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Application of antimicrobial
photodynamic therapy in
periodontal and peri-implant

diseases
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Recent advances in technology have led to a constant
drive to develop novel approaches for the treatment
of periodontal diseases. The need to find more opti-
mal treatment protocols for periodontal disease is a
long-term goal for periodontal researchers and cli-
nicians. A novel noninvasive photochemical ap-
proach for infection control, namely photodynamic
therapy, has been receiving much attention in the
treatment of oral diseases (34, 44, 142). Although the
original technique was first employed in the treat-
ment of cancer (4), during the last decade an
increasing number of studies on photodynamic
therapy application have been published in peri-
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chronic infections caused by various periodonto-
pathic bacteria (30). The main objective of perio-
dontal therapy is to eliminate deposits of bacteria
and bacterial niches by removing the supragingival
and subgingival biofilm (126). Plaque removal with
eradication of niches of causative pathogens is cur-
rently performed using mechanical methods, such
as nonsurgical therapy, which results in significant
clinical improvements and varying success rates (39).
However, it has been demonstrated that conventional
mechanical therapy cannot completely remove all
periodontal pathogens; this is because of the ana-
tomical complexity of the tooth roots, which may

odontics. They have reported efficient elimination of [llcontain furcation areas and concavities, especially in

periodontal pathogens using the photodynamic
method, which combines the application of a non-
toxic chemical agent (photosensitizer) with low-level
light energy (25, 37, 115). Photodynamic therapy has
been considered as a promising novel therapeutic
approach for eradicating pathogenic bacteria in

Wperiodontal and peri-implant diseases. In this review

article, an overview on the existing preclinical and

deep periodontal pockets (2, 128), and the bacteria
invading the surrounding soft tissues (5, 76, 127).
Potential periodontal pathogens, such as Aggrega-
tibacter actinomycetemcomitans and Porphyromonas
gingivalis are capable of disrupting host epithelial
cells and invading into deeper periodontal tissues (5,
76). Thus, recolonization by those bacteria remaining
in pockets or the tissues after mechanical debride-

clinical evidence on the effects of photodynamic [l8ment is a problem but this should be prevented by

therapy in the treatment of periodontal and peri-
implant diseases is presented and discussed.

Bacterial elimination using
conventional methods in

BBlperiodontal therapy

Periodontal disease results from inflammation of the
supporting structures of the teeth in response to

periodontal therapy.
In order to facilitate reduction in the number of

B8bacteria, antimicrobial or antiseptic agents are

introduced into the periodontal pocket (97, 116).
Bacterial infection may be well controlled when these
agents are applied and thus supplemental chemo-
therapy is often recommended. Systemic use of
antibiotics may be recommended in certain situa-
tions as an adjunct to periodontal therapy (97, 128).
Local or systemic chemotherapy in conjunction with
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mechanical debridement (mechano-chemotherapy)

light (69, 73, 134). Unlike high-level lasers, photody-

are currently accepted approaches in the treatment [lInamic therapy can selectively target the bacteria

of periodontal disease (68, 136). However, the use of
antimicrobial agents suffers from two major draw-
backs. The first is the difficulty experienced in
maintaining stable therapeutic concentrations of the
agent in the periodontal pocket for a sufficient length
of time to ensure eradication of the organisms pres-
ent, because the mixture of gram-positive and gram-
negative bacteria grow as complex aggregates within
a polymeric matrix (biofilms) on the surfaces of the
teeth, leading to inhibition of the action of antimi-
crobial agents and antiseptics (119). The second
drawback is the strong possibility of the development
of resistance to antibiotics by the target organisms
(135). Therefore, there has been significant interest in

Iltdthe development of new antimicrobial concepts, with

fewer complications, as alternatives to conventional
chemotherapy.

Since the beginning of the 1990s, the application
of light energy (in other words, phototherapy) has
been considered as a novel treatment approach in
periodontics. In general, the use of lasers has been
proposed as a new technical modality in the treat-
ment of periodontal diseases (8, 52, 53). Dental lasers
have been used as an effective means of decontami-
nation of periodontal pockets over a period of

)20 years. Lasers possess high bactericidal properties

and they have demonstrated effective killing of oral
pathogenic bacteria associated with periodontitis and
peri-implantitis (7, 28, 82). Most high-level lasers
exhibit bactericidal effects by thermal denaturation
or direct ablation or destruction of bacterial cells and
their application has been gradually increasing in
daily clinical practice (10, 53). High-level laser sys-
tems are now applied as nonsurgical or surgical
periodontal and peri-implant therapies (53, 110).

In spite of the substantial bactericidal effects of
high-level lasers (7, 98), there is limited clinical evi-
dence to demonstrate clearly that lasers can produce

BEla greater reduction in the number of subgingival

bacteria than that achieved using traditional
mechanical therapy (29). Also, the use of high-level
lasers usually results in irreversible thermal damage
to the surrounding periodontal tissues and there is a
concern of unexpected side effects, such as excessive
ablation or thermal coagulation, carbonization or
necrosis of the root, the gingival connective tissue,
the bone and the pulp tissues, depending on the type
of laser employed (8, 53, 137).

Recently, a new type of noninvasive phototherapy

for bacterial elimination, called photodynamic ther-
apy, has been introduced, which uses low-level laser

2

without potentially damaging the host tissues (49, 66,
83, 115). Photodynamic therapy has been extensively
studied in the laboratory, and clinical trials have been
recently initiated in the field of periodontics and peri-
implant therapy.

Antimicrobial photodynamic
therapy

Photodynamic therapy was discovered accidentally at
the beginning of the 20th century (133) and was then
applied in the medical field for the light-induced
inactivation of cells, microorganisms or molecules (4,
69, 134). Photodynamic therapy basically involves
three nontoxic ingredients: visible harmless light; a
nontoxic photosensitizer; and oxygen. It is based on
the principle that a photosensitizer (i.e. a photoacti-
vatable substance) binds to the target cells and can
be activated by light of a suitable wavelength. Fol-
lowing activation of the photosensitizer through the
application of light of a certain wavelength, singlet
oxygen and other very reactive agents are produced
that are extremely toxic to certain cells and bacteria
(69, 70, 111, 134).

Theoretically, neither the photosensitizer nor light
alone can induce an efficient cytotoxic effect on the
cells. The photosensitizer is generally applied in the
targeted area by topical application, aerosol delivery
or interstitial injection. The light that activates the
photosensitizer must be of a specific wavelength with
a relatively high intensity. With the discovery and
development of lasers that are collimated, coherent
and monochromatic, this therapy proved to be a
great evolution because it became possible to utilize
a homogeneous intensive light with low-level energy
that was suitable for activation of the photodynamic
reaction.

Photodynamic therapy has been applied in the
medical field with different targets. One target is host
mammalian tissue in the treatment of cancers (4). It
has been shown that photosensitizers have a selective
affinity for tumor or vascular tissue, and after exci-
tation by light they produce cytotoxic effects, which
may lead to cell death or tissue destruction by
necrosis or apoptosis (24, 59). The other target re-
cently broadly discussed is the microorganism. The
microorganism is an important target in the treat-
ment of local oral infections, and photodynamic
therapy has been introduced as an important novel
disinfection therapy in the field of dentistry. The
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inactivation of microorganisms using photodynamic
therapy has been defined as antimicrobial photody-
namic therapy (69, 70), photodynamic antimicrobial
chemotherapy (134) and photodynamic disinfection
or lethal photosensitization.

Previous studies have demonstrated the simplicity
of the technique and the efficient and beneficial
bactericidal effect of antimicrobial photodynamic
therapy (58, 115, 139, 140) in the treatment of
periodontal infections. Antimicrobial photodynamic
therapy can be easily applied, even in sites where
there is limited access for mechanical instrumenta-
tion as a result of the anatomical complexity of the
root and where remaining bacteria may be present.
In addition, the antimicrobial effect of photodynamic
therapy can be easily controlled by regulating the
reaction; that is, by controlling the amount of light
applied to activate the reaction. Using this simple
procedure, bacteria can be eradicated in a very short
period of time.

Mechanisms involved in
antimicrobial photodynamic
therapy

The proposed mechanisms of photodynamic anti-
microbial reactions at the molecular level have al-
ready been explained in previous important reviews
(38, 59, 69, 134). The bactericidal effect of photo-
dynamic therapy can be explained by two potential,
but different, mechanisms. One is DNA damage (41)
and the other is the damage caused to the cyto-
plasmic membrane of the bacteria by cytotoxic

Organic
substrate

Radical ions

species generated by antimicrobial photodynamic
therapy (13), leading to events such as inactivation
of the membrane transport system, inhibition of
plasma membrane enzyme activities, lipid peroxi-
dation and others (12, 55, 79). Although it has been
reported that antimicrobial photodynamic therapy
can lead to DNA damage, it seems that bacterial
killing by the photochemical reaction is mainly
caused by damage to the bacterial cytoplasmic
membrane (13, 48, 103).

