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Abstract Laser light can be used during endodontic
procedures to sterilize the root canal by destroying bacteria.
Previous in-vitro studies that investigated the mechanism of
the destruction of bacteria inhabiting the root canal by
1,064-nm Nd:YAG and 808-nm diode laser light used
substrates that absorb light in the near-infrared (NIR)
spectrum. These substrates heat the bacterial microenviron-
ment, which possibly contributes to cell death. To deter-
mine the direct effect of laser light on the bacterial sample
in the absence of detrimental heating, a sapphire substrate,
which is virtually transparent in NIR spectrum, was
inoculated with bacterial samples and subjected to laser
irradiation at 1,064 nm (1.5 W, 15 Hz) and at 808 nm
(1.5 W, 20 Hz). Enterococcus faecalis, Escherichia coli,
and Porphyromonas gingivalis bacteria were used. E.
faecalis and E. coli were largely unaffected by laser light.
The viability of P. gingivalis, a pigmented bacterium, was
directly affected by both NIR wavelengths (a 57%
decrease of viability at 1,064 nm and a 31% decrease at
808 nm). Our results indicate that the primary mediator of
cell death appears to be the interaction between NIR laser
light and the bacterial microenvironment, most likely in
the form of heating. Our research suggests that when
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optimizing the efficacy of laser-assisted endodontic
sterilization of the root canal, the optical characteristics
of the bacterial microenvironment play a key role, as
nonpigmented bacteria appear to be virtually transparent at
808 nm and 1,064 nm.
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Introduction

After infection of the pulpal tissue, bacteria also begin to
penetrate into the deeper layers of root dentin and so
propagate a periapical inflammation with subsequent
destruction of the adjacent connective tissues [1]. Rinsing
solutions, such as NaOCIl, which are applied during
conventional root canal treatment, act through direct contact
with the targeted bacteria and are unable to affect micro-
organisms in the deeper layers of dentin due to the
insufficient penetration depth of the bactericidal solutions
[2, 3]. In addition, bacteria like E. faecalis are highly
resistant to various chemical disinfectants used in endodon-
tics today and present an additional challenge [4]. E.
faecalis is known for its ability to form intra- and extra-
radicular biofilms, which makes it extremely difficult to
control [5-8] in addition to its various resistances toward
chemicals disinfectants, high temperature, and desiccation
[4, 9—11]. E. faecalis is the predominant bacterial species
found in persistent endodontic infections [12].

The introduction of lasers in the field of endodontics
brought about an increase in the effectiveness and
success rate of root canal treatment, due to the laser's
ability to affect deeper parts of dentinal tissues [13—15].
Nd:YAG [16-18] and diode lasers [19-22] were among
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the first lasers to be scientifically evaluated in clinical
studies and both have gained widespread acceptance in the
field of laser-assisted endodontics due to their disinfecting
capabilities [23-25].

The mechanism of NIR laser-mediated destruction of
bacteria has not been determined. Two possible mecha-
nisms can be considered. In the first mechanism, the
laser light is strongly absorbed in the substrate onto
which the bacteria adhere (in this case dentin). The
resultant heating of the substrate causes a local rise in
temperature high enough to result in the death of the
attached micro-organisms. The second possible mecha-
nism suggests that the laser light is absorbed by the
bacteria and is therefore responsible for direct damage to
the bacterial cell. With regard to the former, the
temperature rise recorded in a previous study [23] cannot
explain the bactericidal effect. With regard to the latter, no
studies, to the best of our knowledge, have been
conducted to test the direct effect of NIR lasers, with the
same or very similar laser parameters to the ones being
used in clinical practice, on bacteria, especially E.
faecalis, with emphasis on excluding the potential
bactericidal effect of the substrate, on which the bacteria
are attached (i.e., the heating of substrate via laser light).
To address this issue, an in-vitro study was performed to
evaluate the potential direct bactericidal effect of two
NIR lasers on bacteria, a 1,064-nm Nd:YAG laser and a
808-nm diode laser under standardized conditions. In
particular, attention was paid to the choice of substrate
onto which the bacteria would be placed. The substrate
had to posses a high transmission rating in NIR spectra
in order to absorb as little laser light as possible and thus
minimizing its heat build-up. Viability of bacterial
samples was tested with the flow cytometry method in
addition to the standard plate count to compensate for
some of the shortcomings of the plate count method.

