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Simple Summary: In recent years, numerous general and specific reviews about photodynamic
therapy and related subtopics have been published. The diversity of reviews is broad, including many
different complex topics and disciplines. In this work, we aim to summarize and compile the latest
reviews covering the whole photodynamic therapy field. Specifically, the most important reviews
of the last two decades are described. Additionally, some of the key issues and main conclusions
detected in these reviews are included. We hope this work will serve as a guide and starting point for
researchers to delve further into specific topics and formulate research questions.

Abstract: Photodynamic therapy (PDT) is a promising therapy against cancer. Even though it has
been investigated for more than 100 years, scientific publications have grown exponentially in
the last two decades. For this reason, we present a brief compendium of reviews of the last two
decades classified under different topics, namely, overviews, reviews about specific cancers, and
meta-analyses of photosensitisers, PDT mechanisms, dosimetry, and light sources. The key issues
and main conclusions are summarized, including ways and means to improve therapy and outcomes.
Due to the broad scope of this work and it being the first time that a compendium of the latest reviews
has been performed for PDT, it may be of interest to a wide audience.

Keywords: photodynamic therapy; cancer; overview; review; meta-analysis

1. Introduction

According to the Global Cancer Observatory (GCO), cancer is a leading cause of death
worldwide, accounting for nearly 10 million deaths in 2020 [1]. The established standard
treatment strategies (surgery, radiotherapy, and chemotherapy) have demonstrated reason-
able success for specific cancers in recent years. Despite this, some issues such as resistant
cancer cells, recurrence, and metastases have not been overcome. For this reason, new
technologies are essential for future cancer treatments.

A non-conventional therapeutic modality for solid tumours, which offers advantages
over standard treatments, is photodynamic therapy (PDT) [2], a light-based technology.
Light has been used in medical treatments for over a millennium. It was used in ancient
Egypt, India, and China to treat skin diseases, such as psoriasis, vitiligo, and cancer, as
well as rickets and even psychosis [3]. Despite this, sunlight as a medical treatment was
not widely used until the eighteenth century. The Nobel Prize awarded to Niels Finsen
acknowledged phototherapy in 1903. He was granted this prize for treating cutaneous
tuberculosis by using ultraviolet (UV) light. Simultaneously, J. Prime discovered that
patients with epilepsy treated orally with eosin were sensitive to the sun on exposed areas
of the skin, causing dermatitis [4]. Thanks to this discovery, H. Tappeiner and A. Jesionek
employed a topical version of eosin along with a white light source to treat skin tumours [5].
After that, the term “photodynamic action” was coined by H. Tappeiner and A. Jodlbauer
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when they discovered the oxygen requirement in photosensitization reactions [6]. After this
pioneering work, little research was performed until 1972 (few research articles per year
according to Scopus; see Figure 1). In the same year, Diamond et al. achieved a reduction
of tumour growth for some days [7], concluding that photodynamic action (renamed as
photodynamic therapy, PDT) could be used as a new approach to treat this disease. In
the inset of Figure 1, it is possible to see the tendency of research articles under these two
terms. In 1975, the first significant milestone in PDT occurred at the Roswell Park Cancer
Institute in Buffalo. T. J. Dougherty et al. reported the first successful complete tumour
cure in animal specimens by using PDT [8], heralding a new era for this technique. The
first PDT clinical trials date back to the late 1970s [9]. In that study, the effects of light
and hematoporphyrin derivative (HpD) in five patients with bladder cancer were studied.
Later in 1978, Dougherty reported the first large series of patients successfully treated
with PDT [10]. Several types of tumours were analysed, and all of them demonstrated
a response to the treatment. Since then, there have been more than 283 trials for PDT
(44 currently active) [11].
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Figure 1. Number of articles per year as a result of the search in the Scopus database (Elsevier). The
search was restricted to only the titles of the articles (not restricted to review articles). Queries for
each line were: TITLE (“photodynamic therapy”) red line; TITLE (“photodynamic therapy”) AND
SUBJAREA (MEDI) green line; TITLE (“photodynamic therapy”) AND SUBJAREA (MATE) purple
line. Note that the subject area is overlapped in some journals (materials and medicine are selected
because they are more differentiated). Inset shows the difference in articles between Photodynamic
Action (PA, dark symbol) and Photodynamic Therapy (red symbol).

Photodynamic therapy is based on three main elements: a photosensitizer (PS), light,
and molecular oxygen. The typical process begins with the PS uptake, either topically
or systemically injected. In most cases, after some time, the PS reaches a maximum
concentration within the vasculature and in some cases also in the tumour. It has to be
noted that one clinically approved PS works in a different way; Padeliporfin (Tookad
Soluble, WST11) does not accumulate either in cells or in the vascular endothelium but
only creates a complex with albumin and acts as a photocatalyst according to the Type I
mechanism. Some mechanisms of selective PS retention include a high proliferative rate of
neoplastic cells, lack of or poor lymphatic drainage, binding to low-density lipoproteins,
increased vascular permeability, abnormal structure of tumour stroma (with an increased
amount of collagen that binds to porphyrins), and infiltration of macrophages in the tumour
(that trap hydrophobic PS) [12,13]. When it reaches the maximum PS concentration at
the tumour, with respect to the healthy tissue, it is time for light to be applied. The PS
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usually has maximum peaks of absorption at some specific light wavelengths. When
the light interacts with the PS, it can transfer its excited-state energy into either tissue
substrate or surrounding oxygen. Thanks to this energy transfer, reactive oxygen species
(ROS) are produced. Two types of reactions can occur, and they generate superoxide
anion radicals and reactive singlet oxygen molecules, which kill tumour cells by direct
cell death (necrosis or apoptosis), vascular damage (leading to tissue ischemia), immune
modulation, or a combination of these. Some advantages of PDT over standard treatments
are its localization (thanks to direct light application and PS concentration at the tumour),
cytotoxic mechanisms (no damage to DNA and connective tissue structures) [14], possibility
for repeated treatment, inhibition of drug resistance pathways [15,16], and activation of
immunological responses [17], among others. The efficacy of these mechanisms depends
on many factors, such as the type of PS, cell, overall light dose, and tumour oxygenation
status, among others. These advantageous characteristics make PDT a feasible option to
be used alone or as complementary (before or after) to current standard therapies. They
forecast great potential for PDT in multi-therapy settings. It is of paramount importance for
patients with an inadequate or incomplete response to neoadjuvant therapies (NATs) or in
cases where NAT and surgery are not possible. There may even be circumstances in which
PDT could be an acceptable alternative to surgery or radiotherapy. Furthermore, in the
clinical field, the repeatability and “commutativity” of treatments are much-appreciated
characteristics, and PDT-based ones can offer both.

In the last two decades, an exponential increase in research has been performed to
tackle the PDT challenges (see Figure 1). Figure 1 depicts the number of articles per
year since 1905. As mentioned before, the term “Photodynamic Therapy” was not used
until 1972 [7]. Thus, the main graph represents the articles found for PDT since this year.
Previous years can be found in the inset, including PDT and Photodynamic Action (PA).
Furthermore, in the main graph, two additional lines represent the articles for different
subjects (Medicine and Materials).

