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ABSTRACT 

 

PIRES, L. Optical strategies for diagnosis and treatment of melanoma. 2017. 

159 p. Thesis (Doctor in Science) - Instituto de Física de São Carlos, Universidade 

de São Paulo, São Carlos, 2017. 

 

Melanoma is a pigmented tumor that originates from the melanocytes; pigmented 

cells present throughout the body, including skin and iris. The cutaneous form is the 

most common type, and it represents about 5% of the skin tumors diagnosed in 

Brazil. Although it does not have a high incidence, it represents about 80% to 85% of 

all skin tumor deaths. The second most frequent type of melanoma is ocular. It 

represents 5% of all melanoma cases and is a potentially lethal disease, especially 

when it causes metastasis. The main therapeutic approach for melanomas, in 

general, is surgery, with resection of the cutaneous lesion or enucleation in the case 

of ocular melanoma. Other techniques such as adjuvant immunotherapy, palliative 

chemotherapy, and radiotherapy are also used. However, they have low efficacy and 

several side effects.  Photodynamic therapy is a therapeutic modality based on the 

interaction of light at specific wavelength and photosensitizer, in the presence of 

molecular oxygen, leading the cell to death. As melanoma is a pigmented cancer, it 

usually does not respond well to photodynamic therapy due to the high absorption of 

light on the surface of the tumor, making volumetric eradication impossible. This 

project investigated optical strategies for the diagnosis and treatment of melanoma. 

For the diagnosis, it was evaluated the fluorescence lifetime technique to differentiate 

melanoma and normal skin. A sensitivity of 99.4%, specificity of 97.4% and accuracy 

of 98.4% were achieved using linear discrimination analysis. For the cutaneous 

melanoma treatment, PDT combined to optical clearing agents (OCAs) was 

investigated. Vascular and cell-target photosensitizers were evaluated combined or 

not to OCAs. OCA improved PDT response in all pigmented tumors treated, but the 

best results were achieved when a dual-photosensitizer treatment combined to OCA 

was performed. The treatment of conjunctival melanoma was conducted using 2-

photon excitation photodynamic therapy. The advantage of this technique is the use 

of infrared light, in a wavelength that melanin has a low absorption, improving the 

light penetration into the tumor.  The tumor histology shows that apoptosis was 



induced only at the treatment site, with no damage to the surrounding tissue. 

Additionally, a single TPE-PDT session could treat the entire tumor. 

Keywords: Melanoma. Photodynamic therapy. 2-Photon PDT. Optical clearing agent. 

Optical diagnosis.  



 
 

 

RESUMO 

PIRES, L. Estratégias ópticas para o diagnóstico e tratamento do melanoma. 

2017. 159 p. Tese (Doutorado em Ciências) – Instituto de Física de São Carlos, 

Universidade de São Paulo, São Carlos, 2017. 

O melanoma é um tumor pigmentado que surge dos melanócitos, células 

pigmentadas presentes em todo o corpo, incluindo a pele e a íris. A forma cutânea é 

a mais comum e representa cerca de 5% dos tumores cutâneos diagnosticados no 

Brasil. Embora não tenha uma alta incidência, representa cerca de 80% a 85% de 

todas as mortes por tumor de pele. O segundo tipo de melanoma mais frequente é o 

ocular. Representa 5% de todos os casos de melanoma e é uma doença 

potencialmente letal, especialmente em casos de metástase. A principal abordagem 

terapêutica para melanomas, em geral, é a cirurgia, com ressecção da lesão cutânea 

ou enucleação no caso do melanoma ocular. Outras técnicas, como imunoterapia 

adjuvante, quimioterapia paliativa e radioterapia também são usadas, porém, 

apresentam baixa eficiência e muitos efeitos colaterais. A terapia fotodinâmica é uma 

modalidade terapêutica baseada na interação da luz em um comprimento de onda 

específico e um fotossensibilizador, na presença de oxigênio molecular, levando a 

célula à morte. Como o melanoma é um câncer pigmentado, geralmente não 

responde bem à terapia fotodinâmica devido à alta absorção de luz na superfície do 

tumor, impossibilitando a erradicação volumétrica. Este projeto investigou estratégias 

ópticas para o diagnóstico e tratamento do melanoma. Para o diagnóstico, foi 

avaliada a técnica de tempo de vida de fluorescência para distinguir melanoma de 

pele normal. Utilizando análise de discriminação linear, obteve-se uma sensibilidade 

de 99,4%, especificidade de 97,4% e precisão de 98,4%. Para o tratamento de 

melanoma cutâneo, a PDT combinada com clareadores ópticos (OCAs) foi 

investigada. Um fotossensibilizador que tem como alvo vaso sanguíneo e um 

fotossensibilizador de alvo celular foram avaliados combinados ou não com OCAs. 

OCAs são soluções hiperosmóticas que desidratam o tecido, diminuindo o 

espalhamento da luz e melhorando a penetração de luz em profundidade. OCA 

melhorou a resposta de PDT em todos os tumores melanóticos tratados, mas os 

melhores resultados foram obtidos quando a PDT foi realizada com a combinação 

dos fotossensibilizadores e clareador óptico em uma única sessão. O tratamento do 

melanoma conjuntival foi realizado utilizando a terapia fotodinâmica por excitação de 



2 fótons (TPE-PDT). A vantagem desta técnica é o uso de luz na região do 

infravermelho, em um comprimento de onda que melanina tem baixa absorção, 

melhorando a penetração de luz no tumor. A histologia do tumor mostrou que a 

apoptose foi induzida apenas no local do tratamento, sem danos no tecido 

adjacente. Além disso, uma única sessão de TPE-PDT foi capaz de tratar todo o 

tumor. 

Palavras-chave: Melanoma. Terapia fotodinâmica. TFD por absorção de 2 fótons. 

Agente clareador óptico. Diagnóstico óptico.  
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CHAPTER 1 GENERAL OVERVIEW 
 

1.1 INTRODUCTION 
 

1.1.1 MELANOMA 

 

Melanoma is a pigmented tumor that originates from the melanocytes; 

pigmented cells present throughout the body, including skin and iris. According to the 

National Cancer Data Base (NCDB – US), about 91.2% of the melanomas originate 

from the skin, followed by 5.2% from the eye and surrounding tissues, 1.3% from the 

mucosa and 2.2% from the unknown tissue.(1)  

 Cutaneous melanoma is the most aggressive type of skin cancer. It is 

characterized by pigmented lesions with high tissue invasion and metastasis rates. 

Annually, 2-3 million of nonmelanoma and 132 thousand of melanoma skin cancers 

are expected globally, according to the World Health Organization. Although 

melanoma is responsible for only 5% of all skin cancer, It represents about 80% to 

85% of all skin cancer deaths.(2) It is estimated that in 10 to 15 years the incidence 

of cutaneous melanoma will double and that the survival will be around 69% 

considering the average world value and 56% for developing country.  

Besides the tumor aggressiveness, the diagnosis at early stages increases the 

patient prognosis significantly, with high possibilities of cure. The first-line diagnostics 

include clinical analysis of the lesions, mainly the macroscopic characteristics of the 

lesion, known as ABCDEs, Asymmetry, irregular Borders, more than one or uneven 

distribution of Color, a Diameter of more than 6 mm and lesion progression. 

Excisional biopsy of lesions with 1-2 mm margins of normal skin should be performed 

in patients with suspected lesions, and the diagnosis confirmed by histopathological 

examination.(3) The main therapeutic approach for cutaneous melanoma is the 

surgery, with resection of the cutaneous lesion and, in some cases, with lymph node 

dissection. However, the recurrence rate varies from 7 to 51%, according to the 

tumor staging. (3,4) Adjuvant immunotherapy, palliative chemotherapy, and 

radiotherapy are also used, but they have a limited effect on patients' life expectancy. 

Ocular melanoma is the second most frequent melanoma type following the 

cutaneous one, and it represents about 5.2% of all melanomas. (1) For ocular 

melanomas, 85% are uveal, 4.8% are conjunctival, and 10.2% occurs at other sites.  

It is a potentially lethal disease, especially when it causes metastasis. According to 
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the Melanoma Research Foundation, six people per 1 million will be diagnosed with 

ocular melanoma every year. In the majority of cases, ocular melanoma develops 

slowly from the pigmented cells of the choroid, but it also can develop from the 

pigmented cells of the iris and ciliary body. It can involve any of the three areas of the 

eye: iris, ciliary body, and choroid or posterior uvea. (5) The diagnosis is based on 

clinical examination of the tumor with biomicroscopy and indirect ophthalmoscopy 

followed by confirmation with ultrasonography, optical coherence tomography, and 

fundus angiography. Although biopsies are not indicated, fine-needle aspiration 

biopsy (FNAB) can be used to confirm the diagnosis. (5) The conventional treatments 

include brachytherapy, teletherapy, transpupillary thermotherapy, surgical resection 

(partial or full tumor removal), enucleation chemotherapy, radiation therapy, and 

immunotherapy, but recurrences are frequent with high morbidity depending on the 

initial tumor size. (5–7) 

The lack of successful therapeutic options and the increase in melanoma 

incidence makes the development of non-invasive diagnosis techniques as well as 

the new treatments critical.  

 

 

1.1.2 OPTICAL DIAGNOSTICS 

 

Optical diagnosis relies on the analysis of light-tissue interactions to obtain 

optical tissue characteristics to differentiate normal and cancer tissues, for example. 

Some chromophores when absorbing light are excited, and when returning to its 

ground state emit light at a longer wavelength, that is called fluorescence.(8) These 

molecules, called fluorophores, are mainly excited at the ultraviolet/violet range of the 

spectrum. In the skin, the main UV absorbers are melanin and hemoglobin  

(330-400 nm) and some proteins (280-330 nm). Other molecules such as DNA, RNA, 

NAD/NADH and FAD also absorbs light in this spectrum range.(8) The fluorescence 

emission spectrum is characteristic of each chromophore and its near 

microenvironment, being considered an optical signature that can be used for 

disease diagnosis.  

There are two main techniques used for steady-state fluorescence diagnosis, 

spectroscopy, and imaging. In both cases, the diagnosis is non-invasive and provide 
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real-time information about the target tissue, improving clinical lesion examination 

and reducing the need for biopsies and health system costs.  

The steady-state fluorescence is widely used for nonmelanoma skin cancer 

diagnosis, although it is not as effective for melanoma. The light when interacting with 

tissues can be either absorbed or scattered.(8) Both processes are related to light 

attenuation and penetration in tissue depth. If the light is attenuated at the first layers 

of the skin, then the steady-state fluorescence will provide information only about 

these superficial layers and not for deeper structures or tumors, for example.(8) That 

is the case of melanoma. Melanin has a significant absorption in the violet-blue 

spectrum region, then when these wavelengths are used to excite the fluorophores 

present in the tissue, melanin acts as an absorber, preventing the light penetration in 

depth, and also will absorb the fluorescence emitted in its vicinity. Then, the steady-

fluorescence technique is not able to provide information about the tissue and cannot 

be used to detect melanoma. A technique that has a potential to overcome these 

limitations is the fluorescence lifetime that provides real-time information targeting 

tissue metabolism status. 

     

1.1.2.1 Fluorescence lifetime 

 

The fluorescence lifetime of a molecule is the average time at which the 

molecule remains excited before its decay to the ground state through fluorescence 

emission. Measuring the lifetime of biological molecules provides valuable 

information about the tissue, especially about the metabolic condition of the 

cells.(9,10) The main fluorophores present in biological tissues used for lifetime 

fluorescence are NADH and FAD; cofactors in aerobic and anaerobic respiration 

pathways, the main difference between normal skin and most of the tumors.  

The cofactor NADH has two distinct fluorescence lifetimes, a short and a long 

lifetime, which can be related to its free and protein-bound forms, respectively.(9) On 

the other hand, FAD protein-bound form has a shorter lifetime than its free form.  

Besides that, fluorescence lifetime can also provide information about the amount of 

NADH present in the mitochondria at the bond state, then related to the oxidative 

phosphorylation, or its free state at the membrane, related to the glycolysis, normal 

metabolism of injured tissue.(10) Although melanin still absorbs the light, using the 

fluoresce lifetime it is possible to differentiate melanin signal to the target 
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fluorophores, as NADH and FAD co-factors, and then acquire information about the 

tissue that can be used as a real-time and non-invasive diagnosis.  

 

1.1.3 PHOTODYNAMIC THERAPY  

 

Photodynamic Therapy (PDT) is a therapeutic modality based on the 

interaction between light and photosensitizer (PS), in the presence of oxygen, to 

induce cell death. The technique relies on photochemical reactions of the interaction 

of the excited photosensitizer with organic substrates and/or surrounding molecules 

generating reactive oxygen species such as hydrogen peroxide, superoxide radical 

and hydroxyl ─ "mechanism type I,” promoting the oxidation of biomolecules. Another 

mechanism is the energy transfer between the photosensitizer and the oxygen 

present in the cell.(11) The photosensitizer is excited and transfer energy mostly to 

the molecular oxygen. Then, oxygen is excited to a singlet state, highly reactive and 

cytotoxic, generating oxidation of cellular structures such as mitochondria and 

membranes - the "Type II mechanism."(12)  

The technique has been widely used for the local treatment of various cancers 

such as the uterine cervix, esophagus, gastric, bladder, and non-melanoma skin.(13–

15) Clinical trials of photodynamic therapy in basal cell carcinoma showed complete 

response rates over 85%. For melanomas, there are not many trials that certify the 

effectiveness of the technique. In most of the studies, photodynamic therapy reduces 

the volume of the lesion but does not eliminate it, resulting in detrimental effects to 

the patient. 

 

1.1.3.1 Melanoma resistance to PDT 

 

According to Huang et al. 2013, PDT response on melanoma is limited mainly 

due to melanin optical interference, antioxidant effect of melanin, sequestration of PS 

inside the melanosomes, defects in apoptotic pathways and efflux of PS by the ATP-

binding cassette.(16)  

The optical interference is caused by the melanin, a pigment produced by the 

melanosomes with a high absorption in the entire visible spectrum. Besides that, 

melanin accumulates inside the cells in granules with different sizes, which implicates 

in not only an absorber component as a scatter too. These characteristics limit light 
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penetration in depth, restricting any optical technique to the most superficial layers of 

the tumor.  

Melanin also plays a significant role in the cell photoprotection, acting as an 

antioxidant compound, preventing cell damages caused mainly by chemotherapeutic-

induced reactive oxygen species.(17) This characteristic is also related to the PS 

sequestration by the melanosomes. During PDT, the photosensitizer absorbs light 

and goes to an excited triplet state then, transfer energy to oxygen present in the cell. 

The oxygen is excited to the singlet state that is highly reactive, causes oxidation of 

the cell organelles, membranes, proteins inducing the cell to death. If the 

photosensitizer is sequestered by the melanosomes, the reactive oxygen species 

produced will be neutralized by the melanin reducing the PDT effect. These 

characteristics of melanoma that limit PDT response may be overcome with 

strategies to change the tissue optical properties, combination of photosensitizers 

and maybe new light irradiation regimens, as two-photon excitation.  

 

1.1.3.2 Strategies to enhance PDT response on melanoma  

 

The high level of pigmentation in melanoma has made it unsuitable for PDT 

since the light is highly attenuated so that the full tumor thickness (typically few mm) 

is not homogeneously and globally irradiated. Thus, it is necessary to develop new 

methods to improve the light distribution into melanoma and guarantee the death of 

the entire tumor. In this study, the use of optical clearing agents and TPE-PDT was 

set as strategies to overcome the limited light penetration into melanoma. 

 

1.1.3.2.1 Optical clearing agents (OCAs) 

 

An approach to increasing PDT efficiency would be to change melanoma 

optical characteristics, especially related to absorbance and scattering, and improve 

light penetration in depth. OCAs are hyperosmotic non-toxic agents as glycerol, 

polyethylene glycol 400 (PEG-400), sucrose, dimethyl sulphoxide (DMSO), and 

others with a refractive index close to the one of the skin ~1.4. So, when applied to 

the skin, it effectively decreases the high light scattering caused by tissue 

microinterfaces. Then, OCA reduces the light attenuation and increases light 

penetration in depth.(18,19) OCAs are mainly used to improve tissue imaging using 
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confocal and 2-photon microscopy and also optical coherence tomography,(18,20) 

but there was none reported a study with the application OCAs combined to PDT, 

previously to the present one.  

In this study, we aimed to evaluate the effect of the use of OCAs to reduce the 

light attenuation in melanoma and to increase the light penetration in depth and, thus, 

the efficiency of the photodynamic therapy. 

 

1.1.3.2.2 Two-Photon excitation photodynamic therapy (TPE-PDT) 

  

Two-photon excitation PDT is a new modality of PDT based on the 2-photon 

absorption process. Some molecules can absorb two photons of lower energy 

instead of one of higher energy so that they can be activated to the same excited 

state as by absorbing a single photon of twice the energy.  

In the TPE-PDT, ultrashort (~10-13s) long-wavelength (near-infrared) laser 

pulses are used to excite the photosensitizer, rather than low-intensity continuous 

light that is the standard clinical protocol. The main advantage of this technique is the 

use of near-infrared light, wavelength region where melanin presents a lower 

absorption when compared to visible light. The decrease in the tissue absorption, 

results in an increased light penetration into the tumor then, improving treatment 

response. Two-photon excitation PDT has also been described for in vitro and a few 

in vivo studies, but there is no report using TPE-PDT for melanoma treatment. In this 

study, the TPE- PDT effects were investigated in a conjunctival melanoma model. 

 

1.2 STATE OF THE ART 
 

1.2.1 MELANOMA   

 

Melanoma is an aggressive type of cancer that origins from the melanocytes 

that migrate from the neural crest to the epidermis during embryogenesis. Because of 

this fact, melanoma presents a high metastatization capacity even in the initial 

phases, once the invasion and dissemination characteristics can be considered an 

innate feature of this cellular type. The most prevalent form originates in the skin, 

although it may arise from the mucous membranes or other sites to which the neural 

crest cells migrate as the eye. 
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Melanin is the pigment synthesized by the melanosomes when excited by the 

ultraviolet radiation that gives the pigmented characteristic to melanoma. (21) It has a 

major photoprotection function due to its antioxidative properties. Melanin synthesis 

involves the hydroxylation of L-tyrosine to L-dihydroxyphenylalanine (L-DOPA) and 

oxidation of L-DOPA to DOPA-quinone. Due to the cytotoxic byproducts of 

melanogenesis, all the process take place inside the melanocyte to avoid the 

cytoplasm exposure to these components. (22)  

 The term melanoma was first used to describe pigmented malignant lesion by 

Robert Carswell in 1838, that, 20 years later suggested a massive and depth surgical 

resection as the standard gold treatment. In 1907 Handley proposed the en bloc 

resection with a large margin. In 1969 Clark and collaborators (23) improved the 

staging systems for cutaneous melanoma using the tumor invasion of the dermis and 

subcutaneous fat as a prognostic criterion, that is known as Clark’s level. (23) In 

1970, Breslow (24) reported the importance of cutaneous melanoma invasion depth 

as a prognostic factor, that is known as Breslow’s depth.(24) In 1992, Morton and co-

workers (25) introduced the perioperative lymphatic tracking and selective 

lymphadenectomy that has now been incorporated as a routine procedure in most 

major cancer centers.(25)  

Besides the primary treatment of cutaneous melanoma still is the surgery, for 

the ocular melanoma, the tumor management depend on the site, size of tumor and 

local extension. Then, the treatment varies from observation to enucleation, including 

plaque radiation therapy, transpupillary thermotherapy, laser photocoagulation, and 

radiosurgery. (26) According to Finger and collaborators (27), at the time of the 

ocular melanoma diagnosis, less than 4% of patients have detectable metastatic 

disease. Despite that, about half of the tumors will metastasize and lead the patient 

to death, due to the lack of effective systemic treatment.  

The last world cancer statistics (Globocan/Iarc project), in 2012, revealed that 

232,000 new cases of melanoma would be diagnosed in that year. Moreover, 55,000 

deaths would be expected. The highest incidence was observed in Caucasians and 

over 80% of the cases and 65% of the deaths were in Oceania, Europe and North 

America.  

According to the National Cancer Institute and the American Cancer Society, 

melanoma is the 5th most common type of cancer in the US and its incidence has 

rising for the last 30 years. For 2017, it is expected 87,110 new cases and 9,730 
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deaths related to melanoma, representing 1.6% of all cancer deaths. The 5-year 

relative survival varies from 98.5% for the localized tumor to 19.9% in cases of 

distant metastasis.   

Karimkhani and collaborators(28) estimated the burden of melanoma globally 

for incidence, mortality, prevalence, years lived with disability, years of life lost and 

disability-adjusted life years. Australasia, North America and Western Europe have 

the highest incidence rate, ~54%, 21%, 15%, respectively. The highest mortality 

rates were found in Australia, North America and Eastern Europe – 5.62, 2.30, and 

2.07, respectively.(28)  

 The rising melanoma incidence as well as the lack of therapeutic options for 

melanoma makes the development of new diagnosis and treatment technologies 

crucial. In this study, we aim to develop optical approaches for non-invasive 

diagnosis and treatment of cutaneous and conjunctival melanoma in in vivo models.  

