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Abstract

Objectives The purpose of this review was to summarize
recent developments regarding photodynamic therapy
(PDT) in the field of dentistry.

Materials and methods A review of pertinent literature was
carried out in PubMED to determine the current position of
PDT applications in dentistry. One hundred thirteen relevant
articles were retrieved from PubMED by inserting the key-
words “photodynamic therapy”, “dentistry”, “periodontology”,
“oral surgery”, and “endodontics”. It is anticipated that this
overview will create a specific picture in the practitioner’s mind
regarding the current status and use of PDT.

Results In spite of different results and suggestions brought
about by different researchers, PDT can be considered as a
promising and less invasive technique in dentistry.
Conclusion PDT seems to be an effective tool in the treatment
of localized and superficial infections. Within the limitations
of the present review, it can be concluded that although PDT
cannot replace antimicrobial therapy at its current stage, it may
be used as an adjunctive tool for facilitating the treatment of
oral infections.
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Clinical relevance Oral infections (such as mucosal and
endodontic infections, periodontal diseases, caries, and
peri-implantitis) are among the specific targets where PDT
can be applied. Further long-term clinical studies are neces-
sary in establishing a more specific place of the technique in
the field of dentistry.
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Introduction

Photodynamic therapy (also called PDT, photo radiation
therapy, phototherapy, or photo chemotherapy) is a new
treatment modality that has been developing rapidly within
various medical specialties since the 1960s and has been
defined as “the light induced inactivation of cells, micro-
organisms, or molecules.” The studies and clinical trials by
Thomas Dougherty and his founding the International Pho-
todynamic Association in 1986 helped the PDT approach to
receive specific attention [1, 2]. Currently, a considerable
number of researches and clinical investigations are being
undertaken for the determination of optimal combinations of
photosensitizers, light sources, and treatment parameters for
a wide variety of different diseases.

Background and mechanism of PDT

PDT was developed as a therapy for several diseases such as
tumors, periodontitis, other oral lesions, and premalign dis-
eases, involving the application and retention of an applied
photosensitizing agent in target tissues [3]. Upon irradiation
with light of an appropriate wavelength, the photosensitizer
undergoes transition from low-energy-level “ground state”
to a higher-energy “triplet state.” This triplet-state sensitizer
can react with biomolecules to produce free radicals and

@ Springer



1114

Clin Oral Invest (2013) 17:1113-1125

radical ions or with molecular oxygen to produce singlet
oxygen. These cytotoxic species can cause oxidation of
cellular constituents such as plasma membranes and DNA,
resulting in cell death. Clinically, this reaction is cytotoxic
and vasculotoxic [4—7]. On the other hand, although DNA is
one of the targets, it has been indicated that damage to DNA
is not directly correlated with cell death, giving Deinococcus
radiodurans as an example. This microorganism which pos-
sesses a very efficient DNA repair mechanism is readily killed
by photodynamic processes [8]. Another type of damage
caused by antimicrobial PDT is the damage caused to the
cytoplasmic membrane of the bacteria by cytotoxic species
generated by antimicrobial photodynamic therapy, leading to
events such as inactivation of the membrane transport system,
inhibition of plasma membrane enzyme activities, lipid per-
oxidation, and others [9].

Microorganisms such as bacteria, fungi, viruses, and
protozoa can be killed by singlet oxygen species. Common
herpes simplex infections can be successfully treated with
antimicrobial photodynamic therapy [9].

Photosensitizers may be injected intravenously, ingested
orally, or applied topically depending on the type of agent
[10]. There are two mechanisms by which the triple-state
photosensitizer can get into reaction with biomolecules. In
type I mechanism, electron/hydrogen transfers directly from
the photosensitizer producing ions or there is an electron/
hydrogen removal from a substrate molecule to form free
radicals. The free radicals get into a reaction with oxygen
rapidly and result in producing highly reactive oxygen species
[11]. In type II mechanism, an electronically excited and
highly reactive state of oxygen is released, which is named
singlet oxygen. Since type II reactions are mediated through
singlet oxygen species, this is accepted as the major pathway
in microbial cell destruction. With the action of both types of
mechanisms, damage is created by oxygen tension as well as
photosensitizer concentration [12, 13].

PDT has initially been introduced as a significant novel
disinfection treatment modality in dentistry. Different defini-
tions have been made for the inactivation of microorganisms
by the PDT, such as antimicrobial photodynamic therapy,
photodynamic antimicrobial chemotherapy (PACT), and pho-
todynamic disinfection or lethal photosensitization [9, 14, 15].

This treatment model represents a highly promising alter-
native for the treatment of localized microbial infections, such
as chronic ulcers and a variety of oral infections. PACT seems
to be effective against antibiotic-sensitive and antibiotic-
resistant microorganisms. In addition, repeated applications
do not result in the selection of bacteria [14, 15].

