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Abstract: The healing power of light has attracted interest for thousands of years. Scientific discov-
eries and technological advancements in the field have eventually led to the emergence of photody-
namic therapy, which soon became a promising approach in treating a broad range of diseases. 
Based on the interaction between light, molecular oxygen, and various photosensitizers, photody-
namic therapy represents a non-invasive, non-toxic, repeatable procedure for tumor treatment, 
wound healing, and pathogens inactivation. However, classic photosensitizing compounds impose 
limitations on their clinical applications. Aiming to overcome these drawbacks, nanotechnology 
came as a solution for improving targeting efficiency, release control, and solubility of traditional 
photosensitizers. This paper proposes a comprehensive path, starting with the photodynamic ther-
apy mechanism, evolution over the years, integration of nanotechnology, and ending with a detailed 
review of the most important applications of this therapeutic approach. 
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1. Introduction 
Light has been noticed to have healing potential since antiquity [1], phototherapy 

being traced back to ~3000 B.C. [2]. Back then, exposure to sunlight was employed to treat 
various ailments, ranging from mood and mental health issues to locomotor disorders 
and skin diseases [3,4]. The discoveries of the infrared spectrum, ultraviolet radiation, and 
electromagnetic induction, coupled with the invention of artificial light sources, signifi-
cantly contributed to the emergence of modern phototherapy [1,3]. 

Photodynamic therapy (PDT) was discovered more than a century ago by Oscar 
Raab, a medical student working with Prof. Hermann von Tappeiner. He observed that 
paramecia incubated with a fluorescent dye and exposed to light died, whereas those kept 
in the dark were unaffected [5]. Von Tappeiner was the first to coin the term “photody-
namic reaction” [6]. 

Despite being known since early 1900, PDT’s clinical application is relatively recent, 
as it started to be widely used only after the 1970 s [6]. Therefore, PDT is a modern, non-
invasive, and rapidly developing method for diagnosing and treating various diseases. 
Due to its spatiotemporal selectivity, PDT is a promising therapeutic approach for a wide 
range of cancers and non-oncological diseases, while the antibacterial effect renders it 
suitable for non-clinical applications as well [2,7,8]. 

Based on the beneficial interaction between light, photosensitive compounds (called 
photosensitizers), and oxygen, PDT has gained popularity among various types of thera-
pies. The better cosmetic outcomes, minimal functional disturbances, good patient toler-
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ance, fertility preservation, and minimization of systemic toxicity are the main PDT ad-
vantages that render this method more promising than classic treatment strategies like 
chemotherapy, radiotherapy, and surgery [2,9–12]. 

However, some drawbacks remain, being mainly imposed by traditional organic 
photosensitizers. To overcome the issues of limited solubility, optical absorption, and tu-
mor targeting ability, PDT can be enhanced through nanotechnology [2,13–15]. In this re-
spect, nanoplatforms have been designed to modify existing photosensitizers towards in-
creased treatment efficiency [16]. 

This paper aims to explain the biophysical mechanisms of PDT, the generation-by-
generation improvement of photosensitizers, and nanomaterials’ role in obtaining un-
precedented PDT treatment performances. Moreover, an extensive review of current and 
emerging PDT applications was elaborated. 

2. Photodynamic Therapy Working Principle 
PDT is a special kind of light therapy based on the combined action of three main 

elements: a photosensitizer (PS), a light source, and molecular oxygen (Figure 1) [12,17–
19]. The main types of light sources employed in PDT are lasers, light-emitting diodes, 
and lamps, the choice depending on the target location, absorption spectrum of the used 
photosensitizer, and required light dose [20]. Under appropriate light irradiation, the non-
toxic photosensitizing compound placed at the target site is activated, being able to absorb 
and transfer electrons, while the in situ found oxygen molecules act as electron acceptors 
[19,21,22]. Hence, cytotoxic reactive oxygen species (ROS) are generated, producing irre-
versible damage to microorganisms and target tissues by rupturing the cell membrane 
and causing cell death by necrosis or apoptosis [17,19,23–25]. 

 
Figure 1. Main components of photodynamic therapy. Created based on literature references [12,18,26–28]. 

