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Antibacterial effect of femtosecond
laser against Enterococcus faecalis

and Fusobacterium nucleatum biofilms
on dentin: an in vitro study

Pei Liu', Runze Liu', Yi Luo', Wei Fan'" and Bing Fan'"

Abstract

Background Removing infectious bacteria biofilms from the root canal system is crucial for a successful endodontic
treatment. This study investigated the antibacterial effect of femtosecond laser (fs-laser) against Enterococcus faecalis
(E. faecalis) and Fusobacterium nucleatum (F. nucleatum) biofilms on dentin.

Methods The chemical composition of dentin slices from extracted human teeth was analyzed using FTIR and
Raman probes. The morphology of fs-laser ablated dentin grooves was evaluated by an optical profiler, and the
fs-laser ablation fluence threshold was obtained by a mathematical model. A correlation between dentin chemical
composition and ablation threshold was established. The antibacterial effect of different fs-laser irradiation dosages
within the safe threshold on E. faecalis and F. nucleatum biofilms was firstly evaluated using the growth curve method.
The biofilm removal efficacy on dentin and antimicrobial effect in dentinal tubules was further evaluated by CLSM
and SEM analysis. The effect of fs-laser irradiation on the microhardness of dentin surface was also evaluated. The
fs-laser irradiation process was observed using a spectrometer.

Results The peak intensity of phosphate group showed a positive correlation to the fs-laser dentin ablation fluence
threshold in both FTIR and Raman spectroscopy. The safe fluence threshold of 1.8 J/cm? was determined by a
prediction model on 20 dentin samples. The antimicrobial effect of fs-laser increased along with the irradiation
fluence or time. Both E. faecalis and F. nucleatum biofilms on dentin could be effectively removed by the fs-laser with
1.5 J/cm? fluence for 20 s without compromising the microhardness of dentin surface. Meanwhile, fs-laser could also
eliminate the bacteria in dentinal tubules. The generation of plasma occurred during the fs-laser irradiation process,
and the plasma spectra exhibited distinguishable characteristics between the two kinds of biofilms.

Conclusions Fs-laser could effectively remove both E. faecalis and F. nucleatum biofilms on dentin, along with a
notable antibacterial effect in dentinal tubules.
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Background

Apical periodontitis (AP) is one of the most prevalent
dental diseases with a prevalence of 52% in adult popu-
lation [1]. More than half of the patients with AP suffer
from pain, alveolar bone destruction, and even tooth
extraction, which seriously affects the life quality [2].
Microbial colonization in root canals has been identified
as the primary cause of periapical tissue inflammation
and destruction. Exploring effective antimicrobial meth-
ods to control intra-canal infection would certainly con-
tribute to the treatment and healing of AP.

Enterococcus faecalis (E. faecalis), a Gram-positive
facultative anaerobe and conditionally pathogenic bac-
terium, is frequently found in persistently infected root
canals [3]. Related studies have extensively reported the
E. faecalis colonization in failed endodontic cases with
a detection rate ranging from 24 to 77% through both
culture and PCR-based studies [4, 5]. Moreover, Fuso-
bacterium nucleatum (FE nucleatum), a Gram-negative
anaerobic bacterium, has been frequently detected with
high prevalence and abundance in root canals, particu-
larly with primary endodontic infections [6, 7]. Litera-
tures suggest that F nucleatum could facilitate surface
adhesion and aggregation of bacteria and activate inflam-
mation and cell death during the process of AP [8].

Due to the pathogenic role of bacteria colonization in
root canals, the primary objective of root canal treatment
is to eradicate the bacteria from infected root canals.
However, the disinfection process faces challenges posed
by the bacteria biofilms and the intricate anatomical
structure of root canal system [9]. Biofilms are bacterial
colonies encased within extracellular polymeric sub-
stance (EPS), which consists of polysaccharides, proteins,
and nucleic acids. The EPS matrix confers bacterial colo-
nies with a kind of resistance against immune system and
various antibacterial agents, rendering it recalcitrant to
conventional disinfection methods [4]. Moreover, the
intricate root canal structures, such as isthmus, lateral
canals, and dentinal tubules, also compromise the effect
of disinfection management by harboring infectious bac-
teria [10]. Hence, exploring effective disinfection strate-
gies to remove biofilms and residual bacteria from root
canal system remains a priority of endodontic studies.