The mechanism of action of antimicrobial
photodynamic therapy can be briefly described as
follows: after irradiation with light of a specific
wavelength (lasers), the photosensitizer at ground
state is activated to a highly energized triplet state
(Fig. 1). The longer lifetime of the triplet state enables
the interaction of the excited photosensitizer with the
surrounding molecules, and it is generally accepted
that the generation of cytotoxic species produced
during photodynamic therapy occurs in this state
(86). The triplet-state photosensitizer follows two
different pathways (type I and II) to react with bio-
molecules (43, 111, 134).

Type I reactions involve hydrogen-atom abstrac-
tion or electron-transfer reactions between the ex-
cited state of the photosensitizer and an organic
substrate molecule of the cells, which produces free
radicals and radical ions. These free-radical species
are generally highly reactive and interact with
endogenous molecular oxygen to produce highly
reactive oxygen species such as superoxide, hydroxyl
radicals and hydrogen peroxide, which are harmful to
cell membrane integrity, causing irreparable biolog-
ical damage (43, 111).

Molecular

oxygen
r. Reactive oxygen

species (ROS)

7 | free radicals
Ground-state Highly energized Oxidative
: iplet- L damage
photosensitizer triplet-state = e
photosensitizer .,
Molecular Roii;::'le
oxygen (singlet oxygen)

Fig. 1. Mechanism of photodynamic antimicrobial reac-
tions at the molecular level. After irradiation with light of a
specific wavelength, the photosensitizer in the ground

IHdstate is converted to a highly-energized triplet state. The

triplet-state photosensitizer follows two different path-
ways (I and II) to react with biomolecules. Pathway I
involves the production of ions or electron/hydrogen

Pathway Il

removal from an organic substrate molecule of the cells to
form free radicals. Pathway II involves the production of a
highly reactive state of oxygen, known as singlet oxygen
(*0,), which reacts with the surroundings as a result of its
high chemical reactivity. The free radicals and the singlet
oxygen convey toxic or lethal effects to the bacterial cell by
damaging the cell membrane and the cell wall (111, 134).
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In the type II reaction, the triplet-state photosen-
sitizer reacts with oxygen to produce an electronically
excited and highly reactive state of oxygen, known as
singlet oxygen ('0,), which can interact with a large
number of biological substrates as a result of its high
chemical reactivity, inducing oxidative damage and
ultimately lethal effects upon the bacterial cell by
damaging the cell membrane and cell wall (43, 111).
Microorganisms that are killed by singlet oxygen in-
clude viruses, bacteria, protozoa and fungi. Singlet
oxygen has a short lifetime in biological systems
(<0.04 ms) and a very short radius of action (0.02 pm)
(78). Because of the limited migration of singlet
oxygen from its site of formation as a result of
its short lifetime, sites of initial cell damage from
photodynamic therapy are closely related to the
localization of the photosensitizer. Thus, the reaction
takes place within a limited space, leading to a
localized response and making it ideal for application
at localized sites without affecting distant molecules,
cells or organs (78, 93).

It seems that the primary cytotoxic agent respon-
sible for the biological effects of the photo-oxidative
process is singlet oxygen. Thus, the process of anti-
microbial photodynamic therapy is generally medi-
ated by a type II reaction, which is accepted as the
major pathway in microbial cell damage (111, 134).

Photodynamic therapy in the
treatment of oral diseases

Application of photodynamic therapy has led to sig-
nificant advances in dentistry because the delivery of
light is more accessible and topical application of the
photosensitizer is more feasible in the oral cavity.
Photodynamic therapy is used in the treatment of
different types of oral solid tumors, and investiga-
tions into the application of photodynamic therapy to
treat superficial precancerous oral lesions, such as
oral leukoplakia, oral erythroleukoplakia and oral
verrucous hyperplasia, have been widely performed,
with some success (40, 63, 144). In addition, photo-
dynamic therapy has been effectively applied in the
treatment of lichen planus (3, 132).

Furthermore, the antimicrobial properties of
photodynamic therapy make it a potential candidate
for the treatment of bacterial, fungal and viral
infections of the oral cavity. In operative dentistry, it
has been well proven that the antimicrobial photo-
dynamic therapy technique is effective for the
treatment and prevention of dental caries. Several
in vitro studies have demonstrated a strong bacte-

ricidal action of antimicrobial photodynamic
therapy against gram-positive bacteria such as
Streptococcus sorbrinus, Streptococcus mutans and
Streptococcus sanguinis, which play an important
role in the etiology of dental caries (91, 138, 145).
Clinical trials of antimicrobial photodynamic ther-
apy have been performed to eliminate the bacteria
in softened carious dentine, thus intervening in the
step-wise excavation techniques that may reduce the
risk of pulpal exposure and necrosis, as well as the
need for pulp capping (19).

In endodontics, antimicrobial photodynamic ther-
apy has been reported to be effective as an adjunct to
conventional endodontic disinfection treatment to
destroy the bacteria that remain even after irrigation
with sodium hypochlorite (18). Several studies
demonstrated that antimicrobial photodynamic
therapy was effective in eliminating anaerobic and
aerobic bacteria, including Enterococcus faecalis, and
Actinomyces, Porphyromonas and Prevotella spp., in
primary endodontic lesions or in cases of endodontic
treatment failure (42, 44, 45).

In addition, several studies have demonstrated that
antimicrobial photodynamic therapy is highly effec-
tive in the destruction of Candida albicans, which is
responsible for oropharyngeal candidiasis (36, 125,
140). Antimicrobial photodynamic therapy has also
been reported to be successful in treating viral
infections, including common labial herpes simplex
infection, as it has been demonstrated ultrastruc-
turally that the viral envelope which protected the
virus from adsorption or penetration is photodam-
aged following antimicrobial photodynamic therapy
(117, 118).

Antimicrobial photosensitizing
agents and the wavelengths used in
periodontal and peri-implant
therapy

For the elimination of supragingival and subgingival
plaque, antimicrobial photodynamic therapy has
been applied with various combinations of lasers and
photosensitizing agents. In antimicrobial photo-
dynamic therapy, the particular photosensitizers
employed are toluidine blue O [tolonium chloride:
(7-amino-8-methyl-phenothiazin-3-ylidene)-dimethyl-
ammonium (C15H16N3S+)], methylene  blue
[3,7-bis(dimethyl-amino)phenazathionium chloride
tetramethylthionine chloride (C;¢H;gN3CIS) or phe-
nothiazine-5-ium, 3,7-bis(dimethylamino)-chloride],
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erythrosine, chlorine e6 and hematoporphyrin, which
have been shown to be safe when employed in the

BE¥medical field.

The phenothiazine dyes (toluidine blue O and
methylene blue) are the major photosensitizers
applied clinically in the medical field. Both have
similar chemical and physicochemical characteris-
tics. Toluidine blue O is a solution that is blue-violet
in color. It can stain granules within mast cells and
proteoglycans and glycosaminoglycans within con-

EBInective tissues. In the field of oral surgery, toluidine

blue O has been used to detect mucosal tumors or

nounced cationic charge, can bind to the outer
membrane of gram-negative bacteria and penetrate
bacterial cells (15, 75, 131), demonstrating a high
degree of selectivity for killing microorganisms
compared with host mammalian cells (120). There-
fore, toluidine blue O and methylene blue have been
the photosensitizers of choice in the treatment of
periodontitis and peri-implantitis. However, tolui-
dine blue O seems to exhibit a greater ability for
killing gram-positive and gram-negative bacteria
than methylene blue. Elimination of A. actinomyce-
temcomitans, P. gingivalis and Fusobacterium nu-

atypical epithelia as normal mucosal epithelium [lMcleatun has been demonstrated to be more effectively

cannot be stained by toluidine blue O (67). Methy-
lene blue is a redox indicator that is blue in an
oxidizing environment and becomes colorless upon
reduction. In medical practice, methylene blue is
applied for identification of dysplasias or precan-
cerous lesions of the mucosa (87). Recently, because
of the photocatalytic action of methylene blue, it has
been utilized for virus inactivation in blood plasma
before blood transfusions, using a white fluorescent
lamp (64). Methylene blue combined with light has
also been reported to be beneficial in killing the
influenza virus (64), Helicobacter pylori (77) and
C. albicans (140).

With respect to antimicrobial photodynamic ther-
apy, it has been demonstrated that methylene blue
and toluidine blue O are very effective photosensi-
tizing agents for the inactivation of both gram-posi-
tive and gram-negative periodontopathic bacteria
(25, 58, 102, 139). There is, however, a difference in
susceptibility of gram-positive and gram-negative
bacteria to treatment. Anionic and neutral photo-
sensitizers are reported to be effective against gram-
positive bacteria; however, they are often ineffective
against gram-negative bacteria (71, 74). Although it is
still a point of debate, gram-negative organisms seem
to be generally more resistant to photodynamic
therapy than gram-positive bacteria, as a result of the
differences in the outer membrane structures of both
types of bacteria (69, 101). Gram-positive species
have a relatively porous cytoplasmic membrane that

B permits entry of the photosensitizer into the cell (71).