Photosensitizers

For PDT to be successful in tumor therapy as well as for
antimicrobial purposes, it is essential to select an appropriate
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and effective non-toxic photosensitizer capable of high ab-
sorption in the light length used [16]. Many natural and
synthetic photoactive compounds have a photosensitizing
effect. The characteristics of ideal photosensitizers are: (1)
high absorption coefficient in the spectral region of the
excitation light, (2) a triplet state of appropriate energy
(ET/95 kImol ") to allow for efficient energy transfer to
ground-state oxygen, (3) high quantum yield of the triplet
state (FT/0.4) and long triplet- state lifetimes (tT/1 ms) since
the efficiency of the photosensitizer is dependent on the
photophysical properties of its lowest excited triplet state,
and (4) high photostability [17]. Several kinds of photo-
sensitizers may be associated with laser, but each will have
applicability dependent on the absorption of the light and
wavelength. Most photosensitizers are activated by light
between 630 and 700 nm, corresponding to a penetration
depth of 0.5 cm (630 nm) to 1.5 cm (at ~700 nm). The main
photosensitizers found in the literature are: hematoporphyrin
derivatives (620-650 nm), phenothiazine, like toluidine blue
and methylene blue (620-700 nm), cyanine (600—-805 nm),
phytotherapic agents (550-700 nm), and hytalocyanines
(660-700 nm) [16, 18, 19].

Some photosensitizers that are commercially available
are Photofrin®, ALA, VisudyneTM (BPD; Verteporfin),
and Foscan®. While all four are in use in Europe, the first
three have been approved by the FDA. There are also photo-
sensitizers commercially produced in kits. The Periowave
product has been commercialized by Ondine Biopharma
Corporation for the treatment of periodontitis. Furthermore,
the Periowave product consists of a laser system with a
custom-designed handpiece and patient treatment kits of
methylene blue. There is another available kit in the market,
including phenothiazine chloride for clinical photodynamic
therapy in Austria, Germany, Switzerland, and the UK
(Helbo®; Photodynamic Systems GmbH&Co. KG, Grie-
skirchen, Austria). There are also similar kits including tolu-
idine blue O produced by other companies which include
Dentofex Ltd., Dexcel Pharma Thechnologies Ltd., SciCan
Medtech AG, and Cumdente GmbH [20].

Photofrin and hematoporphyrin derivates (620—650 nm)
are the first-generation sensitizers whereas the 5-aminolevulin-
ic acid (ALA; Levulan®, Dusa Pharmaceuticals, Inc., Wil-
mington, MA, USA; Metvix®, Galderma, F), benzoporphyrin
derivative, lutetium texaphyrin, temoporfin (mTHPC;
Foscan®, Biolitec Pharma, Edinburgh, Scotland), tinethyletio-
purpurin, and talaporfin sodium are the second-generation
sensitizers [12]. Foscan (temoporfin), the most potent
second-generation photosensitizer, has been found to be 100
times more active than photofrin in animal studies [21]. Two
ALA preparations, Metvix (PhotoCure ASA, Oslo, Norway)
and Levulan Kerastic (Dusa Pharmaceuticals, Wilmington,
MA, USA), have received approval from the European Agency
for the Evaluation of Medicinal Products and by the FDA,
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respectively, for the treatment of nonhyperkeratotic actinic
keratoses of the face and scalp. PDT has not yet been approved
by FDA for dentistry use, and when clinical studies are con-
ducted, the treatment procedure of the patients should be con-
ducted according to FDA and local institutional review board
approval [22].

5-Aminolevulinic acid can be applied intravenously, orally,
or topically to allow greater tumor selectivity. 5-ALA is the
sole photosensitizer to be applied topically. The remaining
types can only be delivered intravenously. Topically applied
ALA provides some advantages such as complete lack of
systemic photosensitivity and lack of necessity of avoiding
exposure to light after the treatment. A major disadvantage of
topical application is the low treatment depth and penetration
which is around 1-2 mm. Therefore, this approach is useful
for the successful treatment of superficial tumors [23, 24].
Examples to these cases are premalignant and malignant
lesions, leukoplakia and recalcitrant leukoplakia, mouth
angles, buccal, labial, gingival, mandibular oral mucosa, dys-
plasia, squamous cell carcinoma, verrucous hyperplasia, and
extraoral verrucous carcinoma [12].

The activating light is most often generated by lasers or
in some cases by arc lamps or fluorescent light sources.
Typically, the light must be of a specific wavelength as
described by some; however, even broad-spectrum light
can activate photosensitizers such as toluidine blue. Lasers
are the most preferred sources of light used in PDT. The
laser light used in PDT can be directed through a fiber optic
to deliver the proper amount of light. Most of the light
photons at wavelengths between 630 and 800 nanometers
(nm) travel 23 cm through the surface tissue and muscle
between input and exit at the photon detector [25]. As high-
power lasers may induce trauma to surrounding tissues
through thermal injury, low-power light with a photosensitizer
is an attractive alternative therapy [12, 26]. Currently, diode
lasers, which are much cheaper and more portable than metal
vapor or tuned dye lasers, have become the preferred light
source [23].

The choice of photosensitizers used in dentistry is strongly
dependent on the light source used. Currently, light sources of
a specific wavelength mostly applied in photodynamic thera-
py are helium—neon lasers (633 nm), gallium—aluminum-ar-
senide diode lasers ( 630—690, 830, or 906 nm), and argon
lasers (488—514 nm). The wavelengths of these sources range
from visible light to the blue of argon lasers or from the red of
helium—neon and gallium—aluminum-aresenide lasers to the
infrared area of some diode lasers. High-level-energy laser
irradiation is not used to activate the photoactive dye because
a relatively low-level exposure produces a high bactericidal
effect [9].

Non-coherent light sources, such as tungsten filament,
quartz halogen, xenon arc, and phosphor-coated sodium
lamps, are used for the treatment of larger areas. Nonlaser

sources such as light-emitting diodes (LED) are recently
used in PDT because of their inexpensive, flexible, and
lightweight properties [9].