Femtosecond laser (fs-laser) is an ultra-short pulse
laser (107 1° seconds). Its concise pulse duration, which is
less than the thermal relaxation time, effectively restricts
the generation of thermal effects [11]. Additionally, the
fs-laser could deliver a high-intensity laser pulse to bac-
terial cells, thereby facilitating highly localized and rapid
bacteria inactivation. Fs-laser has been reported to have
the ability to eliminate various pathogens, demonstrat-
ing its potential in infection control [12-15]. However,
bacteria mostly exist in the form of biofilms, whereas
the previous studies focused on experiments involving

Page 2 of 14

planktonic bacteria. To date, there is a lack of research
evaluating the efficacy of fs-laser in eradicating biofilms,
particularly in dental background. Therefore, the objec-
tive of this study is to explore the potential of fs-laser
for root canal disinfection through evaluating the dentin
ablation threshold of fs-laser as well as the antibacterial
efficacy of fs-laser against both E. faecalis and E nuclea-
tum biofilms on dentin. The null hypothesis of the study
was that the application of fs-laser will not affect the bio-
films across both biofilm models.

Materials & methods

This study was approved by Ethics Committee of School
of Stomatology, Wuhan University (WDKQ2024B20) and
complied with the Helsinki Declaration. The sample size
for each experimental test was based on previous studies,
which evaluated the ablation threshold of teeth [16], as
well as antibiofilm effect of medicaments [17, 18]. And at
least three trials were performed independently to ensure
repeatability.

Dentin slices preparation

Seventy-six dentin slices (30 for ablation thresh-
old determination, 36 for anti-biofilm test, and 10 for
microhardness test) were prepared from extracted
teeth as previously described [19]. Briefly, dentin slices
(4x4x1 mm) were sectioned parallel to the occlusal
surface from the crown and subjected to ultrasonic bath
with 5.25% NaOCl, 17% EDTA, and dd H,O for 4 min
each. All the dentin slices were then used for the follow-
ing experiments.

Determination of dentin ablation fluence threshold
General experimental method

Firstly, 5 randomly selected dentin slices (E group for
experiment) were used for establishing the threshold
prediction mathematical model. The FTIR and Raman
probes were firstly used to detect the chemical compo-
sition of each dentin slice. After fs-laser irradiation on
the dentin slices, the dentin ablation threshold was cal-
culated using the ablation width square ( Afv) method. A
mathematical model for predicting the dentin ablation
threshold based on the chemical composition of dentin
was then established. Another 5 dentin slices (V group
for validation) were used to validate the mathematical
model. The chemical composition and ablation thresh-
old of these dentin slices were obtained as described
above. The reliability of the predicted ablation threshold
was then evaluated by Bland-Altman analysis. The estab-
lished mathematical model was ultimately used to assess
the ablation threshold of another 20 dentin slices for the
determination of safe dentin ablation fluence threshold.
Detailed methods for the above experiments are further
described in the following sections.
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Laser irradiation and measurement

Dentin samples were irradiated by 1030 nm, 600 fs, fiber
fs-laser (TCR-1030, Hongtuo, China) with the spatial dis-
tribution of Gaussian beam. Experimental setup of the fs-
laser ablation system was shown in Fig. 1A. Grooves were
made on dentin slices using single scanning line method
at a 1 kHz repetition frequency and 142 mm/s scanning
speed. The final output power of fs-laser was measured
by a power meter (PM100D, Thorlabs, USA) on the sam-
ple stage. The fs-laser with an average power of 20 to
100 mW was used for dentin ablation. The light micro-
scope (VHX-7000 N, Keyence, Japan) and scanning elec-
tron microscope (SEM; VEGA3 LMU, TESCAN, Czech)
were used to observe the surface morphology of dentin
grooves. The surface morphology of dentin grooves was
further evaluated by an optical profiler (uscan select,
NanoFocus AG, Germany) at 5 different regions of the
groove.

