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Abstract

:

Photodynamic therapy (PDT) is an increasingly popular dermatological treatment not only used for life-threatening skin conditions and other tumors but also for cosmetic purposes. PDT has negligible effects on underlying functional structures, enabling tissue regeneration feasibility. PDT uses a photosensitizer (PS) and visible light to create cytotoxic reactive oxygen species, which can damage cellular organelles and trigger cell death. The foundations of modern photodynamic therapy began in the late 19th and early 20th centuries, and in recent times, it has gained more attention due to the development of new sources and PSs. This review focuses on the latest advancements in light technology for PDT in treating skin cancer lesions. It discusses recent research and developments in light-emitting technologies, their potential benefits and drawbacks, and their implications for clinical practice. Finally, this review summarizes key findings and discusses their implications for the use of PDT in skin cancer treatment, highlighting the limitations of current approaches and providing insights into future research directions to improve both the efficacy and safety of PDT. This review aims to provide a comprehensive understanding of PDT for skin cancer treatment, covering various aspects ranging from the underlying mechanisms to the latest technological advancements in the field.
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1. Introduction


Skin cancer starts in the skin and is often (but not always) caused by extra-exposure to ultraviolet (UV) radiation from the sun or artificial sources, such as tanning beds. Skin cancer is the most common type globally, with an estimated 5.4 million cases diagnosed yearly in the United States alone (occurring in about 3.3 million Americans, as some people are diagnosed more than once) [1]. In terms of melanoma, the crude global incidence in Spain is about 8.82 cases per 100,000 people/year, and the crude global mortality is 2.17 cases per 100,000 people/year. This rate is relatively lower when compared to several other countries in Europe, as well as the USA, Australia, and New Zealand [2]. For squamous cell carcinoma (SCC), a meta-analysis from 2016 determined the crude incidence rate in Spain to be 38.16 per 100,000 person-years [3]. This puts Spain on the lower end of incidence rates when compared with countries like Germany and Slovakia. Several factors may influence these rates, including geography, sun exposure habits, socioeconomic conditions, and smoking patterns. The analysis in reference [2] shows a trend of increased mortality in the eastern provinces of Spain, potentially due to a greater beach culture and the associated intermittent sun exposure.



While early detection can lead to a cure, some forms of skin cancer can be aggressive and hard to treat. Photodynamic therapy (PDT), initially developed in the 20th century [4] (the first literature reports of a “photodynamic effect” were provided by Raab and von Tappeiner [5]), has seen a significant resurgence in recent years as an effective, non-invasive treatment for skin cancer. This therapeutic approach, owing to its selectivity and efficiency, has garnered considerable attention in the medical field [6]. The mechanism of PDT revolves around the utilization of a photosensitizing agent, a special kind of molecule that can be activated by specific wavelengths of light. Once the photosensitizing agent has been administered, usually through an injection or a topical cream, it accumulates in the cancerous cells over a period of time. When the affected area is exposed to a specific type of light, the photosensitizing agent becomes excited, resulting in the generation of reactive oxygen species (ROS) [7], including the highly reactive singlet oxygen. The principle of PDT is to selectively destroy the abnormal and cancerous cells, leaving the healthy ones and cytoskeleton unscathed, which is what makes the repair process easy without too much scarring, leading to good cosmetic results compared to cryotherapy or surgery. The key to this selectivity lies in the action of the light-activated photosensitizing agents. When the light excites these agents, they transition to an energized state. This excited state then interacts with molecular oxygen, which leads to the production of singlet oxygen, a highly reactive molecular species [8]. Singlet oxygen is a critical player in the mechanism of PDT. It is produced through the Type II process in PDT, a term referring to the energy transfer between the excited photosensitizing agent and molecular oxygen. This leads to the generation of singlet oxygen, which has a higher energy state than regular molecular oxygen. Its enhanced reactivity makes it a potent weapon against the abnormal cells, causing significant cytotoxic effects [9]. These cytotoxic effects, essentially, are the root cause of the cellular damage seen in the targeted cancerous cells. The highly reactive singlet oxygen can disrupt cellular processes, damage the cellular structures, and even induce programmed cell death, also known as apoptosis (also, necrosis and autophagy can be produced) [10]. Thus, the singlet oxygen, through its potent cytotoxic effects, plays a pivotal role in the efficacy of PDT [11]. In the next section, we will delve deeper into the mechanism of singlet oxygen production and its role in PDT. This includes exploring how the energy transfer occurs during the Type II process, how the singlet oxygen interacts with the cellular components to induce cytotoxic effects, and what factors may affect the efficiency of singlet oxygen production.



The use of PDT in treating skin cancer stands out as particularly significant for several reasons. Firstly, skin cancers are typically located at or near the skin surface, making them readily accessible to both the application of the photosensitizer and the light necessary for PDT. Secondly, skin cancers often occur in cosmetically sensitive areas where tissue-sparing treatments like PDT can preserve appearance and function. Furthermore, unlike internal cancers, the treatment response of skin cancers can be visually monitored, making it easier to assess the effectiveness of PDT. Lastly, the non-invasive nature of PDT coupled with its negligible effects on underlying functional structures make it an ideal treatment modality for skin cancer, allowing for feasible tissue regeneration. Most skin lesions are treated by topically applying photosensitizers (PSs) like aminolevulinic acid (ALA) or methyl aminolevulinate (MAL) [12,13,14]. However, this topical approach allows only 1–2 mm of light penetration into the tissue, which is insufficient for treating deep lesions [15]. Moreover, PDT has been shown to be effective in treating various types of skin cancer, including basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and actinic keratosis (AK). AK is a pre-cancerous skin lesion that can progress to SCC if left untreated (which can, in turn, metastasize if left untreated). The use of photosensitizing agents like 5-aminolevulinic acid or methyl aminolevulinate (MAL) in conventional PDT has proven to be an effective treatment for AK, especially when dealing with extensive areas of field change, as indicated by several studies [16,17,18]. Even with daylight, PDT provides better outcomes (see Section 5.1.1). The main findings of study [19] suggest that for Bowen’s disease (BD), PDT may lead to better outcomes compared to cryotherapy or fluorouracil. Reference [20] supports the use of topical 5-Fluorouracil (5-FU) PDT as an effective therapy for BD, with cosmetic outcomes superior to standard treatment. BCC is the most common form of skin cancer, accounting for 80% of cases [1]. PDT is approved in Europe for treating superficial basal cell tumors of the skin, with a reported 95% response rate among patients who had a complete response to therapy [15,21]. PDT of MAL may also provide similar lesion response rates to surgery or cryotherapy for BCC [20], but the efficacy may be lower in nodular BCC, making surgery a better option in some cases. A systematic review and meta-analysis in [22] showed that while PDT of MAL may not be the best first-line treatment for BCC, it can sometimes provide excellent cosmetic outcomes. The use of Temoporfin (mTHPC)-PDT for non-melanoma skin cancer (NMSK) is promising, but there is insufficient evidence to fully assess its efficacy as a first-line treatment [23]. Moreover, it has to be taken into account that surgery is the recommended treatment for this rapidly spreading cancer. For SCC, PDT is recommended for treating in situ lesions. Research shows that after 1–2 cycles of PDT of MAL, lesion clearance rates range from 88 to 100%, with no recurrence in 68–89% of treated lesions at a follow-up of 17–50 months (as reported in studies [24,25,26,27,28]). However, there is currently limited evidence supporting the effectiveness of PDT for invasive SCC. The primary reasons for the limitations of topical PDT may be inadequate penetration of the photosensitizer applied topically through tumor tissue or reduced cellular uptake due to insufficient local bioavailability [6]. To solve these problems, researchers have proposed different alternatives, such as intralesional injection of PS [20] or nanomedicine to encapsulate the PS [29,30].



PDT can be used alone or in combination with other treatments, such as topical therapies or systemic medications, to improve treatment outcomes. A combined strategy of PDT with other modalities, such as immunomodulatory agents, chemotherapeutic agents, inhibitors of carcinogenic molecules, surgical techniques, or radiotherapy, can be effective depending on the tumor type and characteristics [31]. Other research is focused on improving the efficacy of PDT, reducing side effects, and expanding its clinical applications by developing new PSs that are more selective for cancer cells and have a higher activation efficiency (third generation). Another area of research is the optimization of treatment parameters, such as light dose, light intensity, and PS dose, to maximize treatment efficacy while minimizing side effects. Despite the good efficacy and tolerability of PDT in clinical trials, it is not currently a first-line treatment option. However, with continued advancements in technology and research, PDT has the potential to become a standard of care in the future, particularly for superficial BCC and AK. It is important for clinicians and researchers to continue exploring this promising treatment option and developing new strategies to optimize its use in the treatment of skin cancer.



In summary, PDT is a promising non-invasive treatment option for skin cancer that has shown good efficacy and tolerability in clinical trials. Ongoing research is focused on improving its efficacy, reducing side effects, and expanding its clinical applications. With continued advancements in technology and research, PDT has the potential to revolutionize skin cancer, and a combination of PDT with other therapies, such as immunotherapy and chemotherapy, may offer better outcomes than PDT alone. By combining different treatments, it may be possible to target different aspects of the cancer cells and improve the overall effectiveness of the treatment. Ongoing research in this area is crucial for developing better treatment options for skin cancer patients and improving their quality of life. Recent reviews have focused on different aspects, such as the combination of PDT with other treatments [31], 5-ALA- [22] and mTHPC-mediated [23] PDT, use of light-emitting diodes (LEDs) [32], lasers [33], daylight [34,35,36], and fabrics [37,38,39], general updates [40,41], and immune consequences [42], among others topics (see Ref. [43] for a complete compendium of the latest reviews). Some of the previous reviews have covered the use of light sources, as we include in Section 4. But none have focused on advanced light sources and delivery devices. For this reason, our review covers the most recent developments in light source technologies and delivery devices utilized for treating skin cancer, which is a subject that has not been covered explicitly in any previous review. This review follows a well-structured format to provide a comprehensive understanding of advanced light sources for treating skin cancer. Firstly, this review starts with a concise introduction to the underlying mechanisms of PDT, including the principles of light interaction with PS in the treatment. This section aims to give a fundamental understanding of the PDT process and its importance in treating skin cancer. The characteristics of light sources used in PDT are profoundly influenced by the underlying photodynamic reaction mechanisms (as detailed in Section 2) and the specific requirements of the employed photosensitizers, discussed in Section 3. The latter section delves into the approved PSs, with a particular focus on those approved for the treatment of skin cancer. The section includes a detailed discussion of the characteristics and properties of each PS, highlighting their strengths and weaknesses. Additionally, this review provides insights into the potential risks and side effects associated with using these PSs, helping the readers make informed decisions. The next section focuses on the available techniques and light sources for PDT. Understanding the specific requirements of different PSs for light sources is therefore pivotal for the effective design and application of PDT protocols. It discusses the different techniques and types of light sources used in PDT, including their pros and cons, and the technical specifications required for optimal performance. This section also highlights the challenges associated with light sources and their impact on the effectiveness of PDT for skin cancer treatment. Furthermore, this review dedicates a section to discussing the latest light technologies and advanced illumination techniques. It covers recent research and developments in the field of light-emitting technologies, their potential benefits and drawbacks, and their implications for clinical practice. Lastly, this review concludes by summarizing the key findings and discussing their implications for the use of PDT in the treatment of skin cancer. It highlights the limitations of the current approaches and provides insights into future research directions to improve the efficacy and safety of PDT for skin cancer. Overall, this review aims to provide a comprehensive understanding of PDT for skin cancer treatment, covering various aspects ranging from the underlying mechanisms to the latest technological advancements in the field.




