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Introduction: Light-based antimicrobial photodynamic therapy (aPDT) shows promise against a wide range of microorganisms, including drug-resistant strains, with low resistance development likelihood. However, its limitations include the need for light exposure, suitability for local infections, and limited industry interest. Relevant studies on aPDT for various infections are discussed.Methods: We conducted an extensive literature review on aPDT encompassing articles published from the year 2000 to the current date. To compile comprehensive data, multiple databases (PubMed, Web of Science, Scopus, and Cochrane Library) were systematically searched for relevant studies in both English and Spanish languages. The search strategy involved a combination of Medical Subject Headings (MeSH) terms and free-text terms. The terms included variations and combinations of “Antimicrobial Photodynamic Therapy,” “aPDT,” “photodynamic inactivation,” “microbial photoinactivation,” among others. To ensure the reliability and quality of the information gathered, articles were screened based on relevance to aPDT in antimicrobial therapy, methodological rigor, and alignment with the objectives of this review.Results: aPDT shows promise in treating various cutaneous infections. It effectively targets fungal infections, including caused by dermatophytes and Malassezia spp., with notable results against dermatophytosis and tinea capitis. New photosensitizers, like nanoencapsulated hypericin, hold potential for treating these infections. In onychomycosis, aminolevulinic acid-aPDT or methylene blue-aPDT offers an alternative to conventional therapies, showing cure rates as high as 90%. For bacterial infections, it presents a solution against antibiotic-resistant strains and infected ulcers, with potential benefits for wound healing. Regarding viral infections, it indirectly targets viruses by impacting host cells’ metabolism, showing efficacy against human papillomavirus and herpes viruses. Lastly, aPDT demonstrates success in treating parasitic infections, particularly leishmaniasis, with cure rates of up to 100%.Discussion: aPDT is increasingly used in dermatological infections, showing efficacy against various microorganisms and stimulating wound healing. It can combat resistant strains and mixed infections, especially in chronic wounds. Combining photodynamic therapy with antimicrobials is a promising strategy to address antimicrobial resistance, but there are practical limitations. Further research is needed for home-based protocols, portable devices, and adapting photosensitizers, as aPDT holds potential as an alternative treatment for recalcitrant infections and immunosuppressed patients, though challenges remain in application.Keywords: photoinactivation, dermatological infections, antimicrobial photodynamic therapy, skin, drug resistance
1 INTRODUCTION
The alarming surge in microbial drug resistance has become a global health crisis, exacerbated by the extensive use of antibiotics during the COVID-19 pandemic to combat bacterial coinfections and secondary infections (Sellera et al., 2022; Sabino et al., 2023). Bacteria’s rapid acquisition of resistance genes across generations and strains poses a dire threat. The potential postantibiotic era could cripple modern medicine, rendering common infections and critical medical procedures, like transplants and oncology treatments, untreatable. While antibiotic resistance predominantly affects bacteria, emerging threats like drug-resistant fungi, exemplified by Candida auris, demand equal vigilance (Eix and Nett, 2022).
Light-based technologies like antimicrobial photodynamic therapy (aPDT) have a historical precedent, from Niels Finsen’s Nobel Prize-winning work against cutaneous tuberculosis to contemporary applications (Dai et al., 2009; Sellera et al., 2022; Sabino et al., 2023). aPDT, leveraging light and photosensitizing drugs (PS), induces cell death through oxidative stress and demonstrates efficacy against a wide spectrum of microorganisms, including bacteria, fungi, parasites, and viruses, exhibiting efficacy against representative members of each group and including drug-resistant strains (Wainwright et al., 2017; Pérez-Laguna et al., 2018a). A crucial aspect of the oxidative and nitrosative stress generated by this process for antimicrobial applications lies in the fact that the various cellular targets of these radicals minimize the likelihood of resistant strain selection. Radicals produced through aPDT possess exceedingly brief half-lives and exclusively react at their sites of origin, mitigating toxicity to adjacent normal tissues (Baltazar et al., 2015). Unlike traditional antibiotics, aPDT’s diverse cellular targets make resistance development less likely (Dai et al., 2009). Encouragingly, aPDT even diminishes bacterial virulence and enhances antibiotic sensitivity. This makes aPDT a promising clinical option, prompting the question of whether it's time for aPDT to transition from the lab to clinical practice, particularly as the world confronts simultaneous health crises (Pérez-Laguna et al., 2019; Sellera et al., 2022).
The antimicrobial efficacy of aPDT has been extensively explored through numerous in vitro studies since the 1990s. Many of these investigations showcased promising outcomes, frequently achieving inactivation rates exceeding 5 log10 colony-forming units (CFU) (Cieplik et al., 2018; Pérez-Laguna et al., 2021). However, it’s noteworthy that a significant portion of these studies have been conducted on planktonic cultures, namely free-living bacterial cells. Yet, to comprehensively assess antimicrobial efficacy, examining its impact on biofilms is imperative. Biofilms are known to exhibit vastly distinct properties, including a tolerance up to 1000 times greater to antimicrobial therapies. Additionally, the biofilm matrix (extracellular polymeric substance) can shield bacteria against aPDT-induced demise by impeding PS penetration throughout the biofilm and hampering light propagation in deeper layers (Marsh et al., 2011; Pérez-Laguna et al., 2018b; Pérez-Laguna et al., 2021).
aPDT has been used against all type of microorganisms in vitro, however, considering the ease use of the aPDT lamps on the skin and the application of the PS, mucocutaneous infections have been where it has been used the most (Dai et al., 2009). In addition, the beneficial effects of aPDT on host tissues, such as growth factor stimulation and immune response enhancement, potentially fostering improved wound healing, support its use for chronic ulcers (Cieplik et al., 2018; Pérez et al., 2021).
