
Review Article

Clinical and pre-clinical advances in the PDT/PTT strategy for diagnosis 
and treatment of cancer

Coralía Fabiola Cuadrado a, Karina J. Lagos a, Mirian Denise Stringasci b,  
Vanderlei Salvador Bagnato b, María Paulina Romero a,*

a New Materials Laboratory, Department of Materials, National Polytechnic School, Quito, Ecuador
b São Carlos Institute of Physics, University of São Paulo, São Carlos, Brazil

A R T I C L E  I N F O

Keywords:
Malignant tumor
Localized cancer
Light stimuli therapy
Non-invasive treatment
Photodynamic therapy
Photothermal therapy

A B S T R A C T

Photodynamic therapy (PDT) and photothermal therapy (PTT) have demonstrated great potential to diagnose 
and combat localized cancers. As a matter of fact, these techniques are less invasive and have fewer side effects 
than traditional cancer treatments like surgery, chemotherapy or radiotherapy. This review summarizes the 
clinical progress in the theranostics (diagnosis and treatment) of various types of regional cancers using these 
two light stimuli techniques, PDT and PTT. Therefore, clinical advances in cancer diagnosis based on PDT are 
detailed, including fluorescence-guided PDT for intraoperative cancer detection, optical coherence tomography 
(OCT)-guided PDT for early cancer detection, and imaging by magnetic resonance imaging (MRI) or computed 
tomography (CT) assisted through PDT/PTT. Moreover, clinical studies of breast, prostate, skin, gynecologic, 
head, neck and other varieties of cancer have been addressed to compare the main conditions of these treat
ments. This work also discussed the principal advantages and drawbacks of PDT and PTT in tumor targeting and 
cancer therapy. Finally, the usage of nanoparticles as photosensitizers (PSs) and photothermal agents (PAs) have 
been analyzed. In this manner, the authors have compiled relevant updated studies so that researchers interested 
in these areas can access it speedily.

1. Introduction

Cancer is one of the leading causes of death around the world [1]. 
According to the World Health Organization (WHO), cancer was 
responsible for an estimated 10 million deaths in 2020, making it the 
second cause of death globally [1]. The WHO also estimates that there 
are more than 18 million new cases of cancer each year, and the 70 % 
occurs in low and middle-income countries [1]. The burden of cancer 
can be seen in both, mortality and morbidity statistics, from different 
countries [2].

The most common types of cancers reported in 2020 were breast 
(2.26 million cases), lung (2.21 million cases), colorectal (1.93 million 
cases), prostate (1.41 million cases), skin non-melanoma (1.20 million 
cases), and stomach (1.09 million cases) cancers. Research is constantly 
being developed to find more effective treatments, giving hope to those 
fighting this disease [1]. Treatments used to combat cancer include 
surgery, chemotherapy, radiation, biomarker testing, hormone therapy, 
hyperthermia, immunotherapy, stem cell transplant, targeted therapy, 

photodynamic therapy (PDT), photothermal therapy (PTT) and syn
chronic PDT/PTT. Relating to last three strategies, it is worth to mention 
that they still being carried out only in pre-clinical studies, and due to 
the limited access of light, PDT and PTT are only suitable for treating 
localized cancers (not to systematic cancer) [3,4].

Regarding PDT, it is a non-invasive and highly selective technique 
used to destroy tumors and infectious agents [5–8]. It combines a 
photosensitizer (PS), light (in an appropriate wavelength), and oxygen 
to produce reactive oxygen species (ROS) such as superoxide (O2

⋅–), hy
droxyl radical (⋅OH), or singlet oxygen (1O2) [9]. Since 1978, PDT has 
been used to treat primary and secondary skin tumors [10]; and 
currently, it is employed to diagnose and treat a wide range of diseases, 
including some forms of internal cancers in the liver (metastasis), 
esophagus, neck, head, and lungs [11–15]. Within PDT, the activation 
wavelength and period of photosensitivity are among the most essential 
factors. Besides, the regulation of the hydrophilicity and lipophilicity of 
the PSs is essential for designing pharmaceutical formulation and 
administration routes [16]. In fact, newer PSs have been structurally 
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modified to present an amphiphilic condition. It is important to mention 
that second-generation PSs based on porphyrin structure, such as ben
zoporphyrins, purpurins, texaphyrins, phthalocyanines, naph
thalocyanines, and protoporphyrin IX (PpIX), have excellent selectivity 
of accumulation in tumor tissue, better photosensitizing properties, and 
more profound photodynamic action [17]. To enhance the therapeutic 
effect of PDT innovative strategies such as the use of nanomaterials or 
nanocomposites as PSs are being developed [18]. Nanotechnology has 
the potential to revolutionize the detection and treatment of cancer, its 
role comprises improving pharmacokinetics and reducing systemic 
toxicities of chemotherapies by selectively targeting and delivering 
anticancer drugs to tumor tissue [19]. Some nanomaterials such as li
posomes, micelles, dendritic macromolecules, quantum dots, and car
bon nanotubes have been employed in cancer treatment [20].

With respect to PTT, it uses light-absorbing agents called photo
thermal agents (PTAs) to generate heat when irradiated to destroy tumor 
cells [21]. This therapy is a promising strategy for cancer treatment due 
to its localized therapeutic effect by laser irradiation. Nevertheless, a 
mild-temperature PTT method is necessary to ensure a stable tempera
ture below 43 ◦C for minimizing thermal damage to adjacent tissue [22]. 
PTT has been studied extensively since it efficiently inhibits the growth 
of solid tumors and accelerates photochemical reactions during hyper
thermia which can trigger the immune response of the host [23,24].

On the other hand, PDT/PTT synergistic treatment represents a 
cutting-edge innovation in cancer therapy. By combining PDT’s light- 
activated generation of ROS to damage cancer cells with PTT’s local
ized heat induction to induce cell death, this dual approach enhances 
therapeutic efficacy [25]. Nanomaterials often serve as carriers to 
optimize light absorption, ensuring precise targeting and minimizing 
damage to healthy tissues. The synergy between PDT and PTT amplifies 
tumor destruction, overcoming limitations of each therapy alone, such 
as hypoxia in PDT and heat resistance in PTT, offering a promising 
strategy for more effective, minimally invasive cancer treatments [26,
27].

Against this background, this review compiled the recent clinical 
developments within the last few years regarding the diagnose and 
treatment of different types of cancer by PDT, PTT, and synchronic PDT/ 
PTT strategies. Therefore, we have divided this paper into four main 
sections. The first one comprises cancer diagnosis from PDT and PTT 
strategies including: (i) fluorescence-guided PDT for intraoperative 
cancer detection, (ii) optical coherence tomography (OCT)-guided PDT 
for early cancer detection, and (iii) perspectives in the diagnosis based 
on PDT/PTT along with magnetic resonance imaging (MRI) or computed 
tomography (CT). Then, we reported several clinical studies regarding 
the application of PDT/PTT in the treatment against breast, prostate, 
skin, ginecological, head, neck, and other types of cancer comparing the 
principal conditions of these treatments. The advantages and drawbacks 
of PDT and PTT in tumor targeting and cancer therapy were also dis
cuseed. Finally, we addressed the perspectives for future clinical appli
cations of PDT/PTT using nanomaterials. In this manner the authors aim 
to present an updated state of art of the diagnosis and treatment of 
cancer by these light stimuli techniques being PDT and PTT or both.