In gram-negative species, an additional outer mem-
brane layer with a characteristic structure works as an
effective permeability barrier that inhibits the pene-

BB tration of host cellular and humoral defense factors

and may lead to resistance against many antibiotics
(85). Thus, the outer membrane may reduce or pre-
vent photosensitizer uptake. However, it has been
demonstrated that photosensitizers, such as toluidine

BBblue O and methylene blue, which undergo a pro-

achieved whilst using toluidine blue O than methy-
lene blue (139). It has been shown in vitro that
toluidine blue O interacts with lipopolysaccharide
more effectively than does methylene blue (130), thus
a greater photobactericidal effect of toluidine blue O
against gram-negative bacteria can be expected than
for methylene blue (129).

In the past, photosensitizer activation was achieved
by a variety of light sources such as argon lasers (50),
potassium titanyl phosphate (90) or neodymium-
doped: yttrium, aluminum and garnet (Nd:YAG) la-
sers (23). Currently, however, the light sources of a
specific wavelength mostly applied in photodynamic
therapy are those of helium-neon lasers (633 nm),
gallium-aluminum-arsenide diode lasers (630-690,
830 or 906 nm) and argon lasers (488-514 nm), the
wavelengths of which range from visible light to the
blue of argon lasers, or from the red of helium-neon
and gallium—aluminum-arsenide lasers to the infra-
red area of some diode lasers. High-level-energy laser
irradiation is not used to activate the photoactive dye
because relatively low-level exposure produces a high
bactericidal effect. Several types of laser devices have
been applied during in vitro research studies. How-
ever, in the case of in vivo and clinical investigations,
the diode lasers are the light source predominantly
applied (Table 1). Although toluidine blue O was
generally selected as the photosensitizer of choice in
previous in vitro studies, methylene blue has been
used mainly in clinical studies because clinical pho-
todynamic therapy kits that include methylene blue

BEare already commercially available (Periowave™;

Ondine Biopharma Corporation, Vancouver, Canada)
(Helbo®; Photodynamic Systems GmbH & Co. KG,
Grieskirchen, Austria). Recently, nonlaser light sour-
ces, such as light-emitting diodes, have been sug-
gested as new light activators in photodynamic
therapy as light-emitting diode devices are more
compact and portable and the cost is much lower
compared with that of traditional lasers.
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Table 1. Continued

Light parameters and  Author and year (reference)

Light (wavelength)

Concentration of the

Type of study

Photosensitizer

(time of exposure)

photosensitizer
2.5, 10, and 20 mg/kg body

Pe et al. 1993 (92)

90 or 180 J/ cm?,

1. ED
pulsed 2. ED

Diode laser (630 nm)

In vivo (mouse)

Hematoporphyrin

oligomers

5 mJ/ cm?,

pulsed 3. ED = 15 mJ / cm?,

weight

CW

40 mW (180 s)

Hayek et al. 2005 (49)

25% W/ V) Diode laser (660 nm)

In vivo (dogs)

Azulene

Henry et al. 1995 (50)

0.58 mW

Argon laser (488-514 nm)

In vitro

Endogenous porphyrins

Henry et al. 1996 (51)

0.58 mW

Argon laser (488-514 nm)

In vitro

Soukos et al. 2005 (123)

70 mW / cm?

Broadband light (380-520)

In vitro

CW, continuous-wave; ED, energy density; He-Ne, helium-neon; NA, not available; w /v, weight / volume.

Antimicrobial photodynamic
therapy in the treatment of
periodontal and peri-implant
diseases

Based on the advantages and characteristics of anti-
microbial photodynamic therapy, it has been pro-
posed that periodontal and peri-implant diseases
are potential targets of this novel antimicrobial
photochemotherapy. Antimicrobial photodynamic
therapy is expected to resolve the difficulties and
problems of conventional antimicrobial therapy and
can work as an adjunctive to conventional mechan-
ical treatments.

The photosensitizer is placed directly in the peri-
odontal and peri-implant pocket and the liquid agent
can easily access the whole root or implant surface
before activation by the laser light through placement
of the optical fiber directly in the pocket (Fig. 2). As a

EElresult of the technical simplicity of the method and
the high effectiveness of bacterial killing, the appli-
cation of antimicrobial photodynamic therapy in the
treatment of periodontal and peri-implant diseases
has recently been studied extensively.

In vitro studies of the antimicrobial
effects of photodynamic therapy in
periodontal therapy

The bactericidal effect of antimicrobial photody-
namic therapy on periodontal pathogens has been
demonstrated in several basic studies (Table 2). In
the early 1990s, Dobson and Wilson (35) showed that
low-level helium-neon laser irradiation with tolui-
dine blue O or methylene blue was effective for
killing P. gingivalis, F. nucleatum, A. actinomyce-
temcomitans and S. sanguinis. Compared with other
photosensitizers, toluidine blue O and methylene
blue were more effective for killing periodontal
pathogens in antimicrobial photodynamic therapy
(139). These authors also revealed that the most
effective bactericidal effect was achieved with the
combination of toluidine blue O and a helium-neon
laser in a supragingival biofilm model study (141).
Bhatti et al. (14) demonstrated that the optimal
concentration of toluidine blue O to kill P. gingivalis
was 12.5 ng/ ml with helium-neon laser irradiation.
In addition, they revealed, by transmission electron
microscopic examination, that the bactericidal effect
of light-activated toluidine blue O against P. gingi-
valis was caused by disruption of the outer mem-
brane proteins of those bacteria (17). Chan and Lai
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Photodynamic therapy in periodontal and peri-implant diseases

Fig. 2. Diagram showing the steps of application of anti-
microbial photodynamic therapy in the treatment of peri-
odontitis. (A) Periodontally diseased site before treatment.
(B) Mechanical debridement using hand curettes. (C)
Application of the photosensitizer via syringe at the dis-
eased site that contains residual bacteria. Occasionally,

(25) showed that in the presence of methylene blue,
the wavelengths of 632.8 nm (helium-neon laser)
and 665 and 830 nm (diode laser) had a high bac-
tericidal effect on periodontal pathogens. Matevski
et al. (72) reported that even a conventional light
(red-filtered xenon lamp) could be as effective as
lasers in the antimicrobial effect of photodynamic
therapy using toluidine blue O. Soukos et al. (121)
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excess dye solution is removed using water spray. (D)
Photosensitization is performed using an intensive light by
aspecial tip applied in the pocket. Singlet oxygen and other
very reactive agents that are toxic to bacteria are produced,
resulting in photochemical disinfection of the periodontal
pocket. (E) Improved wound healing in the treated site.

Soukos et al. (122) demonstrated the bactericidal
effects of photodynamic therapy with poly-1-lysine—
chlorin e6 conjugate and a diode laser against
subgingival plaque biofilm that comprised both
gram-positive and gram-negative bacteria. They
demonstrated that the bacteria present in the deep
layers of the biofilm were killed by extensive
penetration of the photosensitizer into the biofilm

demonstrated that using a cationic poly-L-lysine- [Ellfollowing antimicrobial photodynamic therapy.

chlorin e6 conjugate, photodynamic therapy could
kill P. gingivalis and Actinomyces viscosus without
causing epithelial cell damage, whilst photodynamic
therapy with anionic conjugates could not achieve
elimination of bacteria.

Moreover, the bactericidal effect of antimicrobial
photodynamic therapy was demonstrated not only
on pure cultures of bacteria but also on the plaque
biofilm. Sarkar and Wilson (102) reported that he-
lium-neon laser irradiation combined with toluidine
blue O killed oral bacteria within samples of sub-
gingival plaque obtained from patients with chronic
periodontitis. O’Neil et al. (88) also demonstrated
that the combination of helium-neon laser irradia-
tion and toluidine blue O was effective at decreasing

EUthe number of different species of bacteria in bio-

films prepared from the saliva of healthy subjects.
Recently, Qin et al. (95) investigated the optimal
parameters required for effective antimicrobial
photodynamic therapy-induced killing of supragin-
gival periodontal pathogens using the combination
of different toluidine blue O concentrations and la-
ser-irradiation energies and reported that diode laser
irradiation at 12 J/cm? with 1 mg/ml of toluidine
blue O was the most effective option. In addition,

In black-pigmented bacteria such as P. gingivalis
and Prevotella spp., the endogenous porphyrins
present on the bacteria may also act as a photo-
sensitizer. Henry et al. (50) reported that, without a
dye agent, argon laser irradiation could kill black-
pigmented bacteria and that P. gingivalis was the
species of bacteria most sensitive to photodynamic
therapy. They also reported that argon laser
irradiation without dye agents effectively killed
black-pigmented bacteria formed within the biofilm
(51). Recently, Soukos etal. (123) also demon-
strated that irradiation with nonlaser light (broad-
band light: 380-520 nm) had a bactericidal effect
against black-pigmented bacteria and that the effect
depended upon the quality of endogenous por-
phyrins.