There are two main types of ROS, each corresponding to a distinctive PDT mecha-
nism (Figure 2). By electron transfer are produced oxygen radicals (e.g., superoxide anion 
O2•−, hydroxyl radical HO•, hydroperoxyl radical HOO•), while by energy transfer is ob-
tained singlet oxygen (1O2) [21]. Type I mechanism supposes the transition of PS molecules 
from the ground state to the singlet excited state and to the triplet excited state [8]. Then, 
through electron transfer, these excited PS molecules interact with the substrate to form 
free radicals [29–31]. In contrast, in the photodynamic reaction of type II, excited PS mol-
ecules transfer energy to molecular oxygen to produce highly active singlet oxygen that 
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further interacts with lipids, proteins, and nucleic acids, causing cell death by necrosis or 
apoptosis [8,22,29]. 

 
Figure 2. Schematic representation of photodynamic therapy (PDT) mechanism. Created based on literature references 
[2,7,8,18,26–28,32–35]. 

3. Photosensitizers 
One of the essential components of PDT, apart from light and oxygen, is the presence 

of photosensitizers. These substances’ intrinsic properties determine their therapeutic ef-
ficiency as PSs can absorb light of a specific wavelength and trigger photochemical or 
photophysical reactions [7,32,36]. An ideal PS should be chemically pure and uniform in 
composition, be an effective ROS generator, selectively accumulate in the target tissue, be 
innocuous in the absence of radiation, absorb light in the long-wave part of the spectrum 
(600–850 nm, a range called “phototherapeutic window”), be stable in solution, serum or 
plasma, be easily eliminated from the organism, and have an economical production route 
[8,29,37–39]. 

Photosensitizers were first introduced to the treatment on a commercial scale in the 
1970s when Dr. Thomas Dougherty and his colleagues tested the “hematoporphyrin de-
rivative” (HpD), a water-soluble mixture of hematoporphyrin, protoporphyrin, deutero-
porphyrin, their derivatives, monomers, dimers and oligomers and their esters [7,8,26]. 
Nowadays, more than 1000 natural and synthetic PSs are known [8] (Table 1), their devel-
opment facing generations of iterative evolution towards ideal photonic and biological 
properties [25]. 

The first generation of PSs relies on various forms of HpDs that have been used upon 
thousands of patients in clinical trials for over 30 years [26]. The first clinically approved 
PS is commercially known as Photofrin® (Axcan Pharma, Canada) and has been involved 
in treating several types of cancer, such as non-small lung, bladder, esophageal, and brain 
cancer [31,40]. However, despite their wide application, first-generation PSs have a series 
of disadvantages. These PSs have a low chemical purity and can be efficiently activated 
only using wavelengths below 640 nm, limiting tissue penetration. Moreover, the long 
half-life of PSs renders the skin hypersensitive to light for several weeks, requiring pa-
tients treated with them to stay in a dark room for up to 6 weeks. To overcome these 
limitations, developing a new generation of PSs became imperative [7,26]. 

Therefore, in the late 1980s, the next generation of photosensitizers started being 
studied [7,26]. Second-generation PSs consist of pure synthetic compounds with an aro-
matic macrocycle (e.g., porphyrins, benzoporphyrins, chlorins, bacteriochlorins, and 
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phthalocyanines) [28]. PSs that are either clinically approved or were/are currently under-
taking clinical trials include temoporfin (Foscan®, Biolitec, Germany), motexafin lutetium 
(Lutex ®, Pharmacyclics, USA), palladium bacteriopheophorbide (Tookad® soluble, 
Negma-Lerads, France), tin ethyl etiopurpurin (Purlytin®, Miravant, USA), verteporfin 
(Visudyne®, Novartis, Switzerland), talaporfin (Laserphyrin®, Meiji Seika, Japan) [31]. In 
contrast with first-generation PSs, these porphyrinoid compounds allow a better tumor 
specificity and penetration to deeply located tissues, as their absorption spectrum is in the 
range of 650–800 nm. Moreover, they have a faster elimination from the body, resulting in 
fewer side effects and reduced time (under 2 weeks) spent by the patient in a dark room. 
However, their major drawback comes from their poor water solubility. This property 
causes second-generation PSs to aggregate under physiological conditions, reducing the 
yield of ROS production. The hydrophobic nature is also a limiting factor for intravenous 
administration, forcing the search for new drug delivery methods [7,26]. Hence, develop-
ing another generation of photosensitizers was needed to facilitate delivery and cell up-
take and improve the therapeutic outcomes [41]. 