2. Clinical progress in cancer diagnosis based on PDT and PTT 
strategies

PDT studies in cancer diagnosis have been carried out since the 
1960s. In that decade, Lipson et al. (1967) [28], carried out practical 
work using hematoporphyrin as PS to diagnose malignant neoplasms 
based on PDT, which were detected by emitting red fluorescence, while 
healthy tissue was shown in shades of gray [28,29]. Although PDT has 
been widely used as a treatment strategy, there have been significant 
advances in the application of PDT for cancer diagnosis. Some notable 
studies are mentioned below, including those related to the perspectives 
of PDT/PTT along with magnetic resonance imaging (MRI) or computed 
tomography (CT).

2.1. Fluorescence-guided PDT for intraoperative cancer detection

Fluorescence-guided PDT allows real-time visualization and detec
tion of cancerous tissues during surgery. Therefore, it is possible to 
distinguish malignant tissues from normal ones, helping to mark specific 
body areas that must be removed in the operating room [30]. This 
fluorescence-based tool allows greater tissue preservation and causes 
minimal damage. For example, PSs like indocyanine green (ICG), 5-ami
nolevulinic acid (5-ALA), or methylene blue have been administrated in 
patients to obtain fluorescence emission upon light activation, and this 
signal is detected by special equipment such as fluorescence microscopy 
camera. Hence, surgeons can identify and selectively treat tumor cells 
[31]. This approach has been investigated in various types of cancer 
[32]. For instance, Dupont et al. (2019) [32], carried out a clinical study 
to diagnose glioblastoma. They employed 5-ALA to use the fluorescence 
phenomenon produced by the PpIX, a photosensitive molecule that 
targets tumor cells because of exogenous 5-ALA; thus, when the surgical 
cavity was irradiated with blue light (375–440 nm), the tumor tissues 
glowed red simplifying their localization [32]. As a matter of fact, 
malignat tissues of cancers in breast, colorectal, vulvar, lung, gastric, 
esophageal and melanoma have been detected by sentinel lymph node 
(SLN) mapping from fluorescence-guided PDT [33–35]. Fig. 1 depicts 
some examples of the obtained images from this approach.

Portable instruments for fluorescence-guided PDT have also been 
fabricated. For instance, Khan et al. (2019) [38], and Siddiqui et al. 
(2022) [39], designed a low-cost arrangement for the detection of oral 
cancer. It consisted of obtaining fluorescence images (after the irradia
tion of a light-emitting diode (LED)) using a conventional smartphone 
camera (see Fig. 2). For this porpuse these studies used PpIX (induced by 
5-ALA), and blue LED of 405 nm in a dose of 100 J/cm2. This approach 
helped to guide and follow-up the treatment of early oral cancer (surface 
lessions). In addition, it comprises a widely available and low risk 
platform with great potential to be integrated in telemedicine [38,39].

Therefore, when resection is the chosen alternative to treat cancer or 
it comprises the crucial first step capable of reducing the risk of tumor 
recurrence, fluorescence-guided PDT results very attractive. In addition 
to the benefits mentioned above, this tool could significantly improve 
the eradication of residual tumors owing to the synchronous delimita
tion of the tumor and its visualization during surgery. Nevertheless, it 
must be considered that some current PSs do not always discriminate the 
tumor well and surgical resection may be compromised; thus, the se
lection of PS is a key decision in this procedure.

2.2. Optical coherence tomography-guided PDT for early cancer detection

Conventional OCT is a no-contact and noninvasive imaging tech
nology that provides high-resolution cross-sectional in vivo three- 
dimensional (3-D) images, based on low coherence interferometry, 
typically using NIR light, without impacting the analyzed tissue [40]. 
The resolution of the OCT is better than that of other medical imaging 
methods like ultrasound or MRI. OCT can be integrated into small 
probes and catheters (contact/invasive technology), allowing access to 
internal organs for cancer imaging and diagnosis. Regarding the latter, it 
is notably valuable when conventional microscopic tissue diagnosis, 
such as biopsy, is impossible. The advantage of OCT is its high soft-tissue 
contrast based on refractive index differences [41]. The effectiveness of 
OCT in the detection and diagnosis of cancer was first demonstrated 
through in vitro cell imaging, followed by a series of in vitro/ex vivo and in 
vivo studies on a broad spectrum of malignancies. Thus, when OCT is 
combined with PDT, clinicians can identify early-stage cancer lesions 
and precisely deliver light-based therapy. This approach has shown 
promise in detecting and treating early-stage skin cancers, the oral 
cavity, and the gastrointestinal tract [42,43].

A clinical study illustrated the potential of OCT in monitoring the 
application of 5-ALA by PDT using red, green, blue (RGB) LEDs with 
various correlated color temperatures to treat oral squamous cell 
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Fig. 1. (a-c) Breast tumor: (a) color image, (b) near infrared (NIR) fluorescence image, (c) merged image from (a) and (b). (d-f) Brain tumor in surgical resection of 
glioblastoma multiforme: (d) color image, (e) visible fluorescence image, (f) merged image from (d) and (e). Reproduced with permission from [33,36,37].

Fig. 2. (a) Smartphone attached with LED array and fitted with an emission filter, (b) PDT treatment: LED irradiaton to obtain PpIX fluorescence, (c) Light responses 
to LED irradiation, (d) Image with light (WL) and (e) fluorescence image. Adapted with permission of [39].
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carcinoma (SCC). In the study carried out by Wang et al. (2013) [44], it 
was observed that in cross-sectional OCT images of cancerous oral tis
sues, the boundary between the epithelial (EP) and lamina propria (LP) 
layers disappeared. One week after the initial ALA-PDT treatment, the 
EP-LP boundary was not distinctly visible. However, after the third 
ALA-PDT treatment, OCT images obtained one week later clearly 
showed the re-establishment of the EP-LP boundary, indicating a 
favorable treatment response of oral cancer to ALA-PDT [44].

Similarly, it was illustrated that OCT has the technical capability to 
map the precise boundaries of tumors and could observe the alterations 
using PDT in patients with skin cancer in real time. In this clinical study 
conducted by Hamdoon et al. (2021) [45], metatetra(hydroxyphenyl) 
chlorine (mTHPC) was intravenously administered (dose of 0.05 mg/kg) 
in patients 48 h before illuminating the tissue. During PDT, a 652 nm 
diode laser was used, delivering a dosage of 20 J/cm2 per treatment site. 
The OCT images captured after PDT revealed noticeable changes in the 
tissue structure, including the formation of swelling (edema) and the 
shedding of dead tissue (necrotic slough). These effects were particularly 
prominent in the initial weeks following treatment. Additionally, by 
OCT, it was possible to distinguish between the various layers of the 
tumor and the skin above it, with a maximum penetration depth of 
1.5–2.0 mm in the specific model used for the study [45]. In Fig. 3 is 
depicted the obtained images by this study.

Likewise, Niculescu (2017) et al. [43], developed a pilot study using 

ALA- and methyl aminolevulinate (MAL)-PDT treatment with ten pa
tients (3 male, 7 female) with superficial basal cell carcinoma (BCC) 
lesions. They indicated that OCT improved accuracy in detecting re
sidual BCC lesions. Besides, they confirmed an excellent response after 
PDT compared with clinical inspection alone. The employed treatment 
was detectable, and completely cured lesions that were clinically sus
picious for BCC and identified correctly [43].