In addition, it seems that antimicrobial photody-
namic therapy not only kills the bacteria but may also
lead to the detoxification of endotoxins because it has
been demonstrated in vitro that lipopolysaccharide
treated by photodynamic therapy did not stimulate
the production of pro-inflammatory cytokines by
mononuclear cells (56); thus, photodynamic therapy
may inactivate endotoxins such as lipopolysaccha-
ride by decreasing their biological activity.
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Photodynamic therapy in periodontal and peri-implant diseases

As discussed previously, analysis of a number of

periodontal signs of redness and bleeding on prob-

in vitro studies supports the contention that anti- Jffling in dogs and resulted in significant suppression

microbial photodynamic therapy with specific
photosensitizers and light sources is effectively bac-
tericidal for periodontal pathogens. However, the
most effective combination of wavelengths and
photosensitizers, as well as the optimal parameters
required (such as agent concentration and agent
exposure time, laser power energy and irradiation
time), have not yet been elucidated and therefore
more basic studies are still necessary to optimize
clinical application.

In vitro studies of the antimicrobial
effects of photodynamic therapy in
periodontal therapy

Recently, animal studies have been performed to
help clarify the clinical response to antimicrobial
photodynamic therapy application in periodontal
therapy (Table 3). Some animal studies have reported

A reduction in the microbial load in ligature-induced

periodontitis following the application of photody-
namic therapy. Kémerik et al. (58) demonstrated that
a significant reduction in the P. gingivalis count was
detected after the treatment of experimentally in-
duced periodontitis in rats using toluidine blue O in
combination with a diode laser. Sigusch et al. (115)
showed that the chlorin-e6 plus diode laser also
achieved a reduction in the P. gingivalis count
in dogs, but failed to reduce the number of

EBIE. nucleatum.
Following a reduction in the microbial load in

periodontal diseases, improvements in signs of
clinical inflammation, such as redness and bleeding
on probing, were also demonstrated. Both toluidine
blue O-mediated photodynamic therapy used in rats
(96) and chlorin-e6-mediated photodynamic therapy

BEapplied in dogs (115), exhibited positive results. Qin

et al. (96) reported a significant reduction in the
total bacterial flora and, histologically, a large
reduction in inflammatory cell infiltration after
application of antimicrobial photodynamic therapy
(toluidine blue O + diode laser) in the treatment of
experimentally induced periodontitis in rats. Com-
paring the photosensitization of periodontal bacteria
with scaling and root planing, the clinical and his-
tological improvements, as well as bacterial elimi-
nation, following photodynamic therapy gave results
similar to those of conventional scaling. Sigusch
et al. (115) demonstrated that antimicrobial photo-
dynamic therapy (chlorin-e6 and BLC1010 + diode

BElaser) was distinctly advantageous in reducing the

of P. gingivalis.

Regarding the effect of antimicrobial photody-
namic therapy on bone levels, Komerik et al. (58)
demonstrated, in a histological examination using
rats, that, 90 days post-treatment, toluidine blue
O-mediated photodynamic therapy had induced a
decrease in alveolar bone loss around teeth with
experimentally induced periodontitis. de Almeida
et al. (31) compared, histologically and radiographi-
cally, the progression of experimentally induced
periodontitis after treatment with methylene blue
alone, low-level laser therapy alone, or with methy-
lene blue followed by low-level laser therapy (pho-

BEJtodynamic therapy). The results of radiographic

evaluation demonstrated that photodynamic therapy
had a short-term effect (up to 15 days) upon the
reduction of periodontal tissue destruction. How-
ever, at 30 days there were no significant differences
between the groups. de Almeida et al. (32) also
compared the effect of toluidine blue O, low-level
laser therapy and photodynamic therapy treatments
on the bone loss of periodontally affected furcations
in rats. The photodynamic therapy showed a short-
term effect (up to 15 days) upon decreasing bone
loss, but no significant differences between groups
were observed at 30 days post-therapy. In addition,
de Almeida et al. (33) confirmed that adjunctive
antimicrobial photodynamic therapy led to signifi-
cant reductions in periodontal bone loss in diabetic
rats, suggesting that antimicrobial photodynamic
therapy might also be an effective adjunctive to
conventional mechanical treatment in diabetic
patients.

Generally, antimicrobial photodynamic therapy
appears to suppress periodontal pathogens and to
reduce signs of inflammation effectively and safely in
periodontitis in vivo. However, there is a lack of evi-
dence to prove that antimicrobial photodynamic
therapy is capable of suppressing periodontopatho-
gens in a single dose or course. Further in vivo
studies investigating the antimicrobial effects on
different periodontal pathogens need to be per-
formed. The use of antimicrobial photodynamic
therapy may reduce signs of periodontal inflamma-
tion and alveolar bone loss in experimentally induced
periodontitis. However, two studies have shown a
tendency for regression within 30 days after treat-
ment in the effects on bone levels. Consequently, the
long-term therapeutic outcomes should be further
evaluated in animal models. The limited number of
in vivo studies available indicates that antimicrobial
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photodynamic therapy may be an alternative treat-
ment to scaling.

Clinical studies of application of
antimicrobial photodynamic therapy in
the treatment of periodontal disease

Currently, five studies are available reporting on the
use of antimicrobial photodynamic therapy as an
adjunct to nonsurgical treatment for initial (6, 20, 27,
143) and maintenance (26) therapy of chronic
periodontitis. In addition, one study has reported
on the use of nonsurgical therapy in aggressive
periodontal disease (34) (Tables 4 and 5) (Fig. 3).

Yilmaz et al. (143) randomly assigned a total of ten
patients to receive repeated application of scaling
and root planing + photodynamic therapy (methy-
lene blue + 30 mW diode laser), scaling and root
planing alone, photodynamic therapy alone or su-
pragingival oral hygiene instructions. Methylene blue
served as the photosensitizer and was used as a
mouth rinse. Scaling and root planing was performed
on days 1 and 7, while the laser was repeatedly ap-
plied over each papillary region (not into periodontal
pockets) on days 1, 2, 4, 7, 9 and 11. After 32 days of
healing, significant clinical and microbiological
improvements were only observed in the scaling and
root planing + photodynamic therapy and scaling
root planing alone groups. By contrast,
improvements following photodynamic therapy
treatment alone, as well in those receiving oral hy-
giene instructions, did not reach statistical signifi-
cance. Regarding laser treatment, there were no
complaints (such as discomfort, sensitivity or pain)
from subjects immediately after therapy or at 3 weeks
post-therapy. The authors concluded that antimi-
crobial photodynamic therapy provided no addi-
tional microbiological and clinical benefits over
conventional mechanical debridement. The reduced
effectiveness of photodynamic therapy in this study
may be a result of the indirect application of photo-
dynamic therapy from the external surface of the
gingiva.

Two very recent randomized controlled clinical
studies have evaluated the short-term clinical effects
(up to a period of 3 months) of adjunctive antimi-
crobial photodynamic therapy to scaling and root
planing in patients with chronic periodontitis (6, 20).
Andersen et al. (6), using a parallel three-arm design,
compared the effectiveness of antimicrobial photo-
dynamic therapy with that of scaling and root planing
for nonsurgical treatment of moderate to advanced
periodontal disease. A total of 33 patients were as-
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signed to photodynamic therapy alone (methylene
blue + 50 mW diode laser), scaling and root planing
alone or scaling and root planing + photodynamic
therapy. Clinical assessments of bleeding on probing,
probing pocket depth and clinical attachment level
were made. After three months of healing it was ob-
served that a combination of scaling and root plan-
ing + photodynamic therapy resulted in significant
improvements in the investigated parameters over
the use of scaling and root planing alone at all eval-
uation time points.

Braun et al. (20) evaluated the effect of adjunctive
antimicrobial photodynamic therapy (methylene
blue + 100 mW diode laser) in chronic periodontitis
using a split-mouth design. A total of twenty patients
received a scaling and root planing procedure and the
quadrants were randomly assigned to an additional
treatment with photodynamic therapy. Following
irrigation after a residence time of 3 mins, the
remaining photosensitizer was activated for 10 s per
site (six sites in total). After 3 months of healing, the
adjunctive use of photodynamic therapy resulted in a
significantly higher change in mean relative attach-
ment level, probing pocket depth, sulcus fluid flow
rate and bleeding on probing at the sites receiving
photodynamic therapy than at the sites receiving
scaling and root planing alone. Accordingly, it was
concluded that the clinical outcomes of conventional
scaling and root planing may be improved by
adjunctive antimicrobial photodynamic therapy in
patients with chronic periodontitis.

Christodoulides et al. (27) evaluated the clinical
and microbiological effects of the adjunctive use of
antimicrobial photodynamic therapy (methylene
blue + 75 mW diode laser) to nonsurgical perio-
dontal treatment. A total of twenty-four patients
suffering from chronic periodontitis were randomly
assigned to either scaling and root planing followed
by a single application of photodynamic therapy, or
scaling and root planing alone. The photosensitizer
was applied to the instrumented sites and thor-
oughly rinsed with sterile saline after 3 mins. The
fiber tip was moved circumferentially around the
tooth for 1 min, as recommended by the manu-
facturer. After 3 and 6 months of healing, both
treatment procedures resulted in statistically and
clinically significant reductions in mean probing
pocket depth and clinical attachment level. How-
ever, no statistically significant differences in terms
of clinical attachment level and probing pocket
depth changes were found between the two groups.
Similarly, both treatment procedures revealed
comparable microbiological changes in common
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Table 4. Clinical studies on the application of photodynamic therapy in the treatment of periodontal disease.

