
 DEPARTAMENT OF 

PHYSICS 

LIPOSOMES ENCAPSULATING DNA-INTERCALATING 
MOLECULES: AN APPROACH FOR PHOTODYNAMIC 
THERAPY APPLICATION 

THAIS PRISCILLA PIVETTA 

BSc in Pharmacy-Biochemistry 

DOCTORATE IN RADIATION BIOLOGY AND BIOPHYSICS 

NOVA University Lisbon 

March, 2022 





 

Adviser: Maria de Fátima Guerreiro da Silva Campos Raposo 
Associate Professor with Habilitation, NOVA University Lisbon 

Co-advisers: Paulo António Martins Ferreira Ribeiro 
Associate Professor, NOVA University Lisbon 

 
 

Examination Committee: 

Chair: José Paulo Moreira dos Santos, 
Full Professor, NOVA University Lisbon 

Rapporteurs: Ana Margarida Madeira Viegas de Barros Timmons, 
Assistant Professor, Universidade de Aveiro 

Cecília Ribeiro da Cruz Calado,  
Adjunct Professor, Instituto Superior de Engenharia de Lisboa  

Adviser: Maria de Fátima Guerreiro da Silva Campos Raposo, 
Associate Professor with Habilitation, NOVA University Lisbon 

Members: João Miguel Pinto Coelho,  
Researcher Assistant, Faculdade de Ciências da Universidade de Lisboa 

 

 

DEPARTAMENT OF 

PHYSICS 

LIPOSOMES ENCAPSULATING DNA-INTERCALATING 
MOLECULES: AN APPROACH FOR PHOTODYNAMIC 
THERAPY APPLICATION 

THAIS PRISCILLA PIVETTA 

BSc in Pharmacy-Biochemistry 

DOCTORATE IN RADIATION BIOLOGY AND BIOPHYSICS 

NOVA University Lisbon 

March, 2022 





 

 v 

Liposomes encapsulating DNA-intercalating molecules: an approach for Photodynamic Therapy 

application 

Copyright © Thais Priscilla Pivetta, NOVA School of Science and Technology, NOVA University 

Lisbon. 

The NOVA School of Science and Technology and the NOVA University Lisbon have the right, per-

petual and without geographical boundaries, to file and publish this dissertation through printed copies 

reproduced on paper or on digital form, or by any other means known or that may be invented, and to 

disseminate through scientific repositories and admit its copying and distribution for non-commercial, 

educational or research purposes, as long as credit is given to the author and editor. 

This document was created with Microsoft Word text processor and the NOVAthesis Word template. 





 

 vii 

 

 

In memory of my grandparents. 





 

 ix 

ACKNOWLEDGMENTS 

First of all, I would like to acknowledge my supervisor Prof. Dr. Maria Raposo, who gave me 

a great support during these four years, being always available for discussion and open-minded for new 

ideas regarding this project. Thank you for all the encouragement and for all the strength given to me 

for the development of this thesis. I also appreciate all the opportunities for the participation in confer-

ences and training schools. Thank you for the sympathy, the kindness and the care given to me in these 

last years. 

 To my co-supervisor Prof. Dr. Paulo Ribeiro who was always supportive and helpful, mainly 

with the irradiation system. For sure, was always in a good mood and brought many smiles to my face. 

Thank you for the good energy, it was extremely necessary for this journey.    

I would like to acknowledge Prof. Dr. Pedro Tavares that is the coordinator of the Radiation 

Biology and Biophysics Doctoral Training Programme and Prof. Dr. Paulo Limão-Vieira and Prof. Dr. 

Alice Pereira from the Executive Committee of the Doctoral Training Programme for giving me the 

opportunity to pursue this PhD. 

I would like to thank Prof. Dr. Jorge Silva, who was kind and supportive and received me into 

his laboratory to perform the cell studies. 

I would like to acknowledge Prof. Dr. Sandra Simões from the Faculty of Pharmacy, University 

of Lisbon, for allowing the Dynamic Light Scattering measurements. 

Thanks to Prof. Dr. Susana Sério that provided the facility to carry out the UV-vis measurements 

and to Dr. Quirina Ferreira, for helping me with the beginning of some AFM measurements. 

To my colleagues from the Functional Molecular Systems group, in particularly Paulo Zagalo 

and Carlota Conceição that were always helpful, supportive, and comprehensive with me, thank you for 

the friendship.  

To Dr. Simone Barbosa and Dr. Acelino De Sá who came for a short time and brought so much 

joy to the Functional Molecular Systems group. In special, thanks to Dr. Simone who was really helpful 

and gave me suggestions regarding the liposomes preparation, to overcome some obstacles that I was 

facing with this part of the thesis. 



 

 x 

 I would like to acknowledge Dr. Tânia Vieira for all the support, the lessons about the cell 

culture and for all the help, understanding and the kind talks that came along this way.  