  

1.2.2 OPTICAL DIAGNOSIS 

 

Optical diagnosis is a non-invasive technique based on tissue optical 

properties as fluorescence, reflectance, and Raman. The most investigated 

techniques include optical coherence tomography,(29) fluorescence,(8,30) and 

reflectance spectroscopy(31-32), Raman spectroscopy(33-34), and confocal 

microscopy.(29-30)  

 The fluorescence spectroscopy or imaging reflects the tissue biochemical 

composition, which is responsible for differentiating cancer and normal skin, for 

example. It is based on the interaction of light at a specific wavelength and a tissue 

fluorophore, that can be endogenous or exogenous. The endogenous fluorophores 

present in the skin are NADH, FAD, collagen, tryptophan, tyrosine, porphyrins, and 

melanin.(37) As these molecules are related to biological tissue physiology, they can 

provide a non-invasive real-time information about the skin and then classify the 

tissue as normal or diseased. 

 Borisova and collaborators investigated the light-induced autofluorescence 

spectroscopy (LIAS) to differentiated initial stages of skin cancer. They observed that 

basal cell carcinoma (BCC) show a lower fluorescence intensity when compared to 

normal skin. The opposite was observed for squamous cell carcinoma (SCC). LIAS 

also provided information about the lesion staging. Porphyrin-like signals were seen 
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in advanced stages of BCC and could assist the clinicians in cases of a patient with 

multiple lesions that cannot be treated at the same time. The choice was to treat first 

the lesion in the most advanced stage. Moreover, LIAS was used to monitor the 

electrochemotherapy response of tumors and showed promising results (30). Studies 

involving autofluorescence have been carried out for vitiligo (38), psoriasis, dysplastic 

and malignant lesions. (39-40) Panjepour and collaborators (41) evaluated the 

fluorescence spectroscopy for the detection of nonmelanoma tumors and compared 

its accuracy within the patients’ skin phototypes. The system consisted of a laser 

emitting at 410 nm and an optical multichannel analyzer, connected to a fiber optic 

probe to excite the tissue and collect the fluorescence emission. They found that the 

variation in the skin pigmentation affected the classification method for normal skin, 

pre-cancerous and benign lesions(41), demonstrating that melanin may limit the 

efficiency of fluorescence spectroscopy.  

 In the most common skin cancer optical diagnosis technique, the 

aminolevulinic acid (ALA) is applied topically on the skin, resulting in the 

accumulation of Protoporphyrin IX in the cancerous tissue. Usually, it is used a light 

source at 405 nm to excite the fluorophore, and the fluorescence is collected mainly 

in the red range.  Leeuw and collaborators(42) investigated the fluorescence imaging 

for the diagnosis of skin cancer at an early stage using endogenous and exogenous 

(protoporphyrin IX - PpIX) fluorophores. They used the commercial DyaDerm® 

fluorescence detection system, with an imaging area of 14 x 18 cm (252 cm2). A 

pulsed LED (pulse duration: 5 ms; frequency: 1 Hz; and power: 1 W) emitting at 405 

nm was used to excite the skin and the PpIX, and the fluorescence collection in the 

green range (autofluorescence) and in the red spectrum (PpIX) was separated by the 

system. The fluorescence was considered positive if the skin area showed a red 

center surrounded by a yellow halo. A total of 93 patients participated in this clinical 

trial. The positive fluorescence was detected in 61 patients. Comparing to the 

histology, the positive fluorescence could be related to pre-clinical benign lesions in 

28 patients and pre-malignant lesions in 33 patients. Besides that, in five patients, 

the fluorescence diagnosis was more sensitive than the clinical examination, 

demonstrating the technical efficiency on detecting these pre-clinical lesions(42). As 

the system covers a large area, it reflects a potential for pre-clinical lesions 

screening. 
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Although several fluorescence detection techniques and setups have been 

developed for non-pigmented lesions, the steady-state fluorescence 

spectroscopy/imaging is still unsuitable for pigmented lesions due to melanin highly 

absorption at the visible range that prevents the distinction between melanin and skin 

endogenous fluorophores. In this context, the fluorescence lifetime technique 

provides information about the fluorescence decay of a molecule that is related to its 

microenvironment, for example, molecules in a free and a protein-bound state, 

allowing to differentiate melanin to other fluorophores.  

 

1.2.2.1 Fluorescence lifetime  

 

 The fluorescence lifetime technique provides information about the molecules 

fluorescence decay. This is especially important due to the relation between the 

molecule fluorescence decay and its form and microenvironment inserted. (43-44) 

Cancer in general are characterized by its metabolic rewiring. Metabolism in 

normal and cancer cells differs mainly due to the ‘aerobic glycolysis’ or Warburg 

effect. This effect was described in 1956 by O. Warburg(45) when stated that “cancer 

cells are impaired in respiratory chain function and very glycolytic” that is, even in the 

presence of oxygen, cancer cells produce energy mainly by glycolysis in the cytosol, 

four usually associated with an increase in the glucose uptake. It differs from normal 

cells that, in the presence of oxygen, the main respiration pathway is the oxidative 

phosphorylation followed by the pyruvate oxidation in the mitochondria – with a 

higher efficiency to produce ATP.  

NADH and FAD co-factors are present in the glycolysis and oxidative 

phosphorylation pathways in two different forms: free and protein-bond. Both co-

factors have two distinc fluorescence lifetime, a short and a long lifetime. In the case 

of NADH, the short and long lifetime are related to is free and protein-bound form, 

respectively. For the FAD co-factor, a shorter lifetime is observed to its protein-bound 

form when compared to its free form.(9) Besides that, fluorescence lifetime can also 

provide information about the amount of NADH present in the mitochondria at the 

bond state, then related to the oxidative phosphorylation, or its free state at the 

membrane, related to the glycolysis, normal metabolism of injured tissue.(10) 

Tadrous and collaborators(46) investigated the fluorescence lifetime imaging 

on ex vivo breast cancer tissue. They observed that within individual patients, there 
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was a difference between the benign and malignancy-associated stroma. In a 

multivariate analysis they found a significant different between benign stroma, 

malignancy-associated stroma, blood vessels, and malignant epithelium, 

demonstrating the potential of the technique to detect breast cancer. (46)  

 Colasanti and collaborators(47) investigated the fluorescence lifetime 

technique in a in vivo model of fibrosarcoma and reported a shift of NADH from the 

bound to the.(47) In a study carried out by Pradhan and collaborators(48) in non-

metastatic, metastatic and non-tumorigenic cell lines from different species. They 

used two lasers emitting at 310 nm and 350 nm to excite mainly tryptophan and 

reduced NADH, respectively. The tryptophan fluorescence lifetime was between 2.5 

– 3.7 ns and the NADH lifetime was approximately three times lower in metastatic 

cells when compared to non-metastatic cells. (48)   

Collagen fluorescence lifetime has also been used to differentiate tissue. 

Galletly et al.(49) investigated the fluorescence lifetime imaging in unstained excision 

biopsies of basal cell carcinoma (BCC), using a 355 nm laser. They observed a 

significant decrease in the fluorescence lifetime when compared tumor and its 

surrounding skin providing important information about the tumor borders.(49)  

Dimitrow and collaborators(50) investigated the use of fluorescence lifetime 

imaging in combination with high-resolution multiphoton laser tomography to 

distinguish 46 ex vivo melanocytic lesions of the human skin. The fluorescence 

lifetime could differentiate keratinocytes to melanocytes and also correlate the 

intracellular amount of melanin. They also described a selective fluorescence of 

melanin for the 800 nm excitation that could be useful on detecting pre-malignant and 

melanoma lesions.(50)  

The fluorescence lifetime method to detect melanoma remains experimental, 

and its development for in situ measurements/imaging is crucial. Melanoma is the 

most aggressive type of skin cancer and a non-invasive method to diagnose the 

lesion before the surgery would improve the patient prognosis.  

 

1.2.3 PHOTODYNAMIC THERAPY FOR MELANOMA 

 

Nelson and collaborators reported one of the first studies using PDT for 

melanoma treatment in 1988. They investigated the effect of PDT using a 

hematoporphyrin derivative for the treatment of both, non-pigmented and pigmented 
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tumors in mice. Pigmented tumors uptook more photosensitizer than the non-

pigmented ones, although, the PDT response was more significant for the non-

pigmented tumors. This lower effect in the pigmented tumor was then justified by the 

light absorption competition between melanin and the photosensitizer.(51) Based on 

these results, the subsequent studies were focused on developing new 

photosensitizers presenting a near-infrared excitation, at a wavelength that melanin 

has low absorption.(52) Even though some of them induced tumor necrosis at some 

level, no one could ultimately treat the lesion.  Biolo and collaborators investigated a 

liposome delivered naphtalocyanine in a murine melanoma model. The photothermic 

measurements showed that, in the absence of the photosensitizer, the irradiation of 

pigmented tumors at 776 nm and 550 mW/cm2 could increase the tumor temperature 

up to 6ºC, due to melanin absorption.(53) The best result for the PDT groups was 

achieved when two followed PDT sessions were performed: the first one the 

irradiation was carried out with 300 mW/cm2 and 520 J/cm2  and the second with 550 

mW/cm2 and 200 J/cm2, reaching the tumor growth delay up to 13 days.  

As only shifting the excitation wavelength was not enough to improve 

melanoma response, Busetti and collaborators evaluated the use of a high power 

peak pulsed laser emitting at 1064 nm to bleach melanin before the treatment and 

observed a delay in the tumor regrowth of 16 days, compared to the ten days when 

PDT was performed without pre-irradiation.(54) A benzoporphyrin derivative 

monoacid ring A (verteporfin) was also investigated as a photosensitizer in a murine 

melanoma model submitted or not to pre-irradiation at 1064 nm. The combination of 

1064 nm irradiation with PDT improved the delay of tumor growth up to 28 days.(55) 

 Ma and collaborators investigated the combination of violet and red light-

mediated PDT to pigmented melanoma in a murine model. They concluded that PDT 

with violet light could bleach melanin mainly in the superficial layers of skin and 

tumor, increasing the tumor sensitivity for the red light-mediated PDT and resulting in 

a more substantial tumor growth inhibition when compared to treatments in reversible 

order, that is, red-light followed by blue-light mediated PDT. (56) Sharma and 

collaborators published another study involving melanoma cells depigmentation. A 

reversible tyrosinase inhibitor was used associated with PDT treatment using 

hypericin as a photosensitizer. The association showed a significant increase in cell 

death when comparing the depigmented and untreated melanoma cells.(57)      
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 Sonodynamic therapy (SDT) – a technique that uses ultrasound to excite the 

photosensitizer and induce the cell death was investigated in vitro and in vivo in a 

pigmented melanoma model, using Rose Bengal as a photosensitizer. No difference 

was observed between PDT and SDT on in vitro cell killing. However, SDF was more 

efficient in controlling melanoma regrowth.(58)       

  Kim and collaborators(59) reported an enhancement of PDT response for 

melanoma using bioluminescence as the light source. They called the technique as 

“bioluminescence-activated deep-tissue photodynamic therapy of cancer.” It was 

used chlorin e6 as a photosensitizer and conjugates of luciferin-quantum dots as the 

light source, and promising results in the reduction of the tumor were achieved. For 

the metastatic model, bioluminescent agents delivery via lymphatic vessels killed 

tumor cells present in the lymph nodes, improving animal survival.(59)   

Upconversion nanoparticles have also been investigated for melanoma 

treatment with PDT. The upconversion process involves nonlinear optical absorption, 

that occurs when the nanoparticle converts near-infrared light (longer wavelengths) to 

visible wavelengths that can be absorbed by the photosensitizers. The advantage is 

the use of longer wavelengths to penetrate in the tumor and then locally generate the 

shorter wavelength needed to excite the photosensitizer. In a preclinical model, tumor 

growth inhibition was observed.    

Most of the studies involving PDT for melanoma aims to improve light 

penetration into the tissue, whether by photosensitizers with absorption in the NIR 

region or photo/chemical melanin depigmentation. Alternative light sources have also 

been investigated as bioluminescence or FRET. Although some promising results 

have been achieved, an efficient protocol has not been established yet, and PDT for 

melanoma remains as an experimental option. To overcome melanoma’s resistance 

to optical treatments, we will investigate two techniques: a combination of PDT and 

optical clearing agent and the use of 2-photon excitation PDT (TPE-PDT). 

 

1.2.3.1 Optical clearing agent 

 

The tissue optical clearing method was proposed by Tuchin et al. (60) relies 

on the immersion of tissue into optical clearing agents to improve light penetration 

into the tissue. These hyperosmotic agents have a high refractive index like the 

indices for tissue components as collagen, elastic fibers, cells, and cell 



40 
 

compartments. The OCA replaces the water present in the tissue, inducing a 

refractive index matching between these tissue components and the extracellular 

fluid.(18,31) Then, the tissue scattering is reduced, improving the light penetration in 

depth. The most studied OCAs are glycerol, polyethylene glycol 400 (PEG-400), 

butanediol, glucose, dextrose, fructose, sucrose, and DMSO.  

Wen and collaborators(61) published one of the first reports involving the 

optical clearing mechanisms in vivo. They performed the investigation in rat dorsal 

skin using different concentrations of glycerol, administered intradermally. After the 

OCA injection, the diffuse reflectance signal decreased, indicating a reduction in the 

tissue scattering. The second harmonic generation imaging showed a decrease in 

the dermis thickness and collagen fiber diameter. However, no damage to these 

fibers was observed. (61)     

Shan and collaborators(62) have investigated the use of OCAs ex vivo to 

improve disease detection as fibroma, pigmented nevus, seborrheic keratosis, 

sebaceous cyst, and hemangioma. They observed that OCA’s effect might differ 

between different tissue, probably due to the structure and composition of each 

tissue. For the fibroma, for example, OCA reduced the dermis thickness and the 

collagen fibril diameter, improving the light distribution into the tissue. On the other 

hand, they describe that the OCA could poorly diffuse into pigmented nevus due to 

its dense arrangement and then no improvement in the light penetration was seen. 

They then concluded that OCA might not be useful for all kinds of tissue.(62)  To 

overcome this limited transdermal diffusion of OCA, Wen et al.(63)  investigated a 

mix of PEG-400 and different chemical enhancers as thiazone and 1,2-propanediol 

combined to a physical enhancer (massage) to improve the OCA transdermal 

diffusion. The best result was achieved for the PEG-400 and 1,2-propanediol mix 

combined with the massage for 15 minutes, demonstrating that besides the use of 

different OCAs, the application route also plays an essential role in the clearing 

process. (63) 

Various physical methods have been reported to improve the OCA 

transdermal diffusion as light irradiation and ablation, ultrasound, and mechanical 

compressions. Liu et al. (64) investigated the use of light sources as CO2 and Nd: 

YAG pulsed lasers in vivo before the OCA topical application. They compared the 

reflectance signal before and after the OCA application and observed that in the pre-
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irradiated experimental groups, the reflectance signal decreased up to 9 times more 

than the non-irradiated group.(64)    

Stumpp and collaborators (65) studied the effect of heating to break the 

stratum corneum. They used a 980 nm laser to heat in vivo rat and hamster skin and 

added artificial absorbers on the surface to increase the heating on the stratum 

corneum. The OCA effect was assessed by OCT. They observed that 30-45 minutes 

after the OCA application, the OCT imaging depth was improved in 42%.(65) Xu et 

al.(66) studied 60% glycerol, 60% PEG-200 and assessed its effect on ex vivo 

porcine skin using OCT. A depth increased of 40% and 29% were observed, 

respectively. The authors also carried out experiments using ultrasound to improve 

the transdermal permeating and reached a depth increase of 56% for both OCAs. 

(66) 

Tape stripping is another physical technique that might improve the OCA 

transdermal diffusion. It relies on the use of a tape that is gently applied to the skin 

surface and removed several times to break/remove the stratum corneum. (67) In this 

study, we investigated two OCAs (glycerol and PEG-400, 1,2-propanediol mix) 

associated with tape stripping and massage to improve its transdermal diffusion. 

 

1.2.3.2 Two-photon excitation photodynamic therapy  

  

The 2-photon absorption process was first theoretically predicted by Goppert-

Mayer in 1931.(68) However, the theory was demonstrated experimentally only in the 

1960s due to the lasers availability. The process involves the absorption of 2 photons 

of longer wavelengths and lower energy, instead of one with the equivalent double 

energy. 

Marchesini and collaborators(69) published one of the first studies involving 

TPE-PDT in mice and in vitro. A nanosecond pulsed laser and a continuous wave 

Nd: YAG laser emitting at 1060 nm were used for in vitro and in vivo experiments, 

respectively. However no nonlinear absorption effect was obtained, probably due to 

the low efficiency of 2-photon absorption for non-focalized lasers.(69) Yamashita and 

collaborators investigated the pheophorbide-a-mediated TPE-PDT in a human 

hepatocellular carcinoma model in vivo. The tumors were irradiated interstitially with 

a Q-switched Nd: YAG laser at 1064 nm. However, the results suggested that the 
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protocol investigated was not enough to induce photodynamic effect, but thermal 

effects were observed.(70)  

  As the probability of the 2-photon absorption is much lower than the one-

photon absorption, a large photon density should be delivered at the same time to 

the sample. It means that high power density is essential for 2-photon absorption. 

However, the increase in the laser power also increases tissue damage and then, its 

use for biological tissue become unsuitable. The advantage of using a pulsed laser is 

the possibility to have high instantaneous photon density and low average power 

density, that is, a large photon density is still delivered to the sample, but in a short 

period preventing tissue damage. In this context, most of the studies started using 

femtosecond pulsed lasers that are ideal for 2-photon excitation of biological 

molecules. During the 2-γ absorption, the molecule absorbs the first photon and is 

excited from the ground state to a virtual intermediate level, followed by the second 

photon absorption, reaching the excited state. The molecule capacity to absorb 2- 

photon is defined as 2-γ cross-section and is expressed in GM (1GM=10-

50.cm4.s/molecule.photon). 

The first studies using femtosecond pulsed Ti: sapphire lasers dates back to 

1990s.(71,72) In 1999, Wachter and collaborators(73) investigated the use of NIR 

femtosecond lasers to activate melanin precursors as dihydroxyindole-2-carboxylic 

acid (DHICA) and induce tumor damage in a murine melanoma model. They reported 

that at 730 and 1047 nm increase in the tumor temperature up to 25ºC for 5 min 

could produce the cytotoxic effects. Necrosis and tumor contraction were observed 

within twenty-four hours and complete primary tumor clearance 18 days after the 

treatment. However, the growth of a secondary tumor was also noted. Besides that, 

poor response was obtained for the TPE at 800 nm due to the low absorption of 

melanin precursors.(73) 

Although some studies have investigated the TPE with the conventional 

photosensitizers or its precursors as ALA,(74) protoporphyrin IX,(75) porphyrins,(76) 

and Visudyne,(77) recent research relies on the development of new photosensitizers 

with higher 2-photon cross-section to improve the TPE-PDT response. Collins and 

collaborators(78) developed high cross-sections anionic and cationic conjugates, 

more than two orders of magnitude greater than the commercial dyes. In vitro 

experiments demonstrate that the 2-photon engineered photosensitizers could 50% 

of the cells with half of the power density when compared to the Visudyne – 
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commercial photosensitizer. Moreover, they reported effective blood vessel closure 

using the pyridyl cationic conjugated porphyrin dimmer with no damage to 

surrounding tissue.(78) Zou et al.(79) developed a series of water-soluble 

bis(arylidene)cycloalkanone photosensitizer for TPE-PDT. The dye (Di(2,5,8,11,14-

pentaoxahexadecan-16-yl)amino)benzaldehyde was effective in interrupting the 

blood flow of the target vessel in a mouse dorsal skinfold window chamber model. 

Besides that, in tumor-bearing mice, it inhibited the tumor growth and prolonged the 

animal survival.(79) 

Two-photon excitation nanoparticles have also been developed. The 

nanoparticles, with large 2-photon cross-section, absorbs 2-photons and generate 

one photon with high energy right beside to the photosensitizer molecule, improving 

the PDT response for a more deep tissue.(80) Promising results have been achieved 

by Zhang and collaborators(81) that developed nanoparticles for photothermal and 

TPE-PDT. Experiments performed in a xenograft HeLa model showed high efficiency 

on the tumor growth inhibition.(81) 

The TPE process is widely used in the microscope, but its use is still discrete 

for optical treatments. The development of ultrafast and more accessible lasers made 

the TPE-PDT a promising technique for the treatment of deeper and pigmented 

tumors.    

This project was developed in collaboration with Dr. Brian C Wilson from 

Princess Margaret Cancer Centre/ University of Toronto through the Science Without 

Borders Program – CNPq and a USP-UofT joint grant.  

 

 

1.3 OBJECTIVES 
 
1.3.1 GENERAL OBJECTIVE 

 

To develop optical strategies for the diagnosis and photodynamic therapy of in 

vivo cutaneous and conjunctival melanoma.  