Hence, significant advantages of OCT in cancer detection and 
treatment were evidenced, particularly when combined with PDT. 
OCT’s high-resolution imaging, superior to other modalities like ultra
sound or MRI, allows for precise tumor mapping and monitoring of 
treatment efficacy. The ability to visualize tissue response in real-time, 
as demonstrated in various clinical studies, underscores OCT’s poten
tial to enhance cancer treatment outcomes. However, while these find
ings are promising, further research is needed to standardize OCT’s 
application across different cancer types and to explore its long-term 
impact on patient outcomes.

2.3. Perspective in the diagnosis based on PDT/PTT along with magnetic 
resonance imaging or computed tomography

MRI is a non-invasive, non-ionizing, tomographic imaging modality 
that is particularly useful for detecting and characterizing soft tissue 
pathologies like cancer [46]. Zheng T. et al. (2019) [47], prepared a 

Fig. 3. OCT-PDT applied in skin cancer: (a) SCC face lession (black arrow); (b) OCT image showing the tumor margin (red arrow) and a vertical cleft with non-visible 
damage beyond the margin (blue arrow); (c) Real margins of SCC determined by OCT to fabricate a custom made template; (d) PDT; (e) SCC lession after 1 month; (f) 
OCT image of (e) showing vertical cleft with multiple empty spaces which indicate necrotic changes (red arrow); (g) SCC lession after 3 months; (h) OCT image of (g) 
showing healing with granulation tissue formation (slight poor differentiation in skin layer as the area is in state of healing); (i) SCC lession after 6 month; and (j) OCT 
image showing early differentiation of epidermal and dermal layers with distinctive dermo-epidermal junction (black arrows) and very thin stratum corneum layer 
(red arrow). Reproduced with permission from [45].
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nanosystem for clinical anticancer applications against HeLa 
tumor-bearing mice using Prussian blue (PB, T1-weighted MRI). The 
nanosystem exhibited excellent biocompatibility and good absorption in 
the NIR region, and their photothermal conversion was 25.73 % upon 
irradiation with 650 nm laser light (1.5 W/cm2). This study verified that 
the nanosystem achieved a visualized synergistic therapy with the aid of 
MRI (see Fig. 4) [47]. Another material that was successfully employed 
to achieve the same aim comprises Fe3O4-core, which was used as a 
T2-weighted MRI; Zhang H. et al. (2017) [48], could take images of 
tumor-bearing mice in the coronal and axial plane by MRI [48]. 
Therefore, from a single agent, it is possible to generate multiple func
tions such as PDT/PTT and responsiveness theranostic (combination of 
diagnosis and therapy) for MRI due to an exogenous light stimulus [46]. 
On the other hand, CT could briefly be used to analyze the position of 
metastasis of the lymph node and to refine the therapeutic regimens 
throughout PTT. It is possible to track the distribution of the PTA in the 
tumor sites for CT contrast agents for angiography and organic imaging 
in real time [49].

In this manner, PDT/PTT can be combined with targeted imaging to 
detect specific biomarkers of cancer cells to enhance safety and thera
peutic efficacy. This approach enables non-invasive visualization and 
quantification of molecular markers associated with cancer progression 
[50,51]. Developing new imaging probes for cancer diagnosis is critical 
for early disease detection and management; therefore, techniques such 
as MRI and CT have been coupled with PDT/PTT. The use of nano
particles for these diagnostic techniques is in the in vitro/in vivo phase 
and has good prospects for its use in the future.

3. Clinical progress in PDT/PTT for tumor destruction

Studies are currently underway to evaluate the effectiveness of PDT 

and PTT in the treatment of cancer. At the moment, PTT, although it has 
shown promising results, is still at the stage of in vitro/in vivo studies; 
while PDT is more established and consolidated, with several clinical 
trials being carried out for different types of cancer and disseminated 
worldwide [52]. Below are the clinical advances for PDT-based cancer 
treatments by body section.

3.1. Breast cancer

Breast cancer has the highest incidence in the USA, according to the 
American Cancer Society. It was estimated that in 2023, approximately 
298 thousand women and 3 thousand men were diagnosed with invasive 
breast cancer, resulting in 43,700 deaths [53]. In women, the occurrence 
of breast cancer has been increasing since 2020 by 0.5 % due to factors 
such as weight gain after the age of 18, physical inactivity, and hor
monal therapies in menopause. In addition, non-modifiable factors such 
as inherited genetic mutations (BRCA1 or BRCA2 genes), high density of 
breast tissue, a history of ductal carcinoma in situ (DCIS) or lobular 
carcinoma in situ (LCIS), and receiving high-dose radiation to the chest 
before age 30, are risk factors for the occurrence of breast cancer [53].

Patients who underwent a mastectomy for breast cancer frequently 
experience recurrence as a side effect in the chest wall. Wyss et al. 
(2001) [54], and Cuenca et al. (2004) [55], employed PDT to treat this 
type of metastatic lesions, providing an excellent clinical response with 
minimal morbidity [54,55]. The first study treated the lesions of patients 
with 0.10 mg/kg of mTHPC intravenously PS. They were irradiated with 
a 652 nm laser diode and a light dose of 10 J/cm2, producing an elim
ination of tumor lesions with minimal scarring after 8 to 10 weeks, 
which resulted in complete response in all patients. In the second work, 
64 % of complete responses were obtained using 8 mg/kg of intrave
nously photofrin irradiated with a 630 nm laser diode and 150 to 200 

Fig. 4. (a) Thermal imaging of HeLa tumor-bearing mice treated with phosphate-buffered saline PBS (top) and nanosystem (sample-bottom) before and after tail vein 
injection under 650 nm laser irradiation (1.5 W/cm2, 5 min); (b) In vivo T1-weighted MRI in HeLa tumor-bearing mice before and after tail vein injection of 
nanosystem. Adapted with permission from [47].
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J/cm2 doses. After 190 days of treatment, epithelial growth was 
observed without lesions [55].

One interesting clinical trial for treating primary breast cancer by 
PDT was reported in recent years by Banerjee et al. (2018) [56]. This 
work employed verteporfin (0.4 mg/kg) as PS. Fig. 5 shows that a 1 mm 
fiber laser with a 1 cm diffuser tip of 690 nm and 150 mW/cm power was 
used to irradiate the tumor. Complete tumoral necrosis resulted from a 
dose of 50 J [57].

PDT has been recognized as a significant treatment option for breast 
cancer due to its ability to target cancerous cells precisely while mini
mizing damage to surrounding healthy tissue. As a highly localized 
treatment, PDT offers promising outcomes, particularly for patients with 
early-stage breast cancer or those seeking alternatives to traditional 
methods. The importance of PDT is underscored by the growing number 
of breast cancer cases, since the new cases diagnosed annually demand 
for innovative and less aggressive treatments, like PDT, which is more 
pressing than ever.

3.2. Prostate cancer

This type of cancer is the fifth leading cause of cancer-related death 
in men worldwide [58]. While PDT shows promise as a potential 
treatment for prostate cancer, it is still considered an experimental or 
investigational therapy. Clinical trials and research studies are ongoing 
to evaluate the safety and effectiveness of PDT. Conventionally, prostate 
cancer is treated by radiotherapy or surgery [59].

