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Preface

In recent years, the fields of periodontal and endodontic therapy have witnessed significant
advancements, particularly concerning antibacterial treatment protocols. As we delve into this
special edition of the Journal Antibiotics, we aim to provide a comprehensive overview that not
only highlights current research but also addresses contemporary questions that are pivotal to both
scientific inquiry and clinical practice.

The purpose of this special edition is twofold: first, to present new and intriguing information
on antibacterial treatments as they relate to periodontal and endodontic therapies; second, to foster
a dialogue around pressing issues that practitioners face in real-world settings. With antibiotic
resistance becoming an increasingly urgent global health concern, it is critical that we explore
innovative approaches and alternative therapies that can enhance patient outcomes while mitigating
potential risks associated with traditional antibiotic use. In today’s fast-moving world, knowledge
within the scientific community is evolving at an unprecedented pace. This rapid advancement
necessitates a continuous exchange of ideas between researchers and clinicians. By bridging the gap
between laboratory findings and clinical applications, this special edition reflects our commitment
to ensuring that practitioners have access to up-to-date information that can directly influence their
treatment strategies.

The articles featured in this issue encompass a diverse range of topics, from novel antibacterial
agents to emerging techniques in microbial management. We encourage both researchers who are
pushing the boundaries of knowledge and clinicians who are applying these insights in practice
to engage with the content presented here. Our hope is that this special edition will serve as a
valuable resource for professionals seeking evidence-based guidance amid evolving challenges in
oral health care. As we navigate through complex cases involving periodontal disease and endodontic
infections, it is imperative that we remain informed about current trends, innovative treatments, and
best practices. The discussions initiated by this collection of articles will undoubtedly contribute to
shaping future research directions while enhancing clinical decision-making processes.

We invite you to immerse yourself in this special edition and participate in ongoing
conversations about how we can collectively improve antibacterial treatment strategies within
periodontal and endodontic therapy. Together, let us advance our understanding and application
of these crucial interventions for better patient care outcomes. We hope that we have selected an
interesting compilation of scientific papers for you, with which we aim to achieve excellence in

dentistry through cooperation between research and practice.

Andreas Braun and Felix Krause
Guest Editors
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Bacteremia Prevention during Periodontal Treatment—An In Vivo
Feasibility Study

Patrick Jansen 1'*, Georg Conrads ?, Johannes-Simon Wenzler !, Felix Krause ! and Andreas Braun !

Clinic for Operative Dentistry, Periodontology and Preventive Dentistry, Rheinisch-Westfélische Technische
Hochschule University Hospital, Pauwelsstrasse 30, 52074 Aachen, Germany; jwenzler@ukaachen.de (J.-S.W.);
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Preventive Dentistry, Rheinisch-Westfélische Technische Hochschule University Hospital,
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Abstract: The link between periodontitis and systemic diseases has increasingly become a focus of
research in recent years. In this context, it is reasonable—especially in vulnerable patient groups—to
minimize bacteremia during periodontal treatment. The aim of the present in vivo feasibility study
was to investigate the possibility of laser-based bacteremia prevention. Patients with stage III, grade
B generalized periodontitis were therefore treated in a split-mouth design either with prior 445 nm
laser irradiation before nonsurgical periodontal therapy or without. During the treatments, clinical
(periodontal measures, pain sensation, and body temperature), microbiological (sulcus samples
and blood cultures before, 25 min after the start, and 10 min after the end of treatment), and
immunological parameters (CRP, IL-6, and TNF-o) were obtained. It was shown that periodontal
treatment-related bacteremia was detectable in both patients with the study design used. The species
isolated were Schaalia georgiae, Granulicatella adiacens, and Parvimonas micra. The immunological
parameters increased only slightly and occasionally. In the laser-assisted treatments, all blood
cultures remained negative, demonstrating treatment-related bacteremia prevention. Within the
limitations of this feasibility study, it can be concluded that prior laser disinfection can reduce
bacteremia risk during periodontal therapy. Follow-up studies with larger patient numbers are
needed to further investigate this effect, using the study design presented here.

Keywords: periodontal treatment; periodontal therapy; nonsurgical periodontal therapy; bacteremia;
laser; laser disinfection

1. Introduction

Periodontitis is an inflammatory disease of all structures of the periodontium, main-
tained by microorganisms in the subgingival biofilm. Inflammatory changes can lead to
loss of bone, collagen, and attachment. In advanced disease and without adequate treat-
ment, the consequence may be loss of the affected teeth. Irreversible periodontal damage
is usually preceded by reversible gingivitis due to dysbiotic microbial colonization of the
tooth and/or gum.

In addjition to this basic condition, systemic diseases represent cofactors for periodon-
titis, and some of these may in turn be influenced by the periodontitis itself. These systemic
diseases include, for example, diabetes mellitus, cardiovascular disease (such as coronary
artery disease), and prematurity [1-3].

In particular, the bidirectionality between diabetes mellitus and periodontitis has been
well studied. Various clinical studies have shown that periodontitis is more common in
diabetics than in non-diabetics [4-6]. Periodontitis, in turn, may also influence diabetes mel-
litus. For example, the risk of diabetics dying from coronary heart disease or nephropathy
is significantly higher if they have advanced periodontitis [7].

Antibiotics 2023, 12, 1555. https:/ /doi.org/10.3390/antibiotics12101555 1 https://www.mdpi.com/journal/antibiotics
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In addition to diabetes, many studies have also shown an association between peri-
odontitis and coronary heart disease [2,8,9].

Recently, in addition to the systemic diseases already mentioned, a link between
periodontitis and Alzheimer’s disease (AD) has also been discussed [10-13]. A prospective
clinical study showed that active, chronic periodontitis was associated with a decline in
mental abilities in nursing home residents [14]. In particular, Porphyromonas gingivalis
(P. gingivalis), one of the main pathobionts involved in periodontitis, appears to play a key
role in this regard [11,15,16]. Thus, it is clear from these examples that periodontal health is
closely related to systemic health.

Removal of the soft biofilm or mineralized deposits adhering to the tooth surface and
thus the removal of periodontal pathogenic microorganisms (pathobionts) by scaling and
root planing (SRP) is one of the main objectives of nonsurgical periodontal therapy and
supportive periodontal therapy [17], regardless of the systemic factors that influence the
event. Conventional methods such as the use of manual or ultrasound instruments are
available for this purpose, and their effectiveness is considered to be comparable [18,19].
Another option is the use of air polishing systems or laser systems for cleaning affected
tooth surfaces [20-23]. However, the benefit of root surface cleaning in periodontal ther-
apy, e.g., with the Er:YAG laser, remains questionable due to the high heterogeneity of
clinical studies [24]. Generally, it is possible to achieve a reduction in periodontal patho-
bionts using the various methods of surface instrumentation [25,26]. It cannot be assumed
that complete removal of pathogens is achieved. Even the additional local application
of an antibiotic—for example, using tetracycline-releasing sutures [27] or doxycycline-
releasing gels [28,29]—cannot guarantee that all pathogens will be permanently removed.
Furthermore, especially in advanced cases with high probing depths (>6 mm), furcation
involvement or, for example, root concavities, it becomes difficult or even impossible to
perform this cleaning successfully through nonsurgical approaches alone; here, it then
makes sense to consider surgical approaches (resective or regenerative) [30].

During such cleaning of the tooth or root surfaces, which is an invasive procedure,
there is a risk of bacteremia [31-33]. In most cases, this bacteremia has no (or unnoticed) clin-
ical relevance in the majority of patients. However, such bacteremia can cause dangerous
infections in patients who have heart valve replacements or are immunosuppressed. Here,
antibiotic prophylaxis and/or removal of the pathobionts makes all the more sense [34]. A
direct effect of these bacteremia during nonsurgical periodontal therapy on other systemic
diseases, as mentioned above, has not yet been proven. However, this topic itself should
continue to be critically observed scientifically.

Another effective approach to the elimination of pathobionts could be the use of light
energy, in the form of lasers. Diode lasers achieve particularly good results in adjunctive
periodontal therapy [35,36]. They also appear to lead to the effective elimination of pe-
riodontal microorganisms. One study showed, in a split-mouth design, that the use of
a diode laser (810 nm) before ultrasound scaling in patients with gingivitis resulted in a
significant reduction in the prevalence of odontogenic bacteremia [37].

The severity of periodontal disease can also be exacerbated by specific genotypes
that influence the immune response, with a well-known example being the interleukin-1
polymorphism. Likewise, periodontitis may start significantly earlier in such patients than
in patients without this polymorphism [38]. In addition to the bactericidal effects of lasers,
it is also plausible to consider photobiomodulatory effects, especially with blue and green
laser light, which may have a positive influence on the immune response and post operative
inflammation and wound healing [39]. A current approach in this context involves the use
of a novel diode laser with a wavelength of 445 nm. In an in vitro study, this wavelength
was shown to effectively reduce a broad spectrum of pathobionts, including Aggregatibacter
actinomycetemcomitans, P. gingivalis, Staphylococcus aureus, and Candida albicans, with a
relatively short application time and low total energy [40]. This approach needs to be
investigated further. The aim of the present feasibility study was therefore to evaluate
the bacteremia-preventive effect of disinfection with a diode laser before conventional
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nonsurgical periodontal therapy—testing the hypothesis that a bacteremia-preventive
effect of laser irradiation prior to periodontal treatment can be demonstrated with the study
design used.

2. Results

The present feasibility study demonstrated that the study design is capable of detecting
pathobionts that had entered the bloodstream due to therapy-induced bacteremia. The
laser parameters used also demonstrated a bacteremia-preventive effect.

2.1. Clinical Parameters
2.1.1. Patient 1

The patient had stage III, grade B generalized periodontitis. Probing pocket depths of
up to 6 mm were present, the highest degree of mobility was I (teeth 25 and 45), and the
highest degree of furcation involvement was also I (teeth 17, 16, 26, 37, and 36). Periodontal
recessions were mainly present in the mandibular anterior region, but these were only
slight (recession type I: maximum 1 mm).

At the first appointment, the patient had a score of 0 on the visual analog scale (scores
of 0-10) for laser treatment (inactive laser) and a score of 6 for subsequent SRP. At the
second appointment, the scores were 3 on the visual analog scale for laser treatment (active
laser) and 4 for subsequent SRP.

Measurement of the patient’s body temperature (in the ear) showed the following
values at the first appointment: before treatment: 36.6 °C; after treatment: 36.6 °C. Mea-
surement of the patient’s body temperature showed the following values at the second
appointment: before treatment: 35.9 °C; after treatment: 36.5 °C.

2.1.2. Patient 2

The patient had stage III, grade B generalized periodontitis. Probing pocket depths
of up to 10 mm (at one tooth) were present, the highest degree of mobility was I (teeth 17,
15, 14, 12-22, 25, 27, 37, 35, 31, and 41), and the highest degree of furcation involvement
was II (teeth 17, 16, 27, and 46; degree I: 14, 24, 37, 36, and 47). Periodontal recessions were
mainly present in the mandibular anterior region, but these were only slight (recession
type I: maximum 3 mm).

At the first appointment, the patient had a score of 0 on the visual analog scale (scores
of 0-10) for laser treatment (inactive laser) and a score of 2 for subsequent SRP. At the
second appointment, the scores were 2 on the visual analog scale for laser treatment (avtive
laser) and 2 for subsequent SRP.

Measurement of the patient’s body temperature (in the ear) showed the following
values at the first appointment: before treatment: 36.4 °C; after treatment: 36.1 °C. Mea-
surement of the patient’s body temperature showed the following values at the second
appointment: before treatment: 36.1 °C; after treatment: 35.6 °C.

2.2. Microbiological and Immunological Parameters
2.2.1. Patient 1

Sulcus sampling identified various bacteria at the baseline examination, including
Schaalia (formerly Actinomyces) georgiae, which was also detected in the anaerobic blood
culture sample during SRP at the first appointment (see below). The complete list at each
examination time point is shown in Table 1.

At the first appointment, the results of the aerobic and anaerobic blood culture analyses
were as follows. The baseline examination did not reveal any anomalies or detectable
transient bacteremia. In the samples taken 25 min after the start of SRP, Granulicatella
adiacens was detected in the aerobic blood culture after several days of incubation and
S. georgiae in the anaerobic blood culture. Samples taken 10 min after the completion of SRP
did not show any anomalies, as in the baseline examination. Aerobic and anerobic blood
culture analyses at the second appointment were unremarkable at the baseline examination,
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as well as at examinations 25 min after the start of SRP and 10 min after completion of SRP.
Thus, no transient bacteremia was detected at this appointment.

Table 1. Results of the blood culture sampling and microbiological sulcus samples.

Patient 1 Time Point Blood Culture Assessment Sulcus Samples (Baseline)
Baseli Aerobic Negative
aseline . .
Anaerobic Negative Dominant cultivable species:
First treatment 95 min after the start of SRP Aerobic Granulicatella adiacens Actingmyces isme.zlii
(inactive laser) min after the start o Anaerobic Schaalia georgiae Actinomyces oris
5 5 Capnocytophaga gingivalis
10 min after SRP Aerobic Negative Fusobacterium canifelinum
Anaerobic Negative Parvimonas micra
. Aerobic Negative Prevotella denticola
Baseline Anaerobic Negative Prevotella nigrescens
- - Schaalia georgiae
Aerobic Negative . .
Secom;l treatment 55 11 after the start of SRP Anaerobic Negative Streptococcus intermedius
(active laser) & Streptococcus oralis
10 min after SRP Aerobic Negative Veillonella parvula
Anaerobic Negative
Patient 2 Time point Blood culture Assessment Sulcus samples (baseline)
. Aerobic Negative Dominant cultivable species:
Baseline . )
Anaerobic Negative Actinomyces denticolens
. ; ; Actinomyces oris
First treatment . Aerobic Negative . .
st reatmen 25 min after the start of SRP . - 8 . Actinomyces meyeri
(inactive laser) Anaerobic Parvimonas micra .
Eikenella corrodens
Aerobic Negative Eubacterium brachy
10 min after SRP . . ) .
0 min after S Anaerobic Negative Fusobacterium naviforme
Aerobic Negative Fusobacterium nucleatum
Baseline Anaerobic Negative Gemella morbillorum
Parvimonas micra
Aerobic Negative noivali
25 min after the start of SRP A bi N gan Porphyromonas g mg ivalis
naerobic egative Prevotella denticola
Second treatment Aerobic Negative Prevotella intermedia
(active laser) Slackia exigua
) Streptococcus anginosus
10 min after SRP Anaerobic Negative Streptococcus constellatus

Streptococcus oralis
Streptococcus sanguinis

SRP, scaling and root planing. The bacteria names in bold refer to the bacteria that were detected both in the
sulcus and later in the blood samples.

Immunological parameters—C-reactive protein (CRP) reference range < 5.0 mg/L,

interleukin-6 (IL-6) reference range < 7.0 pg/mL, and tumor necrosis factor alpha (TNF-
«) reference range < 8.1 pg/mL—showed the following courses in patient 1 at the first
appointment: there were no changes at baseline, 25 min after the start of SRP, or 10 min
after the end. One day after the first SRP, there was only a change in IL-6 (2.6 pg/mL,
compared to <1.5 pg/mL at the baseline examination). The immunological parameters
showed the following courses at the second appointment: at the baseline examination,
the value for IL-6 was 2.96 pg/mL; at the subsequent examinations, this value decreased
again to <1.5 pg/mL. The values for TNF- were <4.0 pg/mL at the baseline examination,
4.7 pg/mL at the examination 25 min after the start of SRP, and <4.0 pg/mL again at the
subsequent examinations. The values for CRP did not show any changes at the different
time points. The kinetics of the inflammatory parameters are visually presented in Figure 1.
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Figure 1. Diagrams of the kinetics of the inflammatory parameters (detection thresholds: IL 6: 1.5 pg/mL;
TNF alpha: 4.0 pg/mL; CRP: 0.6 mg/L).

2.2.2. Patient 2

Sulcus sampling identified various bacteria at the baseline examination, including
Parvimonas micra, which was also detected in the anaerobic blood culture sample during
SRP at the first appointment (see above). P. gingivalis was detected in the sulcus sample at
baseline, but not in the blood cultures. The complete list at each examination time point is
shown in Table 1.

At the first appointment, the results of the aerobic and anaerobic blood culture analyses
were as follows. The baseline examination did not reveal any anomalies or detectable
transient bacteremia. In the samples taken 25 min after the start of SRP, P. micra was detected
in the anaerobic blood culture after several days of incubation. Samples taken 10 min after
the completion of SRP did not show any anomalies, as in the baseline examination. Aerobic
and anerobic blood culture analyses at the second appointment were unremarkable at the
baseline examination, as well as at examinations 25 min after the start of SRP and 10 min
after the completion of SRP. Thus, no transient bacteremia was detected at this appointment.

Immunological parameters (CRP, IL-6, TNF-) showed the following courses in pa-
tient 2 at the first appointment: CRP showed a slight increase 24 h after treatment (baseline:
2 mg/L; 24 h after treatment: 3.7 mg/L), but IL-6 remained more or less stable. TNF-« was
already elevated above the reference range before the start of treatment, this did not change
during and after treatment. At the second appointment, CRP showed a similar course
(baseline: 0.7 mg/L; 24 h after treatment: 2.6 mg/L). IL-6 showed a slight increase above the
reference range 24 h after treatment (7.25 pg/mL). TNF-« was elevated above the reference
range before treatment, as at the first appointment, and again, this did not change during
and after treatment. The kinetics of the inflammatory parameters are visually presented
in Figure 1.

3. Discussion

The present feasibility study demonstrated that the use of a diode laser with a wave-
length of 445 nm has potential bacteremia-preventive effects when applied immediately
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before SRP. However, it must be clearly stated that this effect needs to be further investi-
gated and proven in follow-up studies with larger numbers of patients. During periodontal
treatment, transient bacteremia inevitably occurs. The incidence of bacteremia depends on
the degree of periodontal inflammation [31]. Kinane et al. detected bacteremia in 13% of
patients after ultrasound scaling and in 20% after periodontal probing [33]. In comparison
with the present feasibility study, the blood samples in that study were only taken after the
periodontal procedures, so not all bacteremia may have been detected due to phagocytosis
of the bacteria by immune cells. In another study, bacteremia was detected in 73.8% of
patients immediately after SRP, and 19% of the blood cultures were still positive 30 min after
the completion of SRP [41]. Zhang et al. detected bacteremia in 33.3% of patients 5 min after
the start of SRP [42]. These studies all detected bacteremia, but with marked differences in
prevalence. This may be mainly due to the different methods used and different collection
times [32]. To avoid missing bacteremia as much as possible, the collection times for blood
cultures in the present study design were adjusted to follow the schedule described by
Beutler et al. [43]. In contrast with most studies, the present feasibility study not only
investigated the presence of bacteria in blood, but also took sulcus samples to demonstrate
that the blood isolates actually originated from the periodontal pockets.

It has been shown that cleaning all quadrants of a dentition within 24 h resulted in
an increased acute-phase response, in comparison to cleaning quadrants in individual
sessions with a time interval of 1 week between each session [44]. However, periodontal
microorganisms can enter the bloodstream not only during periodontal therapy, but also
as a result of professional mechanical plaque removal, or through micro-injuries from
mere chewing or tooth-brushing, in accordance with the rule that the more severe the
periodontitis, the more severe the bacteremia [31,43,45]. In most cases, this is assumed
to have no clinical consequences (or only unrecognized ones), but in vulnerable patient
groups such as patients with heart valve replacements, there may be serious sequelae.
One potential sequela is infective endocarditis, which should be avoided in such cases
using antibiotic prophylaxis [46]. Clear disadvantages of systemic antibiotic prophylaxis
are its effects on the whole body, including the commensal microbiome and increasing
resistance rates. Employing a laser device, we do not assume that complete sterilization
of the periodontal pocket is possible, but we hypothesize that at least such a temporary
bacterial reduction in pockets is possible with laser disinfection through which bacteremia
can be avoided.

In addition to the administration of systemic antibiotics to reduce or prevent transient
bacteremia, local disinfection methods may also be an option. These include, for example,
mouth rinses. However, a single mouth rinse containing chlorhexidine before scaling did
not show any effect on bacteremia reduction in one study [47]. In addition to oral rinses,
local laser administration may also be considered. In a clinical study, a diode laser with a
wavelength of 810 nm was used before ultrasonic scaling in 22 patients with gingivitis, also
with a split-mouth research design. Bacteremia was detected in 15 patients after ultrasound
scaling alone, and after laser treatment in only eight patients (810 nm; flexible fiber optic
300 um; repeated beam: 0.2 s on and 0.3 s off; output power 1.0 W; laser application
duration for each tooth: 15 s) before ultrasound scaling [37].

In the present study, a laser wavelength that is effective against a broad spectrum of
pathobionts—including A. actinomycetemcomitans, P. gingivalis, S. aureus, und C. albicans—
was used for a bacteremia reduction approach. The wavelength used was 445 nm at a
power of 0.5 W, and the laser was used in continuous-wave mode with a 320 um fiber for
1 min for each tooth. In a pilot study, these parameters showed significant reductions in
P. gingivalis in comparison with a control group in vitro [40]. This wavelength has a very
high absorption level in the spectrum of hemoglobin and pigmented bacteria, which may
explain the strong reduction in P. gingivalis. As this was a feasibility study and data were
generated from only two patients, P. gingivalis was detected in sulcus samples in only one
patient. The bacteremia-preventive properties of the laser treatment studied here might
be of interest not only for vulnerable patient groups, but also for healthy patients. As
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mentioned above, periodontitis and Alzheimer’s disease have recently been associated. In
particular, lipopolysaccharides of P. gingivalis have been detected in the brains of deceased
patients with Alzheimer’s disease [48]. The laser treatment described here might be suitable
for avoiding or at least reducing this type of bacterial migration as a result of periodontal
therapy, thus potentially reducing the risk of systemic diseases.

As mentioned above, Graziani et al. demonstrated that the acute-phase response
was greater in full-mouth nonsurgical therapy than in quadrant nonsurgical therapy [44].
Whether the same difference existed between the two experimental groups represented
in the present study was also investigated. Unfortunately, due to the small number of
patients, no clear trends can be demonstrated. In patient 1, IL-6 increased slightly 24 h after
conventional treatment, but this was not detected 24 h after the appointment involving
laser treatment; however, there was a transient increase in TNF-« 25 min after the start
of SRP, which decreased again in the subsequent examinations. In patient 2, their TNF-
o levels were already elevated at baseline and did not change during the course of the
examinations on both dates. The other parameters also did not show any clear trends.
Follow-up studies with larger numbers of patients may clarify whether laser disinfection
with the corresponding reduction in, or prevention of, bacteremia is also associated with a
lower acute-phase response.

Overall, despite the small number of patients and the limitations of this feasibility
study, it can be concluded that the study protocol is capable of detecting bacteremia after
periodontal therapy and that the laser disinfection method described could have potential
bacteremia-reducing or even bacteremia-preventive properties. This needs to be confirmed
in follow-up studies, which are currently underway.

4. Materials and Methods
4.1. Clinical Parameters

As a preparatory measure, situation models of both jaws in each patient were made in
order to produce individual splints. These covered the occlusal surfaces and extended to the
equator of all teeth. At six locations (mesio-vestibular, central vestibular, disto-vestibular,
mesio-oral, central oral, and disto-oral), milled guiding grooves were used for defined
insertion of a pressure-calibrated probe (Aesculap DB764R, Aesculap, Tuttlingen, Germany)
into the gingival pocket. Using the individual splints produced in this way, the pocket
depths, periodontal recession, clinical attachment level, and bleeding on probing were
determined at the various examination time points by one investigator (PJ.). Bleeding
points occurring within 30 s of probing were documented and reported as a percentage
for the entire dentition. In addition, furcation involvement and the degree of looseness
were recorded.

Pain sensation during treatment was assessed by the patients using a visual analog
scale after the treatment session.

Body temperature was measured before and after treatment using an infrared ther-
mometer in the ear (Thermoscan PRO 6000, Braun, Kronberg im Taunus, Germany).

4.2. Microbiological and Immunological Parameters

For local microbiological diagnosis, samples were taken using sterile paper points
(ISO 45) in the two deepest pockets of each quadrant (eight in total) at baseline, 7 days after
the first appointment/SRP, at the second appointment/SRP (14 days after the first SRP),
and 7 days after the second appointment/SRP. These were then analyzed by culturing
on various media (with and without the addition of sheep blood) at 37 °C in appropriate
atmospheric conditions and identified by Maldi-TOF (mass spectrometry).

To be able to detect systemic bacteremia after the treatments and compare it with
the baseline findings, peripheral blood (25 mL) was drawn before the start of treatment,
25 min after the start, and 10 min after the end of the treatment in both the control group
and the experimental group by one investigator (J.-S.W.). The patients fasted for this
purpose to ensure standardization and the better accessibility of microbiological and
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immunological parameters. Peripheral blood cultures were analyzed using standard
operational procedures by the laboratory diagnostic center at the University Hospital
in Aachen, Germany. However, the blood cultures (aerobic and anaerobic) were kept
for longer (maximum 21 days) and were plated several times to avoid overlooking any
slow-growing species, with special emphasis on P. gingivalis and other black-pigmented
bacteria. It should be noted that not every bacterial cell entering the bloodstream can be
detected using this (or any) method, as most are very rapidly phagocytosed and thus killed
and eliminated.

In addition, the samples were analyzed for immunological parameters in blood plasma to
allow conclusions to be drawn concerning the acute-phase reaction. C-reactive protein (CRP),
interleukin-6 (IL-6), and tumor necrosis factor alpha (TINF-«) were of particular interest. These
parameters were also monitored 24 h after the respective treatment appointments.

The blood samples mentioned above were obtained from the median cubital veins.
The areas of the puncture were carefully disinfected beforehand using a skin antiseptic
(Octeniderm, Schiilke, Norderstedt, Germany). For this purpose, the investigator responsible
for blood sampling wore sterile gloves, which he kept on for the entire blood-sampling
procedure. The puncture procedure was repeated at each blood collection time point.
These precautions were implemented to minimize the possibility of contamination of the
blood samples with skin commensals. The blood collection procedures themselves were
performed with a Safety Multifly cannula (Sarstedt, Niirnbrecht, Germany). A blood culture
adapter (Sarstedt, Niirnbrecht, Germany) was used for blood cultures; the aerobic blood
culture bottle (Bactec Plus Aerobic/F Culture Vials 30 mL, Becton Dickinson, Franklin Lakes,
NJ, USA) was inoculated first, followed by the anaerobic blood culture bottle (Bactec
Lytic/10 Anaerobic/F Culture Vials 40 mL, Becton Dickinson, Franklin Lakes, NJ, USA).
A blood collection system was then used for the immunological parameters (S-Monovette,
Sarstedt, Niirnbrecht, Germany). The blood culture and immunological analyses were
conducted in the laboratory diagnostic center at RWTH Aachen University Hospital, and
the other microbiological analyses were conducted in the Division of Oral Microbiology and
Immunology, Clinic for Operative Dentistry, RWTH Aachen University.

4.3. Treatment Procedure

Treatments in this study were performed using a single-blinded, randomized, split-
mouth design. Which quadrants received the conventional treatment (control quadrants)
and which quadrants received experimental laser disinfection before SRP were selected in
advance using a randomized computer-generated random table. The patients did not know
which quadrants were to receive the active laser disinfection, since the control quadrants
received inactive laser disinfection—where the laser tip was guided into the sulcus without
being switched on. To exclude potential bias, the physicians who performed SRP and the
measurements were also not aware of which quadrants were to receive the actual laser
disinfection. This was ensured by having a separate practitioner performing the laser
disinfection procedure (A.B.).

Before conventional pocket cleaning, the periodontal pockets in the experimental study
group were disinfected with a diode laser (SiroLaser Blue, Dentsply Sirona, Bensheim,
Germany). The wavelength was 445 nm and the power was 0.5 W, with the laser in
continuous-wave mode (laser class 4). A 320 um fiber was used to disinfect/clean circularly
around the diseased tooth for 1 min under constant movement. The laser light used
was guided into the gingival pocket with an optical fiber. The device setting of 0.5 W
corresponded to an effective power of 0.48 W. Assuming a Gaussian laser beam profile, the
power density was 1210 W /cm? (fiber tip diameter 0.32 mm; 0.48 W output power). Due
to the low power density, this laser light is not harmful to the gums or other surrounding
tissue. However, laser safety goggles must be worn during the irradiation procedure to
protect the eyes.

All of the teeth with periodontal disease were then treated with manual instruments
(Gracey curettes, Hu-Friedy, Leimen, Germany) and a piezoelectric scaler (Vector, Diirr
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Dental, Bietigheim-Bissingen, Germany) with a slimline scaler tip. The treatment end point
was the clinically assessed absence of concrements on the root surfaces. This was assessed
by a dentist who was experienced in periodontal treatment (F.K.), who was not aware of
which teeth had received active or inactive laser disinfection.

Figure 2 shows the sequence of individual steps in more detail.

2 patients with an untreated periodontitis
(until stage Ill, grade B)

Pretreatment, periodontal assessment |

¥

Random allocation of which teeth serve as control (control group) and which
teeth are additionally treated with the laser prior to SRP (test group);
quadrant-wise allocation

L !

L ]
1. quadrant ‘ 2. quadrant | | 1. quadrant | 2. quadrant 1. quadrant 2. quadrant 1. quadrant 2. quadrant
Control Control Control Control
4. quadrant 3. quadrant 4. quadrant 3. quadrant 4. quadrant 3. quadrant 4. quadrant 3. quadrant

Control Control Control Control

| Determination of bleeding on probing, microbiological diagnostics ‘

SRP, the teeth of the test group are additionally treated with the laser before SRP; 2 weeks between the
treatment of the teeth of the control and test group; blood sampling, microbiological diagnostics, body
temperature measurement and assessment of pain sensation.

J7 days
Determination of bleeding on probing, microbiological diagnostics

Figure 2. Flowchart for the study design.

4.4. Patients

Two patients (two men, one 39 years of age and the other 63) with untreated general-
ized periodontitis (stage III, grade B) were recruited in the Clinic of Operative Dentistry,
Periodontology, and Preventive Dentistry at Aachen University Hospital. The inclusion
criteria were a minimum age of 18 years, no periodontal treatment in the previous 2 years,
generalized periodontitis up to stage IlI, grade B, and the provision of written informed
consent. The exclusion criteria were patients who had already received periodontal treat-
ment within the previous 2 years, pregnancy, tobacco use, dental implants, metabolic
diseases with possible influence on the healing process (especially diabetes), infectious
diseases (such as human immunodeficiency virus or hepatitis B or C), patients undergoing
chemotherapy, cystic fibrosis, and antibiotic treatment within the previous 3 months. All
patients received detailed information regarding the conduction of the study and data
protection. Each of the participants gave written informed consent to participate in the
study. In the test plan of the present study submitted to the local ethics committee, particu-
lar attention was paid to benefit-risk assessment, the additional study-related measures
(blood sampling and laser disinfection), and the use of the laser within its approval. The
local ethics committee of the RWTH Aachen University Hospital saw /sees no concerns
regarding the research project from an ethical and professional perspective. The study
was conducted in full accordance with local and global ethical guidelines (World Medical
Association Declaration of Helsinki, version X, 2013) and approved by the local ethics
committee (reference number: EK 197/21; date of approval 17 August 2021).
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4.5. Statistical Analysis

In this feasibility study, descriptive statistical analysis methods were mainly used for
the two patients included. Null hypothesis significance testing is not appropriate unless
the sample size is properly powered [49].

5. Conclusions

This feasibility study showed that the study protocol appears to be suitable for detect-
ing bacteremia during periodontal therapy. Initial indications of a bacteremia-reducing or
even bacteremia-preventive effect of the laser disinfection method described were observed.
However, due to the small number of patients, this effect must continue to be investigated
and proven in follow-up studies with larger numbers of patients.
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Abstract: Background: This study aimed to evaluate alterations in the concentrations of matrix
metalloproteinase-9 (MMP-9) and interleukin-8 (IL-8) within gingival crevicular fluid (GCF) extracted
from the intrabony periodontal defect site before and after minimally invasive regenerative surgery,
with or without supplemental laser application. The surgical procedure was performed using the
modified minimally invasive surgical technique (M-MIST). Methods: Thirty-eight patients, each
presenting with a single vertical defect, were randomly assigned to either the test (M-MIST + Er:YAG
+ Nd:YAG) or the control group (M-MIST). IL-8 and MMP-9 levels (primary outcomes of the study)
were assessed prior to therapy, after 2 and 4 weeks, and 6 months following the surgical procedure
by means of dedicated ELISA kits. Results: Both procedures were clinically effective as evidenced
by probing depth (PD) reduction and clinical attachment level (CAL) gain at the 6-month follow-up.
No statistical differences were observed in the levels of MMP-9 and IL-8 between the groups at any
time point assessed. The changes in the level of MMP-9 and IL-8 over time were not statistically
significant in any group. IL-8 was positively correlated with MMP-9 in the control group throughout
the study and in the test group 2 weeks and 6 months post-op. Conclusions: Within the limitations of
this study, the additional application of Er:YAG + Nd:YAG lasers alongside the M-MIST procedure
did not enhance the clinical and biochemical treatment outcomes compared to M-MIST alone.

