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With the emergence of several strains of antibiotic-resistant bacteria, there has been a demand for new
therapeutic alternatives to combat the growth of microbial pathogens. PACT (Photodynamic Antimicrobial
Chemotherapy) is a therapeutic modality, inspired by the treatment of tumors, that aims to kill microorganisms
by photodamage, by employing the combination of a photosensitizer and light irradiation, usually of the
wavelength of visible light. Thus, PACT can be applied in different contexts, with Dentistry as one of the
greatest applications, but PACT can be used in the treatment of skin infections and even disinfection of
surfaces in hospital and industrial environments. This paper addresses historical and technical aspects of
PACT, in terms of mechanism of action, sensitive microorganisms and future perspectives. This document is
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the result of the final work of the discipline "Special Topics in Pharmacology I1", prepared by graduate
students in Natural Products, Synthetics, Bioactives, Cellular and Molecular Biology.

PACT, Photosensitizers, Light irradiation, History of Therapeutics.
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The use of light in medicine is dated to records that are more than 4,000 years old. In
different parts of the world, such as Egypt, India, and Greece, the use of sunlight was already known
in the treatment of numerous conditions, for example psoriasis and vitiligo (Silva et al., 2018), as
well as in the process of microbiological treatment of drinking water, based on religious precepts
(Azevedo Netto, 1959). Since antibiotic therapy, society's quality of life and life expectancy have
changed substantially, however, the use and abuse of antibiotics over the decades has allowed the
emergence and dissemination of resistant pathogens that pose a great threat to health (Aslam et al.,
2018).

Thus, new strategies are proposed and the use of light to combat microbial growth has
emerged as a potential solution to the problem. PACT, the universal acronym for Photodynamic
Antimicrobial Chemotherapy, is a simple technique that is based on three pillars: a compound,
natural or synthetic, that is sensitized by light irradiation and will form free radicals with molecular
oxygen, resulting in the death of the microorganism (Derikvand et al., 2020).

The technique is safe and can be applied against bacteria, fungi, viruses and parasites. In this
work, advantages, applications, mechanism of action and a brief history of PACT are presented. In
addition, the perspectives concerning photosensitizers are presented, as well as the types of light

irradiation for each treatment.

Based on the premise defined in antiquity about the use of light in medicine, some therapies
evolved by associating exposure to sunlight with the consumption of plants, observing that the
therapeutic effect was due to the participation of plant pigments activated by light (Silva et al.,
2018).

During the so-called golden age of microbiology (1860-1930) the idea of cell death
stimulated by the interaction of chemicals and light was reported. Oscar Raab was the first to divulge
the subject, when he occasionally discovered the lethal action of the combination of acridine red and
light on protozoa that cause malaria. A lower lethality was observed on rainy days, while the opposite
was seen during bright days. Their conclusion was that the dye was activated by some fluorescence
product, postulating a mechanism involving the transfer of energy from light to the chemical
compound, similar to what occurs in photosynthesis (Rossin et al., 2020).

In the year 1900, eosin was administered parenterally in a treatment against epilepsy, and
dermatitis was observed in the skin regions when exposed to the sun. This observation led to the first
application in human medicine of the interaction between light and a fluorescent compound. Herman

von Tappeiner and Jesionek tested the application of eosin and exposure to white light for the
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treatment of skin tumors. In this study, the participation of oxygen in these photosensitization
reactions was demonstrated and seven years later the phenomenon was described as "photodynamic
action" (Correia et al., 2021).

In the following years, much was experimented in the attempt to understand
photosensitization, but it was only in the 1960s that studies deepened and PACT was consolidated as
a therapy, applied in different treatments, especially local, mucosal or skin infections, as well as
widely explored in Dentistry (Takasaki et al., 2009). At this time, there was an understanding that the
photodynamic action or effect was possible if the light irradiation presents an emission of adequate
wavelength with the absorption spectrum of the photosensitizer (dye), in the presence of molecular

oxygen (Simoes ef al., 2018).

PACT is a promising strategy to confront, above all, bacterial resistance to antibiotics, but the
generation of reactive oxygen species brings to light different therapeutic possibilities, whose results

are promising.

PACT can be used to treat acne, seborrheic dermatitis, and infected wounds. The
photosensitizer is applied to the affected area, followed by exposure to light irradiation. Important
results have been achieved in in vitro and in vivo assays against Staphylococcus aureus (Karner et
al., 2020). In in vivo models, PACT has also demonstrated an acceleration in the healing process of
wounds, ulcers, and infections caused by bacteria. Additionally, the healing process was accelerated
because the antimicrobial activity demonstrated by PACT also prevented the development of

secondary infections (Sun ef al., 2020).

Dentistry is the area that benefits the most from PACT. The most commonly used
photosensitizers are methylene blue and toluidine blue. Animal models have shown a reduction in the
progression of periodontitis, in radiographic terms, with a reduction in bone loss, as well as in
histological terms, with a decrease in the extent of the inflamed area (Kikuchi et al., 2015). In
addition to bacterial periodontitis, PACT can be applied in the treatment of bacterial gingivitis, as
well as fungal and viral infections. In the latter, the treatment of cold sores was associated with

administration with acyclovir (Gholami et al., 2022).
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In ophthalmology, PACT can be applied to treat bacterial, fungal and viral infections, but
more investigations are conducted in Pseudomonas aeruginosa infections. The photosensitizer used
is rose bengal, whose bactericidal action is against clinical isolates of P. aeruginosa (Durkee et al.,
2020). The dye has also been used in the laser treatment of bacterial keratitis caused by
Staphylococcus aureus because, as an advantage of the technique, there is no selectivity for the

infectious agent (Paiva et al., 2022).