The ablation width square (Ai,) method was used to
calculate the Gaussian beam waist radius (®,) on the den-
tin surface and dentin ablation threshold by the equation
below:

F
A?U =2w?2ln (p>
O\ Fun

Ey, is laser fluence threshold (J/cm?) and F, is laser flu-
ence peak (J/cm?). According to the equation, the slope
of fitted lines gave the value of 2w,> and the intercept is
2w gln (F th)-
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FTIR and Raman spectroscopy

FTIR spectra were acquired by a spectrometer (Nico-
let 5700, Thermo Fisher Scientific, USA) with a 4 cm™!
resolution at room temperature (25 ‘C). Curve-fitting
was performed by Origin 2023 (OriginLab Corporation,
USA) to get the chemical composition (Fig. 1B). The
number and position of bands were defined based on
second-derivative spectra. The absorption peak intensity
of the phosphate group (PO3™) at 1010 cm™! was con-
sidered as the chemical composition of different dentin
samples [16].

Raman spectra were acquired by a spectrometer
(i-Raman Portable Raman Spectrometer, B&W Tek,
USA) with a focused laser spot (95 pm) at 7000 ms inte-
gration time and 25 ‘C. Acquired spectra were analyzed
by BWSpec4 spectroscopic software (B&W Tek, USA).
Raman absolute intensity (RAI), Raman relative intensity
(RRI), and laser-induced fluorescence intensity (FI) were
defined and calculated according to previous study [20].
RAI was the intensity of the PO}~ at 960 cm™, and RRI
was the intensity of the same peak after subtracting the
baseline (Fig. 1C).

Anti-biofilm effect of fs-laser on dentin slices

Bacterial cultivation

E. faecalis (ATCC 29212) was grown in brain heart infu-
sion (BHI) broth or on BHI agar plates aerobically at
37 °C. E nucleatum (ATCC 25586) was cultivated in tryp-
tic soy broth supplemented with hemin (5 mg/L) and
vitamin K1 (1 mg/L) or on Columbia blood agar plates
anaerobically at 37 °C. The optical density(ODg,) of 1
was equivalent to 1x10° colony-forming units (CFUs)/
mL.
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Fig. 1 Experimental design and chemical composition analysis method. (A) Experimental setup of the fs-laser ablation system. (B) FTIR analysis proce-

dure. (C) Raman analysis diagram



Liu et al. BMC Oral Health (2025) 25:347

Determination of laser dosage for biofilm removal

A 200 pL E. faecalis or E nucleatum suspension (1x 10®
CFUs/mL) was added to a 96-well plate with a glass bot-
tom, and the culture medium was refreshed daily for 7
days. The biofilms were gently rinsed, and the liquid was
discarded. Subsequently, biofilm removal was conducted
using a fs-laser with a 1 kHz repetition frequency and a
142 mm/s scanning speed. The laser beam was vertically
irradiated and scanned line by line following a hatching
design with a spot overlap of 29%. The irradiation fluence
ranging from 0.5 to 1.8 J/cm? for 5 to 20 s was used. Then,
the wells were supplemented with fresh culture medium
and incubated at 37 °C. Treatment of 2.5% NaOCI solu-
tion for 20 s served as the positive control, and treatment
of normal saline for 20 s was used as the negative con-
trol. Each group included 5 repeated wells. The ODg,
value was detected using a microplate reader (Synergy
H1, BioTek, USA). Based on the ablation determined
threshold, the 1.5 J/cm? fs-laser with a duration of 20 s
was selected for the following antibacterial experiments
on both E. faecalis and E nucleatum.

Anti-biofilm effect on dentin slices

A 3 mL E. faecalis or E nucleatum suspension (1x 10°
CFUs/mL) and 18 sterilized dentin slices were added in
centrifuge tubes for 28 days and the culture medium was
refreshed every three days. The 1.5 J/cm? fs-laser with a
duration of 20 s treatment was used for biofilm removal.
Treatment of 2.5% NaOCI solution for 20 s served as
the positive control. Dentin slices treated with normal
saline were used negative control. Each treatment group
included six dentin slice samples.

A confocal laser scanning microscope (CLSM, TCS
SP8, Leica, Germany) was used on 3 samples of each
group to observe the biofilm. The LIVE/DEAD BacLight
Bacterial Viability Kit (Invitrogen, USA) and calcofluor
white (Sigma-Aldrich, USA) were used as dyes before
observation. SEM (MIRA GMS, TESCAN, Czech) was
also used on 3 samples of each group to observe the sur-
face of dentin slices.

