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Abstract: The erbium-doped yttrium aluminum garnet (Er:YAG) laser is used to treat periodontal
disease; however, its effectiveness at killing oral bacteria is not well known. Furthermore, the
compounding effect of the combination of a laser treatment and irrigation methods with antimicrobials
on bacterial viability is yet to be determined. The purpose of this in vitro study was to evaluate the
effect of the Er:YAG laser with irrigation using chlorhexidine (CHX), hydrogen peroxide (H,O,), or
sodium hypochlorite (NaOCl) on the viability of oral bacteria. Three bacterial species were used
in our study: Streptococcus gordonii, Fusobacterium nucleatum, and Porphyromonas gingivalis. Bacteria
were grown in an anaerobic chamber in brain heart infusion broth and incubated at 37 °C. Bacterial
samples with an OD of 0.5 were irradiated with the Er:YAG laser at 2940 nm using a 400-pum Varian
tip. The experiment was repeated four times using these parameters: 40 mJ, 40 Hz, and 1.6 W for
20 seconds with the 300 us short pulse duration in contact mode. Treatment groups consisted of
the following: (1) no treatment, (2) 0.5% H,O; alone, (3) 0.5% NaOCl alone, (4) 0.03% CHX alone,
(5) Er:YAG irradiation alone, (6) Er:YAG irradiation with 0.5% H,O,, (7) Er:YAG irradiation with 0.5%
NaOCl, and (8) Er:YAG irradiation with 0.03% CHX. Microbial viability was determined through
plating and colony counts and calculated into CFU/ml. Statistical analysis was done using a two-tailed
paired t-test. The use of the Er:YAG laser alone failed to show statistically significant antibacterial
activity against any of bacteria. The most effective mono-treatment with irrigation solutions for all
three bacteria were 0.5% HyO, and 0.5% NaOCl (p < 0.001 for each solution). Irrigation with 0.03%
CHX was most effective against F. nucleatum (p < 0.01) and less against P. gingivalis and S. gordonii
and showed the least antibacterial action alone but improved significantly in combination therapy
(p < 0.05). The combined treatment with the Er:YAG showed the greatest and most significant
improvement in the reduction of bacterial viability compared to any other treatment group (p < 0.05
for each combined treatment). Irradiation with the Er:YAG laser with the addition of 0.5% H,O,,
0.5% NaOCl, or 0.03% CHX under a short working time (20 s) resulted in a significant reduction
of bacterial viability for all three bacterial species compared with any single treatment option. The
combination of irradiation with the Er:YAG laser with the addition of 0.5% H,0O,, 0.5% NaOCl], or
0.03% CHX resulted in a larger reduction of bacterial survival when compared to monotherapies with
antimicrobial solutions or laser. The combination of the Er:YAG laser with a low concentration irrigant
solution of 0.5% HyO,, 0.5% NaOCl, or 0.03% CHX could be an effective treatment protocol for the
reduction of periodontal pathogens and thus suitable treatment for non-surgical periodontal therapy.
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1. Introduction

Periodontitis is a chronic, multifactorial, polymicrobial inflammatory condition initiated by
bacteria in dental plaque biofilms, eventually leading to inflammation and bone loss [1]. It is one of the
most prevalent diseases worldwide and, in advanced cases, the major cause of tooth loss in adults [2].
Among the bacteria implicated in periodontal disease are mainly anaerobic ones belonging to the red
complex such as Porphyromonas gingivalis and Tannerella forsythia [3]. Bacteria belonging to the orange
complex such as Fusobacterium nucleatum and Prevotella intermedia provide an attachment bridge for
several pathogenic bacteria as well as reduce oxygen tension, thus providing a hospitable environment
for the development of bacterial complexity in dental plaque biofilms [3-5]. Early colonizers, such as
Streptococcus gordonii, are the ones associated with the healthy state of the host and provide attachment
sites for later colonizers [6,7]. Recent studies show that periodontitis is a polymicrobial condition,
rather than a disease resulting from monoinfection [1,8]. Periodontal pathogenic microbes and their
endotoxins are considered a primary etiologic factor. They adhere and infiltrate the infected root
surface cementum and pocket epithelium and remain in the surrounding connective tissue and bone [9].
Periodontal therapy aims to reduce periopathogenic bacteria by mechanical disruption, which can be
complemented with antibacterial therapy including local and systemic antibiotics [10]. The frequent
use of antibiotics has been contributing to a global increase in bacterial resistance and undesirable
side effects, which can have a negative impact on health and treatment outcomes [11,12]. Alternative
therapies have been explored, including the use of lasers and chemotherapeutic agents [13-16].

Lasers have been used for decades in various fields of dentistry, including periodontal and
peri-implant therapy [17-24]. High-power lasers such as the erbium-doped yttrium aluminum
garnet (Er:YAG) with a wavelength of 2940 nm are especially useful for ablation, vaporization, and
disinfection, and also demonstrate beneficial biological effects, including the promotion of tissue
regeneration, photobiomodulation, enhanced wound healing, and overall improved clinical outcomes
on the host [16,23]. It is noteworthy that the Er:YAG laser has the highest absorption in water and could
be a suitable treatment modality for the reduction of bacteria associated with periodontal disease. This
laser, when used with scaling and root planning, leads to a significant improvement in periodontal
inflammation and decreased probing depths [25-27]. Most studies investigating the antimicrobial
effectiveness of the Er:YAG laser used either scanning microscopy or the detection of bacteria based on
the levels of DNA; thus, data directly investigating the effectiveness of the Er:YAG laser on bacterial
viability are lacking [28-30].