Author and Type of study Light Photosensitizer Light parameters Purpose of Findings
year (number of (wavelength) Concentration, and time of application
(reference) subjects) time of exposure (period of
application method of observation)
irradiation
Yilmaz et al. RCT, SMD Diode lase MB Pulsed, 30 mW Initial therapy for  Significant
2002 (143) (10 (685 nm) 0.005% (w/v), (5Hz) 71 s chronic clinical and
1 min per each periodontitis microbiological
papillary region (32 days) improvements
over gingiva were only
observed in the
SRP + PDT and
SRP groups
Andersen et al. RCT Diode laser ~ Phenazathioni- = CW, 150 mW Initial therapy for =~ SRP + PDT
2007 (6) (33) (670 nm) um chloride* 60 s per site into chronic resulted in
(MB) periodontal periodontitis significant
0.005% (w/ V) pockets (3 months) clinical
improvements
over SRP
de Oliveira et al. RCT Diode laser Phenotizaine CW, 60 mW Initial therapy Comparable
2007 (34) (10) (660 nm) chloride” (MB) 60 s per tooth for aggressive clinical
10 mg/ml, 1 min into periodontal periodontitis outcomes
pockets (3 months) for PDT
monotherapy
and SRP
Braun et al. RCT, SMD Diode laser Phenotizaine CW, 100 mW Initial therapy SRP + PDT
2008 (20) (20) (660 nm) chloride” (MB) 60 s per tooth for chronic resulted in
10 mg/ml, 3 min into periodontal periodontitis significantly
pockets (3 months)  higher change in
mean RAL than
SRP
Chondros et al. RCT Diode laser Phenotizaine CW, 75 mW Maintenance SRP + PDT
2008 (26) (24) (670 nm) chloride’ (MB) 60 s per tooth therapy for resulted in PD
10 mg/ml, 3 min into periodontal chronic reduction and
pockets periodontitis CAL gain
(6 months) comparable
to SRP, but
significantly
higher reduction
in mean bleeding
scores than SRP
Christodoulides RCT Diode laser Phenotizaine 75 mW Initial therapy SRP + PDT
et al. 2008 (27) (24) (670 nm) chloride’ (MB) 60 s per tooth for chronic resulted in PD
10 mg/ml, 3 min into periodontal periodontitis reduction and
pockets (6 months) CAL gain
comparable to
SRP, but
significantly

higher reduction
in mean bleeding
scores than SRP

CAL, clinical attachment level; OHI, oral hygiene instruction; PPD, probing pocket depth; RAL, relative attachment level; RCT, randomized clinical trial; SMD, split-
mouth design; SRP, scaling and root planing; w/ v, weight/ volume.

* Periowave ™ Treatment Kit: 0.005% (w/V) [3,7-bis(dimethyl-amino)phenazathionium chloride trihydrate] Ondine Biopharma Corporation, Vancouver, BC,
Canada; tHelbo® Blue Photosensitizer: 10 mg/ml of phenotizaine chloride [phenothiazine-5-ium, 3,7-bis(dimethylamino)-chloride] HELBO® Photodynamic

Systems GmbH & Co KG, Grieskirchen, Austria.

17



Takasaki et al.

% G F 01 % 9T F ¥S 1dd + d4s
G500 >d % ¥ ¥ 02 SN % 12 F 65 d4s
syjuour 9 aulppseyqg
1 f (22) 8002
SAINA syuowr 9 ‘[e 19 SapIMOpOoISLIYD)
% 2T F 61 % 92 F 69 1dd + d4s
1200 =d % 9€ F 8F % V€ F 85 dys
sypuowr 9 aurpPseyg
1 ! 92)
dod syjuowr 9 8002 ‘Te 10 soIpuoy)
(79 Xew-g urua
‘IT 90D
(uerpewr) %61 1Ldd + d4S
(19 Xew-g urw
‘I 90D
G0'0>d (uerpaw) %,%¢ dys sqiuow ¢ (02) 8002 'Te 32 uneig
%61 %G 1ad
SN %12 SN %09 dys
syuowr ¢ aurpseyqg
1 ! #)
dod syluowr ¢ L00Z T8 18 BIBATO 9P
(ueowr) %66 1dd + d4s
SN (ueaw) 9,96 dys sqjuowr ¢ (9) 2002 Te 30 uasIdpuUy
% 82 F 09 1dd + d4s
SN % ST F 05 Jd4s shep zg¢ (E7T) 2002 ‘Te 12 Zew[ix
(9oud19Ja1)

uononpar Jog

porrad uonearasqQ Ieak pue royny

*aseasIp [eruopotiad jo Jusunean ayl ur Aderayy orweudpoloyd jo uonesrdde ay) Uo (§ 9[gR], Ul UMOYS) SIIPNIS 91 JO SIMSaI [BIIUID °S I[qeI[itl]

18



Photodynamic therapy in periodontal and peri-implant diseases

SN
SN
G500 > d
wu 86°'0 F 6%°S
SN ww 92T F 86°€
sypuowr ¢
S0°0 > d
SN

(€°G Xew-g'¢ uru
‘90 *MOI)
(uerpown) wwr 9°¢
(0°9 Xew-'¢ urw
‘90 *HOI
(uerpawr) wur 2°¢

SN

add
wuwr €6°0 + TT°T
wuwr €7°0 + ¥2°0
wur €7°0 + 99°0
wwr 62°0 + 67°0

ww 00 F 060 Lad + aus
wur 02°0 ¥ 02°0 d4s
wut 00 ¥ 08°0 1dd + d¥S
wur 08°0 ¥ 06°0 d4s
1dd + d4S
dyas
wuw 19'T F 26'% Iad
W yT°T * ¢6'% d4s
aureseg
1dd + d4ds
dyas
1dd + d4S
dyas

sypuour 9

sypuour 9

sypuour ¢

sypuowr ¢

sypuowr ¢

skep z¢

(L2) 8002
‘e 19 SOpINOPOISIIYD

(92)
8002 ‘[e 10 soIipuoy)

(02) 800¢ ‘Te 12 uneig

((29)

L00¢ ‘e 19 BIIAIQ 9P

(9) 2002 ‘Te 19 UdsIapuUy

(EV1) 200¢ Te 39 ZewIx

uonoINpar ddd

UO_HQQ uoneardsqQO

(99ua13Ja1)
Ie3A pue Ioyny

panunuo;) -G JjqelL,

19



Takasaki et al.

‘Buruerd joo1 pue 3urfess ‘qys ‘ydop
19y00d Surqoid ‘qdd ‘Aderay) orwreukporoyd ‘[dd ueoyrudis Jou ‘SN O[qe[TeAR 10U ‘YN {WNWIUIW ‘UTW {WNWIXeW ‘Xew dguel a[nenbiajur YOI 9109s Jurpaadq ynow-[ng ‘SgA ‘Surqoid uo Surpasdq ‘dOd ‘[oAd] JUdWYILIIR “TY

wur 0€°0 * 02°0 Ldd + d4S
(£2) 8002
SN wu 050 * 05°0 dys sgjuowr 9 ‘Te 19 soplnopoIsuyyH
wur 02°0 # 0270 Ldd + d4S
(92)
SN wur 09°0 ¥ 05°0 J4S syuour 9 8002 ‘Te 12 soIpuoy)
(68°T Xew-Qg'0 ura
‘9€°0 40D
(Uerpaw) wuwr 29°Q Idd + dys
(18°0 Xew-TT°Q ur
QAR (0)))
G00>d (UeTpow) W §¢°0 ddsS syluowr ¢ (02) 8002 'Te 10 uneig
wur 21°¢ + vL'8 wur 01°C + €66 Ldd
SN wuw §0°¢ F 10°6 SN wuwt 0¢°¢ F €5°0T dys
sypuour ¢ aurPseqg
1 ! (ve)
v syjuow € 2002 Te 39 BIDAIQ 9P
wur 19°0 + 98°0 Ldd + d4S
c00>d wuar GE'0 + 9€°0 dys sqiuour ¢ (9) L00Z ‘Te 10 uasIapuy
BN skep g¢ (E¥1) 200C 'Te 18 ZBWIIX
(eouaIayar)
ured Tv poriad uonearadsqQ