Guidelines have also been developed by authors for achiev-
ing an efficient and practical use of PDT in non-melanoma
skin cancers depending on the detailed evidence-based review
of pertinent literature [27, 28].

Advantages of PDT

Selective uptake of photosensitizers to particular tissue
layers, precise directing of laser light using optical fibers,
lack of scarring, and highly selective tissue necrosis, which
is achieved by localizing the drug to the proliferating tissue,
are the potential advantages of PDT. It can be performed in
out-patient or day-case settings and repeated doses can be
given without the need for total dose limitations. Resistance
to treatment does not develop with repeated treatment [12].

Limitations of PDT

PDT requires direction of the light to the appropriate site and
tissue depth to be effective. Optimal light delivery with laser
and collaboration and coordination between clinicians is
complex and availability of the necessary light sources has
been a problem. Currently, low-cost portable light sources
are more readily available. PDT is an ablative procedure and
does not yield material for histological diagnosis. Diagnosis
should be made before treatment. Persistent skin photosen-
sitivity, lasting for weeks with some photosensitizers, limits
the use of PDT as a therapeutic regimen. PDT is also less
effective in treating large tumors because the light cannot pass
far into these pathologies [29-31]. PDT is a local treatment
and generally cannot be used to treat cancer that has spread
widely (metastasized) [31].

Side effects

The side effects of PDT depend on how the treatment is
performed and it will vary between individuals. The side
effects produced vary according to:

*  What part of the body is treated

» The type of photosensitizing drug given

* The time between administration of the drug and light
application

» The skin sensitivity to light following treatment

The major side effect of PDT is residual systemic photo-
sensitization, which lasts for several days or weeks depend-
ing on the administered photosensitizer. When administered
systemically, residual skin photosensitivity may ensue for a
period. Daylight may be a means of activation of photosensi-
tizer, resulting in first- or second-degree burns. The patients
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are therefore instructed to avoid exposure to bright light or
sunlight until the drug is completely eliminated. Also, skin
and eyes should be protected from intense exposure of light.
Furthermore, though PDT treatment is not a painful proce-
dure, pain may be experienced by patients several hours after
PDT. Pain relief medications prior or after the laser treatment
may be advocated. When used for the treatment of tumors,
though damage to health tissues is minimal, burns, swelling,
pain, and scarring in the nearby tissues are likely. Other side
effects that are less frequent are coughing, trouble swallowing,
stomach pain, painful breathing or shortness of breath, allergic
reactions, change of liver parameters, etc. [12].

PDT has not been approved by the FDA for use in
dentistry. In clinical trials, all patients are treated in accordance
with the FDA and local institutional review board approval.

Applications of PDT in dentistry are growing rapidly
such as the photodynamic diagnosis of malignant transfor-
mation of oral lesions [3] and the treatment of head and neck
cancer, as well as bacterial and fungal infections.

Materials and methods

A review of pertinent literature was carried out in PubMED to
determine the current position of PDT applications in dentistry.
One hundred twenty-one relevant articles between 1981 and
2012 were retrieved from PubMED by inserting the keywords
“photodynamic therapy”, “dentistry”, “periodontology”, “oral
surgery”, and “endodontics”. It is anticipated that this overview
will create a specific picture in the practitioner’s mind regard-

ing the current status and use of PDT.

Results

Data obtained from this review can be summarized as pre-
sented in the following sections in terms of relevant topics.

Diagnosis and treatment of premalign and malign lesions
of head and neck with PDT

Topical application of ALA is a relatively new diagnosing
method of oral lesions. A pro-drug, 5-aminolevulinic acid
(ALA), serves as a precursor of the photosensitizer, proto-
porphyrin IX (PpIX), in the heme biosynthetic pathway
[30]. ALA-mediated photodynamic diagnosis, an intercellu-
lar accumulation of PplIX, increases tissue fluorescence.
Subsequent illumination leads to fluorescence of the lesion
caused by endogenous and ALA-induced PpIX. The differ-
ence in the fluorescence ratio between normal and prema-
lignant/malignant tissue facilitates the distinction between
malignant and nonmalignant lesions. ALA-based photody-
namic diagnosis offers potential advantages such as non-
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invasive diagnosis, in situ monitoring, cost-effectiveness,
and better tolerance than surgical biopsy for the patient. The
use of ALA is restricted to superficial lesions (1-2 mm) due to
the limited depth of topical ALA and the limited penetration of
tissue at 635 nm [12].

Sharwani et al. [3] examined patients with clinically
suspicious oral leukoplakia and showed that dysplastic
lesions have significantly higher red fluorescence than be-
nign oral lesions without changes in green autofluorescence.

PDT is a relatively minimally invasive treatment form of
malign and premalignant lesions of head and neck including
the oral cavity, the pharynx, the nasal cavity, and the larynx.
These tumors are generally treated with conventional treat-
ments, such as surgery, chemotherapy, and radiation, which
may cause many side effects, including jaw pain, mouth sores,
dysfunctional salivary glands, and difficulties in chewing,
swallowing, and talking [32]. Selective tumor destruction
and its minimal invasiveness are the main advantages of
PDT over conventional treatments based on the preservation
of healthy tissues.