Only a small number of studies has explored the effectiveness of laser irradiation in combination
with antiseptic therapy [31,32]. Findings from those studies suggest that laser irradiation with H,O,
photolysis in conjunction with mechanical therapy for the treatment of periodontitis is an effective
non-surgical treatment modality resulting in a reduction of pocket depth and counts of P. gingivalis [32].
Other antiseptics such as chlorhexidine (CHX) digluconate, hydrogen peroxide (H,0O;), and sodium
hypochlorite (NaOCl) are yet to be tested in combination therapy with an Er:YAG laser. At 0.2%
concentration, CHX showed effective inhibition in vitro against P. gingivalis and F. nucleatum [33]. The
use of 3% HpO; resulted in a reducing pocket of more than 4 mm, with no effect on bleeding and other
gingival indexes [34]. Sodium hypochlorite combined with curettage effectively reduced soft tissue
inflammation [35], as well as improved healing and the regeneration of the connective tissue [36].

The concept of combining antiseptic agents with Er:YAG laser irradiation and studying the effect
on bacterial viability is yet to be investigated more comprehensively. The purpose of this in vitro study
was to evaluate the effectiveness of the combination therapy of Er:YAG laser irradiation with low
concentrations of HyO,, NaOCl, and CHX solutions on three oral bacteria representing the different
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functions within different complexes the diseased biofilm: S. gordonii (primary colonizer, health
promoting), P. gingivalis (red complex, pathogenic bacterium), and F. nucleatum (bridging bacterium).
We hypothesized that a combination treatment would generate an additive bactericidal effect compared
to laser or chemical irrigation alone.

2. Material and Methods

2.1. Culture Conditions

Three oral bacterial species implicated in the colonization of the periodontal pocket and progression
of periodontal disease were used in this study: P. gingivalis, Pg (W83), F. nucleatum, Fn (ATCC 25566),
and S. gordonii, Sg (ATCC 10558). They were individually grown but treated in parallel. Freezer stock
(=80 °C) of the bacterial species were streaked onto blood agar plates (TSA II, 5% sheep blood; BBL) and
incubated at 37 °C in an anaerobic chamber consisting of 10% CO,, 10% Hj, and 80% N for 48 hours.
A single colony-forming unit (CFU) was used to inoculate 3 ml of brain heart infusion (BHI) broth.
The inoculum was incubated overnight in an anaerobic environment at 37 °C. The optical density
(OD) of the cultures was measured with a spectrophotometer at 660 nm (OD660) and normalized
to an OD of 0.5. Then, these cultures were aliquoted into a 96-well plate. Thus, 75 pL of each of
the cultures was aliquoted to 16 wells/bacterial strain of the 96-well plate to facilitate experiments
done with eight treatment groups in duplicate. For treatment, chemicals were added in the form of
concentrated stock solutions (HyO5: 30%, NaOCl: 10%, CHX: 0.12%) directly to the bacteria cultures in
the plate at concentrations specified per study group. After the addition of chemical treatments, the
96-well plate was removed from the anaerobic chamber and placed into a sterile biological safety hood.
To check the effect of aerobiosis on growth of bacteria, the control cells were moved to the anaerobic
chamber without treatment. Laser irradiation was performed on the appropriate samples aerobically.
Following laser irradiation, the 96-well plate was placed immediately back into the anaerobic chamber
where each treated well was diluted 1:10 into fresh BHI broth. Additional dilutions were performed
and inoculated onto blood agar plates. The plates were incubated for 2-7 days anaerobically at 37 °C.
Viable colonies were counted for each plate, calculated into CFU/ml, and converted into log form for
statistical analysis.

2.2. Laser Irradiation PARAMETERS

The Er:YAG laser was set to normal periodontal clinical settings with a short working time of 50
seconds. The samples were irradiated by Er:YAG laser at 2940 nm (LightWalker, Fotona, Slovenia),
using a 400-pm Varian fiber tip of cylindrical quartz at parameters: 40 mJ; 40 Hz; 1.6 W for 20 seconds,
with the 300 ps short pulse duration in contact mode. Irradiation was performed with a disinfected
aluminum foil barrier to isolate treated wells from contamination.

2.3. Study Groups

Group 1: bacteria alone (Fn alone or Pg alone or Sg alone)

Group 2: bacteria (Fn alone or Pg alone or Sg alone) + H, O, (0.5%)

Group 3: bacteria (Fn alone or Pg alone or Sg alone) + NaOCl (0.5%)

Group 4: bacteria (Fn alone or Pg alone or Sg alone) + CHX (0.03%)

Group 5: bacteria (Fn alone or Pg alone or Sg alone) + laser Er:YAG alone

Group 6: bacteria (Fn alone or Pg alone or Sg alone) + laser Er:YAG + H,O, (0.5%)

Group 7: bacteria (Fn alone or Pg alone or Sg alone) + laser Er:YAG + NaOCl (0.5%)

Group 8: bacteria (Fn alone or Pg alone or Sg alone) + laser Er:YAG + CHX (0.03%)

Each experiment was performed in duplicate for technical replicates. The experiment was done at
least on four different days, thus giving four biological replicates.
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2.4. Statistical Analysis

The survival rates of bacterial species were statistically analyzed separate from one another, with
comparisons amongst treatment groups for the same bacterium. The significance between each group
was calculated using a two-tailed paired ¢-test. Changes were considered significant at the p < 0.05 =%,
p <0.01=**, and p < 0.001 = *** level.

3. Results

The application of diluted antimicrobial irrigants in combination with an Er:YAG laser produced
an environment that greatly reduced bacterial viability in a short working time (20 s). Combined
treatment with the Er:YAG laser and irrigation solutions using 0.5% NaOCl, 0.5% H,O,, or 0.03% CHX
resulted in the most effective reduction of bacteria in all three bacterial species compared with any
single treatment option. The combination treatment in some groups decreased the bacterial viability to
the limit of detection.