Ie3A pue Ioyny

panunuo) °S d[qel,

20



COLOUR

Photodynamic therapy in periodontal and peri-implant diseases

Fig. 3. Clinical application of antimicrobial photody-
namic therapy in the treatment of periodontitis. (A)
Clinical situation of a 51-year-old woman before nonsur-
gical periodontal therapy and antimicrobial photody-
namic therapy. Full-mouth bleeding scores were 67%. The
clinical parameters of the mesio-buccal site of the upper
right lateral incisor were a probing pocket depth of 7 mm,
clinical attachment level of 9 mm and gingival recession
of 2 mm. The disto-palatal site of the upper left canine
had a probing pocket depth of 9 mm and clinical attach-
ment level of 9 mm without gingival recession. (B)
Application of the photosensitizer following supragingival
and subgingival mechanical debridement using curettes
and the ultrasonic scaler. The photosensitizer applied was
a ‘Phenothiazine Chloride’ (HELBO® Blue Photosensi-
tizer, HELBO® Photodynamic Systems GmbH & Co. KG,
Grieskirchen, Austria). The photosensitizer was kept in the

periodontal pathogens. However, at 3 and
6 months, the test group exhibited a significantly
higher improvement in mean full-mouth bleeding
scores, which might be partly attributed to the
additional photo-biomodulation effect mediated by
the low-level laser irradiation during photodynamic

ElUtherapy (94). Based on these findings, it was con-

cluded that a single episode of photodynamic
therapy, as an adjunct to scaling and root planing,
failed to result in an additional improvement in
terms of probing pocket depth reduction and clin-
ical attachment level gain. However, it resulted in a
significantly higher reduction in bleeding scores,
which should be taken into consideration under
clinical conditions (27). Similar results were also
observed when the same device was used as an
adjunct to nonsurgical periodontal treatment in
patients on periodontal maintenance in a study
reported by Chondros et al. (26).

periodontal pockets for 3 mins. (C) Irradiation with the
diode laser. Laser irradiation was performed using a diode
laser of 670 nm wavelength at 75 mW of power output
(HELBO® TheraLite Laser, HELBO® Photodynamic
Systems GmbH & Co. KG, Grieskirchen, Austria). Laser
irradiation was performed for 1 min. (D) The clinical
situation 6 months after therapy. The full-mouth bleeding
scores were reduced to 15%. The mesio-buccal site of the
upper right lateral incisor showed a pocket reduction of
3 mm, with 3 mm of attachment gain without gingival
recession. The disto-palatal site of the upper left canine
presented 4 mm of pocket reduction and 4 mm of
attachment gain without causing any gingival recession.
Significant clinical improvements of periodontal pockets
were obtained with antimicrobial photodynamic therapy
adjunctive to mechanical root debridement. (Operator:
A.S.)

Only one study, by de Oliveira et al. (34), reported
on the outcome of antimicrobial photodynamic
therapy monotherapy for the treatment of aggressive
periodontitis. A total of 10 patients were randomly
assigned, according to a split-mouth design, to either
photodynamic therapy (methylene blue + 60 mW
diode laser) or scaling and root planing. Laser
application was performed for 10 s per site after
3 mins of residence time of the photosensitizer.
Three months later, both treatment procedures gave
comparable clinical outcomes, as evidenced by
probing pocket depth reductions and clinical
attachment level gains, suggesting a potential clinical
effect of photodynamic therapy as an alternative to
scaling and root planing. In both groups, the bene-
ficial effects were more pronounced at initially
moderate and shallow pockets.

Taken together, the data available from controlled
clinical studies indicate that in patients with chronic
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periodontitis, the adjunctive use of antimicrobial
photodynamic therapy to scaling and root planing
may result, on a short-term basis (up to 3 or
6 months), in (i) higher reductions in bleeding on
probing compared with scaling and root planing (as
observed in four studies) and (ii) higher probing
pocket depth reductions and clinical attachment le-
vel gains compared with scaling and root planing
alone (in two studies). When interpreting the avail-
able data, it should be kept in mind that the evidence
from randomized controlled clinical studies, evalu-

peri-implantitis has also been increasing in clinical
practice. In the treatment of peri-implantitis, it has
been proven that complete eradication of the caus-
ative bacteria, which are similar to the pathogens
responsible for the development of periodontal dis-
ease (65, 80, 81), and disinfection and detoxification
of the diseased implant surface, as well as of the peri-
implant pockets, are essential to achieve effective

Efhealing with regeneration of the lost bone around the

affected implants. Conventional mechanical methods
are apparently ineffective for complete debridement

ating the potential clinical benefit of photodynamic [Bof the bone defect as well as of the contaminated

therapy in the treatment of periodontitis, is still
limited. The main drawbacks may be related to the
rather limited number of patients, the short-term
duration of studies (i.e. 3 or 6 months) and the
nonestablishment of the most effective procedure of

IBllantimicrobial photodynamic therapy. The available

data seem to indicate that the adjunctive use of
antimicrobial photodynamic therapy in nonsurgical
periodontal therapy may improve the clinical out-

microstructured implant surface (11, 54, 105). Thus,
adjunctive application of systemic or local antibiotics
and antiseptics has been generally recommended
(100, 106, 109). However, because of the potential
problems related to antibiotics (such as resistance)
and antiseptics, as mentioned previously (135), and
the generally insufficient bacterial irradiation as well
as poor re-osseointegration following its adjunctive
application during nonsurgical and surgical therapy

come, but further studies are warranted before [Bffof peri-implantitis, novel approaches are still neces-

definitive conclusions can be drawn on the clinical
relevance of antimicrobial photodynamic therapy in
periodontal therapy.

Furthermore, recently, Brink and Romanos com-
pared the clinical and microbiological effects of
scaling and root planing + Nd:YAG laser (2W), scaling
and root planing + 980 nm diode laser (2W), and

sary in the treatment of peri-implant diseases.
Recently, several studies have demonstrated bac-
tericidal and detoxification effects of high-level lasers
on contaminated dental implant surfaces (62, 109,
124). High-level lasers have been used successfully in
the surgical management of peri-implantitis (109,
124). However, in nonsurgical therapy, high-level

scaling and root planing + antimicrobial photody- [Blasers have shown limited clinical efficacy (107, 108).

namic therapy [methylene blue + 670 nm diode laser
(75 mW)] and scaling and root planing alone in pa-
tients with chronic periodontitis (21, 22) (published

Moreover, following the application of some lasers,
surface alterations (such as melting and carboniza-
tion) have been observed on the treated titanium

in German). The authors reported that in the group [Blsurface (61, 84, 89, 99). Antimicrobial photodynamic

treated with antimicrobial photodynamic ther-
apy + scaling and root planing, bleeding on probing
was reduced significantly more, one to three months

EHAfollowing treatment, than in the other groups. In

addition, the bactericidal effects of scaling and root
planing + antimicrobial photodynamic therapy ap-
peared to be greater than those of the scaling and
root planing + Nd:YAG laser, scaling and root plan-
ing + diode laser, or scaling and root planing alone
treatments.

Application of antimicrobial
photodynamic therapy in the treatment
of peri-implant disease

Treatment of peri-implantitis has become an inter-
esting topic among clinicians and researchers. With
the extensive increase in placement of dental

EBlimplants, the number of implants affected by

22

therapy was recently proposed as an adjunctive for
bacterial elimination in the treatment of peri-
implantitis, based on its successful application in the
treatment of periodontitis (Fig. 4). Currently, one
in vitro, four animal and two clinical studies are
available reporting the various effects of application
of antimicrobial photodynamic therapy as an
adjunctive to the treatment of peri-implantitis
(Table 6).

In an in vitro study, Hass et al. (46) examined the
efficacy of antimicrobial photodynamic therapy in
killing bacteria associated with peri-implantitis, such
as A. actinomycetemcomitans, P. gingivalis or Prevo-
tella intermedia (P. intermedia), which adhered to
titanium plates with different surface characteristics.
The plates were incubated with those bacteria and
then subjected to four different treatments: (i) photo-
dynamic therapy (toluidine blue O + diode laser); (ii)
no treatment; (iii) laser light alone; and (iv) toluidine
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Fig. 4. Clinical application of antimicrobial photody-
namic therapy in the treatment of peri-implantitis (A) The
clinical situation before nonsurgical peri-implant therapy
and antimicrobial photodynamic therapy of a 32-year-old
patient. The clinical parameters at implant #22 were a
probing pocket depth of 5 mm and relative attachment
level of 5 mm with bleeding on probing. (B) Application of
the photosensitizer. The photosensitizer applied was a
‘Phenothiazine Chloride’ (HELBO® Blue Photosensitizer,
HELBO® Photodynamic Systems GmbH & Co. KG, Grie-
skirchen, Austria). The photosensitizer was placed in the
peri-implant pocket for 3 mins. (C) After application of the
photosensitizer. (D) Irradiation with the diode laser. Laser

blue O alone. None of the smears obtained from the
plates subjected to photodynamic therapy showed
bacterial growth of any of the microorganisms, while in

EElthe other treatment groups all three species of bacteria

were detected after treatment. Scanning electron
microscopic analysis showed that antimicrobial pho-
todynamic therapy led to bacterial cell destruction
without damage to the titanium surface.