Nevertheless, there are some drawbacks that make that aPDT is not still a routine treatment used in the clinics: 1) its effect lasts only during the light exposures, therefore those germs that survive can regrowth and maintain the infection; 2) considering the need of light to active the PS, the treatment is only useful for local infections; 3) treatment is done by doctors and nurses at hospital, therefore it is time consuming for them; and 4) even though there is a lot of basic research on aPDT, there is not significant industry interest (Dai et al., 2009; Pérez-Laguna et al., 2019; Sellera et al., 2022).
2 COMPONENTS AND MECHANISM OF APDT
aPDT relies on the utilization of various molecules known as PS with varying chemical complexity. When combined with visible light or near-infrared light and molecular oxygen (O2), these PS can eliminate target microorganisms. The simplified mechanism by which the three essential components of aPDT (light, PS, and O2) interact is as follows: A light source is required to activate the PS. This involves matching the emission wavelength (λ) of the light with the absorption λ of the PS, causing the PS to transition from its ground state to a temporary singlet state (1PS*), ultimately reaching an excited triplet state (3PS*). When the PS returns to its ground state, it releases energy, which then reacts with O2 to generate reactive oxygen species (ROS). These ROS are responsible for causing damage to the target microorganism. If the ROS produced includes superoxide anion, hydrogen peroxide, or hydroxyl radical, the process is referred to as type I. If singlet oxygen is generated, it is termed type II aPDT (Wainwright et al., 2017; Pérez-Laguna et al., 2018a; Polat and Kang, 2021).
2.1 Photosensitizers
PS, which are molecules capable of triggering a photodynamic reaction when exposed to light of specific λ, can be classified into porphyrinoids and non-porphyrinoids. Table 1 includes the most prominent examples detailing their origin and absorption spectrum (Pérez-Laguna et al., 2018a).
TABLE 1 | Classification of the main PS for aPDT (Adapted from Pérez-Laguna et al., 2018a).
[image: Table 1]The most common PS employed in aPDT include the phenothiazines toluidine blue O (TBO) and methylene blue (MB), as well as porphyrins, with a notable emphasis on aminolevulinic acid (ALA) and its derivative, methyl-aminolevulinate (MAL). Both ALA and MAL serve as precursors for the production of protoporphyrin IX (PpIX) (Wainwright et al., 2017; Pérez-Laguna et al., 2018a; Pérez-Laguna et al., 2019). On the other hand, indocyanine green (ICG) has received clinical approval, but solely in dentistry as an adjuvant approach (Parker, 2013; Wainwright et al., 2017). Other well-known examples are psolaren, riboflavin, rose Bengal, chlorophyll a, curcumin and hypericin. Figure 1 shows the 2D chemical structure of these molecules.
[image: Figure 1]FIGURE 1 | 2D chemical structure of the most commonly used PS. ALA: aminolevulinic acid; CUR: curcumin; ICG: indocyanine green; MAL: methyl-aminolevulinate; MB: methylene blue; PpIX: protoporphyrin IX; RB: rose Bengal; TBO: toluidine blue O (Bienfait and Ertl, 2013).
2.2 Light
Regarding the use of light in an aPDT procedure, as a clinician, you must make decisions regarding the λ, light source and dosage. The fundamental consideration is that the λ needs to match or, at least, fall within the absorption spectrum of the PS molecule to effectively initiate the photodynamic reaction (Pérez-Laguna et al., 2018a).
Light, in terms of electromagnetic radiation, is composed of massless elementary particles known as photons and energy-carrying waves that traverse through space with a blend of electric and magnetic fields. The dual nature of waves and particles contributes to their distinctive physical properties. To characterizing the waves, the distance between two successive wave crests is measured, and this parameter is referred to as λ. The less distance (short λ), the more energetic the wave is. At the top of Figure 2 we can see an illustration of the different wavelengths depending on the color. For example, red light has a longer λ than blue light, that is, in red light there is more distance between the consecutive crests of its wave. Therefore, the energy of red light is less than that of blue light (Pérez-Laguna et al., 2018a; Polat and Kang, 2021).
[image: Figure 2]FIGURE 2 | At the top, schematic illustration of the different wavelengths (λ) depending on the color of the light. In the middle of the schema, the black squares represent light sources, number one is a non-coherent polychromatic source (emits in a broad spectrum: green, red and blue); number two is a non-coherent monochromatic source (green), number three is a coherent source (same green λ and the same orientation). At the bottom, schematic representation adapted from Vicentini et al., 2017 of the penetration of light through the tissue depending on its color; E:epidermis, D:dermis, H: hypodermis.
The excitation of a PS occurs when it goes from its basal state to its excited state (PS*) by absorption of a photon (hv) when it is irradiated with a suitable λ light: PS + hѵ →PS* (Wainwright et al., 2017; Pérez-Laguna et al., 2018a).