Important results have been achieved in the therapy of sinusitis and bronchitis, as well as
respiratory infections in patients with cystic fibrosis, especially caused by antibiotic-resistant
bacteria. In vitro assays using methylene blue and toluidine blue and laser irradiation showed a
significant reduction in the number of clinical isolates of Acinetobacter baumannii and Pseudomonas
aeruginosa. The study and others like it suggest that PACT mediated by these photosensitizers
represents a promising approach in the treatment of infections with multidrug-resistant respiratory

pathogens (Kashef; Yahyaei, 2014).

The photosensitizer is administered to the patient, and then the cancer-affected area 1s
exposed to light irradiation, leading to selective destruction of the cancer cells. PACT has been
employed as a primary or adjuvant treatment for some cancers, e.g., skin, lung, esophagus, and

thyroid cancers (Kim et a/, 2018).

During the most critical period of the pandemic (2020-2022), PACT was also investigated as
a possible form of treatment. In this case, PACT was combined with photobiomodulation (PBMT), a
technique that allows the reduction of oxidative stress through the interaction of light with biological
tissues. Methylene blue-mediated PACT was evaluated in oral lesions caused by SARS-Cov-2, with
laser application to the injured area. This allowed relief from painful symptoms and rapid healing in

patients (Pacheco ef al., 2022).

In addition to the treatment of infections in humans and animals, PACT also has applications
in the decontamination of surfaces in hospitals, laboratories and other facilities whose disinfection is

crucial to prevent the spread of pathogenic microorganisms. Applied to solid surfaces, water, and air,
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methylene blue-mediated PACT has been shown to be effective, safe, and low-cost (Almeida et al.,

2020).

PACT activity is based on the combination of a low toxicity photosensitizer and an
appropriate wavelength of light, which in the presence of oxygen in the medium, is activated and
generates reactive oxygen species. The phototoxic response produced causes damage to biomolecules
and/or oxidation of cellular structures, leading to death (You; Li, 2017).

There are two types of mechanisms in PACT. In both types, the photosensitizers enter the
single excited state (type I mechanism), but due to the atomic stability of the molecule, there may be
conversion from the single excitation state to the triplet excitation state (type II mechanism). In the
type I mechanism, hydrogen is abstracted with the production of free radicals and radical ions, which
are highly reactive with molecular oxygen, generating reactive oxygen species, such as superoxide
anions or hydroxyl radicals. As a result, oxidative damage is produced in the cells. In the type II
mechanism, the reaction with molecular oxygen generates singlet oxygen, which, being extremely
reactive, can interact with the cell and produce oxidative damage. The type Il mechanism is more
common, however, the type I mechanism is important under low oxygen concentrations (Carrera et

al., 2016). Figure 1 summarizes the process involving the two mechanisms.

Figure 1 — Mechanisms of formation of reactive oxygen species in Photodynamic Antimicrobial Chemotherapy. In the
type I mechanism there is excitation formation in the single state, while in the type II mechanism there is singlet oxygen

formation.
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PACT is more effective at inactivating Gram-positive bacteria because the cell wall is thicker,
composed of 90% peptidoglycan in addition to lipoteichoic acid. In addition, the porosity of the wall
allows the passage and accumulation of the photosensitizer to the plasma membrane (Huang et al.,

2012). On the other hand, the morphology of Gram-negative bacteria hinders the penetration of the
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photosensitizer. However, lipopolysaccharides, lipoproteins, and proteins with porin function end up
being target molecules (Biyiklioglu et al., 2019), as shown in Figure 2.

Different molecules present in microorganisms are targets of PACT. Reactive oxygen species
can induce structural changes in nucleic acids, such as DNA-protein cross-linking and single or
double-strand breaks, however, it is suggested that DNA damage may not be the main cause of cell

death (Sabino et al. 2023).

Figure 2 — Influence of cell constitution on the accumulation of photosensitizers.

Presenga de

Lipopolissacarideos, M:'Or d'ﬁ?k:'ade
GRAM - > protei porinas e - ent_ra_ .a ” . :
v L~ # i fotosensibilizantes Baixo risco a
peptideoglicano idosos /
debilitados
1raq§0] Sem toxicidade
N Alta [concentras Baixa cumulativa
Variagéo da acumulo seletivo - [concentra, d0]
permeabilidade Adigdo de G . P Inércia
em parede e L. Fotosensibilizad — Células saUdﬁve's P dinami
membrana Bactérias do hospedeiro armacodinamica
celular de de Ps ndo
2 irradiados
espécies ou
linhagens fand
aar Irradiagao
distintas confinada ao local
infectado
Porgdo externa da .
GRAM+ | patedSColularcomposta |  Mais _y qorocecbiizantes
de Peptideoglicano e poroso
acido lipoteicéico no alvo

Terapia tende a
ser mais efetiva

Source: authors

On the other hand, significant oxidative damage can be observed in lipids, causing lipid
peroxidation and plasma membrane disruption (Hu et al., 2018). This promotes increased
permeability and loss of membrane integrity, resulting in death (Alves ef al., 2013). Proteins, on the
other hand, can be oxidized, leading to the inhibition of enzyme systems, as well as agglutination of
critical proteins (Oliveira Silva ef al., 2024). In this sense, PACT can also be effective against the
formation of biofilm by the presence of polymers. However, biofilm is a more resistant structure and
the different phenotypes found inside it hinder the action of reactive oxygen species (Melo et al.,
2013).