Keywords: periodontal regeneration; interleukin-8; metalloproteinase-9; inflammatory markers;
periodontal intrabony defects; Er:YAG laser; Nd:YAG laser

1. Introduction

Periodontitis is a multifactorial, infectious disease that leads to the immunologically
mediated damage of teeth-supporting tissues and, consequently, tooth loss [1]. The course
of periodontitis varies among patients and its advanced forms concern about 10 percent
of the population worldwide, which makes it a social disease [2]. The wide spread of
the disease means that its treatment generates tremendous costs for healthcare systems
worldwide [3].

In some patients, in the course of periodontitis, intrabony defects occur. Their etiology
is not fully explained yet. Occlusal trauma, food impaction, or the presence of plaque-
retention factors are taken into account in their formation. Attention is also paid to the
distance between the roots of adjacent teeth [4]. In the case of root proximity, inflammation
affects the entire bone septum between roots. If the bone is wider than the “firing” range of
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dental plaque, the bone septum is only partially destroyed, which results in the formation
of a subcrestal bone defect [5]. The presence of intrabony defects is indicative of stage III
and IV periodontitis, thereby exacerbating the prognosis of the disease [6].

The presence of intrabony defects is an indication for regenerative procedures. The
most frequently used are guided tissue regeneration (GTR) and biomodification of the root
with enamel matrix derivatives (EMDs) or EMD and bone graft [7-9]. Nowadays, more and
more often, minimally invasive surgery (MIS) in periodontal regeneration is performed.
MIS offers the advantage of reducing morbidity, minimizing scars, and mitigating other
postsurgical complications in treated patients [10]. In cases of bone defects that spread
no more than one-third of the circumference of the tooth, there is a possibility to use an
M-MIST (modified minimally invasive surgical technique) surgery, which shows promising
results [11]. However, a previous study reported no statistically significant differences in
terms of CAL gain and PD reduction when MIS was compared with an extended flap with
papilla preservation [12].

Laserotherapy’s importance has also been increasing in recent years. It is used as an
adjunct to periodontal treatment [13,14]. The Er:YAG laser has the ability to ablate hard
and soft tissues [15]. It can also modify the root surface and remove dental calculus [16,17].
Er:YAG laser application facilitates the adhesion of fibroblasts to the root surface better than
scaling and root planing alone [18]. The Nd:YAG laser has different indications. It is used
to inactivate microorganisms, to remove the periodontal pocket epithelium, and to improve
hemostasis [19]. There are also reports of the combined use of both types of lasers in
periodontal non-surgical treatment. The Er:YAG laser enables decontamination of the root
surface and hard deposits ablation, and the Nd:YAG laser accelerates clot formation [20,21].

Non-resolving inflammation is a main cause of periodontal hard and soft tissue de-
struction [22]. Cytokines, matrix metalloproteinases (MMPs), and their inhibitors, growth
factors and other regulators in the periodontium, are synthesized in response to bacteria
and their products, inducing and maintaining the inflammatory response [23]. IL-8 is a
chemoattractant cytokine produced by a variety of tissue and blood cells with a distinct
target for recruitment and activation of neutrophils [24]. Neutrophils represent the major
inflammatory infiltrate in the periodontium. Neutrophil enzymes released after activation
can effectively degrade connective tissue. IL-8 is of considerable interest for a better under-
standing of the mechanisms leading to neutrophil connecting tissue destruction [25]. Wide
range of metalloproteinases (MMPs), enzymes that degrade the extracellular matrix within
periodontal tissues. are also involved in this process. MMPs’ expression in mature tissues
is normally low, but it rises in pathologies like inflammatory diseases, metastasis, or tumor
growth [26]. MMPs are a big family of zinc-dependent endopeptidases and collectively are
able to destroy most of the extracellular matrix proteins in the periodontium. Many studies
have described interstitial collagenases (collagenases 1, 2, 3, MMP-1, MMP-8, MMP-13),
gelatinases A and B (MMP-2, MMP-9) and stromelysin (MMP-3) in gingival crevicular fluid
(GCF) [27]. However, interpreting the GCF concentration of specific enzymes is challenging.
For instance, enzymes derived from neutrophils, like MMP-8, offer information about the
number of these cells in the periodontal pocket rather than the destruction of periodontal
tissues. The role of gelatinases in inflammation is also still not clear, and its GCF concentra-
tion is hard to interpret [28]. A relationship between MMP-9 GCF concentration and clinical
periodontal parameters including attachment loss was noted [29]. It was also found that
levels of MMP-9 are increased in patients with periodontitis and decrease after periodontal
therapy [30]. MMP-9 is involved not only in the soft tissue breakdown, but there are scarce
reports of its indirect role in immune-mediated bone loss in the periodontium [31,32], so
MMP-9 may play a role in the mediating of the bone defects’ formation.

Given the aforementioned considerations, the objective of our study was to assess
changes in the levels of MMP-9 and IL-8 in periodontal pockets corresponding to intrabony
periodontal defects eligible for regenerative procedures, specifically M-MIST alone or M-
MIST with additional Er:YAG and Nd:YAG laser applications, over a six-month follow-up
period. We assumed changes in immunological parameters (MMP-9, IL-8) as the primary
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endpoints and clinical parameters, such as PD reduction and CAL gain, as the secondary
endpoints of the study. We formulated the null hypothesis that additional laser usage does
not affect MMP-9 and IL-8 levels, nor does it affect the values of clinical parameters.

2. Results

All 38 patients with periodontitis (stage III) [33] completed the 6-month follow-up
visits with no further dropouts and a 100% retention rate. No adverse events were reported.
Patients were equally distributed between the study and control groups without differences
according to age, gender, or intrasurgical defect depth. Table 1 depicts the characteristics of
patients, with teeth and defects included.

Table 1. Characteristics of study participants and teeth included in the surgical procedures (clinical

parameters in mm).

Test Control
(M-MIST + Er:YAG + Significance
Nd:YAG) (M-MIST)

Number of patients 19 19 -
Gender 12F/7M 9F/10M NS (p * =0.34)
Age (range) 47 (30-73) 43.5 (24-59) NS (p*=0.9)

Incisors/canines /premolars/molars 3/3/12/1 3/1/9/6 -
Mean intrasurgical defect depth 4.03 +1.58 434 +1.13 NS (p*=0.14)
FMPS (%) 10.8 £ 4.42 11.6 £ 4.68 NS (p * =0.53)
FMBOP (%) 10.71 £ 3.89 10.34 £ 4.58 NS (p * = 0.83)

p *—U Mann-Whitney test.

Included patients were characterized by good oral hygiene expressed by the FMPS
(full mouth plaque score) index [34]. At baseline, there was no person with an FMPS over
20%. The mean FMPS in the test group amounted to 10.8%, and it was 11.6% in the control
group. FMBOP (full mouth bleeding on probing) was also low [35]. It was 10.7% in the test
group and 10.3% in the control group, respectively.

Clinical parameters of the operated area are presented in Table 2 and Figure 1. In both
groups, there were significant PD reduction and CAL gain in the 6-month observation
period. Gingival recession (GR) increased in the control group and did not change in the
test group. The changes in GR were not significant over time. There were also no significant
differences between both groups studied before or six months post-op.

Table 2. Clinical parameters in test (M-MIST + Er:YAG) and control (M-MIST) groups at baseline and
6 months post-op.

PD (mm) GR (mm) CAL (mm)
M-MIST + M-MIST + M-MIST +
Er:YAG + M-MIST P Er:YAG + M-MIST P Er:YAG + M-MIST P
Nd:YAG Nd:YAG Nd:YAG
Baseline 7.62 +1.44 7.15 + 1.25 131 + 1.34 0.89 + 1.19 8.57 +2.16 8.05+ 1.8
(mean)
6(‘;‘122;?5 4.42 +1.30 418 4+ 1.14 NS 1.31 + 1.00 113+ 1.35 NS 5.73 & 1.48 5.31 & 2.02 NS
p*=0.0001 p*=0.0002 NS NS p*=00002  p*=0.0003
Baseline
(median) 7 (6-11) 7 (5-9) 1.5 (0-4) 0 (0-4) 8 (5-15) 8 (5-12)
6 months 4(3-7) 4(3-7) 1(0-3) 1(0-3) 6 (4-9) 5 (3-10)
(median)
Diff. 2.84 + 0.96 297 +1.18 NS 0.00 + 0.86 —024 +0.79 NS 2.84 + 145 2.74 + 145 NS

p *—Wilcoxon pair test (changes in time); p **—U Mann-Whitney test (between groups); NS—non-significant;
Diff.—difference 0-6.

15



Antibiotics 2024, 13, 704

M-MIST+Er:YAG+Nd:YAG M-MIST
9 857 ~gu_ 2 8.05
B 7.62 - 8 o
7 7
6 ~% 573 6
5 5
4 4.42 .
3 3
2 2 0.89 113
1 1.31 1:31 1
0 0
Basal 6 month Basal 6 month
«=@e=PD em@ueGR ==@==CAL @@= PD em@u= GR ==@== CAL
Figure 1. Mean changes in clinical parameters at the six-month follow-up in the test and con-
trol groups.
Changes in MMP-9 levels (Table 3, Figure 2a) obtained from periodontal pockets that
underwent surgical treatment were not significant in any group at the six-month follow-up.
We did not note differences between groups either. However, after Er:YAG and Nd:YAG
laser application, the MMP-9 amount increased much more in the test than in the control
group after 2 and 4 weeks (without significance).
Table 3. Mean changes in the MMP-9 amount at the six-month follow-up in the test (M-MIST +
Er:YAG + Nd:YAG) and control (M-MIST) groups expressed as ng/mL per 30 s sample.
MMP-9
M-MIST + Er:YAG + Nd:YAG M-MIST p ** (Between Groups)
Baseline 61.96 £ 87.86 42.32 £ 30.52 NS
2 weeks 109.04 4 207.35 57.51 £ 65.86 NS
4 weeks 115.96 4= 125.99 53.34 £ 46.71 NS
6 months 59.78 + 59.45 58.57 + 49.44 NS
p * (changes in time) NS NS
Diff. 0-2 w —47.08 £ 187.36 —15.19 £ 70.34 NS
Diff. 04 w —54 + 151.00 —11.02 £ 54.02 NS
Diff. 0-6 m 2.18 £ 89.74 —16.25 £ 52.14 NS
p *—Anova Friedman’s for multiple comparisons; p **—U Mann-Whitney test; NS—non-significant,
Diff —difference.
Similar results for the IL-8 amount were noted. There were no significant differences
between groups or at the 6-month follow-up in any group. But, the most visible changes in
IL-8 levels were noted 2 and 4 weeks after Er:YAG and Nd:YAG laser surgery, although this
was without significance. Mean changes in IL-8 levels are depicted in Table 4 and Figure 2b.
MMP-9 IL-8
140 500
120 450 ) e
100 f—_’\ :22 // —
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Figure 2. (a) Mean changes in the MMP-9 amount at the six-month follow-up. (b) Mean changes in

the IL-8 amount at the six-month follow-up.
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Table 4. Mean changes in the IL-8 amount at the six-month follow-up in the test (M-MIST + Er:YAG +
Nd:YAG) and control (M-MIST) groups expressed as pg/mL per 30 s sample.

IL-8
M-MIST + Er:YAG + Nd:YAG M-MIST p ** (Between Groups)

Baseline 327.22 4 281.55 283.20 + 158.41 NS
2 weeks 464.84 + 477.98 238.03 + 141.13 NS
4 weeks 46791 £ 313.12 307.77 £ 256.33 NS
6 months 410.97 + 300.62 357.77 + 229.54 NS
p * (changes in time) NS NS

Diff. 0-2 w —137.624 448.06 45.17+ 182.89 NS
Diff. 04 w —140.69+ 387.93 —24.57+ 311.88 NS
Diff. 0-6 m —83.75 £ 341.86 —74.56 + 285.53 NS

p *—Anova Friedman’s for multiple comparisons; p **—U Mann-Whitney test; NS—non-significant,
Diff.—difference.

The GCF volume (SFFR, sulcus fluid flow rate) expressed in relative PU did not change
over time in the test group, but it was on the verge of significance in the control group
during the six-month observation period. There were no differences between groups. The
SFFR in both groups slightly increased after a week following post-surgical intervention to
increase after 2 weeks and finally decrease after 6 months. Mean changes in the SFFR are
shown in Table 5 and Figure 3.

Table 5. Mean changes in the SFFR volume expressed in the relative PU at the six-month follow-up
in the test (M-MIST + Er:YAG + Nd:YAG) and control (M-MIST) groups per 30 s sample.

SFFR
M-MIST + Er:YAG + Nd:YAG M-MIST p ** (Between Groups)

Baseline 98.89 £ 30.14 98.42 4 43.21 NS
2 weeks 109.31 + 33.65 102.00 + 37.08 NS
4 weeks 77.15 £ 28.67 75.78 £ 30.75 NS
6 months 95.57 4 46.96 87.00 & 35.46 NS
p* (changes in time) NS p=0.046

Diff. 02w —10.42 4 53.56 —3.58 4+ 53.40 NS
Diff. 0-4 w 21.744 37.33 22.64 1 46.15 NS
Diff. 0-6 m 3.32 £43.13 11.42 4 51.02 NS

p *—Anova Friedman’s for multiple comparisons; p **—U Mann-Whitney test; NS—non-significant,
Diff —difference.

SFFR in PU per 30s sample

100
80
60
40
20

0

baseline 2 weeks 4 weeks 6 months

B M-MIST+ErYAG+Nd:YAG B M-MIST

Figure 3. Mean changes in the SFFR volume in the 30 s sample at the six-month follow-up in the test
and control groups.
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The most important correlation noted was the moderate dependence of IL-8 and
MMP-9. The amount of both molecules correlated at every time point in the control group.
Similar correlations were observed in the test group, but only after 2 weeks and 6 months.
Many other correlations were checked. MMP-9 correlated with SFFR after 4 weeks and
6 months, and MMP-9 correlated with PD after six months in the control group. MMP-9 and
SFFR correlated in the test group only after 6 months. Spearman rank order correlations
are shown in Tables 6 and 7.

Table 6. Correlations (Spearman test) between GCF IL-8 and MMP-9 levels at the 6-month follow-up
in the test (M-MIST + Er:YAG + Nd:YAG) and control (M-MIST) groups in the operated region.

M-MIST + Er:YAG + Nd:YAG M-MIST
IL-8 and MMP-9
R P R 4
Baseline - NS 0.62 0.0045
2 weeks 0.68 0.0015 0.74 0.0003
4 weeks - NS 0.59 0.0082
6 months 0.58 0.0087 0.67 0.0016

NS—non-significant

Table 7. Other investigated correlations (Spearman test) in the test (M-MIST + Er:YAG + Nd:YAG)
and control (M-MIST) groups.

Correlation M-MIST + Er:-YAG + Nd:YAG M-MIST
Baseline IL-8 and PD NS NS
Baseline IL-8 and SSFR NS NS
Baseline IL-8 and intra-defect depth NS NS
Baseline MMP-9 and PD NS NS
Baseline MMP-9 and SSFR NS NS
Baseline MMP-9 a(rilzl pit1'1htra-defect NS NS
2 weeks IL-8 and SFFR NS NS
2 weeks MMP-9 and SFFR NS NS
4 weeks IL-8 and SFFR NS NS
4 weeks MMP-9 and SFFR NS R=05,p=0.03
6 months IL-8 and PD NS NS
6 months IL-8 and SSFR NS NS
6 months MMP-9 and PD NS R=0.5,p=0.026
6 months MMP-9 and SSFR R=0.46,p=0.047 R=0.5,p=0.029

NS—non-significant

3. Discussion

The results of the present study have shown that the effectiveness of intrabony defect
treatment with M-MIST or M-MIST in combination with Er:YAG + Nd:YAG lasers is similar.
Both methods were equally effective and led to statistically significant improvements in
clinical parameters. PD reduction and CAL gain were almost the same in both groups,
with a slight difference in favor of the M-MIST group (without significance). Healing
was uneventful in both groups, and no adverse events were noted. This proves that the
procedures performed were not invasive and the post-treatment healing was good. The
results that plaque and bleeding indices were low indicate proper hygienic preparation of
the patients and an optimal level of plaque control before reconstructive surgery, which is
essential for undisturbed healing. Another important factor influencing the response to
periodontal surgical treatment is smoking. Smoking has a negative effect on bone healing
and regeneration [36]. That is why smokers were not included in the study.
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In the case of the coexistence of residual pockets with vertical defects, periodontal
reconstructive surgery procedures are always considered [37]. Recognized factors that
also influence the effect of surgery include obtaining appropriate decontamination of the
treatment area. Additional laser usage as a new solution may be a valuable option in
the standard surgical procedure. By eliminating calculus and bacteria, Erbium-Doped
Yttrium Aluminium Garnet (Er:YAG) and Neodymium-Doped Yttrium Aluminum Garnet
(Nd:YAG) lasers can create a biocompatible root surface that may facilitate periodontal
healing [38]. Due to different features, these two lasers have different effects on the
hard and soft tissues. However, it should be taken into consideration that the use of
lasers in periodontal treatment gives ambiguous results [14]. There are not many papers
published evaluating the combined utilization of Er:YAG + Nd:YAG lasers in oral surgery.
The available literature mostly refers to the use of Er:YAG + Nd:YAG in non-surgical
periodontal treatment, where such a combination of lasers may lead to additional clinical
improvements compared to non-surgical treatment alone [21].

Clinical examination is a gold standard to evaluate the effectiveness of periodontal
reconstructive procedures, but knowledge about the changes that occur at the molecular
level in the treated site are of most interest. Not much is still known about gingival
crevicular fluid (GCF) immunological changes in intrabony defects after regenerative
procedures [39]. We assessed the levels of IL-8 and MMP-9 in GCF obtained from the
periodontal pockets corresponding to vertical defects subjected to M-MIST or M-MIST with
additional laser utilization.

GCF is an altered serum transudate/inflammatory exudate. In healthy tissues, GCF
originates from blood vessels, and it is produced thanks to the osmotic gradient. How-
ever, leukocytic infiltrate and polymorphonuclear leukocytes are always present in the
junctional epithelium and in the sulcus. Numerous cytokines and enzymes are released
to GCF, including host response factors, molecules from blood, local tissues, and plaque
bacteria [40]. The fluid is easily collected, so it is a valuable source of locally and system-
atically derived biomarkers. It is at the center of contemporary research projects because
useful diagnostic biological markers are researched to detect subclinical alterations in
tissue metabolism before clinically visible damage can occur. As it is known, not only the
composition but also the volume and flow rate of GCF are of importance. The relationship
between the enlarged volume of GCF and the increased severity of inflammation has been
well-documented [41,42]. In our study, the sulcus flowing flow rate (SFFR) increased at
2 weeks after surgery to decrease at 4 weeks and thereafter come back to baseline levels at
6 months. This is in line with the observations of other authors, who observed a rise in the
volume of GCF shortly after surgery (0-2 weeks) and thereafter a volume decrease [43,44].
In previous work, our group investigated molecular changes in GCF after periodontal
regenerative procedures, and we also noticed a rise in the SFFR one week after the surgery,
and it remained high 2 weeks following the procedure. This post-surgical increase in
GCF volume may indicate the enhancement of inflammation during early surgical wound
healing [45].

Intrabony periodontal defects may differ from healthy sites in terms of the molecular
GCF profile. This profile may also be changed by periodontal treatment. Not much is
known about such changes, but the first studies trying to find immunological descriptions
of intrabony defects have been recently published. In the clinical study comparing the
molecular profile of intrabony defects with healthy sites utilizing a multiplex bead im-
munoassay, 27 markers were assessed. Sites with an intrabony defect presented increased
IL-1e, IL-1p3, IL-6, INFy, and MMP-8 levels compared with healthy sites. Additionally, FGF
and VEGEF levels were elevated, and traits of cell aging were observed [46]. The same group
examined the molecular profile of periodontal pockets corresponding to intrabony defects
after minimally invasive non-surgical periodontal therapy (MINST) [47]. The authors
focused on changes after 1 and 5 days and 3 months after MINST. The most pronounced
molecular changes were observed a day after treatment. It returned to baseline after
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3 months. Levels of IL-2, IL-4, IL-8, MMP-1, MMP-3, TIMP-1, and FGFb had significantly
risen in GCF one day after non-surgical periodontal therapy.

Not many scientific studies refer to immunological parameters of surgically treated
sites in the periodontium. Pellegrini et al. assessed wound healing proteins in GCF after
regenerative and open flap debridement procedures. They concluded that MMP-1 and bone
morphogenetic protein-7 were associated with periodontal regeneration because of the
increase in its levels in patients who responded well to therapy [48]. Accelerated healing of
infrabony defects after enamel matrix derivative application expressed by a rapid return to
baseline of TIMP-1, MMP-1, and MMP-8 levels was observed by Okuda et al. [44]. Other
authors found transforming growth factor-31 useful for monitoring periodontal repair and
regeneration [43] or the expression of growth mediators in GCF of patients after periodontal
surgery [49].

We opted to evaluate MMP-9 and IL-8 due to existing evidence in the literature sug-
gesting that these molecules may play a role not only in the destruction of soft tissues but
also in bone resorption and remodeling. MMPs are proteases involved in extracellular
matrix destruction in periodontitis. MMP-9 is responsible for the degradation of many
proteins, such as basement membrane collagen and laminin [28]. Elevated levels of MMP-9
were observed in periodontitis patients compared with healthy subjects. It was demon-
strated that periodontal treatment reduced the MMP-9 level dramatically [50,51]. There are
many scientific studies assessing the collagenolytic role of MMPs, but there is still a scarcity
of data from studying MMPs as regulators of periodontal inflammation [51]. It was proven
that MMP-9 along with MMP-13 are involved in alveolar bone resorption and periodontal
tissue destruction [52,53]. MMPs may not only degrade bone collagen matrix but also may
indirectly modulate bone resorption via osteoclast activation. The mechanisms include
the activation of osteoclast-secreted proMMP-9, which denaturates collagen derived from
MMP-13 activity. The other is cleaving galectin-3, which is an inhibitor of osteoclasto-
genesis that nullifies its inhibitory effect. The next is regulating the receptor activator of
nuclear factor-«B ligand (RANKL)/osteoprotegrin axis in favor of RANKL [31,51]. Taking
into consideration the above, it can be assumed that MMP-9 is a regulator of periodontal
bone lesions. We observed no significant differences between control and study groups
according to MMP-9 levels. There were also no intragroup changes over time according to
gelatinase B. However, in both groups, early after surgery (2 and 4 weeks), the amount of
MMP-9 had risen. This change was more pronounced in the study group, but it was not
significant. In the test group, there was a sharp increase, and, evidently, this change was
more pronounced in this group but it was not significant. Interestingly, after 6 months, in
both groups the level of MMP-9 came back to the value that was near the baseline level,
and it was almost the same in both groups. This may indicate an increase in the release of
MMP-9 after laser stimulation. Unfortunately, this cannot be confirmed because no study
assessed MMP-9 after surgical therapy with additional laser usage.

Sijari et al. assessed IL-8 after resective periodontal surgery. They observed a decrease
in its levels after therapy along with better early healing [54]. This is partially consistent
with our results, because in the M-MIST group after 2 weeks, the amount of IL-8 was
decreased, but then it rose to be higher than baseline levels. In the test group, we noticed
an increase in IL-8 at all time points examined. Our results were not significant. There were
no differences between groups either. What is worth noting after laser usage is that there
was an increase in the IL-8 level in the test group, and there was a horizontal trend in its
high concentration lasting 2 weeks. Then, after 6 months, the IL-8 level slightly decreased.
In contrast, in the control group, right after surgery the IL-8 amount decreased, and after
6 months it reached higher than baseline levels. Despite the lack of statistical differences,
this proves that laser therapy has an impact on the IL-8 level.

IL-8 (CXCLS) is a strong chemoattractant for neutrophils, and it stimulates fast degran-
ulation of gelatinase B. MMP-9 cleaves IL-8 to more potent chemoattractants. It results in a
positive feedback loop for neutrophil activation and chemotaxis and in the increased influx
of neutrophils to fight infections [55]. In our study, the level of IL-8 correlated positively
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with MMP-9 at all time points in the control group and after 2 weeks and 6 months in the
study group. The strength of correlations was moderate. It is interesting that despite the
many parameters checked we recorded only single additional relationships between them,
i.e., MMP-9 correlated positively with SFFR after 6 months in both groups. Our research
group observed a similar positive correlation between IL-8 and MMP-9 after guided tissue
regeneration with and without systemic antibiotics throughout the study [45].

Our study is well-planned and meticulously conducted research, but it has some
drawbacks. A major limitation was the mediocre clinical sample size. This sample size was
calculated on the basis of trials investigating clinical parameters after periodontal recon-
structive surgery. Recruiting more patients would allow for a larger sample for biochemical
evaluation. A weak point as well is the lack of reference values for immunological parame-
ters, as the cytokine profile after different treatment strategies is only investigated. There is
still a lack of knowledge of many molecular processes occurring in the periodontium in
the state of inflammatory disease and after surgical and non-surgical therapies. Another
aspect is not including smokers, and, therefore, these results should be taken with caution
as smokers will undergo these kinds of clinical interventions.

Innovative procedures very often bring additional benefits and become standard
treatment options. However, this is not always the case. In our study, we fail to find
any advantages of laser-assisted M-MIST surgery. Neither clinical nor molecular results
confirmed the superiority of the Er:YAG or Nd:YAG procedure. However, more clinical
studies should be conducted to explore the potential of Er:YAG and Nd:YAG lasers in
periodontal surgical therapy. The role of MMP-9 and IL-8 in periodontal bone resorption is
also unclear. More in vitro and in vivo studies are recommended to fully elucidate direct
and indirect actions of both molecules.

4. Materials and Methods
4.1. Study Population and Experimental Design

The study was designed as a single-center, randomized, prospective, controlled clinical
trial. It was performed according to the Helsinki Declaration after previous acceptance
obtained from the local bioethical committee (Bioethical Committee, Medical University
of Bialystok, Poland R-I-002-397-2016). Each patient entering this research project signed
an informed consent form. Thirty-nine generally healthy adults diagnosed with stage III
periodontitis [33] were enrolled in the study. Thirty-eight (aged 24-73, mean age 45.4) were
analyzed because of one patient’s resignation. Among the analyzed participants, there
were 21 women and 17 men.

The inclusion criteria were as follows:

- Presence of an intrabony defect, with a pocket depth (PD) > 6 mm and a radiological
defect depth of >3 mm and width of >2 mm;

- Over 18 years of age;

- Full mouth plaque index (FMPI) < 20% and full mouth bleeding on probing (FMBOP)
<20% [34,35].

Patients with general diseases that could affect the healing process, smokers, as well
as pregnant or breastfeeding women were excluded.

Allocation of patients to test (M-MIST + Er:YAG + Nd:YAG) and control (M-MIST)
groups was performed through a coin toss just before the surgery. Each participant had
only one intrabony defect treated in the project. The patient and the surgeon were not
blinded in the protocol because of technical reasons.

4.2. Clinical Examinations, Surgery, and Postoperative Care

The following clinical parameters were measured before surgery and 6 months post-op
for each tooth with an intrabony defect: probing depth (PD), gingival recession (GR), and
clinical attachment level (CAL). Each tooth was probed at six points (mesial, middle, and
distal on both buccal and lingual sides). The cemento-enamel junction (CE]) or the filling
margin were taken as the reference points.
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The full mouth plaque score (FMPS) and full mouth bleeding on probing (FMBOP)
were calculated as a percentage based on the four surfaces of each tooth.

All measurements were performed with the use of a periodontal probe (PCP UNC15,
Hu-Friedy, Chicago, IL, USA) and taken by the same experienced and calibrated examiner.

Intraoral radiographs were captured at baseline and after 6 months. To guarantee
precision, a long cone parallel technique positioner was custom-prepared for each of the
enrolled patients.

All surgical interventions were performed under local anesthesia (Septanest 100,
Septodont, Paris, France). The surgical procedure consisted of intrasulcular incisions and
preparation of the mucoperiosteal flap according to the principles of papilla preserva-
tion [56,57] and minimally invasive techniques [58].

In the test group, additionaly to modified minimally invasive surgery (M-MIST) dental
laser (Fotona Light Walker AT-S, Dallas, TX, USA) was used.The granulation tissue was
excised using the Er:YAG laser with parameters set at 3 W, 150 mJ, and 20 Hz LP, while the
debridement of the root surface was accomplished with the same Er:YAG laser, operating
at 1.6 W, 160 mJ, and 10 Hz LP. Concluding the surgical procedure, the formation of a blood
clot was induced utilizing the Nd:YAG laser, configured at 2 W and 20 Hz VLP.

In the control group, the elimination of granulation tissue and the scaling and planing
of root surfaces were carried out using manual instruments, specifically Gracey curettes (Hu-
Friedy, Chicago, IL, USA) and ultrasonic scalers (EMS Piezon Tip PS, EMS, Nyon, Switzerland).

Once the debridement of the intrabony defect was completed, the mucoperiosteal flap
was repositioned and stabilized by means of vertical modified mattress sutures (Ethilon
5.0, Johnson & Johnson Company, New Brunswick, NJ, USA).

Tooth mobility was an indication of splinting.

After surgery, patients were instructed to rinse the mouth twice daily using 0.2%
chlorhexidine solution (Eludril, Pierre Fabre Laboratories, Paris, France), refrain from
eating hard food, and avoid vigorous tooth brushing at the surgical area for 2 weeks.
The sutures were removed 2 weeks post-op. Check-up appointments were scheduled
for 1, 2, and 4 weeks and then at 3 and 6 months. Healing and possible complications
(flap dehiscence, flap or papillae necrosis, suppuration, inflammation, as well as pain
exacerbations) were monitored during the follow-up appointments. Additionally, at check-
ups, the supragingival plaque was removed, and photographs of the surgical area were
taken at every visit.

4.3. GCF Sampling

From the periodontal pocket corresponding to the operated intrabony defect, GCF
was collected to determine the sulcus fluid flow rate (SFFR) in relative Periotron-units (PU)
and to investigate IL-8 and MMP-9 levels. After the isolation of the tooth with cotton rolls
and air-drying, the visible dental plaque was removed. Then, paper strips (Periopaper,
Interstate Drug Exchange, Amityville, NY, USA) were placed in the periodontal pocket
at a 1-2 mm depth for 30 s. The blood-contaminated strips were thrown away. The
GCF volume absorbed on a paper strip (SFFR) was measured using a calibrated device
(Periotron 8010, Oraflow, Plainview, NY, USA) and expressed in Periotron Units (PU). After
measurement, the samples were immediately placed in Eppendorf tubes containing 200 nL
of phosphate-buffered saline (PBS) and frozen.

4.4. GCF IL-8 and MMP-9 Analysis

The gingival crevicular fluid (GCF) samples collected at baseline and after 2 weeks,
4 weeks, and 6 months were used for laboratory analysis. The concentrations of IL-8
and MMP-9 in GCF were determined with the use of commercially available ELISA kits
(Human CXCL8/IL8, R&D Systems, Minneapolis MN, USA and Human MMP-9 Elisa kit,
R&D Systems, Minneapolis, MN, USA) following the manufacturer’s instructions. The
results were presented as the amount per 30 s per measurement point and expressed in
pg/mL for IL-8 and ng/mL for MMP-9. We reported the total mediator content per 30 s
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sample because it removes a potential source of error from the analysis [59] and it is widely
used in GCF elaborations [60].

4.5. Statistical Analysis

In the statistical analysis, the normality of distribution was verified using the Shapiro
-Wilk test and the Kolgomorov-Smirnov tests with Lillefors correction. The Wilcoxon
pair test was used to compare dependent variables over time. The nonparametric U
Mann-Whitney test was used to compare the quantitative independent variables without
distribution normality. ANOVA Friedman's test with Kendall’s coefficient was used for
multiple comparisons. Spearman’s rank correlation coefficient was also determined.

The results were considered statistically significant for p < 0.05. Statistica 13.3 (TIBCO
Software Inc. Palo Alto, CA, USA) was employed for calculations.

The sample size was calculated a priori by making an assumption about a standard
deviation of a CAL change of 1 mm and to detect a mean difference of 1 mm with a test
power of 80% on 32 subjects. However, considering possible drop-outs, 39 patients were
recruited and randomized to the study.