The development of the third-generation PSs primarily focuses on synthesizing 
structures with higher affinity for the target cells [7] (Figure 3). These PSs are usually com-
posed of a second-generation PS or a photoactivatable drug conjugated to or encapsulated 
in biodegradable/biocompatible nanoparticles (NPs). Therefore, the stability and hydro-
philicity of PSs are increased, pharmacokinetics, pharmacodynamics and biodistribution 
in vivo are improved, unwanted side-effects are reduced, and dark toxicity is limited 
[42,43]. Even though important advances have been made in the past decade, third-gen-
eration PSs are still under development [41]. Difficulties in parental administration of PSs 
limit widespread clinical application of PDT, new drug delivery systems being an urgent 
requirement for increasing the bioavailability of the photodynamic method [7]. 

 
Figure 3. Modifications of PDT for increasing drug selectivity. Created based on information from 
literature reference [7]. 

Table 1. Examples of photosensitizers. 
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Photosensitizer Absorption Range Approval Status Potential Applications Refs. 

Photofrin (sodium 
porfimer) 

~630 nm FDA approved (for treat-
ment of carcinomas) 

Radiation therapy for the pallia-
tive treatment of respiratory, al-
imentary tract, head and neck 

squamous cell carcinomas, 
treatment of breast cancer skin 

metastases 

[44,45] 

Indocyanine green 
(ICG) 

Near-infrared 
(>800 nm) 

FDA approved (for diag-
nostic in cardiology, hepa-

tology, ophthalmology, 
fluorescence-guided cancer 

surgery) 

Topical melanoma PDT, man-
agement of chronic periodonti-

tis 
[46–48] 

Methylene blue 600–665 nm 

Approved in Canada (for 
periodontal diseases and 
nasal decolonization of 
Staphylococcus aureus) 

Photoantimicrobial activity 
against yeasts and filamentous 
fungi, dental caries, basal cell 

carcinoma 

[19,49–52] 

Rose Bengal 500–550 nm  Dental caries [19,50] 

Curcumin 300–500 nm Not yet approved 
Local superficial infections and 

cancers [1,37] 

Thiophenes 225–400 nm  Skin and cervix cancer [1] 

5-Aminolevulinic acid 
(ALA) 

410–630 nm FDA approved (for derma-
tology indications) 

Hypertrophic actinic keratoses 
on the face and scalp, vulvar li-

chen sclerosus, glioblastoma 
[6,53,54] 

Methyl aminolevuli-
nate (MAL) 

~630 nm FDA approved (for derma-
tology indications) 

Actinic keratoses, basal cell car-
cinoma, Bowen disease, viral 

warts 
[6,11,55] 

Hexvix/Cysview 380–450 nm 

EU and FDA approved (for 
intravesical administration 
and diagnosis of bladder 

cancer) 

Bladder cancer, prostate cancer, 
colon cancer [56,57] 

Meta-tetrahydroxy-
phenylchlorin (m-

THPC) 
~652 

Approved in EU (for palli-
ative treatment of patients 
with advanced head and 

neck cancer) 

Pancreatic cancer, biliary cancer,
breast cancer metastases 

[45,52,58] 

Lutetium texaphyrin ~732 nm Phase I trial (for locally re-
current prostate cancer) 

Skin metastases, breast cancer [45,52] 

Verteporfin ~689 nm 

Approved in Japan (for 
subfoveal choroidal neo-

vascularization in wet age-
related macular degenera-

tion) 

Central serous chorioretinopa-
thy (CSCR), choroidal hemangi-

oma, gastric cancer 
[6,59–61] 

Talaporfin sodium ~664 nm 
Approved in Japan (for 

early endobronchial carci-
noma) 

Esophageal cancer, gastric can-
cer, bile duct carcinoma 

[52,59,62,63] 

4. Nanomaterials for Photodynamic Therapy 
By exploring new strategies to improve PDT, integrating PSs with nanotechnology 

came as a highly promising solution to increase therapy effectiveness [15]. Nanomaterials 
have recently become an important component of PDT for achieving enhanced results in 
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terms of specific targeting, high drug loading, multifunctional integration, improved sol-
ubility of hydrophobic PSs, maintenance of a constant PS delivery rate, and reduced toxic 
effects over healthy cells [15,36]. 

One of the attractive features of nanoparticles is their large surface-to-volume ratio. 
This property promotes loading capacity, improving concentration delivery and uptake 
in the target cells. The small size of nanoparticles also helps them mimic biological mole-
cules, allowing these nanocarriers to easily pass through the immune system barriers [29]. 
Moreover, their surface can be functionalized with specific ligands that can be recognized 
only by certain receptors, this unique match being the drug-release trigger [7,26]. 