With the experience of 30 years by PDT, it can be
concluded that this treatment regimen is appropriate for
basically two groups of pathologies: these are early neo-
plasmic lesions (premalignant and in situ carcinoma) and
advanced recurrences after previous surgery or radiotherapy,
respectively. Outcomes of the treatment are less satisfactory
in the treatment of advanced carcinomas with PDT. This is
probably due to a limited ability to adequately deliver laser
light to the tumor bed. However, the possibility of an effective
treatment of early-stage tumors and premalignant lesions with
the preservation of the surrounding normal structures is often
a great benefit [33, 34].

Kubler et al. [35] evaluated the effectiveness of mTHPC-
mediated PDT in 25 patients with primary squamous cell
carcinomas of the lip. During 12 weeks of the evaluation
period, complete response has been shown by 24 of the
patients (96 %). Only one patient has shown a partial response
and has been successfully retreated by mTHPC-mediated
PDT, with a complete response at 7 months after retreatment.
The functional results were excellent in all patients, without
any signs of restricted mouth opening or impaired lip closure.

Copper et al. [36] performed a study to examine the long-
term efficacy of mTHPC-mediated PDT in the treatment of
29 early-stage squamous cell carcinomas of the oral cavity
and oropharynx. In 25 tumors (86 %), a complete remission
of the primary tumor was obtained. Four lesions developed
local recurrent disease after 1-6 months. All of these cases
were salvaged by surgery and/or radiotherapy. None of the
patients complained about impairment of mastication, swal-
lowing, articulation, or speech after PDT.

Hopper et al. [37] demonstrated that tumor clearance was
accompanied by excellent cosmetic and functional results,
without impact on the patient’s performance status. Adverse
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events in the immediate post-treatment phase were limited
to pain (82 %) and swelling (10 %) at the treatment site due
to the tumor necrosis caused by PDT. The authors concluded
that mTHPC-mediated PDT is a safe and effective method
of dealing with early oral squamous cell carcinoma with a
number advantages over conventional treatments in terms of
improved organ function and cosmetic appearance.

In a prospective case series by Rigual et al. [38], PDT use
was assessed for the treatment of laryngeal and oral cavity
premalignant and malignant disease of the head and neck.
Two cohorts of patients were included in this trial, one of
which included patients having tumor grade T1 squamous
cell carcinoma and the other containing dysplasia and car-
cinoma in situ. Among the patients, 12 had persistent and
recurrent disease after previous surgery or radiotherapy and
14 had primary disease. The patients were followed up for a
period ranging between 7 and 52 months (mean 15 months).
Complete response was observed in 12 patients in the dys-
plasia group and 12 in the T1 group. Partial response was
received from one T1 patient, whereas no response was
observed in one patient following PDT. Recurrence was
detected within 90 days in three patients with oral dysplasia
and a second invasive primary cancer was observed in one
T1 patient. Pain, edema, hoarseness, and phototoxicity were
the other adverse effects observed.

Lin et al. [39] indicated that the laser light-mediated
topical ALA-PDT is also very effective for oral verrucous
hyperplasia (OVH) and oral erythroleukoplakia lesions
(OEL). Therefore, they suggested that topical ALA-PDT
using either LED or laser light may serve as the first-line
treatment of choice for OVH and OEL lesions.

Carcinoma in situ, field characterization having large
areas of superficial premalignant and malignant changes
and multicentric malignancies, are among the pathologies
that seem responsive to PDT. Conventional treatment
regimes seem to be incapable of treating these tumors with-
out morbidity. Relatively large affected areas can be treated
with PDT by preserving tissue, and it is possible to repeat
the treatment as often as required. By using more powerful
second-generation photosensitizers and more penetrating
laser light of 652 nm, PDT is expected to give even better
outcomes in the treatment of early-stage head and neck
carcinomas [10, 40]. Sieron et al. showed that PDT is a
useful and effective method for the treatment of premalignant
lesions of the oral cavity and the palliation of advanced lesions
of the oropharynx and larynx [33].

The option of retreatment with PDT or conventional
therapy remains in case a complete tumor response is not
achieved after PDT. Equivalent or greater efficacy can be
achieved with PDT in the treatment of premalignant and
malignant lesions at the head and neck region when com-
pared with conventional therapy, with the additional benefit
of greatly reduced morbidity and disfigurement. However,

the choice for an optimum therapy for head and neck cancer
is a multidisciplinary decision. When deciding on treatment
options for these patients, treatment-related morbidity and
the quality of life as well as the risk of developing secondary
primary tumors should be considered in addition to the
probability of achieving tumor control.

Oral lesions

Oral lichen planus (OLP) is a chronic inflammatory disease
exhibiting relapses and remissions. The disease has a cell-
mediated immunological origin in which there is accumula-
tion of T lymphocytes beneath the oral mucosa epithelium.
Furthermore, the differentiation rate of the stratified squa-
mous epithelium increases, which results in hyperkeratosis
and erythema with or without ulceration [41]. There is
currently no cure for OLP. Treatment is aimed primarily at
reducing the length and severity of symptomatic outbreaks.
Topical steroids are the first-choice agents for the treatment
of symptomatic, active OLP [42]. Other topical agents that
have been used in cases resistant to topical steroids include
retinoids, azathioprine, cyclosporine, tacrolimus, and myco-
phenolate mofetil. One such promising modality is PDT,
which may have immunomodulatory effects and may induce
apoptosis in the hyperproliferating inflammatory cells which
are present in psoriasis and lichen planus. This may reverse
the hyperproliferation and inflammation of lichen planus.
Aghahosseini et al. demonstrated that methylene blue (MB)-
PDT seems to be an effective alternative treatment for the
control of OLP. However, further studies are needed in order
to show the efficacy of MB-PDT in the control of OLP for a
longer period of time [43].