5. Conclusions

Within the limits of our study, the results indicate that the additional use of Er:YAG +
Nd:YAG lasers with the M-MIST procedure does not improve the clinical and biochemical
treatment outcomes compared to M-MIST alone.
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Abstract: Porphyromonas gingivalis (P.g.) is a key pathogen involved in periodontal diseases. The
aim of this study was to investigate the prevalence and phylogenetic origin of the lipoprotein-gene
ragB in its most virulent variant, ragB-1 (co-transcribed with ragA-1 as locus rag-1), in different P.g.
strains collected worldwide. A total of 138 P.g. strains were analyzed for the presence of ragB-1 by
pooled analysis and subsequently individual PCRs. Sequencing a core fragment of ragB-1 of the
individual strains made it possible to carry out a phylogenetic classification using sequence alignment.
In total, 22 of the 138 P.g. strains tested positive for ragB-1, corresponding to a prevalence of 16%.
The fragment investigated was highly conserved, with variations in the base sequence detected in
only three strains (OMI 1072, OMI 1081, and OMI 1074). In two strains, namely OMI 1072 (original
name: 1-433) and OMI 1081 (original name: 1-372), which originate from monkeys, two amino-acid
alterations were apparent. Since ragB-1 has also been found in animal strains, it may be concluded
that rag-1 was transferred from animals to humans and that this originally virulent variant was
weakened by mutations over time so that new, less virulent, adapted commensal versions of rag
(rag-2, -3, and -4), with P.g. as the host, evolved.

Keywords: Porphyromonas gingivalis; phylogeny; lipoprotein RagB; periodontal diseases; virulence

1. Introduction

Porphyromonas gingivalis (P. gingivalis, P.g.) is a black-pigmented, immobile, gram-
negative, anaerobic rod [1], which is considered a key pathogen (or pathobiont) involved
in periodontal diseases. There is considerable heterogeneity between the different isolates,
including variable virulence [2]. Molecular typing studies have shown that strains of
certain genotypes are more frequently associated with disease (periodontitis) [3-7]. Animal
models have also confirmed that some strains are more pathogenic than others. However,
definitive factors specific to virulent or avirulent P.g. strains have not yet been isolated.
Well-known virulence factors do not fully explain the differences in pathogenicity between
different strains [2,7,8]. Deeper genetic analysis of Pg. is therefore crucial for understanding
its properties and the role of its individual virulence factors [9]. A better understanding of
the factors that determine the variance of strains, in terms of their pathogenic potential, is,
in turn, important for improving diagnostic tools and therapeutic strategies [7].

RagA and RagB proteins are major components of the outer membrane of P.g. and have
been associated with P.g. virulence by contributing to subcutaneous lesion development,
epithelial cell invasion, and efficient growth of the pathogen by acting as a transport
system for nutrients [10] but have been little studied in comparison with other virulence
factors. They are proteins that are 115 (RagA) and 55 kDa (RagB) in size, encoded by genes
PGO0185 (ragA) (3.1 kb) and PGO0186 (ragB) (1.5 kb) [11-15]. The ragA and ragB genes are
co-transcribed to a single, approximately 4.7 kb, mRNA [16], with ragB located immediately
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(30 bp) downstream of the ragA gene [7]. Mutants with deletion of either ragA or ragB have
been shown to be phenotypically negative for both proteins [17]. RagAB occurs as a receptor
pair on the bacterial cell surface of P.g. and consists of the TonB-dependent-transporter
(TBDT) RagA (PG0185) and the surface-lipoprotein RagB (PG0186) [10,18]. The protein
pair is also considered to exhibit typical features of a TonB-dependent outer-membrane
receptor [13,14].

The X-ray crystal structure of RagAB, purified from P.g. W83, revealed a dimeric
RagA,By complex with an architecture similar to that of SusCD (starch-utilization system),
a TBDT carbohydrate transporter in the outer membrane of Bacteroides thetaiotaomicron
(B. thetaiotaomicron) [7,10,18,19], with RagA showing substantial homology to SusC and
RagB to SusD. In this heterotetrameric complex, the single RagA molecule has the structure
of a 22-stranded (-barrel with an inserted plug domain, similar to other TBDTs, and
is tightly capped on the extracellular side by RagB, which covers a large surface area
(approximately 3,850 A2). Full-length RagB contains a signal peptide for export to the outer
membrane and a cysteine that is lipidated and anchors the protein to the cell membrane.
RagB is a compact molecule of 70 x 55 x 50 A in size and consists of a single domain
centered on a curved helical scaffold. This scaffold consists of ten large x-helices, of which
the first eight form four tetratricopeptide repeats (TPRs), each arranged as two helices
connected by a linker. Thus, RagB is a tetratricopeptide-repeat protein (TPRP). The TPRs
form a right-handed solenoid of helices that is curved and complemented by two capping
helices located downstream. The concave surface also bears four large intertwined irregular
inserts (A-D) [10,18,20].

RagAB together form a large, closed internal cavity, containing a molecule of approx-
imately 13 residues long bound to the RagAB interface, which can be considered direct
evidence for a “pedal bin” mechanism [18]. The binding of an extracellular substance
(peptide) leads to a conformational change that causes disruption of the N-terminal Ton
box on the periplasmatic side of the plug domain, making it accessible for interaction with
TonB (an inner membrane protein complex). The resulting disruption of the plug domain,
in turn, allows the formation of a transport channel to the periplasmatic space that enables
translocation of the substrate (Figure 1). Hence, the binding of a peptide to RagAB causes
the lid to close and the complex to enter into a transport state. The disrupted state of
the Ton box can therefore be considered a signal that ensures that only substrate-loaded
transporters form productive complexes with TonB [18].
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Figure 1. Schematic illustration of the function of RagAB (modified after [18]).

Substantial structural similarities of RagB with the B. thetaiotaomicron SusD and Tan-
nerella forsythia (T. forsythia, T.f.) NanU (neuraminate uptake system) have already been
confirmed. Since the crystal structure of RagB that has been determined shows puta-
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tive saccharide-binding sites on the molecular surface, as well as bound monosaccha-
rides [10,18,20], it was originally assumed that RagB (together with RagA) is involved in
sugar binding and uptake. Although P.g. is an asaccharolytic bacterium, this does not mean
that it does not require sugar intake. The uptake of saccharides is also necessary for reasons
other than energy acquisition—for example, for capsule formation or self-glycosylation of
proteins [10,14]. However, analysis of the combined RagAB complex indicated that RagAB
is actually a dynamic oligopeptide “acquisition machine” located at the outer membrane,
with considerable substrate selectivity, essential for peptide uptake by Pg. and effective con-
sumption of proteinaceous nutrients [10,18]. Nagano et al. [12] constructed mutants lacking
one—or both—of these two genes (ragA, ragB, or ragAB) and showed that double-deletion
mutants lacked both RagA and RagB, while mutants lacking ragA showed significantly
reduced RagB expression and mutants lacking ragB produced only degraded RagA. All
mutants grew normally in a nutrient-rich medium and medium containing already di-
gested protein. In a medium containing undigested native protein, growth of the mutants
lacking ragA and ragAB was significantly slower because P.g. had to metabolize them first
to meet nutritional requirements; however, the amounts and activities of gingipains were
unaltered. The authors therefore assumed that mutants lacking RagA and RagB may not be
able to take up larger peptides and thus need more time to grow in a medium containing
native protein, since smaller peptides must first become available through digestion by
the proteases. This confirmed the assumption that cell-surface-associated RagA and RagB
are involved in the transport of macromolecules, such as protein-degradation products
(peptides), so that strains/mutants lacking these surface molecules grow more slowly due
to the lower substrate supply [7,11,21]. This transport is selective, as only certain peptides
bind to RagAB and are transported through the outer membrane [18].

RagA, and RagB in particular, are immunodominant antigens [21-23]. Early studies
have already shown that the IgG response to RagB (determined by serum antibody detec-
tion) was higher in adults with periodontitis than in healthy controls [10,21]. More recent
studies have also found a strong systemic RagB-recognizing antibody response in individ-
uals with periodontitis [10,22,23]. In vitro studies exposing human inflammatory cells to
purified RagB revealed that the expression of several genes encoding pro-inflammatory me-
diators in monocytes (such as IL-1«, IL-1§3, IL-6, and IL-8) was induced in a dose-dependent
manner. RagB thus appears to act as a pro-inflammatory mediator. RagB mutants, on the
other hand, appear to have a lower inflammatory capacity in comparison with wild-type Pg.
W83 [10,24]. RagB may therefore play an important role in the etiology of P.g.-associated
periodontal inflammation [10]. Indeed, expression profiles of RagAB appear to be related
to periodontal pocket depth, with increasing expression in deeper pockets [10,14,16], and
there seems to be a clear correlation between rag gene transcripts in gingival crevicular
fluid and clinical indices of periodontitis [10,25].

Sequence analysis of the 7agAB genes and flanking regions led to the conclusion that the
genetic locus was acquired by horizontal gene transfer and that the genetic characteristics
of the locus correspond to a pathogenicity island [14]. Thus, the rag locus has a low G+C
content of 41% in comparison with the G+C content of the whole genome of P.g., which,
with its 2,343,479 bp, has an average G+C content of 48.3% [26]. In addition, the locus is
flanked by insertion sequences, elements that may have influenced the original acquisition,
also indicating a different “foreign” species as the source [14]. The presence of these atypical
islands raises the question of how they got there and which unknown microorganism is
the “foreign” source of these genes. Studies have shown that more than 40% of the protein
sequences encoded in these regions show high homology to proteins of B. thetaiotaomicron,
an enteric commensal [27,28]. Furthermore, it is conceivable that a gram-negative oral
anaerobe acted as a mediator in the transmission [28]. In particular, the close and constant
spatial relationships in dental plaque may provide favorable conditions for the transfer of
conjugative transposons through cell-to-cell contact [28-30]. Thus, the DNA uptake ability
has been shown to increase when bacteria are arranged in plaque-like biofilms [28,31-33].
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However, further research is needed to fully understand the interactions between
RagAB and the host immune response [10]. Additionally, a number of studies suggest
that the rag locus may be a suitable therapeutic target for P.g.-associated diseases. Since
RagB dominates the P.g. antibody response in humans and is an important virulence factor,
it has been considered an attractive potential vaccine target. Interestingly, besides RagB,
other TonB-dependent outer-membrane receptors have also been investigated as potential
vaccine targets for a variety of bacteria [10,34-36]. The aim of this study was to determine
the prevalence of the virulence-gene PG0186 (lipoprotein-gene ragB in its most virulent
variant, ragB-1) in diverse Porphyromonas gingivalis strains collected worldwide. In addition,
the exact sequence of a section of the ragB-1 gene of the different strains was evaluated and
a phylogenetic classification made by means of sequence alignment.

2. Results

In total, 22 of the 138 P.g. strains tested positive, which corresponds to a prevalence
of 16%. An overview of all ragB-1-positive strains, providing the OMI and other strain
numbers used before, as well as their origin (host, year of isolation, and country), is shown
in Table 1. The ragB-1 sequence from OMI 629 (W83) precisely matched the previously
published sequence of W83 [37]. However, we found that the primers used did not cover
the complete ragB-1 gene but instead only a section/fragment of 436 bp long (Figure 2), as
the complete ragB-1 gene comprises 1056 bp.

Table 1. Overview of all P. gingivalis/ P. gulae strains (22 out of 138, 16%) that tested positive for the

ragB-1 gene.

Strain (OMI) Species Original Code Origin Species  Isolation Year Country
629 P. gingivalis W83 Human 1991 Bonn, Germany
1049 P. gingivalis AJW5 (VAG 5) Human 1991 Buffalo, NY, USA
1051 P. gingivalis 22KN6-12 Human Tokushima, Japan
1060 P. gingivalis/qulae OMG 1426 Monkey 1989 Florida, USA
1053 P. gingivalis RB22D-1 Human Quebec, Canada
1068 P. gingivalis 213Pg2 Human 1994 Indonesia
1071 P. gingivalis ATCC49417, RB22D Human 1993 Quebec, Canada
1072 P. gingivalis/qulae 1-433 Monkey 1989 Florida, USA
1074 P. gingivalis 7B5 Human Quebec, Canada
1078 P. gingivalis 84Pgl-a Human 1994 Indonesia
1079 P. gingivalis 83Pgl-a Human 1994 Indonesia
1081 P. gingivalis/gulae 1-372 Monkey 1989 Florida, USA
1084 P. gingivalis 81Pgl-a Human 1994 Indonesia
1087 P. gingivalis 122Pgl-a Human 1994 Indonesia
1101 P. gingivalis 83Pgl-b Human 2002 Indonesia
1108 P. gingivalis 81Pgl-b Human 2002 Indonesia
1112 P. gingivalis A 7436 Human Georgia, USA
1117 P. gingivalis Wi2 Human Alabama, USA
1120 P. gingivalis 13]JC Human Rennes, France
1122 P. gingivalis 17-5 Human Minneapolis, MN, USA
1125 P. gingivalis 122Pg1-b Human 2002 Indonesia
1127 P. gingivalis 84Pgl-b Human 2002 Indonesia

Four ragB-1 strains are persisting in patients (81, 83, 84, 122) from 1994 (a) to 2002 (b).
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RagB
(PGO186) N\

AGCAGGTAAGGATATAAAATATAATCCGAGCGCAGTCCCTTTCCAATGGGTAGTGGATCTTTATGAAAACGAAGATTTCCGCAAATCCGTATATATCGCGAAA
GTTGTGAAAAAGGATAAGGGGTATTTAGTAAATAAATTCCTTGAGGACAAGGCTTATCGTGATGTTCAGGATAAGCCAAACCTTAAAGTCGGAGCTCGTTATT
TTAGCGTTGCTGAGGTCTACTTAATTTTGGTAGAGTCTGCTCTTCAGACTGGAGATACCCCAACAGCCGAAAAATATCTCAAGGCTTTGAGTAAAGCTCGTGG
AGCAGAAGTTTCAGTCGTTAATATGGAAGCACTGCAAGCAGAGCGTACGCGTGAGCTTATAGH
CCTAATAATCATGATGCTTTTGAGACTCAGCCTGGTTTAGAAGGTTTTGCAAATACTACTCCTTTGAAAGCTCAAGCTCCTGTAGGCTTTTATGCATATACTTG
GGAGTTCCCACAGCGAGATCGACAAACTAATCCGCAGTTAATAAAGAACTGGCCGATATAA

Figure 2. Nucleotide sequence of the ragB-1 gene of P. gingivalis W83 [37]. The part of the ragB-1 gene
sequenced in the present study is highlighted in yellow, and the primer sequences are highlighted
in red.

The sequence of the DNA segment examined in this study proved to be highly con-
served. Overall, variations (point mutations, PMs) within the base sequence were only
detected in three strains: OMI 1072, OMI 1081 (both six PMs), and OMI 1074 (a single PM).
Figure 3 shows the individual base variations with the respective positions of the corre-
sponding chromatograms. OMI 1072 and OMI 1081 showed the same six base variations
and at exactly the same positions, while OMI 1074 showed only a single altered base at a
completely different position. Strain OMI 629 (W83) served as a reference at the top.

1) OMI 629 (WB3) 6 [Eoe c [ ¢ cc ciEc
2) OMI 1072 (-433) ... & cc c cc . c . e e e - ccTAcC c
3) OMI 1081 (1-372) c cC IC cc c cC cc ce e ci
4) OMI 1074 (785) (4 [Gicic A < cc cc| cc clrac
30 0 100 130 ' 200 230 240 20 2
1) OMI 629 (W83) CAGTCCCTTT TAGT[GIGATC CCGTATATAT AGGATAAGGGG GCCAAACCTTAA TGAGGTCTACTT TTAATTITIGG
e by elond el v Y el
50 0 100 130 ) 200 130 o SO 240
2) OMI 1072 (1-433) CAGTIECCTTT TAGTGGATC CCGTCTATAT AGGACAAGG GG eccaslccTTAA TGAGGCCTACTT TTAATCTTGG
o A%} oonellnfin DAAANS /Wi AAAAANM Al A
31 70 100 130 150 200 230 A 240
3) OMI 1081 (1372) CAGTCCTTT TAGTGIGATC CCGTCTATAT AGGACAAGG GG GCCAAGCCTTAA TGAGGECTACTT TTAATCTTGG
AN waellason A, A, AAAN A an PRV A TYAT
50 70 100 30 ) 200 30 240 20 i
4) OMI 1074 (785) CAGTCCCTTT TAGTHRGATC CCGTATATAT AGGATAAGGGO GCCAAACCTTAA TGAGGTCTACTT TTAATETTGG
LV oSy DAANMA 2eManafian ANAMANNY AN PARAAAA 2N

Figure 3. Shown are ragB-1 variations (outlined in yellow) limited to three P. gingivalis strains
(OMI 1072, OMI 1081, and OMI 1074). OMI 1072 and OMI 1081 showed the same six base variations
at exactly the same positions, while OMI 1074 showed only a single altered base, at a completely
different position. Strain OMI 629 (W83) served as a reference.

With regard to the translated amino-acid sequence, four out of six of the PMs detected
in OMI 1072 and OMI 1081, as well as the one in OMI 1074, were found to be synonymous
mutations, thus with no change in the resulting amino-acid sequence. The remaining
two PMs detected in OMI 1072 and OMI 1081 lead, however, to the following changes
in the amino-acid sequence: alanine was changed to valine (both nonpolar/hydrophobic
amino acids) and serine changed to asparagine (both polar/neutral amino acids). The gene
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1) OMI 629 (W83)
2) OMI 1072 (1-433)
3) OMI 1081 (1-372)
4) OMI 1074 (785)

1) OMI 629 (wa3)

regions affected by the point mutations and the resulting amino-acid sequence are shown
in Figure 4.

2) OMI 1072 (1-433)

3) OMI 1081 (1-372)

4) OMI 1074 (785)

Figure 4. Amino-acid sequences corresponding to alterations found in ragB-1. Four of the point
mutations detected in OMI 1072 and OMI 1081, as well as the one in OMI 1074, did not cause any
change in the resulting amino-acid sequence (synonymous mutations, framed in red). Only two of
the point mutations in OMI 1072 and OMI 1081 lead to changes in the translated amino-acid sequence
(framed in yellow). Here, alanine was translated instead of valine (both nonpolar/hydrophobic
amino acids) and serine was translated instead of asparagine (both polar/neutral amino acids), all
conservative (neutral) mutations with no or little effect on RagB functionality.

The neighbor-joining (NJ) phylogenetic tree (Figure 5) shows a close relationship
among all strains that tested positive for ragB-1, except for OMI 1072 (original name: 1-433)
and OMI 1081 (original name: I-372). These two strains originate from monkeys and were
originally classified as P.g. However, in 2001, they were re-classified by Fournier et al. [38]
as P. gulae, which is an animal P. gingivalis-like biotype. Interestingly, unlike human P.g.
strains, these two P. gulae strains are catalase-positive [38].

OMI 1053 (RB22D-1) - Canada

JOMI 1125 (122Pg1-b) (2002) - Indonesia
OMI 1087 (122Pg1-a) (1994) - Indonesia
OMI 1084 (81Pg1-3) (1994) - Indonesia
OMI 1112 (A 7436) - USA

OMI 1101 (83Pg1-b) (2002) - Indonesia
OMI 1117 (W12) - USA

OMI 1068 (213Pg2) (1994) - Indonesia
OMI 1049 (AJWS (VAG 5)) - USA

OMI 1051 (22KN6-12) - Japan

OMI 1071 (ATCC49417, RB22D) - Canada
OMI 1078 (84Pg1-a) (1994) - Indonesia

OMI 1074 (7B5) - Canada

OMI 1079 (83Pg1-a) (1994) - Indonesia
OMI 629 (W83) - Germany

OMI 1060 (OMG 1426) - USA

OMI 1108 (81Pg1-b) (2002) - Indonesia
OMI 1120 (13JC) - France

OMI 1122 (17-5) - USA

OMI 1127 (84Pg1-b) (2002) - Indonesia

r OMI 1072 (I-433) - USA

| omi 1081 (-372) - USA

—_

0.0010
Figure 5. The NJ phylogenetic tree calculated on the basis of 436 bp of ragB-1 shows identity between

all strains, except for OMI 1074 (7B5), OMI 1072 (1-433), and OMI 1081 (I-372), the latter two being
P. gulae strains from monkeys (program Mega 11, version 11.0.13).
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As an expected result of a standard protein BLAST (blastp), the entire sequence of
the RagB-1 of P.g. W83 showed an analogy to the RagB-/SusD-family nutrient-uptake
outer-membrane proteins. It particularly featured a significant analogy to the SusD of
B. thetaiotaomicron, a TonB-dependent receptor.

Comparison with previously published 3D structural data for RagB-1 [20] shows that
the part of RagB-1 investigated in this study (positions 319 to 413) represents part of one of
the protein inserts (insert C) and o-helices nos. 12 to 15 [37].

3. Materials and Methods

A total of 138 P.g. strains available in the strain collection and genome database of
the Division of Oral Microbiology and Immunology at RWTH Aachen University Hospital
were analyzed for the presence of the lipoprotein-gene ragB-1 by pooled analysis and later
single PCRs, and the results were visualized by gel electrophoresis. Since only a small
number of ragB-1-positive strains was expected, the 138 P.g. strains were first examined
in a pooled test procedure, for which the DNA of 10 strains each was pooled. After these
pooled PCRs, the strains of each pool that tested positive for ragB-1 were individually
retested for the presence of the ragB-1 locus. PCRs were performed using a PG0186 primer
set (PG0186-F 5" GACTCTTGCTCGTTTACTG 3’ and PG0186-R 5" ACGCAAACGACTAC-
CCTCA 3’ [8], synthesized by TIB MOLBIOL Syntheselabor GmbH, Berlin, Germany).
After all strains containing a ragB-1 locus had been identified, the PCR amplicons were
purified (NucleoSpin® Gel and PCR Clean-up set, Macherey-Nagel GmbH & Co. KG,
Diiren, Germany) and sent for DNA sequencing to a service laboratory (LightRun Tube
Sequencing Service, Eurofins Genomics Sequencing GmbH, Cologne, Germany). Ampli-
cons were sequenced using the forward primer or both forward and reverse primers and
were then assembled into contigs using the Sequence Alignment Editor (BioEdit Sequence
Alignment Editor version 7.2.5, Ibis Biosciences, Carlsbad, CA, USA [39,40]). Subsequently,
sequence alignment was performed using the MEGA11 program (MEGA11: Molecular
Evolutionary Genetics Analysis, version 11 [41]), and a phylogenetic tree (“Construct/Test
Neighbor-Joining Tree”) was created from the individual base sequences of all strains that
tested positive for the ragB-1 gene. To evaluate sequence homologies with other known
proteins, the standard protein BLAST (blastp) of the National Center for Biotechnology
Information (NCBI) was used [37].

4. Discussion

In the present study, 22 of 138 P.g. strains tested were positive for the presence of
ragB-1, corresponding to a prevalence of 16%. This is consistent with previous findings
that the rag locus has four variants and that the most virulent variant, ragB-1, is present
in only a proportion of strains and clinical isolates [14]. Frandsen et al. [8] reported that
the ragB(-1) locus was found in 13% of strains examined. This percentage is lower than the
prevalence of 26% reported for ragAB-1 in a study by Hall et al. among 168 isolates [7].

However, studies on the prevalence of the ragB gene should be interpreted with
caution. For example, in the present study, only part of the ragB(-1) gene (436 bp) could
be examined, as mentioned in the original publication [8]. In turn, different studies have
described other primers that were used for the investigation of ragB and also examined
only part of the ragB(-1) gene—which differed, however, from the part examined in the
present study. For example, studies by Dolgilevich et al. and Bunte et al. [42,43] used
primer pairs that allowed amplification of an upstream part of the ragB(-1) gene that was
432 bp long. In fact, the actual ragB(-1) gene is 1056 bp long in total, and only a part is
covered by established primer pairs [37].

Because prevalence has been investigated on the basis of amplification of different
parts of the ragB gene, the validity of the results of existing studies on the actual prevalence
of the ragB gene is limited. Earlier analyses suggest that only a subset of P.g. strains contain
the rag locus [8,14,44], but more-recent whole-genome sequencing clearly shows that the
ragAB operon is present in probably all strains and clinical isolates analyzed to date. In
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2005, Hall et al. [7] demonstrated that there are actually four different variants or alleles of
the rag locus (rag-1 to rag-4) (Figure 6), with rag-1 representing the most virulent variant
found in W50 and W83, rag-2 representing the locus with strain A011/9 as a reference,
rag-3 representing the locus of strain QM220 as a reference, and rag-4 representing the
locus of type strain ATCC 33277. This is particularly important, as rag-2, rag-3, and rag-4
have frequently been detected in isolates lacking rag-1 [7,43]. Each of these alleles appears
to be common in the population of P.g. and is not restricted to a specific geographical
region [7]. In a study of 23 Pg. strains investigated, rag-2 and rag-4 were the most prevalent
alleles [45], while Hall et al. [7] found that rag-1 was the second most common allele among
168 clinical isolates. In total, 26% of these were carriers of rag-1, 36% of rag-2, 25% of rag-3,
and 14% of rag-4. The presence of different alleles of the rag locus also leads to the question
of whether certain alleles are associated with different clinical manifestations. In particular,
rag-1 appears to be associated with deep periodontal pockets. Strains shown to be more
virulent in mouse models have also been shown to more likely carry rag-1 than other
alleles [7,46]. In another study, rag-3 and rag-4 were the predominant genotypes in patients
with orthodontic gingivitis and mild-to-moderate forms of periodontitis [25]. The different
variants of ragB share only 43-56% of amino acids, which explains why the primers used
are i) allele-specific and ii) designed on the most-conserved internal sequences, leading
to only partial gene amplification [7]. In a previously published study, it was reported
that primer efficiency across all gene polymorphisms of ragAB for clinical isolates may be
impaired [43]. Considering that there are four different variants of rag [7], it is even more
difficult to draw conclusions about the overall prevalence of ragB or different alleles from

the currently available data.
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Figure 6. Amino-acid sequences of the different variants of RagB (types 1 to 4), as published by
Hall et al., 2005 [7]. The relatively small part of RagB-1 investigated in the present study is outlined
in red.
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In view of the highly variable pathogenicity of P. gingivalis in general and ragB in
particular, studies on the prevalence of the most virulent variant ragB-1 are particularly
important. The question remains of what function the conserved RagB-1 protein fragment
has. In comparison with previously published 3D structural data for RagB [20,37], the
sequence amplified in this study (positions 319 to 413) appears to represent part of one of
the protein inserts (insert C) and o-helices nos. 12 to 15 of RagB-1.

Whether different RagB sequence variants contribute to functional variation remains
to be investigated. A new hypothesis based on studies by Madej et al. [18] suggests that
different RagABs enable P.g. strains to feed on different peptides produced during the
degradation of host proteins [10,18]. The authors showed that the ligand-binding site
of RagB-1 has an acidic character, which suggests that W83 preferentially takes up basic
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peptides. Interestingly, this acidic loop (99DEDE(;) is absent in several RagB orthologs,
including Rag-2 and Rag-4 [18], but is also found in a truncated form (9g9DED;1) in RagB-3.
Studies have shown that the growth of strains with different RagAB variants is identical
on rich medium, whereas on minimal medium with bovine serum albumin (BSA) as the
sole carbon source, robust growth was only observed for W83 (RagAB-1), whereas ATCC
33277 (RagAB-4) only grew slowly in contrast [7,18]. In the study by Madej et al. [18], an
ATCC 33277 strain was constructed in which ragAB-4 (or solely ragB-4) was replaced by
ragAB-1 (or solely ragB-1) from W83. Remarkably, replacement resulted in robust growth of
ATCC 33277 on BSA. These results are significant: First, they confirm that the RagAB type
does influence the growth of P. gingivalis on extracellular protein-derived oligopeptides.
They suggest, secondly, that different RagB lipoproteins can form functional complexes
with the same RagA transporter and, thirdly, that RagB appears to determine the substrate
specificity of the complex.

In addition, the question remains open of where exactly the substrate receptor of the
RagAB complex is located. The fact that studies have shown that one and the same RagA
protein can bind and transport different substrates by recombination with different RagB
“lids” [18] suggests that the substrate specificity of the RagAB complex is determined by
RagB. It therefore seems plausible that the “receptor” for this transport is also encoded by
the ragB gene. Goulas et al. [20] reported that, in most TPRPs, ligand binding occurs at the
concave solenoid surface, whereas in B. thetaiotaomicron, the inserts form the binding site.
These inserts differ significantly in sequence and trajectory, which contributes to B. thetaio-
taomicron having a rather flexible binding site that facilitates binding to oligosaccharide
molecules by recognizing the overall 3D shape, rather than the exact composition of the
individual monosaccharides [20,47,48].

Because of the sequence homology to SusD of B. thetaiotaomicron, which is involved in
saccharide uptake, and because RagB of P. gingivalis has putative saccharide-binding sites
as well, it was originally assumed that its function included saccharide transport [10,14].
However, large differences in inserts A, B, and C indicate that the glycan-binding site of
SusD is missing in RagB [20]. Goulas et al. [20] also draw parallels to NanU, where, due
to significant differences in the regions shaping the sugar-binding site in SusD, the sialic
acid-binding site is still unknown [20,49]. Since studies have now shown that RagAB is
indeed a transport system for proteinaceous nutrients [18], the question remains as to why
these saccharide-binding sites and bound monosaccharides are present on the RagB protein.
Originally, this protein may have served as a saccharide transporter and, after transfer
to P.g., gradually converted into a protein transporter, with the saccharide-binding sites
remaining as a “remnant” on the surface. Of course, the process could also have taken
place in reverse, with the protein complex, originally used as a peptide transporter, being
gradually converted into a saccharide transporter after acquisition by B. thetaiotaomicron. In
conclusion here, however, the question of the origin or remaining function of the saccharide-
binding sites and the bound monosaccharides on the surface of RagB remains unanswered.

The genes of the rag locus are part of the core genome of P.g. but have been reported
to be highly variable between strains [43,50]. Nevertheless, the part of the ragB-1 gene
examined in this study was found to be remarkably conserved, and if mutations occurred,
they were either synonymous (possibly silent) or at least neutral. On the basis of this high
conservation of the section of the ragB-1 gene examined, it can be assumed to be particularly
important. The only two strains with non-synonymous mutations, originally classified as
P.g., were identified as P. gulae by Fournier et al. in 2001 [38] and are isolates from monkeys.
Thus, P. gulae is an animal biotype of P. gingivalis and—unlike human Pg. strains—these
two strains are catalase-positive.

Since the virulent ragB-1 type is also found in animals, it can be speculated i) that
ragAB-1 was probably transferred from animals to humans, ii) that this probably occurred
by a gum infection, and iii) that the virulent variant was weakened (tamed) by mutations
over time so that new, less virulent, adapted commensal versions of r1agAB, and thus P.g.,
have evolved. Further studies are needed in order to elucidate the origin and significance

35



Antibiotics 2023, 12, 1458

of the ragAB locus and its variants, potentially useful as a diagnostic or prognostic marker
for P.g.-associated periodontitis, and to establish a correlation between structural and
functional differences.

5. Conclusions

A total of 22 of the 138 P.g. strains investigated in this study tested positive for a
436 bp conserved virulence-associated fragment of ragB-1, which corresponds to a preva-
lence of 16%. Variations in the base sequence were only detected in three strains (OMI
1072, OMI 1081, and OMI 1074). In addition, these variations were either synonymous
or neutral. From this high conservation, it can be assumed that this section of the ragB-1
gene must code for an essential function. Since the virulent ragB-1 type is also found in
animals, we speculate that ragAB-1 was probably transferred from P. gulae animal strains
to P. gingivalis human strains by horizontal gene transfer (as similarly demonstrated for
the fimA locus encoding P. gingivalis long fimbrial stalk protein [51]) and that this origi-
nally virulent variant became less virulent by mutations over time as a prerequisite for
commensalistic coexistence.
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Abstract: Therapeutic light has been increasingly used in clinical dentistry for surgical ablation,
disinfection, bio-stimulation, reduction in inflammation, and promotion of wound healing. Photo-
dynamic therapy (PDT), a type of phototherapy, has been used to selectively destroy tumor cells.
Antimicrobial PDT (a-PDT) is used to inactivate causative bacteria in infectious oral diseases, such as
periodontitis. Several studies have reported that this minimally invasive technique has favorable
therapeutic outcomes with a low probability of adverse effects. PDT is based on the photochemical
reaction between light, a photosensitizer, and oxygen, which affects its efficacy. Low-power lasers
have been predominantly used in phototherapy for periodontal treatments, while light-emitting
diodes (LEDs) have received considerable attention as a novel light source in recent years. LEDs can
emit broad wavelengths of light, from infrared to ultraviolet, and the lower directivity of LED light
appears to be suitable for plaque control over large and complex surfaces. In addition, LED devices
are small, lightweight, and less expensive than lasers. Although limited evidence exists on LED-based
a-PDT for periodontitis, a-PDT using red or blue LED light could be effective in attenuating bacteria
associated with periodontal diseases. LEDs have the potential to provide a new direction for light
therapy in periodontics.