In this respect, PSs may be encapsulated in or immobilized to nanoplatforms to be 
selectively delivered into the tumor [7,16] (Figure 4). A variety of nanostructures can be 
employed for this purpose, including diverse metallic, organic, inorganic, and polymeric 
materials in the form of dendrimers, micelles, liposomes, quantum dots, nanoparticles, 
antibody–drug conjugates, and more [15,16,43]. 

 
Figure 4. Schematic representation of possible combinations between nanoparticles and photosen-
sitizers (PSs): (a) nanoparticles embedded with PSs; (b) nanoparticles with PSs bound to the sur-
face; (c) nanoparticles as PSs; (d) PSs along nanoparticles. Created based on information from liter-
ature reference [64]. 

A promising approach is represented by metal-based nanoparticles that can carry 
and deliver hydrophobic PSs to tumoral tissues through the enhanced permeability and 
retention (EPR) effect [8,29,65,66]. Compared to conventional photosensitizers, metal-
based nanoparticles have a long cycle time, slow degradation, targeted and controllable 
release, being advantageous for PDT [8]. 

Due to its low toxicity, inertness, and good biocompatibility, gold is one of the pre-
ferred materials among metallic nanoparticles. Moreover, its affinity towards thiol and 
amine groups allows facile surface functionalization with ligands like antibodies, pro-
teins, nucleic acids, and carbohydrates [14,29,67,68]. Gold nanocages, nanorods, and 
nanoshells are considered brilliant photo-response structures, capable of sensitizing sin-
glet oxygen formation and generating ROS that can destroy cancer cells [69]. Gold 
nanoclusters were reported as effective delivery vehicles for clinically approved PSs, 
providing spatiotemporal control and diminishing undesirable side effects [70]. 

Silver is another material of interest in PDT because, besides its ability to generate 
singlet oxygen, it also has antimicrobial properties [14,64,71–73]. Ag nanoparticles’ large 
specific area increases the contact area between this material and bacteria or viruses, thus 
enhancing its bactericidal effect. Moreover, when being used as nanocontainers of PSs, 
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these particles perform a bimodal action, increasing the efficiency of fault detection and 
isolation of microorganisms [8,74]. 

Copper sulfide nanoparticles are widely used in PDT as they are cheap, simple, easy 
to prepare, and can be surface functionalized [8]. CuS nanoparticles also present photo-
thermal and photodynamic properties that, coupled with their insignificant cytotoxicity, 
make them suitable for bacteria eradication from infected wounds [75]. CuS nanodots can 
also serve as the base material for nanotheranostics with excellent biocompatibility [76]. 

Titanium dioxide can also act as a photosensitive agent, being able to generate singlet 
oxygen [8,24,77,78]. These nanoparticles gained interest due to their adjustable bandgap, 
band position, excellent photostability, low toxicity, high catalytic activity, abundance, 
and affordability [36]. Used either alone or as composites and combinations with other 
compounds, TiO2 nanoparticles can be successfully involved in PDT for treating malig-
nant tumors or inactivate antibiotic-resistant bacteria [79]. 

Manganese oxide-based drug nanoplatforms have also been proven effective in PDT. 
MnO2 nanosheets can regenerate oxygen through the reaction with H2O2 present in the 
tumor microenvironment while simultaneously consuming glutathione to enhance anti-
tumor efficacy. Moreover, these materials present strong PS absorption ability and good 
biocompatibility, which are attractive properties for PSs carriers [14,36,80]. 

Other metal-based nanomaterials reportedly used in PDT are molybdenum oxide, 
zinc oxide, and tungsten oxide nanoparticles [8], yttrium oxide nanoparticles [81], ruthe-
nium nanomaterial complexes [82], transition metal dichalcogenide nanosheets [14], tran-
sition metal carbides nanosheets, and nanoparticles [14]. 

Another attractive alternative to classic PDT is using silica nanoparticles for encap-
sulating PSs. Despite not being active itself, silica has other features recommending it for 
this light-based therapy, namely nontoxicity, chemical inertness, and optical transparency 
[14]. In this regard, mesoporous silica nanoparticles have been extensively used as 
nanocarriers for hydrophobic PSs, particularly zinc phthalocyanine [83,84]. 

Carbon-based nanomaterials have also gained considerable research interest in the 
field of PDT. Their physicochemical and biological properties, such as unique optical and 
mechanical features, good biocompatibility, low toxicity, versatile chemical functionaliza-
tion, enhanced permeability effect, and ability to produce ROS, make them suitable for 
cancer PDT and antimicrobial photodynamic inactivation [14,85]. Among the allotropic 
forms of carbon, the most applied are carbon nanotubes [14,86], fullerenes [5,87], and gra-
phene-based nanomaterials [88–90]. 