Regardless of the mechanism of action of PACT, its efficacy of PACT will depend on the
interaction of the photosensitizer and the target cell. The most important factors involved in this
interaction are photosensitizer concentration, as well as hydrophobicity and light absorption
characteristics (Biyiklioglu et al., 2019). On the other hand, of the target cell, the main factors are the
morphology and cellular constituents (Figueiredo-Godoi et al. 2022).

New PACT models search for molecules with potential photosensitizing activity studies in the

field of photodynamic therapy. In addition to the property of generating free radicals, the
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photosensitizer needs to show extra activities such as antioxidant activity, recruitment of immune

cells, and action in more than one apoptosis induction pathway (Polat; Kang, 2021).

There are two classes of photosensitizers. Natural ones have the advantage of being

biodegradable and sustainable. In the search for these substances with varied bioactive profiles, there

is a direction in the prospection of drugs of natural origin since they offer a safer and less toxic

alternative compared to traditional synthetic photosensitizers. Chart 1 presents a selection of some

photosensitizers of natural origin, highlighting their PACT applications in the fight against

microorganisms. The summarized examples were chosen based on clinical studies, promoting

potential entry into the future pharmaceutical market, with special attention to cancer chemotherapy.

Table 1 — Natural photosensitizers

bananas and oranges

Molecule Fonte natural Jmax nm Activity Reference
S. mutans, L. acidophilus, L.
monocytogenes, Salmonella
sp., P. gingivalis, A. Silva, Vasconcelos
. i actinomycetemcomitans, S. (2021)
Curcumina C. Long 405-547 pyogenes, E. coli, Polat et al. (2021)
Pseudomonas sp., A. Youf et al. (2021)
baumannii, E. faecalis, C.
albicans
B. cereus (MDR), E. faecalis
(MDR), L. monocytogenes, S.
aureus (MDR e MRSA), S.
epidermis ( MDR), S. faecalis Felicio et al. (2008)
. . . (MDR), M. marinum, M. Harris et al. (2012)
Ys. amniolyco Endogenous amino acid 630 smegmatis, M. phlei, A. Shinoda et al. (2021)
baumanni (MDR), A. Youf et al. (2021)
hydrophilia (MDR), E. coli
(MDR), H. pylori,
P. acnes, P. aeruginosa
(MDR), S. enterica
. . . Kashef et al. (2013)
Hypericin H. perforatum 593 S. aureus, E. coli, E. faecalis Dong et al. (2020)
< . . ) . Ferenc et al. (2010)
Ac. cynamine Cinnamomum sp. 262-270 E. coli Oliveira et al. (2021)
Ac. Gallic Chestnut, plum, mango and 320 S. aureus, E. coli Dechsri et al. (2024)
grapes
Resveratrol Vitis sp. 307-321 S. aureus Zhang et al. (2019)
Ac. Ferulic Rice, soybeans, apples, 215-328 E coli Shirai; Automotive

(2019)
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A. baumannii, E. faecalis
i . ) ‘ ' Wang et a. (2021)
Aloe-Emodin A. vera 370-500 (MDR)S. aureus, S. Otieno et al. (2021).
pneumoniae
Quercetina Onion, red wine, fruit 577 E. coli, L. monocytogenes Lee et al. (2023)
. Lo Teerakapong et al.
Chrysanthemin Rye and Peach Tree 550 P. gingivalis (2017)
Silibinina S. marianum 550nm E. coli Lee; Lee (2017)
Polifenol do cha N S. aureus (MDR), E. coli
verde C. sinensis 274 (MDR) Hu et al. (2019)

MDR= Multi drug resistent/Multi resistant to antibiotics
Source: authors

The synthetic compounds applied in PACT are classified as first to third generation,
according to the structural modifications made to the molecule in order to optimize the properties,
with a reduction in adverse effects (Kwiatkowski et al, 2018). First-generation photosensitizers today
are more limited due to low chemical purity, poor tissue penetration, and hypersensitivity reactions
(Gunaydin et al, 2021). In this context, second-generation patients are more selective (Zhang et al.,
2018) and third-generation carriers seek greater selectivity through carrier systems such as
nanosystems (Mfouo-Tynga et al, 2021).

At PACT, in addition to natural bioactives, photosensitizers are classified into three more
families, according to the origin and structure of the molecule. Thus, the molecules are classified as
synthetic dyes, tetrapyrrole structures, and nanostructure systems (Ghorbani et al, 2018). Table 2
summarizes the main molecules.