The results of single and combined treatments against P. gingivalis are shown in Table 1, and in
Figure 1 and Figure 4. We found that P. gingivalis had a higher sensitivity to antimicrobial irrigation
alone when compared to the other two bacterial species. The most effective mono-treatment with
irrigation solutions for P. gingivalis were 0.5% H;O, and 0.5% NaOCl (highly statistically significant
with p < 0.001 for each solution). Treatment with 0.03% CHX showed a statistically significant
diminished bacterial load (p < 0.01); however, the average bacterial load was decreased by only 1.73 Log
(CFU/mL). The use of Er:YAG laser alone failed to show statistically significant antibacterial activity
against P. gingivalis, but the combined (laser/irrigation) treatment showed further strengthening of
antimicrobial action of irrigation solutions. The difference was not statistically significant for existing
strong antibacterial 0.5% HyO, and 0.5% NaOCl monotherapies (p > 0.05 each), but a weak antibacterial
effect of 0.03% CHX was synergistically pushed well into the range of statistical significance (p < 0.01)
(Table 1, Figure 1).

The effects of treatments for F. nucleatum are shown in Table 1 and Figure 2 and Figure 4. Similarly
to P. gingivalis, treatment with 0.5% HyO, and 0.5% NaOCl in solo irrigation treatment had strong
antibacterial effect (p < 0.001 for each solution). Irrigation with 0.03% CHX alone also showed
statistically significant antibacterial action (p < 0.01). The overall bacterial load drop reached an
average of 5.71 Log (CFU/mL), which is a strong effect when compared between bacterial species (for
S. gordonii, 1.94 logs; for P. gingivalis, 1.73 logs; both on average). The laser alone did not significantly
lower the bacterial viability, but it did improve the antibacterial effects of irrigants in combined therapy.
Although this finding was not significant for 0.03% CHX (p > 0.05), the combined therapy of Er:YAG
with 0.5% HyO, and 0.5% NaOCl notably lowered the number of bacteria below the limits of detection
for each of the combined treatments (Figure 2).

S. gordonii is aerotolerant bacterium and was more resistant to chemical treatments when compared
to P. gingivalis and F. nucleatum. The results for S. gordonii are presented in Table 1 and Figures 3
and 4. Although all irrigation solutions had statistically significant antibacterial action in monotherapy
(p < 0.001 each), the combined treatment with the Er:YAG laser showed the greatest and most significant
improvement in the reduction of bacterial viability compared to any other treatment group (p < 0.05
for each combined treatment). Again, 0.03% CHX showed the least antibacterial action alone but
improved significantly in combination with laser therapy (p < 0.05) (Figures 3 and 4).
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Table 1. Colony counts for bacteria following various treatments. The number of colonies is shown as colony-forming units (CFU)/mL. p-value is presented for each
condition with respect to the untreated control as well as between irradiated and non-irradiated samples using the same irrigation solution.

Untreated Er:YAG CHX 0.03% Er:YAG + CHX H202 0.5% Er:-YAG + H202 NaOCl 0.5% Er:-YAG + NaOCl
P. gingivalis 9.5 + 0.06 798 +1.75p=022 751+029;p=0.009 1.88+18;p=0.005 2.18+0.48;p=0002 1.0 + 1.0; p = 0006 1.62 +.53;p=0001  0.75 +0.83; p = 0003
p = 0.009 p=0.15 p=0.15
1.88 +0.55;p =
E nucleatum 8.39 £ 0.48 6.6 £0.76;p =0.062 222+0.74;p=0.003 1.63 +1.25; p=0.003 0.0007 N.D.* 1.7 +0.49; p = 0.0009 N.D.*
p=0.47
.. L 737 £0.26;p = 4.89 £0.67;p = 3.22+037p= L 272+027;p< o
S. gordonii 9.37 £ 0.08 7.94 +0.92; p = 0.065 0.0002 0.0009 0.0001 0.2 +0.28; p = 0.0004 0.00001 0.75 +0.8; p = 0.0004
p=0.031 p=0.024

p=0.04
* N.D. — not determined (no bacterial colonies detected).
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Figure 1. Effectiveness of erbium-doped yttrium aluminum garnet (Er:YAG) laser treatment with or
without irrigation on the viability of P. gingivalis. Bacterial strains were grown anaerobically in brain
heart infusion (BHI) broth. For treatment, cultures were aliquoted onto a 96-well plate and treated with
laser irradiation, anti-microbial at listed concentration, or combination therapy. Then, all samples were
plated on trypticase soy agar, TSA blood agar plates post-treatment. After incubation, colonies were
counted to judge the efficiency of treatment. Laser-treated samples were treated with an Er:YAG laser
at the following settings: 40 mJ; 40 Hz; 1.6 W, 20 seconds, 300 us short pulse duration, contact mode.
Untreated cultures served as controls. Data is representative of four biological replicates. (p < 0.01=**,
p <0.001 = ***),
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Figure 2. Effectiveness of Er:YAG laser treatment with or without irrigation on viability of F. nucleatum.
Bacterial strains were grown anaerobically in BHI broth. For treatment, cultures were aliquoted onto a
96-well plate and treated with laser irradiation, anti-microbial at listed concentration, or combination
therapy. Then, all samples were plated on TSA blood agar plates post-treatment. After incubation,
colonies were counted to judge the efficiency of treatment. Laser-treated samples were treated with an
Er:YAG laser at the following settings: 40 m]J; 40 Hz; 1.6 W, 20 seconds, 300 us short pulse duration,
contact mode. Untreated cultures served as controls. Data is representative of four biological replicates.
(p < 0.01=**, p < 0.001 = ***).
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Figure 3. Effectiveness of Er:YAG laser treatment with or without irrigation on viability of S. gordonii.
Bacterial strains were grown anaerobically in BHI broth. For treatment, cultures were aliquoted onto a
96-well plate and treated with laser irradiation, anti-microbial at listed concentration, or combination
therapy. Then, all samples were plated on TSA blood agar plates post-treatment. After incubation,
colonies were counted to judge the efficiency of treatment. Laser-treated samples were treated with
an Er:YAG laser at the following settings: 40 mJ; 40 Hz; 1.6 W, 20 s, 300 ps short pulse duration,
contact mode. Untreated cultures served as controls. Data is representative of four biological replicates.
(p<05="*p<0.001=**).
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Figure 4. Comparison of all treatment modalities on the viability of the three bacterial species used in
our studies. Data shown as percent viability with respect to the untreated control. All bacteria were
grown anaerobically in BHI broth. For treatment, cultures were aliquoted onto a 96-well plate and
treated with laser irradiation, anti-microbial at listed concentration, or combination therapy. Then,
all samples were plated on TSA blood agar plates post-treatment. After incubation, colonies were
counted to judge the efficiency of treatment. Laser-treated samples were treated with Er:YAG laser
at the following settings: 40 mJ; 40 Hz; 1.6 W, 20 seconds, 300 ps short pulse duration, contact mode.
Untreated cultures served as controls. Data is representative of four biological replicates.