The exponential growth this field is currently undergoing is clear, with a significant
contribution to the growing body of literature from the great advancement in material
science related to PDT (thanks to novel nanotechnologies). According to the Scopus
database, the number of review publications in the last two decades is 353 (words in
the title or keywords by the author “photodynamic therapy” and “cancer or tumor or
tumour”: TITLE(photodynamic AND therapy) AND TITLE(cancer OR tumor OR tumour)
AND PUBYEAR > 2000 OR AUTHKEY(photodynamic AND therapy AND cancer) OR
AUTHKEY(photodynamic AND therapy) OR AUTHKEY(photodynamic AND therapy
AND tumor) OR AUTHKEY (photodynamic AND therapy AND tumour) AND (LIMIT-TO
(DOCTYPE, “re”)). Due to the large and diverse body of literature, we have selected the
most important reviews of the last two decades, in which some of the most relevant articles
are summarised. For this, the search is divided into two steps: first, we focus on key topics
(detailed below); second, we select the most relevant articles (at least 50 references or highly
positioned by search engines). We will also present the key issues and conclusions detected
in some of these reviews, including ways and means to improve therapy and outcome. We
hope this contribution will be of interest to a broad audience, from bioengineers to clinical
oncologists. We do not aim to perform an exhaustive critical review of reviews of the
multidisciplinary topics included in this work (attempting to cover the whole PDT field).
However, due to the diverse and large body of literature on PDT, we believe that a guide,
compilation, and summary of the key messages and conclusions of the latest reviews are
needed. Detailed information to deepen understanding about specific topics can be found
in the cited articles. Accordingly, a substantial part of the information presented in this
contribution is extracted or adapted from the selected reviews.

The following section describes a selection of the latest reviews of PDT. The section
is subdivided into groups according to some key topics: overviews, specific cancers
and clinical trials, PS, PDT mechanisms, immune response activation, dosimetry, and
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light sources. Then, we summarize and conclude with the major findings of this review,
including some identified suggestions for further research.

2. Latest Reviews of PDT

Photodynamic therapy has been extensively studied after its resurgence in the 1970s.
The multidisciplinary nature of PDT (medicine, chemistry, biochemistry, materials science,
and engineering) makes it a complex and broad field, in which hundreds of publications
per year can be found (see Figure 1). Research is typically focused only on specific topics:
PS, light sources, dosimetry, the PDT effect (e.g., direct ROS effects, vascular damage,
and immune response), cell death pathways (e.g., apoptosis, paraptosis, necrosis and
autophagy), or general clinical trials. General overviews, which include many of these
subtopics, can also be found, which are advantageous for opening pathways towards
enhancing PDT outcomes. Hence, the following section summarizes this kind of review,
followed by sections dealing with the reviews on specific subtopics.

2.1. Overviews

For basic principles and some history of PDT, including clinical reports, the reader is
referred to the broad overview by Mcdonald and Dougherty from 2001 [18]. In the same
year, the history of photodetection and PDT was reviewed comprehensively by Ackroyd
et al. [3]. The latter traced the origins and development of PDT from antiquity to the
present, describing how PDT was first implemented and some history of the most common
PSs. Furthermore, a summary of the clinical trials of the 1990s can be found (organized
per body region: oesophagus, skin, brain, etc.). In 2002, a review about general principles
of PDT was published [19]. Another review, mainly about history but focused on the last
century, was published in 2003 [13]. The same year, Dolmans et al. published a general
overview [20], being the most cited review of the last two decades (4339 citations). Another
highly cited review was published the following year (1314 citations) [21]. In the latter
reference, Brown et al. presented an overview of PDT and a perspective considering the
novelty of PS in this age. After that, in 2008, Wilson and Patterson wrote another overview
that outlined the clinical status at that time, with an emphasis on the contributions of
physics, biophysics, and technology (biological targets, light propagation in tissue, PDT
technologies, and dosimetry) and ending with a discussion on the challenges remaining in
optimisation and adoption by the medical sector [22]. An updated overview was written by
Agostinis et al. in 2011 [23]. After a brief description of some essential components of PDT,
Agostinis et al. focused on some PDT cell death mechanisms, such as vascular damage or
immune response. To conclude, the review summarized some clinical trials on the brain,
skin, head, neck, and tumours of the digestive and urinary systems. In addition, an exciting
discussion about the current and future direction of PDT can be found. It would take
until 2017 to see another excellent overview produced, written by Straten et al. [24]. This
review provided a broad overview of oncologic PDT applied in a clinic from 2006 to 2016.
Furthermore, it included the basic principles of PDT, some preclinical studies, limitations,
and a discussion on possible directions for PDT in the following years. Finally, the most
updated overview can be found in Refs. [25–28] (2019), Ref. [29] (2020), and Ref. [30] (2021).

The previous reviews coincided with the need to face some particular issues before
integration into mainstream treatment. They have been selected and arranged in line with
the subsequent sections. For example, as stated in [24], one crucial issue is the lack of
randomized controlled clinical trials. These are usually trials of small size (with different
treatment protocols), in which PDT is not used independently or is not directly compared
with standard treatments (see Section 2.2). In spite of the lack of randomized controlled
clinical trials, similar outcomes have been demonstrated for small lesions (early detection)
for cases in which PDT has been compared to surgery (e.g., in the field of head and neck
cancer).

In contrast, surgery proves more effective than PDT for cancers with bigger or deeper
lesions (lung, pancreas, and biliary tract cancers that are detected at a later stage). In
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chemotherapy or radiotherapy, PDT has proved to be an effective and safe alternative with
lower morbidity. However, it has to be noted that established treatments are commonly
used in most hospitals. In contrast, PDT uses specific equipment not usually available
in the clinical setting (even though it is less expensive) [24]. Another issue commented
on in the latter reference is that almost one-third of the recent clinical trials still use first-
generation PS. Therefore, the future direction of study has to focus on third-generation
PS (commented in Section 2.3) rather than trying to establish a firm position for well-
established PS [24]. Another issue noted in [25] is that PDT selectivity is not absolute, and
some damage can occur to the surrounding tissue. Hence, it is relevant for understanding
the molecular mechanisms involved in resistance, drug delivery, and specific targeting of
tumours to develop advanced technologies to enhance specificity and reduce resistance to
PDT treatment (see Section 2.4). In this regard, tumour hypoxia is an obstacle for many
cancer therapies [24]. Another exciting aspect being studied is activating an immune
response following tumour cell death caused by PDT (see Section 2.4). Several reviews
have been published in recent years due to the great number of articles with preclinical
results, including data from clinical trials. As commented on in [24], preclinical research
has shown the immunological events after PDT and their effect on treatment outcome.
It also has to be noted that cancer vaccines have been proposed (based on PDT-treated
tumour cells), proving a reduction in tumour size or stopping tumour growth [24].

Finally, it is well-known that dosimetry is of paramount importance and has a sig-
nificant impact on PDT efficacy. Real-time dosimetry providing optimized and adapted
treatments has shown great potential in some instances; however, there are still several
challenges (see Section 2.5). In the latter section, readers can also find the latest reviews of
light sources. In this case, reviews can be generic or consist of specific topics.

2.2. Specific Cancers and Meta-Analyses

Besides the aforementioned topical reviews, other diverse reviews (including system-
atic reviews) focus on specific topics concerning PDT. Most of the peer-reviewed articles
consist of particular cancer treatments and meta-analyses of clinical trials. Table 1 sum-
marises reviews of the last decade (searched in Scopus database) for PDT applied to some
of the most researched types of cancers (gastrointestinal, skin, lung, prostate, head and
neck, breast, brain, and bladder). The search was performed in the Scopus database with
the keywords in the title: photodynamic therapy; cancer; and cancer type. Additionally,
the search was limited to review-type documents since 2010.

In the following subsections, we summarize some of the main conclusions and critical
issues detected in the reviews of Table 1. The presented information is extracted or adapted
from the selected reviews, as the authors do not intend to make a critical revision of them
but a summary of relevant conclusions. For more details, interested readers can check the
referenced articles.
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Table 1. Reviews of the last decade for the most studied types of cancers in the PDT field.

