL, sub-ablative irradiation; al, ablative irradiation; ER, etch and
rinse.

it can localize heat deposition to the surface and reduce the
risks of thermal damage to the pulp. A study reported that
both dentists and patients were satisfied with 9,300 nm
carbon dioxide laser treatment. More importantly, the laser
could be used safely, effectively, quickly, and comfortably
for caries removal and cavity preparation.'> Current evi-
dence suggests that a 9,300 nm carbon dioxide laser can
successfully inhibit enamel demineralization. Moreover,
laser irradiation enhances the bond strength of resin to
enamel. Most of the studies support that the combined
use of laser irradiation and topical fluoride has
a synergistic effect on caries prevention.

A study found that a 10,600 nm carbon dioxide laser
inhibited biofilm growth and reduced bacteria viability.*
No study was found using a 9,300 nm carbon dioxide
laser, which is worth investigating in future studies. In
addition, few studies are related to its effect on preventing
or arresting dentine caries (root caries). It is still not
known whether a 9,300 nm carbon dioxide laser can
effectively remineralize dental caries as a 10,600 nm car-
bon dioxide laser does,*' so further related studies are
warranted. The 9,300 nm carbon dioxide laser is
a promising treatment for caries control. Because there
are a limited number of studies in the literature, further
research is essential to develop a clinical protocol for the
laser’s use in dentistry. Currently, there is one commer-
cially available 9,300 nm carbon dioxide laser (Solea,
Convergent Dental, Inc., Needham, MA, USA) cleared
by the US Food and Drug Administration. This computer-
controlled 9,300 nm carbon dioxide laser generates
a galvanometer-guided laser beam. The foot pedal allows
speed control to provide laser irradiation with precision
and control. It allows adjustment of irradiation parameters
including the pulse energies, repetition rates, and spot
diameters for fine cutting of enamel. The pulse duration
is specifically designed to match the thermal relaxation
time of enamel and dentine to prevent damage to the
dental pulp. The safety of its use can be further enhanced
with the use of water to cool the lased dental hard tissue.

Conclusions

A carbon dioxide laser at 9,300 nm matches the absorption
characteristics of hydroxyapatite. The laser energy can be
effectively transferred to enamel and dentine. It converts
the carbonated hydroxyapatite to the purer hydroxyapatite
of enamel and dentine. Because 9,300 nm laser carbon
dioxide has a shallow depth of heat absorption in enamel
and dentine, it reduces the risk of thermo-damage to the
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dentine—pulp complex. The laser fosters the effect of fluor-

ide on caries prevention. It enhances bonding of resin to

enamel. It can also be used at high power to ablate caries

for restorative treatment.
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