Candidiasis, caused by Candida species, the commonest
being Candida albicans, is the most frequently encountered
infection of the oral cavity [44]. Immunocompromised
states, diabetes mellitus, dental prostheses, xerostomia, and
prolonged use of antibiotics or immunosuppressive drugs
are the predisposing factors for oral candidiasis to ensue [45].
In addition, biofilm formation on epithelial surfaces and pros-
thetic devices is critical in the development of denture-
associated candidiasis, which is a frequent condition occurring
in denture wearers [46—48]. Due to the risk of high frequency
of Candida infections in immunocompromised patients, ef-
fective antifungal therapy is necessary. In the management of
oral candidiasis, topical antifungal agents are often prescribed
[49, 50]. However, these agents achieve only a transient
response and relapses are frequent. Antimicrobial photody-
namic therapy has been evaluated as a promising method of
treatment of oral candidiasis to overcome the problems asso-
ciated with antifungal resistance [51-54]. The mechanism of
antimicrobial photodynamic therapy inactivation of fungi is
completely different from that of antifungal agents. The reac-
tive oxygen species promote perforation of the cell wall and
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membrane, thereby permitting the photosensitizer to translo-
cate into the cell. Once inside the cell, oxidizing species
generated by light excitation induce photodamage to internal
cell organelles and cell death [55, 56].

Dovigo et al. [57], in an in vitro study, attempted to
describe the association of Photogem® (Photogem, Moscow,
Russia) with LED for the photoinactivation of fluconazole-
resistant (FR) and American Type Culture Collection strains
of C. albicans and Candida glabrata. They treated suspen-
sions of each Candida strain with five Photogem® concen-
trations and exposed them to four LED light fluences (14, 24,
34, or 50 min of illumination). After incubation, colonies were
counted. Single-species biofilms were generated on cellulose
membrane filters, treated with 25.0 mgl™" of Photogem® and
illuminated at 37.5 Jem 2. The biofilms were then disrupted
and the viable yeast cells present were determined. Planktonic
suspensions of FR strains were determined to be effectively
killed after PDT. It was observed that the fungicidal effect of
PDT was strain dependent. Significant decreases in biofilm
viability were observed for three strains of C. albicans and for
two strains of C. glabrata. The authors concluded that al-
though antimicrobial photodynamic therapy was effective
against Candida species, fluconazole-resistant strains showed
reduced sensitivity to PDT. Moreover, single-species biofilms
were less susceptible to antimicrobial photodynamic therapy
than their planktonic counterparts.

Zeina et al. have demonstrated that PDT with methylene
blue under conditions that lead to effective killing of typical
skin microbes, including C. albicans, causes neither cyto-
toxicity nor DNA damage to keratinocytes in vitro [58, 59].

Candida has been demonstrated to be susceptible to
antimicrobial photodynamic therapy by using an agent
(Photofrin) which is already used in clinics. This is an impor-
tant step that shows the potential application of this novel
treatment modality for fungal infections. Selectivity is an
important factor in these treatments because healthy human
cells are also affected and may be damaged by the use of these
agents. In mucocutaneous candidiasis, topical application can
be selected for the affected areas and light can be applied only
to those regions, making these infections amenable to antimi-
crobial photodynamic therapy [60].

Herpes is a common infectious disease that is caused by
human herpes viruses. Several treatments have been pro-
posed, but none of them prevents reactivation of the virus.
Treatment with low-level laser therapy has been considered
as an option in the treatment of herpes labialis, decreasing
the frequency of vesicle recurrence and providing comfort
for patients. The lesions have healed rapidly and no signif-
icant acute side effects have been noted [61].

Photodynamic approach has also been used to kill micro-
organisms in root canals in vitro and in vivo [62]. These
studies suggested the potential of antimicrobial photody-
namic therapy adjunctive to standard endodontic antimicrobial
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treatment. Methylene blue, a well-established photosensitizer
has been used in PDT for targeting endodontic bacteria. MB
predominantly interacts with the anionic macromolecule lipo-
polysaccharide, resulting in the generation of MB dimers,
which participate in the photosensitization process [62, 63].

Fonseca et al. [64] have investigated the effects of anti-
microbial photodynamic therapy on endodontic pathogens
by evaluating the decrease in numbers of Enterococcus
faecalis colonies in the canals of extracted human teeth.
After contaminating root canals with bacteria and incubation,
teeth were divided into a control group and a test group. Half
of'the teeth did not undergo any intervention and served as the
control, whereas in the test group the teeth received a solution
0f 0.0125 % toluidine blue for 5 min followed by irradiation
using a 50-mW diode laser (Ga—Al-As) at a wavelength of
660 nm. Bacterial samples were taken before and after irradi-
ation. The number of colony-forming units was counted and it
was concluded that PDT was effective in E. faecalis-contam-
inated root canals.

In oral surgery, antimicrobial photodynamic therapy, with
its use of non-toxic dye (photosensitizer) in combination with
low-intensity laser light enabling singlet oxygen molecules to
destroy bacteria, also represents a treatment alternative for
alveolar osteitis and post-extraction pain. It has been stated
that laser treatment is best combined with surgical opening of
the implant site for cleaning and disinfecting the local defect.
In this way, photodynamic therapy can be used successfully to
decontaminate the implant surface [65].