Type of Cancer Year Ref. Content

Gastrointestinal (liver
and bile ducts,
pancreas, small

intestine, colon, and
rectum)

2011 [31] State-of-the-art on cholangiocarcinoma.
2012 [32] Unresectable cholangiocarcinoma.
2013 [33] PDT in gastroenterology.
2015 [34,35] Cholangiocarcinoma; colorectal clinical trials.
2016 [36,37] Pancreas PDT; colorectal preclinical research.
2017 [38,39] Cholangiocarcinoma; colon cancer and stem cells.
2019 [40] Colon (immunotherapy and PDT).
2020 [41] Liver malignancies.
2021 [42,43] Colorectal (PDT and cannabidiol); pancreas (PS nanoparticles).

Skin

2010 [44,45] Skin and other types of cancer reviews.
2015 [46,47] MTHPC for non-melanoma skin cancers; combined strategy.
2016 [48–50] Non-melanoma skin cancer.
2018 [51,52] Immune consequences induced by PDT; non-melanoma.
2019 [53] Dermato-oncology.

2020 [54,55] Methyl-5-aminolevulinate for basal cell carcinoma;
mechanisms, challenges, and promising developments

Lung

2011 [56–58] General review; early-stage; targets and mechanisms.
2012 [59,60] Non-small-cell lung cancer, Kato’s 30-year experience.
2014 [61] Lung cancer and malignant pleural mesothelioma.
2016 [62] Non-small-cell lung cancer, review and future directions.
2018 [63] Nanoparticle PS drug delivery uptake systems.
2021 [64,65] Update; chemotherapy and PDT in lung cancer.

Prostate

2010 [66] PDT for focal ablation of the prostate.
2011 [67] Perspective.
2015 [68] WST-09 and WST-11 mediated vascular-targeted PDT.
2017 [69] Photosensitizers in prostate cancer therapy.
2019 [70–72] Low-risk prostate cancer, review and meta-analysis.
2021 [73,74] Narrative review; comparison with minimally invasive techniques.

Head and neck

2011 [75] Mucosal dysplasia and microinvasive carcinoma.
2012 [76] 5-Aminolevulinic acid-mediated PDT.
2013 [77] MTHPC mediated squamous cell carcinoma.
2015 [78] Oral premalignant lesions.
2016 [79] Oral cancer and premalignant lesions.
2014 [80] Detailed review about PS.
2018 [81] Neoplasms of the head and neck.
2019 [82] Indications, outcomes, and prospects.

Breast

2016 [83] The plant-derived agent-induced cell death mechanisms.
2017 [84] PDT: inception to application in breast cancer.
2019 [15,85] Multidrug-resistant; intradermal metastatic breast cancer.
2020 [86] Organic nanoparticle-based active targeting for PDT.
2021 [87] Perspective.

Brain

2014 [88] General review (sources, dosimetry, PS, etc).
2015 [89] Perspective.
2016 [90] Current status and prospects of PDT in Japan.
2018 [91] A systematic review of clinical trials.
2020 [92] Complete review of PDT and novel OCT strategies.

Bladder
2011 [93] Overview of preclinical and clinical experiences.
2017 [94] 5-Aminolevulinic acid-mediated PDT.
2018 [95] Past challenges and current innovations.

2.2.1. Gastrointestinal Cancer

Gastrointestinal cancer encompasses several types of cancers depending on the tumour
site; the most common are cholangiocarcinoma (vile ducts), colon, pancreas, and liver. For
cholangiocarcinoma, authors of Ref. [31] concluded that results are best if treatment is
performed within the first month after diagnosis and Karnofsky status is more than 30. In
Reference [32], it was concluded that palliative PDT in bile duct cancer improves survival
but increases the risk of cholangitis and liver abscess; the phototoxicity of the skin is of
ancillary importance. Additionally, PDT should be confined to patients without distant
metastases and patients with a tumour extent of ≤3 cm in diameter [32]. A complete review
is [38], which compared outcomes with PDT therapy and biliary stenting vs. biliary stenting
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only, concluding that PDT seems to be significantly superior to biliary stenting alone. For
this reason, the recommendation was to use PDT as an adjuvant therapy to biliary stenting
in these patients [38]. For the colon, a state-of-the-art in clinical research can be found
in [37] and in preclinical research in [35]. The following years brought reviews focused on
targeted therapies for colon PDT [39], immunotherapy and colon PDT [40], or even the
combination of PDT with cannabidiol [42]. These reviews validated the combination of
PDT with alternative treatments. Furthermore, they highlighted that the combination of
various treatments (including targeted, immunotherapy, or cannabidiol) might be a justified
strategy for colorectal cancer treatment. PDT has proved a possible option for minimally
invasive treatment for the pancreas, but it is still at an early stage of development [36]. In
Ref. [43], current clinical studies and the advantages of nanoparticles (NPs) in boosting
therapeutic efficacy were summarized. The main conclusion was that present studies have
demonstrated the potential of NPs-based PDT for the pancreas, and further studies are
warranted to optimize NPs design and investigate their long-term safety and efficacy [43].
The existing clinical studies and continuing phase II/III studies of PDT in pancreas form a
good basis for developing NPs-based PDT against pancreas cancer [43]. Finally, clinical
outcomes reveal that PDT can be considered a promising treatment modality for all liver
cancers (including metastases) to improve the quality and extension of a patient’s life [41].
On the contrary, PDT studies of humans require better light-delivery methods [41].

2.2.2. Skin Cancer

Skin cancer includes all types of cancer that start in the skin. Skin colour and exposure
to both natural and artificial ultraviolet radiation (sunlight, tanning beds, etc.) can increase
the risk of developing non-melanoma skin cancer and actinic keratosis. In [44], the main
conclusion was that for actinic keratosis (AK), there was no clear evidence of the superiority
of PDT concerning other treatments. For Bowen’s disease (BD), better outcomes with PDT
were suggested compared with cryotherapy or fluorouracil. Reference [45] added that
the use of topical PDT could be an effective therapy for BD, equivalent to other therapies
such as cryotherapy, and even superior to topical 5-FU. Its cosmetic outcome is superior
to standard treatment. Other common skin cancers are basal cell carcinoma (BCC), which
forms in the basal cells, and squamous cell carcinoma (SCC), which originates in the
squamous cells [44]. For BCC, PDT may result in similar lesion response rates to surgery
or cryotherapy but with better cosmetic outcomes. Authors of Reference [45] remarked
that topical MAL-PDT is effective in nodular BCC, but the efficacy is lower than surgery.
For this reason, the use of one or the other must be assessed according to the expected
results of the surgery. In [54], a systematic review and meta-analysis (11 articles with seven
randomized controlled trials, 1339 patients, 1568 lesions) and one retrospective study, 108
lesions) were carried out to compare the benefits and tolerance of MAL-PDT compared
with other traditional modalities for the treatment of BCC. The main conclusion was that
MAL-PDT could not be the best option as a first-line treatment for BCC. Despite this, the
cosmetic outcome was excellent in some cases. In [46], a systemic search was carried out
that focused on the main clinical studies using mTHPC-PDT on non-melanoma skin cancer
in humans, concluding that despite mTHPC-PDT being described in the literature as a
promising and interesting therapeutic option, especially for multiple non-melanoma skin
cancers, there is not enough evidence to assess this. Some studies indicate that mTHPC-
PDT is a good option not as the first line of treatment but as a last resort therapy [46]. In [45],
it was also noted that primary SCC lesions of the skin are amenable to PDT treatment.
Despite this, PDT was not recommended to be used independently for SCC lesions with a
potential risk of spreading (due to the limited penetration depth in local treatments). For
individuals at risk of lymphatic spread, surgical excision of the primary and nodal drainage
region remains the standard of care [45]. For a remarkable recent update, readers can check
the work of Hamblin et al. [96] (95 citations). Finally, a combined strategy was studied
in [47], concluding that depending on the characteristics and the type of tumour, PDT can
be applied in combination with immunomodulatory (Imiquimod) and chemotherapeutic
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(5-fluorouracil, methotrexate, diclofenac, or ingenol mebutate) agents, inhibitors of some
molecules implicated in the carcinogenic process (COX2 or MAPK), surgical techniques, or
even radiotherapy [47].

