
REVIEW ARTICLE

Photodynamic antimicrobial chemotherapy has an overt killing effect
on periodontal pathogens? A systematic review
of experimental studies

Daniele Peron1
& Alexandre Bergamo1

& Renato Prates1 & Stella Sousa Vieira2 & Paulo de Tarso Camillo de Carvalho1
&

Andrey Jorge Serra1,2

Received: 12 December 2018 /Accepted: 10 May 2019 /Published online: 21 May 2019
# Springer-Verlag London Ltd., part of Springer Nature 2019

Abstract
The periodontal disease (PD) etiology is mainly associated with some bacterial strains, such as Porphyromonas gingivalis
(P. gingivalis). Nonsurgical root scaling (e.g., antibiotics) may achieve a temporary decrease in the P. gingivalis level, yet it
cannot eradicate the microorganism. Moreover, antibiotics can lead to bacterial resistance and undesirable side effects. This
systematic review was performed to identify animal data defining antimicrobial photodynamic therapy (PACT) role on exper-
imental PDmodels in the treatment ofP. gingivalis. Embase,MEDLINE, and PubMedwere examined for studies published from
January 1980 to August 2018. MeSH terms and Scopus data were used to find more related keywords. Four studies were selected
and reviewed by two independent researches with a structured tool for rating the research quality. The beneficial effect of PACT
included reductions in P. gingivalis counts, bleeding on probing, redness, and inflammation on multiple sites (i.e., first molar,
dental implants; subgingival; and mandibular premolars). Although our results suggest that PACT displays antimicrobial action
on P. gingivalis, thus improving the PD, a nonuniformity in the PACT protocol and the limited number of studies included lead to
consider that the bactericidal efficacy of PACT against periodontal pathogens in PD remains unclear.
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Introduction

Dental biofilm is a main etiological factor for periodontal dis-
ease (PD) [1], and it develops over a period of several weeks,
initially developing supragingival, with a mature subgingival
biofilm that establishes up to 12 weeks [2]. As the biofilm
accumulates, there is colonization of several periodontal bac-
teria (e.g., Aggregatibacter actinomycetemcomitans;
Fusobac t e r ium sp . ; Porphyromonas g ing i va l i s
(P. gingivalis); Prevotella sp.; Treponema denticola;
Streptococcus beta-hemolytic) [3–5]. The bacterial biofilm
leads to a wide range of inflammatory settings including the

activation of leucocytes, neutrophils, and T lymphocytes and
the release of antibodies, lipopolysaccharides, and chemical
inflammatory mediators that include cytokines and
chemokines [6–9]. Chronic periodontitis produces tissue signs
such as periodontal pockets, periodontal attachment apparatus
loss, bleeding, bone loss, resulting ultimately in tooth loss
[9–13].

Nonsurgical root scaling may achieve a temporary decrease
in the subgingival bacteria levels, yet it cannot eradicate the
microorganism. The location of these bacteria in unreachable
areas, such as furcations or the base of periodontal pockets,
probably accounts for the failure of mechanical therapy [4].
Therefore, combination of treatments such as non-resective
periodontal surgery, antibiotics, and good oral hygiene are
means to control the bacteria [14]. Conversely, it has been
reported that antibiotics can lead to bacterial resistance and
undesirable side effects [14, 15]. These limitations have led
to the search for new approaches that are effective and easily
applied in the bacteremia of PD. In this regard, photodynamic
antimicrobial chemotherapy (PACT), which uses a low-level
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light (led or laser), was introduced as a promising strategy
antimicrobial platform to adjuvant treat PD. PACT has been
a scientific demonstrated effect against microorganism since
Raab has published it in 1900; Paramecium caudatum would
die following irradiation in combination with acridine dye
[16]. The PACT reduces microbes with little effect on
keratinocytes, thereby constituting a safe alternative for anti-
microbial treatment [17]. The surface of both Gram-positive
and Gram-negative bacteria is negatively charged, which
makes anionic photosensitizers ineffective [1]. PACT is based
on the use of light at a specific wavelength in combination
with a photosensitizer (PS); it leads to phototoxic reactions to
induce bacterial destruction in a reaction called photodynamic
effect. The PACT requires two components, a light source and
a photosensitizer (photo reactive drug) capable of binding to
the targeted cell. The photosensitizer becomes activated by
light at a certain wavelength, thereby producing singlet oxy-
gen as well as other reactive agents, which are toxic to bacteria
[18, 19]. PACT begins when a PS absorbs a resonant photon
(visible light or near-infrared) and it may impact the electron
orbital by a given energy to PS molecule, which goes to sin-
glet excited form. At this point, PS tends to decay, and it has
two ways (i) emitting light by fluorescence or (ii) making an
intercrossing system to a triplet state. The triplet state of PS
has a long-term life and it has the opportunity to transfer en-
ergy to oxygen on substrate. The O2 receives the PS’s energy
and it becomes toxic to every cell, especially to those that have
less enzymatic content against reactive oxygen species (ROS).
One single molecule of PS may go to this route about 10,000
times until it is destroyed [17]. Mechanism of PACT is
showed in Fig. 1.