1.3.2 SPECIFIC OBJECTIVES  
 
- to investigate the fluorescence lifetime technique as an optical diagnostic tool for 

cutaneous melanoma; 
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- to evaluate the effect of optical clearing agents as an enhancer of visible light 

penetration into the melanoma and its effect on OCT microvasculature imaging; 

- to develop PDT protocols using single and dual-photosensitizers combined or not to 

optical clearing agents to improve photodynamic response; 

- to investigate the effect of 2-photon excitation PDT (TPE-PDT) on melanoma cells 

in vitro and conjunctival murine melanoma model. 
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CHAPTER 2  MELANOMA OPTICAL DIAGNOSTICS USING TIME-RESOLVED   
FLUORESCENCE LIFETIME  

 

2.1 OBJECTIVE  

 

This chapter aims to evaluate the efficacy of the time-resolved fluorescence 

lifetime spectroscopy to detect cutaneous melanoma in an in vivo murine model.  

 

2.2 MATERIALS AND METHODS 

 

2.2.1 Animal model  

 

Twenty-one nude athymic mice were anesthetized using 5% isoflurane for 

induction and 2% for maintenance. The melanoma lesion was induced by an 

intradermal injection of 107 B16F10 cells (American Type Culture Collection – ATCC, 

USA) in 100 µL of PBS into the right and left flank regions. All the animal procedures 

were approved by the Ethical Committee of the Universidade Federal de São Carlos 

– São Carlos/Brazil. 

 

2.2.2 Time-resolved fluorescence lifetime system  

 

It was used a device built with two diode lasers, emitting at 378 and 445 nm 

(BDL-375-SMC and BDL-445-SMC, Becker and Hickl, Berlin, Germany), to excite 

mainly NADH and FAD molecules. The lasers have a repetition rate of 20, 50, 80 

MHz and a temporal pulse duration of 50-100 ps. For the measurements, a bifurcated 

fiber (Ocean Optics, Dunedin, Florida, USA) was used to both, deliver the light to the 

tissue and to collect the tissue fluorescence. The fluorescence signal was detected 

using a high-speed hybrid PMT detector (HPM-100-50, Becker and Hickl, Berlin, 

Germany) and then collected and processed using the TCSPC Software (Becker and 

Hickl, Berlin, Germany). The impulse response function (IRF) of the system is about 

230 ps (Figure 2.1). 
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Figure 2.1 -  Fluorescence lifetime spectroscopy system that consists of two pulsed lasers and a 
bifurcated optical fiber that is used to deliver the excitation light and collect the 
fluorescence data. A spectrometer, photomultiplier and TCSPC boards were used to 
collect and then analyze the data. 

Source: NOGUEIRA (82) 

 

2.2.3 Fluorescence lifetime measurements  

 

The animals were monitored daily, and the measurements were acquired 

when lesions reached between 2 and 15 mm. The mice were anesthetized with 2% 

isoflurane using a mask. The optical fiber was placed on the experimental melanoma 

or the normal skin (far from the tumor), and the fluorescence measurements were 

collected. At least three measurements were taken from each lesion with each laser.  

A total of 42 tumors and 42 normal skin sites were investigated. After the 

measurements, the animals were sacrificed using a high dose of inhaled anesthetic 

and the tumor was removed for histologic analysis and H&E staining to confirm the 

tumor diagnosis.  

 

2.2.4 Data processing  

 

The software SPCImage (Becker and Hickl, Berlin, Germany) was used to 

process the raw data of the time-resolution photon counting as described by Pires et 

al. (2016).(83) In summary, from the first derivative of the increasing part of the 

fluorescence lifetime spectrum, the software estimates the IRF followed convolution 
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and exponential decay fitting. So, the decay curve of the model function was fitted by 

a bi-exponential function: 

 

   𝑭(𝒕) = 𝒂𝟏 𝒆
−

𝒕

𝝉𝟏 +  𝒂𝟐 𝒆
−

𝒕

𝝉𝟐 ,    (2.1) 

 

using the average fluorescence lifetime values τ1 and τ2, corresponding to short and 

long lifetime components, respectively, and relative coefficients a1 and a2, where a1 + 

a2 = 100. 

 

2.2.5 Statistical analysis  

 

Statistical analysis was carried out by unpaired t-test. Exact p values were 

computed, all p values are two-sided, and a p ˂0.001 was considered statistically 

significant.  

2.2.6 Data analysis  

 

A linear discriminant analysis was used to classify the combination of predictor 

variables that enhance the differences in the behaviors of the normal skin and 

cutaneous melanoma groups, using the software MATLAB® R2015a (Mathworks, 

USA). The classification algorithms were then evaluated based on sensitivity, 

specificity and accuracy values. Histopathology was used as the gold-standard for 

the classification. 

 

2.3 RESULTS AND DISCUSSION 

 

In this study, the experimental pigmented melanomas were induced in the 

superficial layers of the dermis. The tumor grew quite fast, reaching 0.7-0.9 mm 

thickness in 3 days after the cells injection (Figure 2.2-A). After that, it became 

nodular and started the vertical development in both directions (Figure 2.2-B). In 

most of the lesions, when the tumor reached the surface it started an ulcerative 

process in the tumor core, evidenced by tissue necrosis (Figure 2.2-C). For this 

reason, the measurements were performed when the tumor was tightly close to the 
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skin surface. However, a thin layer of normal skin was still covering the tumor (Figure 

2.2-B).  

 

 

Figure 2.2 -  Photographs of the experimental pigmented melanoma model in nude mouse. (A) Tumor 
at three days after the cell injection; (B) between 4-6 days and (C) 10 days after injection. 

 
Source: By the author. 

 

An example of the decay profiles mainly of NADH and FAD molecules is 

shown in Figure 2.3. At least 130 spectra were acquired for each melanoma and 

normal skin. 

 

 

Figure 2.3 -  Typical fluorescence decay of melanoma (red) and normal skin (black) when excited at  
378 nm (A) and 445 nm (B). 

 

Source: By the author. 

 

The fluorescence decay was then processed using the software SPCImage 

(Becker and Hickl, Berlin, Germany). The parameters a1, a2, 𝜏1 and 𝜏2 obtained for 

normal skin and melanoma using laser excitation at 378 nm is shown in Figure 2.4.  
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Figure 2.4 - Boxplot graph for the parameters achieved in the data analysis for 378 nm laser 

excitation: a1, a2, 𝜏1 and 𝜏2, respectively. Significant differences (p < 0.001) exist 

between normal vs. melanoma for the parameters 𝜏1 and 𝜏2(*). 

 
Source: By the author.  

 

No difference was observed between normal skin and melanoma for the 

parameters a1 and a2. Even with the tumor growth in the intradermal site, a thin layer 

of skin is still present on the top of the tumor, and it may induce changes in the 

measurements for the 378 nm laser once the high tissue absorption at this 

wavelength may prevent its penetration into the tumor. A significant statistical 

difference was observed only when compared short and long lifetimes. Melanoma 

showed higher short and long lifetimes when compared to normal skin. Following the 

Warburg effect, in the presence of higher concentration of free NADH molecules 

when compared to protein-bound molecules, the fluorescence lifetime would 

decrease. A hypothesis is that due to the melanoma development, it may not reach 

the stage in which the Warburg effect would be observed. Also, other molecules may 

contribute to this measurement as collagen and melanin.  

Figure 2.5 shows the parameters obtained for both, normal skin and 

melanoma excited with a 445 nm laser.  
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Figure 2.5 - Boxplot for the parameters determined by the data analysis for 445 nm excitation: a1, a2, 

𝜏1 and 𝜏2, respectively. Significant differences p < 0.001) exist between normal skin vs. 

melanoma for all parameters (*).  
 
Source: By the author.  

 

For the 445 nm laser, all the parameters showed a significant difference when 

comparing normal skin and melanoma. The a1 and a2 parameters represent the 

relative quantities of FAD molecules in both states, protein-bound and free, 

respectively. In Figure 2-5A one can see that melanoma has more FAD protein-

bound state molecules than normal skin. Moreover, the opposite is also true. a2 

shows that normal skin has more free FAD molecules than melanoma. If the normal 

glycolysis and oxidative phosphorylation ratio characteristic of melanoma were 

proved, a higher amount of free FAD would be detected in melanoma when 

compared to normal skin. However, the free and protein-bound measurements for 

FAD in normal skin agrees with the aerobic metabolism, expected for this tissue.  

Considering the short and long lifetimes parameters, the protein-bound FAD 

has a shorter lifetime when compared to its free state. The increase in both lifetimes 

describes melanoma behavior tending to glycolysis once the FAD protein-bound 

state is related to the oxidative phosphorylation metabolism. As described by Scott et 
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al., melanoma increases the non-oxidative breakdown of glucose even in the 

presence of oxygen, that is, melanoma cells prefer glycolysis respiration pathway. 

  Normal skin and melanoma were classified by the linear discriminant analysis 

of the free FAD molecules, i.e., using short lifetime at 445 nm excitation and long 

lifetime at 378 nm excitation. Based on this classification, 99.4% of sensitivity, 97.4% 

of specificity and 98.4% of accuracy were achieved (Figure 2.6). 

 

 

Figure 2.6 - Short lifetime component (𝜏1) of 445 nm excitation against long lifetime component (𝜏2) of 

378 nm, the separating lines was performed using linear discrimination analysis. 
 
Source: By the author  

 

The standard melanoma diagnosis is based on the clinical analysis of the 

characteristics of the lesion, following the ABCD rules, that is, Asymmetry; Border 

irregularity; Color and Diameter greater than six mm.(3,84) In cases that the clinical 

examination suggests melanoma, a total lesion resection is performed with a large 

margin to prevent melanoma regrowth and metastasis. The combination of surgery 

and radiation therapy or chemotherapy is also indicated in cases with high risk of 

tumor spreading. However, clinical examination is highly subjective, where the 

diagnosis before surgery relies on the clinician training and expertise on recognizing 

a melanoma.(84) Morton & Mackie (1998) investigated the clinical accuracy of 

cutaneous melanoma diagnosis. The accuracy, sensitivity and positive predictive 

values were 80%, 91%, and 86%, respectively, for dermatologists with more than ten 

years of experience with melanoma. These values drop significantly for 3-5 years and 
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1-2 years of experience reaching accuracy values of only 62 and 56%, 

respectively.(85) Then, the developing of non-invasive and more objective techniques 

for melanoma diagnostics is crucial.   

Argenziano and collaborators reported a clinical study of the use of 

epiluminescence microscopy (ELM) to not only detect melanoma as well as to follow 

its progression. They could correlate the ELM imaging with some histologic 

architecture of the lesion and estimate tumor thickness before surgery.(86) However, 

the diagnosis still relies on the clinic's previous experience. The oblique-incidence 

diffuse reflectance spectroscopy (OIDRS) has also been evaluated for in vivo 

melanoma diagnosis, achieving 90% of sensitivity and specificity.(87)  

Raman spectroscopy and neural networks have also been investigated for 

melanoma diagnosis in biopsies, reaching 85% of sensitivity and 99% of 

specificity.(34) Other techniques as high-frequency skin ultrasonography,(88) 

fluorescence spectroscopy,(30) and positron emission tomography(89) were 

evaluated, but none of them has been established as a reliable technique for 

melanoma diagnosis.  

To our knowledge, our study is the first report of the use of time-resolved 

lifetime fluorescence technique for melanoma diagnosis.(90) The main advantage of 

this method is the real-time assessment of tumor metabolism that is the principal 

difference between normal skin and cancers. Our results showed higher accuracy, 

specificity, and sensitivity than most of the non-invasive diagnosis methods, 

demonstrating the potential of the fluorescence lifetime as a tool to improve 

especially the diagnostic of melanoma at early stages.       

 The continuation of this study included the assembling, calibration, and 

characterization of a portable system for single-point measurements for clinical 

use.(82) The clinical investigation is in progress and involves the diagnosis of pre-

malignant and malignant lesions in general. 

 
2.4 CONCLUSIONS 
 
 

The time-resolved fluorescence lifetime spectroscopy is a non-invasive, real-

time technique that provides real-time information about tissue metabolism. The 
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standard gold technique for melanoma diagnosis is still the clinical evaluation of the 

lesion. However, it relies on the clinician previous experience and expertise. Then, 

the development of new technologies to support the clinical diagnosis is crucial. In 

this study, we aimed to establish the fluorescence lifetime parameters to distinguish 

normal skin and melanoma in a murine model. Using the time-domain fluorescence 

spectroscopy, we were able to detect the cutaneous melanoma with 99.4% of 

sensitivity, 97.4% of specificity and 98.4% of accuracy, demonstrating the potential of 

the technique for melanoma detection.  
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CHAPTER 3 EVALUATION OF THE COMBINATION OF OPTICAL CLEARING 
AND PHOTODYNAMIC THERAPY ON IN VIVO CUTANEOUS 
MELANOMA MODEL 

 

3.1 OBJECTIVE  
 

This study aims to investigate whether optical clearing agents can enhance 

the light distribution in cutaneous melanoma, improving light penetration and 

photodynamic therapy response. 

 

3.2 MATERIAL AND METHODS 

 

3.2.1 Cell line  

 

The pigmented murine melanoma cell line B16F10 was purchased from 

American Type Cell Collection (ATCC), and the non-pigmented murine melanoma 

cell line B78H1 was kindly donated by Dr. Pier-Luigi Lollini, University of Bologna, 

Italy. Both cell lines were cultured in DMEM medium supplemented with 10% fetal 

bovine serum and 1% penicillin-streptomycin and kept at 37°C in a humidified 5% 

CO2-enriched atmosphere. 

 

3.2.2 Animal model  

 

The animals were anesthetized with isoflurane 5% for induction and 2% for 

maintenance, and the tumor was induced by the injection of one million cells (B16F10 

or B78H1) in 40 uL of PBS into the right flank of six-weeks nude athymic mice (J: NU, 

Jackson’s lab) using a 30G needle. The tumors were assessed every other day using 

a photoacoustic system coupled to a high-resolution ultrasound (Vevo 2100: 

VisualSonics), 20 Hz and the LZ-550 transducer, operated between 32 and 56 MHz. 

For the photoacoustic imaging, it was used a tunable laser from 680 to 970 nm set up 

at 700 nm for the melanin excitation. The images were taken from the whole tumor 

with a step size of 0.076 mm, in triplicate to reduce the influence of breathing 

movements. Usually, an entire tumor was imaged in less than 10 minutes, depending 

on the tumor size. The treatments started when the lesions reached 1 mm in 

thickness. All the animals’ procedures were approved by the Institutional Animal Care 
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Committees (University Health Network, Toronto, Canada, protocol 4401.1 and by 

São Carlos Institute of Physics, Brazil, protocol 03/2014). The animals were 

examined daily for excessive lethargy, hunched or abnormal posture, and seizure, 

which were the humane endpoints for euthanasia. Photographs of the tumor before 

the treatment are shown in Figure 3.1. 

 

 

Figure 3.1 - Photograph of mice with a pigmented cutaneous melanoma and its corresponding 
ultrasound combined with photoacoustic imaging. 

 
Source: By the author 

     

3.2.3 Optical clearing agents (OCAs) 

 

As it was the first time that an OCA was applied on melanoma, the clearing 

effects were investigated using a several of OCAs mix, involving glycerol in different 

concentrations and a PEG-400, 1,2 propanediol mix solutions. Glycerol, PEG-400, 

and 1,2 propanediol were purchased from Sigma-Aldrich®. The refractive indexes of 

glycerol 70%, PEG-400, and 1,2 propanediol are 1.42, 1.46, and 1.43, respectively. 

All of them presented a refractive index similar to the skin index of 1.4 and based on 

the induced tissue clearing; an OCA solution was chosen to be used in all the 

following PDT experiments. Also, the OCA solution (~300 uL) was always applied 

topically with previous tape stripping of the lesion and reapplied when needed.     

 

3.2.4 Diffuse reflectance spectroscopy (DRS)  

 

The animals were anesthetized using 5% of isoflurane for induction, and 2% 

for maintenance and the OCA was topically applied to characterize the clearing effect 

on melanoma. Two setups were used for the measurements: (1) a diode laser 
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emitting at 660 nm and an OceanOptics® spectrometer both coupled to two different 

optical fibers were used. The spectrometer was also connected to a computer using 

software OceanView (OceanOptics®). The fibers were then positioned on the top of 

the tumor using a holder attached to a nanometer. The diffuse reflectance was 

collected every 0.5 mm for 2 mm. (2) For the second setup, a fiberoptic reflectance 

probe with 520 µm source-collector separation and white light as described by Kim et 

al. (2010) was used. (91) In summary, the optical fiber probe was composed of 5 

optical fibers with the same separation between each other (520 µm) connected to 3 

white LEDs, a blue (405 nm) and red (630 nm) lasers. The distance between the 

excitation and the collection can be changed according to the measurements needed 

by the optical fibers positions. Due to the tumor absorption, it was used only the 520 

µm source-detector separation using white light. The reflectance signal was acquired 

by the spectrometer (OceanOptics).  The white-light DRS were acquired immediately 

after the topical application of OCA and every 15 min for 90 min in triplicate. Each 

measurement took around 5 seconds, including the triplicates. In both setups, the 

spectra were normalized by the first measurement, immediately after the OCA topical 

application. 

Previous tape stripping was performed to remove stratum corneum and 

improve transdermal penetration of the OCA for both systems. The first 

measurements provided information about the total attenuation coefficient and the 

second ones, information about the tumor optical characteristics over the whole 

detected spectrum.  

 

3.2.5 Optical coherence tomography (OCT)  
 

The OCT studies were performed in collaboration with Dr. Alex Vitkin – 

Princess Margaret Cancer Center/ University of Toronto and were performed to 

evaluate the effect of OCA in pigmented melanoma. It was used a swept-source OCT 

system described previously.(92) In summary, images were acquired with a 36 kHz 

Fourier domain OCT system using a short-cavity swept laser source based on a 

tunable polygon filter. The axial and lateral resolutions in tissue were 8 and 13 µm, 

respectively. The animals were anesthetized using inhaled anesthesia (isoflurane 5% 

for induction and 2% for maintenance), and the paw was immobilized to the stage to 

reduce movement due to animal breathing during the OCT scanning. The first image 
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was acquired immediately after the OCA application and then every 30 min for four 

hours. Each image took approximately 5 min. Re-application of the OCA was 

performed when needed.  

The histograms of signal intensity distributions within each ROI were fitted 

using a least-squares method following the equation:(93)  

 

𝑓(𝑥, 𝛼, 𝛽) =
1

Γ(α)
𝛽𝑎𝑥𝑎−1𝑒−𝛽𝑥                                      [3.1] 

 

The α and β parameters are related to the shape and scale of the gamma 

distribution, and its ratio represents the average signal brightness within a given ROI.     

 

3.2.6 Microvasculature network imaging 

 

The OCT B-scans were processed as described by Pires et al.(83) Briefly, the 

noise and artifact due to respiration movements were removed; a surface mask was 

used to correct the depth encoding and preserve the vessels structures; application 

of the Otsu’s threshold method to retain the deep-vessel information and skin surface 

mask to flatten the surface. The obtained images were then compared before and 

after OCA topical application, and the effect of the OCA was quantified.  

 

3.2.7 Photosensitizer kinetics  

 

 The PDZ kinetics in the melanoma model was performed using two different 

techniques: laser-induced fluorescence spectroscopy (LIFS) and chemical extraction. 

In both cases, the photosensitizer was intravenously injected into the tail vein at a 

concentration of 1.0 mg/kg. For the LIFS measurements, it was used a diode laser 

emitting at 408 nm, and a spectrometer (OceanOptics) coupled to a bifurcated optical 

fiber that was gently placed on the surface of the tumor for the measurements. After 

the spectra acquisition, the fluorescence intensity at 660 nm – corresponding to the 

dye emission peak - was used to determine the PS kinetics.  The fluorescence 

intensity at 660 nm was normalized to the intensity at 500 nm for each measurement, 

that is, the photosensitizer fluorescence intensity was normalized by the highest 
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amplitude of the tissue autofluorescence in each measurement, to reduce 

interferences due to distinct light coupling between the probe and the tissue.  

 Based on the results of the laser-induced fluorescence spectroscopy, it was 

determined six timepoints to quantify the amount of photosensitizer in the tumor and 

normal skin. Two animals were sacrificed at each timepoint, and the tumor and 

normal skin were removed. Then, the samples were digested with 0.2 M de NaOH for 

four hours in a shaker at 50°C, followed by centrifugation at 3000 rpm for 10 min. 

Then, 10% de Triton X-100 and 1M HC were added. The concentration of the 

photosensitizer was determined by absorption spectroscopy and compared to a 

standard curve obtained with a known concentration of the photosensitizer as 

described by Peng et al.(94) 

 

3.2.8 PDT protocol  

 

The animals were anesthetized using inhaled isoflurane 5% for induction and 

2% for maintenance. A chlorin-based (Photodithazine, Russia) and a verteporfin 

photosensitizer (Visudyne, QLC Inc.) at a concentration of 1.0 mg/kg and 44 mg/kg 

(that contains 0.8 mg/kg of verteporfin), respectively, were injected intravenously into 

the tail vein in a volume of 50 µL. The irradiation was performed 15 and 60 min after 

the injection for verteporfin and Photodithazine, respectively. The short light-drug 

interval used for Visudyne was based on clinical reports for age-related macular 

degeneration treatment.(95) Moreover, Photodithazine LDI was defined by the 

kinetics assays described above. The groups that received the OCA, it was applied 

15 min before the irradiation with previous tape stripping. For the Photodithazine-

mediated PDT, it was used a 670 nm diode laser as a light source, the irradiance of 

100 mW/cm2 and energy fluence of 100 J/cm2. A diode laser emitting at 690 nm at  

80 mW/cm2 and 80 J/cm2 was used for the treatment of the Visudyne-mediated PDT. 