The λ is determined by the light source. These can be classified into two types: non-coherent or coherent light: when the waves of the electric and magnetic fields are not synchronized or not maintain a constant phase relationship over time, it is called non-coherent light and can be monochromatic or polychromatic (Brancaleon and Moseley, 2002; Pérez-Laguna et al., 2018a; Polat and Kang, 2021). On the other hand, when all the emitted waves have the same λ and the same orientation (In phase), it is called coherent light (Figure 2) (Pérez-Laguna et al., 2018a).
Examples of different sources and some characteristics are presented in Table 2.
TABLE 2 | Examples of sources of light for aPDT (Adapted from Pérez-Laguna et al., 2018a).
[image: Table 2]Regarding dosimetry of the light for an aPDT procedure depends on their power, measured in watts (W), the irradiance or power density, expressed in W/cm2, and the fluence, also called density or dose of energy, measured in J/cm2. The choice of the values of these magnitudes will depend on the pathology to be treated, the treatment area’s location and size, the source used, and other variables such as the characteristics of the PS. In addition, it is necessary to consider that with too low doses of light, there is sublethal damage, while at too high, there is an oxygen depletion that decreases the therapeutic efficacy (Morton et al., 2002; Pérez-Laguna et al., 2018a; Pérez-Laguna et al., 2019).
In addition, a key aspect to consider is the penetration of light into tissues. It is influenced by optical scattering and absorption due to endogenous tissue chromophores, such as hemoglobin (absorbing λ below 600 nm) and other molecules like NADH, collagen, and lipopigments. Besides melanin that has a main role. It absorbs across the visible spectrum (range between 400–750 nm) and is able to neutralize ROS. Therefore, understanding an individual’s phototype based on melanin quantity is essential for estimating light penetration into their skin. On the other hand, water absorption in tissues increases with λ above 1.300 nm. In sum, the optical window of the tissue is the range between 600 and 1.200 nm. Regarding the phototherapeutic window for aPDT, λ exceeding 850 nm are insufficient for an effective photodynamic reaction, making an optimal phototherapeutic window fall roughly between 650–850 nm. In this optimal range, a ideal PS should absorb between the red and the near-infrared to minimize light scattering and maximize tissue penetration. While not always a priority, this consideration enhances the overall effectiveness of the treatment. PS absorbing in the blue range offers higher energy efficiency, but lower tissue penetration compared to those absorbing in the red range (Morton et al., 2002; Yoon et al., 2013a; Pérez-Laguna et al., 2018a). Considering all the above, the penetration is estimated to be around 1–3 mm with a 630 nm λ and less with shorter λ (see Figure 2) (Vicentini et al., 2017).
3 APDT IN THE TREATMENT OF DERMATOLOGICAL INFECTIONS
We conducted an exhaustive review of the literature on aPDT from 2000 to the present. Databases were searched in English and Spanish: PubMed, Web of Science, Scopus and Cochrane library. In the following sections, the most relevant studies about the use of aPDT to treat cutaneous infections caused by viruses, bacteria, fungi and parasites are presented.
3.1 aPDT target: cutaneous infections caused by virus
PDT has a direct effect on the treatment of bacteria and fungi, whereas in the case of viruses, its therapeutic mechanism is indirect (Hamblin and Hasan, 2004; Costa et al., 2012). In the case of using ALA as PS, iruses themselves lack the ability to produce PpIX in the presence of a PS and light energy. PDT takes advantage of the virus’s dependency on the infected host cell to exert its action (Wainwright, 2004). Two hypotheses have been proposed to explain this therapeutic action:
• Infected cells have an accelerated metabolism and capture the PS to a greater extent than healthy cells. This leads to a selective accumulation of PpIX, which, upon receiving light energy, causes cell death using mechanisms mentioned in previous sections. The death of the host cell prevents the virus from continuing to replicate within it, halting the infection chain (Costa et al., 2012).
• In the case of the herpes simplex virus, the PS has been described to bind to surface glycoproteins of the virus. This binding prevents virions from escaping the cell, as they are unable to fuse with the cell membrane for exocytosis (Wainwright, 2004; Costa et al., 2012).
The genetic variability of viruses and their mutations contribute to the development of resistances to targeted treatments. The indirect action of aPDT in inactivating viral replication is an advantage of this treatment. PDT offers many benefits in treating cutaneous viral infections; however, reactivation of herpes viruses and primary adenovirus infections have been described as adverse events of conventional aPDT (Hamblin and Hasan, 2004; Costa et al., 2012).
At times, viruses induce the appearance of precancerous lesions, such as in the case of human papillomavirus (HPV). The use of aPDT for the prevention and treatment of these lesions has been investigated with positive results (Wainwright, 2004; Costa et al., 2012).
Traditionally, ALA-aPDT has been used to treat localized viral infections. However, in recent years, the systemic effect of aPDT on the body’s immune response has been reported. Therefore, aPDT has been proposed as a photobiomodulator with antiviral effects against systemic viral infections such as COVID-19 (Fekrazad, 2020). Moreover, ALA-aPDT with MB is used in some countries like Canada for nasal decolonization and has also been tested for SARS-CoV-2 decolonization (Wainwright, 2003).