In summary, the results indicate that the Er:YAG laser alone had limited antibacterial effect,
but in combination with 0.5% H>O, or 0.5% NaOCl, it showed a notable reduction in bacterial
viability regardless of the bacteria tested. The addition of laser irradiation to each of the irrigation
treatment modalities resulted in a statistically significant reduction of bacteria as compared to the use
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of antibacterial solutions alone for S. gordonii. For P. gingivalis, the statistically significant decrease in
bacterial viability following the addition of the laser was found for the CHX solution only. A visible
decrease in bacterial viability was noted for the other study groups following the addition of laser
irradiation. For F. nucleatum, the combination of Er:YAG laser irradiation and 0.5% H>O, or 0.5%
NaOCl reduced the levels of viable bacteria below the limit of detection.

4. Discussion

Our study shows that Er:YAG laser treatment with the addition of three antiseptic agents at
low concentrations is an effective antimicrobial treatment. In clinical practice, the Er:YAG laser and
antiseptic solutions are used as adjunct to mechanical periodontal therapy. Human histological studies
have shown that treatment with an Er:YAG laser results in favorable healing, the formation of new
attachment, and may result in radiographic bone regeneration [37]. The mechanism of action of the
Er:YAG laser is based on the absorption of its energy in the water and organic molecules within the cells
resulting in the vaporization of these molecules within the tissues and increasing intra-tissue pressure
by producing vapor and provoking “micro-explosions” that cause mechanical breakdown [13,15,38].

Irradiation with the Er:YAG laser facilitates root debridement and has positive effects on tissue
repair, resulting in greater probing depth reduction and gains in clinical attachment level that are
sustained for up to three years compared to flap surgery [39]. Various settings have been proposed for
the clinical use of the Er:YAG laser for treatment of periodontal disease [25,27-29,40]. The working
parameters used in this study are safe and consistent with previously reported data [25,27]. A
combination therapy of laser irradiation at normal clinical working parameters in combination with
antiseptic agents at low concentrations shows promising results in the reduction of bacterial viability
when compared to any of the monotherapies, which represent the most frequently applied treatments
in the clinical practice. These observations suggest that laser-activated solution using 0.5% NaOCl
or 0.5% HyO, combination treatment generated an additive bactericidal effect resulting in a more
effective reduction of bacterial viability when compared to the laser irradiation or chemical irrigation
alone. A 0.1-0.5% solution of NaOCl has been proposed as an antiseptic oral irrigation due to its rapid
bactericidal action, relative non-toxicity at suggested concentrations, no color, no staining, very low
cost, and no known contraindications [41]. Thus, it is a promising candidate for use in combination
therapy. At the concentrations used, CHX had the lowest effect in reducing microbial viability when
compared to the other antimicrobial solutions tested, which is a surprising observation considering
that it is the most frequently used oral antiseptic in periodontal clinical practice. More research should
be done to abate any potential for confounding variables affecting these results.

Photolysis at even higher concentrations of 3% H;O, on an animal model simulating clinical
conditions resulted in no mucosal irritation or abnormal findings macroscopically or microscopically.
Hydroxyl radicals released from H,O, by photolysis are powerful oxidizing agents that are capable of
inducing lethal oxidative damage to microbes [31]. The lack of residual action of these radicals at the
treated sites may be due to their extremely short half-life in liquid [42].

Irradiation by most surgical lasers exerts photo-thermal effects on target tissues and cells that
are capable of killing bacteria by evaporation, destruction, and denaturation, resulting in their
devitalization or inactivation [43-48]. The bactericidal effects of laser therapy are considered capable
of creating a disinfected field and reducing the risk of infection [49]. Hard-tissue lasers such as Er:YAG
are the most promising and widely employed for root-surface and bone-defect debridement during
surgery [13,22,38] with the capability of extensive bacterial eradication into deeper layers of dentin
at no significant temperature increase [48]. More complex biological effects include biostimulation,
which may help accelerate wound healing and tissue regeneration [16,17,50]. Although efficient when
used alone, the Er:YAG laser may not be more effective for subgingival debridement than conventional
ultrasonic instrumentation in changing the microbial composition of pathogens or probing depth [51].
However, when used as a combined therapy, such treatment shows promise for clinical settings.
Bacterial species in subgingival plaque exist in complexes that are inter-related, suggesting that
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therapies affecting some species may influence the colonization of others. The treatments in this
experiment disrupted late and intermediate colonizers more than early colonizers, which could enable
the reduction of periopathogenic anaerobic Gram-negative bacteria in favor of aerobic Gram-positive
bacteria, facilitating a shift to a healthier microbial composition. Combined laser therapy could
effectively target multiple bacteria associated with periodontitis and enhance the effects of periodontal
treatment, since the long-term stability of periodontal attachment depends on the reduction of bacterial
deposits on the root surface and plaque control [52]. More work in this area is yet to be done. Future
studies should be designed to explore whether these therapies have the same effects on a more complex
microbial biofilm as they do on individual bacteria. Potential interactions among different bacteria and
the use of a more complex biofilm would bring a model closer to oral cavity.