For the dual-agent PDT, PDZ-mediated PDT was performed followed immediately by 

the VIS-mediated PDT. The photosensitizers concentrations, in this case, were of 0.5 

mg/kg and 0.4 mg/kg for Photodithazine and Visudyne, respectively. The fluences 

were also reduced for 60 J/cm2 for PDZ and 40 J/cm2 for VIS. When the dual-agent 

PDT was combined with the OCA, the application protocol followed the description 

above. A summary of the treatment groups is shown in Table 3.2. 
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Table 3.1 - Summary of the treatment groups. 

 OCA Treatment group 

Number 

of 

animals 

(n) 

Non-

pigmented 

and 

pigmented 

tumors 

- Control 3 

- PDZ-PDT 3 

+ OCA + PDZ-PDT 3 

- VIS-PDT 3 

+ OCA + VIS-PDT 3 

- PDZ-PDT + VIS-PDT 5 

+ 
OCA + (PDZ-PDT + VIS-

PDT) 5 

 
Source: By the author. 

 

3.2.9 Assessment of PDT response  
 

The tumor volume was measured using ultrasound and photoacoustic imaging 

- as described in the section 3.2.2 -, every other day after the treatment for ten days 

when the animals were sacrificed by cervical dislocation under general inhaled 

anesthesia (isoflurane 5%). In the case of excessive lethargy, hunched or abnormal 

posture, ulcerative tumor or lesion over 1 cm diameter, the animals were immediately 

sacrificed.  Then, the tumors were removed, sectioned and stained with H&E and for 

S100 protein expression.  For the S100 staining, the specimens were incubated with 

a rabbit pAb to S100 (Z-0311, Dako – Agilent Technologies; 1:500) and WARP-Red 

chromogen – an Alkaline Phosphatase system to differentiate the staining and 

melanin present in the pigmented tumors. 
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3.2.10 S100 expression quantification  
 

The protein expression was quantified using the MATLAB® R2015a 

(Mathworks, USA) software. The slides marked immunohistochemically for S100 

protein were processed following the protocol: tumor area definition, color threshold 

and quantification of the amount of red in the image, related to the expression of 

S100. These were performed using MATLAB® image processing algorithms: Image 

Segmenter, Color Threshold, and Region Analyzer, respectively. 

 

3.2.11 Tumor thickness  
 

The slides stained for the S100 protein were used to assess the tumor 

thickness ten days after the treatment. The measurements were performed in 

triplicate for each tumor in the thickest area of the lesion, using the software Aperio 

ImageScope® v. 12.3.2.8013 (Leica Biosystems Imaging, Inc.). 

 

3.2.12 Determination of the Specific Growth Rate (SGR) and Doubling Time (DT) 
           Specific growth rate  
 

 The SGR and DT were calculated as described by Mehrara and 

collaborators.(96) The SGR value was assessed using the volumes determined by 

the photoacoustic and ultrasound imaging(97) in a given moment. The tumor growth 

was considered exponential as outlined in the equations above: 

 

𝑆𝐺𝑅 =
1

𝑉

𝑑𝑉

𝑑𝑡
                                                            (3.2) 

 

𝑆𝐺𝑅 =
𝑙𝑛(

𝑉2
𝑉1

)

𝑡2−𝑡1
                                                           (3.3) 

 

Considering DT V2= 2V1, 

 

𝐷𝑇 =
𝑙𝑛(2)

𝑆𝐺𝑅
                                                            (3.4) 

SGR and DT were determined only for the experimental groups with remaining 

tumors in the immunohistochemically staining.   
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3.2.13 Statistical analysis 
 

Statistical analysis was performed by one-way analysis of variance (ANOVA) 

with post-hoc comparisons with the Tukey test using software GraphPad Prism 7 

(GraphPad Software, Inc., CA, USA). The value of p<0.05 was considered 

statistically significant.  

 

3.3 RESULTS AND DISCUSSION 

 

The experimental melanomas were observed two days after the injection and 

reached between 0.7-0.9 mm in thickness between days 3 and 4. Even with the fast-

growing, no side effects or pain reaction were detected in the animals. Also, 

metastasis was not observed during the ten days evaluation period. Photographs of 

the pigmented tumor before and after topical application of OCA can be seen in 

Figure 3.2. In (A) it is possible to observe a blackish tumor covered with a thin layer 

of the normal epidermis. After topical application of OCA, the tumor becomes more 

visible, showing a higher visual definition and indicating the clearing of the superficial 

layer of normal skin. It means that the light attenuation on the normal epidermis was 

reduced, increasing the light penetration into the tumor and making it more visible.   

 

 

Figure 3.2 - Photographs of cutaneous pigmented melanoma before (A) and after (B) topical 
application of OCA. 

 
Source: By the author 

  
3.3.1 Diffuse reflectance spectroscopy (DRS) 
 

The diffuse reflectance measurements as a function of the source-detector 

distance revealed a considerable heterogeneity within the same tumor, as well as 

between tumors (Figure 3.3). This heterogeneity is a factor that also changes the 

light distribution in the tumor, making the entire tumor treatment using PDT a 
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challenge. In Figure 3.3-A, it is possible to observe the diffuse reflectance decrease 

as a function of the source-detector distance for five different animals. From these 

curves, the tissue total attenuation coefficient was estimated, which for melanoma, 

ranged from 0.3 to 3 mm-1, as can be observed in Figure 3.3-B (representation of the 

results of 15 animals). In addition to the significant difference in the total attenuation 

coefficient of each tumor, it is possible to observe the large error bars associated with 

the measurements, due to the heterogeneity observed in each tumor. 

 

Figure 3.3 - DRS measurements as a function of the source-detector distance (A) and its 
corresponding total attenuation coefficient (B).  

Source: By the author. 

The experimental model was very similar to the melanoma lesions seen in the 

clinic. In addition to the pigmented characteristic, the tumors are quite heterogeneous 

both in relation to the pigmentation and the light distribution. The assays to determine 

the total attenuation coefficients before and after the application of the optical 

cleaning were performed in five replications, due to the variation in the optical 

characteristics observed in each tumor. These features will profoundly disturb any 

optical-based technique for diagnosis or treatment of melanoma. Specifically, for 

PDT, a homogenous light distribution within the tumor is one of the most relevant 

factors to achieve to result in successful treatment. 

Glycerol is one of the most common optical clearing agent used to improve 

diagnostic imaging techniques. At low concentrations (20-50%) there is no significant 

optical clearing, whereas at high concentrations (above 75%) edema and scar tissue 

were reported after application. Also, at high concentration, glycerol may also 

promote significant changes in the structure of the biological tissue, and may even 
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obstruct blood vessels.(98) Based on these characteristics, glycerol 70% in water 

was investigated (Figure 3.4). 

 

Figure 3.4 -  Total attenuation coefficients calculated using the DRS technique before and after the 
topical application of glycerol 70%. 

Source: By the author. 

 

The measurements showed an average decrease in the DRS measurements, 

probably due to the tissue scattering reduction and, thus, the increase in tumor 

transmittance and/or absorbance, with an average increase of 380% when compared 

to the tissue total attenuation coefficient before OCA application. These results agree 

with those obtained by Wen and colleagues. They described that the increase in the 

glycerol concentration had a more significant reduction in the DRS signal. Also, 

histological analysis revealed that 75% glycerol could change the diameter of the 

collagen fibers when compared to the control group.(61)  

Polyethylene glycol (PEG) is a hyperosmotic agent widely used as an OCA. 

Associations of PEG with agents that facilitate the transdermal diffusion in the tissue 

such as DMSO and propanediol are also investigated.(63)  The association of PEG 

and propanediol in a ratio 19:1, respectively, showed an average decrease in the 

total attenuation coefficient around 35%. Although, in some cases, the reduction in 

the coefficient reached up to 90%.  
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Figure 3.5 -  Melanoma total attenuation coefficient before and after topical application of PEG-400 
and 1,2 propanediol mix (19:1). 

Source: By the author. 

It was observed that glycerol 70% showed an average increase of the total 

attenuation coefficient of 308% when comparing both optical clearing solutions. 

However, the PEG-400 and 1,2 propanediol mix showed an average decrease of 

35%, indicating the potential of OCA to change light distribution in the biological 

tissue.  Based on these results, the white-light DRS measurements, as well as the 

PDT experiments were performed using only PEG-400 and 1,2 propanediol mix 

solution as the OCA. 

The white-light DRS measurements are shown in Figure 3.6. The first 

measurements were taken immediately after the OCA topical application to reduce 

variations in optical coupling of the probe and tissue surface. For the normal skin 

(Figure 3-6A&B), the DRS signal varied ±20% for the entire spectra over the time 

investigated. In the case of melanoma, DRS showed a significant variation, reaching 

a decrease of 95% of the signal 45 minutes after the topical application of OCA. Sixty 

minutes after the application, the hemoglobin signal is observed, indicating that the 

OCA reached deeper vascularized layers of skin. In Figure 3.6D, one can see that 

the OCA has a slightly greater effect at shorter wavelengths. Since there is a gradient 

of concentration of OCA into the tissue with topical application, the clearing 

particularly affects the short wavelengths that have smaller penetration in tissue. 

Longer application times are required to clear deeper layers of the skin. Also, due to 

the presence of a rich vascular network, deeper layers of skin can rapidly attempt to 
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hydrate the tissue and re-establish the natural skin hydration values. Higher clearing 

effect may be obtained if the OCA was applied combined to physicomechanical 

diffusion enhancers as microneedles, temperature, ultrasound, and others.(83) 

 

Figure 3.6 - Normalized diffuse reflectance spectroscopy and DRS as a function of time for normal 
skin (A) and melanoma (C). The first measurement was taken immediately after the 
topical application of PEG-400 and 1,2 propanediol mix to prevent probe-tissue coupling. 

 
Source: By the author.  

 

3.3.2 OCT imaging 
 

A photograph of a pigmented tumor and the corresponding OCT B-scans are 

shown in Figure 3.7.  
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Figure 3.7 -  B-mode OCT imaging of optical clearing in melanoma in vivo. (a) Photograph of the tumor 
at the skin surface. (b) Structural B-mode images at 0 (upper) and 250 min (lower) of 
topical application of OCA, taken through the dark spot seen in (a), which is indicated on 
the OCT images by the blue arrows. The increased OCT imaging depth (green arrow) 
due to the clearing is apparent. (c) Average intensity gradient with the depth of an area in 
B-scan (dot lines) before and after OCA application. 

 
Source: By the author.  

 

In the Figure 3.7A, one can see a darker dot and a larger blackish area that 

refers to pigmented melanoma in the most superficial layers and deeper layers of 

skin, respectively. In the upper OCT B-scan, it is possible to observe the superficial 

part of the melanoma (blue arrow) at a depth of ~400 µm, but no signal from the 

more deep tissue is detected. After the OCA application, the deeper part of the tumor 

becomes visible, improving the imaging of the entire tumor at a depth of ~750 µm. In 

C, it is possible to observe first the higher intensity signal on the skin surface and 

after the OCA application, the signal intensity shifts for deeper layers. It means that 

the superficial layers are becoming transparent and then images from deeper layers 

can be acquired.  

The α/β ratio represents the average signal brightness in each ROI.(83) 

Comparing an area in the B-scan before and after OCA application for both, 

superficial normal skin and melanoma; one can see a decrease in the α/β ratio 

(Figure 3.8-A). In the beginning, the signal acquired comes mainly from the skin 

surface, then the OCA is applied, and the signal decreased, that is, the skin becomes 
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transparent.  On the other hand, in the melanoma (deeper layer when compared to 

normal skin), the α/β ratio increases, that is, the light penetration into the tumor is 

increasing and making the tumor visible (Figure 3.8-B). 

 

Figure 3.8 - OCT image pixel intensity distributions, fitted with Gamma distribution function. (A) Skin 
and (B) Tumor ROI pixel intensity distributions right after OCA topical application. (C) 
Skin and (D) Tumor ROI pixel intensity distributions 250 minutes after the massage and 
OCA topical application. Insets in each subfigure show the analyzed ROIs with scale 
equal to 100 µm. 

 
Source: By the author  

 

Speckle variance analysis provided tissue microvasculature images 

immediately after and with 120 and 250 min of OCA topical application (Figure 3.9). 

At time 0, OCT could image the vessels from the superficial skin and tumor layers, as 

also observed in the structural B-mode images. After 120 min application of the 

clearing agent, larger and deeper disorganized vessels became more visible, and this 

improves further at the 250 min time point. 
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Figure 3.9 - En-Face projections for 0, 120 and 250 min after topical application of clearing agent. For 

each time, it can be observed vessels for different depth from 0 to 750 µm. At time 0, 
small vessels from the skin top layers are more visible. The high light scattering in skin 
limits light penetration and spatial resolution in depth. For this reason, it is possible to 
visualize vessels localized at up to 300 µm in depth. Hundred and twenty min after OCA 
application the top layers became transparent, improving the visualization of vessels up 
to 450 µm in depth. At this time, it is possible to observe larger and more disorganized 
vessels characteristics of the tumor. Two hundred and fifty min after OCA application, 
vessels up to 750 µm in depth became visible.  

 
Source: By the author.  

 

Near-infrared OCT improved the light penetration in melanoma, and it could 

provide information about the microvascular density present at up to 300 µm in 

depth. Although, when the image was performed using OCA, it was possible to 

observe not only an improvement in light penetration reaching around 750 µm in 

depth but also in the apparent image resolution. 
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Melanin has a high absorption in the entire visible spectrum, but besides that, 

melanin granules have also scattering properties. In a melanin scattering study using 

finite-difference-time-domain method for individual cells, Sergeev et al.(99) estimated 

melanin scattering coefficient at 830 nm and determined that it was three to five times 

higher for the pigmented cells than to the non-pigmented ones.(99)  

Several studies used OCAs in matching the tissue refractive index to reduce 

its scattering and improve light penetration in depth. Shan et al.(62) investigated the 

use of OCA in skin diseases in vitro for OCT imaging. Liquid paraffin glycerol mix was 

used as an optical clearing agent for fibroma, pigmented nevus, seborrheic keratosis, 

and others. OCA showed efficiency for some diseases but did not clear pigmented 

nevus that, according to the authors, this may be related to the lesion architecture 

that difficult the OCA permeation in the dermis.(62) That is, OCA effect is related to 

the tissue morphology. 

Our results obtained with DRS measurements and OCT imaging agree that 

PEG-400 and 1,2-propanediol mix resulted in a partial clearing of melanoma and 

improved light penetration in depth. In the DRS, only around 20% of the variation in 

signal was observed for normal skin, but for melanoma, 95% in the signal decrease 

was achieved. Also, the hemoglobin signal detected during the measurements 

indicates that the light penetrated deep enough to reach the vascularized layers of 

skin. These results agree with Shan et al. that described the difference on clearing 

obtained for different tissues.(62). Melanoma has a high growth rate and because of 

that, a disorganized morphology. This characteristic may be related to the higher 

clearing on melanoma observed when compared to normal skin.    

OCT showed that OCA improved light penetration in depth providing 

information about melanoma microvasculature network, valuable information 

regarding tumor diagnosis and staging. In summary, DRS and OCT results showed 

that it is possible to change melanoma optical properties and improve light 

penetration in depth, improving optical diagnosis and potentially optical treatment 

response.  
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3.3.3 Photosensitizer kinetics 
 

The PDZ kinetics obtained using LIFS is shown in Figure 3.10. One can see 

that the highest concentration of the photosensitizer in the lesion was obtained 

between one and three hours after its intravenous administration. Besides the fast 

concentration in the tumor, PDZ was eliminated from the organism in the first 24 

hours after the injection, reducing the animal photosensitivity period. However, a 

minimum tumor selectivity was seen.  Kinetics for the same photosensitizer was 

carried out by Shirmanova and collaborators (100) in a cervical carcinoma model 

using transillumination imaging. They reported that the dye kinetics was dose-

dependent, that is, differences in the kinetics was observed regarding the 

administered dose. For 5, 10 and 25 mg/kg, the maximum signal was detected one 

hour, between three and six hours and between two and seven hours after the PS 

administration. Moreover, 24 hours after, the signal intensity was significantly lower 

due to organism clearance.(100) These results agree with those obtained in our 

study for both, photosensitizer accumulation and clearance.  

 

Figure 3.10 - Normalized PDZ fluorescence intensity as a function of time for normal skin (black) and 
melanoma (red).  

Source: By the author. 
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For the photosensitizer chemical extraction, a previous absorption calibration 

curve was determined for melanoma and normal skin to be able later to quantify the 

amount of photosensitizer in the tissue as a function of time (Fig. 3-11). 

 

 Figure 3.11 - An example of a calibration curve obtained for melanoma.  

 Source: By the author. 

 

Based on the calibration curve, the photosensitizer was quantified for both, 

normal skin and melanoma for three timepoints, 30, 60, 120, 180, 360 and 720 

minutes. The calibration curve was performed as a function of µg/mL of the extracted 

tissue as described by Peng et al. (Figure 3-12).(94) 
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Figure 3.12 - Graphs of the PDZ concentration in µg per g of extracted tissue as a function of time for 
skin and melanoma. No tumor selectivity was observed, once the amount of dye 
extracted was similar between normal skin and melanoma.  

Source: By the author. 

 

The results obtained for the photosensitizer chemical extraction agree with 

those from the LIFS. For the skin, it was observed that 30 minutes after the dye 

administration, around 0.35 µg of PDZ per g of tissue and this value did not have a 

significant change for the timepoints investigated. Similar results were observed for 

melanoma that around 0.3 µg of PDZ per g of tissue was detected. These values are 

consistent with other studies involving photosensitizer uptake quantification. Biolo 

and collaborators(53) quantified the uptake of Si(IV)-naphtalocyanine incorporated 

into DPPC liposomes and Cremophor EL micelles in the same melanoma model. 

After administration intravenously of 0.5, 1 and 2 mg/kg of the photosensitizer into 

Cremophor EL micelles, the concentration detected in the melanoma were 0.57, 1.45 

and 1.74 µg/g of tissue, respectively while for the DPPC liposomes the values were 

0.46, 0.78 and 1.26 µg/g of tissue.(53) They also did not observe a significant 

difference between melanoma and normal skin. These results agree with those 

obtained in our study. Besides the non-selectivity behavior of PDZ, a substantial 

amount of photosensitizer was extracted from the tumor between 60 and 120 minutes 

after the dye administration. These results agree with those from LIFS that showed 

the highest amount of PDZ in the tumor between one and three hours after 

administration. Then, the PDT experiments were carried out using one-hour light-

drug interval. 
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3.3.4 Assessment of PDT response 
 

PDT inflammatory response was observed in the first 48 hours after the 

treatment for all groups treated. The necrosis process took place during 72 hours 

after the PDT session. For the OCA+PDT groups, in some cases the animals 

presented a motor limitation of the treated paw in the first days, that was recovered at 

the end of the evaluation period (10 days). An example of OCA+PDT response for 

non-pigmented tumor is shown in Figure 3.13. In A, an inflammation process is 

observed by erythema and slight edema at the treated site two days after the 

treatment. Followed by the beginning of the necrosis process, four days after the 

PDT session in (B) and the necrosis establishment eight days after treatment in (C).  

 

Figure 3.13 -  Photographs of a non-pigmented tumor at two, four and eight days after PDT combined 
with OCA treatment, respectively. One can see the inflammation process in (A) followed 
by the necrosis in (B&C). 

Source: By the author 

 

For the pigmented groups, the inflammation, as well as the necrosis, observed 

varied accordingly to the photosensitizer used, but in all the cases, the necrosis was 

more evident for the PDT associated with OCA groups. An example of the PDZ-PDT 

response is shown in Figure 3.14. The pigmented tumor before treatment can be 

seen in Figure 3.14A. Four days later, an inflammation process with a necrotic core 

was established (Figure 3.14B), but eight days later, a significant tumor growth 

around this core was observed (Figure 3.14C). 
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Figure 3.14 - Photographs of the murine pigmented tumor, before, four days and eight days after a 
single-agent PDT.   

Source: By the author. 

 

The inflammation and necrotic processes observed for the dual-agent PDT 

without OCA were more severe than the ones found for the single-agent PDT with or 

without OCA (Figure 3.15). The tumor before treatment, the inflammation process, 

and necrotic tissue can be seen in Figure 3.15A, B, and C, respectively. 

  

 

Figure 3.15 - Photographs of pigmented tumors treated with dual-agent PDT. (A) Before, (B) 4 days 
after and (C) 8 days after the treatment. 

Source: By the author. 

 

For the dual-agent mediated PDT associated with OCA, a more substantial 

inflammation, and necrosis process took place when compared with the same group 

without OCA (Figure 3.16). Both, the inflammation process and necrosis areas were 
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larger than the laser beam, probably due to the light scattering within the tissue and 

the vascular damage caused by VIS-mediated PDT.  

 

Figure 3.16 -  Photographs of pigmented tumors treated with dual-agent mediated PDT combined with 
PEG-400 and 1,2 propanediol mix before and four and eight days after treatment.  

Source: By the Author. 

 Following the humane endpoints established in this study, mainly tumor 

ulceration and tumor size over 1 cm, some animals from the pigmented groups were 

sacrificed before the end of the investigation period (10 days). Table 3.2 summarizes 

the number of animals sacrificed per day. 