The group of synthetic dyes is part of the class of first-generation photosensitizers studied
using PACT. Because they have a cationic charge in their molecules, they exhibit a high affinity rate
in the wall of Gram-negative and Gram-positive bacteria, making them still widely used

(Abrahamse; Hamblin, 2016).
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Table 2 — Synthetic photosensitizers

Family classes Activity Reference
P. acnes, P. gingivalis,
Porphyrins, Prevotella sp., A. Chen et al. (2022)

Tertrapirrol phthalocyanins actinomycetemcomitans, | Abrahamize; Hamblin (2016)

P. aeruginosa
Phenotizines (methylene S. aureus MDR, K.

blue and derivatives, pneumoniae MDR, Chakraborty et al (2024)
Synthetic corantes toluidine blue); Candida sp., SARS-CoV Adre et al, (2022)
Xanthenes (Rose Bengal, | 2, P. aeruginosa, N. Halili et al. (2016)
Fluorescein) keratitis
Nanosystems with
Third generation methylene blue, C. thracomatis, S. Qi etal. (2023)
borodipyrromethane aureus, E. coli Wang et al. (2022)

nanoparticles,
MDR= Multi drug resistent/Multi resistant to antibiotics
Source: authors

Tetrapyrrole structures have the property of producing, for the most part, type II singlet
oxygen, but the classes included in this group differ in relation to the region of light absorption.
Phthalocyanines have an absorption band in the 670 nm region while porphyrins are active in the 400

nm up to 630 nm region (Kou et a/, 2017).

The correct definition of the light source is crucial for the efficiency of the PACT as well as
for the minimization of harmful effects. For this, some requirements are considered, namely: 1)
knowing the absorption spectrum of the chosen photosensitive molecule; i1) accurately assess the
characteristics of the area to be treated; iii) establish the intensity of light necessary to activate the
photosensitizer applied; iv) look for sources that emit light uniformly; and, v) consider the structural,
financial and human resources issues of the place where the light source will be used. In this context,
the main light sources used in PACT are LASER (Light Amplification by Stimulated Emission of
Radiation), LED (Light-Emitting Diode) lamps and sunlight (Piksa et al., 2023).

The LASER is the most widely used light source because it is considered more versatile,
having been used since 1960. The structure of the LASER is made up of three main parts: the active
medium, which can be solid, liquid or gaseous, and contains the electrons that are stimulated. The
second part is the energy source, responsible for providing photons that stimulate the electrons of the
active medium; and finally a pair of mirrors arranged on opposite sides, responsible for reflecting the
photons released in the process, causing the system to be retrostimulated, allowing only a small
percentage of the light to escape (Williams, 2008).

This results in a directed, monochromatic type of light, i.e., with a single wavelength and
with high intensity, capable of exciting photosensitizers without affecting adjacent tissues or areas

(Piksa et al., 2023). The main types of LASERS used in PACT are argon ion, Nd:YAG (neodymium-
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doped yttrium-aluminum-garnet), diode and metal vapor pumped dye lasers (Brancaleon; Moseley,
2002; Mang, 2004; Stajer et al., 2020). The main disadvantage is the cost of acquisition and
maintenance, followed by the small area of reach, however, it becomes advantageous in the
application in Dentistry (Asnaashari; Safavi, 2013; Theodoro et al., 2021; Rathod et al., 2022,
Wawrzyk et al., 2021; Ying et al., 2023).

LED lamps, on the other hand, overcome the limitations of using LASER. They were
developed in 1962 and only in the 1990s did they begin to be applied in PACT (Opel et al., 2015;
Palucka, 2012). LED bulbs are produced with high-efficiency semiconductor materials that produce
light when electricity passes through them (Jagdeo et al., 2018). The centrality of an LED is the P-N
junction, formed by a combination of two types of semiconductors: the P-type (positive) and the N-
type (negative). The most commonly used materials are InGaN, AlGalnP, AlGaAs, and GaP; and the
emission wavelength can vary from the ultraviolet to the infrared region, depending on the material
(Brancaleon; Moseley, 2002; Prasad et al., 2020).

In addition, LED technology is very effective, as electrical energy is transformed into light
energy with low thermal energy production (Hasenleitner; Plaetzer, 2019). Because of this, LED
lamps have high durability, intense brightness and, compared to other light sources, low cost
(Pereira; Carvelli, 2018). In addition, LED irradiation is more appropriate for deeper lesions (Doix et
al., 2018).

Sunlight is most commonly used in disinfection (Amichai et al., 2014). It has a wide spectral
range ranging from ultraviolet to infrared, allowing the use of different photosensitizers, with
ultraviolet being the one with the best results (Leanse et al., 2023)tag. However, it can result in a
therapy with a low degree of control, being less recommended, although it is applied for wound
healing, reduction of microbial contamination, and disinfection of household items (String et al.,
2023).

As an alternative, systems that are less efficient than LED light sources and safer than sun
exposure, other irradiation sources are proposed, such as tungsten filament, xenon arc, metal halide,
sodium and fluorescent lamps. These fonts are low-cost and easy to handle compared to LASER.
Another positive aspect is related to the use in large areas, without the need for coupling to fibers

(Brancaleon; Moseley, 2002).

PACT presents itself as a good alternative to antimicrobial therapy, especially at a time when
microbial resistance is a global threat and new strategies are mandatory in the fight against
pathogens. Much of the photodynamic therapy is based on anti-cancer treatment and the optimization

of molecules, as well as the search for natural bioactives in a context of sustainability, place PACT at
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a potentially important level, whether in the treatment of infections or in the disinfection of surfaces,

industrial, hospital and home environments.