Dentin surface microhardness test

Ten dentin slices were randomly allocated into two
groups (n=5), with one group subjected to 1.5 J/cm? fs-
laser treatment and the other group treated with 2.5%
NaOCl solution. The dentin surface microhardness was
firstly detected before the treatments at three randomly
selected spots using a microhardness tester (HXD-
100TMC/LCD, Taiming, China). Then the microhardness
of another three spots close to the pre-treatment three
spots was detected after the treatments. The microhard-
ness values before and after the treatments were analyzed
and compared between groups.
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Antimicrobial effect in dentinal tubules

The dentin blocks were prepared as previously described
[21]. Briefly, nine single-rooted teeth were collected
under the ethical approval, and were sectioned into cylin-
drical root blocks. The cementum of the root blocks was
then removed after being longitudinally separated into
two halves. Then, the dentin blocks (4 x4 x2 mm) were
subjected to a sequential ultrasonic bath of 5.25% NaOCl
and 6% citric acid for 4 min each.

Nine sterilized dentin blocks were soaked in 3 mL E.
faecalis or E nucleatum suspension (1x10® CFUs/mL)
and incubated for 28 days with the medium refreshed
every three days. Three dentin blocks were rinsed with
normal saline gently and exposed to fs-laser (1.5 J/cm?,
20 s). Another three dentin blocks treated with 2.5%
NaOCl solution for 20 s served as the positive control,
and the last three dentin blocks treated with normal
saline were used negative control. Then, the specimens
were vertically split and stained for CLSM bacteria
observation.

Observation of plasma and element spectra induced by
fs-laser in biofilms

The plasma and element spectra induced by the irradia-
tion of fs-laser in biofilms were further observed using
an experiment platform composed of the laser system,
a spectrometer (Avantes, Netherlands), and an intensi-
fied charge-coupled device (ICCD, Andor, UK) camera.
The experimental parameters were as follows: the laser
(wavelength: 1030 nm; fluence: 1.5 J/cm2; repetition rate:
1 Hz), the spectrometer (gate delay: 2 ns; gate width: 9
ns) and ICCD camera (exposure time: 0.1 s; delay: 2 ps;
gate width: 9 ps).

Statistical analysis

GraphPad Prism 8.0 and Origin 2023 was used for sta-
tistical analysis and graphing. Data were expressed as the
mean + standard deviation. The Shapiro-Wilk test and
Brown-Forsythe test were used to assess the normality
distribution and homogeneity of data. For the compari-
son between the two groups, the independent-samples
t-test was used for parametric data. The dentin surface
microhardness before and after treatment was compared
by paired t-test. For multiple comparisons, the one-way
ANOVA was used for parametric data. P<0.05 was con-
sidered statistically significant.

Results

Observation of ablated dentin grooves

The light microscopy examination revealed no thermal
damage phenomenon in ablated dentin grooves, such
as melting and carbonization (Fig. 2A). SEM images
revealed that the edge of the dentin groove was clean
and sharp without molten and smear layers. The side
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Fig. 2 Determination of dentin ablation threshold. (A, B) Morphology of ablated dentin grooves under microscope and SEM. (C, D) FTIR and Raman
spectra of E group dentin slices. (E, F) 2D and 3D profile of ablated dentin grooves on E group dentin slices. (G) Linear fitting of A2 and pulse energy
of E group dentin slices. (H) Correlation analysis between chemical composition and ablation threshold. (I, J) FTIR and Raman spectra of V group dentin
slices. (K, L) 2D and 3D profile of ablated dentin grooves on V group dentin slices. (M) Linear fitting of A%V and pulse energy of V group dentin slices. (N,
0) Bland-Altman analysis for FTIR and Raman methods. (P) Prediction of dentin ablation thresholds

wall structure of the grooves was uniform, and the dentin
tubule was completely open (Fig. 2B).

Establishment of the correlation between dentin chemical
composition and fs-laser ablation fluence threshold

The chemical composition of the dentin slices was
obtained using FTIR and Raman probes, and the spectra
were shown in Fig. 2C&D. The spectra exhibited a strong
peak (1010 cm™! for FTIR and 960 cm™! for Raman),
which is associated with PO3~. The peak intensity of
PO}~ was shown in Table 1.