Carbon nanotubes, with their unique structures and features, have attracted interest 
for PDT application. In particular, single-walled carbon nanotubes have been used as po-
tential sensitizers in cancer therapy, as they are also considered efficient delivery vehicles 
for hydrophobic PSs [91,92]. 

Fullerenes can also be used as PSs, presenting advantageous properties, such as ver-
satile functionalization, ability to undergo photochemistry, the possibility of self-assem-
bly into supramolecular fullerosomes, and high resistance to photobleaching [5]. Moreo-
ver, [60]fullerene derivatives can be employed in the targeted delivery of drugs to the 
nuclear pore complex and tumor vasculature [87]. 

Graphene-based nanomaterials, such as graphene quantum dots, graphene oxide, 
and reduced graphene oxide, have also been employed in cancer therapy, either for anti-
cancer drug delivery or in PDT [14]. Particularly, graphene quantum dots’ ability to gen-
erate singlet oxygen can be exploited to destroy pathogenic bacteria and cancer cells [88]. 

The versatility and diversity of polymeric nanoparticles gained attention in PDT [93]. 
Their ability to protect drugs against initial deterioration, increase drug permeability into 
targeted tissue, and diminish systemic toxicity increased polymer-based nanosystems’ 
popularity over free drugs [94]. Biodegradable polymers are the preferred class of such 
materials, as they release the PS cargo when degraded by the biological environment [95]. 
Different architectures, ranging from linear and branched to crosslinked polymers, have 
been designed as delivery systems for the photo-based treatment of cancers [24].  
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An example of a convenient polymer for PDT use is polyacrylamide (PAA). PAA 
nanoparticles can be functionalized with amine or carboxyl groups, with a targeting moi-
ety and/or with polyethylene glycol, and filled with actuating molecules, making them 
suitable for tumor-selective PDT [52]. PAA nanoparticles are highly soluble in water, be-
ing excellent delivery vehicles for PSs, such as methylene blue [96–98], Photofrin [98], 
5,10,15,20-tetrakis(1-methyl 4-pyridinio) porphyrin tetra(p-toluenesulfonate) (TMPyP) 
[52], and Temoporfin (m-THPC) [52,99]. 

Poly (D,L-lactide-co-glycolide) (PLGA) has also attracted attention for PSs encapsu-
lation due to its biodegradability and ease of formulation. PLGA nanoparticles loaded 
with PSs have shown a higher photoactivity than free PDT drugs against cells from mam-
mary tumors and ovarian cancer cells [52]. 

Due to their highly branched structure and monodispersity, dendrimers have been 
adopted in PDT for PS-delivery [52,100]. Dendrimers-based delivery vehicles also benefit 
from enhanced permeability, sustained drug-release, high solubilization potential, high 
loading capacity, and improved colloidal, biological, and shelf-stability [101]. Particularly, 
dendrimers were used as carrier platforms for 5-aminolevulinic acid (ALA), an FDA-ap-
proved precursor of a PS employed in topical PDT [52]. 

Natural polymers, such as proteins and polysaccharides, can be turned into PDT-
useful nanoparticles [52]. Human serum albumin, bovine serum albumin, xanthan gum, 
alginate, chitosan, and gelatin are several examples of such materials investigated for PDT 
[52,100]. 

Lipid-based nanostructures can also serve well in PDT [102]. Liposomes may be a 
promising targeted delivery nanosystem, as they can encapsulate unstable PSs and facili-
tate their permeation to and through the cell membrane [7,23,46]. Liposome-based PS de-
livery was shown efficient against metastatic melanoma cells, breast cancer cells, skin can-
cer cells, and tumor-derived angiogenic vascular endothelial cells [100]. 

Another option is to combine PSs with low-density lipoproteins (LDL), especially 
due to many LDL receptors present on tumor cells’ surface. Studies have proved that a 
PS-bonded non-covalently to LDL before administration results in improved PDT effi-
ciency compared to free PS delivery [7]. 

Organic–inorganic hybrid materials, such as nanoscale metal–organic frameworks 
(MOFs), have also emerged as favorable delivery platforms in PDT. What recommends 
them for such application are their versatile functionalities owed to their chemical com-
position, the well-defined crystalline structures, large surface-to-volume ratio, high po-
rosity, low-density, regular channel, adjustable aperture, and diverse topology and tailor-
ing [8,14]. MOFs can be successfully applied in the treatment of various malignancies 
[103–105]. 