3.1.1 aPDT for human papillomavirus
HPV exhibits a wide range of subtypes, some of which lead to precancerous lesions. The main cutaneous HPV lesions are viral warts and condylomas. While these lesions occur in immunocompetent individuals, their severity and difficulty in eradication are more pronounced in immunocompromised individuals (Xie et al., 2019). aPDT can provide assistance in such cases. Certain studies report clearance rates of lesions surpassing conventional treatments like keratolytics (Rossi et al., 2009).
There isn't a single protocol for treating HPV lesions. Literature reports studies using both MAL-aPDT and ALA-aPDT for treating viral warts. Their results are better than placebo in wart clearance at 1 year. Improved results are observed when hyperkeratosis is curetted before PS application (Lavogiez et al., 2016). Figure 3 shows a viral wart treated with MAL-aPDT achieving good outcomes.
[image: Figure 3]FIGURE 3 | Sporotrichosis skin infection in a patient with chronic hepatitis C treated with low and intermittent doses of itraconazole and intralesional 1% MB solution aPDT. Upper left: Before treatment. Upper right: After treatment; Below, Alternaria spp. Skin infection treated sequentially with 11 sessions of MB-aPDT, 10 sessions of MAL-aPDT and 400 mg/day of voriconazole for 45 days. Left: At the beginning of MB-aPDT. Middle: single persistent lesion after aPDT using MB and MAL. Right: Cure after adding 45 days of treatment with voriconazole (6 months after the first treatment); Below, Onychomycosis due to T. rubrum and viral wart. Left: Before treatment. Right: Results after 3 sessions of MAL-aPDT. At the bottom, Interdigital infection by P. areuginosa resistant to treatment with oral ciprofloxacin. Left: Before treatment. Right: Results after 3 sessions of MAL-aPDT with 3 h of incubation separated by 1 week and oral ciprofloxacin adjuvant. Adapted from Gilaberte et al. (Almenara-Blasco et al., 2022) (Original photographs by the authors).
ALA has high affinity for HPV-infected keratinocytes; in the case of genital warts, fluorescence after its application is higher than in perilesional skin (Lavogiez et al., 2016). In pilot studies with 6-session ALA-aPDT protocols using white or red light, cure rates ranged from 50% to 100% at 4 months, maintaining good cosmetic results (Stender et al., 2000). The most effective wavelength for ALA-aPDT wart treatment has been studied, and white light was significantly more effective than red or blue light (Stender et al., 1999). ALA-aPDT therapy has also proven effective in treating periungual and subungual warts with cure rates up to 90% (Schroeter et al., 2007).
Common side effects of wart treatment with ALA or MAL-aPDT include pain and hyperpigmentation, with pain rated as intense or unbearable in 20% of cases. For these patients, prior local anesthesia before illumination and prescribing home analgesia is recommended (Smucler and Jatsová, 2005).
Other treatment modalities for warts include aPDT with 10% MB, which has yielded positive results. This treatment can be conducted using daylight, considerably reducing pain and costs (Fathy et al., 2017).
Condyloma acuminatum, another type of HPV-induced skin lesion, appears in the genital area and can coexist with precancerous or cancerous lesions due to HPV. ALA-aPDT has been studied for treating this condition with very satisfactory outcomes. Multiple clinical trials have shown that ALA-aPDT is equally effective as CO2 laser treatment or surgical excision for vulvar, vaginal, and male genital condylomas, with the added advantage of being more antimicrobial (Fehr et al., 2002). Additionally, PDT showed shorter healing times, excellent cosmetic results, and minimal tissue destruction. Treatment guidelines consisted of two sessions of 20% ALA-aPDT separated by 1 week. Recurrences were less than 30% in the first year, lower than CO2 laser treatment and with fewer adverse effects (Chen et al., 2007).
A recent systematic review and meta-analysis about the efficacy of aPDT of warts induced by HPV infection analyzed 19 randomized controlled clinical trials found the following results depending on the type of infection: 1) hand and foot warts, aPDT showed a statistically significant improvement in the wart clearance rate compared with placebo (p = 0.02), other lasers (p < 0.0001), and cryotherapy (p < 0.009); 2) plane wart group, aPDT demonstrated its superiority over placebo (p = 0.003) and cryotherapy (p = 0.007) in terms of the cure rate; and 3) condyloma acuminatum group was not superior in terms of the wart clearance rate, with a value lower than that of the carbon dioxide (CO2) laser (p = 0.003) and electrosurgical generator (p < 0.00001). However, all studies mentioned a significant decrease in the recurrence rate after aPDT. In conclusion, they recommend aPDT as a first-line therapy for warts (Shen et al., 2022).
3.1.2 aPDT for herpes virus infections
The treatment of herpes viruses with aPDT experienced its peak in the 1970s. Red light-neutral/proflavine was initially used as a PS with favorable results, but significant contact dermatitis emerged as an adverse event. Due to this, along with the extensive tissue necrosis that occurred, researchers started investigating other PS. MB demonstrated greater effectiveness at the same concentration in inactivating herpes viruses, adenoviruses, polyomaviruses coxsackieviruses and coronavirus (Wainwright, 2003; Praena et al., 2022).