The optical 2D and 3D profiles of dentin ablated
grooves, as shown in Fig. 2E&F, exhibited the width and
depth associated with laser power. The Ai, was plotted
against the pulse energy, as shown in Fig. 2G. The trend
line equation and ablation parameters of E group dentin
slices were shown in Table 1.

To establish the correlation between dentin chemical
composition and ablation threshold, the peak intensity of
PO}~ group detected by FTIR and Raman probes were
plotted against the ablation threshold (Fig. 2H). The abla-
tion thresholds exhibited a good linear relationship with
the peak intensity of PO3~ group (R?>0.90).

Determination of dentin ablation fluence threshold

Dentin slices of the V group were used to validate the
mathematical model assisted by FTIR and Raman probes.
The spectra and peak intensity of PO}~ group were
obtained as mentioned above (Fig. 21&]). Subsequently,
the fs-laser ablation fluence threshold was predicted
based on the mathematical model (Table 2).

After the chemical composition analysis, the model
validation experiment was conducted. The optical 2D
and 3D profiles of dentin ablated grooves were shown in
Fig. 2K&L. The A2 was plotted against the pulse energy,
as shown in Fig. 2M. The trend line equation and abla-
tion parameters of V group dentin slices were listed in
Table 3. Bland-Altman analysis was used to evaluate the
agreement of the two methods. Figure 2N&O showed
that the ablation thresholds predicted based on both
FTIR and Raman were well-matched.

Subsequently, the ablation thresholds of 20 den-
tin samples were analyzed by FTIR and Raman probes.
The ablation thresholds were 2.82+0.61 J/cm? for FTIR
and 2.75+0.51 J/cm? for Raman; the minimum abla-
tion thresholds were 2.10 J/cm? for FTIR and 2.05 J/cm?
for Raman (Fig. 2P). The safe threshold of fs-laser was

established at 1.8 J/cm? in this study to avoid damage to
dentin.

Effect of fs-laser dosage against biofilms

The dosage of fs-laser is influenced by the laser fluence
and irradiation time. Therefore, this experiment investi-
gated the effect of different fluence and irradiation time
on biofilm removal. As for E. faecalis biofilms, fs-laser of
0.5 J/cm? could not effectively remove it, whereas 1.5 J/
cm? with 15 s duration achieved comparable anti-biofilm
efficacy to 2.5% NaOCl. With the increase of fluence,
the anti-biofilm effect of 2.5% NaOCI was surpassed by
laser irradiation for just 10 s with the fluence of 1.8 J/
cm? (Fig. 3A-D). For E nucleatum biofilms, fs-laser irra-
diation of 1 J/cm? for 10 s resulted in a better anti-bio-
film effect than 2.5% NaOC], and 1.8 J/cm? irradiation
for 5 s resulted in almost complete removal of biofilms
(Fig. 3E-H).

Anti-biofilm effect on dentin

Based on the above results, a 1.5 J/cm? fs-laser with a
duration of 20 s was applied to treat 28-day biofilms on
dentin. The CLSM images indicated that fs-laser elimi-
nated E. faecalis and EPS on the dentin surface, while
dead bacteria were still observed after the treatment with
2.5% NaOCl (Fig. 4A&E). The same results were observed
by SEM (Fig. 4B). The dentin surface showed no biofilm
structure after the fs-laser irradiation, whereas residual
E. faecalis was still observed after NaOCI treatment. As
for E nucleatum biofilms, fs-laser and NaOCI achieved
similar biofilm removal effect (Fig. 4C, D&F).