2. Mechanism of action


The foundational pillar upon which PDT stands is the highly selective destruction of targeted cells. This mechanism of action is reliant on the use of photosensitizing agents and light working synergistically to achieve the desired effect. Photosensitizers (PSs) are a unique class of molecules with the distinctive ability to absorb light energy and transmute it into a form of chemical energy. This energy is subsequently used to trigger a series of photochemical reactions that ultimately lead to a therapeutic effect. The delivery of these photosensitizing agents is typically topical, with the PS being applied directly to the skin. The cancerous cells absorb the PS, and it is distributed among the different sub-cellular compartments of these cells. The most common localizations are the mitochondria and the endoplasmic reticulum, among other intracellular locations (see next section).



2.1. Mechanism of Physical Reaction


Upon the administration of light, the PS becomes excited. As Figure 1 illustrates, this activation through light energy propels the PS to interact with surrounding oxygen molecules. This interaction produces either free radicals or singlet oxygen through the Type I and Type II processes, respectively. The Type II process that results in the generation of singlet oxygen is the most common product of PDT; thus, it forms the core of this discussion. Other photochemical and photophysical processes are undoubtedly part of the PDT process, but our focus rests primarily on those contributing to the simplified explanation of singlet oxygen (1PS•) production in PDT [44]. The generation of 1PS• by a photosensitizer is initiated through a process similar to fluorescence. Upon absorption of a photon with an appropriate wavelength, the photosensitizer molecule transitions into an excited electronic state (Figure 1).



In conventional fluore scence, this excited state experiences a minor non-radiative de-excitation within its surroundings, followed by the emission of a photon at a lower (red-shifted) energy level. However, photosensitizers can undergo de-excitation via an alternative pathway, where the excited-state molecule undergoes intersystem crossing (ISC) to reach a triplet state (3PS•). While in the 3PS•, the PS has the ability to transfer energy to nearby oxygen molecules. This transfer is critical to the PDT mechanism as it leads to the formation of singlet oxygen (1O2). Additionally, it causes the PS to return to the ground state. Singlet oxygen is highly reactive and it interacts with the surrounding cells, leading to cytotoxic effects, which are central to the cell-killing capability of PDT. Moreover, the same PS molecule has the potential to generate multiple singlet oxygen molecules, amplifying the destructive effect. It is worth noting that the 3PS• requires an additional energy amount beyond the 0.974 eV direct energy transfer for the irreversible formation of singlet oxygen. This sets the minimum energy requirement for the process at 1.13 eV, which is comfortably met by most PSs [45]. While the focus here has been primarily on the generation of singlet oxygen and the basic mechanisms of PDT, it is important to note that there are other processes and energy transitions that can influence the PDT mechanism. Readers interested in a deeper exploration of these competing processes are encouraged to consult the detailed discussions in references [46,47]. The in-depth insights provided in these sources offer a greater understanding of the intricate mechanisms underlying the field of PDT.



To maximize the therapeutic effect of PDT, the photosensitizer should be able to produce ROS at a level sufficient to induce cancer cell death while minimizing damage to normal cells. Several factors can influence the efficiency of ROS production by a photosensitizer, including:




	
Absorption efficiency: The photosensitizer should be able to absorb light efficiently at a wavelength that can penetrate the skin to reach the target cells. The absorption spectrum of the photosensitizer should be well-matched to the wavelength of the light source used for activation to ensure maximum energy transfer and ROS generation.



	
Quantum yield: The quantum yield of a photosensitizer refers to the ratio of the number of singlet oxygen molecules generated to the total number of absorbed photons. Higher quantum yields indicate a greater efficiency in generating singlet oxygen, potentially leading to increased ROS production and a more effective therapeutic response.



	
Oxygen availability: ROS production by the photosensitizer requires the presence of molecular oxygen, which is sometimes limited in tumor tissues (see Figure 1). Photosensitizers that can generate ROS under low-oxygen conditions are more effective in PDT.



	
Fluence rate of light illumination (W/cm2): Molecular oxygen in the tissue to be treated is critical for photodynamic cell killing. Oxygen depletion can appear at high fluence rates, diminishing or even totally inhibiting tumor-killing effectiveness during the PDT process.









2.2. Mechanism of Biological Events


In addition to the production of ROS, the activation of the PS also triggers a cascade of other biological events that contribute to the efficacy of PDT. One of these events is the release of cytokines and chemokines that recruit immune cells to the site of the treated lesion. This immune response can help to clear the remaining cancer cells and prevent the recurrence of the lesion [48]. Additionally, PDT can induce apoptosis, a form of programmed cell death, in cancer cells. This process involves the activation of signaling pathways that lead to the fragmentation of DNA and the degradation of cellular components, ultimately resulting in the death of the cancer cell. Reference details on cell death pathways can be found in [9,10,11,49,50,51,52]. Another important aspect of the mechanism of action of PDT is the concept of the “bystander effect” [53]. This refers to the ability of PDT to induce damage not only in the cells that directly absorb the PS but also in neighboring cells that have not been directly exposed to the PS. This occurs through the diffusion of the ROS from the treated cells to the surrounding tissue, causing damage to adjacent cells. The bystander effect can increase the overall efficacy of PDT by targeting a larger area of the tumor and reducing the likelihood of disease recurrence. The efficacy of PDT is also influenced by various factors, such as the type of PS used, the dose of PS and light, the time interval between PS administration and light exposure, and the wavelength and intensity of the light used to activate the PS. The choice of PS is critical for PDT success, and several factors should be considered, such as its absorption spectrum, pharmacokinetics, and toxicity profile. The dose of PS and light must be carefully optimized to achieve the desired level of treatment efficacy while minimizing side effects.



Overall, without considering its indirect effect (activation of the immune system), an optimized PDT process engineering must be implemented to reach an optimum result of the cancer cells’ killing. It can be obtained by optimizing the overlap integral of the spatial volume distributions in the diseased tissue, its inside molecular oxygen distribution, its inside photosensitizer distribution, and the illuminating light volumetric distribution inside the cancer volume. The higher the overlap integral, the greater the amount of diseased tissue that is killed, as well as the specificity (no ROS in healthy tissue), resulting in higher effectiveness and efficiency of the photodynamic process.



The complex mechanism of action of PDT makes it a highly selective and effective treatment option for skin cancer. Its ability to target specific areas of the skin, damage nearby cancer cells, induce an immune response, and be repeated as necessary without causing cumulative toxicity or harming healthy tissue makes it a promising option for the treatment of various types of skin cancer. The efficacy of PDT is influenced by various factors, such as the type of PS used, the dose of PS and light, the time interval between PS administration and light exposure, and the wavelength and intensity of the light used to activate the PS. Oxygen depletion (diminishing tumor-killing effectiveness) as a consequence of continuous insolation light with high fluence rates must also be avoided by appropriately modulating the light beam [54]. Therefore, the modulating signal pattern of the amplitude-modulated beam must be designed to recover the potential oxygen depletions (along the maximum intensity time) during the lower-intensity period.



Due to the need for precise control over multiple factors, obtaining reproducible outcomes in PDT is challenging. This variability has contributed to the limited adoption of PDT in clinical settings. Nevertheless, with ongoing research and technological advancements, PDT holds promise as a valuable tool in combating skin cancer.





3. Approved PSs for Skin Cancer Diseases


While there are many potential PSs for PDT, only a few have been approved for use in the treatment of skin cancer or other conditions. This is partly due to the rigorous testing and regulatory approval process that new drugs and therapies must undergo before being marketed to the public. In addition, developing effective PSs for PDT is a complex process that involves balancing a number of factors, including: the ability to selectively target cancer cells, the efficiency of ROS production, and the ability to be activated by light in a specific wavelength range. Many potential PSs may not meet all of these criteria or may have other limitations that prevent them from being suitable for clinical use.



Most commonly used PSs can be classified into three generations based on their structures and properties. The first-generation PSs used in PDT were developed in the 1970s and were based on Hematoporphyrin Derivative (HpD), a mixture of porphyrins extracted from a crude preparation of hematoporphyrin. HpD and subsequent derivatives were used in clinical practice for several decades and showed promising results in the treatment of various cancers. However, these first-generation PSs, including Photofrin, introduced later, had several limitations that restricted their use [55]. These PSs are known to exhibit long-lasting photosensitizing effects on the skin, which can lead to photosensitivity reactions and skin damage. However, it should be noted that the production of ROS in normal tissues by first-generation PSs is not primarily attributed to their broad absorption spectrum. The second-generation PSs, on the other hand, are either single agents used alone or in combination, and they show improved absorption within the optimal therapeutic window. These PSs include chlorins, bacteriochlorins, and phthalocyanines. They have better photophysical properties, such as higher quantum yields, and lower dark toxicity. These PSs have been extensively investigated and are widely used in PDT.