This study was not without limitations. We intended to determine only the effect on bacterial
viability, and thus no host factors were considered. Due to the physical size of the laser, bacterial
cultures had to be moved from the anaerobic environment for treatment purposes. All treatment
groups were handled identically in that process and thus can be compared among themselves. In
addition, all bacterial species were shown to be able to withstand oxygen exposure, which further
reduces the significance of the oxygen exposure in this study. Our study only examined three bacterial
species, and thus further studies are needed studying more complex microbial mixtures to determine
the effectiveness of the combined therapy. Some treatment groups resulted in no detectable colonies,
making comparisons more difficult. However, such data underscored the effectiveness of the treatment.

The findings of this study could be easily and safely applied to clinical use, as these treatment
modalities already exist in clinical practice as monotherapies. Combination therapies of an Er:YAG
laser and a dilute oxidative solution appear to be more effective and could be implemented into
non-surgical periodontal therapy as a non-invasive treatment facilitating a decrease in the bacterial
viability. The Er:YAG laser has also been used for treatment of peri-implantitis with similar exposure
settings [20,53]. Clinical applications should be explored and studied to examine our in vitro findings
and study the efficiency of these protocols in treatment of periodontitis and peri-implantitis.

5. Conclusions

This is the first study demonstrating that the Er:YAG laser irradiation with the energy of 40 m]J, 40
Hz, and 1.6W for 20 seconds together with a very low concentration of 0.5% hydrogen peroxide or
0.5% sodium hypochlorite provides superior results in antibacterial effects on oral bacteria than the
same treatments delivered as monotherapies. The most clinically relevant finding is that the use of
laser treatment in combined therapy with a weak irrigation solution has a stronger effect than each
treatment as monotherapy, and the common implementation of such combined modality may improve
treatment outcomes.

Author Contributions: J.L., K.G.-L. and ].G.D. conceived and designed the experiments; ].S., K.G.-L. and B.R.B.
performed the experiments; B.R.B. analyzed the data; J.L. contributed reagents/materials/analysis tools; ].G.D.
wrote the paper, J.L., K.G.-L. and ].G.D. review and editing.

Acknowledgments: Funding for the study materials was provided by Janina Lewis. The experiments were
conducted without support of grants.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hajishengallis, G.; Liang, S.; Payne, M.A.; Hashimm, A.; Jotwani, R.; Eskan, M.A.; McIntosh, M.L.; Alsam, A.;
Kirkwood, K.L.; Lambris, ].D.; et al. Low-abundance biofilm species orchestrates inflammatory periodontal
disease through the commensal microbiota and complement. Cell Host Microbe 2011, 10, 497-506. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.chom.2011.10.006
http://www.ncbi.nlm.nih.gov/pubmed/22036469

Microorganisms 2019, 7, 612 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Caton, G.J.; Armitage, G.; Berglundh, T.; Chapple, LL.C.; Jepsen, S.; Kornman, SK.; Mealey, L.B.;
Papapanou, P.N.; Sanz, M.; Tonetti, S.M. A new classification scheme for periodontal and peri-implant
diseases and conditions—Introduction and key changes from the 1999 classification. J. Clin. Periodontol. 2018,
45,51-S8. [CrossRef] [PubMed]

Socransky, S.; Haffajee, A.; Cugini, M.; Smith, C.; Kent, R.L. Microbial complexes in subgingival plaque.
J. Clin. Periodontol. 1998, 25, 134-144. [CrossRef] [PubMed]

Signat, B.; Roques, C.; Poulet, P. Fusobacterium nucleatum in periodontal health and disease. Curr. Issues
Mol. Biol. 2011, 13, 25-36.

Ahn, S.H.; Song, ].E.; Kim, S.; Cho, S.H.; Lim, Y.K,; Kook, ].K.; Kook, M.S.; Lee, T.H. NOX1/2 activation in
human gingival fibroblasts by Fusobacterium nucleatum facilitates attachment of Porphyromonas gingivalis.
Arch. Microbiol. 2016, 198, 573-583. [CrossRef]

Maeda, K.; Nagata, H.,; Yamamoto, Y.; Tanaka, M., Tanaka, J.; Minamino, N.; Shizukuishi, S.
Glyceraldehyde-3-phosphate dehydrogenase of Streptococcus oralis functions as a coadhesin for
Porphyromonas gingivalis major fimbriae. Infect. Immun. 2004, 72, 1341-1348. [CrossRef]

Park, Y,; Simionato, M.; Sekiya, K.; Murakami, Y.; James, D.; Chen, W.; Hackett, M.; Yoshimura, F; Demuth, D.;
Lamont, R. Short fimbriae of Porphyromonas gingivalis and their role in coadhesion with Streptococcus gordonii.
Infect. Immun. 2005, 3983-3989. [CrossRef]

Hajishengallis, G.; Darveau, R.; Curtis, M. The keystone-pathogen hypothesis. Nat. Rev. Microbiol. 2012, 10,
717-725. [CrossRef]

Adriaens, P.; Edwards, C.; De Boever, ].; Loesche, W. Ultrastructural observations on bacterial invasion in
cementum and radicular dentin of periodontally diseased human teeth. J. Periodontol. 1988, 59, 493-503.
[CrossRef]