Table 3.2 - Summary of the number of animals from the pigmented groups sacrificed per day. 

Day/ treatment groups 

(pigmented melanoma) 
0 2 4 6 8 10 

Control 0 0 2 1 - - 

PDZ-PDT 0 0 0 1 2 - 

OCA+PDZ-PDT 0 0 0 0 0 3 

VIS-PDT 0 0 0 3 - - 

OCA+VIS-PDT 0 0 0 0 0 3 

PDZ-PDT+VIS-PDT 0 0 0 0 0 5 

OCA+(PDZ-PDT+VIS-PDT) 0 0 0 0 0 5 

Source: By the author. 

The tumors volume as a function of time after treatment for each group is 

shown in Figure 3.17. 
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Figure 3.17 -  Melanoma volume measured by photoacoustic and ultrasound imaging following treatment on Day 
0 for both non-pigmented (A,C,E) and pigmented (B,D,F) tumors. Black lines refer to control 
groups; blue to groups treated with PDT without optical clearing and red lines to groups treated with 
PDT and optical clearing. The photosensitizer used in each graph is shown on the top of the 
corresponding graph. Each point corresponds to the mean volume ± standard deviation (N=3 for a 
single-agent PDT (A-D) and 5 for the groups treated with dual-agent PDT (E&F). For the non-
pigmented groups, ‘a’ refers to statistical significance between PDT without OCA and control group; 
‘b’ between PDT with OCA and control group; ‘c’ between PDT and PDT+OCA, for p<0.0001.  

 
Source: By the author.  
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Following the humane endpoints (ulcerated tumor, animal weight loss, 

uncontrolled pain, or lesion size over 1cm in diameter), the animals with pigmented 

tumors from the control and VIS-PDT groups were sacrificed at day 6. As during the 

evaluation period some animals from the pigmented groups were sacrificed, 

statistical analysis was only performed for the non-pigmented groups.  

In the non-pigmented groups PDZ-PDT and OCA+PDZ-PDT (Figure 3.17A), 

no difference was observed between the treated groups, although these groups 

showed a tumor volume reduction when compared to the control group. In the 

pigmented group (Figure 3.17B), the OCA enhanced the PDT effect when the PDZ 

was used, and no difference was observed between traditional PDT and control 

group. 

In Figures 3.17C and 3.17D, one can observe the effect of VIS-mediated PDT 

combined or not to OCA for non-pigmented and pigmented tumors, respectively. It 

was slightly more efficient than PDZ-mediated PDT for both melanoma subtypes. 

Also, the OCA increased the PDT response for the pigmented tumor as it was 

observed for the group OCA+PDZ-PDT.  

The best results were achieved when the dual-agent PDT was performed. In 

the non-pigmented groups (Figure 3.17E), the PDT with both photosensitizers could 

reduce the tumor volume and, when the optical clearing was added, no tumor was 

detected at the 4th day after the treatment. Similar results were obtained for the 

pigmented groups with the dual photosensitization (Figure 3.17F). The use of both 

photosensitizers with the OCA application not only controlled the tumor growth as it 

was able to decrease the tumor volume and no regrowth was observed at the end of 

10 days. 

The photoacoustic and ultrasound imaging techniques provide in vivo 

measurements of the tumor, although it does not provide information about the tumor 

viability, and so the histology was performed using H&E and immunohistochemically 

stained for S100 protein expression. 

 

3.3.5 Histology analysis   
 

All the tumors were processed and stained with H&E and immunochemistry for 

S100 protein expression. This protein is characteristic of melanoma cells and is also 
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expressed in the murine melanoma model. S100 is involved in the cell signal 

transduction and associated with several activities such as cell cycle progression, 

proliferation, differentiation and apoptosis and control of enzyme activities of the 

cell(101). The S100 expression is staining in red, and it is negative in case of necrotic 

or absence of tumor cells. 

Figures 3.18A&B and 3.18C&D revealed the histology of the non-pigmented 

group control stained with H&E and S100, respectively. It shows a dermal tumor 

proliferation with round and oval cells with nuclei at the periphery with cell invasion in 

the superficial layers and expansible nodule. The S100 staining (in red) shows the 

presence of tumor cells spread throughout the tumor, characteristic of the murine 

melanoma model. It can be seen that in the necrotic site, no S100 staining is 

observed as expected.  

 

Figure 3.18 - HE and S100 staining slides of the non-pigmented melanoma A&B and C&D, 
respectively. Arrows indicate a necrotic site seen in both stainings.   

Source: By the author. 

 

The groups treated with PDZ-mediated PDT showed a signaficative reduction 

in the tumor volume and thickness (Figure 3.19). However, in both cases, without 

(Figure 3.19A-D) and with (Figure 3.19E-G) OCA topical application, the remaining 
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tumors still express S100 indicating that a tumor regrowth would possibly be later 

observed. The topical application of OCA did not improve the treatment response, 

and it might relate to the fact that the light penetration into small non-pigmented does 

not limit the treatment response, so the OCA did not affect the response. The 

complete tumor remission was not achieved probably due to melanoma resistance to 

PDT that involves not only melanin absorption as the antioxidant effect of this 

pigment; sequestration of PS inside the melanosomes, defects in apoptotic pathways 

and efflux of PS by the ATP-binding cassette as described by Huang and 

collaborators.(16)  Also, a regenerated skin is observed in the tumor, and it induces a 

misinterpretation of the treatment response, lacking a further proper patient 

management, and then increasing the risk of tumor invasion and metastasis.   
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Figure 3.19 -  Representative histology slides of groups treated with PDZ-mediated PDT, without (A-
D) and with (E-H) topical application of OCA. S100 is expressed in both cases indicating 
the presence of melanoma cells.  

Source: By the author. 

 

Figures 3-20(A-D) and 3-20(E-H) refer to the non-pigmented groups VIS-PDT 

and OCA+VIS-PDT, respectively. In both cases, the tumors are entirely necrotic, 

proven by both H&E and S100 staining. In this case, the topical OCA application did 

not improve tumor response as it was observed for PDZ-mediated PDT.  
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Figure 3.20 - H&E and S100 staining slides from the non-pigmented groups VIS-PDT (A-D) and 
OCA+VIS-PDT (E-H).  Both tumors are entirely necrotic and negative for S100, 
indicating the complete tumor response to the treatment. 

 
Source: By the author.  
 

The results obtained for the dual-agent PDT groups are shown in Figure 3.21. 

No difference in the S100 expression was observed between the PDZ-PDT+VIS-PDT 

and OCA+(PDZ-PDT+VIS-PDT) groups. Although, the H&E revealed that the 

necrotic tumor is still observed PDZ-PDT+VIS-PDT while in the OCA+(PDZ-
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PDT+VIS-PDT) group, the healing process is in an advanced stage, once one cannot 

see any remaining tumor.  

 

  

Figure 3.21 - Histology slides from the dual-agent PDT groups, without (PDZ-PDT+VIS-PDT) and with 
(OCA+(PDZ-PDT+VIS-PDT)) OCA topical application. The tumors are in different healing 
stages. In the PDZ-PDT+VIS-PDT group, the tumor is necrotic and negative for S100 
while in the OCA-(PDZ-PDT+VIS-PDT) no tumor can be seen in the slides, indicating a 
more advanced tissue recovery stage. 

 
Source: By the author. 
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Figure 3.22 shows melanoma from the pigmented control group. Besides the 

cells characteristic, melanin is also observed within the entire the tumor. A large 

necrotic core is also seen in the tumor core and is showed by arrows in both H&E 

(Fig 3.22A&B) and S100 (Fig 3.22C&D) staining.  

 

 

Figure 3.22 – Pigmented tumor of the control group. Arrows indicate necrosis in the tumor core (A&B). 
One can see S100 staining in reddish (C&D) expressed in the entire tumor, except by 
the necrotic sites indicated by the arrows. 

Source: By the author. 

 

Figure 3.23A&B represents the tumors treated only with PDZ-mediated PDT 

(group PDZ-PDT). The histology reveals a large superficial necrotic area surrounded 

by tumor with a significant expression of S100 protein. The histology from the group 

OCA+PDZ-PDT is shown in Figure 3.23C&D. The OCA improved the light 

penetration into the tumor and so, the PDT response. It is seen a more 

homogeneous response, related to the improved light distribution in the tumor. Also, 

a thinner tumor was observed compared to the group PDT-PDZ, although, still 

expressing S100 protein. 
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Figure 3.23 - H&E and S100 slides of pigmented melanomas from PDZ-mediated PDT. PDZ-PDT 
slides (A-D) showed large necrotic area on the tumor surface with surrounding tumor 
expressing S100. In the OCA+PDZ-PDT groups, the slides present necrotic sites in the 
lesion, not only on the surface. However, there is still S100 expression.  

Source: By the author. 

 

The group VIS-PDT (Fig. 3.24A-D) shows a large necrotic area at the surface 

of the tumor, although one can observe viable tumor around and underneath this 

area, still expressing S100 protein. It indicates that PDT effect was limited by the light 

penetration in the tumor, once the damage was superficial and was not present in the 
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entire lesion. Also, it is observed vascular damage and loss of epithelia with the 

reorganization of the collagen fibers in the superficial layers, characteristic of PDT 

treatment for cutaneous lesions.  

Figure 3.24E-H show tumors from the group OCA+VIS-PDT stained with H&E 

(Fig. 3.24E&F) and for S100 expression (Fig. 3.24G&H). A thinner tumor is observed 

when compared to the VIS-PDT group, indicating the potential of the OCA on 

improving light penetration in melanoma. Vascular damage was also observed, 

mainly at the tumor margins. Although, the presence of S100 protein indicates that 

the tumor is still viable and regrowth would certainly be detected in the future.   
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Figure 3.24 -  Histology slides from the pigmented tumors treated with VIS-mediated PDT, without and 
with OCA application.  Although the PDT with the OCA induced necrosis in the entire 
tumor, S100 protein is expressed on the tumors borders, indicating still the presence of 
melanoma cells.   

Source: By the author. 

 

Images of the histology slides from the pigmented tumors treated with the 

dual-agent PDT are shown in Figure 3.25. Fragile tumor core can be observed in the 

group PDZ-PDT+VIS-PDT. Besides that, the skin surface recovered from the 

treatment and no tumor is seen on this site. Although, as there is still tumor in deeper 
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layers of the skin, the healed superficial layers may induce to a misinterpretation that 

the tumor was eradicated. 

 The OCA+(PDZ-PDT+VIS-PDT) group achieved the best result for the 

pigmented tumors (Figure 3.25). One can still observe some injuries on the skin 

surface due to the treatment, but no viable tumor is observed, which is confirmed by 

the absence of S100 protein expression. In this case, a complete response was 

achieved. 

 

 

   



89 
 

 

Figure 3.25 -  H&E and S100 staining slides of the pigmented dual-agent PDT. (A-D) PDZ-PDT+VIS-
PDT group shows a healed skin surface with a tumor expressing S100 underlying it. 
The additional of OCA (E-H) increased the PDT response, and no tumor is observed.   

  
Source: By the author. 

 

3.3.6 S100 expression quantification 
 

The S100 protein is observed as a reddish stain in the histological slides, and 

it was used to quantify its expression in the tumor using the software MATLAB®. The 

software estimates the number of pixels of the entire tumor and the ones selected in 
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the threshold as positives for S100 expression. This number is related to the amount 

of S100 expression in the tumor is showed as a percentage value Figure 3.26. As the 

S100 protein is expressed only by the melanoma cells, it means that the positive 

staining is related to the presence of melanoma cells and in the case of negative 

staining, either the tissue is necrotic or, no melanoma cells are present there, 

meaning that a complete response was observed after the treatment.  

 

 

Figure 3.26 -  Quantification of S100 expression in non-pigmented and pigmented tumors for the 
different PDT protocols. In both graphs, the small letters a, b, c, and d means statistical 
difference when compared to the control group and between the treated groups 
indicates in the figure, respectively.  

 
Source: By the author. 

 

For the non-pigmented groups, statistical significance was observed for all 

Visudyne, and dual-agent mediated PDT groups (VIS-PDT; OCA+VIS-PDT; PDZ-

PDT+VIS-PDT; OCA+(PDZ-PDT+VIS-PDT), p<0.0001) when compared to the 

control and PDZ groups. Comparing both photosensitizers, with and without OCA, 

VIS-mediated PDT was more efficient at controlling tumor growth, and no S100 

protein expression was observed in these groups. Also, OCA topical application did 

not improve the PDT response on non-pigmented melanomas. As the thickness of 

the tumor was between 0.7 to 0.9 mm, the tissue optical properties did not prevent 

the light penetration into the non-pigmented tumors, and then no effect of the OCA 

was observed. Besides that, these results are important to demonstrate that the 

topical application of OCA does not interfere negatively with the PDT treatment 

response.  
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Table 3.3 - Statistical analysis of the S100 expression in non-pigmented melanomas. 

 

Source: By the author. 

 

Pigmented tumors response to PDT using single-photosensitizer without the 

OCA application (PDZ-PDT and VIS-PDT) was not significantly different to the control 

group. Besides the importance of exploring different treatment targets, light 

penetration into pigmented melanoma still makes optical therapeutics unsuitable. The 

use of OCA to improve light penetration into pigmented melanoma showed an 

enhancement of around 90% of the treatment response for the VIS-mediated PDT. 

Once melanoma is an aggressive tumor with high proliferation rates, the need for 

large amounts of nutrients implicates on the development of a rich vascular network. 

This characteristic explains the fact that Visudyne, a vascular-target photosensitizer 

was more efficient to control tumor growth than the cell-target dye - Photodithazine.  

In this case, after the changes in the melanoma optical properties, the tumor target 

resulted in a significant difference in the treatment response.  

The dual-agent PDT decreased the S100 expression in around 60% and 50% 

when compared to the control and single-agent PDT groups (PDZ-PDT and VIS-

PDT), respectively.  The addition of OCA improved the dual-agent PDT response, 

and with a single PDT session, no S100 protein was detected in the 

immunohistochemistry assay, indicating necrotic tissue or absence of melanoma 

cells.  
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Table 3.4 - Summary of the statistical analysis of the S100 expression in pigmented melanomas.  

 

Source: By the author. 

 

3.3.7 Tumor thickness assessment 

 

 The tumor thickness was measured in triplicate in each slide using the 

software ImageScope®, in the thickest site of the tumor expressing S100. Results for 

non-pigmented and pigmented melanomas are shown in Fig. 3.27A and 3.27B, 

respectively.   

 

Figure 3.27 -  Non-pigmented and pigmented tumors thickness at the end of the evaluation period. (a) 
refers to the significant difference to control group; b, c, and d, refers to statistical 
significance to the respective treatment groups.  

 

Source: By the author. 
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The non-pigmented PDZ-PDT group showed high S100 protein expression, 

however, after the treatment, a flattened on the tumor volume was observed. This 

effect can be confirmed by the tumor thickness at the end of the evaluation period, 

around 75% thinner than the control group. As in the S100 expression, the OCA did 

not significantly improve the PDT response on non-pigmented tumors, once light 

penetration into the tissue is not an issue for the non-pigmented melanoma.  

Agreeing with the S100 assay, the best result was achieved by the VIS-PDT, 

OCA+VIS-PDT, PDZ-PDT+VIS-PDT, and OCA+(PDZ-PDT+VIS-PDT) groups. These 

groups were statistically significant when compared to both, control and PDZ-

mediated PDT (with and without OCA application – Table 3.5). 

 

Table 3.5 - Statistics summary for the non-pigmented melanoma thickness. 

 

Source: By the author. 

 

The topical application of OCA improved PDT response significantly on 

pigmented melanoma in all protocols investigated OCA+PDZ-PDT; OCA+VIS-PDT; 

OCA+(VIS-PDT+PDZ-PDT) when compared to control group (Figure 3-27B and 

Table 3.6). OCA+VIS-PDT group reduced the pigmented melanoma thickness in 

90% and 70% in comparison to control and PDZ-mediated PDT. However, the best 

result was achieved by the dual-agent PDT combined with OCA, as it was observed 

for the S100 expression assay. A complete response was observed for all the 

animals in this group.   
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Table 3.6 - Summary of statistical analysis of the pigmented tumor thickness. 

 

Source: By the author. 

 

3.3.8 Determination of melanoma-specific growth rate (SGR) and doubling time (DT) 

 

The specific growth rate and doubling time were estimated by the tumor 

volumes acquired using the photoacoustic and ultrasound imaging. The values are 

presented in Table 3.7. 

The non-pigmented and pigmented tumors showed similar SGR and DT 

values. Both PDZ-PDT and OCA+PDZ-PDT groups for the non-pigmented melanoma 

showed a decrease on the SGR of around 80% and a DT increase of 8 days. As in 

the S100 staining, no tumor was found in the non-pigmented VIS-mediated groups, 

the SGR and DT could not be calculated for these groups.  

The pigmented PDZ-PDT group did not show any difference when compared 

to the control group. This result agrees with those observed in the tumor volume 

measurements and the H&E and S100 histology. VIS-mediated PDT without OCA 

application reduced the SGR in approximately 50% and doubled the DT. The dual-

photosensitizer PDT decreased the SGR by 90% and reached a DT of 10 days. The 

addition of OCA in both OCA+PDZ-PDT and OCA+VIS-PDT pigmented groups 

showed negative SGR; it means that during the investigation period, the tumor 

volume decreased, demonstrating the PDT efficiency.  
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The SGR and DT are parameters highly used to evaluate tumor growth as its 

response to different treatments. In this study, the values obtained for non-pigmented 

and pigmented groups agree with the results observed in the volume measurement, 

histology, S100 expression, and tumor thickness that indicated the OCA potential on 

improving the light penetration into the tumor and the PDT response. 

 

Table 3.7 - Melanoma-specific growth rate and doubling time. 

 

N/A: not applicable 

Source: By the author. 

 

Several approaches have been used to improve PDT response on melanoma, 

including the development of new drugs with absorption at longer wavelengths,(17) 

use of quantum dots to generate light inside the tumor to excite the photosensitizers 

(upconversion mechanisms); multiple PDT sessions; and melanin bleaching using 

blue light,(56) high-peak pulsed laser(54) or chemical agents.(57,102) To the date, 

no PDT protocol has presented enough efficacy for a complete treatment of 

cutaneous melanoma, still being considered an experimental procedure.(21)   

   Optical clearing agents have been used mainly to improve imaging resolution 

for optical diagnosis. This improvement in the light distribution can also be used to 

increase optical treatments response for solid or pigmented tumors. The OCA effect 

on melanoma was measured by diffuse reflectance spectroscopy and OCT imaging. 

In both cases, it was observed that OCA could decrease DRS signal up to 95% and 

double the depth of the OCT imaging.  
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The DRS variation before and after OCA application was higher for melanoma 

than normal skin. As the tissue dehydration induced by the OCA changes the 

collagen fibers alignment, it is expected to achieve increased clearing on tumors 

once the fast development results in a more disorganized tissue. Besides the 

improvement on the light penetration into the tumor, the spectroscopy measurements 

revealed that melanoma became optically more homogenous after OCA application 

that is highly favorable for optical therapeutics, especially for PDT. Also, the use of 

OCA improved OCT imaging of pigmented melanoma vascular network, that is 

related to tumor staging and prognosis. To our knowledge, that was the first report of 

a non-invasive in vivo optical technique that can image melanoma microvessel 

network(83) and might represent an improvement in tumor staging and patient 

prognosis. Moreover, microvasculature imaging can also be used to monitor tumor 

response to different treatments.  

To investigate if the increase in the light penetration into melanoma induced by 

OCA could be translated to an improvement of PDT response, OCA+PDT 

combination was evaluated using two photosensitizers in both, non-pigmented and 

pigmented model. 

In this study, two photosensitizers were investigated a vascular-target and a 

mainly cellular-target, Visudyne, and Photodithazine, respectively. For the non-

pigmented tumor, PDZ-mediated PDT reduced the tumor thickness in around 75%, 

SGR in 90% and the DT increased in 8 days when compared to control group. 

However, the tumor still expresses S100 protein, indicating that a tumor growth would 

be observed. No significant difference was observed with the addition of OCA, 

probably due to the non-pigmented tumor optical characteristics did not prevent the 

light penetration into the entire tumor. The tumor was not eliminated probably due to 

the melanoma resistance to PDT also described by Huang and collaborators.(16)   

 The PDT treatment using the vascular-target photosensitizer, Visudyne, was 

more efficient in treating non-pigmented melanoma than Photodithazine. In this case, 

no viable tumor was observed after a single PDT session, that was confirmed by the 

absence of S100 protein expression. As seen in the PDZ-mediated treatment groups, 

OCA did not improve non-pigmented tumors response. The dual-agent PDT, 

combining both vascular and cellular-target PDT also eliminate the tumor without or 

with OCA topical application.  In summary, for non-pigmented melanoma, vascular-
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target PDT showed promising results, combining or not with cellular-target 

photosensitizer or OCA. 

 For the pigmented tumors, PDZ-PDT did not show any statistical difference to 

the control group. This result is mainly related to the light absorption by the tumor 

surface, that is, even with a small damage on the surface layers, the tumor quickly 

recovers its growth, and this is the principal reason that PDT for melanoma is still 

restricted to experimental research. The addition of OCA increased tumor response, 

reducing average thickness in around 30%, SGR and DT values are negative that 

represents tumor volume reduction during the investigated period, but as S100 is still 

expressed in the entire tumor, its regrowth is expected for longer evaluation periods.  