Although several researchers have found a PACT effect
alone or in combination with alternative therapies to reduce
bacterial infection [20, 21], there are studies showing null
results [22, 23] or even a higher bacterial load [24].
Therefore, the aim of the present study was to systematically
review the bactericidal efficacy of PACT in experimental PD
models. In this primer, we focus on the PACT action in
P. gingivalis because it is commonly found in PD [4, 13, 14]
and accounts for the majority of periodontal tissue damage
[25]. Moreover, to our knowledge, there are not many system-
atic reviews aimed at the antimicrobial PACT against
P. gingivalis, in which there is data illustrating a positive
[26] or negative [27] efficacy.

Materials and methods

Search strategy

The search scheme was carried out in accordance with the
Systematic Review Center for Laboratory Animal
Experimentation (SYRCLE) guidelines for systematic review.
Original research articles published in English on Embase,
MEDLINE, and PubMed, from January 1980 to August 2018,
were retrieved and evaluated by two independent authors.

The keywords from related articles were selected, and
MeSH terms and Scopus international data lines were used
to find more related keywords with close meanings. The entire
search strategy used was (Porphyromonas gingivalis OR
P. gingivalis) AND (photodynamic therapy OR photodynamic
OR phototherapy OR photochemotherapy OR photo-

Fig. 1 Jablonski diagram showing the excitation of molecule for generation of singlet oxygen, superoxide anion (O2
−), hydroxyl radical (·OH), and

hydrogen peroxide (H2O2)
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activated disinfection) AND (antimicrobial photodynamic
therapy OR antimicrobial photodynamic OR antimicrobial
phototherapy OR antimicrobial photodynamic OR antimicro-
bial photochemotherapy). MeSH terms were used individual-
ly or combined to increase the findings. The search was re-
peated following a review of the eligible papers on experimen-
tal methodology, outcomes, and irradiation parameters. The
retrieved articles were also reviewed to identify possible ad-
ditional studies.

Study selection

Title and abstract screening of citations were examined for
potentially eligible studies, and two independent reviewers
applied predetermined inclusion criteria to full studies.
Conflicts were solved by a third independent researcher.

Inclusion criteria were as follows:

1. live animal subjects;
2. random allocation of treatment;
3. type of irradiation was provided as an intervention to at

least one of the treatment groups;
4. a quantitative or semi-quantitative measure;
5. English language.

The exclusion criteria were as follows:

1. in vitro, clinical and systematic review articles with or
without meta-analysis;

2. papers not published in English language.

Quality of studies

Potentially eligible articles were printed, reviewed, and criti-
cally judged for quality rating by two independent reviewers.
Systematic reviews are commonly performed in clinical trials
but rarely in animal studies. Quality rating scales commonly
used consider issues as the appropriateness of the animal mod-
el being evaluated; therefore, the quality of study was ana-
lyzed using a scale targeted for animal/tissue researches
(QATRS) [28]. QATRS is a 20-point scale evaluation chart
designed to assess randomization, blinding, standardization,
and reliability of measurements, management of study with-
drawals, appropriateness of statistical methods, and similarity
of the animal/tissue model with clinical studies.