2.2.3. Lung Cancer

Lung cancer consists of a group of diseases resulting from the malignant growth of
cells of the respiratory tract, particularly lung tissue, and is one of the most common types
of cancer worldwide. Lung cancer usually originates from epithelial cells and can lead to
metastasis and infiltration of other body tissues. Lung cancer excludes those neoplasms
that metastasize to the lung from tumours in other parts of the body. PDT can be used for
early-stage lung cancer, advanced lung cancer with airway obstruction, or preoperative
procedures. The mechanisms behind this can be found in Ref. [58]. In Ref. [56], all types of
lung cancer were reviewed, concluding that PDT behaves differently for each of them. For
example, for centrally located early-stage lung cancer, a successful PDT requires a tumour
located at the mucosa and submucosa, because tumour invasion as estimated by surface
diameter is not always accurate (tumours ≤1.0 cm may show extracartilaginous invasion).
For this reason, it is necessary to improve the estimation of the tumour margin and its depth
of bronchial wall invasion. PDT has been used as a palliative treatment for inoperable
patients with advanced lung cancer with airway obstruction. In Ref. [56], a summary of
clinical trials can be found. On the other hand, the authors of Ref. [57] focused on PDT
for central-type early-stage lung cancer, concluding that to obtain a complete response by
PDT, the selection of indicators is critical, including the extent of the tumour on the surface
of the bronchial wall and the depth of the invasion in the bronchial wall. Similar to the
previous reference, the conclusion is that PDT has a favourable cure rate for tumours less
than 1 cm in diameter. Even by using NPe6 PS, large tumours can be treated [57]. It has to
be noted that similar conclusions can be found in Ref. [59].

In the case of advanced lung cancer with airway obstruction, endobronchial PDT
is a minimally invasive technique that can be used to reduce the obstruction [59]. As
noted in [60], PDT can decrease airway obstruction and tumour stenosis for this patient
population, often leading to better respiratory function. Furthermore, the use of PDT could
solve acute hemoptysis and poststenotic pneumonia. An important summary was reported
in [62], including all the clinical studies from 2006–2010, with a total of 493 patients using
PDT with different PSs, in the treatment of early-stage (n = 370) and advanced (n = 123)
lung cancer. It is worth noting the higher rates of complete response for early-stage disease,
ranging from 72% to 100% between different studies. On the other hand, when the disease
is advanced, the considered cases are local control and partial response, ranging from 78 to
100%, respectively [62].

Finally, some reviews have covered specific topics in recent years, e.g., nanoparticle
photosensitizer drug delivery uptake systems [63] or a combination of PDT and chemother-
apy [65]. Additionally, an update of clinical trials can be found in [64].

2.2.4. Prostate Cancer

Prostate cancer is also a common type of cancer. In many cases, prostate cancer grows
slowly and is confined to the prostate gland, where it may not cause severe damage. De-
spite this, whereas some types of prostate cancer have a low growth (needing minimal
or even no treatment), other types are more aggressive and spread quickly. The most
common PDT technique used in prostate cancer is interstitial PDT (see Figure 2). PDT for
prostate cancer has been extensively studied since the late 2000s (by pioneering research
groups from Lund University, University of Pennsylvania School of Medicine, and Ontario
Cancer Institute). In [68], a review of PDT in prostate with palladium-based PS (WST-09
and WST-11), the authors remarked that vascular-targeted photodynamic therapy (VTP)
with good tolerability and efficacy is a good option as an intermediate treatment for local
low-risk disease, midway between active surveillance and radical therapy. The same
was concluded in [69], in which several PS were reviewed: aminolevulinic acid (5-ALA),
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verteporfin, mTHPC (Foscan), motexafin lutetium (MLu), and TOOKAD. Despite this,
the long-term benefit compared to traditional treatments has to be studied. In a more
recent review, the results were that in phase II studies, VTP showed a rate of 80% negative
biopsies at six months, with good clinical tolerance [70]. A European phase III randomized
prospective study, which compares VTP to active surveillance, showed a lower proportion
of progression and a more significant duration before progression for VTP [70]. The adverse
events are primarily moderate and transient. Patients’ quality of life is preserved, with a
moderate impact on erectile and urinary function [70]. However, in Ref. [72] it is noted
that despite meta-analysis results show good effectivity, there are not only low levels of
side effect rates but also insignificant effects on both urinary and erectile function. More
high-quality randomized controlled trials are needed to evaluate the comparative efficacy,
safety, and functional outcomes of PDT for patients with prostate cancer [72]. Finally, two
reviews have been reported this year. In [73], an exciting discussion of active treatment
vs. active surveillance for patients with low-grade prostate cancer included critical points
from clinical trials using PDT for prostate cancer with several PSs and recently devel-
oped methodologies for photodynamic prostate cancer treatment are in the experimental
stage [73]. The article highlighted that despite there have been significant advancements
in the last decade for early focal treatment of low-risk localized prostate cancer, a single
well-defined PDT dose metric is yet to be determined, and that is why it is difficult to
predict its impact [73]. Authors of Ref. [74] performed a comparative study of several
minimally invasive therapies: cryoablation, high-intensity focused ultrasound, irreversible
electroporation, and vascular-targeted PDT for prostate cancer. This was the first study
to include a quantitative evaluation of the clinical outcomes among different ablative
technologies. Although this meta-analysis showed that these techniques are promising
therapies for prostate cancer patients with similar clinical outcomes, the heterogeneous
body of focally treated patients (including both low-risk and intermediate-risk patients,
multiple tissue-preserving strategies, several energy modalities, and diverse outcomes)
precludes drawing conclusions on the ideal energy applied and optimal success rates [74].
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2.2.5. Head and Neck Cancer

Head and neck cancers usually begin within the squamous cells that line the mucosal
surfaces of the pinnacle and neck (e.g., inside the mouth, throat, and voice box). These
cancers are noted as epithelial cell carcinomas of the head and neck. Head and neck cancers
are also considered those beginning within the salivary glands, sinuses, or muscles or
nerves within the head and neck, but these are less common than the previous ones [97].
PDT for head and neck cancer has been extensively studied. In the last decade, the first
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review was about the management of pre-malignant head and neck mucosal dysplasia and
microinvasive carcinoma [75]. The main conclusions were that PDT has several advantages,
including treating a broad surface area superficially without the risk of developing fibrotic
and functional debilitating complications [75]. Moreover, the ability to repeat treatments
without cumulative toxicities could be critical to establish PDT as first-line therapy. Ref-
erence [76] focused on reviewing 5-Aminolevulinic acid-mediated PDT for oral cancers.
It was concluded that topical ALA-PDT using either a light-emitting diode or laser light
is very effective for oral verrucous hyperplasia and oral erythroleukoplakia lesions but is
relatively less effective for oral leukoplakia lesions [76]. Additionally, ref [78] concluded
that PDT is effective in the overall management of oral premalignant lesions. In Ref. [77],
the authors focused on mTHPC-mediated PDT of squamous cell carcinoma. The main
conclusions were that there are insufficient studies for adequate assessment of the efficacy
for curative intent, despite this palliative treatment with PDT increasing the quality of life
in otherwise untreatable patients [77]. In a more recent review, authors also stated that very
little randomized data are available [81], but that current data indicate that for superficial
lesions of depth less than 5 mm and early-stage lesions, PDT offers an alternative option
to surgery or radiation for oral cavity lesions and laryngeal lesions, which may preserve
tissue and lead to better functional outcomes. Additionally, the authors of Ref. [80] stated
that PDT is a very accurate and effective therapy in the early stages and can significantly
affect surgical outcomes in cancerous patients. Recent progress in the field of PDT focuses
on the development and clinical application of new photosensitizing agents, photochemical
internalization, and photoimmunotherapy [82].