Smiley, C.J.; Tracy, S.L.; Abt, E.; Michalowicz, B.S.; John, M.T.; Gunsolley, J.; Cobb, C.M.; Rossmann, J.;
Harrel, S.K.; Forrest, J.L.; et al. Evidence-based clinical practice guideline on the nonsurgical treatment of
chronic periodontitis by means of scaling and root planing with or without adjuncts. J. Am. Dent. Assoc.
2015, 146, 525-535. [CrossRef]

Rams, T.; Degener, J.; van Winkelhoff, A. Antibiotic resistance in human chronic periodontitis microbiota.
J. Periodonto. 2014, 85, 160-169. [CrossRef] [PubMed]

Olsen, I. Biofilm-specific antibiotic tolerance and resistance. Eur. J. Clin. Microbiol. Infect. Dis. 2015, 34,
877-886. [CrossRef] [PubMed]

Aoki, A.; Sasaki, K.; Watanabe, H.; Ishikawa, I. Lasers in non-surgical periodontal therapy. Periodontol 2000
2004, 36, 59-97. [CrossRef] [PubMed]

Aoki, A.; Mizutani, K.; Takasaki, A.; Sasaki, K.; Nagai, S.; Schwarz, F.; Yoshida, I.; Eguro, T.; Zeredo, J.;
Izumi, Y. Current status of clinical laser applications in periodontal therapy. Gen. Dent. 2008, 56, 674—687.
[PubMed]

Schwarz, E; Aoki, A.; Becker, J.; Sculean, A. Laser application in non-surgical periodontal therapy: A
systematic review. J. Clin. Periodontol. 2008, 35, 29-44. [CrossRef] [PubMed]

Grzech-Lesniak, K. Making Use of Lasers in Periodontal Treatment: A New Gold Standard?
Photomed. Laser Surg. 2017, 35, 513-514. [CrossRef]

De Paula Eduardo, C.; De Freitas, PM.; Esteves-Oliveira, M.; Aranha, A.C.; Ramalho, K.M.; Simoes, A.;
Bello-Silva, M.S.; Tunér, J. Laser phototherapy in the treatment of periodontal disease. A review.
Lasers Med. Sci. 2010, 25, 781-792. [CrossRef]

Raffetto, N. Lasers for initial periodontal therapy. Dent. Clin. North. Am. 2004, 48, 923-936. [CrossRef]
Schwarz, F.; Aoki, A.; Sculean, A.; Becker, ]. The impact of laser application on periodontal and peri-implant
wound healing. Periodontol. 2000 2009, 51, 79-108. [CrossRef]

Swider, K.; Dominiak, M.; Grzech-Lesniak, K.; Matys, J. Effect of Different Laser Wavelengths on
Periodontopathogens in Peri-Implantitis: A Review of In Vivo Studies. Microorganisms 2019, 29, 7. [CrossRef]
Matys, J.; Grzech-Lesniak, K.; Flieger, R.; Dominiak, M. Assessment of an impact of a diode laser mode with
wavelength of 980 nm on a temperature rise measured by means of k-02 thermocouple: Preliminary results.
Dent. Med. Probl. 2016, 53. [CrossRef]

Matys, J.; Flieger, R.; Tenore, G.; Grzech-Lesniak, K.; Romeo, U.; Dominiak, M. Er:YAG laser, piezosurgery,
and surgical drill for bone decortication during orthodontic mini-implant insertion: Primary stability
analysis—an animal study. Lasers Med. Sci. 2018, 33, 489-495. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/jcpe.12935
http://www.ncbi.nlm.nih.gov/pubmed/29926489
http://dx.doi.org/10.1111/j.1600-051X.1998.tb02419.x
http://www.ncbi.nlm.nih.gov/pubmed/9495612
http://dx.doi.org/10.1007/s00203-016-1223-7
http://dx.doi.org/10.1128/IAI.72.3.1341-1348.2004
http://dx.doi.org/10.1128/IAI.73.7.3983-3989.2005
http://dx.doi.org/10.1038/nrmicro2873
http://dx.doi.org/10.1902/jop.1988.59.8.493
http://dx.doi.org/10.1016/j.adaj.2015.01.026
http://dx.doi.org/10.1902/jop.2013.130142
http://www.ncbi.nlm.nih.gov/pubmed/23688097
http://dx.doi.org/10.1007/s10096-015-2323-z
http://www.ncbi.nlm.nih.gov/pubmed/25630538
http://dx.doi.org/10.1111/j.1600-0757.2004.03679.x
http://www.ncbi.nlm.nih.gov/pubmed/15330944
http://www.ncbi.nlm.nih.gov/pubmed/19014027
http://dx.doi.org/10.1111/j.1600-051X.2008.01259.x
http://www.ncbi.nlm.nih.gov/pubmed/18724840
http://dx.doi.org/10.1089/pho.2017.4323
http://dx.doi.org/10.1007/s10103-010-0812-y
http://dx.doi.org/10.1016/j.cden.2004.05.007
http://dx.doi.org/10.1111/j.1600-0757.2009.00301.x
http://dx.doi.org/10.3390/microorganisms7070189
http://dx.doi.org/10.17219/dmp/62575
http://dx.doi.org/10.1007/s10103-017-2381-9
http://www.ncbi.nlm.nih.gov/pubmed/29127605

Microorganisms 2019, 7, 612 11 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

Grzech-Lesniak, K.; Matys, ].; Jurczyszyn, K.; Ziétkowski, P.; Dominiak, M.; Brugnera Junior, A.; Romeo, U.
Histological and thermometric examination of soft tissue de-epithelialization using digitally controlled
Er:YAG laser handpiece: An ex vivo study, Photomed. Laser Surg. 2018, 36. [CrossRef] [PubMed]
Grzech-Lesniak, K.; Gaspirc, B.; Sculean, A. Photodiagnosis and Photodynamic Therapy Clinical and
microbiological effects of multiple applications of antibacterial photodynamic therapy in periodontal
maintenance patients. A randomized controlled clinical study. Photodiagnosis Photodyn. Ther. 2019, 27, 44-50.
[CrossRef]