 As it was observed for the non-pigmented tumors, VIS-mediated PDT was 

also more efficient for pigmented tumors than PDZ-mediated PDT. Histology from 

VIS-PDT group showed flattened tumors, 30% less thick than the control group. A 

50% of the SGR and double DT was also observed, but S100 is still expressed in the 

entire tumor. The addition of OCA improved the pigmented melanoma response 

significantly. A decrease of 90% and 85% were achieved for S100 expression and 

tumor thickness, respectively. As it was observed for the OCA+PDZ-PDT group, 

SGR and DT values became negative, once during the investigation period, no 

significant regrowth was observed.  

  The dual-agent PDT, targeting vessels, and cells showed promising results for 

pigmented melanoma. Reduction of 40, 80, and 90% was observed for S100 

expression, tumor thickness, and SGR, respectively, that are related to an adequate 

tumor control. In this case, multiple PDT session might be able to eliminate the tumor 

if positive rate between tumor death and tumor growth is present. However, the best 

results were achieved by the dual-agent PDT combined with OCA. No tumor was 

observed at the end of the evaluation period, confirmed by the negative S100 

staining. 

 Melanoma is an aggressive type of cancer, and its resistance to PDT had 

already been described(16). In this study, an OCA was used to overcome melanoma 

optical interference and improve the treatment response in depth. Besides that, a 

dual-target PDT was chosen to overcome the PS sequestration by the melanosomes 

that can neutralize the free radicals generated during PDT. The combination of 

approaches could eliminate pigmented tumors in a single PDT session and may be 

an alternative to overcome melanoma resistance 
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 The conventional treatment for melanoma is still the surgery, however this 

technique still has some disadvantages: limited safety margin depending on the 

anatomic site involved that increases the recurrence probability; in case that flaps are 

needed, as in the face (one of the leading sites of melanoma), the recovery is quite 

long and in some cases multiple surgeries are needed; anaesthesia is required; and 

the successful rate relies on the skill level of the clinician. Photodynamic therapy for 

skin cancers is a non-invasive technique, not limited by anatomical sites involved with 

quick recovery and excellent aesthetic results. As it is not a complicated technique, it 

can be performed in ambulatory, without anesthesia. PDT is already established for 

non-melanoma skin cancer and can become an attractive alternative for melanoma.    

 

3.4 CONCLUSIONS 
  

In this study, we investigated if OCA could change melanoma optical 

properties and improve light penetration into the tumor. DRS and OCT imaging were 

used to assess the effect of OCA on pigmented tumors. DRS signal showed a 

significant signal decrease of around 95% compared to a ±20% variation observed 

for normal skin. OCT combined to OCA doubled the depth of imaging when 

compared to the conventional technique. Moreover, due to increase in the light 

penetration into the tumor, we could image the tumor microvasculature network that 

is related to melanoma staging and patient prognosis. The procedure is simple, does 

not result in an increased measurement time, and the OCAs are safe, resulting in a 

feasible technique for clinical implementation.   

The use of OCA associated to PDT did not significantly improve the treatment 

response of non-pigmented tumors, probably because the light penetration into the 

tumor is not limited in this case. On the other hand, the OCA association improved 

the pigmented melanoma response in all protocols investigated. The best results 

were achieved for the dual-agent PDT combined to OCA. The dual-agent targeted 

both, vessels and tumor cells, improving the melanoma response. This strategy 

involving changes in the tissue optical properties and targeting both cell and vessels 

seems to be essential to overcome melanoma resistance to PDT. 
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CHAPTER 4 TWO-PHOTON EXCITATION PHOTODYNAMIC THERAPY ON 

PIGMENTED AND NON-PIGMENTED MELANOMA CELLS 

 

4.1 OBJECTIVE  

 

This study aims to investigate the effect of TPE in vitro on synthetic melanin 

solution and PDT for pigmented and non-pigmented melanoma cells.  

 

4.2 MATERIALS AND METHODS 

 

4.2.1 Melanin characterization  

 

Synthetic melanin was purchased from Sigma-Aldrich and diluted in DMSO to 

a final concentration of 1 uM (considering the molar mass of 318.28 g/mol). To 

investigate whether melanin could present 2-photon absorption (TPA), melanin linear 

absorption and the quadratic dependence between melanin fluorescence and laser 

power were investigated.  

For the linear absorption assay, melanin solution was placed in a temperature-

controlled water bath at 70°C, and the absorption spectrum was collected every 30 

minutes for 210 minutes in a spectrometer (Cary UV-VIS 50, Varian®).  

The quadratic dependence between the fluorescence intensity and the laser 

power was carried out in a laser scanning confocal microscope LSM780 Zeiss® (Carl 

Zeiss Jena GmbH, Jena, Germany) and a femtosecond pulsed laser at 865 nm 

(Chameleon) was used to excite melanin. The fluorescence collection was performed 

in the range of 500 to 600 nm. For this assay, it was considered: 

𝐼𝑓(2𝑝)~(𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒(2𝑝))
2
                                               (4.1) 

𝐼𝑓(2𝑝) is the fluorescence intensity for TPE and 𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒is the laser average power, 

then  

𝑙𝑜𝑔(𝐼𝑓(2𝑝))~2𝑙𝑜𝑔(𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (2𝑝))                                     (4.2) 

The angular coefficient should be around 2 to confirm the quadratic relation between 

fluorescence intensity and laser power. 
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4.2.2 Cell culture  

 

The human cell lines (C32 and G361) and the pigmented murine melanoma 

cells were obtained from American Type Culture Collection (ATCC), and the non-

pigmented murine melanoma (B78H1) was kindly donated by Dr. Pier-Luigi Lollini, 

University of Bologna, Italy. The C32 human non-pigmented melanoma was grown in 

MEM, the G361 was cultured in McCoy’s modified 5A, and both murine melanoma 

cells were cultured in DMEM. All cell medias were supplemented with 10% fetal 

bovine serum (FBS) and penicillin-streptomycin at 37 °C and 5% CO2.  

 

4.2.3 Two-photon excitation photodynamic therapy (TPE-PDT) 

 

For the TPE experiments, the peak power,(74) peak energy E,(74) average 

irradiance,(76) and peak irradiance(76) were calculated accordingly by the following 

equations: 

 

𝑃(𝑝𝑒𝑎𝑘) =
𝑃(𝑎𝑣𝑒𝑟𝑎𝑔𝑒)

𝜏𝑓
                                               (4.3) 

 

Where P (average) is the power measured after the objective, 𝜏 is the pulse duration 

at the sample, and 𝑓 the pulse repetition frequency. The peak energy was then 

determined as: 

 

𝐸(𝑝𝑒𝑎𝑘) = 𝑃(𝑝𝑒𝑎𝑘)𝜏                                              (4.4) 

 

The average irradiance was calculated by: 

 

𝐼(𝑎𝑣𝑒𝑟𝑎𝑔𝑒) =
𝜋𝑃(𝑎𝑣𝑒𝑟𝑎𝑔𝑒)

2
(

𝜂

𝜆
)

2
(1 − cos 𝛼)(3 + cos 𝛼)    (4.5) 

 

Where I is the intensity; η is the refractive index of the medium; 𝜆 the wavelength and 

𝛼 the semi-aperture angle of the objective that can be calculated by: 

 

𝛼 = sin−1 (
𝑁𝐴

𝜂
)                                                  (4.6) 
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Where NA is the lens numerical aperture.  

 

Assuming a Gaussian pulse shape, the peak irradiance is then determined: 

𝐼(𝑝𝑒𝑎𝑘) = (
𝑙𝑛2

𝜋
)

1 2⁄ 2

𝜏𝑓
𝐼(𝑎𝑣𝑒𝑟𝑎𝑔𝑒)                                  (4.7) 

 

4.2.3.1 LIVE/DEAD assay 

 

One million cells (G361 or C32) were cultured in Petri dishes for 24 hours 

before PDT experiment. After the attachment of the cells, a glass pipette was used to 

mark the Petri dishes and use as a reference for the treatment (Figure 4.1A). A 

benzoporphyrin derivative (Visudyne, QLC Inc.) was added 3 hours prior illumination 

in a concentration of 2.5 µM. After the light-drug interval, the Petri dishes were placed 

under a laser scanning confocal microscope LSM 710 Zeiss® (Carl Zeiss Jena 

GmbH, Jena, Germany) for the irradiation. It was used a Titanium-Sapphire laser 

(Chameleon, Coherent) tunable from 720 to 960 nm, with 300 fs pulse duration at the 

sample and 90 MHz repetition rate and a 20x water-immersion objective with a 

numerical aperture of 1.0 were used. The laser was set up at 865 nm, and the 

average power varied from 0.2 to 5 mW over a 512 x 512-pixel area of 424 x 424 um 

and pixel dwell time of 1.58 µm (power peak: 8-185 W; energy (peak): 2 – 56 pJ; I 

(average): 9.3 x 104 - 2.4 x 106 W/cm2; I (peak): 3.2 x 109 - 8.4 x 1010 W/cm2; fluence: 

4.6 x 105 – 1.2 x 107 J/cm2). Twelve slices were irradiated, with a step size of 2 µm, 

to deposit PDT treatment throughout the entire cell culture.  

After PDT, the cells were incubated with LIVE/DEAD fluorescence marker 

(LifeTechnologies – Invitrogen®), followed by imaging in the same microscope with 

excitation at 442 and 515 nm and image acquisition using two channels: between 

460 and 500 nm for live cells and between 540 and 610 nm for dead cells. Besides 

the marks done in the Petri dishes, the treated area could also be defined by the 

photosensitizer bleaching (Figure 4.1B).   
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Figure 4.1 –  Cells cultured in Petri dishes for the TPE-PDT. White arrows indicate an example of the 
glass pipettes marks that were used as references for the TPE-PDT treatment (A) and a 
bleaching site observed after the irradiation (B). 

 
Source: By the author. 

 

4.2.3.2 Real-time cell morphology evaluation 

 

 One million cells were cultured in the Petri dishes as described in the section 

above. Then, Visudyne (2.5 µM) was added following the same protocol for the 

LIVE/DEAD assay and placed under the microscope for the irradiation. It was used 

an inverted laser scanning confocal microscope LSM 780 Zeiss® (Carl Zeiss Jena 

GmbH, Jena, Germany) and a Titanium-Sapphire laser (Chameleon, Coherent®) 

tunable from 720 to 960 nm, with 300 fs pulse duration at the sample and 90 MHz 

repetition rate, and a 20x objective with numerical aperture of 0.8, average power of 

12 mW over a 1024 x 1024-pixel area of 210 x 210 µm and a pixel dwell time of  

1.58 µs (average power: 12 mW; peak power: ~445 W; energy (peak): 100 pJ; 

average irradiance: 2.6 x 106 W/cm2; peak irradiance: 9.0 x 1010 W/cm2). The 

reflected light was used to acquire images of the cell morphology during the TPE-

PDT. The cells were considered dead when cell shrinkage and blebs were observed 

around the cell and counted manually to determine the treatment efficiency.     
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4.2.3.2.1 Two-photon photobleaching kinetics 

  

 The images from the time series acquired during the “real-time cell 

morphology” assay were used to compute the photosensitizer photobleaching rate 

spatially, that is the photobleaching rate calculated for each pixel of the image, using 

the software MATLAB® R2015a (Mathworks, USA). The image processing was 

performed as described by Lencione and collaborators(103). In summary, after 

selecting the ROI and determining the threshold, a bi-exponential decay function was 

used to fit the data collected. 

𝐼𝑖𝑗(𝑡) = 𝐴𝑖𝑗 + 𝐵𝑖𝑗𝑒
(−𝑡

𝜏𝑖𝑗(1)⁄ )
+ 𝐶𝑖𝑗𝑒

(−𝑡
𝜏𝑖𝑗(2)⁄ )

                                       (4.8) 

Where ij, t, A, B, and C, refer to the pixel position, time, offset parameter, and 

amplitudes, respectively. 𝜏𝑖𝑗(1) and 𝜏𝑖𝑗(2) are the photobleaching lifetime per pixel. 

Then, the average lifetime per pixel can be calculated as: 

 

〈𝜏〉𝑖𝑗 =  
𝐵𝑖𝑗𝜏𝑖𝑗(1)

2+𝐷𝑖𝑗𝜏𝑖𝑗(2)
2

𝐵𝑖𝑗𝜏𝑖𝑗(1)+𝐵𝑖𝑗𝜏𝑖𝑗(2)
                                                   (4.9) 

 

And the image average lifetime: 

〈𝜏〉𝑖𝑚𝑎𝑔𝑒 =
∑ 〈𝜏〉𝑖𝑗

𝑁
𝑖,𝑗=1

𝑁
                                                      (4.10) 

 

N is the number of pixels with higher fluorescence intensity than the background. 

 

 4.2.4 Transmission Electron Microscopy (TEM) 

 

The cells were cultured as described above and irradiate following the TPE-

PDT protocol in the absence of photosensitizer. The cells were then fixed with 

formalin 2% and sent to Electron Microscopy Lab – Medicine School, the University 

of Sao Paulo for processing. The images were performed in a Jeol JEM – 100 CXII 

microscope. With this assay, we aimed to investigate if the TPE induces any damage 

to the melanosomes organelles that might cause an improvement in the pigmented 

cell killing.  
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4.3 RESULTS 

 

4.3.1 Melanin characterization 
 

Melanin in DMSO solution has a broad absorption spectrum from UV to NIR, 

originated from highly conjugated structures (Figure 4.2A). The increase in the 

temperature broke down the larger molecules of melanin into smaller ones, shifting 

the absorption spectrum for shorter wavelengths (Figure 4.2A). It is possible to 

observe that, at 70º Celsius, the absorbance decreased at 800-1100 nm and 

increased at 355 nm as a function of time. These small molecules absorb mainly the 

shorter wavelengths, explaining the reason that even with a linear absorption at  

865 nm, melanin also presents TPA at this wavelength. It can also be confirmed by 

the quadratic dependence between the melanin fluorescence intensity and the laser 

power (Figure 4.2B). The angular coefficient is ~1.8, indicating the TPA at 865 nm.  

 

Figure 4.2 - (A) Measurements of melanin absorbance spectra every 15 minutes immersed in water at 
70 Celsius degree for 105 minutes. (B) Melanin fluorescence quadratic dependence to 
laser power, proving the melanin capacity of absorbing 2-photon.  

Source: By the author. 

 

4.3.2 Two-photon excitation photodynamic therapy (TPE-PDT) 
 
4.3.2.1 LIVE/DEAD assay 
 

Melanin is an absorber, but it is also an antioxidant pigment which makes optic 

treatments a challenge. Then, the effect of TPE-PDT was investigated in both non-
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pigmented and pigmented cells. In Figure 4.3, one can observe the apoptosis 

induced by TPE-PDT in pigmented cells. 

 

 

Figure 4.3 - Fluorescence image of melanoma cells before (A) and after TPE-PDT (B). In detail (C), 
one can see cell morphology changes characteristic of apoptosis. 

Source: By the author. 

 

The cell viability determined by the LIVE/DEAD assay is shown in Figure 4.4.  

 

Figure 4.4 -  Non-pigmented and pigmented human melanoma cells viability after 2-photon 
photodynamic therapy as a function of laser power. Light-drug interval of 3 (A) and 24 
hours (B). 

Source: By the author. 
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For both light-drug intervals (3 and 24 hours), the pigmented cells were more 

susceptible to the TPE-PDT. It was necessary ~ 1.2 x 107 J/cm2 to induce apoptosis 

in 70-75% and 10-15% of the pigmented and non-pigmented cells, respectively. To 

evaluate the cell morphology changing during the TPE-PDT, a real-time investigation 

was performed.   

 

4.3.2.1 Real-time cell morphology evaluation 
 

To quantify the cellular death during TPE-PDT, cell morphology evaluation 

was carried out. The cell was considered dead when cell shrinkage and blebs were 

observed. Figure 4.5 and 4.6 shows the non-pigmented cells during the 2-photon 

irradiation only and TPE-PDT, respectively. Each image took 1.6 second, and a 

fluence at the sample was 4.2 x 106 J/cm2 per scan.   

 

Figure 4.5 – Bright-field time-series of non-pigmented cells irradiated following the TPE protocol. No 
significant changes in cell morphology were observed. The images are 210 x 210 µm, 
and the scale bar is 50 µm.  

Source: By the author. 
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 The non-pigmented cell irradiation in the absence of photosensitizer does not 

induce cell damage. For the TPE-PDT morphology changes, mainly cell retraction 

was observed only in a few cells demonstrating that TPE-PDT was not effective on 

non-pigmented cell killing for the parameters investigated (Figure 4.6).  

 

 

Figure 4.6 - Bright-field time series of non-pigmented melanoma cells during TPE-PDT. No significant 

changes in cell morphology were observed. The images are 210 x 210 µm, and the scale 

bar is 50 µm. Each image took 1.6 seconds, and one was taken immediately after the 

other.  

Source: By the author. 

 

The morphology of pigmented cells during the TPE, in the absence of 

photosensitizer, is shown in Figure 4.7. It is possible to observe a heterogeneous 

distribution of melanin inside the cells that agrees with natural melanin maturation 

process (104). Also, the 2-photon irradiation induced morphology changes in some 



108 
 

cells, mainly the most pigmented ones. It indicates that melanin may play a major 

role in the light absorption and the cell-damage induced.   

 

Figure 4.7 – Bright-field time-series of pigmented cells irradiated following the TPE protocol. No 
significant changes in cell morphology were observed. The images are 210 x 210 µm, 
and the scale bar is 50 µm. Each image took 1.6 seconds, and one was taken 
immediately after the other.  

Source: By the author. 

 

The TPE-PDT is shown in Figure 4.8. Immediately after the first scan  

(~4,2 x 10 J/cm2), it is possible to observe cell shrinkage and membrane blebs in 

some cells and this effect progress significantly as a function of the fluence or scans.  

The blebs are probably related to the apoptosis induced by the TPE-PDT. 
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Figure 4.8 – Bright-field time series is showing the morphology changes in the pigmented cell during 

TPE-PDT evidenced by the cell shrinkage and blebs. The images are 210 x 210 µm, and 

the scale bar is 50 µm. Each image took 1.6 seconds, and one was taken immediately 

after the other.   

Source: By the author. 

 

The changes in the cell morphology, involving cell shrinkage and membrane 

blebs were also observed by Qiu and collaborators.(105) The fluorinated ruthenium 

(II)-mediated TPE-PDT assay was carried out in HeLa cells. They noted that the 

photosensitizer incubation time was related to the TPE-PDT and cell morphologic 

change.(105) 

The cell death was then quantified manually, and the results are shown in 

Figure 4.9. 
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Figure 4.9 -  Cell viability of pigmented (B16F10) and non-pigmented (B78H1) cells irradiated under 
the TPE protocol (A) and treated with VIS-mediated TPE-PDT (B). 

Source: By the author.  

 

  The TPE, in the absence of photosensitizer decrease the cell viability in 15 

and 20% at the end of 40 scans or 1.7 x 108 J/cm2 for non-pigmented and pigmented 

cells, respectively. However, for the TPE-PDT, after ten scans (4.2 x 107 J/cm2) the 

pigmented cells viability was reduced to 30% from its initial condition. At the same 

time, the non-pigmented cells viability was still around 95%. These results agree with 

the LIVE/DEAD assay that showed a decrease in the pigmented cell viability of 70 to 

75% after 1.2 x 107 J/cm2.  

The B78H1 cells (non-pigmented) viability started to decrease after 10 scans 

(energy per scan 4.2 x 106 J/cm2) or ~4.2 x 107 J/cm2. After 40 scans,  

~1.7 x 108 J/cm2, the cell viability of the non-pigmented cells was reduced to 30% 

from the initial number of cells. That is, the non-pigmented cells needed four times 

more energy to reach 30% of cell viability when compared to the pigmented cells. 

 

4.3.2.2 Determination of Visudyne photobleaching rate 
 

To verify if the photosensitizer photobleaching rate was similar for non-

pigmented and pigmented cells, fluorescence images were acquired during the TPE-

PDT. A time series of the fluorescence images is shown in Figure 4.10. 
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Figure 4.10 –  Two-photon excited fluorescence time-series with excitation at 865 nm and collection 
from 650 to 700 nm, related to the VIS emission. The acquisition time was 1.6 sec per 
image. Scale bar: 50 µm.   

Source: By the author. 

 

The photobleaching rate was then calculated for every pixel of the 

fluorescence images, and a color-coded photobleaching lifetime imaging was 

generated for both, non-pigmented and pigmented cells as described by Lencione 

and collaborators(103) (Figures 4.11 and 4.12). 
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Figure 4.11 -  Bright-field images (A&C) and its corresponding color-coded photobleaching lifetime 
imaging (B&D) of non-pigmented B78H1 cells. The average photobleaching lifetime 
computed was 25 ± 1 minutes. Scale bars: 50 µm (A&C) and 20 µm (B&D). 

Source: By the author. 