Results

Overall, 76 articles were found in a first screening on the
databases, and abstracts were used to identify studies who
were repeatedly found in more than one database (i.e.,

repeated study; n = 27). Thereby, 49 studies were prescreened
for overall review. Among these, 45 studies were excluded
because they did not meet the inclusion criteria of this system-
atic review: in vitro studies (n = 18); clinical trials (n = 20);
systematic reviews (n = 5); no experimental model of PD
(n = 1); lipopolysaccharide inoculation (n = 1). Therefore, four
studies were included for critical evaluation of the bacterial
infection protocol and PACT (Fig. 2).

Table 1 shows data extracted from the papers, in which the
studies evaluated two animal species (i.e., rat and dog), and
several bacterial strains (Actinomyces, Fusobacterium
nucleatum, Fusobacterium sp, P. gingivalis, Prevotella sp,
Streptococcus beta-hemolytic, Treponema denticola) [3,
29–31]. The induction of PD in multiple sides (first molar,
dental implants, subgingival regions, and mandibular premo-
lars) was mainly caused by using a ligature model (three stud-
ies), and only one study was conducted with the direct
P. gingivalis inoculation. According to the QATRS, the studies
showed a range of methodological quality between 14 and 18
points on a scale until 20.

Table 2 illustrates PACT effectiveness data. The studies ap-
plied diode to the target tissue with a wavelength ranging from
660 to 662 nm, a fluence varying between 12.7 and 212.3 J/cm2,
and irradiance between 0.06 and 1.06 W/cm2. Unfortunately,
only one study had a complete description of the irradiation
parameters [3]. Several photosensitizers were used on the bacte-
ria, including toluidine blue, 25% azulene, chlorin e6, and BLC
1010 and phenothiazine chloride. The irradiation time per point
was reported between 10 and 180 s per site. Table 2 also shows
the main benefits of PACT as a noninvasive approach to control
oral bacteremia. Notwithstanding, PACT is distinctly advanta-
geous in reducing the periodontal signs of redness, bleeding on
probing, and inflammation.

Discussion

The PD is mainly associated with the presence of distinct
bacterial strains, in which P. gingivalis is a Gram-negative
bacterium leading to colonization of subgingival plaque with
consequent tissue invasion and destruction in several forms of
PD [4, 13]. Thus, although the included studies had the peri-
odontal biofilm as a target in which it has multiple bacteria,
this systematic review of experimental studies reviewed the
in vivo antimicrobial efficacy of PACT against a major peri-
odontal pathogen in PD—P. gingivalis. The application of
eligibility criteria resulted in the inclusion of only four studies
derived from an initial screening of 49 papers. Although the
studies that fulfilled our eligibility criteria applied different
PACT protocols, the reduction of periopathogenic microor-
ganism counts was a common finding. On the other hand, an
issue should be clarified for the study of de Oliveira et al. [31]
in which P. gingivalis counts were significantly reduced
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1 week after a single application of PACT. However, after
4 weeks, the authors reported a regrowth of microorganism.
A reasonable explanation for this finding is the frequency of
the PACT application, in which there are indications that
PACT treatment should be performed weekly [31].

Multiple factors for the bactericidal effect of PACT are
proposed. These include DNA breakdown, efflux of potassi-
um ion, abnormalities of sarcolemmal proteins, and interrup-
tions in the cell wall synthesis [26]. Typically, the light ab-
sorption by the photosensitizer results in excited singlet state
and triplet excited state to cause type I and type photo-
oxidative reactions. There is a burst of radicals and reactive
oxygen species, and if sufficient oxidative damage ensues, this
will result in target-bacterial death [32–35].