Keywords: phototherapy; antimicrobial photodynamic therapy; periodontal disease; light-emitting
diode

1. Introduction

Optical technology has been used in medicine for examining, diagnosing, and treating
patients. Particularly in current dental treatments, it has various applications, such as
surgical ablation, disinfection, bio-stimulation, suppression of inflammatory responses,
and promotion of wound healing (Figure 1) [1]. Compared with conventional mechanical
therapies, phototherapy, a minimally invasive treatment method, has the advantage of
reducing pain, discomfort, and tissue damage. It also accelerates wound healing, thereby
improving the quality of life. Antimicrobial photodynamic therapy (a-PDT) is a modern
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form of phototherapy, which has garnered attention as a new therapeutic method for
eradicating oral bacterial infections, and its application in periodontal treatment has been
investigated [2,3]. a-PDT has been predominantly performed using lasers for the treatment
of periodontal infections, and its adjunctive effect when combined with non-surgical pe-
riodontal debridement has also been evaluated. Light-emitting diodes (LEDs) have been
used as a new light source for a-PDT, and the number of studies on a-PDT using LEDs has
increased in recent years. This review presents an overview of the light application in peri-
odontal treatments and describes the potential application of different wavelengths of LED
as a new light source in a-PDT/phototherapy for the management of periodontal diseases.

Photosurgical therapy
- photoablation
Photobiomodulation therapy - photocoagulation Photodynamic therapy
- ana.lgesia - anti-tumor
- anti-inflammatory/ - anti-microbial
immunomodulation - immunomodulation

- tissue repair/regeneration

Figure 1. Various therapeutic effects obtained with the application of light.

2. Periodontal Diseases

Periodontal disease is an inflammatory condition affecting the periodontium, which
leads to the destruction of periodontal tissues and eventual tooth loss. Approximately
1.1 billion individuals worldwide are reportedly affected by severe periodontal disease [4].
Recent epidemiological, clinical, and animal model studies have suggested a possible link
between periodontal disease and various systemic diseases, such as diabetes and cardiovas-
cular disease. Preventing and controlling periodontal disease is essential for maintaining
oral and systemic health [5-7]. Although various environmental factors and systemic
conditions may be involved in the onset and progression of diseases, bacterial plaque is
generally considered the primary etiological factor. Mechanical instrumentation is consid-
ered in initial periodontal therapy for eliminating plaque and calculus deposits. However,
conventional mechanical therapy may not entirely eliminate these etiologic factors in ar-
eas with limited access, such as deep pockets and complicated root surfaces. Antibiotic
and antiseptic chemotherapies have limited efficacy against dental plaque residing as a
biofilm [8,9], and the emergence of antibiotic-resistant bacteria is concerning [10,11].

3. Phototherapy in Periodontics

Optical technology is widely used for treating oral diseases, especially in the field of
periodontics. Lasers, a monochromatic collimated beam of light, which can be concentrated
into powerful energy beams within a narrow range, have been used as light sources for pho-
totherapy in periodontics. High-power laser devices have been used to selectively cut hard
and soft tissues and further remove diseased tissues. In particular, erbium-doped yttrium
aluminum garnet (Er:YAG) laser is used to remove calculus in periodontal therapy [12,13];
the laser irradiation enables minimally invasive debridement and neutralization of diseased
root surfaces. Photobiomodulation (PBM) uses low-power laser irradiation to trigger pho-
tophysical and photochemical reactions in host cells, resulting in beneficial physiological
changes. Several studies have demonstrated the ability of PBM to promote rapid wound
healing and alleviate pain at diseased sites [14-16]. Photodynamic therapy (PDT), which
uses light and light-activatable photosensitizers, has garnered significant interest in recent
years, with an increase in the number of basic and clinical studies on PDT.

PDT was originally developed as a treatment technique for cancers in various organs
and age-related maculopathy [17,18]. PDT uses a specific wavelength of light to irradiate
an area after administering a photosensitive substance, which has an affinity for the target
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tumor cells. The application of light excites the substance, and this process triggers the
production of reactive oxygen species (ROS), leading to the destruction of the lesioned
tissue. On the other hand, PDT used specifically to eradicate bacteria is known as “antimi-
crobial photodynamic therapy (a-PDT)”. a-PDT has been used for the neutralization of
harmful substances resulting from bacterial adherence to the root surfaces [19,20]. In vitro
treatment with a-PDT potently and functionally inactivates inflammatory mediators, such
as tumor necrosis factor (TNF)-« and interleukin (IL)-13, which can impair periodontal
restoration; thus, photochemical reactions from a-PDT may have the potential to enhance
periodontal treatment [20]. The use of a-PDT has raised concerns regarding adverse effects
on host cells. However, the light intensity used for bacterial elimination or suppression
is below the toxicity limit of the host cell. Moreover, the light used during a-PDT exerts
photobiological effects on the surrounding tissues, thereby providing important benefits
for the periodontal healing process [1]. Although the mechanism is still debated, irradiated
light reduces inflammation by regulating immunocompetent cells and supports the healing
of periodontal tissues [21-29].

a-PDT is useful for sites, which are difficult to access with mechanical instruments.
Several clinical studies have examined the effectiveness of a-PDT as an adjunctive therapy
after conventional mechanical debridement of periodontal disease. Diode lasers have been
used as light sources for a-PDT in the majority of studies. However, the discrepancies in
the application conditions of a-PDT across studies have led to some researchers reporting
inconsistent results, which limit the proven effectiveness of the adjunct use of a-PDT in
the treatment of periodontal disease [30-32]. A 2021 systematic review by Moro et al. [33]
evaluated 22 studies, which used a-PDT as an adjunctive therapy to scaling and root
planing (SRP) with a 3-month follow-up. The results showed that the combination of a-PDT
and SRP led to a significant increase in the clinical attachment level (CAL) and a decrease
in the periodontal probing depth (PD) compared with those of SRP alone. They also found
that the clinical efficacy of a-PDT was high when indocyanine green or high-concentration
phenothiazine chloride was used as the photosensitizer. The beneficial effects of a-PDT
also include reducing periodontopathic bacteria and improving clinical parameters [2].

Laser devices have been used as light sources in phototherapy for periodontal treat-
ments. However, the activation of the photosensitizers used in a-PDT does not necessarily
require high power light of lasers, and studies employing LEDs as light sources have
increased in recent years. Similar to lasers, LEDs can be applied using a fiber-type tip to
effectively irradiate anatomically complex areas, such as deep periodontal pockets. The
lower directivity of LED light compared with that of lasers enables the irradiation of large
and complicated surfaces using a flashlight-type device. Furthermore, LED devices are
small, lightweight, and less expensive than lasers, making the production of home-use LED
products for daily plaque control easier.

4. Antimicrobial Effects of Various Wavelengths of LEDs

LED devices can output wavelengths of light in the ultraviolet (UV), visible, and
infrared regions. Several major periodontopathic bacteria possess endogenous photosen-
sitizers, which are inactivated by the wavelength of LED light irradiation alone [34-36].
However, more than 700 bacterial species reside in the oral cavity, and the combined use of
LED lights and photosensitizers is necessary to exert an antibacterial effect against various
micro-organisms in clinical practice. The antibacterial effect of a-PDT is influenced by
several factors, such as the dose and type of photosensitizer, wavelength and irradiance
of light, and oxygen content in the irradiation field. A higher antibacterial effect can be
expected when the wavelength of the irradiation light matches the absorption wavelength
of the photosensitizer. Most photosensitizers can adhere to both bacteria and periodontal
tissues and exhibit toxicity to the bacteria even in the absence of light [37]. The clinical
application of a-PDT in periodontal treatment requires high antibacterial effects to be
accompanied by minimal damage to host cells. The number of clinical studies investigating
antibacterial phototherapy using LEDs is substantially lower than that of studies using
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lasers; however, in vitro studies examining the antibacterial effects of various wavelengths
of LED lights with and without the use of photosensitizers have been reported increasingly.

4.1. Search Strategy

An electronic search of PubMed /MEDLINE, Cochrane Central Register of Controlled
Trials (CENTRAL), and Web of Science databases was conducted for studies in March
2023. The search was limited to literature published in English. Literature searches in
these databases were performed using the following terms: (“periodontal diseases” OR
“periodontitis” OR “gingivitis” OR “periodontics” OR “periodontal”) AND (“light-emitting
diode” OR “light emitting diode” OR “LED”) AND (“phototherapy” OR “photodynamic”
OR “photodynamic therapy” OR “antimicrobial photodynamic therapy” OR “antibacterial
photodynamic therapy” OR “a-PDT” OR “PDT”). An additional manual search of the
references listed in all the included articles was conducted to identify further possible
articles. The literature resulting from the search was screened by the authors first on the
basis of titles and abstracts, and subsequently, on the basis of full texts. Particularly in
clinical studies, the full-length articles of studies were evaluated in detail for inclusion in
this review, and case reports/series, studies investigating the effect of LED light irradiation
alone without photosensitizer, and studies targeting the treatment of peri-implant disease
were excluded. Data extracted from the clinical research papers using LED-based a-PDT
listed in Table 1 included publication information, study design, sample size, photosen-
sitizer type/concentration, irradiation parameters and regimen, investigated parameters,
and follow-up period.

4.2. Red Light/Infrared Light

The use of red light as an excitation light in a-PDT for periodontitis has been studied ex-
tensively. Phenothiazine-based photosensitizers, such as toluidine blue and methylene blue,
show absorption peaks around 600-700 nm and are frequently used in combination with
red light in a-PDT for periodontal diseases. The increased proportion of Gram-negative
anaerobic bacteria in the dysbiotic microbiota of the diseased sites in the periodontium
and the relatively small molecular weight and structural cationic charge of these photo-
sensitizers facilitate easy penetration into the outer membrane of both Gram-negative and
Gram-positive bacteria with a high affinity.

Red/infrared diode laser was used as the light source for a-PDT with blue dye ini-
tially, and its antibacterial effect against Gram-negative periodontopathic bacteria, such
as Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans, has been demon-
strated in vitro. Additional studies using red/infrared LED light have been conducted to
confirm their efficacy [38,39]. Commercially available laser devices specifically designed
for a-PDT in dental treatment were released before LEDs, and most clinical studies have
used diode lasers. The clinical efficacy of a-PDT using red or near-infrared laser light
with blue dye as an adjunctive therapy to mechanical debridement has been evaluated
during the non-surgical and supportive phases of periodontal therapy. Wavelengths of
660 or 810 nm (radiant exposure: 0.6 to 1414.7 ] /cm?) were used with photosensitizers
in these studies, and additional beneficial effects on clinical parameters and a reduction
in the bacteriological burden were observed [2]. It has also been shown to be effective in
combination with mechanical debridement during periodontal surgery [40].

42



Antibiotics 2023, 12, 1676

‘ApyueoyTudIs Jou Jnq yuawujean; yuean(pe
I9}je PIdNpaI SeM P, pue S JO UORZIUO[OII Y], o

(H/SN) d49S *(07) 43S
(qa001 12d) 9 x “(39>p00d oyj aprSul) S O W UOHEIPLLI]

, 2lqeaedwod aom sdnoid ﬁob:o\u pue UIW | :3WT UOLIeqNOUT I9ZI}ISU9SOIOY ] LD “pnow-jridg ﬁmi\.mwow
3s9) 93 g ‘sdnoid yjoq ur umoys a1am (JOg “1VD (Twi /3 £71) gL + ( - “wu ggo) N (07) SHIUOPOLId ®3
‘ad) swoyowered [eorurp ur sjuowarordwr juedyudl e 1 £ 4L+ (S1davd "M™ 054 §€9) dd'1 o : ordeurfesnyy

stpuout ¢ :dn-moqoy e (H/SM) 43S
«(02) Lad-e + 434S
‘'sdnoid ayy usamiaq ]
Ppa10939p sem ey jo Aypuenb oY) Ur DUSIDHIP ON e 43S :91) d¥S
‘jusurjea) Jo sypuowt ¢ 1eye dnoid Jyg (39300d 2y ap1sino) s 0T + (SPISUT) S O] :DWI} UOTJRIPLLI] ynow-ndg [e¥] 9102
ayy ur yeyy 03 paredwod dnoid [ J-e + 1S 93 ur UIW | W1 UOT}eqnOUl I9ZI}ISUISOIOYJ GC. D “Te3e
uoas sem JOg ur jusuraoxduwr 1oyeaid Apuedoyudly e GIN + (gueso1oq ‘Wit §z9) AH1 + IS moxInd
‘Syjuowr ¢ “mmSugO:Onﬁ ° AOﬁv 1dad-e + I3dS
(H/sn) 495 :(16) J¥S
(Twr/3uw 1°0) gL + (H/SN) S (06) Sd + IS
(o0 12d) 9x “(39300d a3 ap1sIN0) S 0T + (SPISuUT) S O]
. 2DWIT) UOTJeTpeLI]
auore Jy¥S 03 paredwod , ,
(Id 'dOg “1VD ‘Ad) sieewered [edmur)d uo s1oajye aftesoiod "gHio/ M 000z " mmoﬁlmw g mv_m5+
[eUOTPPE MOYS JOU PIp (JH'] SUISN UOTJRAT}OROIOYJ e “ G%Dmmm wwwm ynow-ydg (%] €102
‘193] sAep §T pue / pajeadar o1 dDd “[e 10 nisseq
AIOM (S 10 ‘AT ‘LAd-t) syuaunjean} saApUNpy e (ypooy 12d) 9x “(30300d oy opIsINo) s o1 + (PISur) s O
sypuowt ¢ :dn-mofjo e 2DWIT) UOTJeTpeII]
POqLIdSIP JOU W) UOT)eqnIUT I9ZIISUdSOI0Y ]
(Twr/3w 1°0) gL+
(Ues0104 “Zuwd / MW 000T ‘WU 6£9-629) AT+
(H/sn) ¥
“(611) LAd-® + d¥S
ugrsaq Apms
sSurpury POPIAOLJ JUdUIIEIIT, s O
dn-mogrog (say1s :u) sdnorn syuedpnreg Apnig

‘spyruopotrad jo jusunear) ayy ut Aderay) orwreudpojoyd ferqorormue paseq-(Jq JO SSIPNIS [edTUI[D) T d[qeL

43



Antibiotics 2023, 12, 1676

0-INL pue

‘9111 ‘811 SUrpnppur ‘saunjo3fd 1O JO S[PAS] Ay Ut

UOT}ONPaI [RUOIPPE JI9JJ0 J0U PIP (I J-t 2AndUn(py °
‘dn-moroy yyuowr-9 oy je

(H/SN) 295 :(9¢) JIs »

T X 91/s (g 19wl uonerpely

I1D¥ ‘pmow-rds

yuedyruSis 198U0] OU 2I9M SIIUSIDJJIP 9} “TOAIMOH] PoqHOSOP JoU oWy uogeqnout HwNEmc@mﬁosm H%m Surmp ) [9%] £10C
‘dnoi8 s ay3 03 pareduwos dnoi8 1qd-e + IS (Twr/8wr 1°0) 41+  SI0d [ENPISod [e 32 4oH
U} UT PaAISSO 219M YY) PUe ([ Ut sjuswaordur (@\res0304 “7wd / MW 000F—000T WU 0F9-029) AT+ {(£7) snnuopord g
19)ea1d ApuedyTudis ‘Juawujearn) I0)e SYJUOW ¢}y @ . (H/sn) d49S
‘stpuowt 9 :dn-moqoy e (9¢) Lad-e+dds e
-dnoig s oy 03 paredurod (H) 43S (0€) 7IS ~ ®
dnoi8 1 -t ay3 ur paAIasqo arom errajoeq xo[duwod (oo} 12d) 7x ‘(195p0d sy apIsur) s O] + (3PISINO) S O] —
pai jo suonzodoxd aapear ur suononpar Y3 e Ui} uonerpe.r] 1dS Sutm Lsv] vioc
‘dnoi3 ddS o ut ueyy dnoi3 1qd-e oy UTW | :9UWIH} UOHRNOUL I9ZI}ISUISOI0Y ] spospod ﬁms?mmvm “Te 3o
ur 1981y Sem W Z< JO uononpai (IJ e Surmoys (Twr/8ux 1°0) I + ((,ULSOI0 ;1D / MUT 000T ‘U §29) (T T+ ( v rurpreSuon
SOJIS JO I2qUINU SYj “JUSW}eaI] U} I9Je oM U e (1) S -(0€) IO
Spam 1 idn-mojiog e (09) LAd-e +ddS e
(H/Sn) 434S (609) JdS ~ ®
dOd uim (w9 < (d) seys deap Aqrenur dS 15
UT SUJUOW 9 J© PIAIDSqO AJUTEW SeM J09JJd STY], sypuow ¢ pue sfep / payeadar arom suonedsrdde 1 g
"duore JYS 03 paredurod (39300d ayj opISINO) S (T + (SPISUT) S OE—(T :OWI} UOTJRTPRLI] 1Y “pnow-rdg Tui\mﬁom
(dOg pue ) 2wodno qys pasorduur Auesyrusis UTWI | W UOHeqnoUl I9ZjISUasojoy ] (87) sumuopoLag ¥
IS Wim 11 d-e jo uopeordde pajeadoy e (Tw/Sw 10) g1+ ” . ayPnowIeH
‘sypuowt 9 :dn-mof[og ° ( @UEs030 ;U / W 00T ‘WU GE9-G79) Ad 1+
(H/sn) d¥S
'(6£6) LAd-e+dIS  ®
sSurpurg PapIAOI] JudULedI], usisaq Apmis
dn-morrog (sa1§ :u) sdnoin 1) IOURIFIY
: syjuedpnreg Apnis

U0 "1 3qeL

44



Antibiotics 2023, 12, 1676

"PIN[F Te[NDTIASID TeAISUIS 11 D)D) “Wj0o1Udp viauodal] ‘P L ‘VIpauLiajul v]jj002.d

1 “SparSuls sououiofiydiod ‘3 J ‘Wnivaganu wniiajopqosng (U ‘SUnjIoda3a0 AU 12300q1p82.488Y ey “Xopul [eardurd o) “xapurt anberd :1 g “Surqoid uo Surpasiq
:JOg “U01ssada1 [eAISULS D) ‘[9A9] JuDUIE)IE TedtuI 1y qdep Surqoid :qJ ‘urwumdind D) ‘Onjq duIpmoy g, ‘onjq SUS[AyIouw g ‘@porp Sumrua-3ySi|
A1 ‘19znisussojoyd :gJ ‘Aderay orureudpojoyd [erqoorumnue 1 (-t “Surfeds sruosenn :gn “3urpess puey ;[ “Suruerd joox 3urpedss : 13§ ‘sunuoporiad dtuoryd 11D

“eyep aurfeseq
03 uostredwod ut syjuow ¢ je sdnoid (g pue
1Ad-e a3 ut A[uo punoj sem ureS Ty juedoyudig e
‘'sdn-morjoy
uow-9 pue ‘~¢ ‘aurfaseq je sdnoid mojy ayj Suowre
TDHIP 30U PIP [d PUe JOF ‘¥ “TVD ‘dd 0§ sanfea
ueow ) “19AdMOY ‘sdNoId Jusuryear) [[e ur UMoys
aram JOg pue (J ut sjudurorordwr juedogrudlg e
‘sypuowt 9 :dn-mofog e

“UOT}ENTEAD [eUlj 3} UI PaPN[OUL dI9M SIS ()67 ATUO Inq
’$3)1S ZEE JO T30} B UT pawIoyiad a1om San[epou JUSW}eal],

(H/SN) 39S :(46) JIS  ®

(Tw/8w 1°0) YND + (H/SN) LIS :(£9) Sd + IS~ ®
(39300d 2y 9pISINo) S ()9 :PWI) UOHRTPRLI]
uonN[Os dUIes TW T M uoredruy
(NeDU[ “;wd / pur 00T “Wu 685—G9%) AT+
(H/sn) 13S
08)@d1+duS e

(39300d 2y 9pISINo) S ()9 PWI) UOHRTPRLI]
U [ 10§ 1D YHm uoneSruy
(T /3w
1°0) ¥ND + (NeDUJ “;ud / MW 00T ‘Wi 685-69%) AT+
(H/sn) 49S
(88) 1Ad-e+ S

LY ‘ynow-jridg
LdS Surmp
syoypod enpisay
(€20

INA ¢ 2d& yim gD

[8¥] 610C
“Te 30 edeueay

‘uonjeInp Apnjs aam-9 ayj} noy3nomny
$3)IS I (1 UO LId)Oe(] 3SaY) JO UOT}RZIUO[0d3T
juedyTudIs ou sem a1ay) a[rym ‘dnoid g
3} UI PAIOA0DDI 3I9M IJ pue uf jo sapnuenbay e
*dnoid Qs oy ur yoam e AJuo 19)je paAIdsqo sem
d u1 uononpai yuedyIudis e 4seruod uy ‘dn-morjog
JO S[9am 3anoj ay} 03 dn pam 3s11y a3 woiy
uostreduwod dnox3enur oy} ur paAIdsqo arem Ty
pue (qJ ul suononpai juedyrudis ‘dnoid qJ-eaypuy e
'syPam 9 :dn-mofo] e

(H/SN) 39S (1) 985 »

300} 1ad (39300d a3 apIsSur) urwr g :9uIr UOTjeIpeLI]
(AToyerpauruur pajerperr) auou
19U} UOTeqndUl JI9ZIHISUIS0}0YJ
(8w /31 g7) 93 YN+
(WD / MU 00ZT-0001 ‘Wi 08F—0¢¥) AT+
(H/sn) 13I8
(21 1dd-e+JIs e

1O¥ ‘pnow-jrds
(T1) snuopord g

[£¥] 020T
““Te 39 99puLIOH

sSurpury
dn-morrog

popraoig jusurjeaiy,
(oS :u) sdnoin

ugrsaq Apms

(1)
syjuedpnre g Apnis

CRIVERCIE) ] |

U0 "1 3[qeL

45



Antibiotics 2023, 12, 1676

Conversely, a limited number of clinical studies have been conducted on a-PDT
utilizing red LED light (Table 1). Most of these studies employed commercially available
red LED devices (peak wavelength of 620-640 nm, 2000 mW /cm?) with photosensitizers
and similar irradiation conditions [20 ] /cm?/site x 2 from inside and outside the pocket,
applying toluidine blue (0.1 mg/mL) prior to irradiation] and have demonstrated the
efficacy of a-PDT as an adjunct to conventional mechanical treatment. However, several
studies have reported conflicting results. For instance, Bassir et al. [41] examined the
efficacy of LED-based a-PDT combined with conventional debridement in 16 patients with
moderate-to-severe periodontitis and reported no additional benefits of a-PDT for the
clinical outcomes compared with SRP alone. The discrepancies in the results may be due
to differences in patient characteristics and a-PDT procedures (e.g., application time of
photosensitizers and irradiation technique).

The morphology of the roots to which the bacteria are attached is complex. Periodontal
pockets become deeper as periodontal disease progresses, making it increasingly difficult
to align the light port with the target area even when a fiber-type tip is used. Red light is
on the long-wavelength side of visible light and penetrates the gingiva to a greater extent.
The penetration depth of light at the wavelength of 660 nm, which is commonly used in
a-PDT, is approximately 3.0-3.5 mm [49]. Although light energy is attenuated as it passes
through the gingiva [50,51], red light can act on the bacteria in the pockets, even when
irradiated from the gingival surface. Transgingival irradiation facilitates easier and faster
treatment without the insertion of the light into the periodontal pocket. In a study using a
diode laser, Sasaki et al. [52] used a gingival model created using beef slices to determine
the feasibility of transgingival a-PDT. They reported that a combination of indocyanine
green-encapsulated nanoparticles (final concentration: 10 mg/mL) and infrared light from
a diode laser (810 nm, 960-4800 J /cm?) had an antimicrobial effect even with transgingival
irradiation. Schar et al. [53] evaluated the clinical effects of transgingival irradiation with
red diode laser light [670 nm, 39 or 58 ] /cm? (single root tooth or molar)] and 1% methylene
blue after SRP in periodontal pockets of patients with stage II-IIl periodontitis. They
found that compared with the control group, the test group showed a significant reduction
in bleeding on probing (BOP) and a trend toward improvement in PD and CAL after
treatment. Compared with lasers, LED light is more suitable for irradiating a relatively
wide area of the gingiva. The authors [54] also showed that a-PDT with red LED light
(660 nm, 1.1 W/cm?, 20 s/site) and toluidine blue (1 mg/mL) inhibited plaque formation.
Wide-area irradiation using LEDs is easy to implement and can be applied for plaque
control (Figure 2).

4.3. Blue Light

Short-wavelength lights, such as blue light, lack the ability to penetrate deeply into
tissues; thus, they cannot be used as light sources for PDT, which targets tissues deep in the
human body. However, fiber-shaped tips have enabled the direct irradiation of periodontal
pockets, making it possible to apply short-wavelength light for a-PDT in periodontal
treatment and supportive care. Blue light can be generated by diodes or argon lasers and
has been used in clinical dentistry for bleaching and curing resins. However, the equipment
cost limits its widespread use. In contrast, blue LED devices are less expensive than laser
devices and are now widely used to cure resin materials used for restoring dental caries.
Research on the benefits of blue LED light with the aim of applying it to phototherapy
is ongoing.

Curcumin (maximum absorption wavelength: 425 nm), riboflavin (266 nm, 373 nm,
445 nm), rose bengal (550 nm), erythrosine (530 nm), and sinoporphyrin sodium (366 nm)
have been used as photosensitizers in a-PDT using third-generation blue LED light [55].
The antibacterial effect of a-PDT in combination with blue LEDs and the aforementioned
photosensitizers has been demonstrated in vitro on periodontal bacteria commonly found
in patients with periodontitis, such as A. actinomycetemcomitans, Campylobacter rectus, Fu-
sobacterium nucleatum, Parvimonas micra, P. gingivalis, Tannerella forsythia, Prevotella intermedia,
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and Streptococcus gordonii [56-65]. In addition, the antibacterial activity of blue light irradia-
tion alone has been demonstrated against some oral bacteria (Figure 3) [36,66-71], further
MRSA, and novel coronavirus [72,73]. Black-pigmented bacteria, including P. gingivalis
and P. intermedia, which are commonly associated with periodontal diseases, degrade
hemoglobin to derive heme, and endogenous porphyrin is produced when the bacteria
further acquire iron from heme [74]. The importance of porphyrins in the antimicrobial
action of blue light has been suggested [74]; irradiated blue light reacts with endogenous
porphyrin as a photosensitizer, leading to the production of ROSs, which efficiently and
selectively kill bacteria [3,34,57,68,75]. This characteristic could have clinical advantages,
as blue light exposure without a photosensitizer suppresses only the growth of periodontal
pathogenic bacteria possessing endogenous porphyrin while simultaneously minimizing
the impact on the natural microbiome. Masson-Meyers et al. [76] compared the antibacterial
effects of 405 nm LED and 405 nm diode laser irradiation with the same amount of energy
against Staphylococcus aureus and reported that both light therapies significantly suppressed
bacterial growth and that the differences between the two light sources did not affect the
results. Although the phases of LED light are not aligned with those of laser light, the
total energy may have a greater influence on the outcome in terms of antibacterial efficacy.
Blue light is more readily absorbed by the human mucosal tissue than red light [49], and
excessive exposure to high-power blue light can cause tissue damage. Therefore, it is
necessary to carefully consider the irradiation conditions for clinical use, although direct
irradiation of the pocket can minimize the effect on host cells, which is advantageous from
a safety standpoint.

Figure 2. Suppression of dental plaque formation after antimicrobial photodynamic therapy (a-
PDT) (red light-emitting diode (LED)/toluidine blue). Dental plaque was removed from tooth
surfaces (a); toluidine blue O (1 mg/mL) was gently applied (b). After washing, red LED (660 nm,
1.1 W/cm?) was focused on the tooth surfaces (c). Suppression of plaque formation on the a-PDT
group teeth (d) could be confirmed compared to the control teeth (e). Figure from Ichinose-Tsuno, A
et al. Antimicrobial photodynamic therapy suppresses dental plaque formation in healthy adults: a
randomized controlled clinical trial. BMC Oral Health 2014, 14, 152. CC-BY 4.0 [14].
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Figure 3. Effect of blue light-emitting diode (LED) (BL) in combination with graded rose bengal (RB).
Fresh Porphyromonas gingivalis suspension was mixed with RB (the final concentrations were 0.16, 1.6,
16, and 160 pg/mL, respectively) and irradiated with 30 J/ cm? BL. Bacterial suspensions treated with
chlorhexidine gluconate (CHG) or other a-PDT [a combination of toluidine blue (TB) and red LED
(RL) irradiation] were employed as the positive controls. After the treatment, each suspension was
plated and incubated on brucella agar plates, and the numbers of colony-forming units (CFU) were
determined. a-PDT using BL and RB showed a high antibacterial effect against periodontopathic
bacteria in vitro. ** p < 0.001, *** p < 0.0001 (vs. Control). * p < 0.05, # p < 0.001, ## p < 0.0001.
Figure from Chui, C et al. Antimicrobial effect of photodynamic therapy using high-power blue
light-emitting diode and red-dye agent on Porphyromonas gingivalis. | Periodontal Res 2013, 48, (6),
696-705. © Copyright (2013) John Wiley & Sons A/S. DOI: 10.1111/jre.12055 [36].

Only a few clinical studies have evaluated the effects of a-PDT using blue LED (Table 1).
Hormdee et al. [47] investigated the efficacy of a-PDT using blue LED and Curcuma longa
extract as adjuncts to SRP in the treatment of patients with moderate chronic periodontitis.
The application of Curcuma longa gel (concentration: 25 ng/mg) after SRP followed by
irradiation of the pockets with blue LED (16.8 J/cm?) led to a significant improvement
in PD and BOP at 4 weeks after treatment. The number of periodontopathic bacteria (F.
nucleatum and P. intermedia) was also significantly suppressed after treatment. The probing
depth decreased significantly one week after treatment in the control group; however,
recurrence of the periodontal pocket with recolonization of periodontopathic bacteria was
observed thereafter. Ivanaga et al. [48] investigated the clinical efficacy of a-PDT with
curcumin solution (concentration: 0.1 g/L) and blue LED light (465-485 nm, 7.69 J/ cm?,
irradiated outside of the pockets) as adjunctive therapy to SRP in residual pockets after
periodontal therapy in patients with periodontal disease and type 2 diabetes. A reduction
in PD and BOP positivity rates was observed in the SRP-only and a-PDT combined groups
after treatment. However, significant CAL gain was observed only in the a-PDT combined
group at three months in comparison to baseline data. Aratjo et al. [77] used a mouthwash
containing a curcumin solution (concentration: 1.5 g/L) and irradiated the mouths of
13 volunteers with blue LED (450 nm, 20.1 J/cm?, irradiated the oral cavity by inserted
light source) to determine the effectiveness of a-PDT for routine oral hygiene purposes.
They examined the quantity of bacteria in the saliva before and after treatment and reported
that a-PDT using curcumin mouthwash and blue LED significantly reduced the bacteria
(68.3%), whereas the use of mouthwash alone did not result in an effective reduction in
bacteria (9%). Ricci Donato et al. [78] instructed 50 volunteers to rinse with one of two
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photosensitizers (curcumin or a hematoporphyrin derivative). Light illumination (blue
light at 450 nm for curcumin and red light at 630 nm for the hematoporphyrin derivative;
irradiance: <100 W/cm? for 6 min) was performed using a LED device. The results showed
a significant reduction in the number of bacteria in the saliva after both photodynamic
treatments; a reduction was observed even after 24 h of treatment in the curcumin + blue
light group. Genina et al. [79] investigated the efficacy of a toothbrush equipped with a
blue light-emitting function (405-420 nm, 2 mW/cm?) as a daily means of suppressing the
progression of periodontal disease. Sixty participants with mild-to-moderate gingivitis
were randomly divided into two groups (blue LED-emitting toothbrushes and regular
toothbrushes). A reduction in the accumulation of dental plaque and gingival inflammation
was observed in both groups after using the toothbrushes for one month; however, the
efficiency (improvement in clinical indices) of brushing was significantly higher in the LED
toothbrush group than in the control group.

Only a limited number of clinical studies have been conducted on a-PDT using blue
LEDs, and there is heterogeneity in study designs. Thus, it is difficult to determine its
clinical efficacy at present; however, many ongoing studies have suggested a growing
potential for the clinical application of blue light.