Antimicrobial effect in dentinal tubules

The antimicrobial effect of fs-laser in dentinal tubules was
shown in Fig. 5A&D. The fs-laser effectively eliminated
both living and dead bacteria from dentinal tubules,
leaving only the dentin’s background fluorescence. 2.5%
NaOClI killed most bacteria in dentinal tubules, with a
residual population remaining in the deeper regions.
However, 2.5% NaOC]l was effective in removing bacteria
from the superficial tubule areas. The result is confirmed
by CLSM quantitative analysis (Fig. 5B&E). The green
fluorescence of live bacteria was significantly reduced
after fs-laser irradiation, surpassing that observed with
2.5% NaOCl. Meanwhile, the sterilization depth achieved
by fs-laser was twice that of 2.5% NaOCI (Fig. 5C&F,
P<0.05).
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Table 1 Peakintensity of POi_, trend line equation and
ablation parameters of E group dentin slices

Dentin Peak intensity of Trend line W, Fin
PO3~ equation (um) ()
FTIR Raman cm’)
D1 0.04720  6698.697 y=707.09 18.80 2.54
In(x)-1870.9
D2 0.02781 6001.643 y=692.61 18.61 2.06
In(x)-1672.9
D3 0.06546 6992.187 y=621.72 17.63 2.59
In(x)-1578.2
D4 0.04539  6579.373 y=406.14 14.25 2.53
In(x)— 848.31
D5 0.17478 9194.547 y=910.12 2133 3.38
In(x)— 2897.1

Effect of fs-laser irradiation on microhardness of dentin
surface

Microhardness test revealed that fs-laser treatment did
not change the dentin surface microhardness, whereas
2.5% NaOCl solution significantly reduced it (Fig. 6A&B,
P<0.05).

Plasma and element spectra in biofilms

The fs-laser induced plasma in biofilms were observed
by ICCD camera. The brightness observed suggested a
high plasma density at the central region, indicating it as
the primary source of plasma production (Fig. 6C&D).
The spectra of plasma generated by fs-laser irradiation
on E. faecalis and E nucleatum biofilms were displayed
in Fig. 5E&F. An average of 29 spectral lines within the
range of 200-880 nm for each sample was detected. The
elements corresponding to these observed spectral lines
were determined against the National Institute of Stan-
dards and Technology spectral database. The identified
elements included metallic elements (Na, K, Ca, Mg),
non-metallic element (C, O, N, P), and molecular bands
(C-N) (Table 4). The spectra showed that the two kinds
of plasmas exhibited similar elemental composition,
albeit with variations in the intensities of certain ele-
ments. Specifically, E. faecalis biofilms showed stronger
intensities for Mg II (279.55 nm), Mg I (285.17 nm), and
K1(766.49 nm and 769.90 nm) compared to E nucleatum
biofilms (Fig. 6E&F).
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Table 3 Trend line equation and ablation parameters of V group
dentin slices

Dentin Trend line equation w, (pm) F, (J/cm?)
D1 y=705.18 In(x)- 1906.3 18.78 2.70

D2 y=746.26 In(x)- 1855.1 19.32 2.05

D3 y=390.82 In(x)- 918.93 13.98 342

D4 y=2402.5 In(x)- 9132.2 34.66 2.37

D5 y=946.48 In(x)- 2805.8 21.75 261
Discussion

This study provided the evidence that fs-laser irradia-
tion can effectively remove E. faecalis and FE nucleatum
biofilms on dentin and eradicate bacteria within dentinal
tubules, without compromising the microhardness or
structural integrity of the dentin. The antibiofilm efficacy
of fs-laser has been confirmed in both biofilm models,
the null hypothesis is rejected. To our knowledge, this is
the first attempt to assess the antibiofilm efficacy of fs-
laser in an in vitro dentin model, providing insights into
fs-laser’s potential as a novel disinfection strategy in end-
odontic treatment.

A key prerequisite for the clinical use of fs-laser in end-
odontics is establishing its safe dentin ablation threshold,
given that damage to dentin is unacceptable. The dentin
ablation threshold is intimately linked to the chemical
properties of dentin. Carbonated hydroxyapatite, col-
lagen, and water constitute its major components, and
their proportions can vary with age, systemic health,
and tooth type [22, 23]. In line with earlier reports by
Ishii and Loganathan et al., our findings further con-
firmed that differences in dentin composition could lead
to varying fs-laser ablation thresholds [24-26]. Interest-
ingly, this study offered new evidence linking the dentin
ablation threshold to the chemical composition of den-
tin based on the high sensitivity and reproducibility of
FTIR and Raman probes [16]. By correlating the intensity
of the PO¥™ peak (from FTIR and Raman spectra) with
ablation behavior, we established a predictive model that
helps refine laser parameters. This approach is especially
important given the heterogeneity of dentin, thereby call-
ing for individualized calibration of fs-laser settings in
clinical practice.