I want to thank Dr. Filipe Almeida for giving me helpful knowledge on cell culture and for all 

the help dispensed in the laboratory. Also, thanks for allowing the studies with the melanoma cell line. 

To all the people from the GreatLab, people who are still there and those who already left, thank 

you for all the help and for the great companionship. 

I would like to acknowledge Prof. Dr. Osvaldo Novais Oliveira Jr. that made possible the visit 

to the São Carlos Institute of Physics for the development of the Langmuir studies. 

To Dr. Ellen Wrobel and Karen Jochelavicius, I appreciate all the time dispensed to help me 

initiate my experiments with Langmuir monolayers.  

  My acknowledgements to Dr. Bruno Bassi who dedicated some time to show me the laborato-

ries and helped me locate in the Group of Polymers “Prof. Bernhard Gross” at the Sao Carlos Institute 

of Physics, University of Sao Paulo. Also, thanks to Dr. Débora Balogh for all the assistance in the 

laboratory and to all the people from the Group of Polymers, thank you for receiving me so well. 

 The Department of Physics of NOVA School of Science and Technology, Universidade NOVA 

de Lisboa and CEFITEC through UIDB/00068/2020. To the financial support from the Portuguese Na-

tional Funding Agency FCT-MCTES through grant PD/BD/142829/2018 (Thais P. Pivetta). This work 

was also supported by the Radiation Biology and Biophysics Doctoral Training Programme (RaBBiT, 

PD/00193/2012); Applied Molecular Biosciences Unit - UCIBIO (UIDB/04378/2020); 

UIDB/04559/2020(LIBPhys), UIDP/04559/2020(LIBPhys) and the Bilateral Project “Deteção de Es-

trogénio – um Contaminante Emergente – em Corpos Hídricos”. 

Thanks to the secretariat of the Physics Department for helping me with the orders of materials 

and other bureaucracies. In special Mrs. Ana Cruz, that always tried her best to help me, thank you so 

much for all the assistance and for your friendship. 

I would like to acknowledge my friend Caroline Botteon who gave me so much strength during 

this time and was such a good writing partner in the review article. Thanks to my friends Letícia Bueno 

and Ivana Carvalho that, despite the time spent apart, were always there for me when I needed the most.  

To João Carmo, thank you for all the love, support, and the strength you gave to me. I am 

grateful for your good vibes, your positivity and for always making me smile when I had a hard time.  

Lastly, I would like to thank my parents and my sister that, despite the long time I spent apart 

from the family, gave me an incredible support during these years. Thank you for believing in me, caring 

about me and helping me pursue my dreams. 



 

 xi 

 

 

 

 

 

 

 

 

“Not all of us can do great things,  

but we can do small things with great love.”  

- Mother Teresa 





 

 xiii 

ABSTRACT 

Photodynamic Therapy (PDT) has been widely explored for the treatment of some types of cancer as a 

selective and minimally invasive therapy, making use of photosensitizers (PS) that in presence of oxy-

gen and light produce reactive oxygen species and consequent cell death. Many molecules have been 

investigated regarding the photosensitizing potential, however, most of the PS present some drawbacks 

such as aggregation and low solubility in physiological environments influencing the efficacy. The use 

of nanostructures for the PS molecules encapsulation has been addressed by means of lipid nanostruc-

tures that are biocompatible and biodegradable. Liposomes are lipid-based vesicles able to encapsulate 

both hydrophilic and hydrophobic drugs and are promising alternatives to enhance the therapy efficacy. 

The main goal of this work was to select non-conventional photosensitizers among some DNA-interca-

lating molecules, followed by the encapsulation of these molecules aiming the PDT application in skin 

cancer cells. For this purpose, the phototoxic potential of a set of DNA-intercalating molecules was 

investigated. Results revealed that Methylene Blue (MB) and Acridine Orange (AO) molecules present 

the most significant phototoxic effects in a skin cancer cell line. Liposome’s stability has also been 

evaluated, and the most promising formulations were able to provide higher stability for the encapsula-

tion of the MB and AO photosensitizers which also revealed, in general, higher encapsulation efficiency. 

Phototoxicity was shown not to be significantly affected by PS encapsulation however, different effects 

on the size and encapsulation efficiency were observed for MB and AO. Langmuir monolayer studies 

unveiled the effect of the selected molecules on the lipid’s interaction with results suggesting that MB 

and AO cause a decrease in the monolayer order and consequently increasing the membrane elasticity. 

In summary, MB-liposomes has cytotoxic potential for cancer cells while AO-liposomes presents pho-

totoxic potential at very low concentrations. These results are important to comprehend the possible 

application of these systems for skin cancer photodynamic therapy. 

Keywords: Photodynamic Therapy, Photosensitizers, DNA-intercalating molecules, Nanoparticles, 

Liposomes, Methylene Blue, Acridine Orange, Lipids.
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RESUMO 

Fototerapia dinâmica (PDT) tem sido extensivamente explorada para o tratamento de alguns tipos de 

cancro como uma terapia seletiva e minimamente invasiva, fazendo uso de fotossensibilizadores (PS) 

que, na presença de oxigénio e luz, produz espécies reativas de oxigénio e consequente morte celular. 