Currently, MB is preferred as the PS for treating herpes viruses. However, aPDT treatment for herpes viruses is not standardized, and the risk-to-benefit ratio should be carefully assessed before proceeding with the treatment. Significant local inflammatory reactions have been described as adverse events (Wainwright, 2003). A systematic review that evaluates the efficacy of aPDT on the treatment of herpes labialis revealed that MB the most frequent PS, with only 1 study used 5-ALA; most studies used laser and one used a red light from halogen lamp; all articles reported good outcomes with resolution of disease and no recurrences after a maximum follow-up of 12 months; however due to the very few case reports and heterogeneity among protocols the quality of the evidence is weak (Lotufo et al., 2020).
Recently, two randomized controlled clinical trials carried out in children with herpetic gingivostomatitis and also in herpes labials have shown that the combination of aPDT with topical anti-viral therapy reported improvement in pain score, HSV-1 quantification and levels of proinflammatory cytokines statistically significant in comparison to both treatments separately (Ajmal, 2021; Vellappally et al., 2022).
3.2 aPDT target: cutaneous infections caused by bacteria
The most common therapy for infected ulcers and wounds is antibiotics; however, there is extensive antibiotic resistance among hospital pathogens. PS can be selectively taken up by bacteria, accumulating within bacterial cells and cytoplasmic membranes, or in their vicinity, where subsequent photodynamic reactions occur (Mahmoudi et al., 2018).
Gram-negative bacteria often exhibit innate resistance to multiple antibiotics, especially Pseudomonas aeruginosa, which complicates the search for new drugs and alternative therapies. This resistance is attributed to the fact that Gram-negative bacteria possess a double lipid bilayer, with peptidoglycan layer sandwiched between an outer layer of lipopolysaccharides, resulting in low permeability to small, lipophilic molecules (Sperandio et al., 2013; Mahmoudi et al., 2018). Therefore, for effective antimicrobial aPDT, the employed PS must penetrate the bacterial cell walls and reach the plasma membrane or cytoplasm. However, the bacterial cell membrane barriers limit the simple diffusion of the PS into the bacterial cytosol. This makes it more challenging to find highly potent PS for mediating aPDT in Gram-negative bacteria, as their membrane barrier prevents the absorption of anionic and neutral PSs (Pérez-Laguna et al., 2018a). Hence, efforts are made to optimize the chemical structure of the PS, such as creating positively charged (cationic) PS or coupling/combining them with positively charged entities like poly-L-lysine, polyethyleneimine, and polymyxin B (Sperandio et al., 2013; Del Valle et al., 2020).
Gram-positive bacteria and yeast are affected by neutral or anionic metal-free porphyrins, whereas Gram-negative bacteria are not. This resistance of Gram-negative bacteria to anionic porphyrin-mediated photosensitization has been widely reported. aPDT of Escherichia coli and P. aeruginosa with high concentrations of hematoporphyrin derivative or deuteroporphyrin combined with high light intensities did not result in bacterial inactivation (Tegos et al., 2006).
A straightforward approach to sensitize Gram-negative bacteria to aPDT is pretreating them with ethylenediaminetetraacetic acid (EDTA). It is known that brief treatment of Gram-negative cells with EDTA causes them to lose up to 50% of their lipopolysaccharide into the medium and become highly sensitive to hydrophobic agents. Studies pre-treated E. coli and Klebsiella pneumoniae with EDTA and conducted aPDT with hematoporphyrin, finding that cells maintained their resistance to hematoporphyrin and light exactly as before EDTA exposure. However, the use of non-porphyrin sensitizers like phthalocyanines and pre-treatment with tris-EDTA that altered the bacterial outer membrane could yield a good response for E. coli treatment (Bertoloni et al., 1984).
Acinetobacter baumannii is a clinically significant pathogen responsible for various infections in hospital settings. A. baumannii’s resistance to disinfection, oxidative stress, and its ability to form biofilms contribute to its persistence and role in healthcare-associated infections. The bacteria’s increasing resistance to antibiotics, particularly carbapenems, classifies it as a critical global threat. To address this, aPDT is explored as a potential alternative treatment. Cationic PS, such as chitosan + TBO, riboflavin-based compounds, and other porphyrin-based compounds, have shown promise in reducing A. baumannii viability (Bustamante and Palavecino, 2023). Hamblin MR et al. demonstrated that the addition of a solution containing a range of different inorganic salts potentiates the photodynamic action of many different PS especially against Gram-negative and Gram-positive bacteria. Phenothiazinium dyes, fullarenes and titanium dioxide are some of the PSs that benefit the most from this combination. Potassium iodide, potassium bromide potassium thiocyanate, potassium selenocyanate and sodium nitrite are non-toxic salts that may be clinically applicable (Hamblin and Abrahamse, 2018). aPDT has also been shown to be potentiated in a mouse model of oral candidiasis by addition of potassium iodine (Kashef and Hamblin, 2022).
In Figure 3 photos of an interdigital infection by P. areuginosa resistant to treatment with oral ciprofloxacin before treatment and after 3 sessions of MAL-aPDT with 3 h of incubation separated by 1 week and oral ciprofloxacin adjuvant are shown (Almenara-Blasco et al., 2022).