5. Photodynamic Therapy Applications 
Due to its non-invasive nature, PDT gained increasing interest in treating both ma-

lignant and non-malignant diseases. Over the last 40 years, PDT has been employed in 
various medical fields, ranging from oncology to dermatology, urology, ophthalmology, 
and dentistry, being efficient in healing a wide range of ailments [10,11,19,29,46]. 

5.1. Malignant Diseases 
Aiming to address the invasive nature of previous anticancer therapeutic strategies 

(e.g., radiotherapy, chemotherapy, surgery), PDT was developed as a promising alterna-
tive [8,15,16,106–108]. The main advantage of PDT is its selectivity to tumoral tissues, 
whereas non-malignant cell damage is minimized [29,109]. PDT can induce cancer cells’ 
death through three inter-combined mechanisms: direct cellular damage by inducing ROS 
production, indirect damage by shutting down tumor blood vessels, and stimulation of 
the patient’s immune system by increasing cancer cell-derived antigen presentation to T 
cells [109–111]. 



Appl. Sci. 2021, 11, 3626 9 of 19 
 

PDT was first used in human trials in 1976 for patients with bladder cancer. After-
ward, promising responses were obtained from early-stage patients suffering from lung, 
esophageal and gastric carcinomas. The next studies included PDT in treating other tu-
mors and cancer types, such as brain tumors, intraocular cancer, breast cancer, head and 
neck tumors, pancreatic cancer, gynecological tumors [12]. 

PDT can be employed in the treatment of skin cancers, both melanoma and non-mel-
anoma, the latter being categorized into two subgroups, namely basal cell carcinoma 
(BCC) and squamous cell carcinoma (SCC) [11,46,85,112]. Melanoma originates from the 
cells responsible for pigment production (melanocytes) and is the most aggressive of all 
forms, being likely to grow and spread if left untreated. Therefore, it is vital to diagnose 
this disease early and start treatment right away [113]. PDT is considered an alternative 
treatment for melanoma. However, some challenges still hinder its therapeutic efficacy, 
better tumor targeting, and near-infrared absorbing PSs being required [46]. 

On the other hand, non-melanoma skin cancers are most commonly found in the ar-
eas exposed to the sun [113]. BCC starts from the lower layer of the epidermis (made of 
basal cells) and tends to grow slowly, with only low metastatic potential [112]. In contrast, 
SCCs are more likely to extend towards deeper layers of the skin and invade other parts 
of the body, even though this is rather uncommon. Nonetheless, to avoid spreading to 
surrounding areas and create multicentric, synchronic, and metachronic lesions, these 
cancers should not be left untreated [112–115]. In this respect, PDT has been proved to 
produce the most appropriate cosmetic and functional results [112]. However, patients 
treated in this manner should be further monitored as there remains a risk of incomplete 
response and recurrence [114]. 

Breast cancer is the most common type of carcinoma in females, being the most prom-
inent cause of cancer-related mortality in women worldwide [94,106,116,117]. The first 
treatment option for breast cancer is the combination between chemotherapeutic agents, 
radiation therapy, and surgical intervention. Nonetheless, drugs do not yet penetrate tu-
mor tissue at adequate levels, and systemic side effects are observed [94]. Overcoming 
these drawbacks, PDT is seen as a promising, safe, and minimally invasive procedure. 
Moreover, if part of a tumor of known and limited extent appears on an MRI scan, PDT 
treatment is much simpler to repeat than conventional therapies [118]. 

In terms of diagnosed cases and associated deaths, one of the top three cancers in the 
US is lung cancer [13]. Chemotherapy is the dominant treatment modality, yet cancer cells 
develop drug resistance and no longer respond to therapy after a while. Consequently, a 
new treatment strategy must be applied, either after chemotherapy becomes inefficient or 
as the main treatment modality [119]. In this respect, PDT has a long history of clinical 
success, being FDA-approved for the ablation of microinvasive endobronchial non-small 
cell lung cancer (NSCLC) not suitable for other treatments and of completely or partially 
obstructive endobronchial NSCLC [11,13,120]. 

In terms of incidence and mortality rate, the fourth most common malignancy among 
women globally is cervical cancer [121]. Classical treatment strategies against this disease 
cause side effects, including pain and bleeding, and can even compromise the patients’ 
reproductive capacity, effects that no longer appear when using PDT [9,122]. 