Finally, third-generation PSs are designed using certain strategies, such as bioconjugation or encapsulation, to increase specificity in targeting pathological tissue [56]. In ideal cases, the target molecule should be commonly yet selectively expressed by multiple tumor compartments, such as cancer cells, tumor vascular endothelial cells, cancer stem cells, and myeloid-derived suppressor cells [57]. Another approach involves using nanotechnology to create nanocapsules or nanospheres with diameters below 100 nm that can act as drug carriers. These drug carriers offer several advantages, such as being able to transport hydrophobic drugs in blood, having large distribution volumes, and having controlled release capabilities [58]. With the promise of total targeted therapy, the third-generation PSs offer selective attachment to specific tumor cells, reducing toxicity to normal cells and limiting off-target effects [59]. Classifying PSs into three generations provides a useful framework to understand their properties and potential applications in PDT. Further research in this field is needed to improve the selectivity and effectiveness of PDT, especially for cancer treatment. The main problem of PS is that approval from medical regulators is always difficult and slow. Nowadays, there are a few approved PSs on the market; some of the most important are summarized in Table 1.



In addition to the aspects discussed in this review, it is essential to consider the photobleaching effect. Photobleaching, the irreversible loss of photosensitizer activity during light exposure, can significantly impact the therapeutic outcome. The phenomenon occurs due to the degradation or damage of the photosensitizer molecule, leading to a decrease in its concentration and consequently limiting the production of ROS crucial for cell destruction. To mitigate the photobleaching effect, various strategies have been explored. These include fractionated light delivery, where the light is administered in multiple sessions with intervals to allow recovery of the photosensitizer. Additionally, optimizing the dosage and formulation of the photosensitizer, as well as employing photostabilizers, have shown promise in reducing photobleaching. Monitoring the kinetics of photobleaching during PDT sessions can also provide valuable insights for treatment optimization. Future studies should focus on developing techniques to mitigate photobleaching and enhance the overall effectiveness of PDT, ensuring optimal clinical outcomes for patients.



In the specific case of skin cancer, the most used for PDT include: ALA and MAL. They are metabolized by cells to produce a photosensitizing agent called protoporphyrin IX (PpIX), which accumulates in cancer cells and is activated by exposure to light. The most relevant trademarks are Photofrin®, Levulan®, Ameluz®, and Metvix®; they are described after Table 1 (references are included in Table 1).




	
Photofrin® is a mixture of porphyrin-related compounds that is used as a photosensitizing agent in PDT to treat cancer and other medical conditions. It is primarily composed of porfimer sodium, which is activated by red light with a wavelength of 630 nm. When used in PDT, Photofrin® is typically delivered several hours to a few days before the treatment itself. The drug is metabolized in the liver and excreted in the feces and urine. Photofrin® is approved by the U.S. Food and Drug Administration (FDA) for treating certain types of cancer, such as esophageal, lung, bladder, and skin cancer. It is also used to treat Barrett’s esophagus, a pre-cancerous condition of the esophagus. When red light activates, Photofrin® produces ROS that can damage and ultimately kill cancerous and other abnormal cells. The drug is taken up by cancer cells and localizes in the mitochondria and Golgi apparatus. Common side effects of Photofrin® include sensitivity to light, skin reactions, nausea, and vomiting. In rare cases, severe allergic reactions and respiratory distress may occur. Photofrin® is manufactured by Concordia Laboratories Inc. and distributed in the United States by Pinnacle Biologics Inc.



	
Ameluz® and Levulan® are both brand names for different formulations of the same active ingredient, 5-aminolevulinic acid (5-ALA). The main difference lies in the vehicle or gel used to deliver the 5-ALA. Ameluz is a gel formulation of 5-ALA approved for the treatment of actinic keratosis, and it is often used with a blue light source for activation. Levulan, on the other hand, is a solution or cream formulation of 5-ALA used for various dermatological conditions, including actinic keratosis and acne. Levulan can be activated with different light sources, such as blue light or intense pulsed light, depending on the indication. Both formulations have been extensively tested and approved for clinical use in several countries, with side effects including skin photosensitivity and discomfort at the treatment site. The clearance and cellular localization of the drugs are similar, with Ameluz having a longer waiting time before treatment and usually being activated by red light, while Levulan has a shorter waiting time and is activated by blue light. Ameluz is manufactured by Biofrontera AG, while Levulan is manufactured by DUSA Pharmaceuticals, Inc.



	
Metvix® is a photosensitizing agent used in PDT for the treatment of various types of cancer and pre-cancerous skin lesions. The active substance in Metvix® is MAL, a prodrug converted to PpIX in the presence of light. PpIX then accumulates in the target cells and tissues, leading to their destruction upon exposure to light of a specific wavelength. The key factor contributing to selectivity is the final step in heme synthesis, where ferrochelatase inserts Fe2+ into PPIX. In cancers, this step is often decreased due to reduced ferrochelatase activity and lower iron levels, leading to the observed selectivity. The lambda (nm) of Metvix® is approximately 635 nm, which is in the red light spectrum. The time to PDT after dose delivery is typically around 3 h, although this can vary depending on the specific condition being treated and the individual patient. Metvix® is metabolized and cleared from the body relatively quickly, with most of the drug being eliminated within 24 h. Metvix® has been approved for clinical use in treating AK and superficial BCC. It has also been used off-label for treating other types of cancer, such as lung and bladder cancer. However, more research is needed to fully evaluate its effectiveness in these indications. The most common side effects of Metvix® include skin irritation, redness, swelling at the site of application, and mild to moderate pain or discomfort during and after PDT. More serious side effects, such as skin infection, blistering, and scarring, may occur in rare cases. Metvix® is localized primarily in the target cells and tissues, such as cancerous or pre-cancerous lesions in the skin. Upon exposure to light, the photosensitizing agent produces ROS that induces cell death and tissue destruction in these target areas. The primary mechanism of action of Metvix® is through the production of ROS upon exposure to light, leading to cell death and destruction of the target tissues. The manufacturer of Metvix® is Galderma, a multinational pharmaceutical company specializing in dermatology and skin care products.








These PSs have been used to treat various skin conditions, including actinic keratosis, acne, and some types of skin cancer, among others. Metvix® and Ameluz® are commonly used for the treatment of AK, while Photofrin® and Levulan® have been used for the treatment of BCC and SCC. However, it is important to note that the specific use of each PS may vary depending on the country and the specific medical application.




4. Light Sources


The traditional application of PDT has been limited to superficial lesions due to the complexity involved in guiding light into deep target internal organs to activate PSs. One key factor in PDT efficacy is the light source used, which must be suitable for both the target tissue and the PS being employed. In addition to the type of light source, the wavelength of the light and the intensity-modulating pattern of the illuminating beam are also important factors to consider in superficial PDT. The therapeutic window for PDT has typically been defined between 600 and 800 nm for non-superficial treatment [70], while blue light (~400 nm) is used for superficial cutaneous treatment (penetration depth around 1–2 mm), and red light (~650 nm) is used primarily for more profound tissue treatment because it penetrates up to about 1 cm [15]. Wavelengths beyond 800 nm are usually inefficient in promoting an oxygen molecule from the triplet to the singlet state [70] due to insufficient energy (lower than 1.55 eV) of each photon inside the light-radiating beam to excite the PS. The penetration depth of the light is limited by the absorption of light by blood and scattering mechanisms [71,72]. Therefore, the selection of the appropriate wavelength for PDT should be based on the depth of the lesion, the optical properties of the tissue, and the absorption spectrum of the PS. PDT anti-tumor effects can be achieved for various superficial [73] treatment sites using a wide variety of light sources, both coherent and incoherent.



Coherent light sources, particularly lasers, have been widely used in PDT for superficial skin cancers due to their monochromaticity, high power, and efficiency in coupling with optical fibres [70]. The use of lasers in PDT has several advantages over other light sources. One of the main advantages of laser light is its ability to be targeted to specific PSs, making it a suitable option for PDT with a range of PSs. This targeted approach minimizes the damage to healthy tissues and increases the effectiveness of the treatment. Lasers can also deliver high power levels, which allows for a shorter treatment time and greater selectivity in destroying cancerous cells while minimizing damage to surrounding healthy tissue [70,71]. Another advantage of lasers in PDT is their ability to provide uniform irradiance through iris and beam expanders, which is particularly important for achieving a homogenous distribution of light across the treatment area [71]. This uniform distribution of light ensures that all areas of the lesion receive the same amount of light, increasing the effectiveness of the treatment. However, the use of lasers for PDT also has some drawbacks. One of the main drawbacks is that lasers can be challenging to adapt for specific treatment sites and are generally unsuitable for whole-body treatment. This limitation is due to the fact that lasers can only be used on small areas and cannot cover large areas of the body.



Non-coherent light sources, such as lamps and LEDs, serve as cost-effective, versatile alternatives to lasers in superficial photodynamic therapy (PDT) [74]. These broad-spectrum sources can activate a range of photosensitizers (PSs) and offer wide illumination fields for treating larger areas [75]. However, they may provide non-uniform irradiance, leading to uneven treatment [76], and tissue heating, which can cause extended inflammation [75]. LEDs offer several benefits, such as low cost, portability, and specific wavelength emission, making them adaptable for various applications. They can provide high-intensity light for excellent tumor control in superficial lesions. Their long lifetime makes them cost-effective for repeated treatments, and the wavelength of LED light can be adjusted for efficient PS activation while minimizing healthy tissue damage. Incandescent lamps, another non-coherent light source, emit broad-spectrum white light that can be filtered. They are inexpensive and widely available but less efficient at activating PSs than lasers and LEDs, possibly necessitating longer treatment times [77]. Xenon arc lamps also emit broad-spectrum light suitable for treating a range of superficial lesions [70]. They can emit high-intensity light to effectively activate PSs, but they are less portable, more costly, and may need more complex setups.



In summary, choosing a light source for superficial PDT depends on several factors, including the specific treatment site, cost, adaptability, wavelength, and power requirements. Table 2 outlines the fundamental characteristics of each type of source [78]. Coherent light sources, such as lasers, are highly efficient at activating PSs, but they are expensive and less adaptable than non-coherent sources.