Interconnections of Knowledge: Multidisciplinary Approaches
The fight against microbial growth "in the light" of photodynamic therapy



1. Abrahamse, H., & Hamblin, M. R. (2016). New photosensitizers for photodynamic therapy.
*Biochemical Journal, 473%*, 347-364.

2. Adre, E., Durkee, H., Arboleda, A., et al. (2022). Rose bengal and riboflavin mediated photodynamic
antimicrobial therapy against selected South Florida Nocardia keratitis isolates. *Translational
Vision Science & Technology, 11*(1), 29. https://doi.org/10.1167/tvst.11.1.29

3. Almeida, A., Faustino, M., Amparo, F., et al. (2020). Antimicrobial photodynamic therapy in the
control of COVID-19. *Antibiotics, 9%(6), 320. https://doi.org/10.3390/antibiotics9060320

4. Alves, E., Santos, N., Melo, T., et al. (2013). Photodynamic oxidation of Escherichia coli membrane
phospholipids: new insights based on lipidomics. *Rapid Communications in Mass
Spectrometry, 27*(23), 2717-2728.

5. Amichai, B., Grunwald, M. H., Davidovici, B., et al. (2014). "Sunlight is said to be the best of
disinfectants": the efficacy of sun exposure for reducing fungal contamination in used clothes.
*Israel Medical Association Journal, 16*(7), 431-433.

6. Aslam, B., Wang, W., Arshad, M. I, et al. (2018). Antibiotic resistance: a rundown of a global crisis.
*Infection and Drug Resistance, 11%*, 1645-1658. https://doi.org/10.2147/IDR.S173867

7. Asnaashari, M., & Safavi, N. (2013). Application of low level Lasers in Dentistry (Endodontic).
*Lasers in Medical Science, 4*(2), 57-66.

8. Azevedo Netto, J. M. (1959). Cronologia dos servicos de esgoto, com especial mencao ao Brasil.
*Revista do Departamento de Aguas e Esgotos, 33*, 16-19.

9. Biyiklioglu, Z., Ozturk, 1., Arslan, T., et al. (2019). Synthesis and antimicrobial photodynamic
activities of axially {4-[(1E)-3-0x0-3-(2-thienyl)prop-1-en-1-yl]phenoxy} groups substituted
silicon phthalocyanine, subphthalocyanine on Gram-positive and Gram-negative bacteria. *Dyes
and Pigments, 166*, 149—158. https://doi.org/10.1016/j.dyepig.2019.03.010

10. Brancaleon, L., & Moseley, H. (2002). Laser and non-laser light sources for photodynamic therapy.
*Lasers in Medical Science, 17*(3), 173-186. https://doi.org/10.1007/s101030200027

11. Carrera, E. T., Dias, H. B., Corbi, S. C. T,, et al. (2016). The application of antimicrobial
photodynamic therapy (aPDT) in dentistry: a critical review. *Laser Physics, 26*(12), 123001.
https://doi.org/10.1088/1054-660X/26/12/123001

12. Chakraborty, S., Mohanty, D., Chowdhury, A., et al. (2024). In vitro photoinactivation effectiveness
of a portable LED device aimed for intranasal photodisinfection and a photosensitizer
formulation comprising methylene blue and potassium iodide against bacterial, fungal, and viral
respiratory pathogens. *Lasers in Medical Science, 39*(1), 60. https://doi.org/10.1007/s10103-
03996-2

13. Chen, T., Yang, D., Lei, S., et al. (2022). Photodynamic therapy—a promising treatment of oral
mucosal infections. *Photodiagnosis and Photodynamic Therapy, 39*  103010.
https://doi.org/10.1016/j.pdpdt.2022.103010

Interconnections of Knowledge: Multidisciplinary Approaches
The fight against microbial growth "in the light" of photodynamic therapy



14. Correia, J. H., Rodrigues, J. A., Pimenta, S., et al. (2021). Photodynamic therapy review: principles,
photosensitizers, applications, and future directions. *Pharmaceutics, 13*(9), 1332.
https://doi.org/10.3390/pharmaceutics 13091332

15. Dechsri, K., Suwanchawalit, C., Patrojanasophon, P., et al. (2024). Photodynamic antibacterial
therapy of gallic acid-derived carbon-based nanoparticles (GACNPs): synthesis,
characterization, and  hydrogel formulation. *Pharmaceutics, 16*(2), 254.
https://doi.org/10.3390/pharmaceutics 16020254

16. Derikvand, N., Ghasemi, S. S., Safiaghdam, H., et al. (2020). Antimicrobial Photodynamic Therapy
with diode laser and methylene blue as an adjunct to scaling and root planning: A clinical trial.
*Photodiagnosis Photodyn Ther, 31*, 101818. https://doi.org/10.1016/j.pdpdt.2020.101818

17. Doix, B., Bastien, E., Rambaud, A., et al. (2018). Preclinical evaluation of white led-activated non-
porphyrinic photosensitizer OR141 in 3D tumor spheroids and mouse skin lesions. *Front Oncol,
8%, 393. https://doi.org/10.3389/fonc.2018.00393

18. Dong, X., Zeng, Y., Zhang, Z., et al. (2021). Hypericin-mediated photodynamic therapy for the
treatment of cancer: a review. *J Pharm Pharmacol, 73*(4), 425-436.
https://doi.org/10.1093/jpp/rgaa018

19. Durkee, H., Arboleda, A., Aguilar, M. C., et al. (2020). Rose bengal photodynamic antimicrobial
therapy to inhibit Pseudomonas aeruginosa keratitis isolates. *Lasers Med Sci, 35*, 861-866.