Photodynamic antimicrobial chemotherapy

The science of PACT is still in its infancy but follows
similar principles to that of PDT. Due to the problems of
systemic light delivery, the use of PACT may also be limited
to localized infection. What is important, both in PDT and
PACT, is the ability to excite the photosensitizer at its target
site with minimal photoeffect on the surrounding tissue [66].
The most common bacterial diseases causing human dental
caries and periodontal diseases result from plaque biofilms
on teeth and soft tissues of the mouth. Biofilm that forms on
teeth contains many microbial species including aerobic and
anaerobic Gram-positive and negative bacteria, fungi, myco-
plasma, protozoa, and viruses. The effectiveness of PACT,
both topical and systemic, tends to be minimized by the
presence of this biofilm [67]. Dental plaque formation is one
of the initial phases of tooth decay, which is a microbial
disease that affects a tooth’s calcified tissues. Streptococcus
mutans is one of the most important bacteria present in dental
plaque. The elimination of pathogenic microorganisms on
teeth is fundamental in the prevention and control of tooth
decay [68]. The use of lasers or LEDs of different wave-
lengths, in association with various photosensitizing dyes,
can play an important role as an alternative treatment to
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remove dental plaque [69-71]. Bevialacqua et al. demonstrat-
ed that PACT was efficient at killing microorganisms and
preventing the formation of biofilms in a planktonic culture
[69].

Antimicrobial photodynamic therapy and periodontology

Systemic use of antibiotics in conjunction with mechanical
treatment is a commonly performed treatment modality in
periodontology and is regarded as a reliable method in the
treatment of periodontal diseases. On the other hand, it has
been determined that bacteria in biofilms are protected with-
in the plaque matrix, thus showing less susceptibility to
antibiotics. Furthermore, frequent use of antibiotics poses
the risk of bacterial resistance. Therefore, there has recently
been an increase in attempts for the development of alter-
native antimicrobial concepts [72—75]. Recently, antimicro-
bial photodynamic therapy has been used for the treatment
of localized microbial infections. Antimicrobial photody-
namic therapy exerts a toxic effect over bacteria by free
radical formation. It has been indicated by researchers that
this is an effective means of bacterial elimination during
periodontal treatment and shows promise as a new method-
ology that can be selected for the elimination of bacterial
infection from periodontal pockets during the non-surgical
treatment of periodontitis. It has been shown in an animal
model that the progression of periodontal disease and de-
struction of periodontal tissues can be reduced significantly
by the utilization of antimicrobial photodynamic therapy
[67]. Furthermore, Sigusch et al. [76] reported a reduction
in the markers of periodontal destruction in beagle dogs
following treatment with antimicrobial photodynamic ther-
apy. They tested the antimicrobial photodynamic therapy
using two photosensitizers, chlorine e6 and BLC1010, on
beagle dogs. The animals were infected with Porphyromonas
gingivalis and Fusobacterium nucleatum in all subgingival
areas. Microbiological monitoring before and after treatment
was performed using polymerase chain reaction. Antimicro-
bial photodynamic therapy was conducted with a diode laser
with a wavelength of 662 nm using a power of 0.5 W and the
photosensitizers.

Several studies have shown that oral bacteria in plank-
tonic cultures and in plaque scrapings are susceptible to
antimicrobial photodynamic therapy [77-81]. Moreover, re-
cent studies have reported that photodynamic therapy in-
duced bacterial cell killing and reduced bacterial numbers
by more than tenfold in S. mutans, Streptococcus sobrinus,
and Streptococcus sanguinis biofilms when toluidine blue O
or erythrosine was used as the photosensitizer [82—85].
Schneider et al. [86] assessed the effect of laser-induced
antimicrobial photodynamic therapy on the viability of S.
mutans cells employing an artificial biofilm model and
concluded that laser irradiation is an essential part of

antimicrobial photodynamic therapy to reduce bacteria within
a layer of 10 um.

However, other studies have demonstrated incomplete
destruction of oral pathogens in plaque scrapings, monospe-
cies biofilms, and multispecies biofilms derived from human
saliva [87-90].

Yilmaz et al. [91] concluded that antimicrobial photody-
namic therapy provided no additional microbiological and
clinical benefits over conventional mechanical debridement.
The reduced effectiveness of antimicrobial photodynamic
therapy in their study may be a result of the indirect applica-
tion of antimicrobial photodynamic therapy from the external
surface of the gingiva.

Fontana et al. [77] investigated the photodynamic effects
of methylene blue on human dental plaque microorganisms
in the planktonic phase vs. the biofilm phase and found that
oral bacteria in biofilms are affected less by antimicrobial
photodynamic therapy than bacteria in the planktonic phase
[77]. The mechanism responsible for the reduced suscepti-
bility of biofilms to antimicrobial photodynamic therapy
may also be related to the inactivation of methylene blue,
the existence of biofilm bacteria in a slow-growing or starved
state, and distinct and protected phenotypes expressed by
biofilm species when they attach to the agar surface [92-94].
However, a recent in vivo study showed that scaling and root
planing (SRP) combined with photodynamic therapy using
methylene blue led to significant improvements of the inves-
tigated clinical parameters over the use of scaling and root
planing alone [95].