Only a few studies have directly compared different light sources, with some reporting similar outcomes [79,80], while others show slightly better results with lasers [81]. Non-coherent sources, such as LEDs and incandescent lamps, are less expensive and more adaptable but have limited light penetration depth. Xenon arc lamps offer a broad spectrum of light and high intensity but are less portable and more expensive. Overall, each light source has its advantages and disadvantages, and the choice of light source should be based on the specific needs of the patient and the nature of the lesion being treated. However, with the impressive advances in laser and LED solid-state technologies, which can be easily modulated in intensity and are equipped with great optical and/or electronic control of fluence rates, both are undoubtedly the preferred technologies for supplying appropriate photon doses for PDT. Technically, laser technology sources offer higher possibilities to implement more accurate, stable, and focalized doses, which are necessary for effective and efficient treatments.



In the realm of skin cancer treatment, different light sources in PDT have shown varying levels of efficacy and suitability. Each light source carries its unique benefits and drawbacks that warrant closer examination, particularly in the context of skin cancer. Lasers, as coherent light sources, have shown promising results in the treatment of BCC, one of the most common types of skin cancer [82]. Their precise targeting capabilities allow for minimal damage to the surrounding healthy tissues while ensuring maximum PS activation within the cancerous cells. On the other hand, non-coherent light sources like LED and lamps have been utilized effectively for the treatment of superficial skin cancers, such as actinic keratosis [83,84,85]. LEDs, with their low cost, specific wavelength emission, and portability, present a viable option for wide-area superficial treatments. Despite their limited penetration depth (in comparison with lasers), multiple LED sources can be strategically placed to achieve satisfactory treatment of deeper lesions (combining different wavelengths). Comparatively, incandescent lamps, while being economical and readily available, might require extended treatment times due to their lower efficiency at PS activation [83]. Similarly, Xenon arc lamps can effectively activate PSs with high-intensity light, but their use may be restricted due to higher cost and less portability [86]. Notably, several studies have highlighted the comparable efficacy of different light sources in treating skin cancers [32,87,88,89,90]. For example, Ref. [32] found that in comparison to other sources, LED treatment outcomes are equal, if not superior, according to some data. However, another study suggested an increased effectiveness of laser-assisted PDT regarding lesion clearance in treating actinic keratosis [90].



In conclusion, the choice of light source in PDT for skin cancer treatment is multifactorial and should be determined based on the specific needs of the patient, the nature of the lesion, and the practical considerations of the treatment setting. Continuous advancements in light technologies, particularly laser and LED, present promising opportunities for enhanced, targeted skin cancer treatment.




5. Advanced Techniques and Light Source Technologies


As previously stated, PDT is a highly effective cancer treatment that relies on precise light delivery to a targeted area. The effectiveness of PDT depends on uniform and consistent light delivery to the entire tumor volume without affecting surrounding healthy tissue. The light dose, corresponding to the number of photons the photosensitizer (PS) absorbs per gram of tissue, is influenced by the characteristics of the PS (like its absorption coefficient, quantum yield, and photobleaching rate), the oxygen concentration at the treatment site, and the light applied. The fluence rate and illumination duration are significant as they directly affect the photodynamic dose. The radiant energy fluence rate, which measures the total power incident on an infinitesimally small sphere divided by the sphere’s cross-sectional area, is expressed in W/cm2. Moreover, fluence can be defined as the integration of the fluence rate over time, and its units are J/cm2. It is crucial to report both the fluence rate and illumination duration, not just the fluence, as the same energy fluence can result in significantly different photodynamic therapy outcomes, depending on the treatment conditions. Light source characteristics, such as coherence, irradiated area, or type of delivery, can influence the dose and efficacy of photodynamic therapy. Recent advancements in PDT technology have overcome traditional light source limitations, such as low irradiance, poor spatial uniformity, and limited penetration depth. These advancements enable optimal therapeutic outcomes and reduce the risk of treatment-related side effects. Novel light source technologies with controlled irradiance, better spatial uniformity, and deeper penetration have been developed to improve the success of PDT. In addition, innovative techniques have been created to enhance light delivery to the targeted area. This section provides a comprehensive overview of the latest developments in PDT technology, including recent advances in light source technologies for skin cancers and innovative techniques for improving light delivery to the targeted area.



5.1. Advanced Techniques


Over the years, different techniques have been developed to enhance the efficacy of PDT while minimizing side effects. Four of these techniques are daylight PDT, metronomic PDT, fractioned PDT, and two-photon PDT. This section will explore the principles behind each technique, their advantages and disadvantages, and their potential applications in treating skin cancer.



5.1.1. Daylight PDT


Daylight PDT (dPDT) is a relatively new technique for skin cancer treatment that involves the administration of a PS followed by exposure to ambient daylight rather than a specific light source [34,35,36]. Figure 2a shows the broad spectrum of solar radiation and the peak absorption of protoporphyrin IX, whereas Figure 2b shows the relationship between wavelengths of light and skin penetration.



dPDT was first employed clinically in Copenhagen in 2008 for treating skin cancers [35]. The goal of dPDT is to reduce the cost and inconvenience of treatment and increase patient accessibility to PDT. One of the key advantages of dPDT is its simplicity and ease of use. Unlike conventional PDT, which requires specialized equipment and facilities, dPDT can be performed outdoors with access to natural sunlight. This makes it an attractive option for patients living in remote or rural areas with limited access to medical facilities. Additionally, dPDT can be performed relatively quickly, typically requiring only a few hours of sunlight exposure [91]. Daylight PDT has been studied extensively in clinical trials to treat various types of skin cancer, including BCC, SCC, and AK [31,92]. For example, in the latter reference, seventeen publications that explored the application of dPDT were analysed, concluding that the rate of total responses to the treatment of AKs, as reported in randomized trials, varies between 46% and 89.2%. Currently, aminolevulinic-acid-mediated dPDT is utilized for treating multiple or confluent AK skin lesions, using natural daylight as the light source. Specifically, Levulan® Kerastick™, which contains a 20% w/v ALA solution, is approved by the FDA for managing AK on the face, scalp, and upper extremities, specifically when used alongside a blue light source (400–430 nm) [34]. In the U.K., ALA methyl-ester (MAL) has been approved as Metvix®, a 16% w/w MAL cream utilized for treating thin or non-hyperkeratotic and non-pigmented AK on the face and scalp. Recently, a lecithin-based nanoemulsion with a 10% w/w ALA concentration was given approval by both the FDA (as BF-200 ALA) and EMA (as Ameluz®) for the targeted treatment of mild-to-moderate AK on the face and scalp [93,94]. Contrary to the FDA’s requirement of specifying both a prodrug and a particular light source to be used in combination, the U.K. and Europe allow Metvix and Ameluz to be used with any narrowband or broadband light source [34]. Several randomized trials conducted in Europe and Australia have evaluated the effectiveness and safety of using daylight PDT with MAL to treat AK [95,96,97,98,99]. These trials have included a small exploratory study comparing daylight PDT to conventional PDT. In all trials, participants experienced high total lesion response rates (>70% grade I) with minimal to no pain during daylight exposure. Pain associated with treatment seems to be significantly less than for conventional PDT [100]. Another potential advantage of dPDT is its ability to induce an immune response in addition to the direct cytotoxic effects on cancer cells [101]. The exposure of the skin to natural sunlight during dPDT can stimulate the production of cytokines and other immune modulators, which can help to activate and mobilize the immune system to target and destroy cancer cells [102]. This immune response may also help to reduce the risk of recurrence and improve overall treatment outcomes. However, there are also some challenges associated with dPDT. One major limitation is the variability in sunlight exposure, which can be influenced by various factors, such as cloud cover, latitude, and time of year. For example, when analysing UV exposure during dPDT [91], the maximum average UVE exposure in the UK was found to be 8.2 standard erythemal doses (SED) at Camborne, with a PpIX dose of 23.4 J cm−2. Starting treatment earlier in the day leads to a decrease in average UV exposure (Camborne: 5.2 SED, PpIX dose: 18.2 J cm−2), while the PpIX dose still reaches the threshold during the winter months (Camborne, November: 0.8 SED, PpIX dose: 7.1 J cm−2). In places like Cyprus and Gibraltar, which have high UV exposure during dPDT, the maximum values recorded in June are 14.3 SED and 12.9 SED, with corresponding PpIX doses of 36.1 J cm−2 and 35.1 J cm−2. UVA exposure data are also included for comparison. This can make it difficult to control and standardize the amount of light exposure received by patients, which may impact treatment efficacy. Additionally, the use of natural sunlight as the light source may increase the risk of photosensitivity and skin damage, which can be significant concerns in patients with fair skin or a history of sunburn. In order to overcome some of these challenges, researchers have explored the use of devices that can standardize and control the amount of light exposure during dPDT (Artificial dPDT).



Artificial dPDT involves the use of light sources that mimic natural daylight, providing a more consistent and reproducible treatment. Several approaches have been developed to obtain uniform light distributions for artificial daylight PDT. One example is the use of artificial white light sources as an alternative to natural daylight for treating AK. In a study conducted by Maire et al. in 2020 [85], a CE-marked device was used to deliver uniform illumination with 2.9 mW·cm−2 over a 314 cm2 surface. This approach has the potential to improve the efficacy of PDT by providing more consistent and controllable light exposure. In addition to artificial white light sources, other approaches have been developed to obtain uniform light distributions for artificial daylight PDT. Multi-wavelength LED [103] and non-coherent UV-protected greenhouses [104] are just a few examples of these approaches. These technologies offer greater flexibility in terms of light intensity, wavelength, and distribution, which can help to improve the overall effectiveness of PDT. One promising development in the field of artificial daylight PDT is the use of a uniform-illumination light source that can tune the direction of light emission, providing uniformity across large anatomical surfaces, such as the head or leg. This approach, which was implemented by O’Mahoney et al. in 2018 [105], uses LED chips that can independently emit seven distinct wavebands of light. This technology has the potential to improve the efficacy of PDT by providing more precise and consistent light exposure.



Overall, Artificial dPDT is a promising approach for treating skin cancer, offering several potential benefits over conventional PDT. By using natural sunlight as the light source, daylight PDT can reduce the cost and inconvenience of treatment and increase patient accessibility to PDT.