Similarly, prostate cancer is one of the most common cancers in men worldwide. Un-
fortunately, most prostate cancers are discovered in advanced stages when there is a poor 
prognosis due to both pathophysiological changes and inadequate response to treatment 
[69]. To overcome these drawbacks, PDT emerged as an alternative, and various PSs have 
been tested in the clinic for the focal ablation of prostate tumors [11,37,123,124].  

PDT was reported effective in the treatment of gastrointestinal tract malignancies 
[125], being used for the remedy of esophageal [11,126,127], gastric [59,128–130], liver 
[131,132], pancreatic [133–135], and colorectal [136–138] cancers. The main advantages of 
using PDT for these types of cancer are the less-invasive nature compared to surgery and 
wider indication than endoscopic resection. Moreover, it can be used as a complementary 
treatment after local failure of chemoradiotherapy [127]. 
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There has also been renewed interest in using PDT to treat various brain tumors 
[11,108]. Brain cancers may be highly aggressive and infiltrative, the overall prognosis of 
patients being poor. Tumor resection is a delicate and not curative process, requiring sub-
sequential chemotherapy and fractionated radiotherapy. A solution to these issues would 
be the simultaneous action of fluorescence-guided surgery and PDT that allows synergic 
tumor cell visualization and selective destruction [139]. 

5.2. Non-Malignant Diseases 
Despite being best-known for cancer treatment, PDT is not limited to destroying tu-

moral cells. At the beginning of the last century, the photodynamic effect was demon-
strated against bacteria. Considering the present challenges of antibiotic resistance and 
the rise of new infections, it is no surprise that PDT gained attention for fighting against 
bacteria, fungi, viruses, and protozoa [17,35]. 

Antimicrobial photodynamic therapy (found in the literature also as “photodynamic 
inactivation”) is a safe and cost-effective method to treat various infectious diseases [33]. 
This is of great importance since the skin and soft tissue lesions can easily become infected 
by multi-drug resistant pathogens that delay proper healing. Moreover, classic local ther-
apies for infected wounds from burns, trauma, surgery, or diseases are expensive and 
frequently ineffective [140,141]. As a solution, PDT has been proposed for the treatment 
of localized bacterial infections. [140]. PDT has shown excellent wound healing results, 
accelerating tissue repair by killing bacterial cells and simultaneously stimulating fibro-
blasts’ proliferation [142]. 

Dental infections represent one of the greatest expanding fields of clinical antibacte-
rial PDT. Studies have reported that pathogens prevalent in the subgingival periodontal 
plaques (e.g., Porphyromonas gingivalis, Fusobacterium nucleatum, Staphylococcus spp.) have 
been successfully destroyed through photodynamic treatment, both in aqueous suspen-
sion and as a biofilm [33,143].  

Another application of PDT is for treating fungal infections. These infections are in-
creasing in prevalence worldwide, especially because only three major classes of antifun-
gal drugs are available for invasive infections, and the efficiency of the treatment depends 
on the patient’s immune response [19]. A particular case is represented by onychomycosis, 
one of the most frequent and severe nail fungal infections [144]. PDT is considered prom-
ising towards treating this disease through an appropriate formulation, including a PS 
and keratolytic agents that would increase nail plates’ permeability towards active agents 
uptake [17]. 

PDT has been reported to be effective in the inactivation of mammalian viruses, such 
as human immunodeficiency virus (HIV), human papillomavirus (HPV), hepatitis A, B, 
and C viruses, herpes viruses, human parvovirus B19, human cytomegalovirus, enterovi-
ruses, and adenoviruses [145–147]. PDT started to be intensively researched in the pan-
demic context as an alternative or complementary treatment strategy to target SARS-CoV-
2 [34,148–152]. The photodynamic effect can disrupt the membrane structures of the viral 
envelope, proteins, and RNA. Hence, PDT is proving to be a powerful tool to inactivate 
infectious agents [34,152]. 

Besides pathogen-related diseases, PDT can be employed in the treatment of central 
serous chorioretinopathy (CSC). This condition is caused by the serous retinal detachment 
and retinal pigment epithelial detachment at the macula, leading to visual difficulties un-
der low light levels [153]. Several treatments have been proposed to treat CSC (e.g., laser 
photocoagulation, carbonic anhydrase inhibitors), yet they are not specific enough in deal-
ing with this fundamental choroidal vascular issue [154]. Fortunately, PDT seems effective 
for treating CSC, as it impacts choroidal vasculature structure, altering its permeability 
[154–156]. 