20. Felicio, L. B. A. D., Ferreira, J., Bentley, M. V. B., et al. (2008). Topical 5-aminolevulinic acid
photodynamic therapy as a treatment modality for nonmelanoma skin cancer. *An Bras
Dermatol, 83*(4), 309-316.

21. Ferenc, P., Solar, P., Kleban, J., et al. (2010). Down-regulation of Bcl-2 and Akt induced by
combination of photoactivated hypericin and genistein in human breast cancer cells. *J

Photochem Photobiol Biol, 98*(1), 25-34.

2

[\

. Figueiredo-Godoi, L. M. A., Garcia, M. T., Pinto, J. G., et al. (2022). Antimicrobial photodynamic
therapy mediated by fotenticine and methylene blue on planktonic growth, biofilms, and burn

infections of Acinetobacter baumannii. * Antibiotics, 11*#(5), 619.
https://doi.org/10.3390/antbiotics 11050619

23. Gholami, L., Shahabi, S., Jazaeri, M., et al. (2023). Clinical applications of antimicrobial
photodynamic therapy in dentistry. *Front ~ Microbiol, 13%, 1020995.
https://doi.org/10.3389/fmicb.2022.1020995

24. Ghorbani, J., Rahban, D., Aghamiri, S., et al. (2018). Photosensitizers in antibacterial
photodynamic therapy: an overview. *Laser Med Ther, 27*(4), 293-302.

25. Gunaydin, G., Gedik, M. E., Ayan, S. (2021). Photodynamic therapy for the treatment and diagnosis
of cancer-a review of the current clinical status. *Front Chem, 9%, 686303.
https://doi.org/10.3389/fchem.2021.686303

26. Halili, F., Arboleda, A., Durkee, H., et al. (2016). Rose bengal- and riboflavin-mediated
photodynamic therapy to inhibit methicillin-resistant Staphylococcus aureus keratitis isolates.
*Am J Ophthalmol, 166*, 194-202.

Interconnections of Knowledge: Multidisciplinary Approaches
The fight against microbial growth "in the light" of photodynamic therapy



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Harris, F., & Pierpoint, L. (2012). Photodynamic therapy based on 5-aminolevulinic acid and its
use as an antimicrobial agent. *Med Res Rev, 32*%(6), 1292-1327.
https://doi.org/10.1002/med.20251

Hasenleitner, M., & Plaetzer, K. (2019). In the right light: photodynamic inactivation of
microorganisms using a LED-based illumination device tailored for the antimicrobial
application. *Antibiotics, 9*(1), 13. https://doi.org/10.3390/antibiotics9010013

Hu, C., Zhang, F., Kong, Q., et al. (2019). Synergistic chemical and photodynamic antimicrobial
therapy for enhanced wound healing mediated by multifunctional light-responsive nanoparticles.
*Biomacromolecules, 20*(12), 4581-4592. https://doi.org/10.1021/acs.biomac.9b01401

Hu, X., Huang, Y-Y., Wang, Y., et al. (2018). Antimicrobial photodynamic therapy to control
clinically relevant biofilm infections. *Front Microbiol, 9*, 1299.
https://doi.org/10.3389/fmicb.2018.01299

Huang, L., Xuan, Y., Koide, Y., et al. (2012). Type I and Type II mechanisms of antimicrobial
photodynamic therapy: An in vitro study on Gram-negative and Gram-positive bacteria. *Lasers
Surg Med, 44*(6), 490-499.

Jagdeo, J., Austin, E., Mamalis, A., et al. (2018). Light-emitting diodes in dermatology: A
systematic review of randomized controlled trials. *Lasers Surg Med, 50*(6), 613—628.
https://doi.org/10.1002/Ism.22791

Karner, L., Drechsler, S., Metzger, M., et al. (2020). Antimicrobial photodynamic therapy fighting
polymicrobial infections—a journey from in vitro to in vivo. *Photochem Photobiol Sci, 19%*,
1332-1343.

Kashef, N., & Yahyaei, M. (2014). Photodynamic inactivation decreases the minimal inhibitory
concentration of antibiotics against Acinetobacter baumannii from patients with respiratory tract
infections. *Lasers Med, 11*(3), 13-8.

Kikuchi, T., Mogi, M., Okabe, 1., et al. (2015). Adjunctive application of antimicrobial
photodynamic therapy in nonsurgical periodontal treatment: a review of literature. *Int J Molec
Sci, 16%(10), 24111-24126.

Kim, H., Kim, S-W., Seok, K-H., et al. (2018). Hypericin-assisted photodynamic therapy against
anaplastic thyroid cancer. *Photodiagnosis Photodyn Ther, 24*, 15-21.

Kou, J., Dou, D., & Yang, L. (2017). Porphyrin photosensitizers in photodynamic therapy and its
applications. *Oncotarget, 8*(46), 81591-81603.