Material and methods
Sapphire windows

Sapphire windows of appropriate dimensions for the
experiment were chosen as a substrate because of their
high transmission for NIR wavelengths (i.e., the windows
do not heat up or the heating is negligible when irradiated
by the laser parameters used in this study). The uncoated
circular sapphire windows (Techspec® sapphire windows,
7.5 mm diameter, 0.35 mm thickness; Edmund Optics)
were inspected and cleaned if necessary. They were then
sterilized by autoclaving to destroy any bacteria on their
surface. Sterility was verified by plate culture and flow
cytometry methods.
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Bacterial inoculation

Sterilized sapphire windows were first coated with 2 pl of
inactivated FBS (fetal bovine serum), which was allowed to
dry for approximately 15 min in a laminar flow cabinet. The
dried inactivated FBS prevents the bacteria from adhering too
strongly to the sapphire surface. This substantially increases
the portion of bacteria that can be harvested for further analysis
with methods such as vortexing. Following coating, the
windows were inoculated with 2 ul of bacterial test strains
suspensions: E. coli (ATCC 25922), E. faecalis (ATCC
29212), or P. gingivalis (ATCC 33277) on one side by means
of a micropipette (each test strain on its own sapphire
window). Concentrations used were 1-3 x 10® CFU/ml for the
E. coli and E. faecalis and 2x10° CFU/ml for P. gingivalis.
E. coli was used as a model Gram-negative bacteria for the
case that there would be any differences in absorption due to
different cell-wall composition. E. faecalis was used as a
model Gram-positive bacteria and P. gingivalis was used as a
model pigmented bacteria (black pigment), as both E. faecalis
and E. coli are unpigmented. The droplet containing the
bacterial suspension was dried under laminar flow for
approximately 10 min in a laminar flow cabinet to evaporate
the excess water.

Laser systems

An AT Fidelis laser (Fotona d.d., Ljubljana) was used as the
Nd:YAG laser source (1,064 nm). A Fotona XD-2 laser
(Fotona d.d., Ljubljana) served as the diode laser source
(808 nm). The laser could be operated in pulsed or
continuous wave (CW) mode.

Each laser was equipped with a proprietary flexible
waveguide (laser fiber with a 300-um fiber tip diameter)
and was operated in pulsed mode (15 Hz for the Nd:YAG,
20 Hz for the diode laser) without any water spray or air
cooling. The lasers were adjusted for an effective average
output power of 1.5 W measured directly on the fiber tip
using a wattmeter (Coherent, Inc., Santa Clara, CA, USA)
before each irradiation cycle. This procedure ensured stable
and standardized irradiation schemes for each sample.

Laser irradiation

After incubation, 20 samples of each of the bacterial strains
underwent laser irradiation (ten of the samples with the Nd:
YAG laser and ten with the diode laser). Ten samples served as
the control group for each test strain and remained untreated.
The following irradiation procedure was used with both laser
sources: The specimens were irradiated from the side opposing
the inoculated area in near-contact mode. The fiber was
mounted in a specially designed mount that enabled constant
circular scanning movement of the optical fiber 0.7 mm above
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the window surface to cover the entire inoculated area. A
distance of 0.7 mm was chosen to avoid potentially burning
the fiber tip onto the surface of the sapphire window. The fiber
tip was held perpendicular to the irradiated area, thus
maximizing the exposure of the bacteria to the laser light
(Fig. 1). One lasing cycle comprised five irradiations of 5 s
each, with 15-s intervals in between. No water or air cooling
was used with any of the devices. This irradiation protocol is
very similar to the procedure described in [23] and to the
actual irradiation procedure used in clinical practice. The
sapphire windows were placed in specially designed steril-
ized holders, which attach to the outside rim of the sapphire
window.

Bacteriological evaluation

Upon irradiation, the specimens were placed into sterile
5-ml Falcon tubes (BD Biosciensces) and 1 ml of
phosphate buffered saline (PBS) solution was added. Each
tube was then vortexed for 1 min to wash the bacteria from
the sapphire windows.

Both standard culture plate and flow cytometry methods
were used in parallel to determine the number of viable
bacteria.

Next, 500 pl of PBS solution was diluted in log 10 steps.
Then, 10 pl of each dilution were applied to culture plates
(E. faecalis, E. coli — blood agar; P. gingivalis — Schaedler
agar) and incubated (E. coli, E. faecalis — 24 hours;
P gingivalis — 7 days, anaerobically) at 36.5°C. The
colonies were then counted and the total number of bacteria
(colony forming units per milliliter) was assessed.