Tookad, also called padoporfin, is one of the most used PS in clinical 
studies for prostate cancer treatment based on PDT. This PS is activated 
with NIR light at 753 nm. Azzouzi et al. (2017) [60], applied this 
vessel-targeted PS to treat low-risk localized prostate cancer using 4 
mg/kg and irradiation of 753 nm, 150 mW/cm for 22 min 15 s. As a 
result, 41 % obtained a definitive absence of cancer at 24 months [60]. 
Likewise, Noweski et al. (2018) [61], used the same conditions of PS and 
irradiation (753 nm, 200 J), with a higher light dosage than the first 
study, achieving an efficacy of 75 % [61]. Thus, this vascular-targeted 
photodynamic therapy (VTP) is a promising tissue-preserving treat
ment that reduces side effects while maintaining oncological efficacy. It 
works by inducing focal ablation of tumor lesions through cell necrosis, 
targeting tumor vasculature with the photosensitizer WST-11 and a 
low-power NIR laser. Besides, it was demonstrated that the oncologic 
outcomes were superior for VTP compared to active surveillance over a 
two-year follow-up. The literature also highlights VTP’s effectiveness in 
optimizing treatment parameters, making it a valuable option for 
prostate carcinoma by balancing therapeutic benefits with reduced 
harm.

3.3. Skin cancer

The WHO estimates that each year, there are 2 to 3 million non- 

melanoma skin cancers, and 132,000 melanoma skin cancers diag
nosed worldwide. Melanoma is the most dangerous form of skin cancer. 
It has a higher potential to spread to other body parts if not detected and 
treated early. In the USA, the American Cancer Society estimated that in 
2023, there were about 106,110 new cases of melanoma and 7180 
deaths from this disease. Non-melanoma skin cancers (keratinocyte 
cancers), among others, include BCC and SCC. These types of skin cancer 
are generally less aggressive than melanoma and have a high cure rate. 
The exact number of non-melanoma skin cancer cases worldwide is 
difficult to determine, but estimates suggest that they account for most 
skin cancer cases. For decades, the conventional treatment consisted of 
surgical excision; nevertheless, this option can cause co-morbidities, and 
potential intolerance for repeated excisions. Likewise, topical treat
ments have also been employed using 5-Fluorouracil, imiquimod, and 
PDT, among others.

International guidelines recommend topical PDT as a treatment op
tion to treat BCC, SCC, in situ (known as Bowen’s disease), and actinic 
keratosis (AK) for lesions less than 2 mm thick due to natural barriers 
that restrict the penetration of the cream [62–65]. Generally, a PS, at 
topical cream or solution, is applied to the skin, which is selectively 
absorbed by cancer cells, taking a few hours. The PS is activated by 
exposing it to a specific wavelength of light, typically a laser or LEDs, to 
generate ROS that causes cell death in the cancerous tissue. This process 
helps to destroy the cancer cells while the surrounding healthy tissue is 
preserved. After PDT, the treated area may develop redness, swelling, 
and crusting, which usually resolves over time. Patients may require 
multiple sessions of PDT depending on the extent and type of skin cancer 
being treated. It is worth noting that PDT is primarily used for superficial 
skin cancers, and its effectiveness may vary depending on factors such as 
the size and location of the tumor.

Some frequent PSs used in PDT to treat skin cancer are MAL, 5-ALA, 
and photofrin. While 5-ALA is usually recommended for the treatment of 
BCC, AK, and Bowen’s disease, MAL is commonly used for non- 
melanoma skin cancer treatment, such as thin nodular BCC and SCC, 
due to its methylation may penetrate the skin more effectively and 
enhance the accumulation of PpIX in cancer cells. Finally, photofrin is an 
injectable PS drug that circulates throughout the body and preferentially 
accumulates in cancerous tissues; photofrin-PDT may be used for more 
advanced or extensive skin cancers.

In Brazil, a multicenter clinical study was developed to treat BCC- 
type lesions using topical MAL-PDT in two sessions with an interval of 
seven days. Based on the results of this program, it was possible to obtain 
approval for the incorporation of PDT as an option for treating BCC-type 
injuries in the Brazilian public health system. The results proved cost- 
effective, as they present high efficacy rates in outpatient procedures, 
which do not require specialized professionals for application and do not 
present serious side effects that require medical interventions (see 
Fig. 6) [66,67]. Some new protocols have been developed to optimize 
the treatment protocol and make the outpatient routine more viable and 

Fig. 5. (a) Laser fiber inserted into the tumor (under the armpit); (b) Ultrasound image of the laser fiber into the tumor; (c) Fiber track under microscope as a 
uniform, pale patch of PDT-induced necrosis in the resected tissue that has been sliced perpendicular to the needle track. The bottom uniform, pale region is on the 
cut’s opposite side. Reproduced with permission of [57].
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comfortable for patients, demonstrating similar efficacy rates to the 
conventional protocol. A developed protocol, called single visit, estab
lished two treatment sessions to be carried out on the same day, the first 
incubation time being 3 h and the second immediately after the first 
irradiation, lasting 1.5 h [68,69]. Another protocol that has been studied 
is based on the single-visit protocol, but the second session is carried out 
at home using a portable device. After the first irradiation, the patient is 
discharged with an occlusive dressing containing MAL cream and the 
system positioned over the lesion. This device has lower irradiance, and 
although the treatment requires more time, the patient performs it in the 
comfort of their home and feels less pain inherent to the treatment [70,
71].

Seeking to overcome the skin’s natural barriers and improve drug 
delivery to the lesion, physical and chemical strategies have been 
explored to increase the concentration and availability of PS in the 
target cell [72]. These strategies can both increase the effectiveness of 
the treatment and make the treatment suitable for thicker lesions. 
Hexaminolevulinate (HAL) is also an esterified derivative of 5-ALA with 
increased lipophilicity, authorized for sale in Europe [73]. Just as 
changes can be made to the molecules, physical methods can also be 
used to facilitate the penetration of the drug, as well as curettage and 
debulking of the lesion and delivery methods using dermograph and 
microneedles [72].

The incorporation of PDT into treatment protocols, as evidenced by 
successful outcomes in Brazil’s public health system, highlights its cost- 
effectiveness and minimal side effects. Innovations in treatment pro
tocols, such as single-visit sessions and home-based therapies, further 
enhance patient comfort and accessibility. Ongoing research into 
improving drug delivery methods and enhancing the effectiveness of 
photosensitizers promises to expand PDT’s applicability to thicker and 
more challenging lesions. As international guidelines continue to sup
port PDT, it remains a promising approach for managing non-melanoma 
skin cancers, combining efficacy with patient-centered care.

3.4. Gynecological cancers

Uterine corpus cancer is one of the most frequently diagnosed gy
necological malignancies. This cancer is the sixth most diagnosed cancer 
in women and is associated with infection caused by human papillo
mavirus (HPV) [74]. This virus can affect the cervix, vulva, vagina, 
perineum and anus women [74].

While PDT is commonly used for certain types of cancer, such as skin 
cancer, its use in uterine corpus cancer (also known as endometrial 
cancer) is limited [75]. The standard treatment for uterine corpus cancer 
typically involves surgery, radiation therapy, and/or chemotherapy. 
Surgical removal of the uterus (hysterectomy) is often the primary 

treatment for early-stage uterine corpus cancer [75].
For the treatment of cervical cancer in women, PS ALA has been 

tested with irradiation of red light resulting in 76 to 90 % efficacy, as 
demonstrated by Wang et al. (2022) [76], who successfully healed 
cervical intraepithelial neoplasia (CIN) with vaginal intraepithelial 
neoplasia (VAIN) [76]. Likewise, Wu et al. (2021) [77], treated 
high-grade squamous intraepithelial lesions (HSIL)-CIN, applying 20 % 
of 5-ALA as a gel with a 2 % concentration of dimethylsulfoxide followed 
by light irradiation of 100 J/cm2 at 635 nm [77]. Other studies that used 
PDT to treat patients with CIN associated with HPV observed the PDT 
effect after the first procedure (see Fig. 7) and confirmed that 88.2 % of 
the women presented a complete regression of the dysplasia foci using 
Chlorin e6 (Ce6) as an intravenous administrated PS [78].