Previous work indicated that the ablation threshold
could vary from 0.44 to 1.6 J/cm? largely influenced by

Table 2 Peak intensity of PO3~ and predicted ablation threshold of V group dentin slices

Dentin FTIR Raman
Peak intensity of PO~ Predicted Fy, Peak intensity of PO%~ Predicted Fy,
D1 0.074 263 7914.83 3.10
D2 0.022 2.23 5774.25 2.25
D3 0.225 3.80 9223.22 3.63
D4 0.029 229 6560.55 2.56
D5 0.073 263 7749.27 3.04
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Fig. 3 Growth curves of fs-laser-treated biofilms. (A-D) £. faecalis biofilms. (E-H) £. nucleatum biofilms

different laser parameters such as wavelength, pulse
duration, and repetition rate [26—30]. In this study, we
determined a threshold of 2.0-3.9 J/cm? using our fs-
laser setup (wavelength 1030 nm, pulse duration 600 fs)
and subsequently assessed the antibacterial efficacy at

various laser fluences. Consequently, 1.5 J/cm? for 20 s
proved to be the optimal antibacterial dosage that effec-
tively removed biofilms while remaining below the level
at which structural or microhardness alterations in den-
tin would occur. Spot overlap is a critical parameter in



Liu et al. BMC Oral Health

(2025) 25:347

E

—_ _ ok K )
S 4000 == Live
< * kK ns =5 Dead
2 3000 == EPS
2 T
2
£ 2000+
[0}
o
C
3
2 1000
o
S
3 =
[ 0 T T T

3 N

S & &

& Na 2>
(@) (<‘b S

Page 9 of 14
B
x 5,000 x 10,000
Zia¥ z - Bt
T
— e
[}
<
o
(&)
@
2]
©
)
[T
(&)
o
©
4
D
I
c
o
O
o)
[2]
®
)
[T
o
o
©
z
F *
’5 6000 mm Live
$ * ns 0 Dead
2 = EPS
‘S 4000 1
<
£
(0]
2
S 2000
(8]
(7]
o
S
o 0 T T %_
3 X N\
(,\\@ \&e 1290
& 1 S
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tum biofilms (one-way ANOVA). ns, no significance; *, P<0.05; ***, P<0.001

pulsed laser processing, influenced by factors such as
repetition rate, scanning speed, and spot diameter. An
excessively high spot overlap can lead to heat accumu-
lation, thereby reducing laser processing efficiency and
potentially altering the chemical composition of den-
tin. According to Rapp and Bello-Silva et al., the overlap

should be maintained below 50% [31, 32]. Conversely, an
overly low spot overlap may result in incomplete cover-
age, leading to area omission and compromising pro-
cessing quality. A minimum spot overlap of 29% in this
study ensured full coverage while optimizing efficiency
and safety for dentin treatment. Our results provided a
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foundational parameter set for the clinical application of
fs-laser in root canal disinfection.

Unlike many previous studies that tested planktonic
bacterial suspensions [12-15], this study systematically
assessed the efficacy of fs-laser in eradicating biofilms.
Infected root canals normally contain bacteria biofilms,
which are more resistant owing to the EPS and complex
bacterial aggregation, rather than planktonic bacteria [4,
9, 33]. Studies have revealed a polymicrobial composi-
tion in biofilms from infected root canals [6, 7, 34, 35],
suggesting that in vitro multispecies biofilm models are
more suitable for root canal disinfection studies. How-
ever, biofilms sampled from infected root canal can-
not always be replicated across different investigations,
thereby limiting result comparability and reproducibility
[36]. Moreover, the species diversity within these biofilms
gradually diminishes with prolonged in vitro cultivation.
Amhmed et al. reported that both mono- and multispe-
cies biofilms exhibited similar susceptibility to irrigation

[37]. Although E. faecalis and E nucleatum biofilms do
not fully reflect the microbial diversity of clinical bio-
films, they provide a stable and reproducible model on
dentin for evaluating biofilm removal, as these two bac-
teria are key pathogens in primary and secondary end-
odontic infections [3-7]. Our data indicated that the
fs-laser show excellent antibacterial effect against both
E. faecalis and F. nucleatum biofilms, whereas E. faecalis
exhibited greater resistance to fs-laser than E nucleatum.
It is likely due to its thicker cell wall and stronger biofilm
formation capacity as well as the absence of free porphy-
rins that facilitate laser absorption [38, 39].