2.2.6. Breast Cancer

According to the World Health Organisation, breast cancer is the most common female
cancer, representing one in four cancers diagnosed among women globally, with more
than 2 million new cases diagnosed in 2020. Despite the established standard strategies
(surgery, radiotherapy, and chemotherapy) having reasonable success for certain cancers,
resistant cancer cells, recurrence, and metastases remain common. For these cases, PDT has
been proposed as an alternative therapy. Much work has been done in vitro; for example,
in [98], combinations of various therapeutic modalities and tumour-targeted strategies
were reviewed. The discovery of more effective cancer photochemotherapy agents is crucial
to developing novel receptor-targeting approaches [98]. Another advantage of PDT is that
the unique mechanism of photodynamic treatment on a tumour and its microenvironment
could inhibit drug resistance pathways and re-sensitize resistant cells to standard thera-
pies [15]. The latter reference summarized the role of membrane ABC efflux transporters in
therapeutic outcomes and highlighted research findings related to PDT and its applications
for breast cancer with multidrug resistance phenotype [15]. In [83], treatment strategies
for breast cancer, with particular attention to photodynamic therapy and natural product-
based treatments, were reviewed. The main conclusion was that natural products may
be potential candidates as therapeutic agents along with PDT for controlling breast and
related cancers by regulating cell signalling, cell cycle alteration, and apoptotic or even
autophagic cell death. In 2017, PDT was proposed for primary breast cancer [84], because
as it was noted, at that time PDT had been used only as a trial treatment of cutaneous
metastasis in patients with advanced disease. The same authors demonstrated the use of
I-PDT for breast cancer last year [99]. Another recent review was focused on metastatic
intradermal metastatic breast cancer [85]. The main conclusion was that PDT with sodium
sinoporphyrin shows great promise to inhibit the growth of both the tumour itself and
its metastases. Finally, the most recent review can be found in [87], in which readers can
find methods to increase the selectivity and bioavailability of photosensitizers, a complete
compilation of in vitro PDT studies, and a perspective on the prospects for breast cancer
PDT.
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2.2.7. Brain Cancer

A brain tumour is an uncontrolled growth of cells derived from brain components
(primary tumours) or tumour cells located in other areas of the body (metastasis). Tumours
can be benign or malignant, depending on how fast they grow and whether they can
be resected or cured by neurosurgical treatment. Unlike tumours of other tissues, the
distinction between benign and malignant manifestations is not so clear; for example, some
benign lesions can infiltrate entire regions with malignant clinical behaviour. On the other
hand, malignant neoplasms metastasize, which is an exceptional event. Metastases to the
central nervous system come, in order of frequency, from the lung, breast, skin (melanoma),
kidney, and gastrointestinal system and tend to grow between the union of the cortex
and the white matter. Brain cancer has a poor outcome due to the difficulty of precisely
resecting the tumour (no visible borders and marginal zones).

For this reason, PDT has been proposed as a complementary approach to conventional
therapies to reduce recurrence and extend survival with minimal side effects [88,90]. Tech-
nologies for brain cancer include interstitial PDT and fluorescence-guided resection (FGR).
In Figure 3, the clinical possibilities of PDT can be observed. The latter reference summa-
rizes several in vitro and in vivo studies, highlighting the PDT effect on the blood–brain
barrier (BBB) and the brain-adjacent-to-tumour region. In this regard, some studies reveal
a PDT-induced opening of the BBB for drug-brain delivery during post-surgical treatment
of glioblastoma [92]. Furthermore, results about some PS can be found in [89], e.g., the
promising results of using hematoporphyrin derivative (HpD), Talaporfin with a cavi-
tary light application, and Foscan for fluorescence-guided resection (FGR). Additionally,
5-Aminolevulinic acid-FGR with postop cavitary HpD PDT has shown better results than
control, but there is not a proper comparison to standard of care [89]. Another systematic
review of the main clinical studies in the field of fluorescent diagnostics and intraoperative
photodynamic therapy of primary, recurrent, and metastatic forms of malignant brain
tumours can be found in [91], but it is not translated to English.
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Figure 3. Clinical imaging assistance as an essential step in therapeutic planning. Left side: Two
strategies suggested depending on the stage, size, and localization of the tumour. An interstitial PDT
(iPDT) or, after a minimally invasive craniotomy, a photodiagnosis (PD) followed by a fluorescence-
guided resection (FGR) and completed by an intraoperative PDT. Right side: Clinical imaging
assistance plays an essential role in brain tumour PDT, including estimating the initial tumour volume,
3D treatment planning (light dose according to the volume geometry), and outcome assessment.
Computed 3D image-based treatment planning provided reproducible data-based tumour volumes,
stereotactic accuracy for tumour volume resection, and interstitial light fibre insertion for iPDT.
Optical fibres for PDT can be placed under contrast-enhanced computed tomography (CT) guidance,
and the surgical approach and trajectories can be planned using preoperative diffusion magnetic
resonance imaging (MRI), CT imaging, and/or single-photon emission computed tomography
(SPECT) images to achieve precise tumour localization, realize a minimally invasive craniotomy, and
minimize controlateral brain injury. Reproduced with permission from D. Bechet, Cancer Treat. Rev.
2014 [88].

2.2.8. Bladder Cancer

Bladder cancer includes several types of cancer arising from the tissues of the urinary
bladder. Depending on the stage, it can be classified as non-muscle-invasive (the majority
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of detected cases), muscle-invasive, or metastatic. This kind of cancer was responsible
for PDT resurgence in 1976, when human bladder tumour cells were transplanted into
mice and destroyed for the first time using Photofrin [93]. In the latter reference, it was
concluded that PDT may be recommended as a second-line or immediate therapy for
patients for whom multiple transurethral resections, chemotherapy, and/or intravesical
Bacillus Calmette Guerin (BCG) immunotherapy alone had failed [93]. The selection of the
proper photosensitizer for bladder PDT is still debated. So far, hexylester of ALA (HAL) is
the only drug that has been approved in Europe for clinical use. However, this drug has a
relatively low tumour-specific uptake and suffers from photodegradation upon irradiation,
which might hamper PDT efficacy. Therefore, Hypericin has been suggested to be a good
alternative. In Japan, ALA has been used in Phase III trials, concluding that it might be
useful for the treatment of patients suffering from carcinoma in situ when BCG therapy is
not suitable. Despite this, the relatively low efficiency of ALA-PDT with blue- or red-light
irradiation through water in the bladder has to be improved [94]. Despite the fact that
PDT has demonstrated a high effectivity in non-muscle bladder cancer, the adverse effects
limit its clinical implementation. Lee et al. [100] collected all possible adverse effects from
different clinical trials, and bladder contracture, bladder fibrosis, skin photosensitivity,
reduction and loss in bladder capacity, irritating lower urinary tract symptoms (frequency
and urgency), and asymptomatic reflux were some of the more alarming effects seen with
first-generation PSs (Photofrin and hematoporphyrin) [95]. As noted in the latter reference,
5-ALA resulted in dysuria, frequency, and urgency, and although HAL did not result in any
serious effect, it lacked the efficacy of newer agents such as Radachlorin. However, very few
studies conducted so far have analysed the therapeutic effects of HAL. The predominant
reason for adverse effects and toxicity from PS is the non-specific accumulation of PSs in
the normal urothelium. Consequently, “back-reflected” light can activate the PSs in normal
urothelium, leading to tissue destruction and therefore the aforementioned side effects [95].