Regarding the application of PDT in pre-invasive vaginal cancer, 
Ivanova V. et al. (2021) [79], treated 20 patients using a light dose of 40 
to 100 J/cm2 and an irradiation from 10 to 30 min, depending on the 
number of irradiation fields. The PDT effect was assessed with extended 
colposcopy, and the evaluation comprised a normalization of the col
poscopy picture and the absence of atypical cells. After 3 months, a 
complete regression was registered in 100 % of patients. In other work, 
PDT was used against VAIN, Cai et al. (2020) [80], performed a lesion 
treatment using ALA as PS, which was irradiated after 3 h with light at a 
wavelength of 635 nm and a density of 80 mW/cm2. The treatment was 
assessed using HPV-DNA tests along with liquid-based cervical cytology. 
As a result, 67 % of women were HPV negative on retesting 3–4 months 
after ALA-PDT, and most patients showed no signs of recurrence during 
the follow-up period. A study has also shown that the PDT intervention 
in CIN I increased the number of lesion regressions when compared to 
the placebo group, in which patients are only monitored without 
treatment, as recommended by the Brazilian health system [81]. In a 
case study by Castro et al. (2020) [82], it was observed that the viral 
load of a patient with CIN 3 (high grade) was eliminated when treated 
with two PDT sessions [82].

Vulvar intraepithelial neoplasia (VIN) is a non-invasive precursor 
lesion usually found in 50–70 % of patients affected by vulvar squamous 
cell carcinoma (VSCC). PDT has also treated VIN lesions for surgical 
excision and laser ablation [53]. Likewise, PDT allows the maintain 
vulvar anatomy and excellent cosmetic outcomes since it causes minimal 
destruction of the tissues.

PDT is appearing as a hopeful treatment for various gynecological 
cancers, particularly those associated with HPV, such as CIN, VAIN, and 
VIN. Unlike traditional treatments, PDT offers significant advantages. It 
effectively treats pre-invasive lesions, leading to high rates of lesion 
regression and viral load reduction while preserving the anatomical and 
functional integrity of the cervix. This is crucial for maintaining female 
fertility. PDT’s ability to minimize tissue damage and preserve organ 

Fig. 6. Nodular BCC lesion located in zygomatic region, photos before and 30 days after the PDT. The circles mark the treated region. Reproduced with permission 
of [66].
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structure makes it a valuable option in gynecological oncology. As 
research continues, PDT has the potential to play a key role in managing 
gynecological cancers, offering a safer alternative to conventional 
treatments and improving patient outcomes.

3.5. Head and neck cancer

Head and neck cancers are the seventh most common cancer glob
ally, accounting for approximately 4 % of all new cancer cases [83]. 
These refer to a group of cancers that develop in the squamous cells 
lining the mucosal surfaces of the head and neck region, including the 
oral cavity, throat, voice box, sinuses, and nasal cavity. Head and neck 
cancers are often categorized based on location and may include the oral 
cavity, oropharyngeal, laryngeal, nasopharyngeal, and others [84]. PDT 
is often used in combination with other treatments, such as surgery, 
radiation therapy, or chemotherapy, to provide a comprehensive 
approach to treating head and neck cancer. It can be used for early-stage 
cancers or as palliative treatment to relieve symptoms in advanced cases 
[84,85].

Santos et al. (2018) [86], reported a successful treatment using PDT 

with redaporfin (0.75 mg/kg) and irradiation of 749 nm laser light (dose 
of 50 J/cm2), followed by immune checkpoint inhibition with an 
anti-PD1 antibody. Even though the patient had undergone surgery, 
radiotherapy, and multiple lines of systemic treatment without 
response, PDT with redaporfin achieved the destruction of all visible 
tumors, and the sequential use of an immune checkpoint inhibitor 
allowed a sustained complete response. Subsequently, the treatment was 
supplemented with nivolumab (3 mg/kg) and partial removal of the 
bone, and in this way, a reduction in the tumor load was achieved, and in 
subsequent evaluations, no progression of tumor size was evidenced (see 
Fig. 8) [86].

Likewise, a clinical trial demonstrated the benefits of PDT after 
surgery in close or positive resection margins in head and neck cancer. 
Patients underwent surgery (54 cases), and PDT was carried out using 
mTHPC at 0.15 mg/kg. A 652 nm red laser light with a dose of 20 J/cm2 

was employed for the irradiation. The progression-free survival rate was 
30 %, the disease-free survival rate was 28 %, and the overall survival 
rate was 51 % at 2 years. The better disease-free survival was verified 
with a time interval between surgery and PDT of at least one month and 
a half, concluding that PDT can be applied as auxiliary therapy in head 

Fig. 7. Images of cervical tissue from a patient with CIN III: (1) Before PDT, (2) After PDT. (a) Black and white mode. (b) Color mode. (c) Combined mode (in the 
upper left corner is the fluorescence index in rel. units). Reproduced with permission of [78].

Fig. 8. Clinical evolution of tumor spots, with a 3 cm diameter each, after perfusion with redaporfin 0.75 mg/kg, in the second PDT session with treatment intent. (a) 
Pre-dose); (b) 24 h after PDT. Reproduced with permission of [86].
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and neck cancer after surgery with tumor-positive resection margins 
[87].

In 2022, Jerjes et al. [88], developed an exploratory study that 
evaluated the effect of PDT with mTHPC in the head and neck area to 
improve the quality of life of 38 patients and was successful in all pa
tients [88]. The patients were treated for various head and neck pa
thologies using mTHPC-PDT and completed the questionnaire during an 
average 56-day follow-up. One month after PDT, improvements were 
observed in swallowing, speaking, visual symptoms, and breathing, and 
in the following weeks, enhancements in daily life activities and social 
life were reported [88].

In this way, it was confirmed that PDT is viable for use in both early 
and advanced stages, delivering effective tumor reduction and symptom 
relief. Clinical trials have proven its effectiveness, including the suc
cessful application of redaporfin-PDT in combination with immune 
checkpoint inhibitors, which resulted in lasting tumor destruction in 
patients who had previously not responded to standard treatments. 
Furthermore, PDT has been shown to enhance quality of life by 
improving essential functions such as swallowing, speaking, and 
breathing. Its use as an additional therapy after surgery, particularly in 
cases with positive resection margins, has also been associated with 
improved disease-free survival rates. These results highlight PDT’s po
tential as a valuable tool in the comprehensive treatment of head and 
neck cancers.

3.6. Studies and clinical trials reported in the literature

There are currently hundreds of clinical trials with favorable results 
in treating solid tumors based on PDT, registered in the Clinical Trials 
Database of the US National Library of Medicine. Some of the trials with 
favorable results are presented in Table 1, where the clinical trials are 
organized by section of the body.