In this study, we found that the effect of fs-laser on bio-
film is primarily a plasma-mediated ablation. The ultra-
short pulse duration and extremely high intensity induce
a multi-photon absorption process within the material,
leading to the ionization of atoms and molecules, which
subsequently results in plasma formation [40]. Upon
exposure to the fs-laser, the biofilm rapidly transitioned
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into a plasma state. The distinct differences in the spec-
tra not only indicated that the plasmas originate from
two different biofilms but also revealed variations in their
compositions. Due to limited thermal diffusion during
the plasma’s existence, thermal energy remains localized
within the plasma region and does not interact with adja-
cent tissue areas [41]. This highly localized nature allows
for a targeted antibacterial effect without structural dam-
age, a notable advantage over higher-temperature laser
systems or aggressive chemical agents.

In comparison to NaOCl], often regarded the “gold stan-
dard” of root canal irrigants, fs-laser performed similarly
or better in removing biofilms, particularly evident in
dentinal tubules, where NaOCI penetration can be lim-
ited [42, 43]. The 1.5 J/cm? with a duration of 20 s fs-laser
treatment exhibited comparable efficacy of 2.5% NaOCl
in eliminating biofilms on the dentin surface. Notably,
the efficacy of fs-laser in eliminating bacteria cells in den-
tinal tubules was superior to that of 2.5% NaOC], both in
terms of depth and cleanliness. In addition, we found that
the microhardness of dentin was significantly reduced
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Table 4 Resolved spectral lines of elements and molecular

bands
Elements Wavelength (nm) Elements Wavelength
(nm)

cr 247.86 Na | 588.99, 589.59

Ol 777.32,844.68 Kl 766.49, 769.90

NI 742.44,744.33, 746.94, Cal 422.67
818.86, Call 393.37,396.85
821.67,824.34,868.15

PP 53161 Mgl 285.17,517.23

C-N 385.47,386.19,387.14, Mgl 279.55,280.27
38834

2| represents element atomic line

® |l represents element ion line

after treatment with NaOCl. Microhardness serves as an
indirect indicator of composition alterations in dentin
[44, 45], which can affect the bonding properties of the
dentin surface, potentially compromising the sealing abil-
ity and adhesion of root canal sealers [46]. Insufficient
adhesion of root canal filling materials and the absence
of a hermetic seal can result in microleakage and bacte-
rial contamination, thereby compromising the success of
root canal treatment [47]. In addition, the reduction of
dentin microhardness results in less resistant and more
brittle substrate, propagating fatigue crack during cyclic
stresses [43, 48]. The modification of all these mechanical
properties increases the odds of tooth fracture [49, 50].
Unlike NaOCI, microhardness measurements confirmed
that fs-laser irradiation did not alter the dentin’s mechan-
ical properties. Given the importance of maintaining
dentin integrity to prevent post-treatment fractures, fs-
laser may present a safer modality for long-term tooth
preservation.

Despite these promising findings, several limitations
must be acknowledged. Firstly, only monospecies bio-
films of E. faecalis and F. nucleatum were tested, whereas
root canals typically harbor multispecies communities.
Although multispecies biofilm models are currently dif-
ficult to achieve comprehensive microbial diversity analy-
sis, they should be used in future studies. In addition,
refinements in laser parameters, including pulse width,
wavelength, and scanning strategies, are warranted to
optimize both antibacterial effectiveness and preserva-
tion of dentin structure. Moreover, further in vivo studies
are encouraged to confirm clinical efficacy and safety of
fs-laser in root canal disinfection.

Conclusions

This study provides evidence that fs-laser is capable
of efficiently disrupting both E. faecalis and FE nuclea-
tum biofilms on dentin as well as the bacteria inside
dentinal tubules, with minimal risk of dentin damage.
These results support the potential clinical application of
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fs-laser in root canal disinfection, pending further valida-
tion in in vivo studies and clinical trials.
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fs-laser  Femtosecond laser

AP Apical periodontitis
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ICCD Intensified charge-coupled device
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