In a recent split-mouth clinical study, it was demonstrated
that non-surgical periodontal treatment performed on
patients with aggressive periodontitis by applying antimi-
crobial photodynamic therapy alone showed similar clinical
improvements in comparison to scaling and root planing
[96]. Tt has been demonstrated that scaling and root planing
combined with photodisinfection or the application of anti-
microbial photodynamic therapy alone leads to reduction of
pocket depths and results in clinical attachment gain in the
non-surgical treatment of periodontitis [97]. Braun et al.
[98], in a study assessing the effect of adjunctive antimicro-
bial photodynamic therapy in chronic periodontitis, con-
cluded in favor of the use of this treatment modality and
suggested that clinical outcomes of conventional subgingi-
val debridement can be improved by adjunctive aPDT. De
Oliveira et al. [99] treated ten patients with aggressive
periodontitis in a split-mouth design study with either PDT
with laser source scaling and root planing. They determined
that both methods showed similar clinical results in a 3-month
follow-up period. The authors, in a similar study design,
evaluated the results in a biochemical perspective and indicat-
ed that SRP and PDT had similar effects on crevicular TNF-oc
and RANKL levels in patients with aggressive periodontitis
[100].
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Recently, residual periodontal pockets have received par-
ticular attention from some authors in terms of their response
to PDT. Campos et al. [101], who evaluated the effects of PDT
in addition to SRP at baseline and 3 months post-therapies,
demonstrated additional clinical benefits for residual pockets
in single-rooted teeth and suggested that this treatment mo-
dality may be an alternative therapeutic strategy in supportive
periodontal maintenance. Giannopoulou et al. [102], on the
other hand, observed no significant differences for any bio-
chemical parameters when they compared the local biologic
effects of PDT, diode soft laser therapy, and conventional deep
SRP in residual pockets.

All these aforementioned studies reveal that there is some
controversy between the results of different studies. Most
probably, this must be related with the designs of the inves-
tigations. More structured and better designed studies are
mandatory to reach firmer conclusions.

Peri-implantitis and antimicrobial photodynamic therapy

Peri-implantitis is considered to be a multifactorial process
involving bacterial contamination of the implant surface. It
is a local and relatively superficial infection caused by well-
known specific microflora colonization on the implant surface
[103—105]. It is unknown to what extent bacterial and non-
bacterial residues have to be removed from an implant surface
to obtain a predictable, stable clinical result after treatment.
Decontamination by mechanical, chemical, and physical
methods has been used so far. Surgical intervention has also
been considered as an option [106, 107]. Cleaning rough
implant surfaces is very difficult since bacteria are protected
in microirregularities or undercuts of the surface [103, 108].
A new technique for cleaning of infected implant surfaces
in vivo is antimicrobial photodynamic therapy. Experimental
examinations revealed that light from a helium/neon laser or a
gallium—arsenide laser, in combination with appropriate pho-
tosensitizers, can achieve a significant reduction in the viabil-
ity of both aerobics and anaerobics in a solution of subgingival
plaque from patients with chronic periodontitis [109, 110].
Shibli et al. [70] investigated the effects of photodynamic
therapy on peri-implantitis and reported that PDT was able to
reduce bacterial counts. Prevotella sp., Fusobacterium sp., and
Streptococcus beta heamolyticus were not 100 % destroyed in
all samples; however, a significant reduction resulted.
Dortbudak et al. [111] reported that treatment of peri-
implantitis with the application of the photosensitizer tolu-
idine blue alone (i.e., without light sensitization) resulted in
significant reductions of Prevotella intermedia and Aggre-
gatibacter actinomycetemcomitans compared to baseline
values. The bacterial counts of P. gingivalis also decreased
in comparison with the initial value, but the change was not
statistically significant [111]. On the other hand, the lethal
photosensitization of the toluidine blue with a diode laser of
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a wavelength of 690 nm resulted in significantly higher
reductions of P. intermedia, A. actinomycetemcomitans,
and P, gingivalis compared to both baseline. PDT resulted
in a significant bacterial reduction, although complete elim-
ination of bacteria was not achieved. The authors concluded
in favor of the combined application of TBO and laser
depending on the significant reduction of the initial values
in all three groups of bacteria.

Hayek et al. [112] indicated that antimicrobial photody-
namic therapy is an effective non-invasive method for treating
peri-implantitis compared to conventional therapy with ele-
vated mucoperiosteal mucosa flaps for scaling the implant
surface. The use of azulene delivered in a paste as photosen-
sitizer seemed to be effective against peri-implantitis patho-
genic microorganisms and did not stain the implant surface
and/or surrounding tissues.

The possible advantages of PDT over conventional antibi-
otic therapy in peri-implantitis include topical treatment where
only the affected sites requiring antimicrobial treatment re-
ceive the dye and illumination and, unlike antibiotics, there is
no disruption of the microflora in the unaffected sites. Also,
there is no evidence of resistance development in the target
bacteria after PDT [113, 114].

Although the application of antimicrobial photodynamic
therapy in the treatment of periodontitis and peri-implantitis
is an interesting therapeutic approach, current reports have
not shown significant superior effects of antimicrobial pho-
todynamic therapy compared with conventional mechanical
therapy. Therefore, the potential effects of antimicrobial
photodynamic therapy should be studied more extensively
to establish the optimal conditions during clinical application.
However, antimicrobial photodynamic therapy holds promise
as a novel non-invasive treatment method that might be ben-
eficial when applied alone or in conjunction with conventional
mechanical periodontal and peri-implantitis therapy.