A total of 500 ul of the PBS solution was used for flow
cytometry analysis. The Cell Viability Kit with Liquid
Counting Beads (BD Biosciences) was used according to
the manufacturer's instructions to determine the number and
viability of the bacteria. The kit contains thiazole orange
(TO) solution to stain all cells and propidium iodide (PI) to
stain dead cells as well as a liquid suspension of fluorescent

Fig. 1 Irradiation of bacterial
suspension on sapphire win-
dow. a Laser fiber, moved in a
circular motion over the bacte-
rial suspension. b Emitted laser a
light. ¢ Bacterial suspension. d
Sapphire window

beads, which are added to the flow sample to calculate
absolute counts. Live cells have intact membranes and are
impermeable to dyes such as PI, which leaks into cells with
compromised membranes. TO is a permeant dye and enters
all cells, live and dead, to varying degrees. The fluorescent
signal from TO in viable cells allows their enumeration
even when debris in the cell preparation contaminates a
scatter gate around the cells. Thus the combination of these
two dyes provides a rapid and reliable method for
discriminating live and dead cells [26]. The advantage of
the flow cytometry method over the culture plate method is
mainly in the speed of the procedure; results are available
within minutes as opposed to 24-h or longer incubation
times when working with culture plates.

Statistical analysis

We used SPSS software to perform the statistical analysis.
After appropriate assumptions were checked for all the
variables tested, we used Student's ¢ test to compare pairs of
data measured by plate count and flow cytometry methods
irradiated with the same laser type to compare both
methods for viability determination (e.g., flow cytometry
and plate count) as well as pairs of data where viability was
measured by the same method to see if there was any
statistically significant difference between the two lasers
used. Statistical significance was set at p<0.05.

Results

Figures 2, 3, and 4 show the results of the bacteriologic test
regarding E. coli, E. faecalis, and P. gingivalis. Samples are
rated in percentage of viable bacteria/colony counts (flow
cytometry/plate count technique), and the laser device used.
For E. faecalis, the Nd:YAG laser induced a <1%/7%
reduction (flow cytometry/plate count) and the diode laser a
5%/5% reduction. With regard to E. coli, the Nd:YAG laser
caused a 25%/15% reduction and the diode laser a 19%/14%
reduction. For the pigmented P. gingivalis, the Nd:YAG laser
caused a 57% reduction and the diode laser a 31% reduction
as measured by flow cytometry. No growth of P. gingivalis
was observed on Schaedler agar plates in all of the irradiated
samples. All viability percentages are an average of ten
irradiated samples (per bacterial strain) compared to an
average of ten control samples (per bacterial strain).

Discussion
Bacterial colonization of the root canal and its associated

tubular network can present a serious challenge to
successful endodontic treatment. Bacterial species such as
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E. faecalis can prove especially problematic to eliminate,
resulting in persistent endodontic infections [8, 12]. These
bacteria have numerous resistances, biofilm formation
capability and have adapted to conditions in root canal
and adjacent spaces. Conventional root canal treatment is
centered around the removal of the infected pulp and dentin
layers by using mechanical techniques and bactericidal
irrigants. These conventional techniques have limitations.
According to Kouchi et al. [3], bacteria are capable of
invading the periluminal dentin up to a depth of 1.1 mm.
Chemical disinfectants penetrate no more than 0.13 mm
into the dentin as described by Berutti et al. [2]. This
implies that a dentin layer of almost 1-mm thickness can
serve as a reservoir for bacteria, possibly resulting in long-
term treatment failures.

To remedy this situation, various laser systems were
evaluated for use in endodontics. The first wavelength
researched was 1,064 nm Nd:YAG; bactericidal effects
were demonstrated [23, 24]. The diode laser was at first
limited to soft-tissue applications, but was later also proven
to be effective in endodontic procedures [19-22]. Both
wavelengths showed effectiveness, even through 1-mm
thickness of dentin [23].

As seen from the results in our study, P. gingivalis was
directly affected by both wavelengths, resulting in an
average decrease of 57% in viability when using Nd:YAG
laser and a 31% decrease when a 810-nm diode laser was
used. The most likely reason for this is the presence of
black pigment (protoporphyrin IX) in P. gingivalis, which
can absorb a portion of NIR wavelength energy.

E. coli and E. faecalis, on the other hand, appear to be
almost completely transparent to the 810-nm and 1,064-nm
wavelengths as both wavelengths had negligible direct
bactericidal effects. The bactericidal effect was slightly
more pronounced in the E. coli group, but the most likely
explanation for both the E. faecalis and E. coli viability
decrease is the effect of desiccation on bacterial cells during
the experiment. The rate of evaporation of excess water
from the 2 pl of bacterial suspension varied slightly from
sample to sample. Gram-positive bacteria such as F.
faecalis are more resistant to desiccation due to the
structure of their cell wall when compared to Gram-
negative bacteria such as E. coli. But even if we could
attribute the bactericidal effect on E. coli and E. faecalis
solely to laser action, it is still relatively negligible; under
10% for E. faecalis.
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The results obtained from flow cytometry and plate
count are in very good agreement for E. faecalis and E.
coli. The determination and counting of viable/dead
bacteria with the use of flow cytometry has the advantage
of being faster since 24-h or longer incubation periods are
not needed. It is also possible to see the total number of
bacteria and their composition (i.e., the ratio of viable/dead
cells), which were successfully removed from the surface to
which they were attached. The results between the two cell
counting methods are not in good agreement for P
gingivalis, where irradiated samples showed no growth on
Schaedler agar plates. One possible explanation is that there
was laser-induced damage to the cells, which resulted in
inhibited growth on agar plates.