5.3. Other Applications 
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The versatility of PDT is not limited to clinical applications. This technique is valua-
ble for other applications. One example is the removal of biofilms from medical devices. 
This is highly important, especially because contaminated devices pose a serious threat to 
human health through the nosocomial infections they can generate. In this respect, PDT 
can be used to repel biofilm infections from implants, such as prosthetic joint infections 
and infections caused by ventilator-associated pneumonia biofilms [157]. 

PDT can also be involved in developing photoactive fabrics by incorporating PSs 
triggered by sunlight. Masks, suits, and gloves can be designed in this manner to ensure 
a sterile, safe, decontaminated outfit for healthcare workers [150]. Similarly, antimicrobial 
surfaces can be obtained to avoid infectious disease outbreaks within healthcare facilities 
[158]. 

The selective inactivation of pathogens achievable through PDT is useful for envi-
ronmental water treatments [33]. Microorganisms like Gram-positive and Gram-negative 
bacteria, viruses, fungi, and parasites can be eliminated from the surface, ground, drink-
ing, and wastewaters, without developing resistance [159]. 

Biotechnology is another attractive field for applying the principles of PDT. For in-
stance, inactivating the microbes from fruits’ surfaces prolongs their shelf life, PDT being 
considered a high-efficiency and nonthermal sterilization technology [160,161]. Another 
beneficial use is replacing antibiotics treatment of milk by PDT, to reduce bacteria content 
from dairy products [162]. 

The food industry can be improved through PDT, not only by killing microbes in 
food itself but also by creating better packaging. Packaging materials that inhibit bacterial 
growth were reportedly fabricated using this sterilization technique [163]. 

6. Advantages and Disadvantages of Photodynamic Therapy 
Being so widely used, it is clear that PDT presents a series of advantages when com-

pared to traditional therapy alternatives. One of the most important is spatiotemporal se-
lectivity, which is owed to irradiation control in terms of position and time. This feature 
allows minimal invasiveness, minimization of systemic toxicity, and minimal functional 
disturbances [2,10]. 

PDT is well-tolerated by the patients, can be repeatedly applied at the same site, and 
either no or only a slight trauma occurs when it is employed to treat target tissues inside 
the body [2,10]. Unlike other therapies, PDT also preserves fertility and does not affect 
pregnancy and delivery [9]. Moreover, ROS’s ability to damage a broad range of cells 
makes PDT suitable for an extensive number of clinical and non-clinical applications [2]. 

Even though PDT is a promising and beneficial treatment strategy for many diseases, 
its application is hindered by classic PSs. Their poor water solubility, limited light-pene-
tration depth, and lack of good tumor targeting efficiency are the most commonly associ-
ated drawbacks to traditional PDT [8,14]. Other disadvantages include complex schedul-
ing, the necessity of multiple procedures, patient observation after treatment, and photo-
sensitivity issues during few weeks after therapy [13,33]. Therefore, developing a newer 
generation of PSs is a must in the advancement of PDT and its standardization in clinical 
practice. 

Another possibility of overcoming PDT limitations is represented by combinatorial 
approaches with other therapeutic modalities (Figure 5) [2]. In this way, the advantages 
of each treatment can be exploited, while their disadvantages can be offset. For instance, 
PDT might enhance antitumor immune response, and, in combination with immunother-
apy, “abscopal” responses can be obtained from lesions too deep to be efficiently treated 
by PDT [11]. 
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Figure 5. Possible combinations between PDT and other therapeutic strategies. Created based on literature reference [11]. 

7. Conclusions 
To summarize, photodynamic therapy has been increasingly used in the last decades, 

covering a wide range of practical applications. Due to its mechanism of generating ROS 
through the combined interaction of light, oxygen, and photosensitizing compounds, PDT 
has become attractive for destroying tumoral tissues, bacteria, fungi, and viruses. This 
therapy’s non-invasive and non-toxic nature rendered it popular for treating various 
types of cancers and infections. 

However, PDT has not yet reached its maximum potential since classic photosensi-
tizers impose limitations on light absorbance, penetration depth, and cellular uptake. In 
this respect, nanotechnology-integrated PDT started being researched. Various materials 
with dimensions in the nano range were tested as either as PSs or PSs carriers, showing 
promising results. Nonetheless, most of the studies are at the in vitro testing stage, while 
few have moved to clinical trials. 

Despite being such a convenient therapeutic approach, PDT has not come to the 
large-scale application of traditional chemotherapy and radiotherapy methods. The recent 
intensive research is expected to change this aspect soon, with the advancements in ma-
terial testing and integrated multimodal platforms. 
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