3.2.1 aPDT in the treatment of infected ulcers and wounds
Bacterial infections have a particularly detrimental effect on wound healing, especially when wounds already exhibit delayed healing (Sun et al., 2020). Bacterial infections slow down wound healing by prolonging the inflammatory phase and producing virulence factors such as enterotoxins, hemolysins, matrix metalloproteinases, and hyaluronidase. These factors overwhelm the host’s defenses, promote bacterial proliferation, and worsen local tissue destruction (Sun et al., 2020). aPDT reduces bacterial counts in the wound and stimulates wound healing (Nesi-Reis et al., 2018; Sun et al., 2020; Pérez et al., 2021). Therefore, aPDT could be considered as an alternative to antibiotic therapy for the treatment of infected leg ulcers (Kawczyk-Krupka et al., 2018; Pérez-Laguna et al., 2021)
In the first randomized controlled clinical trial of aPDT in chronic wounds (chronic leg ulcers and diabetic foot ulcers), a significant and broad-spectrum elimination of bacterial cells was demonstrated, along with a trend toward accelerated wound healing using the phenothiazinium derivative PPA904 as the PS (Lei et al., 2015). Other phthaloycanines derivatives have also demonstrated in clinical trials its efficacy for infected foot ulcers in patients with diabetes (Mannucci et al., 2014) Additionally, the effects of ALA-mediated aPDT for the treatment of chronic skin ulcers on the lower extremities infected with P. aeruginosa have been investigated (compared to red light treatment alone), with significantly improved healing outcomes in the ALA-aPDT group in terms of reduction in mean ulcer area. The use of aPDT has even been suggested as an option for diabetic foot ulcers for preventing amputations (Lei et al., 2015).
Recently, a systematic review and meta-analysis from randomized clinical trials about aPDT for treating infected skin wound have been published (de Oliveira et al., 2022). After analyzing 573 articles, only 4 were selected; regarding the mechanism of action they propose that aPDT reduces healing time and improved the healing process and wound oxygenation; all the studies used red LED light; patients treated with aPDT showed 15%–17% (p = 0.0003/I2 = 0%) lower microbial cell viability in the wound and a significantly smaller wound size (0.72 cm2/p = 0.0187/I2 = 0%) than patients treated with placebo or red-light exposure; therefore, they concluded that aPDT can be an excellent alterantive treatment for infected wounds, though larger trials are needed (de Oliveira et al., 2022). Finally, in our clinical experience, MB has has been particularly useful in the management of chronically infected ulcers. Two cases involving Fusarium spp and P. aeruginosa have been reported, both treated with conventional lamps and daylight aPDT, combined with conventional antimicrobials between the aPDT sessions, both with positive responses (Aspiroz et al., 2017). The advantages of MB as a PS are its short incubation period (20 min) and non-painful irradiation. However, this PS strongly stains tissues and perilesional skin with intense blue color (Figure 4) (Almenara-Blasco et al., 2022)
[image: Figure 4]FIGURE 4 | Intense bluish staining of tissues after treatment with MB. Source: Gilaberte et al. (Almenara-Blasco et al., 2022) (Original photograph by the authors).
Recently in Italy, the PS RLP068/CI has become available, designed alongside a 630 nm lamp for the treatment of diabetic foot ulcers. When used twice a week for 4 weeks to 5 months, it achieved a reduction of at least 40% in ulcer size. Furthermore, this treatment can be combined with other therapies and has demonstrated its effectiveness (Lorenzoni et al., 2021).
3.3 aPDT target: cutaneous infections caused by fungi
Fungi are eukaryotic organisms, and their resemblances to mammalian cells have posed significant challenges in the development of new drugs for treating fungal infections, often presenting a therapeutic hurdle due to their chronic and recurrent nature. aPDT offers an innovative therapeutic alternative in this domain, showcasing its utility across various studies (Baltazar et al., 2015).
The primary cutaneous fungal diseases are caused by dermatophytes, Malassezia spp., and Candida spp. (El-Gohary et al., 2014). In addition, some opportunistic fungi produce deep fungal cutaneous infections, especially in immunosuppressed patients (Chandorkar and Simkins, 2020).
Dermatophytosis stands as the most prevalent fungal infection worldwide. In its treatment, aPDT employs a distinct mechanism of action compared to antifungal drugs that mainly target ergosterol production. This therapy has effectively been demonstrated to inactivate T. rubrum, the most common causative agent of dermatophytosis (Nenoff et al., 2014). Clinical cases of Majocchi’s granulomas refractory to conventional treatments have responded favorably to ALA-aPDT (Shi et al., 2021).
aPDT has been successfully used also to treat tinea capitis. ALA and MAL, either with LED lamps or daylight, has been used to treat either inflammatory and non-inflammatory forms. The combination with ketonazole shampooing is necessary in order to reduce of the spores from the hair to avoid reinfections (Aspiroz et al., 2021; Zhang et al., 2022).
New PSs seem to be promising to treat tinea capitis and tinea corporis such as nanoencapsulated hypericin in P-123; this PS has shown in solve cutaneous infections caused by M. canis in animal after only 3 sessions (Galinari et al., 2021).