5.1.2. Metronomic PDT


Another approach to improving the effectiveness of PDT is the use of metronomic PDT (mPDT) [106], which induces cancer cell death by intermittent continuous irradiation with a relatively weak power of light for a long duration (days). Metronomic PDT is an established technique that was initially proposed for brain tumors, where maintaining a balance between tumor cell destruction and the preservation of healthy brain tissue is essential [107]. Although it has primarily been investigated for brain tumors, it has also been explored in recent years as an alternative to conventional PDT for the treatment of skin cancer [101,108,109]. This technique involves the repeated administration of low doses of the PS, often daily or weekly, rather than a single high dose. One advantage of metronomic PDT is that it can improve treatment outcomes and reduce side effects compared to conventional PDT [110]. The low doses of PS used in metronomic PDT may reduce the risk of photosensitivity and skin damage, which can be significant concerns in conventional PDT. Additionally, prolonged exposure to ROS may increase the likelihood of inducing cell death in tumor cells and decrease the chance of developing resistance to treatment [111]. Metronomic PDT has been studied extensively in preclinical models, with promising results. In one study, mice bearing melanoma tumors were treated with either conventional or metronomic PDT. The metronomic PDT group showed a significant reduction in tumor growth and increased survival compared to the conventional PDT group [109]. Another study found that metronomic PDT induced immune activation and subsequent regression of tumor lesions in murine models of skin cancer and pre-cancer [108]. However, there are also some challenges associated with metronomic PDT. One major limitation is the need for repeated treatments over a prolonged period of time, which can be inconvenient and increase the overall cost of treatment. Additionally, the optimal dosing schedule and duration of treatment have not yet been established, and may vary depending on the type and stage of cancer being treated.



Metronomic PDT is a promising approach for treating skin cancer, offering several potential benefits over conventional PDT. By maintaining a constant level of the PS in tumor tissue, metronomic PDT may lead to improved treatment outcomes and reduced side effects. While some challenges are still associated with this technique, ongoing research is focused on advanced light delivery sources that allow the dose optimization to maximize its effectiveness.




5.1.3. Fractioned PDT


Fractioned PDT is also an old technique that involves the administration of the photosensitizing drug in multiple small doses over some time, rather than a single high dose (the discrete version of metronomic PDT) [112,113]. This approach has been shown to reduce the risk of skin photosensitivity. It may be more effective against larger tumors, making it a promising technique for treating skin cancer [114]. In traditional PDT, a single high dose of the photosensitizing drug is administered, followed by exposure to a light source. While effective, this approach can be associated with significant side effects, including pain, swelling, and skin photosensitivity. Fractioned PDT, on the other hand, involves the administration of multiple small doses of the photosensitizing drug over some time, reducing the risk of side effects. Several studies have demonstrated that fractionated ALA-PDT is superior to conventional illumination for the treatment of AK (94% vs. 85% at 1 year) and superficial BCC (sBCC) (88% vs. 75% at 5 years), but not for SCC in situ (88% vs. 80% at 1 year) [115,116,117]. A large series of 552 lesions (including AK, SCC in situ, sBCC, and nodular BCC) treated with ALA-PDT using two light fractions of 20 and 80 J/cm2 at 4 and 6 h, separated by a 2 h dark interval, reported an overall clearance rate of 95% after a 2-year follow-up [118]. An alternative fractionation protocol using two doses of 75 J/cm2 at 4 and 5 h was initially associated with a 94% clearance rate for nodular BCC, but a cumulative failure rate of 30% was observed after 3 years [119]. A study of 162 patients with sBCC found no significant difference in efficacy between standard red light MAL-PDT and fractionated ALA-PDT, which was attributed to differences in agent localization [120]. Fractioned PDT also showed a favorable safety profile, with no serious adverse events reported. The most common side effects were erythema (redness of the skin), edema (swelling), and hyperpigmentation (darkening of the skin), which were mild to moderate in severity and resolved within a few weeks after the treatment [121]. Another advantage of fractioned PDT is its potential to improve cosmetic outcomes compared to traditional PDT. Because the photosensitizing drug is administered in multiple small doses, this reduces the risk of scarring or other cosmetic complications. While promising, fractioned PDT is not without its limitations. The treatment requires multiple sessions over several weeks, which can be inconvenient for some patients. Additionally, the cost of fractioned PDT may be higher than traditional PDT due to the need for multiple treatments, and, in some cases, it has allowed for tumor resistance and clinical relapse [106]. However, the potential benefits of improved efficacy, reduced side effects, and improved cosmetic outcomes may make fractioned PDT a worthwhile option for patients with skin cancer.



Fractioned PDT is a promising technique for treating skin cancer, potentially improving efficacy and reducing the risk of side effects compared to traditional PDT. While further research is needed to fully evaluate the long-term efficacy and safety of fractioned PDT, the results of recent studies suggest that it may be a viable treatment option for patients with SCC or BCC.




5.1.4. Two-Photon PDT


Two-photon PDT (TP-PDT) is also an old technique [122] that has been developed over the last years thanks to new laser sources and PS. This technique is based on the use of two photons of near-infrared (NIR) light that are absorbed simultaneously by a PS molecule, resulting in the generation of singlet oxygen and other ROS that can kill cancer cells (see Figure 3) [44].



One of the main advantages of TP-PDT is its ability to penetrate deeper into the skin than traditional PDT techniques. This is because the two-photon absorption process is highly localized, which allows for precise targeting of cancer cells without damaging surrounding healthy tissue [123]. In addition, the use of NIR light reduces the risk of phototoxicity and other adverse side effects associated with traditional PDT, as it has lower energy and longer wavelengths that can penetrate deeper into the skin. TP-PDT has been shown to be effective in the treatment of a variety of skin cancers, including BCC, SCC, and melanoma [124,125]. One of the challenges of TP-PDT is the need for specialized equipment, including a femtosecond laser, which can make the technique more expensive and less accessible than traditional PDT. However, technological advances have made these systems more widely available, and the potential benefits of TP-PDT in the treatment of skin cancer make it a promising area of research. Another advantage of TP-PDT is its ability to be combined with other treatment modalities, such as immunotherapy and chemotherapy. This combination therapy approach has been shown to enhance the therapeutic efficacy of TP-PDT and improve patient outcomes. Despite its potential advantages, there are also some limitations to TP-PDT. One of these limitations is the need for a PS molecule that can absorb two photons of NIR light, which limits the range of PSs that can be used with this technique [126]. Another challenge of TP-PDT is the lack of standardized protocols and dosimetry, making it difficult to compare results across studies and optimize treatment parameters [127]. However, ongoing research is focused on addressing these issues and improving the effectiveness and accessibility of TP-PDT for treating skin cancer and providing new PS [128].



In conclusion, TP-PDT is a promising technique for treating skin cancer with potential advantages over traditional PDT techniques. Its ability to penetrate deeper into the skin, its higher capacity for spatial focalization, and its compatibility with other treatment modalities make it an attractive option for patients with skin cancer. However, further research is needed to optimize treatment protocols, improve accessibility, and provide new PS for this technique.





5.2. Advanced Light Delivery Devices


Advanced light delivery devices have revolutionized the field of medicine, particularly in the realm of PDT. In this specific case, the efficacy largely depends on the ability to administer the therapeutic light specifically to the entire area of the target tissue. For PDT to be most effective and to minimize harm to surrounding tissues, the treatment target should be evenly illuminated by a well-conforming light source. This uniformity can be achieved by attaching a diffusing cover to the end of the optical fibers. This technique is highly suitable for treating easily accessible flat surfaces and has been widely used in PDT for skin lesions [70]. Optical fibers are essential components of most flexible light delivery devices used in skin cancer treatments. Diffusing tips, produced by companies like SCHOTT, Medlight, Pinnacle Biologics, and Biolitec, facilitate an even distribution of light along the diffuser’s length. This is achieved by introducing surface roughness or scattering particles at the border between the core and cladding of the fibers. While standard diffusers generate uniform illumination throughout their length, custom diffusers can be tailored to produce a light profile that aligns with particular treatment plans [129]. In this regard, optical fibers with diffusers are usually employed in advanced light delivery devices as light-emitting fabrics. Plastics and adhesives are also some of the latest innovations in this domain. These materials offer unique advantages over traditional light delivery methods by providing more flexibility, comfort, and better patient outcomes. In this section, we will only be focused on and delve deeper into the potential benefits of light-emitting fabrics, plastics, and adhesives for PDT, and explore how they are being used to improve treatment outcomes for skin cancer.



5.2.1. Light-Emitting Fabrics


Light-emitting fabrics [39] are promising technologies for delivering light-based therapies, such as PDT. Textile light diffusers are a type of fabric that can diffuse light in a controlled manner. These fabrics are made of various materials, such as nylon or polyester, that can be treated with a special coating to make them light-diffusing. These diffusers can be made into various shapes and sizes and placed directly on the skin or inserted into the affected area. They can also be customized to match the shape of the affected area, ensuring that the light is delivered precisely where it is needed. Typically, the light source is generated using optical fibres that have been manipulated to disperse light through their sides instead of the end-face (typical macrobending). Macrobending of plastic optical fibre (POF) can be induced by the specific architecture of textile structures, resulting in side-emission without the need for any post-treatment. The bending angle influences the degree of light decay along the fibre, and the calculations for this phenomenon are elaborated upon by Endruweit et al. [130]. The latter study uses the Monte Carlo ray-tracing method to examine how light behaves in optical fibres, particularly those with a single bend. It shows that a smaller critical angle for total internal reflection and a smaller light beam opening angle increase light guidance efficiency. Uniform distribution of light across the fibre face yields higher transmission, which decreases with bending angles. Major light emission zones that emerge with increased bending angles cause noticeable transmission losses. However, such losses drop exponentially with an increased ratio of bending radius to fibre radius. Macroscale bending in composite components has a minimal impact on light transmission, but mesoscale bends can cause significant losses. The study also found that total transmission losses across multiple fibre bends differed from previous estimates, as passing through a bend could change the distribution of light within the fibre. Fabrics with a lower degree of crimp were found to be most suitable for optical fibre integration due to reduced bending losses in light intensity. Embroidery or weaving techniques can be utilized to create the macrobending necessary for this effect.