In an animal study using dogs, Hayek et al. (49)
compared the effects of antimicrobial photodynamic
therapy (paste-based Azulene + 50 mW diode laser)
with those of a conventional technique, which in-
cluded mucoperiosteal flap surgery and irrigation
with chlorhexidine, on microbial reduction following
ligature-induced peri-implantitis. Periodontal patho-
gens, such as Prevotella ssp., Fusobacterium ssp. and
Streptococcus beta-haemolyticus, were effectively re-
duced by photodynamic therapy to a level equivalent
to that achieved by conventional treatment. The au-
thors emphasized the favorable application of the
photosensitizer in a paste base instead of in liquid
solution, which allows it to be removed easily after

EfJtreatment without any compromise in esthetics.

irradiation was performed with a diode laser of 670 nm
wavelength at 75 mW of power output (HELBO® Thera-
Lite Laser, HELBO® Photodynamic Systems GmbH & Co.
KG, Grieskirchen, Austria). Laser irradiation was per-
formed for 1 min. (E) The clinical situation 6 months after

therapy. The treated site showed limited clinical
improvement with the peri-implant pocket remaining and
bleeding on probing occurring after therapy. Nonsurgical
treatment of a peri-implant pocket using antimicrobial
photodynamic therapy monotherapy did not improve the
treated site. (F) Radiograph of the treated implant before
treatment. (Operator: F.S.)

Similar antimicrobial results were also obtained by
Shibli et al. (113), who reported that antimicrobial
photodynamic therapy (toluidine blue O + 50 mW
diode laser) could reduce the bacterial count of
P. intermedia, P. nigrescens, Fusobacterium spp. and
beta-hemolytic Strepfococcus in ligature-induced
peri-implantitis of dogs and, in some samples,
complete elimination of those bacteria could be ob-
tained. In another study, Shibli et al. (112) evaluated
the efficacy of antimicrobial photodynamic therapy
associated with guided bone regeneration for the
treatment of ligature-induced peri-implantitis in
dogs, using implants with different surface
characteristics. They reported that antimicrobial
photodynamic therapy may be effectively applied for
decontamination of implant surfaces and that bone
defect fill and re-osseointegration could be achieved
by its combination with guided bone regeneration.
Later, Shibli et al. (114) compared the effects of the
combination of antimicrobial photodynamic therapy
and guided bone regeneration with those of
conventional mechanical debridement associated
with guided bone regeneration in the treatment of
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Table 6. Continued

Findings

Light parameters and Purpose of application

Light Photosensitizer

(wavelength)

Type of study

Author and year

(reference)

time of exposure

(concentration)

Combination of PDT,

Disinfect the
contaminated implant autogenous bone grafts

surface in the treatment and membrane place-

CW, NA

Diode laser TBO*
(100 pg/ml) 120 s per implant

Clinical study, case ser-

Haas et al. 2000

(906 nm)

ies
(17 subjects)

(47)

ment could reduce bone

of peri-implantitis

defects

PDT signficantly
decreased all bacterial

against A.a., P.g. and P.i. counts, but TBO alone

Examine the microbio-

CW, NA
60 s per implant

TBO

(100 pug/ml)

Diode laser

Dortbudak et al. 2001 Clinical study, case ser-

logical effects of PDT

(690 nm)

ies
(15 subjects)

(37)

could also reduce the
bacterial counts to some

on the surface of im-

plants affected by

extent

peri-implantitis

CW, continuous wave; GBR, guided bone regeneration; NA, not available; PDT, photodynamic therapy; TBO, toluidine blue O; w/ v, weight/ volume; A.a., Aggregatibacter actinomycetemcomitans; P.g., Porphyromonas gingivalis,

P.i., Prevotella intermedia; P.n., Prevotella nigrescens.

*Toluidin-blau O Zinkchlorid Dopplersalz, Merck KGaA, Vienna, Austria.

ligature-induced peri-implantitis in dogs. They
showed that the combination of antimicrobial pho-
todynamic therapy and guided bone regeneration
resulted in greater bone gain than conventional
mechanical debridement associated with guided

EXbone regeneration, which was independent of the

characteristics of the implant surface and could
achieve significant bone gain: the mean percentage of
re-osseointegration of implant surfaces ranged from
31 to 41% for the photodynamic therapy group and
from 0 to 14% for the control group at 5 months
postsurgery.

In a clinical case-series study, Haas et al. (47)
investigated the clinical effects of treatment of anti-
microbial photodynamic therapy (toludine blue
O + diode laser) in combination with guided bone
regeneration using autogenous bone grafts on 24
implants diagnosed with peri-implantitis in 17
patients. They reported that 21 implants out of 24
showed improvements in the bone defect after a
mean observation period of 9.5 months. Dortbudak
et al. (37) examined the effectiveness of antimicrobial
photodynamic therapy in treating contaminated
implant surfaces by evaluating the remaining levels
of A. actinomycetemcomitans, P. gingivalis and
P. intermedia. Microbiological samples on 15
patients diagnosed with peri-implantitis were taken
from the same implants before, after application of

EHtoluidine blue O alone and after the application of

photodynamic therapy. Significant decreases of all
species of bacteria were observed following photo-
dynamic therapy by comparison with baseline levels.
However, the application of toluidine blue O alone
without laser light also resulted in a decrease of all
bacterial species, and complete bacterial reduction
was not achieved with either the application of
toluidine blue O alone or of photodynamic therapy

EEBJalone. Furthermore, in a case report Schuckert et al.

(104) demonstrated effective bone regeneration
within bone defects around implants affected by
peri-implantitis following surgical therapy using
photodynamic therapy (tolonium chlorine + 100 mW
diode laser) to decontaminate the implant surface
and the application of recombinant human bone
morphogenetic protein-2.

Thus, the results of the previous studies indicate
that the application of antimicrobial photodynamic

Etherapy can effectively reduce the prevalence of

pathogens on implant surfaces without causing any
side effects on the implant and bone surfaces.
However, in vivo and clinical studies are very limited
and significant clinical effects of antimicrobial
photodynamic therapy have not yet been demon-
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strated. From our limited clinical experience,
adjunctive application of antimicrobial photody-
namic therapy during nonsurgical treatment of peri-
implantitis did not provide significant clinical
improvements. Therefore, further animal and clinical
studies to establish the optimal conditions and pro-
cedures for antimicrobial photodynamic therapy
in the nonsurgical or surgical treatment of peri-
implantitis, and to demonstrate the advantages of
antimicrobial photodynamic therapy over conven-
tional chemical methods for implant surface decon-
tamination, should be encouraged.

Risks and side effects of
antimicrobial photodynamic
therapy

A critical issue when applying novel techniques
relates to their clinical safety. The risks and side
effects of antimicrobial photodynamic therapy are
basically classified into two categories: one relates to
the effect of light energy itself; and the other is related
to the photosensitizer and the photochemical
reaction (lethal photosensitization).

Regarding the light source itself, when using lasers as
a matter of course there are some rules and concerns
that should be keptin mind during clinical application.
First, potential inadvertent irradiation of the patient’s
eyes must be strictly avoided during treatment, even
though the laser power employed is very low (1). The
most important precaution in laser surgery is the use of
protective glasses by the patient, the operator and the
assistants (1). Even in the case of nonlaser light, the
wearing of eye glasses is recommended during the use
of relatively high-intensity light. Second, during
treatment with high-level lasers, thermogenesis
occurring as a result of the interaction of the laser with
the tissues must be addressed and well controlled.
However, the wavelengths of diode lasers exhibiting
deep-tissue penetration basically do not interact with
the periodontal tissues within the pocket or tooth
crown. Therefore, photodynamic therapy as a low-le-
vel therapy, using a diode laser with a short irradiation
time, is considered not to produce any thermal chan-
ges within the gingival tissues and root surfaces, or
destruction of the intact attachment apparatus at the
base of pockets. Furthermore, the liquid of the pho-
tosensitizer solution applied may minimize thermal
generation within the pockets. However, an extended

EBperiod of irradiation at the same spot must be avoided

to prevent any thermal accumulation or injury to the
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deeper tissues, such as bone or dental pulp. Thus, in
order for lasers to be used safely within the clinical

EXenvironment, the practitioner should have precise

knowledge of the characteristics and effects of the laser
system and its performance during application, and
should exercise appropriate caution during use.

With respect to the photosensitizers and photo-
chemical reactions, it is important to know if the
targeted bacteria can be killed by the application of
antimicrobial photodynamic therapy without the
occurrence of any adverse effects in the surrounding
periodontal tissues. Although the safety of antimi-
crobial photodynamic therapy in the host periodon-
tal tissues has been demonstrated by several animal
and clinical studies (6, 27, 66), there is still concern
regarding short-term and long-term changes of bio-
logical tissues, including the periodontium, when
antimicrobial photodynamic therapy is applied ad-
junctively to conventional mechanical therapy. Re-
search performed in vitro and in animal models
suggests that the adverse effects on host tissues may
not be a problem because the photosensitizer con-
centrations and light energy doses necessary to kill
the infecting microorganism have little effect on
adjacent host tissues (66, 92, 120). Safe application of
photodynamic therapy in the treatment of oral
infections without damaging adjacent normal tissues,
such as the tongue (92) or the buccal mucosa (57),
has been previously demonstrated. Additionally,
Luan et al. (66) reported that no necrotic or inflam-
matory changes were found in periodontal tissues
following photodynamic therapy treatment, suggest-
ing that antimicrobial photodynamic therapy is a safe
therapy that does not damage the adjacent normal
tissues.