Malassezia spp. Can give rise to a variety of diseases, including pityriasis versicolor, which exhibits particular recurrence and relapse after conventional treatments. A case reveals that after red light-aPDT treatment (70–100 J/cm2), no hyphae or spores were evident in the affected areas 10 days post-treatment (Kim and Kim, 2007). Another condition attributed to this genus, albeit less frequent, is malassezia folliculitis, for which instances of aPDT effectiveness have been documented after three sessions of MAL-aPDT (Lee et al., 2010).
aPDT has great potential in treatment of sporotrichosis, as its fungicidal effect both in vitro and in vivo has clearly been demonstrated. aPDT could be used in conjunction with classic antifungal agents, such as itraconazole, reducing its dose the therefore its toxicity and side effects (Gilaberte et al., 2014). Intralesional MB seems to be the most effective PS and either LED lamps or daylight can be use (García-Malinis et al., 2018). It was treated through intralesional MB-assisted aPDT in combination with low-dose oral itraconazole (Gilaberte et al., 2014).
Figure 3 shows a photo of a Sporotrichosis skin infection in a patient with chronic hepatitis C treated with low and intermittent doses of itraconazole and intralesional aPDT with 1% MB (Almenara-Blasco et al., 2022).
Additionally, a case of chromoblastomycosis caused by Alternaria alternata has been reported, treated initially with itraconazole and subsequently with aPDT using 5-ALA as the PS, yielding a positive therapeutic response (Liu and Xia, 2014). Figure 3 depicts a cutaneous alternaria infection in an organ transplant recipient patient managed through a sequential approach of ALA and MB-PDT and only 1 month of voriconazole therapy.
3.3.1 aPDT for onychomycosis
aPDT for the treatment of onychomycosis has undergone extensive investigation. In a clinical trial involving 30 patients with onychomycosis caused by T. rubrum, unresponsive to any topical antifungal agents, the clinical and microbiological cure rate after 12 months of ALA-aPDT with 20% ALA and 40 J/cm2 red light was 43%, which declined to 36% at 18 months (Morton et al., 2020). Figueiredo Souza et al. conducted two studies with 80 patients, comparing ALA-aPDT with 2% MB administered at 15-day intervals and ablation of hyperkeratotic areas against oral fluconazole over 24 weeks. A healing rate of 90% was observed in the ALA-PDT group with MB, compared to 45% in the oral fluconazole group (Arca et al., 2002; Scher and Baran, 2003; Westerberg and Voyack, 2013; Robres et al., 2015).
On the other hand, a systematic review involving 214 patients summarized all the PSs and protocols tested up to date, concluding that ALA-aPDT appears to be effective in treating onychomycosis caused by different fungal species such as T. rubrum, T. mentagrophytes, T. interdigitale, Epidermophyton floccosum, Candida albicans, Acremonium spp, Fusarium oxysporum, and Aspergillus terreus. The primary challenge lies in the penetration of the PS, which might be overcome through pre-treatment with 40% urea or mechanical ablation, proving more effective than lasers (Bhatta et al., 2016). Some authors propose to encapsulate a PS, such as rose Bengal, in chitosan nanoparticles to enhance its penetration into the nail plate (Bekmukhametova et al., 2023).
Figure 3 shows photos of an onychomycosis due to T. rubrum and viral wart before treatment and after 3 sessions of MAL-aPDT (Almenara-Blasco et al., 2022)
ALA-PDT has also demonstrated efficacy in treating two patients with onychomycosis caused by F. oxysporum or A. terreus. In both cases, 40% urea ointment was applied under occlusion for 12 h for 7 days prior, followed by ALA-aPDT using 16% MAL cream and 630 nm LED illumination (dose of 37 J/cm2). A single treatment led to clinical improvement in nail appearance, and cultures turned negative. Two additional treatments were administered, with both patients remaining disease-free during follow-up (Gilaberte et al., 2011).
Considering that in most of the toenails onychomicosis are caused by dermatophytes that usually also infect the foot, it is necessary to treat the nail and the feet at the same time. For that reason, our protocol is to combine 3 sessions of MAL-aPDT with 1 month of oral terbinafine 250 mg/daily or topical if there is contraindication; using this protocol we obtained a complete clinical response in 80% of the cases and microbiological cure in 60% (Navarro-Bielsa et al., 2022).
3.3.2 aPDT for Candida spp. associated stomatitis
A study compared ALA-aPDT with topical nystatin for treating denture-related stomatitis caused by C. spp. In the first group, patients received topical nystatin treatment four times a day for 15 days. For each ALA-aPDT group, 500 mg/L of Photogem® was applied to their dentures and palates. After a 30-min incubation period, the Photogem-coated surfaces were illuminated with LED light (455 nm, doses of 37.5 and 122 J/cm2, respectively) three times a week for 15 days. Mycological cultures were taken from the dentures at the beginning (day 0), the end of treatment (day 15), and at follow-up intervals (days 30, 60, and 90). Both treatments significantly reduced fungal burden at the end of treatment and on day 30 of the follow-up period. However, no significant differences were observed between the two treatment modalities (53% vs. 45% for the nystatin and ALA-aPDT group, respectively). The study highlighted that fewer ALA-aPDT sessions were needed to achieve the same outcome, although the nystatin approach did not require in-person patient consultations (Mima et al., 2012).