In the first case, the embroidery process enables the creation of various patterns on POF, including spots, lines, curves, and zigzags, on various substrate materials (see Figure 4a). The use of embroidery to create these patterns on POF has several advantages. Firstly, it allows for precise control over the placement and shape of the pattern, which is important for ensuring that the light is delivered to the targeted cells effectively. Secondly, embroidery is a relatively inexpensive and straightforward process, so it can be easily scaled up for large-scale production. Selm et al. evaluated this technique by developing a prototype consisting of a dense woven substrate with embroidered POF fixed using conventional yarn (Figure 4) [131]. The woven substrate was made of 100% polyester multifilament, weighing 50 g/m2 and 29 threads cm−1 in warp and weft. This approach, in combination with an aluminium backing and embroidered textile, provides adequate irradiation power for low-fluence-rate (3.6 mW cm−2) PDT treatment over a large area of several square centimeters (11 cm2).



On the other hand, weaving can be used to address the issue of reduced side-emitted radiation intensity along the fibre and to enhance the uniformity of light emission. Weaving is a well-known textile production technique that has been used for centuries to produce fabrics of various types. It is a process that involves interlacing two different sets of yarns or threads at a perpendicular angle to produce a cloth or fabric (Figure 4a). In the case of woven-based light-emitting fabrics, this technique is used to weave POF into a flexible fabric, which can emit light from its sides, providing the highest fluence rate and the best homogeneity of light delivery (see Figure 4b,c). One of the advantages of woven-based light-emitting fabric is its flexibility, which allows it to conform to the contours of the treatment area. This means that it can be used to treat various body parts, including curved and irregularly shaped ones. This flexibility is crucial in delivering light-based therapies, such as PDT, where the light needs to be delivered precisely to the affected area. Additionally, woven-based light-emitting fabric is highly durable, making it suitable for use in medical settings where equipment must be able to withstand frequent use. Another advantage of woven-based light-emitting fabric is its ability to enhance the uniformity of light emission. In traditional light-emitting fabrics, the intensity of light emitted along the fibre decreases as it moves away from the light source. However, the weaving process enhances the uniformity of light emission with woven-based light-emitting fabric. The fibre is bent at various angles, which causes light emitted from the sides, resulting in a more uniform distribution of light. This uniformity of light emission is essential for delivering effective light-based therapies, such as PDT. The weaving process used in woven-based light-emitting fabric is also highly customizable. Various weaving patterns can be used to produce fabrics of different shapes, sizes, and densities, which can be tailored to meet the specific requirements of a particular application.



Another device that has gained attention is the textile light diffuser developed by Cochrane et al. in 2013 (Figure 5) [132]. The device is based on commercial polymer optical fibres that are arranged in a weave pattern, and it is designed to produce a large diffuser with a useful width of 20 cm. The light source used in this device is a 5 W laser diode that generates a quasi-homogeneous intensity of 18.2 mW·cm−2. When considering the use of PDT in direct contact with skin, it is important to be mindful of potential temperature elevations that could cause damage. Infrared measurements taken on the surface of the device indicate that even after 10 min of continuous utilization with a 5 W laser light source, the temperature elevation on the surface is only 0.6 °C. Another advantage of this device is its ability to tune the light source’s wavelength using the same diffuser. This feature allows for flexibility in the wavelength of light used for PDT and can be particularly useful for treating different types of medical conditions.



Similarly, the flexibility of the light diffuser used in PDT should be considered to ensure that the light dose received by the curved skin surface is homogeneous. Ideally, a light diffuser that can adapt to the body’s curves should be used. In the wrap direction, the device can be rolled without causing any damage because no POFs are bent. The bend radius is incredibly small, ranging from 1 to 2 mm. The bend radius can be estimated to be between 4 and 5 mm in the weft direction. Figure 6b demonstrates that the device can be placed around a finger without damage, thanks to its flexibility and adaptability. This approach eliminates the need for any pre- or post-treatment of optical fibres, as the weaving parameters alone are sufficient for light diffusion. This significantly impacts the cost of the product, as it utilizes low-cost POF compared to other technologies [132].



Overall, embroidery and woven-based light-emitting fabrics are promising technologies for delivering light-based therapies, such as PDT. In the first case, embroidery allows for precise control over the placement and shape of the pattern. In addition, it is a relatively inexpensive and straightforward process, so it can be easily scaled up for large-scale production. On the other hand, woven-based light-emitting fabrics involve weaving POF into a flexible fabric, which emits light from its sides, providing a high fluence rate and homogenous light delivery. These devices can also be tuned to different wavelengths of light, making them flexible and useful for treating different medical conditions. Finally, using embroidery and woven-based light-emitting fabrics in PDT eliminates the need for pre- or post-treatment of optical fibres, reducing the cost of the product. As these technologies continue to develop, they may become an increasingly important tool in the field of cancer and other disease treatments.



Although light-emitting fabrics are a promising technology, they are still emerging. For this reason, the number of clinical trials using light-emitting fabrics is limited. In [133] (NCT03076892), the authors explored the use of a flexible light-emitting fabrics method (FLEXI-PDT) in treating actinic keratosis, with a specific protocol called Phosistos-PDT (P-PDT) comparing its efficacy to conventional PDT (C-PDT) with a LED panel (Aktilite®). The experimental setup included three flexible light-emitting fabrics, each measuring 21.5 × 5 cm and covering a combined illumination area of 322.5 cm2. This setup was sequentially exposed to 635 nm laser light at a fluence rate of 12.3 mW cm−2 for 1 min, alternating between 1 min of light and 2 min of darkness. The total irradiation time spanned 2.5 h, delivering an overall light dosage of 37 J/cm2. The clinical trial consisted of 46 patients treated with P-PDT on one area (n = 285 AK) and with C-PDT on the contralateral area (n = 285 AK). Consequently, [83] compared the FLEXI-PDT to a C-PDT with the same lamp. During the clinical trials (NCT03076918), 156 actinic keratosis cases (42.3% grade I and 56.4% grade II) were treated using the FLEXI-PDT, while 154 cases (42.2% grade I; 56.5% grade II; 1.3% grade III) were subjected to the conventional PDT treatment. A follow-up after three months showed a total response rate of 59.1% for C-PDT and a slightly higher rate of 66.0% for FLEXI-PDT. The six months post-treatment evaluation report response rates increased to 76.8% for C-PDT and 84.0% for FLEXI-PDT, representing a 1.3-fold increase compared to the three-month mark [39]. Both methods induced local side effects, such as erythema and edema, yet they did not necessitate any special care in the context of local dermatological photodynamic therapy. Importantly, patients reported significantly less pain during the FLEXI-PDT treatment. In summary, the FLEXI-PDT is not inferior in terms of efficacy and is superior in terms of tolerability to the conventional protocol for treating AKs of the forehead and scalp. In another clinical evaluation (NCT03076892) the authors used an improved version of the previous device, incorporating the light-emitting fabrics inside an ergonomic helmet [83]. The clinical protocol was similar to the previous one, but with reduced irradiance and light dose. The redesigned device was more ergonomic and compact. It was classified as an exempt risk group device. The results showed that the new PDT technique, called P-PDT, was noninferior to the C-PDT in terms of complete lesion response rate at 3 and 6 months. Specifically, at the 3-month follow-up, for P-PDT, the complete lesion response rate was 79.3%, while for C-PDT, it was 80.7%. Similarly, at the 6-month follow-up, P-PDT achieved a complete lesion response rate of 94.9%, compared to 94.2% for C-PDT. P-PDT resulted in significantly less pain compared to C-PDT during both the first and second treatment sessions. Adverse effects were reported by almost all patients, but the incidence was lower with P-PDT. Overall, P-PDT showed promising results with reduced pain and comparable efficacy to C-PDT in treating actinic keratosis. Finally, another clinical trial that is expected to conclude in August 2024 (NCT03713203) has focused on the rare skin disorder Extramammary Paget disease of the vulva (EMPV), primarily affecting postmenopausal Caucasian females. Surgical excision is the standard treatment, but it often has positive margins and fails to control the disease. Photodynamic therapy using Metvixia has shown promise but is painful. The authors propose a new device based on light-emitting fabrics called PAGETEX [134]. This device was specifically designed to accommodate different body shapes and ensure uniform light distribution in the vaginal area, beneath the labial region, and on the perianal region with safety. The study aims to investigate the efficacy and safety of the PAGETEX medical device, a painless PDT device, in treating vulvar Paget disease. The study is a nonrandomized, single-centre trial with 24 patients. The treatment involves two PDT sessions using PAGETEX at 15-day intervals. Metvixia is applied for 30 min, followed by 2 h and 30 min of red light illumination. The primary endpoint is the disease control rate at 3 months, while secondary endpoints include disease control rate at 6 months, patient quality of life, pain levels during PDT sessions, presence of protoporphyrin IX in Paget cells, and patient satisfaction.




5.2.2. Plastics and Adhesives


Plastics and adhesives have emerged as promising materials for advanced light delivery devices in PDT. These innovative technologies offer a range of benefits over traditional light delivery methods, such as improved flexibility, enhanced patient comfort, and better precision in targeting tumor sites. This section will examine the use of plastics and adhesives in PDT, explore their advantages and limitations, and discuss the latest developments in this rapidly evolving field. From implantable devices to topical applications, plastics and adhesives are transforming how PDT is delivered and providing new hope for patients with various medical conditions.



For example, in [135,136], a light blanket integrating side-glowing optical fibres is demonstrated (Figure 7).



This technique integrates the fibre into a flexible, blanket-like structure that can be draped over the treatment area. The fibres emit light from their sides, illuminating the entire treatment area. Specifically, in this case, the light source is composed of a series of parallel cylindrical diffusing fibres that offer more uniform light delivery and reduced operating time in the operating room. To test its effectiveness, a preliminary experiment was conducted using a 9 cm × 9 cm light blanket consisting of 8–9 cm cylindrical diffusing fibres placed in parallel finger-like pockets. The blanket was filled with a 0.2% intralipid scattering medium to improve the evenness of light distribution. In subsequent work, this parameter was improved by using an optical adaptor, which will be able to match the numerical aperture of the laser source to the numerical aperture of the blanket fibre, thus transmitting a higher percentage of light [137].