2.3. Photosensitizers

A PS is a molecule that produces a chemical change in another molecule in a photo-
chemical process. Photosensitizers generally work by absorbing the ultraviolet or visible
region of electromagnetic radiation and transferring it, with a certain efficiency, to ad-
jacent molecules. Because PSs are key components of PDT, this field is also one of the
most important and investigated. Despite there being many specific topics, such as PS
mechanisms [101–105] specific PSs [106–116], or new PSs [117–123] for NIR radiation, in
recent years, research efforts have focused on advanced PSs (the so-called third genera-
tion). Bioconjugation and encapsulation are the main strategies behind these novel PSs
(Figure 4), which could increase the specificity of phototoxic effects on targeted pathological
tissue [124].
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Figure 4. General design of 3rd generation PS: (a) conjugation of second-generation PS with tar-
geting moiety; (b) encapsulation of the second generation into carriers (liposomes, micelles, and
nanoparticles). Reproduced with permission from Ivan S. Mfouo-Tynga et al., Photodiagnosis and
Photodynamic Therapy; published by Elsevier, 2021 [124].

As was noted in Ref. [125], the bioconjugation follows a well-established strategy,
consisting of chemical conjugation of a targeting molecule to a chemical PS (with direct or
indirect linkage) or a bioconjugated organic PS (with a targeting peptide or antibodies),
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as seen in Figure 5. The molecule can be a peptide, a full length or partial sequence of a
ligand (for a membrane-bound receptor), or a full-length antibody or antibody fragments
(also called photoimmunoconjugates [126–128]). An ideal tumour target molecule would
be commonly expressed on several malignancy-related compartments in the tumour mi-
croenvironment, including, but not limited to, cancer cells, tumour vascular endothelial
cells (VCEs), cancer stem cells, and myeloid-derived suppressor cells [125].
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Figure 5. Bioconjugation strategies in photodiagnosis (PD) and therapy (PDT) of cancer. An ideal
target, such as tissue factor (also known as CD142), should be commonly yet selectively expressed
by multiple tumour compartments, including but not limited to cancer cells, cancer stem cells,
and tumour vascular endothelial cells (VCEs), whereas it is negatively, minimally, or restrictedly
expressed in normal cells. A potentially new bioconjugation strategy is the use of recombinant DNA
techniques to produce fusion proteins that contain a targeting domain and a fluorescent protein
PS simultaneously for targeted PD and PDT. Reproduced with permission from S. Gomez et al.,
Molecules; published by MDPI, 2020 [125].

Alternatively, the use of nanotechnology in PDT has undergone exponential growth
in the last decade (see Figure 1). Typically, nanospheres and nanocapsules with diameters
lower than 100 nm are employed to act as drug carriers. Some advantages of nanocapsules
and nanospheres were pointed out in Ref. [129]: (i) they can transport hydrophobic drugs
in blood; (ii) their surface area can be modified with functional groups for additional
chemical/biochemical properties; (iii) a controlled release of drug is possible; (iv) they
have large distribution volumes and are generally taken up efficiently by cells; and finally,
(v) a high number of different synthetic strategies are available. The first review on
this topic can be found in 2007 [130]. The following year, two remarkable reviews were
published. One was based on quantum dots and nanoparticles [131] (463 citations), and
the other one was focused on self-lighting nanoparticles [132] (96 citations). Later, several
reviews about nanotechnology were published [133–145], one of them also focused on
photothermal therapy [146]. Apart from second-generation PS with improved selectivity
and reduced toxicity, the third generation promises a total targeted therapy, in which PS can
be selectively attached to specific tumour cells [147,148]. This is of paramount importance
to reduce toxicity to normal cells (limiting off-target effects) and even to avoid one of the
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main drawbacks of many PSs used in PDT, i.e., the photosensitivity period. This targeted
PS can also surpass the limited tissue penetration of current compounds [149]. In this
regard, better tumour infiltration and more homogeneous distribution have been seen after
the use of targeting strategies, with an improved tumour eradication [24].

Presently, the number of approved PS has grown considerably, and in Table 2, some
of them are summarized. In addition, readers can check a more detailed table in the
Supplemental Material Table S1 (more PS and some important characteristics such as λexc,
time to PDT after dose delivery, clearance, clinical/preclinical application, side effects,
localization, primary mechanism of action, and manufacturer).

Table 2. Photosensitizers approved or under clinical trials [150]. A more detailed table can be found in the Supplemental
Material, Table S1.

Name λexc (nm) Manufacturer Application

FIRST-GENERATION PHOTOSENSITIZERS

Porfimer sodium 630 Axcan Pharma PDT of esophageal cancer, lung adenocarcinoma,
and endobronchial cancer

SECOND-GENERATION PHOTOSENSITIZERS/Prodrugs

5-aminolaevulinic acid 635 DUSA
Stabiopharma

PDT of mild to moderate actinic keratosis, with
fluorescence-guided resection of glioma

Methyl-aminolevulinic acid 579–670 Galderma PDT of non-hyperkeratotic actinic keratosis and
basal cell carcinoma

Temoporfin 652 Biolitec PDT of advanced head and neck cancer

Talaporfin 664 Meiji
SeikaNovartis PDT of early centrally located lung cancer

Verteporfin 690 Novartis PDT of age-related macular degeneration

Redaporfin 749 Luzitin PDT of biliary tract cancer

PHOTOSENSITIZERS UNDER CLINICAL INVESTIGATIONS

Fotolon 665 Apocare Pharma PDT of nasopharyngeal sarcoma

Hexylaminolevulinate 635 Photocure PDT of HPV-induced cervical precancerous lesions
and non-muscle invasive bladder cancer

Radachlorin 662 Rada-pharma PDT of skin cancer

Photochlor (HTTP) 664 Rosewell Park PDT of head and neck cancer

Padeliporfin 762 Negma-Lerads PDT of prostate cancer

Motexafin lutetium 732 Pharmacyclics PDT of coronary artery disease

Rostaprofin 664 Miravant PDT of age-related macular degeneration

Talaporfin 664 Meiji Seika PDT of colorectal neoplasms, liver metastasis

Fimaporfin 435 PCI Biotech PCI of cutaneous or sub-cutaneous malignancies,
cholangiocarcinoma, and PCI of vaccine antigens

2.4. PDT Mechanisms

PDT mechanisms include ROS generation, cell death, vascular damage, and immune
response, among others. In the case of ROS generation, a complete and comprehensive
review can be found in [151]. Regarding cell death, the principal consequences of PDT
are apoptosis, paraptosis, necrosis, and autophagy (the latter usually considered to be
cytoprotective) [152]. In this context, three focused reviews about this topic were published
in 2005 [153–155]. The first reference included a brief introduction on basic PDT principles
(light sources, PS, photochemistry, and some clinical applications), and the cell death and
signalling mechanisms were thoroughly studied. The second reference was focused on
apoptosis mechanisms after PDT. The experimental variables that determine the cellular
response and some mechanisms of the induction and production of apoptosis were dis-
cussed in detail. Finally, Ref. [155] is the most relevant in terms of the number of citations
(466). It was the second of a series of three reviews, in which the mechanisms operating in
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PDT are discussed on a cellular level. In the same topic, a short review was published in
2009 [156]. Apart from reviewing both the cell death and tumour destruction mechanisms,
an interesting discussion on signal transduction pathways was included (calcium expres-
sion levels, lipid metabolism effects, tyrosine kinase expression, transcription factors, cell
adhesion molecules, and cytokines). Two years later, another review also addressed the
three forms of cell death and described the critical players that control cell death related to
PDT (see Table 3) [157]. In the case of paraptosis, D. Kessel has worked extensively in this
death pathway and also has been discussed it in his recent reviews [158,159].