Based on the reported data of Table 1, it is evident that PDT has 
considerable versatility in the treatment of various types of cancer, 
including different stages. Table 1 presents the use of different PSs, being 
Photofrin, WST11, and ALA the most employed. Besides, it was deter
mined that each PS is paired with a specific wavelength for optimal 
activation. On the other side, most of the drugs are administered 
intravenously, with doses ranging from 0.15 to 4 mg/kg, emphasizing 
the need for dose customization based on disease progression and tumor 
characteristics. The variability in light intensity, from 20 to 1200 J/cm2, 
suggests that the optimal efficacy is related to the optical properties of 
the tissues. Furthermore, the flexibility in treatment time indicates that 
PDT can be tailored to the patient’s specific clinical needs. This data 
highlights the precision required in PDT, where drug selection, wave
length, and light dose are carefully modulated to maximize tumor 
treatment while preserving normal tissue function.

3.7. Advantages and disadvantages of PDT and PTT in tumor targeting 
and cancer therapy

PDT and PTT have gained considerable attention in cancer treatment 
due to their precision, minimal invasiveness, and reduced side effects 
compared to conventional therapies like surgery, chemotherapy and 
radiotherapy. These therapies offer significant advantages in tumor 
targeting, as both PDT and PTT selectively target cancerous tissues, 
sparing healthy cells and minimizing systemic toxicity. As stated before, 
PDT uses PSs that upon light exposure generate ROS to induce tumor cell 
death and activate the immune system. On the other hand, PTT lever
ages light-activated PTAs to produce localized heat, effectively 
destroying tumor cells. Their high specificity allows for better patient 
outcomes with fewer adverse effects [117].

Despite the clear benefits of PDT and PTT, these therapies have some 
inherent limitations. The most significant drawback of PDT is the 
restricted light penetration, which limits its efficacy in treating deep- 
seated or large tumors. Furthermore, the accumulation of PS in non- 

target tissues, combined with tumor hypoxia, can reduce the overall 
effectiveness of the therapy. Similarly, PTT also faces challenges with 
selective targeting and is less effective against metastatic disease. While 
both therapies are highly localized, their impact on larger or more 
advanced tumors is limited, and there is also a risk of local toxicities, 
such as edema, when treating larger tumor masses. These limitations 
point out the need for further refinement and combination with other 
cancer treatment strategies [118–120].

Facing this scenario, the potential of PDT and PTT lies in their 
integration with other therapeutic approaches, such as chemotherapy 
and immunotherapy. In the literature it has shown that combining PS 
with chemotherapeutic agents or immunotherapeutic drugs can produce 
a multi-mechanistic anti-tumor response, overcoming some of the lim
itations of PDT and PTT. This approach enhances tumor targeting, re
duces the risk of tumor recurrence, and potentially improves long-term 
survival rates. As ongoing research continues to refine these therapies, 
PDT and PTT could become central components of a more personalized 
and comprehensive cancer treatment strategy in developing more 
effective treatments. There are several current studies aimed at identi
fying the best combination strategies. [17,18].

4. Perspectives for PDT/PTT based on nanoparticles for future 
clinical applications

Nanoparticles have been used as PS and nanocarriers within PDT, 
this approach enhances the stability, targeting ability, and uptake by 
cancer cells [121,122]. Additionally, nanoparticles can be designed to 
accumulate in tumors selectively through passive or active targeting 
strategies, thereby improving the specificity of PDT. This approach al
lows for precise spatiotemporal control of treatment, minimizing dam
age to surrounding healthy tissues [123]. Likewise, PTT has employed 
nanoparticles as gold nanoparticles, iron nanoparticles, and carbon 
nanotubes, which possess photothermal properties [124–127]. Nano
particles can be functionalized to specifically accumulate in tumors, 
enabling targeted PTT [128]. As stated before, PDT and PTT can be 
synergistically combined to enhance treatment outcomes; thereby, it is 
possible to incorporate PSs and PTAs into nanoparticles, such as a single 
system that can provide dual-modal therapy or use nanoparticles as PSs 
and PTAs. This combined approach offers the potential for enhanced 
cancer cell-killing efficacy through complementary mechanisms of ac
tion. Furthermore, nanoparticles can be engineered to respond to spe
cific triggers, such as pH or enzymes, to improve treatment selectivity 
and effectiveness [129,130].

Nanoparticles (e.g., magnetic iron oxide nanoparticles [131]) have 
also been employed in imaging and theranostic applications using 
irradiation to activate them [131]. As imaging agents, nanoparticles 
enable real-time monitoring of treatment efficacy and tumor response, 
which can be modified by incorporating imaging or contrast agents for 
various imaging modalities, like optical, magnetic resonance, or 
computed tomography. The theranostic capability of the nanoparticles 
allows, in addition to tracking tumor foci and delimiting their volumes, 
for personalized and targeted treatment monitoring, facilitating the 
optimization of therapy and minimizing unnecessary side effects [132].

Based on these facts, it is evident that nanoparticles have great po
tential in photoactivated clinical applications. However, researchers 
must address toxic side effects to make it an effective mode of cancer 
treatment [133]. Below is summarized the recent advances in this topic 
within breast and prostate cancer in pre-clinical tirals. Nevertheless, it is 
worth mentioning that nanoparticles have also been employed in skin 
cancer (hafnium oxide nanoparticles) [126], glioblastoma [127], and so 
on.

4.1. Nanoparticles for breast cancer treatment based on PDT/PTT

Carbon-based nanomaterials have been employed to treat breast 
cancer. In the study of Yang et al. (2020) [134], they prepared a 
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Table 1 
Treatments approved for clinical trials.

Section Condition or 
disease-treated

Drug Procedure Dose and via Wavelength, dose 
and time

Ref

Breast Adenocarcinoma 
of the breast

mono-L-aspartyl chlorin e6 (Npe6) PDT 2.5 and 
3.5 mg/kg, 
intravenous

664 nm, 100 J/cm2 [89]

​ Breast cancer recurs 
in the skin

Photofrin PDT 0.8 mg/kg, 
intravenous

630 nm, 100, 200, 
400 and 800 J/cm2

[90]

​ Breast neoplasms Verteporfin PDT 0.4 mg/kg, 
intravenous

690 nm, 20 − 90 J/ 
cm2

[91]

Prostate Prostate cancer WST11 
(TOOKAD®)

VTP Prostate size 
<60 mL, 4 mg/kg; 
and ≥60 mL, 
6 mg/kg, intravenous

753 nm, 200 or 300 
J/cm2

[92]

​ Localized prostate cancer WST11 
(TOOKAD®)

VTP 4 mg/kg via 
intravenous

753 nm, 200 J/cm2 [93]

​ Unilateral low-risk prostate cancer WST11 
(TOOKAD®)

VTP 3.66 mg/kg via 
intravenous

753 nm, 200 J/cm2 [94]

Skin BCC and SCC Npe6 PDT 2.5 and 
3.5 mg/kg, 
intravenous

664 nm, 100 J/cm2 [95]

​ BCC 5-ALA PDT Topically blue light, ~20 J/ 
cm2, 
30 min

[89]

​ Skin cancer 5-ALA PDT 20 %, topically 633 nm [96]
​ Nonmelanoma 

skin cancer
Levulan Kerastick (ALA) PDT Topically 417 nm, 1000 s [97]

​ Superficial non-melanoma skin 
cancer

MAL or Metvix® (Galderma) Fractional ablative 
CO2 laser + MAL PDT

Topically 630 nm, 37 J/cm2, 
10 min

[98]

​ AK 
in photodamaged 
skin of the face

MAL Daylight PDT Topically Daylight for 2 h, 
5 sessions

[99]