On the other hand, flexible materials, such as plastics, can be bent or shaped to match the contours of the affected area. They can also be customized to emit light of a specific wavelength, ensuring that the photosensitizing agent is activated in a targeted manner. They can also be combined with other medical devices, such as endoscopes, to deliver light to areas that are difficult to reach. Masuda et al. manufactured a flexible LED unit in 2019 (Figure 8) [138], which was designed for the multi-wavelength excitation of 5-ALA. This device has the potential to enhance the therapeutic effects of PDT by achieving more uniform irradiation of even areas. With the ability to excite multiple wavelengths, the flexible LED unit can improve the specificity and selectivity of the PS and minimize the damage to normal tissue. This study also investigated the synergistic effects of dual-wavelength irradiation for PDT.



They found that combining 405 nm and 505 nm light produced the greatest synergistic effects in HaCaT cells due to high ROS production. Moreover, the combination of 405 nm and 505 nm light was also the most effective in vivo, as tested on melanoma cells in mice. To achieve the same effect as 405 nm alone, long wavelength light was added to reduce the amount of the shorter wavelength. The level of total ROS at 405 nm + 505 nm was also significantly higher than that of the control and comparable with 405 nm alone. These findings suggest that the combination of 405 nm and 505 nm light produced the greatest synergistic effects in HaCaT cells due to high ROS production. The study also addressed the issue of pain, which is a side effect of PDT. Various methods, such as cooling, topical anesthetics, and lower irradiance, have been used in clinical trials to reduce pain. Using a flexible-type light source unit may help reduce pain, as treatment at home and at a hospital is possible. Irradiation duration may also be increased because treatment can be conducted while performing other activities, and thus low irradiance becomes possible, which might reduce pain.



In 2019, Yamagishi et al. reported a tissue-adhesive optoelectronic device that can deliver PDT wirelessly and continuously to tumors for at least 10 days [139]. The device uses bioadhesive and stretchable PDA-PDMS nanosheets to fix it to internal tissues, allowing continuous delivery of light to target tumors, with negligible risk of thermal tissue damage. The light power used was 1000 times less intense than that of conventional PDT (<100 µW·cm−2), ensuring the safety of the device. The researchers overcame the penetration depth limitation of the light by encapsulating the wireless optoelectronics with the PDA-PDMS nanosheets and demonstrated the superiority of green light over red light in treating tumors. The PDA-PDMS nanosheets were fabricated through a gravure-printing method and a PVA sacrificial layer technique and showed significant tissue adhesiveness, making them suitable for stable long-term implantation of small wireless devices in the wet conditions inside the body. The implantable and wirelessly powered mPDT system using tissue-adhesive optoelectronics can be used as an alternative local treatment for tumors in fragile or delicate organs where surgical operation or radiation therapy risks damaging the surrounding healthy tissues, nerves, and blood vessels. The researchers anticipate that the system will offer a new path to treating undetectable microtumors or deeply located lesions where light does not reach by combining the device with the immunostimulating effect of PDT. Future work should focus on developing a light source that can provide broad photoirradiation and flexibly fit the shape of target organs to treat diffusely and widely distributed lesions. An organic electroluminescence device is a promising candidate for this application.



In this regard, other approaches have proposed using deformable organic light-emitting diodes, such as Quantum-LED (QLED) and Organic-LED (OLED). QLEDs have the ability to adjust emission wavelengths and exhibit flexibility, which may facilitate the development of wearable, targeted photomedicine that enhances the absorption of various medical photosensitizers [140,141]. Even though QLEDs have been known to utilize higher power per voltage compared to OLEDs, in the case of PDT applications, experiments involving QLEDs have been conducted at intensities of 5 mW/cm2 or lower, which is the same as that used for OLEDs, due to concerns regarding operational reliability [142]. In [143], the authors showed the potential of administering a single dosage of ALA-PDT at a low-fluence rate (3 mW/cm2) over an extended treatment duration (3.7 h) using OLED, without requiring the anaesthesia of the animals. The outcome of animals treated with PDT, when monitored for both pre- and post-light tumor volume, is encouraging, as it leads to a greater survival time compared to that of the control group. In [144], an open pilot study of ambulatory PDT using a wearable low-irradiance OLED light source in the treatment of nonmelanoma skin cancer is presented, demonstrating the potential use of this technology over an area of 2 cm in diameter. The study recruited 12 patients with Bowen’s disease or superficial BCC and administered two treatments of red light following the application of ALA. At the 12-month follow-up, seven of the patients remained clear. Pain during and after treatment was scored as <2 using the numerical rating scale. The study suggests that OLED-PDT is less painful and more convenient than conventional PDT, with potential for “home PDT”, but further validation is needed in larger studies.



An advanced device can be found in [142], in which a parallel-stacked flexible OLED (PAOLED) for wearable PDT is presented (Figure 9).



The article discusses the development of PAOLED for wearable biomedical and display applications. The PAOLED achieved high-output characteristics of over 100 mW/cm2 at a low voltage of 8 V or less, with the ability to drive N OLEDs in parallel. The PAOLED was optimized for a specific purpose by adjusting the ITO OLED’s and microcavity OLED’s thickness and current dispersion. It demonstrated an operating reliability of over 100 h even at a high power of 35 mW/cm2. For the wearable PDT application, the PAOLED was controlled to match the 660 nm peak wavelength of the photosensitizer and showed the ability to generate about 380% more singlet oxygen than the reference after only 35 min of irradiation under high-power conditions of 35 mW/cm2. It was applied in vitro to treat melanoma skin cancer under the same conditions, reducing cell viability by about 24%.



Another interesting recent approach is using a flexible microneedle-based delivery system (Figure 10) [109]. The study used this system to deliver an aggregation-induced emission PS with strong photobleaching ability deep into tumors. The system, called Microneedles@AIE PSs, provided uniform delivery of the PSs, and LED microarray delivered light deep into the tumor through the channels formed by microneedle punctures. Wireless power transmission was used to provide stable power for the light source, allowing treated mice to maintain a good range of motion during the microneedle-based mPDT (M-mPDT) treatment. The mPDT treatment significantly inhibited tumor growth, and it can be used in combination with surgical treatment or immunotherapy to enhance its efficacy. The microneedle-based delivery system has the potential for clinical translation and can improve the antitumor efficacy of mPDT [109].



Overall, plastics and adhesives have become promising materials for advanced light delivery devices in PDT. The use of plastics and adhesives in PDT offers several advantages over traditional light delivery methods, such as improved flexibility, enhanced patient comfort, and better precision in targeting tumor sites. Plastics can be bent or shaped to match the contours of the affected area and can also be customized to emit light of a specific wavelength, ensuring that the photosensitizing agent is activated in a targeted manner. Furthermore, the utilization of deformable organic light-emitting diodes provides the capability to tune emission wavelengths and displays superior flexibility, thereby potentially facilitating the creation of personalized, wearable photomedicine. By utilizing adhesives, treatment can be administered with increased comfort for the patient, also allowing for advanced techniques like metronomic PDT. The use of plastics and adhesives in PDT is transforming the way PDT is delivered and providing new hope for patients with a variety of medical conditions.






6. Discussion


Photodynamic therapy is a promising treatment option for various types of skin cancer, which works by selectively destroying cancer cells using photosensitizing agents and light. The mechanism of action of PDT is complex. It involves a series of chemical reactions that result in the generation of ROS when the PSs are activated by light of a specific wavelength. While there are many potential PSs for PDT, only a few have been approved for use in treating skin cancer or other conditions. These PSs have been used to treat various skin conditions, including AK, BCC, and SCC, among others. For example, Metvix® and Ameluz® are commonly used for the treatment of AK, while Photofrin® and Levulan® have been used for the treatment of BCC and SCC. The rigorous testing and regulatory approval process that new drugs and therapies must undergo before they can be marketed to the public partly explain why only a few have been approved.



The choice of light source for PDT depends on several factors, including the specific treatment site, cost, adaptability, wavelength, and power requirements. Coherent light sources, such as lasers, are highly efficient at activating PSs, but they are expensive and less adaptable than non-coherent sources. Non-coherent sources, such as LEDs and incandescent lamps, are less expensive and more adaptable, but they have limited light penetration depth in comparison with lasers. Xenon arc lamps offer a broad spectrum of light and high- intensity, but they are less portable and more expensive. Each light source has its advantages and disadvantages, and the choice of light source should be based on the specific needs of the patient and the nature of the lesion being treated.



Advanced techniques in PDT, such as artificial dPDT and mPDT, offer several potential benefits over conventional PDT. By using natural sunlight as the light source, daylight PDT can reduce the cost and inconvenience of treatment and increase patient accessibility to PDT. In addition, mPDT, which maintains a constant level of the PS in tumor tissue, may lead to improved treatment outcomes and reduced side effects. The discrete version of this technique, fractioned PDT, also improves efficacy and reduces the risk of side effects compared to traditional PDT. While further research is needed to fully evaluate the long-term efficacy and safety of fractioned PDT, the results of recent studies suggest that it may be a viable treatment option for patients with SCC or BCC. Ultimately, TP-PDT shows promise as a technique for treating skin cancer, potentially offering benefits over conventional PDT methods. Its ability to penetrate deeper into the skin and be used in conjunction with other treatments makes it an appealing choice for those with skin cancer. However, additional research is necessary to refine treatment protocols, increase accessibility, and develop new photosensitizers for this approach.



Moreover, advanced light delivery devices in PDT, such as textile light diffusers, woven-based light-emitting fabrics, and plastics and adhesives, have shown great promise. These technologies offer several advantages over traditional light delivery methods, such as improved flexibility, enhanced patient comfort, and better precision in targeting tumor sites. On the one hand, embroidery and woven-based light-emitting fabrics are promising technologies for delivering light-based therapies, such as PDT. Embroidery allows for precise control over the placement and shape of the pattern, while woven-based light-emitting fabrics involve weaving POF into a flexible fabric, which emits light from its sides. These devices can be tuned to different wavelengths of light, making them flexible and useful for treating different medical conditions. The use of these technologies in PDT eliminates the need for pre- or post-treatment of optical fibres, reducing the cost of the product. On the other hand, plastics and adhesives have become promising materials for advanced light delivery devices in PDT. They offer several advantages over traditional light delivery methods, such as improved flexibility, enhanced patient comfort, and better precision in targeting tumor sites. The utilization of deformable organic light-emitting diodes provides the capability to tune emission wavelengths and displays superior flexibility, potentially facilitating the creation of personalized, wearable photomedicine. By utilizing adhesives, treatment can be administered with increased comfort for the patient, also allowing for advanced techniques like metronomic PDT. This approach is transforming the way PDT is delivered and providing new hope for patients with a variety of medical conditions. Even though advanced light delivery mechanisms in PDT have shown promising results, more time and evidence are needed to comprehensively evaluate their advantages and disadvantages.