Table 3. Major cell death mechanism activated by PDT. Reproduced with permission from Pawel
Mroz et al., Cancers; published by MDPI, 2011 [157].

Anti-Tumour PDT Mechanisms

Organelles Processes

Direct cell damage

Mitochondria:

Apoptosis

- Cytochrome c release
- Bcl-2 damage

Cytoplasm:

- NFkB damage

Endoplasmatic reticulum

- Beclin 1
- mTOR activation

Autophagy

Cell membrane disintegration Necrosis

Vascular shutdown Local depletion of oxygen and
nutrients

Apoptosis
Necrosis

Autophagy

Activation of immune response Cytotoxic T cells
Granzyme
mediated
apoptosis

In addition, the following years brought four similar reviews about this topic [160–164].
As stated in all of these reviews, despite mechanisms of cell death being identified (apopto-
sis, necrosis, and autophagy; see Figure 6 [157]), the response to PDT can vary due to many
factors: for example, the cell type, its metabolism and genetics, the experimental model,
the light dose, the type of PS, and most importantly, its intracellular localization [157]. As
can be observed in Figure 6, this localization will determine which cell death pathway is
initially activated [165]. The amount of damage it receives will also determine the cellular
response. Other important studies have been focused on the tumour suppressor p53 pro-
tein [166], some angiogenesis inhibitors [167], and pharmacological inhibition strategies to
enhance the therapeutic efficacy of PDT [168].
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Figure 6. Cell death pathways in PDT. The mode of cell death observed after PDT depends to
some extent on the intracellular localization of the PS and PDT-related damage to that organelle.
PDT with PS localized in mitochondria will lead to loss of membrane permeability and release
of pro-apoptotic mediators, while ER damage will release cellular deposits of calcium. PS that
accumulates in lysosomes will release proteolytic enzymes upon illumination. Lysosomes may also
fuse with autophagosomes to hydrolyse-damaged organelles and recycle them during autophagy. In
the case of excess of damage, the cell will not survive despite the initiation of autophagy. Necrosis
and autophagy may be dominant cell death modes after PDT when apoptosis is dysfunctional. It
should be remembered that several PS may localize in more than one organelle, and the activation of
cell death pathways may occur concurrently. Reproduced with permission from Pawel Mroz et al.,
Cancers; published by MDPI, 2011 [157].

As commented on by [156], the diverse mutations in cancer cells caused by the
expression of oncogenes may lead to an increased or decreased susceptibility to PDT, when
considering the different molecular and cellular pathways. However, it is thought that
many mutations that lead to resistance to radiation or chemotherapy do not necessarily
lead to resistance after PDT treatment. This could be a clear advantage when conventional
treatments can no longer be applied. Other reports also suggest additive benefits for PDT
when combined with ionizing radiation and chemotherapy [65,169].

Furthermore, it is well known that PDT can activate the immune system through
Damage-Associated Molecular Patterns (DAMPs) released by or exposed to dying
cells [165,170–177], which in turn stimulate both innate and adaptive immunity (there
are several reports of patients who survived much longer than expected). The potential
of this fact is enormous, taking into account that common cancer therapies tend to be
immunosuppressive. PDT could be an ideal cancer treatment, capable of destroying the
tumour and sensitizing the immune system to metastasis [178,179]. The problem is that
this effect is not always observed. This could be explained by the ability of many tumours
to suppress the host immune system and to actively evade immune attacks, causing robust
immune responses after PDT to remain the exception rather than the rule [180]. The latter
reference concluded that the expression of the right kind of antigen in the tumour is of
critical importance to promote beneficial immune system response. One solution is to over-
come the immunosuppressive mechanisms that allow the tumour to grow (for example,
by using immunostimulatory adjuvants, strategies that involve dendritic cells, depletion
of Tregs, and epigenetic reversal agents). In any case, another important and negative
consequence of PDT to have in mind is hypoxia, which often occurs in the tumour microen-
vironment [181–184]. Oxygen self-sufficient [185] and oxygen-boosted PDT could be the
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solutions. Some strategies involve oxygen carriers or generators, such as nanoparticles
based on perfluorocarbon or manganese dioxide (MnO2) and haemoglobin-based nanos-
tructures [186]. Another strategy could be the use of low-fluence light to avoid oxygen
depletion. As noted in [177], high fluence seems to negatively impact immune reactivity to-
wards tumour antigens in patients with basal cell carcinoma. A potent vascular shutdown
preventing immune cells from reaching the tumour area is one possible explanation of such
negative impact. Alternatively, an enhanced efficacy in treating patients with superficial
basal cell carcinoma has been observed when it is used a fractionated illumination strategy
(low fluence followed by high fluence) [187]. This suggests that great clinical benefit may
arise from the design of two-step PDT programs consisting of the first immune-stimulating
illumination regimen, followed by a regimen that mediates potent tumour destruction,
which has proven favourable in the preclinical setting [188]. Overall, PDT still has quite
a long road to travel in this respect, as many of these PDT-based program combinations
must be tested and optimised in clinical settings [189,190].

In conclusion, a better understanding of the cellular mechanisms will allow predicting
the tumorigenic response to treatment. This will also shed light on the myriad of possible
combination treatments.

2.5. Dosimetry and Sources

In this section, after a brief introduction to dosimetry, the most recent reviews related
to dosimetry for PDT are described. Then, a compilation of main reviews regarding light
sources is given. Few dedicated reviews exist for dosimetry and light sources, whereas a
larger number of reviews exist related to optical imaging. Some reviews are not explicitly
mentioned here. They have been excluded mainly because the latest reviews covered
contain synthesized information of—or reference to—previous reviews on the topic.

Dosimetry involves a series of measurements of the PDT dose for pre-planning, real-
time monitoring, and adaptation to the treatment through outcome assessment. It can
be subdivided into different categories: explicit, implicit, direct, and biophysical tissue
response monitoring [191–193]. In general, the PDT dose depends directly on the light
fluence, photosensitizer concentration, and oxygen concentration. Several other factors
have been identified as potential modifiers to the PDT dose, including oxygen distribution
and photosensitizer distribution, singlet oxygen generation properties, photobleaching rate,
blood flow, system immune response, optical tissue properties, light delivery, fractionation,
and drug-light interval, among others [194,195]. Most of these factors—or parameters—
have a dynamic response and may exhibit different distributions microscopically (e.g.,
oxygenation may vary orders of magnitude every few tenths of a micrometre [194]), and
are subjected to patient-to-patient variations. All these factors influencing PDT dose call
attention to the importance and high degree of complexity for implementation of dosimetry
in the clinic.