According to results obtained in this study, we can
conclude that the direct bactericidal effect of Nd:YAG and
810-nm diode lasers on the tested nonpigmented bacteria is
unlikely. A potentially bactericidal mechanism of laser
action in the IR spectra has been observed in optical traps
and was described as an undefined type of photodamage.
The mechanism remains poorly understood although it is
apparent that the presence of oxygen in the bacterial
microenvironment is required [27, 28]. Also, the laser
parameters used in optical traps differ from those routinely
used in endodontic practice. Another option to achieve a
bactericidal effect in the deeper layers of dentin with the
Nd:YAG and the 810-nm diode laser is to heat up the
substrate, to which the bacteria are attached or to introduce
a photosensitizer into bacterial cells. The introduction of a
photosensitizer to the inside of dentinal tubules and
ensuring its selective absorption onto/in bacterial cells
would be a very daunting task. In order to eliminate
bacteria, such as E. faecalis via heating of its surroundings,
a relatively high temperature would be required, if we
consider that the aforementioned bacteria can tolerate 60°C
for 30 min [29]. We thus need to consider that temperature
spikes in irradiated parts of the dentin only last for a
fraction of a second due to the nature of the way the laser

Nd: YAG Diode

Flow Cytometry

energy is delivered. To avoid excessive bulk heating of the
tooth, the tolerance of E. faecalis to pulsed heating in sub-
second time range should be determined. With regard to
low temperature rise detected in a previous study [23],
which cannot be responsible for bactericidal effects, there is
a possibility of the existence of a previously mentioned
unidentified photodamage effect [27, 28], possibly depen-
dent on the microenvironment of infected dentinal tubules.
Colonization and degradation of dentin matrix due to
bacterial action also changes optical properties of dentin
resulting in the increase of the absorption of NIR
wavelengths. Infected areas of dentin could be potential
selective targets for NIR wavelengths, opening the potential
to achieve localized hotspots within dentin, causing thermal
damage to limited areas of dentin without causing bulk
overheating of the tooth. Studies of Nd:YAG irradiation of
carious and healthy dentin [30] demonstrate a substantially
higher absorption of 1,064-nm wavelength in carious dentin
in comparison to healthy dentin. We also performed a basic
thermal measurement with the use of a thermal camera
comparing the temperature rise on the surface of carious
and healthy dentin which were heated in non-contact mode
by a Nd:YAG laser. We determined that AT for carious
dentin is in the range of 3.4 times higher per J/cm?® than for
healthy dentin (unpublished data). The results seem to
confirm that dentin, which had its optical properties
changed by bacterial action, could represent a selective
target for NIR laser heating due to different optical
properties which lead to higher absorption. This would
also seem to explain the lethal effect of NIR lasers in root
canals, where heating of the bacterial microenvironment
seems to be one of the primary reasons for the lasers'
effectivity, especially where nonpigmented bacteria are
targeted. Further optimization of irradiation parameters
should improve the overall success rate of laser-assisted
endodontic treatment. New studies targeted towards
analyzing the potential photodamage effect on a sub-
cellular level, as well as studies aimed at analyzing the
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spot and area temperature rises with the help of thermal
imaging in sound and infected dentin, could help to
optimize the already established procedure.

Conclusions

A novel method using a highly transparent substrate in the
NIR spectrum, sapphire, was used to determine the direct
effect of two popular wavelengths used in laser-assisted
endodontics (808-nm and 1,064-nm) on pigmented and
unpigmented bacteria. The 808-nm and 1,064-nm lasers,
used at standard parameters for laser-assisted endodontic
procedures [14, 23, 31], have very limited direct bacteri-
cidal effect on unpigmented bacteria regardless of their cell
wall structure (i.e., Gram-positive and Gram-negative
bacteria) and a moderate direct bactericidal effect on black
pigmented P. gingivalis. The most likely mechanism
explaining the lethal effect of 808-nm and 1,064-nm lasers
[14, 20, 23] in laser-assisted endodontics, at least for
unpigmented bacteria, would appear to be laser-induced,
short-term localized heating of the bacterial microenviron-
ment to lethal temperatures. Our research suggests that
thorough understanding of combined optical characteristics
of both the bacteria and their microenvironment plays a key
role in devising optimal parameters for the laser-assisted
endodontic procedure.
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