Many factors may interfere with the effectiveness of laser
irradiation, including the capacity for light absorption by the
photosensitized microorganism, wavelength of the laser,
physiological state of the bacteria, emission from the laser,
time of laser exposure, pH of the medium, staining of the
area to be irradiated, water content, thermal conductivity,
and the organic matrix [15]. New types of light delivery
devices and new photosensitizing drugs will expand the
usefulness of PDT in the future.

Endodontics

Disinfection of the root canal space and elimination of
microoorganisms to induce periapical repair is one of the
fundamental goals of endodontic treatment. Recently, new
systems and substances have been proposed to improve root
canal disinfection either by replacing conventional chemo-
mechanical procedures or by supplementing their effects
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[115]. Fimple et al. [116] investigated the photodynamic
effects of methylene blue on Actinomyces israelii, F. nuclea-
tum, P, gingivalis and P. intermedia in experimentally infected
root canals of extracted teeth and found up to 80 % reduction
of colony-forming unit counts when root canal systems were
incubated with methylene blue (25 pg/mL) for 10 min fol-
lowed by exposure to red light at 665 nm with an energy
fluence of 30 J/cm. The authors suggested PDT to be an
effective adjunct to standard antimicrobial endodontic treat-
ment when PDT parameters were optimized.

Xuetal. [117], in an in vitro study, assessed the synergistic
effect of methylene blue and red light on human gingival
fibroblasts and osteoblasts. They sensitized both cell types
with 50 pg/mLMB followed by exposure to red light at
665 nm for 5 min with an irradiance of 10, 20, and 40 mW/
cm? The results showed that light at 20 and 40 mW/cm?® with
MB had modest effects at 24 h on osteoblasts, whereas sodium
hypochlorite completely eliminated cells. The authors inter-
preted the results as the presence of a therapeutic safe window
by which PDT can inactivate cells without affecting host cell
viability.

Treatment of teeth with periapical lesions has always
been a challenge for the practitioner and attempts have been
made so far in order to eliminate irritating agents from the
root canal system to provide healing in the periradicular
tissues. This usually necessitates multiple appointments for
confirming a thorough eradication of microorganisms within
the root canal system. Recently, Silva et al. [118], conducted
an in vivo study where they evaluated the response of apical
and periapical tissues of dogs' teeth with apical periodontitis
after one-session endodontic treatment with and without
antimicrobial photodynamic therapy. The authors concluded
that photodynamic therapy may serve as a promising adjunct
to intracanal cleaning and shaping specifically for teeth with
periapical lesions undergoing one-session endodontic treat-
ment. Another study on the effects of diode laser in combina-
tion with photodynamic therapy is one by Nagoyashi et al.
[119], who suggested that utilization of a diode laser in com-
bination with a photosensitizer may be useful for clinical
treatment of periapical lesions.

There have also been some attempts to eliminate .
faecalis, one of the major etiological factors of persistent
endodontic infections. The study by Pagonis et al. [120]
showed that the utilization of poly(lactic-co-glycolic acid)
nanoparticles loaded with the photosensitizer MB and en-
capsulated with photoactive drugs may be a promising ad-
junct in antimicrobial endodontic treatment. The authors
determined that the nanoparticle concentration was higher
mainly on the cell walls of microorganisms at the 2.5-, 5-,
and 10-min time periods. The synergism of light and MB-
loaded nanoparticles resulted in approximately 2 and 1 log;q
reduction of colony-forming units in planktonic phase and
root canals, respectively. Light-activated disinfection

targeting E. faecalis in a planktonic suspension and mono-
species biofilms and on P. aeruginosa in a planktonic sus-
pension and mono-species biofilms was tested by Upadya
and Kishen [121]. The authors concluded that modifications
in photosensitizer formulations enhanced the efficacy of
light-activated disinfection on biofilms positively. Further
studies favored the use of PDT for the elimination of bio-
films and residual and drug-resistant microorganisms
[122—-125]. Since tooth staining and discoloration has been
indicated as one of the major concerns of PDT, there have
been some attempts to overcome this disadvantage by eval-
uating the efficacy of some chemical compounds. It has
been concluded that 2.5 % NaOCI, associated or not with
Endo-PTC cream (a cream consisting of 10 % urea perox-
ide, 15 %, Tween 80 (detergent), and 75 % carbowax
(vehicle) used as a lubricant during cleaning and shaping
of the rootcanals), was effective in avoiding tooth staining
caused by MB during PDT [126]. As observed from the
aforementioned data, there is yet limited information per-
taining to the use of antimicrobial photodynamic therapy in
endodontic treatment. However, this treatment option seems
to be a promising adjunctive supplement, specifically in
persistent cases where E. faecalis plays a major role. Further
trials are necessary to make more reliable conclusions re-
garding the use of PDT in endodontics.

Concluding remarks

The advantages of photodynamic therapy compared with
surgery or radiotherapy are reduced long-term morbidity
and the fact that photodynamic therapy does not compro-
mise future treatment options for recurrent, residual, or
another primary disease. Based upon the present analysis
of pertinent literature, where tumors are concerned, PDT
appears to be a promising technique for early neoplasmic
lesions (premalignant and in situ carcinoma) and advanced
recurrences after previous surgery or radiotherapy. Also,
superficial infections as well as bacterial and fungal infec-
tions seem to be areas which hold promise to incorporate
photodynamic therapy as a treatment option more frequently
in the future. Further evidence-based accumulation of data is
definitely required to make a definite statement.
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