Kwiatkowski, S., Knap, B., Przystupski, D., et al. (2018). Photodynamic therapy - mechanisms,
photosensitizers and combinations. *Biomed Pharmacother, 106*, 1098-1107.
https://doi.org/10.1016/j.biopha.2018.07.049

Leanse, L. G., Marasini, S., dos Anjos, C., et al. (2023). Antimicrobial resistance: Is there a ‘light’
at the end of the tunnel? *Antibiotics, 12*, 1437. https://doi.org/10.3390/antibiotics 12091437

Lee, B., & Lee, D. G. (2017). Reactive oxygen species depletion by silibinin stimulates apoptosis-
like death in Escherichia coli. *J Microbiol Biotechnol, 27*(12), 2129-2140.
https://doi.org/10.4014/jmb.1710.10029

Interconnections of Knowledge: Multidisciplinary Approaches
The fight against microbial growth "in the light" of photodynamic therapy



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lee, I. H., Kim, S. H., & Kang, D. H. (2022). Quercetin mediated antimicrobial photodynamic
treatment using blue light on Escherichia coli O157: H7 and Listeria monocytogenes. *Curr Res
Food Sci, 6*, 100428. https://doi.org/10.1016/j.crfs.2022.100428

Mang, T. S. (2004). Lasers and light sources for PDT: past, present and future. *Photodiagnosis
Photodyn Ther, 1*(1), 43-48. https://doi.org/10.1016/S1572-1000(04)00012-2

Mfouo-Tynga, 1. S., Dias, L. D., Inada, N. M., et al. (2021). Features of third generation
photosensitizers used in anticancer photodynamic therapy: Review. *Photodiagnosis Photodyn
Ther, 34%*, 102091. https://doi.org/10.1016/j.pdpdt.2020.102091

Oliveira, E. F., Yang, X., Basnayake, N., et al. (2021). Screening of antimicrobial synergism
between phenolic acids derivatives and UV-A light radiation. *J Photochem Photobiol Biol,
214*, 112081. https://doi.org/10.1016/j.jphotobiol.2020.112081

Oliveira Silva, J. V., Meneguello, J. E., Formagio, M. D., et al. (2024). Multi-targets of
antimicrobial photodynamic therapy mediated by erythrosine against Staphylococcus aureus
identified by proteomic approach. *Photochem Photobiol.* https://doi.org/10.1111/php.13944

Opel, D. R., Hagstrom, E., Pace, A. K., et al. (2015). Light-emitting Diodes: A brief review and
clinical experience. *J Clin Aesthet Dermatol, 8*(6), 36-44.

Otieno, W., Liu, C., & Ji, Y. (2021). Aloe-emodin-mediated photodynamic therapy attenuates

sepsis-associated toxins in selected Gram-positive bacteria in vitro. *J Microbiol Biotechnol,
31*(9), 1200. https://doi.org/10.4014/jmb.2105.05024

Pacheco, J. A., Molena, K. F., Martins, C. R. O. G., et al. (2022). Photobiomodulation (PBMT) and
antimicrobial photodynamic therapy (aPDT) in oral manifestations of patients infected by Sars-
CoV-2: systematic review and meta-analysis. *Bull Nat Res Cent, 46*(1), 140.
https://doi.org/10.1186/s42269-022-00830-z

Paiva, A. C. M., Costa Ferreira, M., & Fonseca, A. S. (2022). Photodynamic therapy for treatment
of bacterial keratitis. *Photodiagnosis Photodyn Ther, 37%, 102717.
https://doi.org/10.1016/j.pdpdt.2022.102717

Palucka, T. (2012). 50 years ago: How Holonyak won the race to invent visible LEDs. *MRS Bull,
37*, 963-966. https://doi.org/10.1557/mrs.2012.262

Pereira, Y. T., & Carvelli, E. (2018). Economic, environmental and durability advantages of LED
lamps in comparison to fluorescent tube lamps. *Uninga Rev, 33*(2), 180-190.

Piksa, M., Lian, C., Samuel, I. C., et al. (2023). The role of the light source in antimicrobial
photodynamic therapy. *Chem Soc Rev, 52*(5), 1697-1722. https://doi.org/10.1039/d0cs01051k

Polat, E., & Kang, K. (2021). Natural photosensitizers in antimicrobial photodynamic therapy.
*Biomedicines, 9*(6), 584. https://doi.org/10.3390/biomedicines9060584

Prasad, A., Du, L., Zubair, M., et al. (2020). Applications of light-emitting diodes (LEDs) in food
processing and water treatment. *Food Eng Rev, 12*, 268-289. https://doi.org/10.1007/s12393-
020-09221-4

Interconnections of Knowledge: Multidisciplinary Approaches
The fight against microbial growth "in the light" of photodynamic therapy



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Qi1, X., Grafskaia, E., Yu, Z., et al. (2023). Methylene blue-loaded nanoMOFs: accumulation in
Chlamydia trachomatis inclusions and light/dark antibacterial effects. *ACS Infect Dis, 9*(8),
1558-15609.