Grzech-Lesniak, K.; Sculean, A.; Gaspirc, B. Laser reduction of specific microorganisms in the periodontal
pocket using Er:YAG and Nd:YAG lasers: A randomized controlled clinical study. Lasers Med. Sci. 2018, 33,
1461-1470. [CrossRef]

Harris, D.M.; Nicholson, D.M.; McCarthy, D.; Yukna, R.A.; Reynolds, M.A.; Greenwell, H.; Finley, J.;
McCawley, T.K.; Xenoudi, P; Gregg, R.H. Change in clinical indices following laser or scalpel treatment for
periodontitis: A split-mouth, randomized, multi-center trial. Lasers Dent. 2014, 8929, 89290G. [CrossRef]
Grzech-Lesniak, K.; Matys, J.; Dominiak, M. Comparison of the clinical and microbiological effects of
antibiotic therapy in periodontal pockets following laser treatment: An in vivo study. Adv. Clin. Exp. Med.
2018, 27, 1263-1270. [CrossRef]

Almehdi, A.; Aoki, A.; Ichinose, S. Histological and SEM analysis of root cementum following irradiation
with Er: YAG and CO2 lasers. Lasers Med. Sci. 2013, 28, 203-213. [CrossRef]

Schwarz, F; Sculean, A.; Berakdar, M.; Szathmari, L.; Georg, T. In Vivo and In Vitro Effects of an Er: YAG
Laser, a GaAlAs Diode Laser, and Scaling and Root Planing on Periodontally Diseased Root Surfaces: A
Comparative Histologic Study. Lasers Surg. Med. 2003, 366, 359-366. [CrossRef]

Ting, C.C.; Fukuda, M.; Watanabe, T.; Sanaoka, A.; Mitani, A.; Noguchi, T. Morphological Alterations of
Periodontal Pocket Epithelium Following Nd:YAG Laser Irradiation. Photomed. Laser Surg. 2014, 32, 649-657.
[CrossRef]

Niwano, Y.; Konno, K.; Matayoshi, T.; Nakamura, K. Oral mucosal irritation study in hamster to
evaluate a therapeutic apparatus using hydrogen peroxide photolysis for periodontitis treatment.
Regqul. Toxicol. Pharmacol. 2017, 90, 206-213. [CrossRef] [PubMed]

Kanno, T.; Nakamura, K.; Ishiyama, K.; Yamada, Y.; Shirato, M. Adjunctive antimicrobial chemotherapy
based on hydrogen peroxide photolysis for non-surgical treatment of moderate to severe periodontitis: A
randomized controlled trial. Sci. Rep. 2017, 1-10. [CrossRef] [PubMed]

Yi, T.; Shah, M.; Raulji, D.; Dave, D. Comparative Evaluation of Antimicrobial Efficacy of Coffee
Extract and 0.2% Chlorhexidine Mouthwash on the Periodontal Pathogens Porphyromonas Gingivalis,
Prevotella Intermedia, Fusobacterium Nucleatum and Aggregatibacter Actinomycetemcomitans: An In Vitr.
Adv. Hum. Biol. 2016, 6, 99. [CrossRef]

Wolff, L.; Bandt, C.; Pihlstrom, B.; Brayer, L. Phase contrast microscopic evaluation of subgingival plaque
in combination with either conventional or antimicrobial home treatment of patients with periodontal
inflammation. J. Periodontal. Res. 1982, 17, 537-540. [CrossRef]

Kalkwarf, K.; Tussing, G.; Davis, M. Histologic evaluation of gingival curettage facilitated by sodium
hypochlorite solution. J. Periodontol. 1982, 53, 63-70. [CrossRef]

Perova, M.; Lopunova, Z.; Banchenko, G.; Petrosian, E. A clinico-morphological assessment of the efficacy of
sodium hypochlorite in the combined therapy of periodontitis. Stomatol 1990, 69, 23-26.

Gregg, R.; McCarthy, D. Laser ENAP for periodontal bone regeneration. Dent. Today. 1998, 17, 88-91.
Mizutani, K.; Aoki, A.; Coluzzi, D.; Yukna, R.; Wang, C.Y.; Pavlic, V.; Izumi, Y. Lasers in minimally invasive
periodontal and peri-implant therapy. Periodontol. 2000 2016, 71, 185-212. [CrossRef]

Gaspirc, B.; Skaleric, U. Clinical Evaluation of Periodontal Surgical Treatment With an Er:YAG Laser: 5-Year
Results. . Periodontol. 2007, 78, 1864-1871. [CrossRef]

Yaneva, B.; Firkova, E.; Karaslavova, E.; Romanos, G.E. Bactericidal effects of using a fiber-less Er: YAG
laser system for treatment of moderate chronic periodontitis: Preliminary results. Quintessence Int. 2014, 45,
489-497. [CrossRef]

Jorgensen, M.G.; Aalam, A.; Slots, J.; Angeles, L. Periodontal antimicrobials—finding the right solutions.
Int Dent J. 2005, 55, 3-12. [CrossRef] [PubMed]