Photosensitizers and light protocol

It is noteworthy that the included studies had substantial het-
erogeneity in the parameters related to PACT. For example,
each study has applied different photosensitizers on different
laser irradiation fluences to cause decontamination. Azulene,
toluidine blue, chorin E6, BLC 1010, and phenothiazine chlo-
ride of methylene blue or toluidine blue as photosensitizers
were included. This criterion was selected because these dyes
are the most used for oral PACT [36]. Moreover, methylene

blue and toluidine blue present high effectiveness in both
Gram-positive and Gram-negative bacteria [37].

All studies included demonstrated that the combination of
dyes and a light source PACT led to lower bacterial prolifer-
ation compared with samples of control animals (not treated
with PACT). It has been reported that the effectiveness of
PACT is greater to control or eliminate oral bacteria in plank-
tonic phase than in biofilms [38]. The probable reasons for the
lower effectiveness of PACT in biotopes may be the distinct
and protected phenotypes, such as those of dental plaque mi-
croorganisms, which are able to adhere to the teeth [39].

The therapeutic light corresponds to a small share of the
total electromagnetic radiation with wavelengths from visible
to infrared from 300 to 1100 nm [40]. All included studies
have applied irradiations with a wavelength of 660 to 662 nm
combined with the dye. This wavelength range has been well-
reported to be within a suitable Bphototherapeutic window^ to
excite the photosensitizer to produce radicals and/or reactive
oxygen species [41]. Further, although a relationship between
laser irradiance and the bactericidal efficacy of PACT remains
to be established, we have reported very low irradiance values
for the four included studies, in which it can limit the clinical
translation of the findings. In fact, clinical studies that showed
a significant reduction in P. gingivalis had a higher range of
irradiance [26].

Fig. 2 Flow diagram of the results of the study selection procedure
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Limitations

There are some limitations that can be raised from our review.
First, it is evident from the previous discussion that the differ-
ences in laser fluence and irradiance and types of photosensi-
tizer would have resulted in a nonstandardized overall dose of
PACT in the included studies. Then, studies with standardized
inclusion criteria and treatment regimens are recommended in
this regard. Moreover, the variance of PACT patterns and the
absence of all irradiation data make the comparison between
studies complex. Second, the small number of studies includ-
ed in this systematic review is insufficient to perform a meta-
analysis, which could better illustrate the PACT efficacy rele-
vant to clinical observations. Third, there are heterogeneity
between the four included studies such as the use of the two
animal species (i.e., rat and dog) and three distinct procedures
to induce PD (i.e., ligature, peri-implant, or bacterial injec-
tion). These observations have important implications to eval-
uate PACT role. For example, the rate of PD in dogs is high,
increases with aging, and hence, the etiopathology is closely
associated with humans [42]. On the other hand, the occur-
rence of PD in rats is less frequent than in human and there is
continuous growth and migration of the teeth [43], which
might not be subtle for studying the repercussion of the
PACT over long periods. In addition, variability in host re-
sponses to bacterial infection among dog and rat can contrib-
ute significantly to the severity of PD and thus, the effect of
the PACT. Finally, ligatures or seeding with exogenous path-
ogens (bacterial inoculation) to induce PD can elicit different
disease evolution [44] and therefore a non-singular response
to PACT treatment.

Conclusion

Although PACT is a promising strategy to eradicate path-
ogenic microorganisms such as P. gingivalis, and this sys-
tematic review has shown some benefit concerning the ef-
fectiveness of therapy, some limitations show and should
be considered so to assume a well-defined bactericidal ef-
ficacy of PACT against periodontal pathogens in PD. A
valuable route could be to establish a well-standardized
PACT to be applied homogeneously in future experimental
studies. This could result in less heterogeneous data for
antimicrobial effectiveness. Notwithstanding, Gram-nega-
tive bacteria as P. gingivalis are far more resistant to
PACT [45]. Therefore, search for new approaches
(e.g., polymyxin B nonapeptide or ethylene diamine
tetraacetic acid) that can permeabilize the outer mem-
brane to allow non-cationic photosensitizer [45] could
have better antibacterial results compared with data re-
ported in this review.Ta
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