​ AK photoaging solar elastosis Metvix ®, Galderma France PDT Topically 635 nm, 37 J/cm2, 
3 sessions

[100]

​ AK Levulan Kerastick PDT 20 %, topically Blue light, 10 J/cm2 [101]
​ AK Vitamin D 

(Calcipotriol ointment 
50 mcg/g) + MAL 16 % (Metvix, 
Galderma France)

Calcipotriol assisted 
PDT

Topically 635 nm, 37 J/cm2 [102]

Cervical 
Cancer

CIN 1/2 HAL PDT HAL 5 % topically 629 nm, 100 J/cm2 [103]

Head and 
neck

SCC of the head and neck Temoporfin PDT 0.15 mg/kg, 
intravenous

652 nm, 200 s [104]

​ Carcinoma in situ and stage I 
carcinoma of the oral cavity and the 
larynx

Photofrin PDT 2 mg/kg, intravenous 630 nm, 50 or 
75 J/cm2

[105]

​ Brain tumor, high-grade gliomas Photofrin PDT 2.5 mg/kg, 
intravenous

630 nm, 240 J/cm2 [106,
107]

​ Oral cavity SCC 2-1[Heyloxyethyl]-2- 
Devinylpyropheophorbide-a 
(HPPH)

PDT + Therapeutic 
conventional surgery

4 mg/kg, slow 
intravenous

665 nm, 140 J/cm2 [105]

Esophagus Early stage 
esophageal adenocarcinoma in 
Barrett esophagus

Photofrin Endoscopic mucosal 
resection + PDT

2 mg/kg, intravenous 630 nm [108]

​ Esophagogastric cancer with 
moderate to severe dysphagia

WST11 
(TOOKAD®)

PDT with an 
endoscopy procedure

4 mg/kg, intravenous 753 nm [108]

Lung Lung cancer with endobronchial 
obstruction

Photofrin PDT by bronchoscopy 2 mg/kg, slow 
intravenous injection

630 nm, 200 J/cm2 [109]

​ Solid lung tumor Photofrin PDT by bronchoscopy 2 mg/kg, intravenous 630 nm, 200 J/cm2 [110]
Bladder Non-muscle invasive bladder cancer TLD1433 TLD1433 infusion +

PDT
0.70 mg/kg, infused 
into the bladder

532 nm, 90 J/cm2 [111]

​ Superficial bladder cancer Photofrin PDT 1.5 mg/kg, infused 
intravenously

630 nm, target light 
doses of 1200 J/cm2

[112]

Kidney T1a renal tumors WST11 
(TOOKAD®)

Vascular targeted PDT 4 mg/kg single IV 
administration

753 nm, 200 J/cm2 [113]

Liver Hilar cholangiocarcinoma Photofrin Stenting procedure +
PDT + chemotherapy

2 mg/kg, intravenous 630 nm, 180 J/cm2 

after 
92–96 h and 120 J/ 
cm2 at 
3-month intervals +
chemotherapy

[114]

​ Bile duct cancer Photosan-3(R) PDT 2 mg/kg, intravenous 633 nm, 200 J/cm2, 
550 s

[115]

​ Bile duct cancer Hematoporphyrin derivative PDT 2 mg/kg, intravenous 633 nm, 492 s [116]
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composite of Gd3+ and Ce6-loaded single-walled carbon nanohorns 
coated with amphiphilic polymers. In vitro experiments used breast 
cancer cells (4T1) and 50 µg /mL of the composite. The authors 
demonstrated a significant decrease in cell viability using PTT, PDT, and 
PTT/PDT techniques. The combination of PTT and PDT resulted in the 
lowest cell viability. For the in vivo study, mice of orthotopic breast 
cancers were intravenously injected with the composite at a dosage of 10 
mg kg− 1; then, the tumor area was irradiated at 650 nm laser (40 mW 
cm− 2) for PDT, and at 808 nm laser (1.5 W cm− 2) for PTT, both for 10 
min in sequence. Following laser irradiation, the growth of the treated 
tumors was quickly halted, and five days later, they disappeared [134].

Another study carried out by Lyles et al. (2020) [135], focused on 
polysilsesquioxane (PSilQ) nanoparticles conjugated with PpIX for PDT 
of breast cancer. The in vivo experiments used an orthotopic model of 
triple-negative breast cancer, showing that PSilQ effectively reduced the 
tumor burden when treated with PDT using a 630 nm LED and a total 
fluence of 88.2 J/cm2. The results highlight the phototherapeutic effi
cacy of PSilQ in lowering the tumor burden and provide valuable in
sights into the potential of these nanoplatforms for breast cancer therapy 
[135]. Likewise, Li et al. (2019) reported an amino-modified biode
gradable nanomaterial based on MoS2 quantum-dots-doped disul
fide-based SiO2 nanoparticles loaded with hyaluronic acid and Ce6. This 
nanocomposite was used for clearable imaging-guided PTT/PDT com
bination tumor therapy and was applied in 4T1 tumor-bearing mice, 
exhibiting strong fluorescence and inducing a significant temperature 
increase (from 25 ◦C to 56.8 ◦C) under NIR radiation (808 nm, 1.5 
W/cm2). Besides, the nanocomposite showed low cytotoxicity and high 
ROS generation capacity, highlighting their potential for effective breast 
cancer treatment [136,137]. Several authors have developed in vivo and 
in vitro studies of tumor elimination based on carbon-based materials 
[138].

Similarly, Liu et al. (2018) [139], developed functional Ce6-gold 
nanorods for combined PTT/PDT breast cancer treatment. The nano
rods were synthesized using seed-mediated growth, and mesoporous 
silica was used as the covering. In vitro experiments on human breast 
cancer cells (MCF-7) proved considerable cytotoxicity and apoptosis 
induction under combined PTT (808 nm and 2 W laser for 5 min) and 
PDT (650 nm and 50 mW laser for 5 min) treatment. In vivo studies using 
breast cancer xenografts in mice further validated the efficacy of the 
nanocomposite in treating breast cancer [139]. Other research, that 
demonstrated the effectiveness of the nanoparticles in destroying cancer 
cells was published by Shao et al. (2020) [140]; they reported an 
acceptor-oriented molecular design of donor-acceptor–donor conju
gated small molecule-based phototheranostic agent with isoindigo (IID) 
as selective acceptor, and triphenylamine (TPA) as donor IID-TPA-based 
nanoparticles for synergistic PTT/PDT treatment under a single NIR 
laser irradiation of 671 nm, 1 W/cm2 for 5 min. The nanomaterial 
showed high photothermal conversion efficiency and singlet oxygen 
quantum yield. In vivo experiments were successfully assessed on 
orthotopic 4T1 tumor-bearing mice [140].

The growing research on this type of nanomaterials highlights their 
significant potential as innovative therapeutic agents in breast cancer 
treatment. The aforementioned studies demonstrate the effectiveness of 
nanostructures in achieving substantial tumor reduction through the 
synergistic application of PDT and PTT. The results observed in both in 
vitro and in vivo models suggest that the combination of these modalities 
not only enhances cancer cell apoptosis but also improves treatment 
outcomes by halting tumor growth and facilitating complete regression 
in animal models. The development of novel nanomaterials underlines 
the versatility of these platforms in leveraging targeted therapy and 
improving phototherapeutic efficacy.