Pryor, W. Oxy-radicals and related species: their formation, lifetimes, and reaction. Annu. Rev. Physiol. 1986,
48, 657-667. [CrossRef]


http://dx.doi.org/10.1089/pho.2017.4413
http://www.ncbi.nlm.nih.gov/pubmed/29570418
http://dx.doi.org/10.1016/j.pdpdt.2019.05.028
http://dx.doi.org/10.1007/s10103-018-2491-z
http://dx.doi.org/10.1117/12.2040823
http://dx.doi.org/10.17219/acem/70413
http://dx.doi.org/10.1007/s10103-012-1110-7
http://dx.doi.org/10.1002/lsm.10179
http://dx.doi.org/10.1089/pho.2014.3793
http://dx.doi.org/10.1016/j.yrtph.2017.09.019
http://www.ncbi.nlm.nih.gov/pubmed/28919392
http://dx.doi.org/10.1038/s41598-017-12514-0
http://www.ncbi.nlm.nih.gov/pubmed/28947757
http://dx.doi.org/10.4103/2321-8568.190316
http://dx.doi.org/10.1111/j.1600-0765.1982.tb02050.x
http://dx.doi.org/10.1902/jop.1982.53.2.63
http://dx.doi.org/10.1111/prd.12123
http://dx.doi.org/10.1902/jop.2007.070054
http://dx.doi.org/10.3290/j.qi.a31803
http://dx.doi.org/10.1111/j.1875-595X.2005.tb00025.x
http://www.ncbi.nlm.nih.gov/pubmed/15747646
http://dx.doi.org/10.1146/annurev.ph.48.030186.003301

Microorganisms 2019, 7, 612 12 of 12

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Akiyama, F.; Aoki, A.; Miura-Uchiyama, M.; Sasaki, K.M.; Ichinose, S.; Umeda, M.; Ishikawa, I. In vitro studies
of the ablation mechanism of periodontopathic bacteria and decontamination effect on periodontally diseased
root surfaces by erbium:yttrium-aluminum-garnet laser. Lasers Med Sci. 2011, 26, 193-204. [CrossRef]
[PubMed]

Ando, Y,; Aoki, A.; Watanabe, H. Bactericidal effect of erbium YAG laser on periodontopathic bacteria.
Lasers Surg. Med. 1996, 19, 190-200. [CrossRef]

Coffelt, D.W.; Cobb, C.M.; MacNeill, S.; Rapley, J.; Killoy, W. Determination of energy density threshold for
laser ablation of bacteria. An in vitro study. J. Clin. Periodontol. 1997, 24, 1-7. [CrossRef] [PubMed]
Kojima, T.; Shimada, K.; Iwasaki, H. Inhibitory effects of a super pulsed carbon dioxide laser at low energy
density on periodontopathic bacteria and lipopolysaccharide in vitro. J. Periodontal. Res. 2005, 40, 469—473.
[CrossRef]

Rooney, J.; Midda, M. A laboratory investigation of the bactericidal effect of a NdYAG laser. Br. Dent. J. 1994,
176, 61-64. [CrossRef]

Schoop, U.; Kluger, W.; Moritz, A.; Nedjelik, N.; Georgopoulos, A. Bactericidal effect of different laser systems
in the deep layers of dentin. Lasers Surg. Med. 2004, 35, 111-116. [CrossRef]

Mullarky, M.; Norris, C.; Goldberg, 1. The efficacy of the CO2 laser in the sterilization of skin seeded with
bacteria: survival at the skin surface and in the plume emissions. Laryngoscope 1985, 95, 186-187. [CrossRef]
Moreira, A.L.; Novaes, A.B.; Grisi, M.F,; Taba, M.; Souza, S.L.; Palioto, D.B.; de Oliveira, P.G.; Casati, M.Z.;
Casarin, R.C.; Messora, M.R. Antimicrobial Photodynamic Therapy as an Adjunct to Non-Surgical Treatment
of Aggressive Periodontitis: A Split-Mouth Randomized Controlled Trial. J. Periodontol. 2014, 86, 376-386.
[CrossRef]

Krohn-Dale, I.; Boe, O.E.; Enersen, M.; Leknes, K.N. Er: YAG laser in the treatment of periodontal sites with
recurring chronic inflammation: A 12-month randomized, controlled clinical trial. ]. Clin. Periodontol. 2012,
39, 745-752. [CrossRef] [PubMed]

Ramfjord, S.P.; Caffesse, R.G.; Morrison, E.C.; Hill, RW.; Kerry, G.J.; Appleberry, E.A.; Nissle, R.R.; Stults, D.L.
Four modalities of periodontal treatment compared over five years. J. Periodontal. Res. 2006, 22, 222-223.
[CrossRef] [PubMed]

Yan, M.; Liu, M.; Wang, M.; Yin, E,; Xia, H. The effects of Er:YAG on the treatment of peri-implantitis: A
meta-analysis of randomized controlled trials. Lasers Med. Sci. 2015, 30, 1843-1853. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s10103-010-0763-3
http://www.ncbi.nlm.nih.gov/pubmed/20309597
http://dx.doi.org/10.1002/(SICI)1096-9101(1996)19:2&lt;190::AID-LSM11&gt;3.0.CO;2-B
http://dx.doi.org/10.1111/j.1600-051X.1997.tb01177.x
http://www.ncbi.nlm.nih.gov/pubmed/9049791
http://dx.doi.org/10.1111/j.1600-0765.2005.00826.x
http://dx.doi.org/10.1038/sj.bdj.4808364
http://dx.doi.org/10.1002/lsm.20026
http://dx.doi.org/10.1288/00005537-198502000-00011
http://dx.doi.org/10.1902/jop.2014.140392
http://dx.doi.org/10.1111/j.1600-051X.2012.01912.x
http://www.ncbi.nlm.nih.gov/pubmed/22694321
http://dx.doi.org/10.1111/j.1600-0765.1987.tb01573.x
http://www.ncbi.nlm.nih.gov/pubmed/2955103
http://dx.doi.org/10.1007/s10103-014-1692-3
http://www.ncbi.nlm.nih.gov/pubmed/25428598
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Culture Conditions 
	Laser Irradiation PARAMETERS 
	Study Groups 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