Presently, it is well-known that dosimetry is of paramount importance and has a
major impact on PDT efficacy [191,194,195]. Real-time dosimetry providing optimized
and adapted treatments has shown great potential in certain cases (e.g., prostate [196]);
however, there are still several challenges. Most of these challenges and pathways for
future research have been summarized in recent reviews. In 2016, a comprehensive review
revisiting the dosimetry for PDT was published [194]. It provides an excellent overview of
the main challenges in dosimetry with a strong focus on clinical transfer. A succinct and
detailed description and implications of the main parameters involved in dosimetry and
the methods for their determination were provided. Specifically, some of these challenges
are (i) uncertainty of photosensitizer concentration, location, and effect in vivo, (ii) esti-
mates of light dose difficulties involving the PS, light, and oxygen in bulky tissues (e.g., the
need to predict dose parameters between measurement probes), (iii) complete models of
PDT dose (some measurements are still needed for reliable modelling), and (iv) biological
modifiers of PDT dose. Since it is widely recognized that performing full dosimetry is a
highly challenging task [194], especially for clinical transfer, the authors discussed and
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presented examples of a more realistic implementation of dosimetry in clinical settings.
Such implementation may be based on reductionist and surrogate approaches, with possi-
ble full dosimetry implementation in preclinical evaluation (Figure 7) [194]. Reductionist
dosimetry is based on the careful identification of key parameters determining the PDT
dose (may not always be possible), whereas surrogate dosimetry would use clinical tools
available.
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Figure 7. The shift from preclinical evaluation, through Phase I, II, and III clinical trials, and finally to accepted clinical
practice is illustrated, with the advocated shifts in dosimetry goals throughout the pathway. While a comprehensive
dosimetry approach might be used in preclinical work to mechanistically inform practice, the transition to Phase I trial
requires that reasonably efficient methods of dosimetry be implemented, and in the future, the goal should be to shift
towards treatment-limiting dosimetry and correlated surrogates. Eventually, these might become the required dosimetry
in approved/cleared treatments, going beyond basic prescriptions of light and drug doses. The image and caption are
reproduced from their original created by Pogue, B.W. et al., Phys. Med. Biol. 2016, 61, R57–R89 (doi:10.1088/0031-
9155/61/7/R57) [194] under Creative Commons Attribution 3.0.

Specifically, in 2016, Li et al. reviewed the status and outlook focusing only on
singlet oxygen generation and detection techniques [197]. A more recent review (2020),
including a short dosimetry section, can be found in [193]. To complement Pogue et al.’s
review [194], additional evidence regarding the importance of dosimetry has been gathered,
including practical examples of explicit and implicit dosimetry, e.g., implicit dosimetry
performed in intraoperative pleural PDT. Simplified rate equations for the dose model
were provided, which are also linked to a review useful for dosimetry on the modelling
of in vivo photochemical properties of PDT reactive oxygen species and describing the
techniques to measure them [198].

Dosimetry also involves the use of optical imaging techniques, including structural,
functional, and molecular imaging. Optical imaging is not only essential for PDT dose
assessment but also for pursuing a better understanding of key factors affecting PDT.
Many of the effects influencing PDT often occur at localized regions and at the micrometre
level, for which optical imaging techniques have become essential. In this context, op-
tical imaging techniques have shown great potential for tissue diagnosis, pre-treatment
planning, imaging-guided therapy (e.g., fluorescence guiding), monitoring, and outcome
assessment [199–202]. As compared to conventional techniques (e.g., magnetic resonance
imaging), optical imaging techniques provide real-time feedback and more accurate and
reliable detection of tumour volumes of less than 1 cm [202]. A complete and thorough
review was published in 2010 [200]. It included the photochemical and photophysical
fundamentals, a description of different imaging modalities, clinical/preclinical studies
related to the detection of cancer or precancerous growth, the guidance of surgical resection,
and monitoring of treatment response. In 2015, Mallidi et al. published a focused review
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on optical imaging and combined treatments for PDT, highlighting the role of optical
imaging in the structural, functional (e.g., blood oxygen saturation has been used as an
indicator of PDT efficacy), and molecular information on PDT action [199]. Although it
is not a review per se, it is also worth mentioning a dedicated book on imaging in PDT
with full information about the microscopic effects of many factors influencing PDT dose
(e.g., photosensitizer activity, localization, structural and functional changes in tumour
vasculature, clinical imaging, etc.) [202]. More recently (2020), De Silva et al. included a
section compiling results about optical imaging techniques and imaging-guided therapies
for PDT, and Hester et al. published a review focused on photoacoustic and ultrasound
imaging for PDT [203]. Cutting-edge nonlinear multiphoton microscopy techniques have
also shown great potential to provide detailed biological imaging of the tumour microenvi-
ronment (and the possibility for label-free imaging), allowing a better understanding of
cellular biophysical and biological processes. Some of these nonlinear techniques have
proven their validity for PDT [204]. A recent review (2020) on these techniques (not linked
to PDT) has been published by Parodi et al. [205].

Regarding light sources, selected reviews include conventional light sources for inter-
stitial and superficial applications [193,206–210]. Recently, deep PDT has gained interest,
and several published reviews can be found. In 2015, a review of nanocomposite-based
strategies for deep PDT was published [211]. Additionally, the three reviews of 2016 are
remarkable in terms of depth of contents, including particular depth concerning PDT light
sources [210,212,213]. They are focused on novel multifunctional nanoparticles, which
can be classified into three major groups: near-infrared (NIR) light-excited nanomateri-
als [214–216], X-ray/Cherenkov excited scintillating/afterglow nanoparticles [217–222],
and self-illuminated nanoconjugates [212,223]. Recently, implants have experienced rapid
development, and several proofs of concepts with diverse modes of activation and light
sources have been reported [224–229]. To our knowledge, there is no dedicated review
of implants for PDT. A section devoted to the description and critical review of selected
implants can be found in a recent review of light technology for PDT [230].

3. Summary and Conclusions

This contribution has compiled the latest PDT review articles from the last two decades.
The recent exponential increase in publications on PDT is due to the advance of material
science, with state-of-the-art PSs capable of detecting and affecting only diseased cells.
The number of clinical trials has increased in recent years, indicating that the benefits of
PDT remain attractive and promising and that the field is very active. In some cases, PDT
exhibits better outcomes for smaller lesions than bigger or deeper lesions, as compared to
surgery. Regarding the comparison with chemotherapy or radiotherapy, PDT has proved
to be an effective and safe alternative with lower morbidity.

Advancements in formulations and nanotechnology have enabled enhanced and new
developments of PSs. Apart from second-generation PS with improved selectivity and
reduced toxicity, the third generation pursues a total targeted therapy, in which PS can
be selectively attached to specific tumour cells. Reduced toxicity, better tumour infiltra-
tion, and more homogenous distribution have been demonstrated, improving tumour
eradication.

It is also worth mentioning the deep knowledge about different PDT mechanisms
that have been acquired in these years, understanding more and more key processes,
such as the activation of the immune system. The latter and related processes are of vital
importance for predict ingthe tumorigenic response to treatment and develop new PS
capable of localizing in specific regions of the cell, or vaccines against cancer.

Considering the key points and main conclusions drawn from the articles mentioned
in this paper, the future incorporation of PDT into routine cancer treatments in the clinical
setting is forecasted, either as part of a multimodality approach or as a single treatment
against early cancer or palliative treatment. It should be noted that the new generation
of PSs, both bioconjugation and encapsulation, as well as better source-based planning
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and dosimetry, can make PDT a competitive rival to conventional therapies. To conclude,
the latest clinical trials have shown the enormous potential of PDT, while preclinical trials
indicate that there is still much room for improvement on many fronts.
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