3.4 aPDT target: cutaneous infections caused by parasites
Leishmaniasis is a disease transmitted by protozoa of the genus Leishmania spp., typically introduced into the body by infected sandflies during blood feeding (Enk et al., 2003). The treatment of leishmaniasis is complex due to resistance issues and the extended duration of treatments. One of the drugs used is pentavalent antimony; however, increasing reports of clinical isolates of L. spp. Resistant to this compound have limited its use (Sohl et al., 2007).
The strength of the recommendation to use aPDT for cutaneous leishmaniasis is B with the maximal quality of the evidence (I) (Morton et al., 2020). Among the described protocols is a weekly therapy of the lesion for 4 weeks with 10% ALA-aPDT, resulting in cure rates ranging from 90% to 100%. Other protocols vary the number of lesions treated per week and the occlusion times, which are typically 4 h for ALA-aPDT and 3 h for MAL-aPDT (Enk et al., 2003).
In 2015, Enk CD et al. conducted a clinical trial with daylight-aPDT for the treatment of L. major and L. tropical. The treatment protocol involved applying 16% MAL to the skin lesion, occluding it for 30 min, and then sequentially exposing it to sunlight for 2.5 h. Treatment was repeated weekly until clinical and microbiological cure was achieved. Cure was typically achieved about 5–7 weeks of treatment. The effectiveness of daylight MAL-aPDT was 89%, with clinical and microbiological resolution observed in 89% of cases. This aPDT modality is particularly valuable for children due to its lack of pain and the ability for parents to administer it at home (Song et al., 2011; Sbeghen et al., 2015).
The use of MB as a PS has been studied in vitro and in vivo to treat various Leishmania species. The results have been positive, although there isn't a clear guideline for its use. The norm involves a 1-h incubation followed by red light illumination, but fluences and session frequencies vary. MB presents advantages compared to MAL and ALA. The main benefit is that it doesn't rely on the host cell’s metabolism for parasite destruction. Cost is also crucial, as this disease is more prevalent in resource-limited countries (Pinto et al., 2017).
ALA-aPDT has also proven useful in treating mucocutaneous leishmaniasis in immunosuppressed patients undergoing anti-TNFα treatment, reducing or even replacing systemic treatment with liposomal amphotericin B (Cerro et al., 2020).
The aesthetic results are consistently good without causing disfigurement, and no recurrences have been observed in any case within the first 6 months (Enk et al., 2003).
3.4.1 aPDT for mite infections
Demodex folliculorum is a widespread ectoparasite that inhabits the pilosebaceous unit and is part of the human skin microbiome. It is particularly found on the face, where sebaceous glands are abundant. Demodex has been linked to various clinical conditions (rosacea, perioral dermatitis, blepharitis, follicular pityriasis, papulonodular demodicosis, etc.). aPDT has been used to treat some of these conditions, both for its eradication effect and its modulating effect on the pilosebaceous unit (Fan et al., 2018). There are no established protocols, and studies conducted are often isolated cases. The most used regimen has been 16% MAL in occlusion for 2–3 h followed by red light illumination at a dose of 37 J/cm2, with some studies repeating this weekly for up to 4 sessions (Gilaberte et al., 2009; Feuerman et al., 2022).
4 DISCUSSION
The use of aPDT to treat dermatological infections is increasing in the last years. The present review summarizes the clinical trials and clinical cases that show the efficacy of aPDT against infections and cutaneous diseases caused by bacteria, fungi, viruses, parasites and even mites. In addition to the direct effect of aPDT killing the microorganisms, aPDT stimulates wound healing and also exerts some effect on the host immune system which can help to destroy secreted virulence factors enhancing its clinical effect.
aPDT is also effective against resistant strains and biofilm-forming bacteria, a notable challenge in clinical practice, and could be an excellent alternative of treatment for infections caused by a mixed of microorganism, something very common in chronic wounds.
Combination approaches, coupling aPDT with antibiotics, or antifungals or anti-virals, emerge as a promising strategy for tackling skin and mucocutaneous infections. Such combinations capitalize on synergistic or additive antimicrobial effects, potentially circumventing treatment failures by increasing microorganisms’ susceptibility to aPDT, or viceversa, and preventing regrowth during irradiation intervals. The concept of using combination treatments of aPDT and antimicrobials has far-reaching implications. It could potentially counteract the formidable challenge posed by high-level resistance microorganisms. Given its multi-target nature, aPDT could impede the selection of resistant strains, adding a layer of complexity to the evolution of antimicrobial resistance. This approach holds promise in dermatological infections like onychomycoses, deep fungal infections, and chronic wounds, where additive or synergistic effects have been observed.
However, there are some limitations for the widely use of aPDT in the clinical setting: photoinactivation of microbes is and exclusive localized process and lasts during the light is on, allowing the remaining microorganisms to regrow after; aPDT should be performed in the clinic being more time consuming for doctors and nurses than just prescribing a pill. This is true, but without any doubt, aPDT could be the best alternative of treatment, alone or in combination with conventional antimicrobials, to treat recalcitrant infections and fragile patients, especially immunosuppressed ones.
Homebase protocols, portable light devices and the use of daylight, besides more research in developing or adapting the PS to the different type of infections are needed. While hurdles remain in terms of application duration, administration, and industry interest, combination treatments that leverage aPDT’s strengths could be a promising solution to address the challenges posed by antimicrobial resistance. Continued research and development are essential to harness the full potential of this approach for clinical benefit.
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