Nevertheless, it should be pointed out that the
photosensitizer alone can exhibit bactericidal action
(37). The photosensitizer may be toxic to some extent
and the effect on the periodontal tissues and cells
should be precisely clarified. Also, most of the dyes
adhere strongly to the soft tissue surface of the
pocket, and retention of the dyes in the pocket, even
for a short period of time, may affect periodontal
tissue attachment during wound healing. It seems
that removal of the dye solution has not been rou-
tinely performed clinically after photosensitization
procedures. Further studies should be performed to
investigate the longevity and the effects of remaining
dyes and the necessity for an efficient technique to
remove the dye solutions from the periodontal
pockets. In addition, the use of photosensitizers can
compromise the patients’ esthetics by producing
temporary pigmentation of the periodontal tissues.
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Thus, the use of photosensitizers with a paste base
instead of liquids has been suggested, because pastes
can be easily removed following treatment (49).

In addition, it still remains to be clarified whether
selective killing of periodontal pathogens by antimi-
crobial photodynamic therapy really occurs without
affecting the normal oral microflora. A recent study
has shown that, in the treatment of infections, a
specific bacterium can be targeted and killed using
photosensitizers conjugated to specific antibodies
(16), thus without affecting the host’s normal
microbial flora. Further studies are necessary to de-
velop and improve the current photosensitizers in
order to assure safety and to optimize efficiency.

Current status of antimicrobial
photodynamic therapy and future
directions

Antimicrobial photodynamic chemotherapy seems
to be an attractive option as a low-cost treatment
approach in the field of periodontics and implant
dentistry. Because antimicrobial photodynamic
therapy can be applied locally, the systemic admin-
istration of antibiotics can be avoided in the treat-
ment of localized infections. In antimicrobial
photodynamic therapy, a high concentration of the
chemical agent at the locus of infection enables
efficient bacterial elimination without inducing side
effects on the host tissue (66, 115).

Although the available data from in vitro and in vivo
studies has shown that antimicrobial photodynamic
therapy has a high bactericidal effect against perio-
dontal pathogens, it has not been clarified which
photosensitizer and light source would provide the
most suitable combination to obtain the desired bac-
tericidal effect in the clinical situation. Toluidine blue
O and methylene blue are the most commonly used

EEXphotosensitizers, and the diode laser is the main light

source applied in antimicrobial photodynamic ther-
apy. However, it is still unclear which is more impor-

photodynamic therapy has been mainly performed in
a single episode in the aforementioned clinical
studies. Multiple courses of photodynamic therapy
may improve healing outcomes and its long-term
effects. However, it has not been established how
often photodynamic therapy should be applied for
the effective elimination of bacteria, as well as pre-
vention of recolonization by the bacteria of sites
previously treated by nonsurgical periodontal ther-
apy. Future studies are needed to elucidate if multi-
ple courses of antimicrobial photodynamic therapy
may enhance treatment outcomes.

Based on the current data from randomized
controlled clinical studies, adjunctive use of antimi-
crobial photodynamic therapy during nonsurgical
periodontal therapy may lead to improved clinical
results. However, any definitive conclusion regarding
the advantages of the adjunctive application of anti-
microbial photodynamic therapy in the treatment of
periodontitis and peri-implantitis may not yet be
warranted because there are only a limited number of
clinical studies showing significantly better clinical
and microbiological improvements with antimicro-
bial photodynamic therapy adjunctive to mechanical
debridement compared with mechanical debride-
ment alone. There is no study comparing the anti-
microbial effects of adjunctive applications of anti-
microbial photodynamic therapy with that of local /
and or systemic antibiotics following mechanical
debridement. Thus, it is unclear whether antimicro-
bial photodynamic monotherapy could be used as an
alternative to systemic or local antibiotics in patients
with aggressive or severe chronic periodontitis.
Moreover, it has not been demonstrated whether
antimicrobial photodynamic therapy can completely
eliminate some putative periodontal pathogens, such
as A. actinomycetemcomitans or P. gingivalis, in vivo
from human subjects with periodontitis. Antimicro-
bial photodynamic therapy might be an alternative to
nonsurgical periodontal mechanical therapy in
periodontal sites with no subgingival calculus depo-
sition on the root surface. However, there are insuf-

tant in antimicrobial photodynamic therapy — the light [E¥ficient current clinical data to support this idea. Also,

source for activation or the type of photosensitizer.
Moreover, the optimal time of photosensitizer appli-
cation, as well as the time of light exposure required in
order to achieve the desired optimal result, are
unknown.

Regarding clinical application, whilst the manu-
facturer recommends that antimicrobial photody-
namic therapy treatment should be performed
repeatedly during the first weeks of healing to
enhance the antimicrobial effect, the application of

clinical and microbiological studies comparing the
effects of adjunctive application of photodynamic
therapy with mechanical therapy, and studies of the
high-level laser treatment applied adjunctively or as
an alternative to conventional mechanical therapy,
are necessary.

If all the questions described above are answered
and the advantages of photodynamic therapy are
clarified, antimicrobial photodynamic therapy could
become widely applied in clinical practice in the
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near future and may become a reliable choice in the
antimicrobial approach for the treatment of peri-
odontitis. In periodontal therapy, antimicrobial
photodynamic therapy would be employed adjunc-
tively to conventional mechanical treatment to treat
moderate to severe periodontal pockets during the
initial nonsurgical or surgical therapy, or as sup-
portive therapy of the remaining pockets during the
maintenance period. Regarding peri-implantitis,
application of antimicrobial photodynamic therapy
may be indicated as an adjunct following debride-
ment in surgical therapy. Antimicrobial photody-

EElnamic monotherapy does not appear to be promis-

ing in nonsurgical peri-implant therapy because of
the lack of effective tools for implant surface

BEdebridement when there is no direct view of the

treated site.

The use of low-level energy lasers (i.e. diode lasers)
is reported to exert additional positive effects on the
surrounding tissues and cells, and they may further
contribute favorably to the healing of periodontal
tissues as a result of the potential biomodulatory ef-
fects, such as stimulation and proliferation of cells
(60). When using lasers in antimicrobial photody-
namic therapy, not only bactericidal effects, but also
the additional photo-biomodulatory effects, might be
expected and utilized to achieve improved clinical
results (9).

An alternative use for antimicrobial photodynamic
therapy may be to aid in mechanical plaque control
and to attain a high-level eradication of bacteria from

IEAlthe oral cavity. A ‘photobrush’ system can be created

by the combination of a brush that emits a harmless
light-emitting diode or a low-level laser light and
toothpaste that includes the appropriate photosen-
sitizer. The periodical usage of the ‘photobrush’ at
home or within the dental surgery to achieve high
levels of plaque control might prevent the develop-
ment or progression of periodontal and peri-implant
diseases in the near future (9).

Conclusions

Antimicrobial photodynamic therapy seems to be a
unique and interesting therapeutic approach towards
the treatment of periodontitis and peri-implantitis.
The results of a number of in vitro studies clearly
demonstrate the effective and efficient bactericidal
effect of antimicrobial photodynamic therapy. How-
ever, sufficient clinical and microbiological data that
support the superior effects of the adjunctive use of
photodynamic therapy have not been demonstrated
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in vivo or clinically in either periodontal or peri-im-
plant therapies. The discrepancy in the results ob-
tained from previous clinical studies may be a result
of the differences in treatment conditions and
parameters. Therefore, further in vivo and clinical
studies are necessary to determine the optimal con-
ditions of this novel therapy. Also, further random-
ized long-term clinical studies and meta-analyses are
necessary to demonstrate the beneficial effects of
antimicrobial photochemical therapy and their real
advantages in comparison with conventional meth-
ods. Antimicrobial photodynamic therapy may hold
promise as a substitute for currently available
chemotherapy in the treatment of periodontal and
peri-implant diseases.
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therapy’ has been rewritten. Please check / approve the change.

50

AUTHOR: ‘without’ has been changed to ‘when there is no’.
Please check / approve the change.

51

AUTHOR: The text ‘ attain bacterial eradication from the oral
cavity at a much higher level.” has been rewritten. Please
check / approve the changes.

52

AUTHOR: Please provide the volume number, page range for
reference [10].

53

AUTHOR: Please provide the volume number, page range for
reference [26].

54

AUTHOR: Please provide the volume number, page range for
reference [33].

55

AUTHOR: Please provide the volume number, page range for
reference [53].

56

AUTHOR: Please provide the volume number, page range for
reference [66].

57

AUTHOR: ‘goes to’ has been changed to ‘is converted to’. Please
check / approve the change.

58

AUTHOR: Please check that the definition given of ‘CW’ in the
Table 1 footnote is correct.

59

AUTHOR: ‘H+G5ematoporphyrin ester’ has been changed to
‘hematoporphyrin ester’ in the body of Table 2. Please

check / approve the change.Please also provide the definition of
the abbreviation ‘GaAs’ listed in the footnote of Table 2.




60

AUTHOR: Please check the entries in Table 5.
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