4.4. Green/Yellow Light

Rose bengal (4,5,6,7-tetrachloro-2’,4’,5',77-tetraiodofluorescein, RB) is present as a
pigment in plaque-disclosing agents used in dentistry. a-PDT combined with RB as the
photosensitizer and blue LED light (425-470 nm) exhibits high antibacterial activity against
P. gingivalis in vitro (Figure 3) [58]. The maximum absorption wavelength of RB is ap-
proximately 550 nm. Therefore, Kitanaka et al. [80] investigated the antibacterial effects
of a-PDT using a new combination of yellow-green LED light (565 nm) and RB against
P. gingivalis in vitro. The results showed that a-PDT with yellow-green LED (8.56 ] /cm?)
and RB showed higher antibacterial activity against P. gingivalis than a-PDT with blue
LED light (470 nm, 8.56 J/cm?) and RB. In addition, morphological changes suggesting
leakage of bacterial contents were observed under a scanning electron microscope within a
short period of time after a-PDT; no subsequent bacterial growth was observed (Figure 4).
These results suggest that a-PDT with RB and yellow-green LED resulted in the physical
destruction of the bacterial cell wall and high bactericidal activity. Green light has also
been reported to have photobiomodulatory effects on osteoblasts and bone cells and has
attracted considerable attention [81]. However, to the best of our knowledge, the effects of
a-PDT using green or yellow-green wavelengths of light have not been clinically evaluated
in dentistry, and this area of research is expected to progress in the future.

4.5. UV Light

The peak of light absorption for DNA is at 260 nm. UVC (200-280 nm) and UVB
(280-320 nm) can induce the formation of pyrimidine-pyrimidone (6-4) photoproducts or
cyclobutane-type pyrimidine dimers, which damage DNA [82-84]. The bactericidal effect
of UV light on oral bacteria is thought to be mediated via a similar mechanism. In vitro
studies have shown that UV-LED light has a bactericidal effect against oral bacteria, such
as F. nucleatum, P. gingivalis, S. mutans, and S. sanguinis [85,86]. The antibacterial action
of UV light alone (without the use of a photosensitizer) was evaluated in these studies
(Figure 5). UVC-LED showed a strong bactericidal effect; however, high cytotoxicity was
demonstrated in a cell viability test using gingival fibroblasts [86]. UVB-LED exhibited
a weaker bactericidal effect on oral bacteria than UVC-LED; however, it showed lower
cytotoxicity to gingival epithelial cells. UVB-LED may induce the production of ROS from
oral epithelial cells and enhance bactericidal activity against specific periodontopathic
bacteria, such as P. gingivalis [85]. These results suggest that UVB-LED can also be used to
control infections in the oral cavity.
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Figure 4. Antibacterial effects of a-PDT (rose bengal (RB) plus yellow-green light-emitting diode
(LED) (YGL)) on Porphyromonas gingivalis (Pg). Pg suspension was mixed with RB and irradiated
with YGL or BL for 20 s (8.56 J/cm?) in vitro. (a) Antimicrobial photodynamic therapy (a-PDT)
treatment employing RB + YGL significantly decreased viable bacteria as compared to RB + BL.
(b) Morphological change in Pg was noticeable after a-PDT treatment (RB and YGL). (c) After the
treatment with RB + BL, the Pg growth was inhibited temporarily and then increased to a plateau.
In contrast, a dramatic reduction in Pg growth rate in the RB + YGL group was observed up to
6 h, finally reaching the lowest plateau. * p < 0.05, *** p < 0.001. Figure from Kitanaka, Y et al.
The effect of antimicrobial photodynamic therapy using yellow-green LED and rose bengal on
Porphyromonas gingivalis. Photodiagnosis Photodyn Ther 2020, 32, 102033. © Copyright (2020) Elsevier.
DOI: 10.1016/j.pdpdt.2020.102033 [80].
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Figure 5. Effect of ultraviolet (UV) and blue light-emitting diode (LED) light on Porphyromonas gingi-
valis (Pg) and human gingival fibroblasts. (a) Growth of Pg after anaerobic irradiation (600 mJ/ cm?)
with UV and blue LED light. Pg irradiated at 265 or 285 nm showed little growth over 24 h, while a
slight growth increase was observed with 310 nm irradiation. (b) Crystal violet staining images of
human gingival fibroblasts 24 h after UV-LED irradiation. (c) Viability of human gingival fibroblasts
24 h after UV-LED irradiations. Oral antiseptic agents [3% H,O; (20 s) and 0.025% benzalkonium
chloride (BKC) (20 s)] and phosphate-buffered saline (PBS) were used as controls. Irradiation with
UVB light (265 or 285 nm, 60 s) completely devitalized HGF-1. Irradiation at 310 nm reduced via-
bility by 30% after 24 h, whereas irradiations at 365 and 448 nm resulted in no significant reduction
compared with control group. * p < 0.05 (vs. Control), # p < 0.05 (vs. H,O,, BKC, 265, and 285 nm
groups), $ p < 0.05. Figure from Aung, N et al. The effects of ultraviolet light-emitting diodes with
different wavelengths on periodontopathic bacteria in vitro. Photobiomodul Photomed Laser Surg 2019,
37, (5), 288-297. © Copyright (2019) Mary Ann Liebert, Inc. DOI: 10.1089/photob.2018.4514 [86].

Narrow-band (NB)-UVB light, the specific wavelength around 310 nm with a narrow
peak, has already been used to treat skin diseases—including psoriasis, vitiligo vulgaris,
and atopic eczema—in dermatology. NB-UVB has fewer side effects on the host than
broad-band-UVB light [87-89] and has been reported to upregulate regulatory T cells [90].
The immunosuppressive effects of NB-UVB may also be preferable for the treatment of
periodontitis [91-94]. However, at present, few studies have investigated the application of
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UVB-LED light in a-PDT or phototherapy for periodontal treatments, and the efficacy and
safety should be carefully investigated through in vitro and clinical trials before applying
it in clinical practice. UVB-induced immunosuppression may facilitate oral microbial
infection. Over-irradiation with UVB light can cause damage to oral tissues and increase
the risk of oral cancer [95,96].

5. Future Perspectives and Conclusions

Mechanical debridement at the site of infection remains the gold standard of treatment
for periodontal diseases. However, phototherapy may be a useful adjunct to conven-
tional therapy in anatomically complex areas and areas with limited access. a-PDT is a
minimally invasive and virtually painless treatment, which does not produce antibiotic-
resistant bacteria.

Although the irradiance of LEDs is generally low compared with that of lasers, a
certain low threshold of light energy may be sufficient to induce bactericidal effects using
a-PDT. LEDs generally have a low heat output; however, when used at high irradiance
during treatment, the excessive heat generated by LEDs causes discomfort to patients.
Moreover, there is a possibility of phototoxicity to neighboring tissues, which are part of
the irradiation field. Therefore, further in vitro, in vivo, and clinical studies are required to
determine the optimal irradiance, irradiation time, and other aspects to ensure the safety
and effectiveness of LED phototherapy. To promote the clinical application of LED-based
a-PDT, it is necessary to perform in vitro experiments under standardized irradiation
conditions and establish recommended a-PDT protocols, which are presumed to be highly
effective based on basic research data.

The wavelength of the irradiated light should be matched with the wavelength, which
can be absorbed by the photosensitizer, particularly when performing a-PDT. LEDs pro-
duce light with various peak wavelengths within a narrow bandwidth. Thus, LEDs can
provide light at an optimal wavelength for any photosensitizer (including endogenous
photosensitizers in the pathogenic bacterial cells) used in phototherapy. However, simply
increasing the dose of light or the concentration of a photosensitizer may not improve the
effect of a-PDT [97,98]. Photochemical reactions and the characteristics of photosensitizers
(i.e., the toxicity of the photosensitizer itself) also affect the results of a-PDT. A higher con-
centration of the dye can cause dimerization or multimerization of the photosensitizer and
shift the absorption wavelength peak of the dye. The mismatch between the wavelengths
of the light and the photosensitizer limits the production of ROS, resulting in attenuation
of the antibacterial effect of a-PDT. At present, no consensus exists on the optimal setting of
photosensitizers in a-PDT in periodontal practice (i.e., concentration, incubation time, etc.).
Indeed, various concentrations of photosensitizers have been used for periodontal treat-
ment of a-PDT (i.e., methylene blue: 0.005-1%; toluidine blue: 0.1-0.5%; and indocyanine
green: 0.025-0.5%) [2]. Meanwhile, in most of the previous studies, the incubation time of
the photosensitizers was set to 1 min, and the antibacterial efficacy of a-PDT was evaluated.
A longer incubation time would increase the amounts of photosensitizers on the bacterial
cells, resulting in strong antibacterial effects. However, the cytotoxicity of photosensitizers
themselves has also been demonstrated in in vitro studies, and the incubation period would
preferably be the minimum time required for the photosensitizers to be deposited on the
target bacteria. Further in vitro and clinical studies should be conducted to determine this.

Inflammatory periodontal destruction is caused by dysbiotic polymicrobial communi-
ties, and at least 30-100 species are generally identified from a single periodontal pocket [99].
Recent research on the periodontal microbiota has clarified how the interactions between
specialized community members determine an emergent overall function, which promotes
or destabilizes periodontal tissue homeostasis. For example, although they are present in
low numbers, keystone pathogens contribute to the emergence of dysbiotic microbiota by
subverting the host immune response [100]. The appropriate wavelength of light, char-
acteristics of the photosensitizer, and dose of light required to kill the bacteria vary with
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the species, and it may be necessary to determine the species or specific group of bacteria,
which will be the therapeutic target of a-PDT.

Increasing the bactericidal effect is not the only way to enhance the therapeutic effi-
cacy of a-PDT. Some wavelengths of light can activate host cells; this is known as PBM
therapy [101-103]. The combination of multiple narrow wavelengths and intensities of
LED light may be used as a new light source with high antibacterial properties and low
toxicity to host cells, thereby increasing the effectiveness of periodontal treatment [104]. In
addition, concurrent mechanical debridement of plaque biofilms and dental calculus will
increase the effectiveness of a-PDT in treating periodontal disease. Bacteria surrounded by
a biofilm matrix are less active and can withstand starvation and other harsh conditions. It
is difficult for photosensitizers to penetrate biofilms, and in vitro studies have reported that
biofilm-formed bacteria are more resistant to a-PDT than planktonic bacteria [35,105-107].
Although clinical validation is required, repeated application of a-PDT may also be effec-
tive [108,109].

The number of clinical trials using LED-based a-PDT for periodontitis is limited.
Moreover, there is also heterogeneity in the study designs, which makes it difficult to
compare their results. Nevertheless, previous research suggests that a-PDT using red
or blue LED light appears effective in attenuating bacteria associated with periodontal
diseases. Further randomized controlled trials with a standardized application protocol
should be conducted to promote the clinical use of LED-based a-PDT. Progress in this
research will increase the precision and reliability of these therapies in periodontal practice.
LED devices have attractive features, which lasers do not possess. Thus, LEDs have the
potential to provide a new direction for light therapy in periodontics.
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Abstract: Successful bacterial inactivation or elimination is essential for successful outcomes in
endodontics. This study investigated the efficacy of a calcium hydroxide paste (Ca(OH),) as a
temporary medical dressing for 1 week after chemomechanical root canal treatment (CMRCT).
Microbiological samples from 26 patients were collected after endodontic emergency treatment
as follows: (1) removal of the provisional filling material; (2) CMRCT; (3) irrigation with sodium
hypochlorite I (3%); (4) medicinal insertion of Ca(OH),; and (5) irrigation with sodium hypochlorite
II (3%). A microbiological examination was carried out after the specimens had been taken from
the root canals via saline and sterile paper points. CMRCT resulted in a significant reduction in
total bacterial load (TBL) in the root canal (p < 0.05). Additional irrigation (3) resulted in a further
significant reduction in TBL (p < 0.05). In contrast, Ca(OH), medication did not prevent the bacterial
load from returning to the previous level immediately after CMRCT, but did not increase above that
level either (p < 0.05). However, the increase in TBL was significant (p < 0.05) in comparison with the
disinfection groups (I/II). Administration of Ca(OH), for 1 week shows that in combination with an
additional disinfection procedure, an increase in TBL must be expected, but not above the level of
conditions after CMRCT.

Keywords: calcium hydroxide; endodontics; bacterial reduction; medicaments; disinfection

1. Introduction

Infection of the pulp complex can have many causes. Caries, trauma, or periodontitis,
for example, are all associated with colonization of the root canal system, primarily with
bacteria and fungi from the oral microbiome. Ultimately, bacterial penetration in most
cases unavoidably leads to inflammation of the pulp or the periapical complex. Treatment
then involves initiating chemomechanical root canal treatment, including medicinal treat-
ment [1]. This is because effective microbial elimination is essential as part of systematic
endodontic therapy, as failures in root canal treatment can usually be attributed to insuffi-
cient microbial reduction. Root canal irrigation, as the first step, is an essential part of this
stage of treatment, since mechanical preparation of the root canals alone does not usually
lead to sufficient microbial elimination. In contrast, chemomechanical preparation with
adjunctive disinfection methods can eliminate more than 92% of the microorganisms in the
endodont [2,3]. In addition to conventional rinsing solutions such as sodium hypochlorite
and other adjuvant disinfection methods such as ultrasonic or laser systems, medicinal
pastes temporarily applied to the root canal also have an important role to play. Among
other things, they are considered to have a germ-inactivating or germ-eliminating effect.

Antibiotics 2023, 12, 1663. https:/ /doi.org/10.3390/antibiotics12121663 59 https://www.mdpi.com/journal/antibiotics



Antibiotics 2023, 12, 1663

One of these, calcium hydroxide, a widely used medication in endodontics, promises a
bactericidal effect due to its high pH value and the release of hydroxyl ions, with only
slight limitations on its effectiveness [4-6]. In vitro and in vivo studies have been published
that demonstrate the effect in relation to different end points. Above all, microbiological
tests—depending on the number of medicinal inserts and different previous disinfection
protocols—show that calcium hydroxide pastes may be very effective [7,8]. In this context,
other studies have underlined the importance of previously used disinfection measures in
relation to residual bacteria in the root canal [9,10] and the resulting outcome [11]. How-
ever, microbial elimination never seems to be fully achieved, since even supplementary
medicinal dressings with calcium hydroxide can only achieve almost complete sterility in
97% of cases, so that absolute sterility cannot be guaranteed in any case to date [12,13].

Against this background, the present in vivo study aimed to test a calcium hydroxide
paste preparation on an aqueous basis with a pH of >12.5 and a calcium hydroxide content
of 45% for its effectiveness in the context of root canal treatment. The study investigated the
calcium hydroxide paste as a temporary root canal dressing after prior chemomechanical
preparation in relation to the bacterial count reduction it achieved over a period of 1 week,
testing the hypothesis that applying the dressing for a period of 1 week further reduces, or
at least maintains at that level, the bacterial count achieved after disinfection.

2. Results

Table 1 and Figure 1 present the results for the microbiological and molecular biological
samples collected (1 = 26). At the start of the study (Baseline), a median value of 1.63 x 10°
CFU (min. 1.11 x 10* max. 1.49 x 107, IQR 1.60 x 10°) was observed.

Table 1. Total bacterial load in CFU/mL in the study groups at the different time points for sam-
ple collection.

Root Canal Medication

Baseline Treatment Disinfection I 7d) Disinfection II
Mean 9.05 x 10° 1.65 x 10° 512 x 10* 3.34 x 10° 1.02 x 10°
Standard Deviation 2.99 x 10° 433 x 10° 8.53 x 10* 1.18 x 100 3.35 x 10°
Median 1.63 x 10° 5.26 x 10* 2.78 x 10* 6.76 x 10* 1.68 x 104
Minimum 1.11 x 10* 8.81 x 102 1.98 x 102 2.80 x 103 1.89 x 102
Maximum 1.49 x 107 2.26 x 10° 418 x 10° 6.07 x 10° 1.71 x 100
Interquartile Range 1.60 x 10° 1.14 x 10° 3.05 x 10* 7.78 x 10* 2.99 x 104
n 26 26 26 26 26

However, a statistically significant difference was noted after chemomechanical root
canal preparation (Root Canal Preparation), with a median value of 5.26 x 10* CFU
(min. 8.81 x 102, max. 2.26 x 10°, IQR 1.14 x 10°; p < 0.05).

After subsequent disinfection in accordance with the study protocol, a further statisti-
cally significant reduction in bacteria was observed (Disinfection I), with a median value of
2.78 x 10* CFU (min. 1.98 x 10%, max. 4.18 x 10°, IQR 3.05 x 10%; p < 0.05).

Temporary root canal obturation with a calcium hydroxide paste [Medication (7d)]
showed a median value of 6.76 x 10* CFU (min. 2.80 x 103, max. 6.07 x 10°, IQR
7.78 x 10*) and did not prevent the bacterial count from rising back to the level immediately
after chemomechanical treatment (Root Canal Treatment), although there was no increase
above that level. However, there was a statistically significant difference from subsequent
disinfection before temporary calcium hydroxide medication (p < 0.05).

The second disinfection measure (Disinfection II), with a median value of 1.68 x 10*
CFU (min. 1.89 x 102, max. 1.71 x 10°, IQR 2.99 x 10*) before gutta-percha obtura-
tion, again led to a statistically significant reduction in the total bacterial load (TBL) in
comparison with (Medication (7d)) (p < 0.05).
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Individual bacterial species were detected in our study, but only inconsistently. Af-
ter consultation with the microbiology laboratory, TBL was therefore used as the main
parameter for analysis.
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Figure 1. Box plot diagram for the total bacterial load (TBL) in the different groups; the same lower-
case letters indicate no statistically significant differences (p > 0.05) between groups; mild outliners: °
and extreme outliners: *.

3. Materials and Methods

The present study was approved by the Ethics Committee (reference number 016/1749)
and be carried out in full compliance with the current ethical principles (World Medical
Association Declaration of Helsinki, version VI, 2002) at the Department of Operative Den-
tistry and Endodontology, University of Marburg, Germany. According to the diagnosis,
clinical symptoms, and radiographic findings, teeth with suspected irreversible pulpitis
were included, whereas teeth with suspected pulp necrosis were excluded. In addition,
subjects had to be at least 18 years of age and had not received antibiotic treatment in the
previous 6 months. Pregnancy, previous endodontic treatment of the tooth in concern, or a
defect in the context of a periodontal-endodontic lesion were also considered as exclusion
criteria. All 26 patients who fit the profile of the study according to the inclusion and
exclusion criteria had previously given their consent to participate in the study.

3.1. Treatment Procedure

The initial endodontic emergency treatment of the study participants included, if
necessary, restoration of the affected tooth with an adequate pre-endodontic composite
restoration to ensure a suitable initial situation for further treatment. This then consisted
of the isolation of the tooth with a rubber dam, the preparation of an access cavity, its
irrigation with 3% sodium hypochlorite (5 mL), and an application of a calcium hydroxide
paste (Calcicur; Voco GmbH, Cuxhaven, Germany). The tooth was then temporarily sealed
using a foam pellet and a glass ionomer cement (Ketac Cem; 3M Espe, Seefeld, Germany).
In the interests of patient welfare, no microbiological samples were taken at this point of
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the endodontic emergency treatment. One week after the emergency treatment, the patient
returned for further treatment. In order to prevent bacterial contamination during the
collection of the microbiological samples the tooth was again isolated with a rubber dam,
which was then cleaned with a Lugol’s iodine solution (5%) and subsequently inactivated
with sodium thiosulfate (5%; Dr. Franz Kohler Chemie GmbH, Bensheim, Germany). To
disinfect the tooth surface hydrogen peroxide solution (30%; Carl Roth GmbH, Karlsruhe,
Germany) was used. From this point onwards, microbiological samples were taken five
times during the further treatment sequence according to the study protocol from study
arm I. The root canals were therefore flooded with sterile saline solution for one minute
and the microbiological samples were collected at each of the following time points using
sterile paper points (ISO 30; VDW Antaeos GmbH, Munich, Germany) [2]:

e  First sampling (Baseline)—following the removal of the temporary filling material and
calcium hydroxide paste (Figure 2).

e  Second sampling (Root Canal Treatment)—after clinical screening and inclusion of ap-
propriate teeth into the study, the included teeth were prepared via chemomechanical
root canal preparation up to size 30.09 (ProTaper Gold; Dentsply Sirona GmbH, Ben-
sheim, Germany) under irrigation with sodium hypochlorite (3%; 5 mL total, applied
over the duration of the root canal preparation) and ethylenediaminetetraacetic acid
(15%; 2 mL).

e  Third sampling (Disinfection I)—following additional rinsing with sodium hypochlo-
rite (5 mL) (within the same treatment session as the second sampling).

e  Fourth sampling [Medication (7d)]-following the removal of the temporary filling and
calcium hydroxide paste and only if the tooth has been free of symptoms for 1 week.

e  Fifth sampling (Disinfection II)—following a final rinse with sodium hypochlorite
(5 mL) (within the same treatment session as 4th sampling).
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Figure 2. The calcium hydroxide paste used for temporary insertion into the root canal (Calcicur;
Voco GmbH, Cuxhaven, Germany).

Subsequently, each root canal was obturated with a gutta-percha filling and a root
canal sealer, as well as adhesive sealing of the access cavity.

All endodontic treatment procedures were performed according to a highly standard-
ized protocol (study-internal standardization) to ensure comparability of the results, under
the guidance of three dentists experienced in endodontics who were appointed as clinical
investigators within the ethics approval as well as under the responsibility of the principal
investigator responsible for the study.
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3.2. Microbiological Analysis

An external laboratory (Oro-Dentale Mikrobiologie ODM, Kiel, Germany) performed
the microbiological analysis of the previously collected samples. For this purpose, a
quantitative real-time polymerase chain reaction (QPCR) was used and TBL was set as the
main parameter for the analysis.

3.3. Preliminary Study

In a further study arm, bacterial colonization of the root canals was investigated
in accordance with the procedure described above, but without the inclusion of a canal
dressing with calcium hydroxide paste between treatments. After four patients had been
treated, an interim evaluation was carried out, with results showing that the TBL, with a
median of 8.95 x 10* CFU (min. 4.90 x 10%, max. 1.45 x 10°, IQR 3.68 x 10%), indicated
an increase in the bacterial count in comparison with the condition immediately after
chemomechanical root canal preparation, with a median of 1.56 x 10* CFU (min. 1.36 x 10%,
max. 3.26 x 10%, IQR4.75 x 10%)—an even greater divergence of the TBL in comparison with
the Disinfection I group, with a median of 4.50 x 103 CFU (min. 1.80 x 103, max. 7.30 x 103,
IQR 2.73 x 10%). Since the omission of interim root canal dressing was not in accordance
with standard clinical practice and resulted in an increase in the bacterial load in the root
canal, this study arm was discontinued; in addition, it had no further clinical relevance
to the working hypothesis of reducing, or at least maintaining, the bacterial reduction
achieved prior to tooth closure by applying a calcium hydroxide paste.

3.4. Statistical Analysis

To estimate the number of patients required, a power analysis was performed prior
to the study [14]. The data measured and documented in an Excel spreadsheet (Excel
2016, Microsoft Office Professional Plus 2016, Microsoft Corporation, Redmond, WA,
USA) were statistically analyzed using IBM SPSS Statistics for Windows, version 26.0
(Version: 29.0.0.0 (241), IBM Corporation, Armonk, NY, USA). The Shapiro-Wilk test was
used as a test for the normal distribution of the measured values. As not all data were
normally distributed, values were analyzed with a nonparametric test (Kruskal-Wallis). A
pairwise comparison was performed with the Mann-Whitney test. Comparisons within
each study group were performed with nonparametric tests for paired samples (Friedman
and Wilcoxon test). When multiple statistical tests were performed simultaneously on
a single data set, Bonferroni correction of the critical p-value was applied. At p < 0.05,
differences were deemed statistically significant. Boxplot diagrams display the minimum
and maximum values (whiskers), as well as the median and first and third quartiles.
Asterisks are used to identify outlier values, which are defined as values that are more than
1.5 to 3 times the interquartile range (IQR).

4. Discussion

The medicament most commonly used for temporary intracanal dressings is calcium
hydroxide, which has a strong antibacterial effect due to its alkaline pH (12.5-12.8) and which is
attributed to a resulting reduction of the intracanal bacterial load [6,15,16]. It is also assumed
to have an influence on the outer root surface in terms of periodontal recovery [1,17,18], to be
effective also against bacterial products such as lipopolysaccharides [19] and to control
inflammatory exudates from the periapical area [20]. The results of the present study are
largely consistent with previous findings regarding the basic assumptions about calcium
hydroxide. In contrast to many previous studies, however, the results of the present study
show that the total number of bacteria in the root canal increased significantly compared
to the previous additional root canal irrigation (Disinfection I) despite the use of calcium
hydroxide as a medicinal insert. Since the antibacterial efficacy of calcium hydroxide
has previously been demonstrated in in vitro studies [4,21], the question remains as to
how this renewed increase in bacterial colonization might be explained here. Consid-
ering that in vitro models of any kind can never reflect the complexity of actual in vivo
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situations, it must be taken into account that in vitro studies on antibacterial efficacy are
often conducted using bacterial suspensions or artificial biofilms consisting of only a few
bacterial species [22-25]. Therefore, other factors, such as additional protective properties
of well-established biofilms may be of decisive importance here. These properties include
a biofilm matrix, an altered growth rate of biofilm organisms, as well as other physio-
logical changes [26,27]. Thus, most bacteria also showed increased resistance to alkaline
challenges/stress when organized in the biofilms [26-28].

A possibly insufficient coating of the root canal wall with calcium hydroxide must
also be considered here as a possible reason for the failure of the medicinal insert and the
observed increase in TBL. A potential impairment of the coating of the root canal walls is
the so-called vapor lock effect, which is considered a key limitation in the disinfection of
root canals with rinsing solutions. This term refers to gas accumulations that usually occur
in the lower third of the root canal (due to anatomical, physical, or chemical influences)
and prevent the deeper penetration of rinsing solutions or medicinal pastes as well as their
homogeneous distribution and thus also prevent their optimal effectiveness (e.g., due to
lack of contact with the inner surfaces or dentinal tubules of the root canal) [29-31]. A
recent study by Puleio et al. from 2023 investigated the vapor lock phenomenon during
endodontic treatment using the CBCT technique and demonstrated its presence in almost
all endodontic treatments, especially in the apical canal third [32]. With regard to the
present study, it cannot be ruled out that the calcium hydroxide pastes used for medicinal
inserts are also subjected to the phenomenon of the vapor-lock effect, thus impairing the
sufficient coating of the entire surface of the root canal area. Furthermore, the ideal time that
calcium hydroxide must be present in the root canal in order to comprehensively disinfect
the canal system is not yet known. Nor is it known to which extent the type of bacteria
as well as their location in the root canal influence the result [33]. Nevertheless, previous
studies have already shown that up to 25% of bacteria can remain within the root canal,
which is consistent with the results of the present [34-36]. As a result, remaining bacteria
within the root canal could proliferate despite the use of a medicinal insert and thus cause
a renewed increase in the TBL value at the time of the fourth sampling [Medication].

To date, only a few studies are available on the effectiveness of calcium hydroxide as a
medicinal insert in vivo. Most of these studies primarily focused on treatment methodology
and investigated single versus multiple-visit approaches in terms of disinfection and
medicinal inserts. Nevertheless, interesting data concerning the question addressed in
the present study can be obtained. An in vivo study on teeth with apical periodontitis by
Vera et al. showed the importance of temporary medication of root canal-treated teeth
from a histobacteriological point of view. In comparison with the so-called one-visit group
(chemomechanical root canal treatment and obturation during the same appointment), the
two-visit group (additional medication with calcium hydroxide paste for 1 week before
obturation) showed an improved microbiological status. The study confirms the value
of using calcium hydroxide paste for additional bacterial reduction and may provide an
initial explanation for the rebound in total bacterial load observed in the present study as
involving apparently surviving residual bacteria. The latter were found more frequently
and in greater abundance in ramifications, isthmuses, and dentinal tubules—thus showing
additional dependence of the results on the individual root canal anatomy [7]. In contrast
to Vera et al. and the present study, Kvist et al. used bacterial cultures as evidence for
bacterial reduction. The study also compared a one-visit group and a two-visit group
with each other. The authors found that there were no statistically significant differences
between the two study groups [8,15]. Unfortunately, closer comparison with the present
study is not possible, as the study protocol used by Kvist et al. did not take samples
between the individual disinfection procedures. However, from the results reported
between the one-visit and two-visit groups, a presumed trend toward greater recolonization
with bacteria can be interpreted—although, of course, in contrast to the present study, a
potentially higher bacterial load due to the diagnosis of apical periodontitis should also
be considered. The complexity of microbiological sampling and factors influencing it—
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such as the anatomy of the root canal system in combination with temporary root canal
pastes—must be particularly emphasized at this point [7,15,37]. The present study shows
a high level of diagnostic accuracy in comparison with other approaches, free from the
influence of calcium hydroxide. In contrast, it even shows that despite the temporary use
of the substance, a transient increase in the total bacterial load is detectable—i.e., it does not
lead to false-negative results [15,34]. Regardless of the initial situation and the treatment
method, the situation in the current study shows a rather heterogeneous picture. Multiple
application of calcium hydroxide is preferable to a single visit, and a storage time of 7-45 d
appears to provide advantages [1,38,39]. It is possible that a longer calcium hydroxide
storage period would also have shown a greater effect on bacterial reduction in this study.
A new approach could possibly prove this.

In this context, however, attention should also be drawn to the actual disinfection
protocols, i.e., to the use of disinfectant rinsing solutions. Even in the two disinfection
groups (Disinfection I and II) in the present study, the significant impact of additional
sodium hypochlorite irrigation on the total bacterial load can be seen. It is generally
known that rinsing solutions such as sodium hypochlorite and chlorhexidine reduce the
total bacterial load by up to 95% [14,16]. With regard to the efficacy of rinsing solutions
alone, this is also confirmed by numerous publications and the resulting meta-analyses and
systematic reviews of clinical trials, although it should be noted that the results are limited
due to inconsistencies between articles and the lack of clinically relevant results, among
other factors [40—42]. It is therefore not surprising that the two disinfection methods showed
better disinfection efficacy in relation to the TBL, and a rebound can also be explained due
to the limited effectiveness of the calcium hydroxide [43]. The studies by Siqueira et al.
and Vianna et al. partly support the present results, but of course without the additional
disinfection measures included in our protocol. Both studies investigate the combination
of sodium hypochlorite and calcium hydroxide during root canal treatment, looking at the
bactericidal effect. The results show that significant bacterial reduction can be expected
after chemomechanical root canal preparation with sodium hypochlorite, but statistically
significant differences were not found between root canal treatment and medicinal calcium
hydroxide insertion (for 7 d). An additional significant bacteria-reducing effect by calcium
hydroxide was therefore not confirmed [9,44]. This is also in line with our findings when
comparing the study groups. Nonetheless, compared with the present data, it can be
concluded that an additional disinfection measure during root canal treatment is essential
in order to additionally reduce the TBL even after medication for 7 d.

Another important issue is that the increase in the TBL between the additional dis-
infection procedure [Disinfection I] and drug treatment after 7 days [Medication] could
be due to presumed coronal leakage or to the skills of the operators in this study, in ad-
dition to the limited efficacy of calcium hydroxide. Coronal leakage, i.e., gaps between
restorative materials and the cavity wall, caused by inadequate temporary fillings during
or after endodontic therapy, may be responsible for bacterial recolonization and thus an
increase in the TBL. In the present study protocol, the teeth were sealed using calcium
hydroxide, a foam pellet, and a glass ionomer cement for 7 d. Recontamination can, of
course, hardly be excluded. Several studies have shown advantages, especially through
combinations of different materials or with self-adhesive products, but penetration tests
using dye, bacteria, or glucose, for example, have never confirmed the complete imper-
meability of the different filling materials. In some cases, recontamination was detected
within 48 h [45-47]. This could also explain a recurrent increase in the TBL between the
(Disinfection I) and (Medication) groups in the present study, along with differences in the
skills of the operators mentioned above. As different dentists were responsible for patient
care in this study, the results are always dependent on the dentist concerned. For example,
in the area of chemomechanical treatment, disinfection, calcium hydroxide application,
calcium hydroxide removal, and temporary fillings mentioned above, variations can occur
that naturally affect the results.
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The use of the qPCR method and the omission of methods such as bacterial culture
is also a factor worthy of discussion, which has already been mentioned. As in the study
by Wenzler et al. [2], this study targeted the total load of bacteria previously defined
as endodontically relevant, with the advantage that the JPCR method could be used
specifically. Of course, as with the culture method, the opportunity was taken to evaluate
the results openly—i.e., to detect bacteria not considered, or a variation in the spectrum.
However, the PCR method has an advantage over the culture method for detecting difficult
species, bacteria in a viable but nonculturable state, and species that have not yet been
cultured. The problem with qPCR is certainly that dead cells or extracellular DNA can also
lead to errors in the results due to amplification and detection [14,48,49]. However, this
problem could be avoided in future studies by adding propidium monoazide (PMA), which
can be used to separate dead from live bacteria [50]. In this study, qPCR demonstrated
its advantages due to its sensitivity and specificity, as well as the time advantage in
comparison with the culture method—also confirmed by the studies mentioned above. The
qPCR method was considered suitable for this study.