On the other hand, the standardization of light source equipment in clinical PDT for skin cancer is a challenging yet critical endeavor. This would significantly contribute to ensuring consistent and optimal therapeutic outcomes across different healthcare facilities. Key factors to consider include the wavelength, power, beam profile, irradiance uniformity, and penetration depth of the light source. Advances in technology have introduced devices with programmable settings that allow for precise control of these parameters. However, achieving uniformity in clinical practice requires the development and implementation of comprehensive guidelines that define the optimal parameters for different types of skin cancers and stages of disease progression. Collaborative efforts from researchers, clinicians, and regulatory authorities are required to create these standards. Moreover, continuous training and education of healthcare providers should be emphasized to ensure the correct application of these standards in clinical practice.




7. Conclusions


The status of skin cancer treatment varies depending on the type and stage of skin cancer. The three most common types of skin cancer, BCC, SCC, and melanoma, are treated with different approaches. For example, BCC (the most common type of skin cancer) is often localized and rarely spreads to other parts of the body. For this reason, treatment options for BCC include excision, Mohs surgery, cryosurgery, radiation therapy, and topical medications. On the other hand, SCC is typically localized but has a higher chance of spreading compared to BCC. In this case, the treatment options are similar to that of BCC, but in some cases, topical chemotherapy or immunotherapy creams may be used. Finally, melanoma is the most aggressive type of skin cancer and has a higher risk of spreading to other parts of the body. The treatment options depend on the stage and may include surgery, immunotherapy, targeted therapy, radiation therapy, and chemotherapy.



Difficulties faced in skin cancer treatment can include early detection challenges, the risk of metastasis, recurrence, treatment side effects, and limited access to healthcare in certain areas. Early detection of skin cancer can be challenging, especially in inconspicuous areas or when it resembles benign skin lesions. If skin cancer spreads to other parts of the body, it becomes more challenging to treat. Skin cancer can sometimes recur even after successful treatment, requiring further intervention, and some treatment modalities, such as surgery, radiation therapy, or systemic therapies, can have serious side effects. Moreover, the cosmetic outcomes of previous approaches are typically unsatisfactory, as substantial tissue often has to be removed or damaged. In this regard, PDT is a promising treatment option for skin cancer and pre-cancers, providing selectivity and effectiveness through photosensitizing agents and light while avoiding previous side effects (one of the main characteristics is the preservation of connective tissue). Although only a few PSs have been approved for skin cancer treatment, advanced techniques, such as artificial dPDT and metronomic PDT, offer potential benefits over conventional PDT.



To optimize the PDT process, maximizing the overlap volume integral of the diseased tissue, the molecular oxygen, the photosensitizer, and the illuminating light volumetric distributions is necessary. Appropriately modulating the light beam parameters can prevent oxygen depletion. An adequate signal pattern of the amplitude-modulated light beam can be used to recover potential oxygen depletions in the diseased cancer volume during the maximum intensity part of the illumination period.



Additionally, advanced light delivery devices, such as textile light diffusers, woven-based light-emitting fabrics, and plastics and adhesives, offer advantages over traditional light delivery methods, including improved flexibility, patient comfort, and precision in targeting tumor sites. As these technologies continue to develop, they may become increasingly important tools in the field of cancer and other disease treatments. However, further research is needed to refine treatment protocols, increase accessibility, and develop new light sources and PS for these approaches.
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Figure 1. The principle of photodynamic reaction and its basic limitations applied in deep-seated tumor treatment. PS: photosensitizer, TME: tumor microenvironment. Reprinted with permission from Ref. [44]. Copyright year 2021 by the authors. Licensee MDPI, Basel, Switzerland. 
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Figure 2. The wavelength of light determines an optimal therapeutic window of PDT. (a) The absorption peaks of protoporphyrin IX (black) and sunlight spectrum at sea level (brown). (b) The relationship between wavelengths of light and skin penetration depth. Reprinted with permission from Ref. [35]. Copyright year 2020 by the authors. Licensee MDPI, Basel, Switzerland. 
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Figure 3. Photosensitizer activation through one-photon excitation and two-photon excitation (TPE). The TPE requires two photons of approximately half the energy compared to the energy needed in one-photon excitation. Reprinted with permission from Ref. [44]. Copyright year 2021 by the authors. Licensee MDPI, Basel, Switzerland. 
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Figure 4. (a) Schematics of an embroidery-based light-emitting fabric, (b) embroidery-based light-emitting fabric developed by Selm et al. [131], and (c) light distribution of this embroidery-based light-emitting fabric. Uneven light distribution is observed. Reprinted with permission from Ref. [37]. Copyright © 2016 Elsevier Ltd. 
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Figure 5. (a) Schematics of a woven-based light-emitting fabric, (b) woven-based light-emitting fabric, and (c) light distribution of woven-based light-emitting fabric. Homogeneous light distribution is observed. Reprinted with permission from Ref. [38]. Copyright © 2014 Elsevier B.V. 
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Figure 6. Textile light diffuser (a) connected to diode laser light source and (b) applied on a finger curved surface. Reprinted with permission from Ref. [132]. Copyright © 2012 Elsevier B.V. 
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Figure 7. (a) Picture of a blanket prototype, (b) fibre pattern of light blanket design, and (c) light distribution of a blanket prototype (0.2% intralipid; fibre 400 μm; length: 10 m). Uneven light distribution is observed. Reprinted with permission from Ref. [38]. Copyright © 2014 Elsevier B.V. 
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Figure 8. Irradiation devices. (a) 405 nm (flexible type), (b) 635 nm (flexible type), (c) 405 + 505 nm (flexible type), (d) 405 + 505 nm (plate type), (e) 405 + 505 nm (flexible type, light off), and (f) 405 + 505 nm (flexible type, bent state). Reprinted with permission from Ref. [138]. © 2019 Japanese Society for Investigative Dermatology. Published by Elsevier B.V. 
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Figure 9. Schematic illustration of PDT treatment principle and a photo of the PAOLED-based wearable PDT patch. * means excited estate. Reprinted with permission from Ref. [142]. Copyright © 2020 American Chemical Society. 
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Figure 10. (a) Uniform and deep intratumoral delivery of the photosensitizer achieved through microneedles. (b) Microneedles and LED arrays used for uniform, deep intratumoral light delivery. Reprinted with permission from [109]. Copyright © 2023 American Chemical Society. 
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Table 1. Approved PSs (not only for skin).
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	PS/

Drug Substance
	λ

(nm)
	Time to PDT/

Clearance
	Clinical/Preclinical Application
	Side Effects
	Localization
	Primary Mechanism of Action
	Refs





	Photofrin®/Porfimer sodium
	630
	24–48 h/

4–12 weeks [60]
	Approved

Esophageal cancer, lung cancer, microinvasive endobronchial cancer, gastric and papillary bladder, and cervical dysplasia and cancer
	Mild to moderate erythema.

Photosensitivity, mild constipation
	Mitochondrial membrane and lysosome [61]

Golgi apparatus [55]
	Ischemic cell necrosis [55]

Rapid illumination post infusion will favor vascular shutdown [62]
	[55,56,58,59]



	Foscan®/

Temoporfin (mTHPC)
	652
	48–96 h/

24 h dark

1–7 days

home [63]
	Preclinical testing:

Pancreas, breast

Approved:

Head and neck

cancer.
	Swelling, bleeding,

ulceration, scarring

Photosensitivity
	Mitochondria [11]

Endoplasmic reticulum (ER) [55]
	Vascular damage and direct tumor cytotoxicity [55]
	[11,60,61,62,63]



	Ameluz®,

Levulan®/5-ALA
	410
	1–3 h/

48 h [64]
	Approved:

Actinic keratoses
	Stinging, burning,

itching, erythema
	Mitochondria,

cytosol, cytosolic

membranes
	Direct tumor

cytotoxicity
	[55,64,65,66]



	Metvix®/Metvixia® MAL
	635
	3 h/

24 h
	Approved:

Actinic keratosis,

basal cell carcinoma
	Burning sensation,

redness, scabbing
	Mitochondria,

cytosol, cytosolic

membranes
	Direct tumor

cytotoxicity
	[55,67]



	Laserphyrin®/NPe6/Talaporfin
	664
	2–4 h/

48 h dark

8–14 days

home [65]
	Approved:

Early lung cancer

Clinical trials

Hepatocellular

cancer, liver

metastasis
	Mild inflammatory

Mild

photodermatitis

[66]
	Lysosome,

endosome
	Vascular stasis and

direct tumor

cytotoxicity
	[66,68,69]



	Visudyne®/Verteporfin
	690
	15 min
	Approved:

Age-related macular degeneration
	
	DNA fragmentation [11]

Mitochondria membrane [67]
	
	[11,70,71,72]



	TOOKAD®/pheophorbides
	753
	15 min/

24–48 h [68]
	Clinical trial: prostate cancer
	-
	Vascular occlusion [69]
	Vascular damage [55]
	[55,73,74]
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Table 2. The benefits and drawbacks of utilizing coherent light sources (such as lasers) versus non-coherent sources (like LED and lamps) for superficial PDT [78].
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	Light Source
	Advantages
	Disadvantages





	Laser

(coherent)
	
	
<0.1 nm spectral bandwidth



	
High power



	
Efficient coupling to optical fibres



	
Uniform irradiance can be easily achieved



	
Adaptive emission (VCSEL, Edge-emitting laser)



	
Faster modulation than LEDs





	
	
Only for small areas








	LED

(non-coherent)
	
	
Low cost



	
Small



	
Adaptive emission (SLED, ELED)



	
Used for whole-body or point treatment



	
LEDs can fit down biopsy channels, permitting deep-seated PDT





	
	
5–10 nm spectral bandwidth



	
Large beam divergence








	Lamp

(non-coherent)
	
	
Low cost



	
Simple design



	
Wide illumination field



	
Multi-photon irradiance





	
	
UV and NIR radiation (optical filtering is needed)



	
Large beam divergence



	
High coupling losses with light guides
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