Rathod, A., Jaiswal, P., Bajaj, P., et al. (2022). Implementation of Low-Level Laser Therapy in
Dentistry: A Review. *Cureus, 14*(9), €28799. https://doi.org/10.7759/cureus.28799

Rossin, A. R., Oliveira, E. L., Moraes, F. A. P., et al. (2020). Photodynamic therapy in
electrospinning: review of techniques and applications. *Quim Nova, 43*, 613-622.
https://doi.org/10.21577/0100-4042.20170524

Shinoda, Y., Kato, D., Ando, R., et al. (2021). Systematic review and meta-analysis of in vitro anti-
human cancer experiments investigating the use of S5-aminolevulinic acid (5-ALA) for
photodynamic therapy. *Pharmaceuticals, 14*(3), 229. https://doi.org/10.3390/ph14030229

Shirai, A., & Yasutomo, Y. K. (2019). Bactericidal action of ferulic acid with ultraviolet-A light
irradiation. *]J Photochem Photobiol Biol, 191%*, 52-58.
https://doi.org/10.1016/j.jphotobiol.2018.12.003

Silva, A. C. P, Freitas, C. F., Tessaro, A. L., et al. (2018). Photodynamic activity and concepts: a
demonstrative experiment. *Quim Nova, 41* 706-712. https://doi.org/10.21577/0100-
4042.20170215

Silva, E. C., & Vasconcelos, U. (2021). Curcumin-mediated photodynamic antimicrobial
chemotherapy (PACT): a systematic review. *Braz J Health Rev, 4*(6), 26142-26152.
https://doi.org/10.34119/bjhrv4n6-201

Simodes, T. M. S., Silva, M. G. B., Fernandes Neto, J. A., et al. (2018). Aplicabilidade da terapia
fotodinamica antimicrobiana na eliminacdo do Enterococcus faecalis. *Arch Health Invest,
7*(11), 492-496. https://doi.org/10.21270/archi.v7i11.3053

Stajer, A., Kajari, S., Gajdacs, M., et al. (2020). Utility of photodynamic therapy in dentistry:
current concepts. *Dent J, 8*(2), 43. https://doi.org/10.3390/dj8020043

String, G. M., Kamal, Y., Kelly, C., et al. (2023). Disinfection of Phi6, MS2, and Escherichia coli
by natural sunlight on healthcare critical surfaces. *Am J Trop Med Hyg, 109*(1), 182-190.
https://doi.org/10.4269/ajtmh.22-0464

Sun, Y., Ogawa, R., Xiao, B-H., et al. (2020). Antimicrobial photodynamic therapy in skin wound
healing: A systematic review of animal studies. *Int Wound J, 17*(2), 285-299.

Takasaki, A. A., Aoki, A., Mizutani, K., et al. (2009). Application of antimicrobial photodynamic
therapy in periodontal and peri-implant diseases. *Periodontology 2000, 51*(1), 109-140.

Teerakapong, A., Damrongrungruang, T., Sattayut, S., et al. (2017). Efficacy of erythrosine and
cyanidin-3-glucoside mediated photodynamic therapy on Porphyromonas gingivalis biofilms
using green light laser. *Photodiagnosis Photodyn Therapy, 20*, 154-158.
https://doi.org/10.1016/;.pdpdt.2017.09.001

Theodoro, L. H., Marcantonio, R. A. C., Wainwright, M., et al. (2021). LASER in periodontal
treatment: is it an effective treatment or science fiction? *Braz Oral Res, 35%*, €099.
https://doi.org/10.1590/1807-3107bor-2021

Interconnections of Knowledge: Multidisciplinary Approaches
The fight against microbial growth "in the light" of photodynamic therapy



69

70

71.

72

73

74

75

76

. Wang, H., Li, C., Wu, Q., et al. (2022). A cationic BODIPY photosensitizer decorated with
quaternary ammonium for high-efficiency photodynamic inhibition of bacterial growth. *J Mater
Chem, 10*(26), 4967-4973.

. Wawrzyk, A., Lobacz, M., Adamczuk, A., et al. (2021). The use of a diode laser for removal of
microorganisms from the surfaces of zirconia and porcelain applied to superstructure dental
implants. *Microorganisms, 9*(11), 2359. https://doi.org/10.3390/microorganisms9112359

Williams, D. (2008). Laser basics. *Anaesth Intensive Care Med, 9%*(12), 550-552.
https://doi.org/10.1016/j.mpaic.2008.09.008

. Ying, J., Shinn-Jyh, D., & Chun-Cheng, C. (2023). Antimicrobial photodynamic therapy for the
treatment of oral infections: A systematic review. *J Dental Sci, 18%*(4), 1453-1466.
https://doi.org/10.1016/j.jds.2023.07.002

. You, Q., & Li, N. (2017). Photodynamic Therapy: Principles, Mechanisms and Applications. In
Hauppauge: Nova Science Publishers (pp. 17-47).

. Youf, R., Miiller, M., Balasini, A., et al. (2021). Antimicrobial photodynamic therapy: Latest
developments with a focus on combinatory strategies. *Pharmaceutics, 13*(12), 1995.
https://doi.org/10.3390/pharmaceutics13121995

. Zhang, J., Jiang, C., Figueiré Longo, J. P., et al. (2018). An updated overview on the development
of new photosensitizers for anticancer photodynamic therapy. *Acta Pharm Sin, 8%, 137-146.
https://doi.org/10.1016/j.apsb.2017.09.003

. Zhang, X., Liu, X., Kang, S., et al. (2018). Resveratrol enhances the effects of ALA-PDT on skin
squamous cells A431 through p38/MAPK signaling pathway. *Cancer Biomarkers, 21*(4), 797-
803. https://doi.org/10.3233/CBM-170495

Interconnections of Knowledge: Multidisciplinary Approaches
The fight against microbial growth "in the light" of photodynamic therapy