With regard to the clinical significance of the present study, it should be noted that the
observation period of the calcium hydroxide insert is limited to only one week and that
no date on the overall (clinical and radiological) success of the endodontic treatments was
included. Particularly with regard to the clinically relevant long-term success of endodontic
treatments, it would be interesting to evaluate the follow-up of the patients treated in the
scope of this study—possibly by means of a retrospective study. Nevertheless, within the
limitations of this study, the results may support previous assumptions that successful root
canal treatment depends on keeping the bacterial count below a threshold that the immune
system can cope with. The long-term success of root canal therapy, however, cannot always
be guaranteed due to a resurgence of bacteria in cases of immune suppression brought on
by illness or, for example, aging [51]. Endodontic therapy should therefore always focus on
the greatest possible reduction in bacteria. In addition to chemomechanical preparation
and adjuvant disinfection protocols, which are generally and still considered to be the most
important step in root canal disinfection, the introduction of intracanal medications such
as calcium hydroxide is considered necessary in order to keep the bactericidal effects of
the irrigation solutions constant and in addition to achieving maximum eradication of
pathogens from the root canal [9,15,42,52].

The present study intentionally omitted an additional control group without calcium
hydroxide placement (see Section 3.3 above, Preliminary Study). On the one hand, the
calcium hydroxide dressing corresponds to the standard procedure for endodontic treat-
ment in the clinic, and on the other hand, only the hypothesis of an additional reduction
of the bacterial load in the root canal by the calcium hydroxide dressing over a period of
1 week was to be tested. This hypothesis was clearly rejected in the present study design.
Further studies should follow, investigating the efficacy of other medicinal deposits that
can effectively reduce the bacterial load in the temporarily closed root canal or at least
maintain it at the level prior to closure.

5. Conclusions

Chemomechanical root canal treatment with a 3% sodium hypochlorite rinsing solu-
tion significantly reduced the bacterial count in the root canal, as did additional rinsing
with sodium hypochlorite after the root canal treatment. Temporary administration of
calcium hydroxide-based root canal medication for 7 d did not prevent the bacterial count
from returning to the level immediately after chemomechanical treatment. The study
shows that bacterial recolonization should be expected when a calcium hydroxide paste is
used for temporary medicinal treatment of the root canal. However, the recolonization can
be significantly reduced again by additional rinsing with sodium hypochlorite. Modern
endodontics appears to be continuing to rely on the paradigm that disinfection with irriga-
tion solutions rather than temporary root canal medication remains the essential element
in endodontic therapy:.
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Abstract: In recent years, sodium hypochlorite and chlorhexidine digluconate have been the gold
standard of irrigation solutions utilized within the disinfection protocol during root canal treatments.
Nowadays, it is known that, during chemical disinfection of the root canal, consecutive application
of sodium hypochlorite and chlorhexidine digluconate leads to the formation of an orange-brown
precipitate. This precipitate is described as being chemically similar to para-chloroaniline, which is
suspected to have cytotoxic and carcinogenic effects. Concerns also exist regarding its influence on the
leakage of root canal fillings, coronal restorations, and tooth discoloration. The purpose of this article
is to review the literature on the interaction of sodium hypochlorite and chlorhexidine digluconate on
the tooth and its surrounding tissues, and to discuss the effect of the precipitate formed during root
canal treatment. We further address options to avoid the formation of the precipitate and describe
alternative irrigation solutions that should not interact with sodium hypochlorite or chlorhexidine
digluconate.

Keywords: chlorhexidine digluconate; para-chloroaniline; precipitation; root canal irrigants; sodium
hypochlorite

1. Introduction

Complete cleaning and disinfection of the root canal system are considered mandatory
for long-term success in root canal treatment [1,2]. However, even after thorough mechani-
cal cleaning, residual pulp tissue, bacteria, and dentin debris can remain in the root canal
system [3,4]. Therefore, a variety of irrigating solutions are used in combination with the
mechanical processing, such as sodium hypochlorite (NaOCl), chlorhexidine digluconate
(CHX) [5], 17% ethylenediaminetetraacetic acid (EDTA), citric acid (CA), BioPure® MTAD®
(Dentsply Tulsa Dental Specialties, Tulsa, OK, USA), and 37% phosphoric acid (PA) [6],
as well as etidronate, alexidine (ALX), and Octenisept® (Schiilke & Mayr, Norderstedt,
Germany) [7]. Following internationally accepted quality guidelines, the main goals of
irrigation are: eliminating microorganisms, flushing out debris, lubricating root canal
instruments, and dissolving organic debris. Therefore, the used irrigation solution should
preferably have disinfectant and organic-debris-dissolving properties, whilst not irritating
the periradicular tissues [8]. For this purpose, sodium hypochlorite and chlorhexidine
digluconate are widely recommended and well accepted in endodontics [9,10].

Unfortunately, endodontic irrigation solutions may interact chemically with each other
during an alternating irrigation technique, potentially forming unwanted by-products,
which may be toxic or cause allergic reactions [7]. Sodium hypochlorite and chlorhexidine
are the best known and, at least in recent years, most frequently recommended irrigating
solutions used for eliminating residual bacteria in chemo-mechanical root canal process-
ing [5,6]. The undesirable adverse effects, after sodium hypochlorite and chlorhexidine in-
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teraction, of building precipitates are known, published and discussed controversially [11].
However, it is recommended that, until this precipitate is studied further, its formation
should be avoided by removing the NaOCl before placing CHX into the canal [11]. Since
2006, the number of articles in PubMed concerning the interaction of NaOCI and CHX
have grown significantly, and the topic was greatly debated [12-16]. Therefore, the aim
of the present review is to summarize and discuss recently published papers focusing
on the different outcomes regarding the interactions between sodium hypochlorite and
chlorhexidine. Furthermore, based on the results of the review, the possible impact for the
clinical disinfection protocol in endodontic therapy is summarized.

1.1. Sodium Hypochlorite (NaOCI)

Sodium hypochlorite (Figure 1) is the most used irrigating solution in endodontics,
because its mechanism of action causes biosynthetic alterations in cellular metabolism and
phospholipid destruction, the formation of chloramines that interfere in cellular metabolism,
oxidative action with irreversible enzymatic inactivation of bacteria, and lipid and fatty
acid degradation [17].

Na* ~ "Cl
Figure 1. Structural formula of sodium hypochlorite.

Sodium hypochlorite (NaOCl) is the most common irrigant used in root canal treat-
ments. NaOCl is an effective tissue solvent and antimicrobial agent. It is usually used
in a concentration range from 0.5 to 8.25% [18-20]. Its germicidal ability is related to the
formation of hypochlorous acid when in contact with organic debris. In high concentrations,
NaOCl is toxic and can cause inflammation in the periapical tissues [21], whereas in low
concentrations, it is ineffective against specific microorganisms. NaOCl is not a substantive
antimicrobial agent; it tends to discolor and corrode surgical instruments; and it has a very
unpleasant odor [11].

1.2. Chlorhexidine (CHX)

Chlorhexidine digluconate (CHX) is the gluconate salt form of chlorhexidine, a biguanide
compound used as an antiseptic agent with topical antibacterial activity (Figure 2). Chlorhexi-
dine digluconate is positively charged and reacts with the negatively charged microbial cell
surface, thereby destroying the integrity of the cell membrane. Subsequently, chlorhexidine
gluconate penetrates into the cell and causes a leakage of intracellular components, leading
to cell death. Since gram-positive bacteria are more negatively charged, they are more
sensitive to this agent [22].

Cl
NN T
N~ N N j]/
H H H NH NH

Cl

Figure 2. Structural formula of chlorhexidine gluconate.

Chlorhexidine digluconate (CHX) can be used as a complement to increase the an-
tibacterial action of NaOClI solutions during root canal preparation. CHX shows similar
antimicrobial effects to sodium hypochlorite [23,24] in vitro and possesses a lower toxic-
ity [25,26]. A disadvantage compared to NaOCl is its lack of ability to dissolve vital and
necrotic tissue [27].
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Chlorhexidine digluconate is a broad-spectrum antibacterial agent with substantivity
to tooth structures, i.e., it binds to the hydroxyapatite of the enamel and dentin or to anionic
groups of glycoproteins, is slowly released and, due to the moderate concentration decrease,
its antibacterial effects are prolonged for an extended period of time [28].

1.3. Proteolysis

When NaOCI and CHX are mixed, NaOCI dissociates into different ions (H”, o,
and C17). The chloride group then reacts with the chlorhexidine molecule in the guanine
group (NH). This leads to the formation of chlorhexidine chloride (N* and C17). In this
reaction, the formation of an orange-brown precipitate is described. This precipitate
contaminates the dentin and adheres to the canal walls [29]. Furthermore, CHX is a
dicationic acid and has the ability to donate protons, whereas NaOCl is alkaline and can
absorb protons from the dicationic acid. This proton exchange leads to the formation
of a neutral and insoluble precipitate [11,30,31]. A color change due to the reaction can
already be seen from a concentration of 0.023% NaOCI and the formation of the precipitate
from 0.19% NaOC]l by means of X-ray Photoelectron Spectroscopy (XPS), and the absolute
amount by means of Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) [11].

While the undesirable effects of the initial developing substances have been well
studied and are classified as acceptable [5], the precipitate with regard to its ingredients
and undesirable effects still gives rise to discussions [32,33].

Figure 3 demonstrates microtubes filled with 2% CHX mixed with different concen-
trations of NaOCl. The first microtube is a control sample with 2% CHX alone. From left
to right, a color change, which becomes brighter as the concentration of NaOCI decreases,
can be observed.

Figure 3. Microtubes containing 2% CHX mixed with different concentrations of NaOC], to illustrate
the precipitate formation. From left to right: (1) control sample with 0% NaOC]I; (2) 0.5%; (3) 1%;
(4) 1.5%; (5) 2.5%; (6) 3%; (7) 4%; (8) 5%.

2. Materials and Methods

An unlimited search in all fields of the PubMed database (https://pubmed.ncbi.nlm.
nih.gov/, accessed on 4 October 2022) was carried out through the website of the National
Center for Biotechnology Information (NCBI), utilizing the combination of the Medical
Subject Headings (MeSH terms) “sodium hypochlorite” (NaOCI) AND “chlorhexidine”
(CHX) and yielded 955 results from the years 1974-2022. Specifying the search term to
“chlorhexidine AND sodium hypochlorite AND interaction”, 64 publications remained
from the original result. By individually reviewing the references and abstracts of these
64 publications the keywords “precipitate” and “para-chloroaniline” were regularly found
in the keywords of the relevant articles (Figure 4).
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1. Online search in PubMed: "chlorhexidine AND
sodium hypochlorite" (MESH-terms)

n=955 publications

2. Limitation of the results by adding "AND interaction"
n=64 publications

3. Screening of the 64 abstracts and identification of
further relevant search terms:

search terms found: "precipitate” AND "chloroaniline"

4. Renewed search for
"chlorhexidine AND sodium hypochlorite AND
(interactions OR precipitate OR chloroaniline)"

n=88 results

5. Transfer of results to EndNote 20, pdf download and
manual further processing:

Final selection of 63 publications. After full text analysis
58 were included .

Figure 4. Graphical representation of the search strategy used in the present review.

Finally, the search term was further expanded to include “chlorhexidine AND sodium
hypochlorite AND (interaction OR precipitate OR chloroaniline)”, which resulted in a
selection of 88 articles that included the manually determined references. The abstracts of
all articles of the final online search result were evaluated and 25 articles that showed no
relevance to the question were sorted out (Table 1, Figure 4).

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria
- representing all search terms used - articles without apparent relevance
- original articles, reviews, scientific short - case reports, case series, editorials, case
communications reviews

3. Results

The 63 papers included in this review are listed in Table 2, where the title and objective
were summarized. These publications were read in full and evaluated.

58 publications (49 studies, 8 reviews, 1 short communication) were relevant to the
topic; another 5 were excluded after reading the full texts. Sources to which the research
publications referred were included if they were relevant to the topic, even if the date of
their publication was before 1994.

Table 2. Included papers of the review.

Author Title Study Aim Type
Comparative evaluation of intermediate To evaluate intermediate treatments between sodium
Bueso etal.,, solutions in prevention of brown hypochlorite and chlorhexidine gluconate irrigations for =~ Laboratory
2022 [34] precipitate formed from sodium the prevention of a toxic brown precipitate in root study

hypochlorite and chlorhexidine gluconate  canal therapy.
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Table 2. Cont.

Author Title Study Aim Type
To investigate (1) the cytotoxic potential of the brown
Assessment of the cytotoxic effects and precipitate (BP) forme_d .Wlth sodium hypochlor‘lte
. .. . (NaOCl) and chlorhexidine gluconate (CHX), using both
Jeongetal,, chemical composition of the insoluble . . Laboratory
.. . a small animal model of Caenorhabditis elegans (C.
2021 [35] precipitate formed from sodium . . study
hvpochlorite and chlorhexidine eluconate elegans) and cultured human gingival fibroblasts; (2) the
yp & chemical composition of BP using Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS).
The aim of this study was to identify detected chemical
Czopik Insight into the Reaction of Alexidine with Cqmpounds for1.11ed in the reactlor} Of. ALX and NaOCl
: . . . with the ultra-high-performance liquid Laboratory
etal, Sodium Hypochlorite: A Potential Error in
2021 [36] Endodontic Treatment chromatography—mass spectrophotometry (UHPLC-MS) study
method and assess whether precipitates and PCA are
formed in this reaction.
Alberto Does sodium thiosulphate avoid the This study evaluated the efficacy of sodium thiosulphate
otal formation of the brown-coloured (ST) as an intermediate irrigant between sodium Laboratory
2021"[37] precipitate as an intermediate irrigant hypochlorite (NaOCl) and chlorhexidine (CHX) to avoid study
between NaOCl and chlorhexidine? the formation of the brown-coloured precipitate.
Khatib Decoding the Pgrplex1ng Mystery of The purpose of this systematic review is to evaluate the = Systematic
etal, Para-Chloroaniline Formation: A relationship between PCA and brown precipitate review
2020 [33] Systematic Review P precipriate.
Effect of various SOIUt.l ons on the removal The aim of this in vitro study was to investigate the
of orange-brown precipitate formed by o . .
Kelesetal,, . . : . possible interactions between photon-induced Laboratory
interaction of sodium hypochlorite and . . . R
2020 [32] - - . photoacoustic streaming (PIPS™)-activated oxidizing study
chlorhexidine with or without o 2 . .
. - agents and 2% chlorhexidine digluconate.
ultrasonic activation
Proton Nuclear Magnetic Resonance
Buyukozer  Spectroscopy Analysis of Mixtures of The aim of the study was to assess the depth of sealer
Ozkan Chlorhexidine with Different Oxidizing penetration into dentinal tubules following different Laboratory
etal, Agents Activated by Photon-Induced final rinses and indirectly evaluate precipitation of study
2020 [38] Photoacoustic Streaming for Root irrigating solutions.
Canal Irrigation
Evaluation of resin sealer penetration of This study aimed to evaluate the characterization of
Abusteit, dentin following different final rinses for chemical interaction of root canal irrigants on the Laboratory
2020 [39] endodontic irrigation using confocal laser ~ surface of EndoSequence root repair materials using study
scanning microscopy spectroscopy analysis.
Abu Zeid Morphological and chemical analysis of This s.tudy almed. to evaluate the ({ha‘racterlzatlon of
. . chemical interaction of root canal irrigants on the Laboratory
etal,, surface interaction of . . .
. . . surface of EndoSequence root repair materials using study
2020 [40] irrigant-endosequence root repair material .
spectroscopy analysis.
Thomas Evaluation of the Antibacterial Efficiency The aim of the study was to assess the antibacterial
ot al of a Combination of 1% Alexidine and efficiency of a combination of 1% alexidine (ALX) and Laboratory
2019" '[ 1] Sodium Hypochlorite on Enterococcus 5.25% sodium hypochlorite (NaOCl) against E. faecalis study
faecalis Biofilm Models: An In Vitro Study  biofilm using a confocal scanning electron microscopy.
Siddique Qualitative and quantitative analysis of This study aims to evaluate the precipitate formed on
ot al q precipitate formation following interaction =~ combination of different irrigants, weigh the amount of ~ Laboratory
" of chlorhexidine with sodium hypochlorite, precipitate formed and to analyze the precipitate study
2019b [16] :
neem, and tulsi for PCA.
Quantitative analysis for detection of toxic =~ The aim of this study was to evaluate the precipitate
Siddique elements in various irrigants, their formed on combination of different irrigants, weigh the
o .. . Laboratory
etal, combination (precipitate), amount of precipitate formed, and to analyze stud
2019a [42] and para-chloroaniline: An inductively 35 different metal elements in each irrigant, precipitate y

coupled plasma mass spectrometry study

formed as well as in PCA.
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Table 2. Cont.

Author Title Study Aim Type
Zizkaetal, Discoloration after Regenerative Knowledge o discoloration sourcen, s remtmentand  review
2018 [43] Endodontic Procedures: A Critical Review veds - . ’
possible preventive modalities.

Ravinan- .. . S . . ..

Cytotoxicity Evaluation of Combination The aim of this study was to evaluate the cytotoxicity of

thanan . . . L . ; Laboratory

etal, IrFlgant Regnne.ns with MTAD on Two combination regimens on target and nontarget cell lines study

2018 [44] Different Cell Lines by trypan blue assay.

L . S . This study examined the chemical interaction of

Piperidou Effects of Final Irrlgatlpn Wl.th SmearOFF SmearOFF with sodium hypochlorite (NaOCl) on the Laboratory

etal, on the Surface of Dentin Using Surface . . . .

2018 [45] Analytical Methods dentin surface, specifically the formation of precipitate study
and/or parachloroaniline (PCA).

. Alexidine versus chlorhexidine for The pb]ectlve of th.1s study was .to chem}cally evaluate
Jainetal,, endodontic irrieation with sodium precipitate formation on irrigation by different Laboratory
2018 [46] hvpochlorite 8 concentrations of chlorhexidine (CHX) and alexidine study

yP (ALX) with sodium hypochlorite (NaOCl).
Nuclear magnetic resonance spectroscopy
Irmak etal,, and infrared spectroscopy analysis of This study assessed whether para-chloroaniline (PCA)is  Laboratory
2018 [47] precipitate formed after mixing sodium formed after mixing NaOCl with Qmix. study
hypochlorite and QMix 2 in 1
Gonzalez Temperature changes in 2% chlorhexidine .- the Qb]ectlve s to es.,tab!lsh th.e influence of .
. L. ultrasonic and sonic activation, with the use of different Laboratory
etal, gluconate using two activation methods . . o
S . . intensities, upon the temperature of chlorhexidine study
2018 [48] with different intensity levels
gluconate (CHX).
Chhabra Efficacy of various 'so.I utions in preventing -y, study evaluated the effectiveness of three
orange-brown precipitate formed during . o S Laboratory
etal., : . Intermediate endodontic irrigating solutions in
2018[15]  Alternate use of sodium hypochloriteand ;i oine the residual sodium hypochlorite (NaOCl). Sty
chlorhexidine: An In vitro study ¢ g theres 50 ypochiortte ’
Our clinical experience is that chlorhexidine (CHX) and
Campbell Antiseptics Commonly Used in Total Joint Daldn’s solution (NaOCl) 1F1teract and fprm a prec1p1te.1te.
. The purpose of this study is to determine whether this ~ Laboratory
etal., Arthroplasty Interact and May Form Toxic . . . .
reaction could be replicated in a laboratory setting, study
2018 [49] Products . . .
and to determine if other commonly used antiseptics
also visibly react when mixed.
Of particular interest is the interaction between sodium
Wright Alkaline Sodium Hypochlorite Irrigant and hypochlorlte and the chelatc.)rs EDTA, c1tr1c. acid and .
etal, Its Chemical Interactions etidronate and between sodium hypochlorite and the review
2017 [7] antimicrobials chlorhexidine, alexidine, MTAD
and octenisept.
Interaction between Octenidine-based The aim of this study was first to Identify the precipitate
Solution and Sodium Hypochlorite: A formed on the interaction between OCT and NaOCl and
Thaha et al., . . . Laboratory
2017 [50] Mass Spectroscopy, Proton Nuclear secondly to compare its effect on dentinal tubules with study
Magnetic Resonance, and Scanning Electron  that of precipitate formed on combining chlorhexidine
Microscopy-based Observational Study (CHX) and NaOCl.
Surrender Alexidine: A Safer and an Effective Root AIM: To compare antlml(;roblal ac't1V1F}{ of different Laboratory
etal, Canal Trrigant than Chlorhexidine concentrations of ALX with CHX individually and stud
2017 [51] 8 when combined with NaOCl against E. faecalis strains. y
Chromographic Analysis and Cytotoxic This study aimed to investigate the stability of PCA in
Nocca et al., . . . . Laboratory
2017 [14] Effects of Chlorhexidine and Sodium the presence of NaOCl and to examine the in vitro study
Hypochlorite Reaction Mixtures cytotoxic effects of CHX/NaOCl reaction mixtures.
Comparison of Conventional Syringe, . . .
Guneser CanalBrush, EndoActivator, Photon-Induced The. aim of thl.s In vitro study was to compare the
. . various techniques for removing precipitate formed Laboratory
etal, Photoacoustic Streaming, and Manual after irrigation with sodium hypochlorite (NaOCl) and stud
2017 [52] Instrumentation in Removing Orange-Brown & yp y

Precipitate: An In Vitro Study

chlorhexidine (CHX).
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Table 2. Cont.

Author Title Study Aim Type
Vouzara Combmed and md.e pendent cytotoxicity of AIM: To evaluate the capacity of commonly used root
sodium hypochlorite, .y . . . Laboratory
etal., SO . . canal irrigants to induce cytotoxic effects, when applied
ethylenediaminetetraacetic acid and . 2 . study
2016 [53] chlorhexidine singly or in combination
o - The aim of this study was to determine the direct
. Determination of mutagenicity of the . . .
Patil et al., precipitate formed by sodium hypochlorite mutagenic potential of any precipitate formed by Laboratory
2016 [54] and chlorhexidine usine the Ames test combining sodium hypochlorite (NaOCI) and study
& chlorhexidine (CHX).
Orhan et al,, ﬁ?iisnpaég;ﬂgfﬁmlggﬁlifig};:grm after Purpose of this study was to determine whether PCA'is  Laboratory
g ormed through the reaction of mixing Na any . stu
2016 [55] Chlor}%emdme’ . f d through th . f mixing NaOCl and CHX dy
Mohammadi Agonistic and Antagonistic Interactions The aim of this investigation was to review the agonistic
etal., between Chlorhexidine and Other and antagonistic interactions between chlorhexidine review
2015 [56] Endodontic Agents: A Critical Review (CHX) and other irrigants and medicaments.
Egim;?éitﬁecf:ids::?; ?ﬁg‘ggﬁ;ﬁi of AIM: To evaluate the effectiveness of two final irrigation
Metri et al., Prefc;i itate Formg d by the Interaction techniques for the removal of precipitate formed by the = Laboratory
2015 [57] be tw}e)en Sodium H yochlori te and interaction between sodium hypochlorite (NaOCl) and study
N, yp chlorhexidine (CHX).
Effectiveness of several solutions to prevent ~ AIM: To evaluate the effectiveness of isopropyl alcohol,
Magro the formation of precipitate due to the saline or distilled water to prevent the precipitate Laborator
etal, interaction between sodium hypochlorite ~ formed between sodium hypochlorite (NaOCl) and stud y
2015 [58] and chlorhexidine and its effect on bond chlorhexidine (CHX) and its effect on the bond strength y
strength of an epoxy-based sealer of an epoxy-based sealer in radicular dentine.
Bernardi & The purpose of this article was to review the literature
Teixeira The properties of chlorhexidine and on the properties of chlorhexidine (CHX) and the review
2015 [28,] undesired effects of its use in endodontics ~ adverse effects that may occur from its use in
endodontics.
Evaluation of orange-brown precipitate - R
. I . AIM: To compare chlorhexidine and Qmix™ in terms of
formed in root canals after irrigation with . L
Arslan .1 . . orange-brown precipitate generation in root canals and
chlorhexidine and QMix and spectroscopic .. .. .. Laboratory
etal, analysis of precipitates produced by a (i) to analyse the precipitate produced by mixing study
2015 [59] mixture of chlorhexidine/NaOCl and chlorhexidine and Qmix(™) with NaOCl to determine
Qmix/NaOCl whether para-chloroaniline was produced.
Qualitative analysis of precipitate The aim of this study was to qualitatively assess the
Kolosowski  formation on the surface and in the tubules  formation of precipitate and PCA on the surface and in Laborator
etal.,, of dentin irrigated with sodium the tubules of dentin irrigated with NaOCl, followed stud y
2014 [60] hypochlorite and a final rinse of either by EDTA, NaOCl, and CHX or by saline y
chlorhexidine or QMiX and QMiX.
The Effect of Root Canal Irrigation with The aim of this study was to evaluate the effect of the
Homayouni o . ) . precipitate that was formed by combining Sodium
Combination of Sodium Hypo-chlorite and . 1 Laboratory
etal., Chlorhexidine Gluconate on the Sealing Hypochlorite (NaOCl) and Chlorhexidine Gluconate study
2014 [61] Abilitv of Obturation Materials (CHX) on the sealing ability of root canal
Y obturation materials.
Evaluation of the interaction between The aim of the current study was to evaluate the
. . presence of debris and smear layer after endodontic
Magro sodium hypochlorite and several e 1 . o
. . . irrigation with different formulations of 2% Laboratory
etal,, formulations containing chlorhexidine and L1 .
. . . chlorhexidine gluconate (CHX) and its effects on the study
2014 [62] its effect on the radicular dentin—SEM and
ush-out bond strength analysis push-out bond strength of an epoxy-based sealer on the
p radicular dentin.
Cintraetal, The use of NaOCI in combination with Ee};e 2?;::;;5 si:lil(iz dwaosl t(; tilvaltiaetiut;l:shfilsllelz with Laboratory
2014 [63] CHX produces cytotoxic product p P polyethy study

PPT-soaked fibrin sponge.
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Table 2. Cont.

Author Title Study Aim Type
The aims of the present study were to evaluate the effect
Evaluation of effectiveness of various of various irrigating solutions on the removal of calcium
Arslan irrigating solutions on removal of calcium  hydroxide mixed with 2% chlorhexidine gel from an Laborator
etal, hydroxide mixed with 2% chlorhexidine artificial groove created in a root canal and the stud y
2014 [64] gel and detection of orange-brown generation of orange-brown precipitate in the remaining y
precipitate after removal calcium hydroxide mixed with 2% chlorhexidine gel
after irrigation with the various irrigating solutions.
. . AIM: To evaluate the colour change in enamel and
Evaluation of the colour change in enamel . . . o -
. ; . dentine, promoted by interaction of 2% chlorhexidine
Souzaetal, and dentine promoted by the interaction . o . . Laboratory
o - oy gluconate (CHX) with 5.25% sodium hypochlorite
2013 [65] between 2% chlorhexidine and auxiliary o o . study
. . (NaOCl) and 17% ethylenediaminetetraacetic
chemical solutions acid (EDTA)
Shenoy Assessment of precipitate formation on AIM: To evaluate the combination of various irrigants
. . L o . .. ) Laboratory
etal., interaction of irrigants used in different whether it forms the precipitate and also to quantify the stud
2013 [66] combinations: an in vitro study amount of precipitate formed. y
Rossi- Interaction between AIM: To evaluate if the immersion of
chlorhexidine-impregnated gutta-percha chlorhexidine-impregnated gutta-percha points in Laboratory
Fedele et al.
2013 [67] ’ points and several chlorine-containing chlorine-containing endodontic irrigants causes colour study
endodontic irrigating solutions changes and precipitate formation.
Interactions between irrigants commonly The aim of this work was to characterize the
Prado et al., . - ; . . Laboratory
used in endodontic practice: a by-products formed in the associations between the
2013 [68] . . .. . . . study
chemical analysis most commonly used irrigants in endodontic practice.
Pasich et al Efficacy of taurine haloamines and In this in vitro study we have compared antimicrobial Laborator
7 chlorhexidine against selected oral activity of CHX with that of taurine chloramine (TauC1) y
2013 [69] . . . . . study
microbiome species and taurine bromamine (TauBr).
. . - The aim of this study was to evaluate the effect of the
Evaluation of the sealing ability of two . . . .
Guptaetal,, . o . precipitate formed by using sodium hypochlorite and Laboratory
sealers after using chlorhexidine as a final -1 o .
2013 [70] .y N chlorhexidine as a root canal irrigant on the sealing study
irrigant: An in vitro study - .
ability of different root canal sealers.
Gomes . . . . , .
etal., Chlorhexidine in endodontics The alm.of th}s paper 1 to review CHX's general use in review
the medical field and in dentistry.
2013 [6]
Vilanova Effect of intracanal trrigants on the bond AIM: To assess the bond strength of Epiphany and AH
strength of epoxy resin-based and . Laboratory
etal., . Plus sealers to root canal walls using a push-out test
methacrylate resin-based sealers to root S study
2012 [71] after use of several endodontic irrigants.
canal walls
The aim of this investigation was to review the
Rossi- Antagonistic interactions between sodium  antagonistic interactions occurring when sodium
Fedele etal.,, hypochlorite, chlorhexidine, EDTA, hypochlorite (NaOCl), chlorhexidine (CHX), EDTA, review
2012 [72] and citric acid and citric acid (CA) are used together during
endodontic treatment.
The effect of using an altern.atlve irrigant AIM: To determine if the formation of
Mortenson  between sodium hypochlorite and e - .
g . para-chloroaniline (PCA) can be avoided by using an Laboratory
etal., chlorhexidine to prevent the formation of ... . . .
s s alternative irrigant following sodium hypochlorite but study
2012 [13] para-chloroaniline within the root 1.
before chlorhexidine.
canal system
... Chlorhexidine can form a precipitate when used in short
Kim, Precipitate from a combination of sodium combination with NaOCI during intra-canal irrigation. communi-
2012 [31] hypochlorite and chlorhexidine What is the adverse effect of this precipitate and how cation

can I reduce the chance of precipitation?
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Table 2. Cont.

Author Title Study Aim Type
This study determined by electrospray ionization mass
Kim et al., Chemical interaction of alexidine and spectrometry (ESI-MS) and scanning electron Laboratory
2012 [73] sodium hypochlorite microscopy (SEM) whether the chemical interaction study
between ALX and NaOCl results in PCA or precipitates.
. AIM: To determine whether sodium hypochlorite
5gﬁii;&?‘;ﬁﬁ;ﬂgﬁ;ﬁ?ea:fooi ;mal (NaOCl) with 0.2% chlorhexidine gluconate (CHX) leads
Gasicetal.,, different sodium h ochlori%e to colour change and precipitate formation, and to Laboratory
2012 [74] concentration and ggo o chlorhexidine ultrastructurally analyse the dentine surface after study
luconat e simultaneous irrigation with 0.5% NaOCl and
gliconate 0.2% CHX.
- . The aims of this study were to evaluate the surface free
Prado et al,, Eéﬁ;isffil:?ﬁg;tan;r?glité?; Zﬁﬁ t};ef energy of GP and Res cones after disinfection Laboratory
2011 [75] filline material 8y y procedures and to investigate the wettability of study
& endodontic sealers in contact with these surfaces.
An in vitro spectroscopic analysis to The purpose of this in vitro study was to determine the
Nowicki & determine the chemical composition of the chemical comp osition of t.he precipitate formed by' . Laboratory
Sem, recipitate formed by mixing sodium mixing sodium hypochlorite (NaOCl) and chlorhexidine stud
2011 [76] precip . Y ns (CHX) and the relative molecular weight of the y
hypochlorite and chlorhexidine &
yp components.
The aim of this study was to investigate the wettability
de Assis Evaluation of the interaction between of endodontic sealers in contact with dentin treated with Laborator
etal, endodontic sealers and dentin treated with ~ 5.25% sodium hypochlorite (NaOCl) and 2% stud y
2011 [77] different irrigant solutions chlorhexidine (CHX) in the presence or absence of y
smear layer.
Thomas & An in vitro spectroscopic analysis to The purpose of this in vitro study was to determine
Sem determine whether para-chloroaniline is whether para-chloroaniline (PCA) is formed through the = Laboratory
‘ roduced from mixing sodium reaction of mixing sodium hypochlorite (NaOCl) and stud
2010(78] P 8 8 yp y
hypochlorite and chlorhexidine chlorhexidine (CHX).
The purpose of this study was (1) to evaluate maximum
Krishna- thickness the and chemical composition of the
murthy & Evaluation and prevention of the precipitate formed between sodium hypochlorite Laborator
Sud- precipitate formed on interaction between  (NaOCl) and chlorhexidine (CHX) and (2) to evaluate stud y
hakaran, sodium hypochlorite and chlorhexidine effectiveness of absolute alcohol to remove residual y
2010 [79] NaOCl and thereby prevent the formation of the
precipitate.
Basrani Deth rmination of 4—f:h10r0f’miline E.md its The aim of this study was to further identify the
otal derivatives formed in the interaction of recipitate by usine gas chromatoeraphy-mass Laboratory
201 0 ,[80] sodium hypochlorite and chlorhexidine by ISD oc tliome r Y G C—%d%) graphy study
using gas chromatography p y '
Akisue Effect of the combination of sodium This study compared the combined use of sodium
ot al hypochlorite and chlorhexidine on dentinal =~ hypochlorite (NaOCl) and chlorhexidine (CXH) with Laboratory
201 0 ’[12] permeability and scanning electron citric acid and CXH on dentinal permeability and study
microscopy precipitate observation precipitate formation.
The purpose of this paper is to review the structure and
mechanism of action of CHX, its antibacterial and
antifungal activity, its effect on biofilm, its substantivity
Mohammadi The properties and applications of (residual antibacterial activity), its tissue solvent ability,
& Abbott, chlofhefi dine in en dggon tics its interaction with calcium hydroxide and sodium review
2009 [81] hypochlorite, its anticollagenolytic activity, its effect on

coronal and apical leakage of bacteria, its toxicity and
allergenicity and the modulating effect of dentine and
root canal components on its antimicrobial activity.
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Table 2. Cont.