 

The color-coded photobleaching lifetime imaging of non-pigmented cells 

showed an increase in the lifetime for sites around the nuclei. The average lifetime 

computed was 25 ± 1 minutes. The color-coded images for the pigmented tumors are 

shown in Figure 4.12. 
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Figure 4.12 – Bright-field images (A, C, E) and its corresponding color-coded photobleaching lifetime 
imaging for pigmented cells. It can be seen a large variety of colors that means a 
significant variation on the bleaching lifetime (24 ± 8 minutes). Scale bars: 50 µm (A, C, 
E) and 20 µm (B, D, F).  

Source: By the author. 
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 The color-coded photobleaching lifetime images of the pigmented cells 

showed a considerable variation in the bleaching lifetime when compared to the non-

pigmented cells. This fact might be related to the melanin TPA. Under TPE at  

865 nm, melanin exhibits a weak green fluorescence, then in the case of melanin 

leakage in the cytoplasm, the melanin fluorescence could excite the photosensitizer, 

decreasing the bleaching lifetime. Besides that, melanin could also oxide the dye, 

and it also would induce a reduction in the bleaching rate. Both hypotheses could 

explain the variation on the bleaching lifetimes computed and moreover, the TPE-

PDT response on pigmented cells observed in the LIVE/DEAD and real-time TPE-

PDT assays. To determine the effect of TPE on the melanosome membrane, 

transmission electron microscopy was performed.  

    

4.3.3 Transmission electron microscopy (TEM) 
 

To investigate whether the melanin TPA could break the melanosomes’ 

membrane, TEM was conducted in a control group and cells irradiated under the 

same conditions of the TPE-PDT but in the absence of photosensitizer.  

The TEM image of the control group in different magnification is shown in 

Figure 4.13. Melanosomes are the most electron-dense structures (dark and round 

dots) distributed throughout the cell cytoplasm.  

 

Figure 4.13 - Transmission electron microscopy images of the pigmented cells from the control group.  

Source: By the author. 

 

 The TEM images of the cells irradiated under the TPE-PDT protocol in 

the absence of photosensitizer is showed in Figure 4.14. Changes in the 
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melanosome shape are observed in all the cells. Blebs can be seen around the 

melanosome indicating the organelle damage induced by the irradiation, mainly in 

the example showed in the first row of the Figure 4.14. Moreover, melanosomal 

membrane rupture can be seen, indicating the leakage of the melanin and its 

byproducts that could induce cell death, as reported in the literature.(104,106) The 

cell membrane and the other organelles show similar morphology as of the non-

irradiated cells, indicating that no damage could be observed under the irradiated 

conditions and at the performed fixation time. 

 Wachter and collaborators(73) reported that the most of the energy absorbed 

by melanin is converted to heat by phonon-phonon coupling and that under specific 

irradiation conditions, the melanin could be converted to phototoxic products.(73) 

Baptista et al.(107) described the effect of UV (355 nm) and visible light (532 nm) 

radiation on epithelial cell lines with different melanin content. They reported that the 

cells with a lower amount of melanin were more susceptible to UVB irradiation when 

compared to highly pigmented cells, which is consistent with melanin photoprotection 

characteristic. On the other hand, for the visible irradiation, the most pigmented cells 

showed more phototoxicity than the cells with a low amount of melanin, indicating 

that the phototoxicity is related to the amount of melanin in the cell. Moreover, the 

visible irradiation induced the generation of singlet oxygen in the cells and it was 

increased in the highly pigmented cells, indicating that melanin plays an essential 

role in the singlet oxygen generation(107). The generation of free radicals including 

the singlet oxygen could also be related to the melanosome damage and more 

susceptibility of pigmented than non-pigmented cells to the TPE-PDT. These radicals 

can oxidize the melanosome membrane, inducing its rupture observed in the TEM 

images (Figure 4.14).   



116 
 

 

Figure 4.14 – Transmission electron microscopy images of pigmented melanoma cells irradiated with 
a femtosecond pulsed laser following the TPE-PDT protocol, but in the absence of 
photosensitizer. Different magnifications are shown per line to detail the effect of the 
irradiation on the melanosomes. One can see the melanosomes loss of shape, blebs 
and membrane rupture.  

Source: By the author. 

 

An investigation of the type of cell death of pigmented melanoma and non-

melanoma cells revealed that pheophorbide-a mediated PDT induces cell death via 

different pathways. The non-pigmented cell died via autophagy and apoptosis 

processes, while the pigmented melanoma cell died only by apoptosis via a p38-

mediated caspase-3 dependent apoptotic pathway.(108) A similar study was reported 

by Ji and collaborators.(109) They compared the type of cell death induced in a 

pigmented and non-pigmented melanoma cell lines using 5-ALA as a photosensitizer 

precursor. The non-pigmented and pigmented cells died by autophagy and 

apoptosis, respectively. Although it is not well detailed the reason that PDT induced 

cell killing by different pathways, some authors believe that it might be related to the 

presence of melanin or melanosomes.(109)  
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Kars and collaborators(110) evaluated the PDT effect on SKMel-30 cells using 

a femtosecond pulsed laser. Different from the studies described before, they found 

that the cells died by apoptosis and necrosis.(110) These results demonstrate that 

not only melanin or melanosomes but the type of photosensitizer and its localization 

inside the cell as well as the irradiation regiment might interfere in the cell death 

pathway. 

Melanoma can vary from non-pigmented to highly pigmented tumors. The 

black and the reddish to yellow pigments are called eumelanin and pheomelanin, 

respectively. The amount of these pigments, as well as the tumor color, varies with 

the melanogenetic stage, cell genotype and with the environment.(104) Melanin is a 

pigment synthesized in the melanosomes through the tyrosinase hydroxylase activity 

that involves tyrosine (TYR) and tyrosinase-related proteins 1 and 2 (TYR1, TYR2) 

being converted to 3,4-dihydroxy-phenylalanine (DOPA) followed by the conversion 

into DOPAquinone by the DOPA oxidase activity.(106) During these processes two 

mainly toxic byproducts are produced: 5,6-dihydroxyindole and 5,6-dihydroxyindole-

2-carbolic acid. Melanin biogenesis involves four stages: in the first two stages, no 

melanin is found in the organelle, and the stages three and four the synthesis of 

intermediates products starts to generate matrix favorable to melanin 

production.(104) For this reason, melanin is synthesized inside the melanosomes – a 

membrane protein-bound organelle that prevents the leakage of these toxic products 

to the cytoplasm.(106)  

Davids & Kleeman suggested that melanosome-target PDT would be more 

efficient due to its synthesis and storage function. If the PS could penetrate the 

melanosome, the PDT damage in the membranes would cause a leakage of the 

cytotoxic intermediates produced during melanin synthesis into the cytoplasm, 

increasing the treatment response.(106) However, as these intermediates are 

generated during the late maturing stages 3 and 4, it would not be expected that the 

PDT effect would be increased in all the cells. Although, most melanomas present 

the late-stage melanosomes in its cytoplasm, which would still be attractive to PDT. 

Despite that, Davids & Kleeman (106) investigated the effect of hypericin-mediated 

PDT on non-pigmented and pigmented melanoma cells and concluded that even 

targeting the melanosomes, PDT was more efficient on killing the non-pigmented 
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cells than the pigmented one. They found that the melanin chemoresistance might be 

linked to PDT resistance too.(106)  

 On the other hand, in our study, the TPE-PDT was more efficient to 

pigmented than non-pigmented cells. A different photosensitizer was investigated but 

more relevant than that, a nonlinear irradiation regimen was used. Instead of 

choosing a melanosome-target photosensitizer, in our case, the light interacted with 

the melanosomes inducing the membrane breakage and phototoxic byproducts 

leakage to the cytoplasm. Melanin TPA and TPE-PDT had a synergic effect, 

increasing the pigmented cell killing when compared to the non-pigmented cell. 

Besides that, our hypothesis that with the membrane rupture, melanin was also 

released in the cytoplasm. Melanin can be excited at 865 nm and emit fluorescence 

at the green region. Then, this light emitted could be absorbed by the photosensitizer 

also favoring the TPE-PDT on pigmented cells. Although further investigations still 

need to be done to describe the whole process involving TPE-PDT on pigmented 

cells, we already have the TEM images showing the melanosomes rupture that 

indicates the leakage of the phototoxic byproducts in the cytoplasm.    

 

4.4 CONCLUSIONS 

This study is the first report of the use of TPE-PDT on both pigmented and 

non-pigmented melanoma cells. We demonstrated that melanin could absorb two-

photon at 865 nm, causing the melanosomal membrane breakage and the release of 

melanin byproducts, causing toxicity to the cells. Then, during TPE-PDT we have an 

amplified effect on pigmented cells when compared to non-pigmented cells. This 

amplified effect may be related to the PDT effect by itself combined with the cytotoxic 

byproducts released into the cytoplasm. Besides initial results, they are promising on 

the development of safety protocols for the treatment of pigmented lesions that still 

has a poor response when treated with optical techniques.  
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CHAPTER 5 TWO-PHOTON EXCITATION PHOTODYNAMIC THERAPY FOR 

CONJUNCTIVAL MELANOMA TREATMENT 

 

5.1 OBJECTIVE  
 

This study aims to investigate the TPE-PDT for the treatment of a conjunctival 

pigmented murine melanoma model, using Visudyne as a photosensitizer. This study 

was conducted in collaboration with Dr. Yeni Yucel from the St. Michael´s Hospital/ 

Department of Ophthalmology and Visual Sciences, UofT. 

 

5.2 MATERIALS AND METHODS 
 
 
5.2.1 Conjunctival melanoma model  
 

Three thousand B16F10 murine melanoma cells in 5uL of PBS were injected 

using a 30G Hamilton syringe into the left conjunctiva of 6-weeks nude athymic mice 

(n=3 per group - Figure 5.1). The animal was anesthetized using 5% of isoflurane 

and 2% for maintenance, and the cells injection was performed in a surgical suite to 

prevent contamination, using a surgical microscope to ensure the needle position in 

the conjunctiva. The tumor growth was followed by visual inspection under a 

microscope, and the treatment performed when the tumor reached between 350 and 

600um in length. This animal protocol was approved by the UHN/Princess Margaret 

Cancer Centre Animal Committee (protocol 4001.4).  

 

 

Figure 5.1 – Photographs of the melanoma cells injection into the mouse conjunctiva. 

Source: By the author. 
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5.2.2 Two-photon excitation photodynamic therapy (TPE-PDT) protocol  
 

The animal was anesthetized using 5% of isoflurane for induction and 2% for 

maintenance in a small mask that covered only the mouse nostrils (Figure 5.1B), 

allowing the eye exposition. Visudyne at a concentration of 44 mg/kg that contains 

0.8 mg/kg of verteporfin was administered by intravenous injection into the tail vein 

30 minutes before the irradiation. After the light-drug interval, the animal was 

positioned under the microscope on a home-made heating pad for the irradiation, 

following the same anesthetic protocol. It was used a femtosecond Titanium-

Sapphire laser tunable from 700 to 1000 nm, emitting at 865 nm with 300 fs pulse 

duration at the sample and 90 MHz repetition rate. The average and peak power of  

25 mW and 930 W, respectively. A 10x dry objective with a 0.45 numerical aperture 

and a 512 x 512-pixel area of 424 x 424 µm was used. A tumor scanning with a pixel 

dwell time of 6.30 µs, average laser irradiance of 2.2 x 106 W/cm2, and peak 

irradiance of 7.7 x 1011 W/cm2 was performed. Tumors were scanned up to 800 µm 

(267 scans) in depth with a 3 µm step between scans. Reflectance imaging at  

635 nm was used to determine the tumor position as well as to plan the Z-scan 

irradiation avoiding photosensitizer bleaching before the PDT. The animals were 

sacrificed by cervical dislocation under general anesthesia at two-time points, 24 and 

48 hours after treatment.  

 

5.2.4 Histology  
 

After the animals’ sacrifice, the eyes were enucleated, embedded in paraffin 

and sectioned from anterior to posterior, every 50 um to ensure that the treatment 

site could be found in the histology. Then, the slides were stained with H&E and 

TUNEL (Terminal deoxynucleotidyl transferase-mediated dUTP Nick End Labelling) 

assay, an apoptosis biomarker.   

 

5.3 RESULTS AND DISCUSSION 
 
5.3.1 Two-photon excitation photodynamic therapy (TPE-PDT) protocol 
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A tumor photograph can be seen in Figure 5.2A. The conjunctival melanoma is 

the small dark dot on the superior edge of the eye, close to the eyelids. In Figure 

5.2B, one can observe the animal position and lesion irradiation set up.  

 

 

Figure 5.2 – Photographs of the conjunctival melanoma (B), highlighted by the dotted square and of 

the animal’s positioning set up for the irradiation (B). 

Source: By the author 

 

Immediately after the photosensitizer administration, the animal positioning 

procedure started. Tear gel was applied to the eye to facilitate the melanoma 

exposure. Then, a tape was used to fix the eyelids as well as the animal’s head to 

minimize bulk tissue motion due to, for example, breathing. Once the animal was 

positioned, bright-field (Figure 5.3A) and reflectance images (Figure 5.3B&C) were 

performed to determine the treatment volume site.   

 

Figure 5.3 – Bright-field imaging of the conjunctival melanoma model (A) and reflectance images 

(B&D) used to determine the TPE-PDT site.  

Source: By the author. 
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No side effects were observed in the mice eye or its behavior, probably due to 

the highly localized effect of the TPE-PDT that is a significant advantage of the TPE-

PDT due to the relevance of the surrounding anatomic structures involved in this 

treatment.  

5.3.2 Histology 
 

 In this study, two endpoints were investigated: 24 and 48 hours after the TPE-

PDT. Figure 5.4 shows the bright-field image (Figure 5.4A) that was used to set up 

the irradiation site and the histology of the same animal stained with H&E (Figure 

5.4B) and TUNEL – stained in yellowish (Figure 5.4C).  
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Figure 5.4 – (A) Reflectance image used to determine the treatment site and (B&C) histology of the 
eye 24 hours after the treatment, stained for H&E and apoptosis (TUNEL assay), 
respectively. 

Source: By the author. 

 

 The TPA process occurs only in the focal volume when a high power pulsed 

laser can deliver a significant number of photons in a short time interval and 

microscopic volume. Due to these characteristics, the tissue damage in optical 

treatments involving TPE as in the TPE-PDT, is well localized, preventing injuries to 

the surrounding tissue as can be seen by the normal cell morphology, and absence 
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of tissue damage features in Figure 5.4. Besides the animal breathing that certainly 

affects the tumor positioning under the microscope and then the treatment volume, 

the tumor site set up for treatment seen in Figure 5.4A is similar to the area with 

apoptotic cells stained in yellowish observed in the histology (Fig. 5.4C).  

Examples of the tissue slides after the treatment can be seen in Figures 5.5 

and 5.6.  

 

Figure 5.5 – Conjunctival melanoma slices stained with H&E. The step between each slice is around 

50 µm, and the scale bar is 2 mm. 

Source: By the author. 

 

 One can observe that the apoptotic site changes slightly between the histology 

cuts. It happens due to the tumor positioning during the irradiation that was 

performed angled about the anterior eye chamber, once the tumors were induced in 

the conjunctiva. This set up also do not provide quantitative data about the treatment 

thickness, but in robust estimative apoptotic cells were observed up to 700 µm in 

depth (Figure 5.6). The estimative of the treatment thickness was based on the 

histology cuts thickness plus the step size between consecutive cuts, that is, a 5 µm 

histology cut for each staining and 40 µm step size between consecutive cuts, the 

total step size of 50 µm was estimated. Further experiments in cutaneous melanoma 

using TPE-PDT will be performed to determine the maximum melanoma thickness 

that can be treated by this technique.   
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Figure 5.6 – Example of the TPE-PDT effect in different histology slices of a single eye staining for 

apoptosis in brownish (TUNEL assay). The distance between each slice is around 50µm, 

and the scale bar is 2 mm.  

Source: By the author. 

 

 It was also investigated the TPE-PDT response for an entire tumor treatment. 

Unfortunately, as the tumors were too small, we could not find any technique that 

was able to measure this investigated tumor volume precisely. Then, the number of 

z-scans were personalized for each tumor (varying from 150 to 200 scans). The TPE-

PDT results are shown in Figure 5.7. The tumor showed a fast growth, with melanin 

distributed throughout the entire tumor. Vascularization and necrotic sites are also 

observed.  

 

Figure 5.7 – Representative slides of murine conjunctival melanoma stained with H&E from the control 
group. Arrows indicate the tumor. Scale bar: 2 mm. 

Source: By the author. 
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Moreover, it is not possible to compare the treatment groups regarding tumor 

volume, only qualitatively as presence or absence of melanoma. The light only and 

TPE-PDT groups results are shown in Figure 5.8. 

 

 

Figure 5.8 – Representative H&E slides of mouse eye with conjunctival melanoma treated only with 
light (A) and TPE-PDT with two concentrations of verteporfin: 0.5 mg/kg (B) and  
0.8 mg/kg (C). Arrows indicate the conjunctival melanoma. Scale bar: 2 mm. 

 
Source: By the author. 

 

 The light only group showed remaining tumor 48 hours after treatment. 

Besides that, no damage is observed in the H&E staining. The same result was 

observed for the group treated with TPE-PDT using verteporfin at 0.5 mg/kg. The 

best result was achieved for the TPE-PDT group treated with verteporfin at 0.8 

mg/kg. No tumor was found in the histology, indicating that a complete response was 

achieved. Moreover, the surrounding tissue does not present any damage induced 

by the treatment, demonstrating the technique safety for this anatomical site. 

Schmidt-Erfurth and collaborators(111) investigated a benzoporphyrin 

derivative monoacid (2 mg/kg) in non-pigmented Green hamster melanoma model. 

Tumors were treated when reached a height of 2 mm, measured by the 
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ultrasonography. After the photosensitizer administration, the irradiation was 

performed at 692 nm, 150 mW/cm2, and 100 J/cm2. The angiography and histology 

showed photothrombosis and complete tumor necrosis within 24 hours after the 

treatment. Superficial hemorrhage and minimal inflammatory reaction were observed, 

although these side effects were localized and reversible.(111) In a six weeks follow 

up, no tumor regrowth was seen. PDT studies were also carried out in a pigmented 

choroidal melanoma model in rabbits. A chloroaluminum sulfonated phthalocyanine 

(5 mg/kg) and a 675 nm laser were used for the treatment with a total fluence of 25 to 

70 J/cm2. The tumor was assessed by ophthalmoscopic and histology. Tumor arrest 

and regrowth, and severe side effects as subretinal hemorrhage, conjunctival 

chemosis, and serous retinal detachment were observed.(112) PDT for pigmented 

melanoma was also investigated in a rabbit model using the highly pigmented murine 

cell line B16F10. A liposomal benzoporphyrin derivative was used at a concentration 

of 2 mg/kg followed by irradiation at 690 nm and fluences from 40 to 150 J/cm2. The 

tumors treated with 40 J/cm2 showed tumor growth, but for higher fluences, tumor 

arrest was observed in all the cases.  

Visudyne (liposomal benzoporphyrin derivative verteporfin) was approved for 

the treatment of age-related macular degeneration (AMD) by the Food and Drug 

Administration (FDA) agency in 2000. Moreover, in the last years, VIS-mediated PDT 

has been used in clinics for the treatment of many ocular vascular conditions such as 

choroidal neovascularization,(113) pathologic myopia,(114) and histoplasmosis 

syndrome.(115) Some studies involving ocular tumors as choroidal 

hemangioma,(116) retinoblastoma,(117) choroidal melanoma,(118) eyelid tumors, 

and conjunctival tumors has also been published.(119) Choroidal melanoma 

treatment using PDT has been successful in pre-clinical studies, although clinical 

studies remain to a small number of cases and with different results.(120) 

Canal-Fontcuberta and collaborators(121) investigated the use of PDT for the 

treatment of pigmented choroidal melanomas in clinics. They found that combining 

PDT with bevacizumab could induce superficial vasculature closure but was not 

enough to induce tumor destruction.(121) A clinical study of small pigmented 

posterior pole choroidal melanoma was conducted in 15 patients. Three verteporfin-

mediated PDT sessions were performed in each patient, achieving tumor control in 

12 cases in a 15 months follow-up time. In three patients, PDT could not control or 

eradicate the tumor, so radiation therapy was performed with success. In all these 
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unsuccessful cases, the tumors were completely pigmented. Besides that, neither 

local or systemic side effect not metastatic disease was observed (122)  

The TPE-PDT has the advantage to use longer wavelengths to excite the 

photosensitizers at its Soret band, it means, at its maximum absorption and still can 

penetrate the biological tissue due to the tissue optical transparency at these 

wavelengths. Hammer and collaborators(123) studied the laser induced breakdown 

(LIB) and minimal visible lesions (MVL) induced in monkey eyes by ultrashort pulse 

duration. The LIB was correlated to the MVL, including the plasma formation. They 

observed that the irradiance threshold has an inverse relationship with the pulse 

duration, then for hundreds of femtosecond pulses the irradiance threshold is around 

10-12 W/cm2, that is much lower than the irradiance used in our study  

(2.2 x 106 W/cm2). This study also demonstrates that the femtosecond pulsed lasers 

are ideal for TPE.(123) 

Wachter and collaborators(73) studied the effect of ultrafast lasers on an M3-

melanoma model. They aimed to activate melanin and its precursors and convert 

them into phototoxic products, as the melanin precursors 5-S-cysteinyldopa 

(phaeomelanin) that photobind to DNA under irradiation at 300 nm. During the non-

focused NIR irradiation, the tumor temperature increased between 15 and 25ºC and 

was kept for five minutes. Immediately after the irradiation, a blanching was 

observed. The best results were achieved with femtosecond pulses at 730 or  

1047 nm and the poor response was seen at 800 nm. This was explained due to the 

low absorption of melanin precursors at the 400 nm range. Besides the tumor 

clearance observed 18 days after the treatment at 1047 nm, a secondary tumor 

growth was noted at the end of the evaluation period.(104) The use of melanin and 

its precursors to induce tumor damage under light activation showed promising 

results, although it is limited to the presence of these compounds inside the cell 

during the irradiation. These compounds are produced during the melanin maturation 

process and are not present in all stages of the synthesis. Then, the cells that still did 

not reach the maturation process, when these compounds are synthesized, would 

not be affected by the irradiation, and then, tumor regrowth would be observed. In 

our study, we proposed the use of TPE-PDT, using a focused 865 nm femtosecond 

pulsed laser with a high peak irradiance that may interact with melanin inducing the 

melanosomal membrane breakage and leakage of the the cytotoxic products 

producing during the melanin maturation process, as it was demonstrated in the in 
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vitro studies – Chapter 4. However, the treatment response would result from a 

synergic effect of TPE-PDT and the leakage of melanosomal cytotoxic products.         