4.2. Nanoparticles for prostate cancer treatment based on PDT/PTT

Nanomaterials such as gold nanoparticles, magnetic nanoparticles, 
quantum dots, up-conversion nanoparticles, and carbon-based 

nanomaterials have been used in PDT/PTT for prostate cancer treat
ment. Thus, Choi et al. (2018) [141], developed multifunctional Fe3O4 
magnetic nanoparticles conjugated with a Ce6 and folic acid (FA) to 
treat PDT prostate cancer (PC-3 cells) in vivo tests by a 660 nm 
long-wavelength light source. Fe3O4–Ce6-FA showed good biocompat
ibility and had significant anticancer effects by inducing apoptosis. This 
result was demonstrated in the analysis of the translocation of the 
plasma membrane, nuclear fragmentation, and activities of caspase-3/7 
in the prostate cancer cells [141]. Likewise, Bhattarai et al. (2017) 
[142], prepared self-assembled nanoparticles on porphyrin grafted lipid 
(PGL) with cyanine dye DiR for PDT/PTT against prostate cancer testing 
in vitro and in vivo asssays. The authors demonstrated that more ROS was 
generated when the PGL-DiR nanoparticles were first irradiated by 760 
nm, followed by 650 nm, and there was a considerable synergistic effect 
on tumor growth inhibition. Similarly, Ji et al. (2017) [143], synthe
sized human serum albumin-based nanoparticles loaded with Ce6 and 
ICG for prostate cancer evaluating in vitro and in vivo studies. The results 
demonstrate that ICG could quench the fluorescence of Ce6; only when 
the nanoparticles first received 808 nm light irradiation did ICG degrade 
and convert light energy into heat energy to kill cancer cells. Followed 
by 660 nm irradiation, Ce6 produces lots of ROS for PDT [143]. Thus, 
this approach also has promising effects in healing prostate cancer.

Therefore, these studies demonstrate the potential of diverse nano
particles to treat prostate cancer using PDT/PTT; nevertheless, further 
research and clinical trials are warranted to fully explore the trans
lational potential of these nanoparticle-based approaches. Several 
challenges need to be addressed for successful translation to clinical 
applications. These include optimizing nanoparticle design for efficient 
tumor targeting, ensuring biocompatibility and safety, establishing 
standardized protocols, and conducting rigorous clinical trials to eval
uate efficacy and long-term outcomes. In summary, PDT and PTT based 
on nanoparticles offer exciting opportunities for clinical applications in 
cancer treatment. These approaches provide targeted and localized 
therapies with the potential for enhanced efficacy and reduced side ef
fects. Continued research and development efforts are crucial to over
come technical and clinical challenges and enable the successful 
translation of these approaches into routine clinical practice [144].

5. Conclusions

Over the past few decades, several PDT and PTT strategies have been 
tested and developed to diagnose and combat various types of cancer. 
This review focuses on current advances in PDT and PTT theranostics.

In terms of diagnosis, approaches such as fluorescence-guided PDT, 
OCT-guided PDT, and imaging via MRI or CT assisted by PDT/PTT were 
discussed. These alternatives show promise in improving the eradication 
of residual tumors by allowing synchronous delimitation and visuali
zation of tumors during procedures like surgery. Additionally, they 
enable precise tumor mapping and treatment monitoring. However, the 
development of new imaging probes for cancer diagnosis remains crit
ical for early disease detection and management. Furthermore, addi
tional research is needed to standardize their application across different 
cancer types and to explore their long-term impact on patient outcomes.

Regarding cancer treatment through PDT and PTT, these strategies 
have been used in both preclinical and clinical settings, demonstrating 
favorable results against breast, prostate, skin, gynecologic, head, neck, 
and other cancer types. For instance, PDT is considered versatile due to 
the wide variety of PSs available, with Photofrin, WST11, and ALA being 
the most commonly employed. Each PS must be paired with a specific 
wavelength and dosage for optimal activation. Thus, it is crucial to 
emphasize the need for dose customization based on disease progression 
and tumor characteristics. The flexibility of PDT suggests that this 
treatment can be tailored to the patient’s specific clinical needs. 
Although PDT is effective, its use is not yet widespread. Several expla
nations for this include high costs, inconsistent clinical outcomes, lack of 
superior efficacy compared to alternative local ablation techniques or 
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surgery, and the complexity of the treatment, which involves both 
medication and a device. Therefore, researchers in biomedical optics 
technology are encouraged to develop light sources that are both more 
powerful and cost-effective. Furthermore, it is important to emphasize 
that PDT and PTT are viable strategies when cancer does not present as a 
systemic disease. This is due to the inherent challenges in directing light 
effectively, which are related to the nature of neoplasia.

It is also worth mentioning that nanomaterials offer ways to over
come the significant limitations of traditional PS delivery, thereby 
enhancing the overall efficacy of PDT cancer treatment. Specifically, in 
PDT and PTT, nanomaterials have emerged as a promising field of study 
for cancer therapy. Research into photoactivated nanomaterials is 
crucial for advancing cancer treatments. Various nanoparticles, 
including those based on carbon, gold, copper sulfide, iron oxide, and 
others, have demonstrated potential applications. This approach has 
greatly improved the quality of life and patient outcomes. Light- 
activated strategies are less invasive and less likely to damage healthy 
tissue while effectively targeting cancer cells. Research into the devel
opment, mechanisms, and applications of PS systems must continue. 
Future directions for PDT/PTT research point toward combined treat
ments and the usage of nanomaterials, which could enhance therapeutic 
efficacy and reduce side effects, though this topic is beyond the scope of 
this review.

6. Acronyms and abbreviations

AK: Actinic keratosis.
ALA: Aminolevulinic acid.
BCC: Basal cell carcinoma.
Ce6: Chlorin e6.
CIN: Cervical intraepithelial neoplasia.
CT: Computed tomography.
DCIS: Ductal carcinoma in situ.
EP: Epithelial.
FA: Folic acid.
ICG: Indocyanine green.
IID: Isoindigo.
HAL: Hexaminolevulinate.
HPV: Human papillomavirus.
HPPH: 2-1[Heyloxyethyl]-2-Devinylpyropheophorbide-a.
HSIL: High-grade squamous intraepithelial lesions.
MAL: Methyl aminolevulinate.
MRI: Magnetic resonance imaging. mTHPC: Metatetra(hydrox

yphenyl)chlorine.
NIR: Near-infrared.
Npe6: Mono-L-aspartyl chlorin e6.
LCIS: Lobular carcinoma in situ.
LED: Light-emitting diode.
LEDs: Light-emitting diodes.
LP: Lamina propria.
OCT: Optical coherence tomography.
PBS: Phosphate-buffered saline.
PDT: Photodynamic therapy.
PGL: Porphyrin grafted lipid.
PpIX: Protoporphyrin IX.
PS: Photosensitizer.
PSilQ: Polysilsesquioxane.
PSs: Photosensitizers.
PTA: Photothermal agent.
PTAs: Photothermal agents.
PTT: Photothermal therapy.
RGB: Red, green, blue.
ROS: Reactive oxygen species.
SCC: Squamous cell carcinoma.
SLN: Sentinel lymph node.
TPA: Triphenylamine.

VAIN: Vaginal intraepithelial neoplasia.
VIN: Vulvar intraepithelial neoplasia.
VSCC: Vulvar squamous cell carcinoma.
VTP: Vascular-targeted photodynamic therapy.
WHO: World Health Organization.
WL: With light.
3-D: Three-dimensional.
5-ALA: 5-aminolevulinic acid.
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