Author Title Study Aim Type
The aim of the present study was to use a diazotization
Basrani Using diazotization to characterize the technique to confirm the presence of an aromatic amine Laborator
etal., effect of heat or sodium hypochlorite on (such as PCA) in the NaOCl/CHX precipitate and also stud y
2009 [82] 2.0% chlorhexidine in the 2.0% CHX at different temperatures (37 degrees C y
and 45 degrees C).
Bui et al Evaluation of the interaction between The aim of this study was to evaluate the effect of Laborator
2008 [30j’ sodium hypochlorite and chlorhexidine irrigating root canals with a combination of NaOCl and stud y
gluconate and its effect on root dentin CHX on root dentin and dentinal tubules . .. y
Basrani Interaction between sodium hypochlorite The aim Of. this study was to fietermme the fumim Laboratory
etal, and chlorhexidine eluconate concentration of NaOCl required to form a precipitate stud
2007 [11] & with 2.0% CHX. y
In this review article, the specifics of the pulpal
Zehnder, . . . . . .
2006 [5] Root canal irrigants microenvironment and the resulting requirements for review

irrigating solutions are spelled out.

4. Discussion

The PubMed search found 63 publications, 58 of which were relevant. After full text
analysis, 49 were studies that have been published since 2006 in the medical and especially
in the dental-endodontic field, which have dealt with the interaction of NaOCI and CHX.
Eight reviews with different focuses giving an overview of the state of knowledge at the
date of publication were also selected. Furthermore, one article made recommendations on
how to avoid formation of the precipitate, and thus was included.

4.1. Methodology

The 1998 study by Kuruvilla and Kamath [83] indicated that the alternating use of
NaOCl and CHX reduces the microbial flora to a greater percentage (84.6%) than the use
of NaOCl (69.4%) or CHX (70%) on its own. In order to optimize the tissue-dissolving
properties of NaOCl and the antiseptic properties of the CHX against gram-positive germs,
it was considered to use a combination of both irrigation solutions. However, by mixing
the two solutions, for example through consecutive use in the root canal, a peach-colored to
brown precipitate is formed [7], which is difficult to remove [10,13,16,17]. It is undisputed
in the literature that the precipitate forms due to the acid-base reaction of NaOCl and CHX.
The exact composition and, in particular, the question of whether the precipitate contains
para-chloroaniline (PCA), motivated studies in the period from 2007 to 2021. Controversial
views on the suitability of test methods for the analysis of the precipitate [13,78,80] and
partly contradicting test results from the same test methods [47,59,76] leave doubts as to
whether free PCA arises from the reaction of NaOCl and CHX [32]. However, recent studies
emphasize the use of multiple non-destructive test methods and always examine 98% PCA
as a comparison group, and they could not detect any free PCA in the precipitate [47,55].
In a review carried out by two independent authors on the basis of 13 included articles from
different databases, Khatib et al. [33] concluded that the brown precipitate, which forms
after mixing NaOCl and CHX, may contain a proportion of para-chloramide rather than
free PCA and that PCA may be the by-product of the breakdown of highly concentrated
CHX. It is also disputed whether PCA has mutagenic potential. While Gomes et al. [6] were
citing publications from 1986 and 1995 according to which PCA was found to be mutagenic
in microorganisms, Patil et al. [54] found no significant difference in the mutagenicity of
the precipitate and the comparison group.

4.2. Toxicity

Regarding the toxicity of the precipitate, Cintra et al. [63] found a short-term increased
toxicity compared to the starting substances, while Vouzara et al. [53] identified a pre-
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dominantly antagonistic effect in the combination of NaOCl and CHX, indicating that
the precipitate was less toxic than the starting substances. Surrender et al. [51] found the
precipitate to be less toxic than either NaOCI or CHX alone. Furthermore, Jeong, Sarmast,
Terlier, van der Hoeven, Holland and Parikh [35] all concluded that the precipitate has a
toxic effect against human gingival fibroblasts, but highly concentrated NaOCI has an even
greater cytotoxic effect. Nocca et al. [14] also observed a lower mortality of fibroblast cells
to which the precipitate was applied than in those treated with the supernatant.

Marchesan et al. [84] evaluated the metals present in the precipitate of NaOCl and CHX
by means of atomic absorption spectrophotometry and identified statistically significant
proportions of copper (Cu), tin (Zn), iron (Fe), manganese (Mn), magnesium (Mg) and
calcium (Ca). Siddique et al. [16] found selenium (Se) with inductively coupled plasma
mass spectrometry. A discoloration of enamel and dentin was found by Souza et al. [65] on
bovine anterior teeth that were placed in CHX gel and NaOClI consecutively. Therefore,
it could be concluded that the combined use of NaOCI and CHX solution can cause dentin
discoloration during endodontic treatment.

4.3. Recommended Irrigation Protocol

In order to prevent the formation of precipitates when using NaOCl and CHX, an ir-
rigation protocol that includes intermediate rinses has frequently been recommended.
For example, Zehnder [5] recommended rinsing the root canals exclusively with NaOCl
during the mechanical preparation, which he ascribed to “unique tissue-dissolving proper-
ties”. Before a final rinse with CHX recommended by him for chronic pulpitis and revisions,
Zehnder [5] advised an intermediate rinse with EDTA or citric acid in order to prevent the
formation of precipitates. It should be noted here that the root dentin can soften, if it is
exposed to strong chelating agents, such as EDTA, for a long time [85]. Bueso et al. [34]
used stereomicroscopic analysis to compare the effect of EDTA, distilled water and sodium
thiosulfate (STS) as an intermediate rinse to prevent the formation of brown precipitates.
In this context, 5% STS significantly reduced the intensity of brown precipitates, compared
to no intermediate rinse. Alberto et al. [37] were able to demonstrate this effect ex vivo
when CHX was added 10 min after the application of STS. Subsequent studies evaluated
the endodontic irrigation regimen. The formation of precipitates was also demonstrated
for the mixture of EDTA and NaOCl, but not for citric acid and CHX [72].

In addition, Mortenson et al. [13] found the least amounts of precipitate after interme-
diate flushing with 50% citric acid, compared to EDTA and saline. Intermediate rinsing
with pure alcohol, distilled water, or saline solutions could also prevent or reduce the
formation of precipitates [79]. However, a precipitate present in the root canal system
represents a layer that occludes the dentinal tubules [12,30], is difficult to remove [29,79],
and compromises the tightness of a root filling using AH 26 sealer (Dentsply Sirona,
Konstanz, Germany) and gutta-percha proportionally to the amount of precipitate [61].
Whether the precipitate affects sealer adhesion has been controversially discussed: While
Gupta et al. [70] came to the conclusion that the precipitate reduced the bonding capacity
of an epoxy-based sealer (AH Plus®, Dentsply Sirona, Konstanz, Germany) significantly,
it was subsequently shown that the adhesion of Resilon®-Epiphany SE obturation system
(Pentron Clinical Technologies, Wallingford, CT, USA) was not affected by the precipitate.
In addition, Magro et al. [58,62] found no correlation between the penetration depth of
an epoxy sealer into the dentin and bond strength values between groups treated with or
without CHX. However, the investigated CHX variants led to more precipitate in all root
canal areas previously rinsed with NaOCl, though they did not reduce the bond strength
of the sealer in the push-out test, which was traced back to the protocol for canal drying
and covalent bonds between the sealer and the dentin surface [58,62].

Even by activating the rinsing solutions, the removal of the precipitate is only possible
to a limited extent. However, it was found that activation of the chelating agents EDTA
and citric acid, in particular using sonic (Eddy®, VDW, Munich, Germany) or ultrasound
devices, is superior to syringe rinsing [32,52,57].
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4.4. Alternative Irrigation Solutions

Furthermore, CHX alternatives were also considered and examined. The substitution
of CHX by the herbal antimicrobial substances neem, tulsi, aloe vera, and garlic was not
successful, as the amount of precipitate resulting from these substances in combination
with NaOCl was a factor of 4-7.5 higher than that with CHX [42]. ALX, a substance from
the biguanide family, similar to CHX, developed only a slightly yellowish color, but no
precipitate formation with NaOCl [46]. In studies by Thomas et al. [41] the effectiveness
of the combination of ALX and NaOCl against Enterococcus faecalis was not significantly
higher than that of NaOCl alone. Nevertheless, the authors propagated that it can be
used in 1% concentration as an alternative to CHX in the endodontic irrigation protocol if
used for a sufficiently long time (>5 min). In contrast to the combination of NaOCl and
CHX, Kim et al. [86] found no PCA in the mixture of NaOCI and ALX and considered
it to be a CHX alternative because it is just as effective against all bacteria and fungi.
Czopik [36] described a yellowish precipitate when mixing NaOCI and ALX, which could
be identified as aliphatic amines by using the UHPLC-MS (ultra-high-performance liquid
chromatography-mass spectrophotometry) method. Surender et al. [51] found a signifi-
cantly higher effectiveness of NaOCI with ALX against Enterococcus faecalis than with
the combination of NaOCl and CHX. Octenisept®, an octenidine-based preparation, which
also contains 2% phenoxyethanol, led to a sparse, whitish deposits that partially closed the
dentinal tubules and became transparent over time. Thaha et al. [50] saw potential for a
combined application with NaOCI, but also a need for further investigations, for example,
with regard to the effect on sealer adhesion to dentin. MTAD®, which contains 3% doxy-
cycline, 4.25% CA, and 0.55% polysorbate, forms a green-yellow precipitate with NaOCl,
the color of which changes to brown when exposed to light. Intermediate rinsing with
ascorbic acid can prevent precipitation [7]. SmearOFF™ (Vista Apex, Raxine, WI, USA)
and QMix® (Dentsply Sirona, Bensheim, Germany) are products that combine a biguanide
and a chelator. After their application, the penetration depths of the sealer into the dentin
were greater than those after sequential rinsing with 17% EDTA, saline solution, and CHX.
While QMix® is used after saline or distilled water (2-phase), SmearOFF™ combines the
intermediate rinse and the final rinse, which simplifies and shortens the rinsing protocol.
According to the manufacturer, the use of SmearOFF™ after NaOCl in the root canal does
not lead to the formation of precipitates; this is also indicated by the sealer penetration
depths. Since the manufacturers have not disclosed the formulation of the preparations,
further studies on effectiveness and interactions are required [39].

The possibility of exchanging NaOCl in the combination of NaOCl and CHX was only
considered possible by Buyukozer et al. [38]. Chlorine dioxide (ClO;) can be utilized as an
alternative means of root canal irrigation instead of NaOCI, due to its antimicrobial activity,
biocompatibility, and ability to dissolve organic tissue [87-89].

4.5. Clinical Impact on Endodontic Therapy

In 2023, the best possible cleaning and disinfection of the root canal system by means
of chemomechanical preparation is still an indispensable prerequisite for the success of
endodontic treatment [2,90,91].

The desirable properties of the various irrigation solutions are:

- Dissolution of necrotic and vital tissue;
- Effectiveness against bacteria;

- Effectiveness against fungi;

- Neutralization of endotoxins;

- Opening of the dentinal tubules;

- Removal of iatrogenic impurities;

- Economic efficiency;

- Practicality.

Unwanted properties are:
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- Irritation of neighboring tissues;

- Cytotoxicity;

- Mutagenicity;

- Changes in the color of dentin or tooth enamel;

- Occlusion of the dentinal tubules;

- Undesirable interactions with other endodontic irrigating solutions and materials.

Since no irrigation solution is known that combines all the necessary properties and
can be solely applied clinically, different solutions are used consecutively [92]. Certain
combinations can interact with each other and result in undesirable effects or by-products.
When in contact with each other in the root canal system, NaOCl and CHX interact in an
acid-base reaction, forming an orange-brown precipitate, which has undesirable effects.
The occlusion of the dentinal tubules [12,30] is indisputable and, depending on the sealer,
can have a negative effect on its adhesive force or tightness [29,61,79]. The dyes of the
precipitate can discolor the tooth substances, particularly the dentin.

Although it can be considered unlikely that the precipitate of NaOCl and CHX contains
free para-chloroaniline, a substance that is suspected of being mutagenic, it is important
to avoid precipitation in the root canal. After formation, the complete removal of the
precipitate from the root canal system is difficult or impossible, even with advanced
methods of activating irrigation solutions with sound, ultrasound, or laser pulses [32,57].
The safest method to avoid a precipitate from forming after use of NaOCl and CHX is to
dispense only one of the two substances, which is the preferred option. Because of the sum
of its properties, especially due to its ability to dissolve tissue, NaOCl is still the irrigation
solution of choice during the mechanical preparation of the root canal. As long as the
properties of potential alternatives, such as chlorine dioxide, have not been researched in
more detail, it can still be regarded as the “gold standard” to use NaOCl exclusively in
this phase [10].

In earlier studies, the combination of CHX and NaOCI was determined to have a
better effect against Enterococcus faecalis and gram-positive germs compared to NaOCl
alone [27,93-95]. Therefore, it was seen as an ideal complement to NaOCl. Some studies
have since denied that the effectiveness of this combination against Enterococcus faecalis is
better than that of NaOCl alone. However, this point is actually discussed controversially
in the international literature [27,93-96].

A strict avoidance of the possible interaction between NaOCl and CHX in all its
variants (including CHX solutions, CHX gels) is desired. According to the literature
evaluated, this works best when an intermediate rinse with citric acid is utilized, as this
removes the smear layer of the mechanical treatment without causing a precipitate with
NaOCl or CHX and thereby triggering other complications.

In rinsing protocols that use NaOCl as the sole antimicrobial rinse, based on current
knowledge, the final rinse to remove the smear layer should be carried out with citric acid
or EDTA before the final use of NaOCl in an activated manner [10].

5. Conclusions

Since 2006, there has been a sharp increase in publications addressing the interactions
between NaOCl and CHX. A total of 88 publications from the PubMed database were
identified and evaluated. Of those, 58 publications were relevant to the topic. The results of
the studies examined are often controversial, but certain aspects show a tendency over time.

The following findings relate to the endodontic irrigation protocol:

- The chemo-mechanical preparation of the root canal system is currently the gold standard;

- NaOCl should be used as the sole agent during mechanical reprocessing, due to its
tissue-dissolving and antimicrobial properties;

- The smear layer can be removed with CA or EDTA after the mechanical preparation.
NaOCl should not be mixed with CA or EDTA, since chelators neutralize the tissue-
dissolving effect of NaOCl;

- The consecutive use of NaOCl and CHX is obsolete due to the precipitate that forms;
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- If NaOCl and CHX (or CHX derivatives) are used in the same tooth, intermediate rins-
ing is required. Since CHX also forms a precipitate with EDTA, CA is recommended
for this.

These recommendations are useful in clinical practice to effectively avoid the formation
of the undesirable precipitate.
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Abstract: Aim: This study aimed to evaluate the antibiotic-prescribing attitudes of dental students
during the management of endodontic infections. Materials and methods: This study was conducted
in the five faculties of dental medicine in Morocco. A self-administered questionnaire was used
and completed online. This questionnaire has three parts: the first includes the socio-demographic
data, the second is related to the types of antibiotics prescribed, and the final addresses clinical
scenarios in which antibiotics are prescribed. Data were analyzed with Jamovi, and X; and ANOVA
tests were performed. Results: Three hundred and sixty-five students participated in this study.
The average duration of antibiotic therapy was 5.87 £ 1.45. Of all the students, 83.8% prescribe
amoxicillin first. For patients with penicillin allergy, clindamycin was the most prescribed, amounting
to 53.9%. Antibiotics are prescribed for all pulp and periapical pathologies. For acute pulpitis and
acute apical periodontitis, a statistically significant difference between the different faculties was
noted (p = 0.03). Regarding apical abscesses, antibiotic prescription was more frequent at the public
faculty of Casablanca, corresponding to 92.8%. (p = 0.02). Conclusion: It appears from this study
that there is a need for faculties to develop innovative teaching models to improve students’ level of
knowledge on antibiotics and their indications in endodontics.

Keywords: antibiotics; apical periodontitis; prescription; pulp pathologies; students

1. Introduction

According to the European Society of Endodontics, the use of antibiotics is recom-
mended when an infection is persistent or systemic. Thus, for rational use, consensus
conferences were organized to codify their indications [1]. Antibiotics are used in the
following pathological situations: acute apical abscesses in medically compromised pa-
tients; patients at risk; and acute apical abscess with systemic involvement, i.e., localized
swellings, fever > 38°, asthenia, insomnia, malaise, lymphadenopathy, trismus, progressive
infections, rapid onset of severe infections, and dental reimplantation after expulsion [2].
Consequently, the prescription of antibiotics is not systematic in endodontics. Therefore,
their inappropriate use can contribute to the occurrence of antibiotic resistance. The Lancet
Infectious Diseases Commission has published a series of articles that sound the alarm on
antibiotic resistance and encourage the community of practitioners to be more cautious
when prescribing [3,4]. In this context, several medical professionals have started studies on
the use of antibiotics. In endodontics, these studies have focused on general practitioners in
several countries [5-8]. The results of these studies showed that very few practitioners use
antibiotics appropriately in the management of pulpal and periapical pathologies [9-12].
An analysis of the literature shows that very few studies have focused on the attitudes and
practices of students in clinical training. On this topic, according to the drug regimen, Mo-
hanty et al. [13] reported that 30.85% of postgraduate students of endodontics prescribed
pretreatment medication; in comparison, 62.40% of the analyzed endodontists preferred
medication for both. European training program guidelines state that graduates should
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be adequately trained in the basic and clinical science of endodontics. They specify that
students must not only have knowledge of the microbiology of pathologies of endodontic
origin but also be competent enough to manage these pathologies. This management
integrates infection control, pharmacology, and endodontic therapy.

In Morocco, the book of educational standards for dental studies mentions that den-
tal students should know how to use antibiotics in managing microbial infections, the
mechanisms of action, and the issues related to antibiotic resistance. They must also be
able to perform simple root canal treatments. In clinical programs, students learn to apply
their knowledge of antibiotics to manage infectious dental diseases. At the end of these
courses, they must know the indications and contraindications for the use of antibiotics
in endodontics.

Despite these guidelines in training programs, studies carried out among students
in training in Spain reveal a lack of knowledge and inappropriate treatment regimens.
They also show a serious need to improve knowledge in regard to the prescription of
antibiotics [14].

In Morocco, no study has analyzed the practices of students concerning the use of
antibiotics during endodontic treatments.

The objective of the present study was to assess the level of knowledge and prescription
attitudes of students in the management of pulpal and periapical pathologies.

2. Materials and Methods

This study is based on a cross-sectional descriptive survey conducted from November
2021 to February 2022.

The study was approved by the Ethics Committee of the University Clinic of Dental
Medicine of the International Faculty of the International University of Rabat (CUMD/FIMD
03/22). This study was conducted on all dental students from the 4th to the 6th year en-
rolled at 5 faculties of dental medicine in Morocco: The International University of Rabat
(UIR), the Abulcassis University of Health Sciences (UIASS), the Mohammed 6th University
of Health Science (UM6SS), the public faculty of Dental Medicine of Rabat (FMPR), and the
public faculty of Dental Medicine Casablanca (FMPC).

The sole prerequisite for participation was to be a dental student in the 4th to 6th year
of undergraduate studies. The questions were based on those asked in previous surveys
developed in several counties [5-8].

A self-administered questionnaire (Table 1) based on models from previous studies
was used [6-12]. This questionnaire has three parts.

Table 1. Antibiotic use in endodontic infections questionnaire administered to dental students’
undergraduates in Morocco.

Gender Male [J Female [J

Undergraduate Year 4thJ 5th] 6thC]

Faculty of Dental Medicine: UIR O UIASS O UMS6SS O FMPC O
FMPR O

(1) When systemic antibiotics are indicated, which antibiotic would you choose for the treatment of an endodontic infection in an adult, healthy
patient with no medical allergies? (choose one answer):

Amoxicillin 500 mg [J 1g0
Amoxicillin + Clavulanic Acid 1g\125 mg _a
Azithromycin 250 mg [J

Clarithromycin 500 mg UJ

Clindamycin 300 mg UJ

Erythromycin 500 mg UJ

Metronidazol + Spiramycin _0O

Other

(2) For how many days would you prescribe an antibiotic treatment?

(3) When systemic antibiotics are indicated, which antibiotic would you choose for the treatment of an endodontic infection in an adult, healthy
patient with allergy to penicillin? (choose one answer):
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Table 1. Cont.

Gender Male [J Female [J
Azithromycin 250 mg [ _ 500 mg

Clarithromycin 500 mg [ _ 0O

Clindamycin 300 mg

Erythromycin _

Metronidazole + spiramycin _0O

Other

(4) In which of the following situations antibiotics are indicated?

Reversible pulpitis [

Irreversible acute pulpitis [

Apical acute periodontitis [

Chronic apical periodontitis without sinus tract [
Chronic apical periodontitis with sinus tract [
Acute apical abscess [

Pulp necrosis [

Endodontic retreatment [

Endodontic surgery [

Post-operative pain [

The first part includes the socio-demographic data of the students: gender, level of
study, and dental medicine faculty of origin. The second part is related to the types of
antibiotics prescribed during endodontic treatment of an adult patient with or without an
allergy to penicillin and the duration of the prescription of these antibiotics.

The third and final part addresses clinical scenarios in which antibiotics are routinely
prescribed. The students who took part did so on a voluntary basis, without any form of
compensation, and in an anonymous manner.

This questionnaire was sent online via email; a reminder was sent every 15 days.
Questionnaires received after February 2024 were not included in the statistical analysis.

Data were collected and analyzed with Jamovi version 1.8.1 (software). Chi-square
test and ANOVA tests were performed to compare qualitative and quantitative variables.
The significance level was set at p < 0.05.

3. Results

In total, 365 students responded to the survey; 71.9% were female, and 28.1% were
male, which yields a sex ratio of 2.49 in favor of women. Sixth-year students were more
represented, with a percentage of 48% (169 students), than fifth-year students, constituting
28.7% of the sample (101 students), and, finally, the cohort comprised 82 students, rep-
resenting 23.3% of the total number of students in their fourth year. The International
University of Rabat (UIR) was the faculty that participated the most in this study, with a
percentage of 39.9% (144 students); then, in second place was the Abulcassis University of
Health Sciences (UIASS), with a percentage of 19.9% (72 students), and the Mohammed
6th University of Health Science (UM6SS), with a percentage more or less equivalent to
that of Abulcassis, i.e., 19.7% (71 students). The public faculty of Dental Medicine of Rabat
(FMPR) accounted for a percentage of 11.1% (40 students), and Casablanca (FMPC) had a
percentage of 7.8% (28 students) (Figure 1).

The average duration was 5.87 + 1.45 days, with a maximum of 7 days for 56.5% of
the students and a minimum of 3 days for 14% of the students. No statistical difference
was found between the different universities (p > 0.05).

3.1. For a Patient without a Penicillin Allergy

Most of the students, 83.8%, prescribe amoxicillin as their first intention, specifically
the 1 g form of amoxicillin, which is the most prescribed. Amoxicillin associated with
clavulanic acid was prescribed by 9.2%, azithromycin was proposed by 2.5% of students,
and clindamycin was chosen by 1.4%. Concerning the prescription of Metronidazole
associated with Spiramycin, we note a prescription percentage of 3.1%.
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Figure 1. Distribution of the students according to the faculties of dental medicine. UIR, International
University of Rabat; UIASS, Abulcassis University of Health Sciences; UM6SS, Mohammed 6th
University of Health Sciences; FMPR, Public faculty of Dental Medicine of Rabat; FMPC, Public
faculty of Dental Medicine of Casablanca.

3.2. For a Patient with a Penicillin Allerqy

Concerning patients with a penicillin allergy, clindamycin was the most prescribed
molecule (53.9%), followed by azithromycin (20.9%). Erythromycin was indicated in 7.8%
of cases, and metronidazole combined with spiramycin was indicated in 17.4%.

3.3. Endodontic Pathologies with Antibiotic Prescription

Antibiotics are prescribed for all pulp and periapical pathologies, whether acute or
chronic (Table 2). For acute reversible and irreversible pulpitis, antibiotic prescriptions
were more indicated by fourth-year students than by students in higher years. In cases of
acute reversible pulpitis (21), 2% of fourth-year students prescribed antibiotics, compared
to 9.9% of fifth-year students and 2.9% in their sixth year. This difference was statistically
significant (p = 0.01).

Table 2. Distribution of students who prescribe antibiotics according to endodontic pathologies.

N = Number of Prescriptions 4th 5th 6th
% = percentage N (%) N (%) N (%) p

Reversible acute pulpitis 17 (21.2) 10 (9.9) 5(2.9) 0.01*
Irreversible acute pulpitis 14 (17.5) 8 (7.9) 11 (6.5) 0.06
Acute apical periodontitis 11 (13.7) 20 (19.8) 31 (18.4) 0.49
Chronic apical periodontitis 13 (16.2) 15 (14.8) 25 (14.8) 0.9
Apical periodontitis with fistula 32 (40) 43 (42.5) 80 (47.6) 0.67
Acute apical abscess 53 (66.2) 74 (73.2) 134 (79.7) 0.13

Pulp necrosis 11(13.7) 6 (5.9) 5(2.9) 0.005 *

Endodontic retreatment 11 (13.7) 4 (3.6) 10 (5.9) 0.03*
Endodontic surgery 31 (38.7) 48 (47.5) 88 (52.3) 0.11
Post op pain 16 (20) 16 (15.8) 25 (14.8) 0.47

* significant; N = number of prescriptions; % = percentage.

For periapical pathologies, antibiotics were more indicated for acute apical abscesses,
with percentages reaching 76.6%. No statistically significant difference was noted between
the study levels. Regarding pain following endodontic treatment, antibiotic prescriptions
were recommended by 20% of fourth-year students, 15.8% of fifth-year students, and
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14.8% of sixth-year students; this difference was not statistically significant. However, a
statistically significant difference was observed regarding the prescription of antibiotics
in cases of pulp necrosis and endodontic retreatment. Students in their fourth year were
found to have a higher rate of prescription than their counterparts at other levels.

The analysis of the results according to the different universities shows statistically
significant differences concerning the prescription of antibiotics for acute apical abscesses,
acute apical periodontitis, and endodontic surgery (Table 3).

Table 3. Distribution of students who prescribe antibiotics for endodontic pathologies according
to university.

UIR UIASS UM6SS FMPC FMPR
N =142 N =72 N =70 N =28 N =40 P
N (%) N (%) N (%) N (%) N (%)
Reversible pulpitis 20 (14) 2 (2.7) 7 (10) 0 3(7.5) 0.32
Acute pulpitis
RN 11 (7.7) 7(9.7) 12 (17.1) 0 1(2.5) 0.47
Acute apical periodontitis 14 (9.8) 12 (16.6) 13 (18.5) 8 (28.5) 7 (17.5) 0.03 *
Apical peg;ii’:“tls with 58 (40.8) 30 (41.6) 38 (54.2) 18 (64.2) 16 (40) 0.11
Acute apical abscess 95 (66.9) 56 (77.7) 55 (78.5) 26 (92.8) 33 (82.5) 0.02 *
Phoenix abscess 53 (37.3) 28 (38.8) 30 (42.8) 18 (64.2) 19 (47.5) 0.03 *
Pulp necrosis 11 (7.7) 2 (2.7) 5(7.1) 2(7.1) 1(2.5) 0.43
Endodontic retreatment 8 (5.6) 7 (9.7) 6 (8.5) 2(7.1) 2 (5%) 0.8
Endodontic surgery: 52 (36.6) 41 (56.9) 44 (62.8) 16 (51.1) 15 (37.5) 0.004 *
Post op pain 20 (14) 13 (18) 16 (22.8) 6 (21.4) 3(7.5) 0.6

* significant; N = number of prescriptions; % = percentage. UIR, International University of Rabat; UIASS,
Abulcassis University of Health Sciences; UM6SS, Mohammed 6th University of Health; FMPR, Public faculty of
Dental Medicine of Rabat; FMPC, Public faculty of Dental Medicine of Casablanca.

The percentage of students who prescribed antibiotics in cases of apical periodontitis
was significantly high at the Public Faculty of Casablanca (FMPC), amounting to 28.5%,
compared to the percentages at other faculties (UM6SS, 18.5%; FMPR, 17.5%; and UIR,
9.8%, with p = 0.03).

For acute apical abscesses, the prescription of antibiotics was also higher among the
students of the Public Faculty of Casablanca (92.8%) than at the other faculties (p = 0.02).

4. Discussion

This study deals with the knowledge and practices of students concerning the use of
antibiotics during the management of pulpal and periapical pathologies. The questionnaire
used in this study was proposed in previous studies carried out in several counties [12,14,15].

The sample consisted of 365 students from five faculties of dentistry in Morocco.
Three of these faculties are in Rabat, namely, the International University of Rabat (UIR),
Abulcassis University of Health Science (UIASS), and the Public University of Rabat
(FMPR), and two of these faculties are in Casablanca, i.e., the Mohammed 6 University of
Health Science (UM6SS) and the Public Faculty of Casablanca (FMPC).

Our sample is fairly representative because in the average percentage of participa-
tion recorded in similar studies [15,16], the number of women was higher (71.9%). This
difference was also noted in Spain, which shows a feminization of the profession. The
noted prescription period of 5.87 £ 1.45 days is in line with the recommendations because
endodontic infections always regress within 3 to 7 days if the infectious cause is elimi-
nated [17]. For patients without penicillin allergy, amoxicillin is the molecule of choice
for students, with 83.8% selecting this antibiotic, followed by the combination of amoxi-
cillin and clavulanic acid, at 9.2%. These results corroborate the data found in the study
by Khaloufi et al., carried out among practitioners in Northern Morocco [15]. Further-

92



Antibiotics 2024, 13,913

more, these results are comparable to those observed in other European countries [16] and
Africa [18].

In India, practitioners also prefer amoxicillin as their first choice, followed by ox-
ofloxacin. Amoxicillin is an effective antibiotic for the germs implicated in periapical
pathologies.

However, in the event of inefficiency linked to the production of 3-lactamase, the
combination of amoxicillin with clavulanic acid can be proposed. According to scientific
societies, this combination should be considered a second-line treatment in the event of
failure using amoxicillin or for patients with established immunity [1]. For patients with
a penicillin allergy, clindamycin was the most prescribed molecule (53.9%), followed by
azithromycin (20.9%). Erythromycin was indicated in 7.8% of cases, and metronidazole
combined with spiramycin was indicated in 17.4%. The study by Bolfini et al. showed
results identical to this study, where clindamycin was the most prescribed antibiotic, at
33%. Rodriguez Nunez et al. [19] also reported clindamycin to be in first place, at 69%,
followed by azithromycin, at 29.2%. In contrast, Al Khuzaei et al. [7], in a study carried
out on dental surgeons, found different results, with azithromycin being at the top of the
line, with 63.2%. Metronidazole occupies third place in this study. It is an anti-infective
effective against bacteria with black pigmentation, but it is less effective on aerobes or
facultative anaerobes, which makes it more advisable for it to be combined with another
antibiotic such as amoxicillin or spiramycin. Its combination with amoxicillin should not be
systematic but dictated by the evolution of the pathology; if there is no favorable evolution
two to three days after the prescription of amoxicillin alone, metronidazole can be added
to amoxicillin. In Spain, 99% of students chose clindamycin. The same study carried out
among endodontists and general practitioners found different results (63% and 65% for
clindamycin, respectively).