 Although TPE-PDT has not been investigated in conjunctival melanoma 

model, it has been studied in some preclinical models for AMD. Samkoe and 

collaborators(124) reported the complete occlusion of blood vessels in the chick 

chorioallantoic membrane after VIS-mediated TPE-PDT. The average and peak 

irradiances were 3.3 x 106 W/cm2 and 3.7 x 1011 W/cm2, respectively. A total fluence 

of 1.1 x 108 J/cm2 was used to induce complete occlusions of vessels with  

15 µm in diameter.(124) The TPE-PDT for AMD has also been investigated in the 

vascular dorsal window chamber model. The authors evaluated the TPE-PDT effect 

on arteries of around 40 µm in diameter. The irradiation was performed at 920 nm,  

39 mW in an area of 83x83 µm2, and in a vertical stack mode that five images were 

taken, each 10 µm apart. Immediately after the treatment, the artery appeared 

thinner, and a segment was no longer visible. Moreover, no damage was observed in 

the surrounding vessels.(78)   

 As the probability of the TPE process depends on the molecule 2-photon 

cross-section and the quadratic of the laser intensity, the development of new 

sensitizers with large 2-photon cross-sections could improve the TPE-PDT response. 

Khurana and collaborators(125) investigated two photosensitizers, the commercial 

Visudyne with TPA cross-section of 50 GM and a synthetic porphyrin dimer 

developed for the TPE-PDT with a TPA cross-section of ~17,000 GM. To compare 

different PDT protocols, they established a parameter based on the product of drug 

concentration and fluence (drug-light product). They performed the treatment in a 

small area of 80 x 80 µm2 on the selected blood vessel ~40 to 50 µm in diameter. A 

femtosecond pulsed laser emitting at 865 and 920 nm were used to excite Visudyne 

and the porphyrin-dimer, respectively and ~40 mW average power, 3.2 x 1010 W/cm2 

peak irradiance, 1.6 µs pixel dwell time, and fluence of 6.5 x 105 and 3.2 x105 J/cm2 

for Visudyne and porphyrin-dimer, respectively. They compared VIS-mediated PDT 

and -TPE-PDT and observed that the energy used for the TPE was more than three 

orders of magnitude when compared to the current PDT, mainly due to its low TPA 

absorption cross-section. Besides that, the porphyrin dimer has a 340-fold higher 

two-photon absorption cross-section when compared to Visudyne, although the drug-

light product was only twenty times lower than the one obtained for Visudyne. This 

fact might be related to photosensitizer uptake or kinetics.(125)  
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Zou and collaborators(79) reported TPE-PDT on HepG2 (human liver cancer 

cell line) xenograft model using water-soluble Bis(arylidene)cycloalkanone 

photosensitizers with large TPA cross-section, ~885 GM. The tumors were irradiated 

at 800 nm and 6.3 W/cm2 for 23 minutes, and their volume was monitored by 

measurements using calipers. They reported a hemorrhagic injury that inhibits the 

tumor size, improving the animals' survival significantly. Similar results were achieved 

in a study conducted by Qiu and collaborators.(105) The Fluorinated Ruthenium (II)-

mediated TPE-PDT (PS cross-section 163 - 191 GM) was investigated in a HeLa 

tumor-bearing mice. It was used a femtosecond pulsed laser emitting at 800 nm,  

1.18 W/cm2 for 25 minutes. The tumors showed an apparent growth inhibition and no 

organ damage could be found.(105)  

Starkey et al.(126) evaluated the depth efficacy of TPE-PDT in three murine 

xenograft models: human small cell lung cancer (NCI-H69), non-small cell lung 

cancer (A549), and breast cancer (MDA-MB-231). The synthetic tetrapyrrole-based 

photosensitizer (2-photon cross section ~ 1,500 to 2,000 GM) was intratumorally 

injected, and four hours later the irradiation at 800 nm in a 15 x 15 mm4 area was 

performed. The average power at the sample, average irradiance, peak irradiance 

and the energy per pulse were 600 to 800 mW, 10 to 20 W/cm2, 10 to 100 GW/cm2, 

and 0.6 to 0.8 mJ, respectively. Most of the tumors showed initial regression followed 

by tumor regrowth, although effective PDT at 2 cm in depth was achieved.(126)   A 

summary of the TPE-PDT parameters for different studies is presented in Table 5.1. 
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Table 5.1 – Summary of TPE-PDT parameters for different studies. *Refers to values calculated based 
on the data provided in the published studies. 

 
Source: By the author.  

 

The VIS-mediated TPE-PDT studies, in general, used an average and peak 

irradiance in the magnitude orders of 106 and 1011 W/cm2. Due to the photosensitizer 

C
o
n
ju

n
c
tiv

a
l 

M
e
la

n
o

m
a

 

X
e
n

o
g
ra

ft 

tu
m

o
r(7

9
) 

H
e
L
a
 tu

m
o
r 

m
o
d
e

l(1
0

5
) 

X
e
n

o
g
ra

ft 

tu
m

o
rs

(1
2

6
) 

V
e
s
s
e
ls

(1
2

5
) 

V
e
s
s
e
ls

(1
2

5
) 

A
rte

rie
s
 

V
e
s
s
e
ls

(1
2

4
) 

T
a
rg

e
t a

n
d

 re
f 

V
is

u
d
y
n

e
 

B
is

(a
ry

lid
e
n

e
) 

c
y
c
lo

a
lk

a
n
o

n
e

 

F
lu

o
rin

a
te

d
 

R
u
th

e
n
iu

m
 (II) 

T
e
ra

p
y
rro

le
-

b
a
s
e
d

 

P
o
rp

h
y
rin

-d
im

e
r 

V
is

u
d
y
n

e
 

V
is

u
d
y
n

e
 

V
is

u
d
y
n

e
 

P
S

 

8
6
5

 

8
0
0

 

8
0
0

 

8
0
0

 

9
2
0

 

8
6
5

 

9
2
0

 

8
6
5

 

λ
 

(n
m

) 

3
0

 

8
8
5

 

1
6
3
 - 

1
9
1

 

~
1
,5

0
0
 to

 

2
,0

0
0

 

~
1
7
,0

0
0

 

3
0

 

3
0

 

3
0

 

σ
2  

(G
M

) 

4
2
4
 x

 

4
2
4

 

  

1
5
0
0

 x
 

1
5
0
0

 

8
0
 x

 

8
0

 

8
0
 x

 

8
0

 

8
3
 x

 

8
3

 

 

A
re

a
 

(µ
m

2) 

2
5

 

  

6
0
0
 to

 

8
0
0

 

4
0

 

4
0

 

3
9

 

 

𝑷
(𝒂

𝒗
𝒆

𝒓
𝒂

𝒈
𝒆

)  

(m
W

) 

9
3
0

 

     

1
4
4
4

* 

 

𝑷
(𝒑

𝒆
𝒂

𝒌
)  

(W
) 

2
.2

 x
 1

0
6 

6
.3

 

1
.1

8
 

1
0
 to

 2
0

 

  

9
.3

 x
 1

0
5* 

3
.3

 x
 1

0
6 

𝑰
(𝒂

𝒗
𝒆

𝒓
𝒂

𝒈
𝒆

)  

(W
/c

m
2) 

7
.7

 x
 1

0
1
1 

  

(1
0
 to

 1
0
0
) 

x
 1

0
9 

3
.2

 x
 1

0
1
0 

3
.2

 x
 1

0
1
0 

 

3
.7

 x
 1

0
1
1 

𝑰
(𝒑

𝒆
𝒂

𝒌
)  

(W
/c

m
2) 

5
.6

 x
 1

0
8
 - 

7
.5

 x
 1

0
8 

~
8
7
0
0

* 

`~
1
6
3
0
* 

1
2
0
0

0
 –

 

3
6
0
0

0
* 

3
.2

 x
 1

0
5 

6
.5

 x
 1

0
5 

 

1
.1

 x
 1

0
8 

F
lu

e
n

c
e

 

(J
/c

m
2) 



132 
 

small TPA cross-section, higher peak irradiances should be used to obtain the TPE 

process, once the probability of a molecule to absorb two photons relies on the 

molecule TPA cross-section and the laser peak irradiance as described by the 

equation 5.1. 

 

𝑃 =
𝜎2𝐼2

2
                                                          (5.1) 

 

Starkey et al.(126) performed TPE-PDT using a synthetic dye with a TPA 

cross-section between 1500 to 2000 GM, that is 30 times higher than Visudyne 

cross-section, but to induce tumor damage, the peak irradiance was kept between 

1010 to 1011, similar to the one used in our study for conjunctival melanoma. Besides 

the photosensitizer TPA cross-section, the photosensitizer localization and uptake 

also influences on the TPE-PDT biological response as seen by Khurana and 

collaborators.(125) In our in vitro study, we noted that melanin TPA and the TPE-PDT 

had a synergic effect, improving the therapy response on pigmented cells. The same 

is probably happening in these pigmented tumors.  

To our knowledge, this is the first study to report the use of TPE-PDT for 

conjunctival melanoma in vivo and to demonstrate that a single TPE-PDT session 

can treat the entire ocular pigmented melanoma. 

5.4 CONCLUSIONS 

The TPE-PDT showed promising results for the treatment of pigmented 

conjunctival melanoma. The localized effect of the TPE is an advantage for ocular 

treatments due to the critical anatomical sites involved. The TPE-PDT induced tumor 

apoptosis and prevent damages to the surrounding tissue, keeping the organ 

function. Besides that, small tumors are good candidates for the technique once as 

the irradiation is performed by laser scanning throughout the sample, the treatment of 

larger tumors would not be clinically feasible considering the long session time. 

Although, the scanning time can be optimized when using photosensitizers with 

larger 2-photon absorption cross-section. This is the first time that TPE-PDT was 

investigated in an in vivo conjunctival melanoma model and besides preliminary 

results, they demonstrated the technique effectiveness and may become an 

important approach for the treatment of ocular tumors.     
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CHAPTER 6 - GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

  

Melanoma is the deadliest type of skin cancer, and with significant rising in the 

number of cases. Conventional treatment techniques still do not present satisfactory 

success rate, diagnosis at early tumor stages is the most relevant factor for patient 

prognosis. In this scenario, development of high-resolution diagnostics and effective 

treatment protocols is crucial. In this study, we investigated the efficacy of the time-

resolved fluorescence lifetime technique to distinguish cutaneous melanoma to 

normal skin in a murine model. This optical diagnostic technique was based on the 

excitation of free and protein-bound forms of NADH and FAD, cofactors present in 

aerobic and anaerobic metabolism, aiming to distinguish melanoma and normal skin 

due to its respiration pathway. Due to tumor fast development, its metabolism even 

when in the presence of oxygen is mainly anaerobic. This behavior is called 

glycolysis or Warburg effect. Although the number of ATP molecules produced by the 

glycolysis is smaller than the ATP production by the aerobic or oxidative 

phosphorylation pathway, the glycolysis process is much faster and then is preferable 

for tumor development. On the other hand, normal skin metabolism is based on the 

oxidative phosphorylation respiration pathway or Pasteur effect. NADH co-factor has 

two forms, free and protein-bound, that is related to a short and long fluorescence 

lifetime, respectively. Besides that, the protein-bound present in the mitochondria is 

linked to the oxidative phosphorylation or its free form found in the membrane and 

related to the glycolysis. Then, detecting these cofactors, we could differentiate 

tissues based on its respiration pathway. The time-resolved fluorescence lifetime for 

cutaneous melanoma detection, achieved 99.4% of sensitivity, 97.4% of specificity 

and 98.4% of accuracy. These results show the potential of the technique for real-

time, non-invasive detection of cutaneous melanoma. 

 The studies involving cutaneous melanoma optical characterization showed 

heterogeneous tumor pigmentation, fast development of the lesion and 

morphological and optical heterogeneity, both intra- and intertumorally. These 

characteristics, especially the optical heterogeneity, qualify the use of this lesion as a 

model for photodynamic therapy due to the significant similarity presented with the 

clinical observations of human melanoma. The use of optical clearing agents – 

hyperosmotic agents that induce tissue dehydration and refractive index matching – 
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improved light distribution inside the tumor. The tumors became more optically 

homogeneous which is highly favorable for optical treatments. Besides that, glycerol 

70% and PEG-400: 1,2 propanediol mix induced different changes in the total 

attenuation coefficient showing that OCAs could probably be used to modify tissue 

optical properties for each application. In our case, PEG-400 mix showed the best 

response improving the light penetration in depth.  Moreover, the DRS 

measurements revealed that the PEG-400 mix could decrease its signal up to 95% 

and reach vascularized layers of skin. The OCT assay showed that the OCA 

application resulted in imaging of deeper tissue layer, an improvement about twice in 

deep. It was also possible to image the tumor microvasculature network which might 

be useful for the melanoma prognosis and staging.   

Both PDZ kinetics experiments, laser-induced fluorescence spectroscopy, and 

chemical extraction, showed PDZ accumulation in the lesion mainly between 1 and 3 

hours after its intravenous administration. No tumor selectivity was observed for the 

cutaneous melanoma.  Despite this fact, PDZ is still considered a suitable 

photosensitizer due to its high efficiency of production of reactive oxygen species 

and, therefore, its high efficiency of photodynamic response. 

The PDT assays were performed in both, pigmented and non-pigmented 

melanomas, using a vascular and a mainly cellular-target photosensitizer. As it was 

expected, non-pigmented tumors showed a better response for PDT, in general, 

when compared to the pigmented ones. Comparing the photosensitizers, the VIS-

meditated PDT was more efficient in the treatment of non-pigmented tumors and in 

all investigated protocols, could induce necrosis in the entire tumor. Moreover, the 

histology staining for the S100 protein was negative, indicating a tumor eradication. 

The PDZ-mediated PDT could reduce tumor size, but the tumor was still expressing 

S100 at the end of the evaluation period. The combination of photosensitizers did not 

improve the treatment response; once the tumor elimination was already achieved by 

the VIS-mediated group. The addition of OCAs also did not affect the PDT response. 

As these tumors were non-pigmented from 600 to 800 µm in thickness, then the light 

penetration into the tumor is not a limitation of this technique. However, these results 

demonstrate that OCAs did not interfere negatively with the PDT. 

 For the pigmented tumors, the PDZ-PDT groups did not show any difference 

in the tumor growth or S100 expression for the control group. The VIS-mediated PDT 
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group showed tumor reduction in a first moment, but regrowth was observed at the 

end of the experiment. The combination of photosensitizers improved the PDT 

response, but the tumor was still expressing S100 at the end of ten days. These 

results indicate that, besides melanoma resistance to PDT, the light penetration into 

the tumor is still the most limiting factor.  The addition of OCA improved the PDT 

response on all protocols investigated in this study, reducing tumor volume and 

inhibiting its growth. The tumor doubling time was of 1.03 and 1.12 days for the 

control and PDZ-PDT groups, respectively. With the addition of OCA, the doubling 

time of the OCA+PDZ-PDT group was reduced to -1.40. A reduction in the doubling 

time from 2.22 to -3.12 was also observed for the VIS-PDT and OCA+VIS-PDT 

groups, respectively. Comparing the groups OCA+PDZ-PDT and OCA+VIS-PDT with 

PDZ-PDT+VIS-PDT, it was observed that the addition of OCA was more efficient 

improving the treatment response than only the drug combination. The doubling time 

values for these groups were of -1.40, -3.12 and 10.15, respectively. This result 

highlight that the melanoma optical properties still are the main cause of melanoma 

resistance to PDT. The best result was achieved by the dual-agent PDT combined 

with the topical application of OCA. At the end of the evaluation period, no tumor was 

observed in the histology. Also, the immunohistochemistry staining was negative. 

These results suggest that a PDT protocol for melanoma should involve multiple-

targets photosensitizer and changes in the tumor optical properties.  

The TPE in vitro assay showed that melanin, a highly conjugated structure, 

has a broad absorption spectrum from UV to NIR. Although it presents a low 

absorption at 865 nm, melanin still has TPA at this wavelength. The increase in 

temperature of a melanin solution showed that the larger molecules are broken into 

smaller ones, and it shifts the absorption spectrum to smaller wavelengths. That is, in 

a mix of melanin molecules, the small ones can absorb two-photon, as was 

demonstrated by the quadratic dependence between melanin fluorescence intensity 

and laser power.  

The TPE-PDT in cells showed a high efficiency in killing pigmented melanoma 

cells when compared to the non-pigmented ones, for both techniques: LIVE/DEAD 

and real-time morphology assays. The fluence necessary to kill 30% of the cells was 

three times higher for the non-pigmented cells than for the pigmented ones. To 

determine the reason for pigmented cells being more susceptible to the TPE-PDT, 
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the photobleaching rate was computed. One could observe that the pigmented cells 

showed a considerable variation in the photobleaching lifetime when compared to the 

non-pigmented cells that highlight the possible interference of melanin during the 

TPE-PDT. Therefore, TEM was performed in pigmented cells irradiated following the 

TPE-PDT protocol but in the absence of photosensitizer. It revealed that during the 

two-photon irradiation, the light interacts with melanin, inducing damage of the 

melanosomal membrane. Although it is not possible to confirm how this damage was 

induced, we hypothesize two main reasons: melanin absorbs the light and generates 

a local increase in the temperature leading to membrane rupture or after the light 

absorption, melanin produces radicals that oxidize the melanosomal membrane. 

Despite the mechanism, with the membrane rupture, the toxic melanin byproducts 

leakages to the cytoplasm, leading the cell to death. Then during the TPE-PDT, a 

synergic effect is observed.  

The TPE-PDT in the conjunctival melanoma model induced apoptosis in the 

entire treatment site within 24 hours after the treatment. Besides that, no damage 

was observed in the surrounding tissue, preserving the function of the eye. When the 

TPE-PDT was performed in the entire tumor, the animals treated using the protocol 

with 0.8 mg/kg of verteporfin did not show viable melanoma cells at the end of 48 

hours.    

These results indicate that different strategies should be used to treat 

melanoma in different sites. The OCA application is a cheap, non-invasive and 

feasible strategy to be used in the clinics for the cutaneous melanoma lesions that 

are much bigger than conjunctival melanoma, for example. On the other hand, it is 

unsuitable for improving PDT response on conjunctival melanoma due to the eye 

sensibility to the OCA. However, TPE-PDT with its highly localized effect is crucial for 

conjunctival melanoma treatment.  

The promising results achieved in this study highlighted the efficiency of OCA 

and TPE-PDT for cutaneous and conjunctival melanoma treatment. To improve our 

understanding and the response to the PDT protocols and to a potential translation of 

these technologies, further studies are needed. Some of the ideas for  future studies 

are: (1) to investigate the OCA-PDT response in naturally occurring cutaneous 

melanoma, as in cats and dogs; (2) to investigate the use of OCA-PDT in pigmented 
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basal cell carcinoma; (3) to investigate whether or not the use of OCAs can improve 

diagnostic resolution of optical techniques; (4) to investigate in vitro and in vivo the 

mechanisms of TPE-PDT. 
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CHAPTER 7 – FINAL CONCLUSIONS 
 

In the present study, we develop and investigate the efficacy of optical 

technologies for melanoma in animal models. The main conclusions are: 

(1) Time-resolved fluorescence lifetime for cutaneous melanoma detection, achieved 

99.4% of sensitivity, 97.4% of specificity and 98.4% of accuracy.  

 

(2) PEG-400 mix as a topical optical clearing agent used with OCT resulted in 

imaging of deeper tissue layer, an improvement about twice in deep, providing 

information of the skin vascularization. 

 

 

(3) OCA+PDT with a dual photosensitizer (PDZ and VIS) resulted in eradication of 

cutaneous melanoma with no viable melanoma cells after 10 days of treatment. 

 

(4) TPE-PDT for conjunctival melanoma resulted in tumor eradication, no induced 

damage in the surrounding tissues and no viable melanoma cells after 48 hours 

of treatment. 
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