Regarding the indications of antibiotics as an adjuvant to endodontic treatment, several
studies carried out in different countries show a lack of knowledge on indications and the
inappropriate use of antibiotics. In this study, the percentage of students who prescribe
antibiotics is relatively high. The results show that 9.1% of students prescribe antibiotics
for acute pulpitis. A similar study carried out among students in Spain showed higher
results for pulpitis (29%) and irreversible pulpitis with symptomatic apical periodontitis
and moderate/severe symptoms (63%) [14]. However, these pathologies are dominated
by pulpal inflammation; no trace of infection is noted in the pulp. Their management,
therefore, does not require the use of antibiotics.

For chronic apical periodontitis, 15.4% of students prescribe antibiotics. These results
are similar to those found in Spain (16%) [14]. This decrease in percentage could be mainly
related to the chronic asymptomatic nature of these cases. However, compared to the
results obtained by practitioners, the percentages are higher, with 31% in Spain and 51.2%
in Morocco [15].

These results show the need for the continuous training of general practitioners.

In the case of retreatment, Moroccan students, like most dentists in India, prefer to
prescribe antibiotics only in specific cases [20,21]. Otherwise, the use of a solvent during
root canal retreatment does not cause any significant difference in the post-operative pain
levels or medication intake for the retrieval of Gutta-percha [22].

Concerning postoperative pain, antibiotics were prescribed by dental students with
a rate ranging from 7.5% to 22.8% (according to dental school). Therefore, Jose et al. [23]
concluded that oral consumption of corticosteroids is a better analgesic in this case.

For acute apical abscesses, 76.6% of students prescribe antibiotics. In Spain [5,19],
it is almost systematic, at 90%. Indeed, the prescription of an antibiotic should only be
indicated in the presence of associated general signs [1,24].

5. Conclusions

The results of the present study show that despite the existence of pharmacology and
endodontics modules in study curricula, the various faculties of dentistry should integrate
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new teaching methods to improve students” knowledge of antibiotics and their indications
in endodontics. They must develop innovative interactive teaching approaches based on
real cases, electronic educational tools offering access to precise information, and standard-
ized educational materials for prudent antibiotic therapy. The curriculum for dental studies
should place more emphasis on prescription and the teaching of good practices.
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Abstract: (1) Introduction: Current evidence shows that mechanical debridement augmented with
systemic and topical antibiotics may be beneficial for the treatment of peri-implantitis. The microbial
profile of peri-implantitis plays a key role in identifying the most suitable antibiotics to be used
for the treatment and prevention of peri-implantitis. This systematic review aimed to summarize
and critically analyze the methodology and findings of studies which have utilized sequencing
techniques to elucidate the microbial profiles of peri-implantitis. (2) Results: Fusobacterium, Treponema,
and Porphyromonas sp. are associated with peri-implantitis. Veillonella sp. are associated with
healthy implant sites and exhibit a reduced prevalence in deeper pockets and with greater severity
of disease progression. Streptococcus sp. have been identified both in diseased and healthy sites.
Neisseria sp. have been associated with healthy implants and negatively correlate with the probing
depth. Methanogens and AAGPRs were also detected in peri-implantitis sites. (3) Methods: The
study was registered with the International Prospective Register of Systematic Reviews (PROSPERO)
(CRDA42023459266). The PRISMA criteria were used to select articles retrieved from a systematic search
of the Scopus, Cochrane, and Medline databases until 1 August 2023. Title and abstract screening was
followed by a full-text review of the included articles. Thirty-two articles were included in the final
qualitative analysis. (4) Conclusions: A distinct microbial profile could not be identified from studies
employing sequencing techniques to identify the microbiome. Further studies are needed with more
standardization to allow a comparison of findings. A universal clinical parameter for the diagnosis of
peri-implantitis should be implemented in all future studies to minimize confounding factors. The
subject pool should also be more diverse and larger to compensate for individual differences, and
perhaps a distinct microbial profile can be seen with a larger sample size.

Keywords: peri-implantitis; microbiome; sequencing; dental implant; complications

1. Introduction

Dental implants exhibit high success rates of up to 97% and above [1]. However,
contributory factors related to occlusal overloading and peri-implant tissue infection may
lead to implant failure [2]. Peri-implantitis is defined as an infection of the peri-implant
tissues accompanied by suppuration and clinically significant progressive crestal bone loss
after the adaptive phase, leading to decreased osseointegration and pocket formation [3,4].
Peri-implantitis has a reported prevalence ranging from 6.6% to 51% [5-9]. Various risk
factors are associated with an increased risk of peri-implantitis. Prosthetic factors, including
convex emergence profiles, submucosal crown margins, and excess cement in cemented
implant prostheses, increase the risk of peri-implantitis [2,3]. Systemic conditions such
as diabetes mellitus and osteoporosis also increase the risk of peri-implantitis [10]. Fur-
thermore, smoking has been found to directly affect the bone surrounding the implant,
thereby increasing the risk of peri-implantitis as well [11]. Biofilm removal and control
with instruments such as Gracey curettes, ultrasonic scalers, and air powder abrasive
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devices have been employed with questionable success in the treatment of peri-implantitis
since mechanical debridement also comes with its challenges, especially at the apically
facing thread surfaces, as demonstrated by Steiger-Ronay et al. [12]. Antimicrobials are
also ineffective if mechanical debridement is inadequately performed, as mentioned pre-
viously [13,14]. However, liquid desiccants have been reported to reduce the anaerobic
bacteria load in diseased implants [15]. To date, the treatment of peri-implantitis is similar
to that of periodontitis [16]. The prognosis of this condition is uncertain, and hence, de-
termining the fundamental cause is important for preventive strategies and also targeted
approaches [17].

The exact mechanism of microbial interaction in peri-implantitis is not clearly known [3].
Initial studies reported that Staphylococcus aureus plays a role in the progression of the dis-
ease [18,19]. However, the consensus on the predominance of S. aureus in peri-implantitis
sites was contradicted by Belibasakis et al., as their study concluded the predominance of
Treponema spp. and Synergistetes cluster A in peri-implantitis sites [19,20].

Koyanagi et al. reported a more diverse microbial profile compared to that of periodon-
titis [21], while other studies indicated similarity [22,23]. A microbial profile consisting of
aggressive and resistant microorganisms distinct from periodontitis has also been reported
previously [24]. Periodontally involved teeth act as reservoir for periopathogens which
translocate to the implant sites, making chronic periodontitis an important risk factor for
peri-implantitis [21,23,25,26].

Culture-dependent studies evaluating the microbiome of peri-implantitis have limited
insights into the bacterial community [27,28], and more recent next-generation sequenc-
ing techniques may give us an insight into a more targeted approach to peri-implantitis
treatment which, in turn, can improve the prognosis of this condition [29]. The use of
next-generation sequencing allows the identification of non-culturable species as compared
to conventional methods [29]. The detection of bacterial and fungal infections has been
shown to be consistently accurate as compared to conventional methods [30]. In addition,
next-generation sequencing has been shown to be cost-effective for identifying the disease
with a given high pretest probability, as compared to culture methods [31].

This systematic review aims to summarize and critically analyze the methodology and
findings of studies that have utilized next-generation sequencing techniques to elucidate
the microbial profiles of peri-implantitis.

2. Results

From the initial search, 506 articles were identified after the elimination of duplicates.
After performing the preliminary review of the title and abstracts, 32 articles were included
for full-text screening. Based on the selection criteria, 32 studies were chosen to be included
in the qualitative analysis (Figure 1). The Risk Of Bias In Non-randomized Studies—of
Exposures (ROBINS-E) assessment of 32 articles is shown in Table 1. The Grading of
Recommendations, Assessment, Development, and Evaluation (GRADE) approach was
used (Table 2) and revealed a low certainty of evidence for the outcomes of diversity and
richness as well as the abundance of taxa.
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Figure 1. PRISMA flowchart.
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2.1. Methodology of Studies

The methodological characteristics of the studies published between 2009 and 2021
are depicted in Table 3. The total sample size of the selected studies ranged from two to
one hundred and six. Fifteen studies compared the association of the periodontitis micro-
biome with the peri-implantitis site microbiome [21,22,25,32,35,39,41,42,45,47-49,51,54,57].
Twelve studies compared the microbiomes of healthy implant (HI) sites to those of peri-
implantitis (PI) sites [20,33,34,40,43,44,46,51,53,55,56,58], where the healthy implant site
was the control. Peri-implant mucositis (PM) was also compared to peri-implantitis in
seven studies [36,37,40,47,50,52]. Smoking was investigated as a factor in microbial dys-
biosis in two studies [49,50]. Furthermore, Kroger et al. [43] investigated the association
between the microbial diversity and the pocket depths of implants, while Korsh et al. [38]
investigated the microbiota associated with early versus late implant loss.

Oral samples collected for microbiome isolation in the 32 included studies were
composed mostly of subgingival plaque samples [20-23,25,32,33,35-58]. Two studies uti-
lized supragingival plaque samples [32,53]. Sterile paper points were used to collect the
subgingival plaque samples [21-23,25,33,35-39,42-44,46,48-51,53-55,57]. Eight studies uti-
lized sterile Gracey curettes [20,32,40,41,45,47,56,58], while one study used a periodontal
probe [52]. Further details on the collection method are provided in Table 3.

The DNA extraction technique, sequencing technique, targeted region, and the refer-
ence database for each study are summarized in Table 4. The microbiome profile is depicted
in relation to the diversity, richness, and taxa abundance in Table 5.

Among the 32 studies reviewed, seven studies found an increase in the microbial
diversity of peri-implantitis sites as compared with healthy implant sites [20,23,33,38,43,44,52].
Five studies did not report the diversity and richness of the samples collected [41,46,51,55,56,58]. Five
studies reported an increase in the microbial diversity in peri-implantitis sites as compared
with periodontitis sites [21,32,35,39,57]. Five studies reported a reduced microbial diversity
in peri-implantitis sites compared with healthy implants in subgingival plaque [22,34,44,45,52].
Additionally, four studies reported no significant difference in diversity between healthy
implants and peri-implantitis samples [23,33,37,50].
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2.2. Microbial Profile

Koyanagi et al. revealed that implants with peri-implantitis had a higher abundance
of Eubacterium spp. when compared to healthy implants, and this finding is also supported
by Zheng et al. and Kroger et al. [21,43,52]; da Silva et al. found that healthy implants
demonstrated lower proportions of Eubacterium compared to peri-implantitis sites, while
Koyanagi et al. and Zheng et al. concluded that peri-implantitis sites had significantly
higher proportions of Eubacterium [21,52,56]. Sanz-Martin et al. reported higher levels of
Eubacterium in a healthy implant, when a diseased implant was also present in the same
oral cavity [20]. Two studies found high levels of Bacteroidetes and Firmucutes in PI sites as
compared to HI sites [20,46]. Three authors found higher levels of Bacteroides in diseased
implants [32-34]. Yu et al. demonstrated that F. fastidiosum SH0O3 and the Fretibacterium oral
taxon SHO1 were linked with plaque at healthy subgingival sites [48]. This study concluded
that there were no clear differences or similarities between Synergistetes communities
found in diseased versus healthy sites or between periodontal /subgingival niches and
peri-implant/submucosal niches [48]. Another study by Yu et al. also showed that the
prevalent and abundant bacteria were Streptococcus infantis/mitis/oralis (HMT-070/HMT-
071/HMT-638/HMT-677) and Fusobacterium sp. HMT-203/HMT-698 in healthy implants and
diseased implants [42]. Another 18 phyla were found in low abundance, particularly the
Aquificae, Chlamydiae, Gemmatimonadetes, Nitrospirae, TM6, Verrucomicrobia, and WPS2 phyla,
which were present in <0.01% of the total reads for each of the four clinical site categories,
with some being undetectable in one or more niches [42]. Healthy implants demonstrated
higher proportions of Actinomyces, Atopobium, Gemella, Kingella and Rothia and lower levels
of Campylobacter, Desulfobulbus, Dialister, Eubacterium, Filifactor, Mitsukella, Porphyromonas,
and Pseudoramibacter in one study [56]. One study that underwent a pathogen-specific
analysis for Archaea found that PI sites had a higher frequency of sites that were positive for
Archaea [58]. Filifactor was found to be abundant in peri-implantitis sites when compared
with healthy implant sites, as shown by several studies [20,35,36,40,47,55,56]. Three studies
demonstrated that Parvimonas was the most abundant at peri-implantitis sites [21,55,57].

2.2.1. Phyla

The range of phyla was reported to be varied among the 25 studies. Koyanagi T et al.
reported that Firmicutes (45.6%) is the most abundant phylum found in the subgingival
plaque in peri-implantitis samples, followed by Bacteroidetes, Proteobacteria, Fusobacteria,
Actinobacteria, TM7, Synergistetes, Spirochaetes, Tenericutes, Chloroflexi, and Deferribacteres [21].
Three studies were in concordance in concluding that Bacteroidetes is one of the genera
that is found in great abundance in peri-implantitis samples [20,21,46]. The abundance of
Synergistetes was reported to be higher in diseased samples in four studies in comparison
to in healthy samples [20,21,23,33]. Spirochaetes was identified in diseased samples in three
studies [20,21,46], with one study reporting that Spirochaetes increased significantly as
peri-implantitis became more severe [20].

2.2.2. Genus

Numerous changes were reported at the genus level (Table 5), with many of them
focusing on several genera which are the most abundant in the peri-implant sites. One
study reported that there was a preponderance of Veillonella in diseased peri-implant mu-
cosal tissues [45]. However, there are also studies that have suggested that Veillonella is
significantly reduced in samples with an increasing peri-implantitis severity [20,53]. Veil-
lonella was also associated with healthy implant sites in other studies [20,47,55,56]. Several
authors have found that Prevotella spp. are significantly more abundant at peri-implantitis
sites [23,34,36,39,53,54]. Kumar et al. and Daubert et al. found that healthy implants
showed higher levels of these two microorganism species [22,45], which was also sup-
ported by Apatzidou et al., who showed their greater abundance in diseased samples [23].
Other than Veillonella and Prevotella, most studies also pointed out that Porphyromonas was
commonly associated with diseased implants [20,23,51,53,56]. Several studies pointed out
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that Fusobacterium was present in high levels in peri-implantitis samples [21,37,41,46,55-57].
Five studies reported that Streptococcus was more abundant in healthy plaque samples
as compared to its abundance in diseased samples [20,22,23,44,45]. Yu et al. also found
that Streptococcus was found in both healthy implants and peri-implantitis sites [42]. On
the contrary, Kumar et al. concluded that peri-implantitis samples demonstrated a higher
level of Streptococcus [22]. A study reported that Propionibacterium, Paludibacter, Staphylococ-
cus, Filifactor, Mogibacterium, Bradyrhizobium, and Acinetobacter are unique to peri-implant
sites [47]. In addition, Actinomyces spp. has been reported to be prevalent in peri-implantitis
sites [22,52,53]. However, da Silva et al. reported higher levels of Actinomyces spp. in
healthy implants [56].

2.2.3. Microbiome Complex

Apart from the genera and phyla levels, Al-Ahmad et al. and Kim et al. reported that
Porphyromonas gingivalis and Tannerella forsythia of the red complex are highly associated
with peri-implantitis [32,46]. A study reported positive correlations with certain red and
orange complex bacteria but a negatively correlation with blue complex bacteria in peri-
implantitis samples [20]. Furthermore, another study reported that Bacteroidetes, Chloroflexi,
Spirochaetes, Synergistetes, and TM7 positively corresponded with the pocket depths [23].

2.2.4. Peri-Implantitis with Periodontitis

Granulicatella adiacens (phylum Bacillota) was identified in two-thirds of peri-implantitis
sites; these two species were also detected at periodontitis sites but not in healthy im-
plants [57]. Shiba et al. found that the microbial composition at the genus level was diverse
among the samples for each disease and between both samples from each individual,
although the predominant species were similar [49]. Two studies showed that the periodon-
titis microbial community is more diverse than peri-implantitis sites [25,47]. Interestingly,
three studies found the opposite, whereby periodontitis samples yielded lower diversities
than peri-implantitis samples [21,22,57]. Aleksandrowicz et al. demonstrated that Archaea
was found in diseased implants and teeth [41]. Furthermore, they were found in abundant
levels at periodontitis sites when compared to peri-implantitis sites [41].

2.2.5. Peri-Implantitis with Peri-Implant Mucositis

Shi et al. reported no differences in diversity between peri-mucositis sites as compared
to peri-implantitis sites, but they found an increased microbial richness in peri-mucositis
sites [36]. Sousa et al. reported a decreased abundance of Bradyrhizobium in peri-mucositis
sites and peri-implantitis sites [47]. One study concluded that the microbial profile as-
sociated with peri-implantitis was also present with a moderate relative abundance at
peri-mucositis sites. This study also found that the Shannon index of peri-mucositis was
lower than that of peri-implantitis [52]. Tsigarida et al. reported subtle differences between
the peri-mucositis and peri-implantitis microbiomes, and these subtle differences were be-
tween the transition from health to disease [50]. Streptococci and Rothia were associated with
peri-mucositis, while Fusobacterium and Treponema were associated with peri-implantitis, as
shown by Polymeri et al. [37]

2.3. Heterogeneity of Studies

Significant heterogeneity can be identified in the methodologies of the selected stud-
ies. The ROBINS-E tool was used to assess the quality of the 32 nonrandomized cohort
observational studies. The ROBINS-E tool (Table 1) showed that nine studies had some
concerns, while four studies were at a high risk of bias. Table 4 illustrates the heterogenicity
of the gene sequencing techniques utilized. Figure 2 illustrates the diversity reported in
terms of the Shannon’s indexes reported by five studies [21,25,36,37,57]. Figure 3 illustrates
the heterogeneity regarding the location (Figure 3a), database used (Figure 3b), and case
definition criteria (Figure 3c) of the studies reviewed.
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Figure 2. Different Shannon’s indexes reported by the studies reviewed. PI—peri-implantitis,
PM—peri-implant mucositis, P—periodontitis, C—comparison group [21,25,36,37,57].
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Figure 3. (a) Location; (b) database used; (c) case definition criteria of the studies reviewed. PD:
probing depth; BOP: bleeding on probing [20-23,25,32,34,36-50,52-58].

3. Discussion

This systematic review comprehensively reviews the current available evidence on
the microbiome of peri-implantitis. Variations in the study methods, sample collection, and
study design were observed. However, the review focuses on studies employing the 165 r
RNA gene sequencing technique to summarize meaningful observations from the available
evidence.

Ten of the studies reviewed showed that the microbial diversity of peri-implantitis is
distinct and usually higher than that at healthy implant sites [14,15,17,19,24,26,28,34,38,39].
The alpha diversity considers the richness (number of taxa) and evenness (relative abun-
dance) of species within a sample/community; the beta-diversity quantifies the identities of
taxa involved between samples/communities [49]. Changes in oxygen and nutrient concen-
trations associated with the deepening of a pocket around an implant may be responsible
for the shift in the microbial diversity [32]. Figure 2 shows the Shannon’s indexes reported
by five studies, as not all studies reported indices [21,25,36,37,57]. These variations in the
diversity can be explained by the heterogenicity of various factors such as the location of
the study (Figure 3a), the reference database (Figure 3b), and the case criteria definition
(Figure 3c). A variation in the genomic database can introduce conflicting results, as one
study showed that even the use of a single database within a study can implicate systematic
errors during the mapping process which subsequently affects genomic analyses [59]. In
addition to that, the sample collection method and the type of sample collected are other
confounding factors that may produce conflicting findings.
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The studies that included in the current review originate from different countries
(Figure 3a), for example, Japan [21,49,55,57], China [36,42,48,52,60], United States of Amer-
ica [22,25,45,50], United Kingdom [47], Germany [38,43,46,53], and The Netherlands [37].
It is significant to note that certain sections of the globe are not represented here. This may
also be due to the exclusion of articles written in other languages. Hence, the current data
may be significantly influenced by the diet and genetic make-up of the individuals from the
representative countries [61]. The characterization of oral dysbiosis in different ethnicities
and races presents significant challenges due to variations across multiple studies [62-64].
This is due to the highly varied diet, nutrition and lifestyle practices present over several
generations in different geographical locations [65,66].

The case definition for peri-implantitis varied across the studies reviewed (Figure 3c).
For example, Koyanagi et al. used a criteria of a probing depth (PD) >5 mm with bleeding
on probing (BOP) and/or suppuration and bone loss >3 threads up to half of the implant
length, while Apatzidou et al. diagnosed subjects as having peri-implantitis when there
was PD > 6 mm, BOP and/or suppuration, and radiographic bone loss of >2 mm in at least
one implant surface after one year of loading [21,23]. However, it is evident that the disease
severity may vary, even with the employment of the above criteria, hence making it difficult
to combine or compare the results of certain studies. Standardizing the methodological
quality of microbiome studies has been previously suggested as a necessary step in this
direction.

Even though few studies included criteria related to the systemic status of the patient,
drugs taken, previous history of other oral diseases like periodontitis and the age of
the patient into consideration, the varied criteria set across studies makes a meaningful
comparison irrelevant. It would be greatly beneficial for future investigations into the
microbiome of the oral cavity to follow a standardized protocol to facilitate comparability
between studies [67].

The reviewed studies provide a deeper understanding of the microbial profile of peri-
implantitis. However, the different DNA extraction kits used may have had an influence
on the microbial data, for example, the Qiagen DNA MiniAmp kit, (QIAGEN, Venlo, The
Netherlands) [22,25,38,42,48,50,53], GenElute Bacterial Genomic DNA kit, (Sigma-Aldrich,
Munich, Germany) [43], Mora-extract kit, (AMR Inc., Tokyo, Japan) [21,57], Real-time PCR
with TagMan Probe, (Thermo Fisher Scientific, Waltham, MA, USA) [23], DNeasy Kit,
(QIAGEN, Venlo, The Netherlands) [36,46], and the Masterpure purification kit, (Epicentre,
Verona, Wisconsin, USA) [20,56].

Despite being considered an extension of peri-implantitis and the presence of common
bacteria, peri-implant mucositis has been reported to have a distinct microbial profile in
some studies [68,69]. However, a few studies were not able to provide a conclusive result on
this aspect [36,37,47,50,52]. The diversity in peri-implant mucositis has been reported to be
higher than at healthy implant sites [36] but lower than in peri-implantitis [52]. Moreover,
the immune cell profiles of both entities seem to differ as well. Enhanced neutrophil
and B-cell responses have previously been identified for peri-implantitis lesions when
compared to peri-implant mucositis lesions under experimental conditions. The shift in the
microbiome profile may also be explained by the increase in frequency and the number of
bleeding sites subsequent to biofilm accumulation surrounding the implants [70].

The association of Veillonella sp. with healthy implant sites is well-correlated with its
reduced prevalence in deeper pockets and severe disease progression [20,43,46,55]. Strepto-
cocci spp. have been identified in both diseased [21,22,53,56] and healthy sites [20,23,45].
Neisseria sp. have been associated with healthy implants and negatively correlates with
the probing depth [20,40,43,44], suggesting that Neisseria sp. could have been replaced
by other colonizers or may exert a protective effect. Species of the genus Neisseria are
well-established primary colonizers of the dental plaque of natural teeth but are not well
known for their presence in dental implants. On the contrary, three studies reported high
levels of Neisseria sp. in peri-implantitis sites, which contradicts other studies [22,51,54].
Considering the common occurrence of these species in the oral cavity and the possibil-
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ity of transfer from a diseased to a healthy site or vice versa leads to the lack of a clear
understanding of its role in the initiation and the progression of the disease.

Numerous studies have identified Fusobacterium sp. as the dominant species in peri-
implantitis [20,21,46]. Studies have also reported the presence of the genus Treponema at
peri-implantitis sites of increasing severity [20,43]. However, Kumar et al. reported higher
levels of the genera Treponema and Prevotella at healthy implant sites, which is the opposite
to what other studies have found [22]. Peri-implantitis sites have also seen an abundance
of species from the phylum Synergistetes [20,23,46]. Porphyromonas sp. have been reported
at peri-implantitis sites by multiple studies [20,21,23].

A distinct microbial pattern could not be identified across all the 25 studies reviewed,
possibly due to the abovementioned factors. Sahrmann et al. also found that there was an
absence of a characteristic bacterial profile at peri-implantitis sites [71]. Both the current
review and the review by Sahrmann et al. had a consensus that there was considerable
heterogeneity in the studies reviewed [71]. The red complex is frequently identified at peri-
implantitis sites, as are putative pathogens of the orange and yellow complex. Furthermore,
it seems that the relative abundance of each complex changes with an increasing disease
progression severity. The blue complex was also reported to be negatively correlated with
peri-implantitis sites, suggesting its protective effect. The red complex was also more
abundant at implant sites for subjects who smoked, which correlates well with our current
understanding that smoking is a risk factor for peri-implantitis. The studies have findings
that contradict one another, and this makes it difficult to obtain a characteristic microbial
profile for peri-implantitis. However, it is evident that the microbiome of peri-implantitis is
unique and distinct from that of periodontitis.

Carvalho et al. found that peri-implantitis lesions were associated with the presence
of S. epidermidis, P. gingivalis, T. forsythia, T. denticola, F. nucleatum, and P. intermedia [72]. The
review included culture-dependent studies in the analysis. On the contrary, the current
systematic review only included studies that utilized next-generation sequencing due to its
improved detection limit [30,73]. Additionally, Carvalho et al. reported that a definitive
conclusion regarding the microbiome of peri-implantitis could not be reached due to the
nature of the studies analyzed. Next-generation sequencing methods have shown that the
microbiome of peri-implantitis is distinct from that of periodontitis. Non-culturable species
such as Fusobacterium and the Treponema sp. HMT-257 have been detected in peri-implantitis
lesions [74,75]. The current systematic review demonstrates that, even with the inclusion
of only next-generation sequencing studies, a distinct and unique microbial community
pattern could not be identified.

The current review is limited by the studies’ number of participants, with the highest
being 139 in a study by Aleksandrowicz et al. [41]. This suggests that the results may
not be generalized to the clinical setting due to the small sample size. This review is also
limited by the heterogeneity presented across all studies reviewed. Hence, a characteristic
microbial profile cannot be determined for future targeted therapies.

4. Materials and Methods

A systematic review of observational and case-control studies (PROSPERO)
(CRD42023459266) investigating the microbiome of peri-implantitis lesions was performed
on the Cochrane, Medline, and Scopus databases from inception until 1 August 2023 and
reported according to the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) [76]. A focused question was formulated based on PECO (population,
exposure, comparator, and outcome). The population included patients with at least one
osseointegrated dental implant, the exposure was the diagnosis of peri-implantitis lesions,
the comparator included healthy implants, periodontitis sites, as well as peri-implant
mucositis sites, and the outcome measure was the bacterial composition obtained from
samples taken from peri-implantitis sites, as assessed through next-generation sequencing.
The question was as follows: Among patients with at least one osseointegrated dental
implant, what would be the difference between peri-implantitis lesions, healthy implants,
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periodontitis, and peri-implant mucositis in terms of the bacterial composition obtained
from samples as assessed via next-generation sequencing?

The search strategy involved a combination of the following key terms: peri-implantitis,
inflammation, disease, infection, consequence, sequence analysis, RNA, 165, metagenomics,
metagenome, microbiota, and bacteria. The keywords were combined using the Boolean
operators “AND” and “OR” in the strategic search. This systematic review followed the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) crite-
ria [77].

The titles and abstracts were independently screened by two reviewers (K.C.G.,
R.K.M.) for eligible studies, followed by full-text reading. Data were extracted inde-
pendently and in duplicate by the two reviewers (K.C.G., R K.M.) into a data extraction
form created following the Cochrane Handbook of Systematic Reviews of Interventions
guidelines [76]. Observational and case-control studies investigating the microbiome of
peri-implant tissues through next-generation DNA sequencing methods were included.
Culture-based studies, conference papers, review articles, studies regarding peri-implantitis
associated with other systematic factors (diabetes mellitus, immune disorders, etc.), and
articles that examined only specific microorganisms were excluded from this systematic
review. Non-English language articles and research conducted on non-human specimens
were also excluded. This was followed by full-text screening for eligibility. The complete
search strategy used is shown in Table 6. Table 7 depicts the inclusion and exclusion criteria
for the articles.

Table 6. Search strategies employed.

Database Search Terms

(Peri-implantiti$ OR Peri adj2 Implantiti$ OR Peri-implant$ adj2
inflam$ OR Peri-implant$ adj2 infect$ OR Peri-implant$ adj2

disease$ OR exp Peri-Implantitis/or exp Dental Implants/or exp

Dental Implantation, Endosseous/OR peri-implant adj2
Medline mucositi$ OR peri adj2 implant adj2 mucositi$ OR periimplant

adj2 mucositi$ OR periimplant$ adj2 mucos$) AND (exp
sequence analysis/or exp sequence analysis, dna/or exp

sequence analysis, rna/or exp rna-seq/OR exp RNA, Ribosomal,

165/0R exp Microbiota/OR exp Bacteria/)

(peri-implantiti* OR periimplantiti* OR (Peri-Implantitis):ti,ab,kw
OR Peri-implant* NEAR/2 inflam* OR Peri-implant* NEAR /2
infect* OR peri-implant muco*sitis OR peri-implant NEAR /2
disease* OR peri-implant infect* OR MeSH descriptor:
[Peri-Implantitis] explode all trees OR periimplant* NEAR/2
mucos*) AND (dental implant* OR dental implant, endosseous
OR endosseous dental implant*) AND (MeSH descriptor:
[Sequence Analysis, DNA] explode all trees OR MeSH descriptor:
[Sequence Analysis] explode all trees OR MeSH descriptor:
[Sequence Analysis, RNA] explode all trees OR MeSH descriptor:
[RNA-Seq] explode all trees OR MeSH descriptor: [RNA,
Ribosomal, 16S] explode all trees OR MeSH descriptor:
[Microbiota] explode all trees OR MeSH descriptor: [Bacteria]
explode all trees)

Cochrane

(peri-implant* OR peri W/2 implant* OR peri-implant* W /2
inflam* OR peri-implant* W/2 infect* OR peri-implant* W /2
disease* OR peri-implant W/2 mucositi* OR peri W/2 implant
W /2 mucositi* OR periimplant W/2 mucositi* OR periimplant*
Scopus W /2 mucos*) AND (dental AND implants OR dental AND
implantation AND endosseous) AND ((sequence AND analysis)
OR (sequence AND analysis AND dna) OR (sequence AND
analysis AND rna) OR rna-seq OR (rna AND ribosomal AND
16s)) AND (microbiota OR bacteria)

ti: Title; ab: Abstract; kw: Keywords; exp: Explode.
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Table 7. Inclusion and exclusion criteria used for the studies screened.

Inclusion Criteria Exclusion Criteria

Culture-based studies, conference papers,
review articles, studies regarding

Observational and case-control studies peri-implantitis associated with other
investigating the microbiome of peri-implant  systematic factors (diabetes mellitus, immune
tissues through next-generation DNA disorders, etc.)
sequencing methods. Articles that examined only specific
Human studies in English microorganisms.

Non-English language articles and research
conducted on non-human specimens.

The relevant studies were assessed with the Risk Of Bias In Non-randomized Studies-
of Exposures (ROBINS-E) tool [78].

5. Conclusions

The study of the microbiome with next-generation sequencing allows more insight
into the possible casual relationships between the bacteria and diseased state and not just
culturable or cultivatable species. A unique and distinct microbial pattern could not be
identified due to the vast heterogeneity present across all studies. The authors propose
that future studies should investigate the microbial profile of peri-implantitis based on the
severity of the disease to further provide insight into the progression and alteration of the
microbial community within the peri-implant pocket.

A universal clinical parameter for the diagnosis of peri-implantitis should be imple-
mented in all future studies to minimize the confounding factors. The subject pool should
also be more diverse and larger to compensate for individual differences, and perhaps,
a distinct microbial profile may be seen with a larger sample size. The studies reviewed
also show that different groups of bacteria exist in the pockets at different stages of the
diseases. This may imply that, with a complete microbial profile, an accurate estimation of
the disease progression and monitoring can be performed. Furthermore, this also allows
targeted drug therapies towards selective microorganisms that are strongly associated with
peri-implantitis.
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