Muitas moléculas tem sido investigadas em relação ao potencial fotossensibilizador no entanto, a 

maioria dos PS apresentam desvantagens como agregação e pouca solubilidade em ambientes 

fisiológicos, influenciando a eficácia. O uso de nanoestruturas para o encapsulamento de PS tem sido 

direcionado pelo uso de nanoestruturas lipidicas que são biocompatíveis e biodegradáveis. Lipossomas 

são vesículas lipídicas, capazes de encapsular compostos hidrofílicos e hidrofóbicos e são promissoras 

alternativas para melhorar a eficácia da terapia. O objetivo principal deste trabalho foi selecionar 

fotossensibilizadores não-convencionais entre algumas moléculas intercalantes do DNA, seguido pelo 

encapsulamento destas moléculas para applicação da PDT em células de cancro da pele. Para isto, o 

potential fototóxico de um conjunto de moléculas intercalantes de DNA foi investigado. Os resultados 

revelaram que as moléculas de Azul de Metileno (MB) e Laranja de Acridina (AO) apresentam os efeitos 

fototóxicos mais significativos na linhagem de cancro da pele. A estabilidade dos lipossomas também 

foi avaliada e as formulações mais promissoras foram capazes de providenciar maior estabilidade para 

o encapsulamento dos fotossensibilizadores MB e AO o que também revelou, no geral, uma maior 

eficiência de encapsulamento. A fototoxicidade mostrou não ser significativamente afetada pelo 

encapsulamento dos PS entretanto, diferentes efeitos no tamanho e na eficiência de encapsulamento 

foram observados para o MB e AO. Estudos em monocamadas de Langmuir revelaram o efeito das 

moléculas selecionadas nas interações com os lípidos, sugerindo que MB e AO causam uma diminuição 

da ordem da camada e consequentemente aumentam a elasticidade da membrana. Em suma, lipossomas 

com MB tem potencial citotóxico para as células de cancro enquanto que lipossomas com AO 

apresentam um potencial fototóxico em concentrações muito baixas. Estes resultados são importantes 

para compreender a possível aplicação destes sistemas para a fototerapia dinâmica do cancro da pele.  

Palavras-chave: Terapia fotodinâmica, Fossensibilizadores, Moléculas intercalantes do DNA, 

Nanopartículas, Lipossomas, Azul de Metileno, Laranja de Acridina, Lípidos.
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INTRODUCTION 

1.1 General introduction 

According to the World Health Organization cancer was reported as the second leading cause 

of death in 2019 under 70 years old age. GLOBOCAN, an online database that provides global statistics 

of cancer, estimated the occurrence of 19.3 million new cases of cancer in 2020 and nearly 10 million 

deaths due to this disease [1]. Melanoma and non-melanoma skin cancer counts with a high incidence 

[2] and non-melanoma skin cancer is the fourth most common, behind the breast cancer, lung cancer 

and prostate cancer [1]. There are several factors involved in the increase of the cases of skin cancer 

with special highlight to UV radiation exposure [3]. 

As most non-melanoma skin cancers are a localized disease, there are several strategies that can 

be adopted for the treatment such as the surgical excision and radiation therapy [4]. As photodynamic 

therapy (PDT) is a minimally invasive type of treatment, its use has increased for the treatment of non-

melanoma skin cancers and can be an alternative to the surgical excisions [5,6]. PDT demands for three 

components: presence of oxygen, a photosensitizer drug, and a light source. The combination of these 

elements can generate reactive oxygen species (ROS) that will lead to the cell death. Therefore, the 

selection of the photosensitizer is important in order to obtain an efficient photodynamic therapy [7]. 

There are many molecules that have sensitizing potential induced by light. Among these mole-

cules there are dyes, natural products and many others chemical substances [8]. The PDT-induced dam-

age can affect biomolecules as a result of the oxidizing power of the reactive species. The DNA is one 

of the biomolecules that can be subjected to damage and is the main target for anticancer drugs [9]. In 

this context, there is still a lot to explore and study about DNA-intercalating agents aiming phototherapy 

applications.  

Nanotechnology can be also used to ameliorate the PDT efficacy, overcoming some problems 

of the photosensitizers such as poor solubility and aggregation tendency in physiological conditions 

[10]. Due to the biodegradability, biocompatibility and non-toxicity, lipid nanoparticles are widely used 

for topical application including for PDT. Liposomes are among the lipid-based nanoparticles that can 
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be used for the encapsulation of hydrophobic and hydrophilic drugs and can be used for the delivery of 

photosensitizers in the skin [11]. 

Under this context, the aim of this work was the study of DNA-intercalating agents combined 

to nanotechnology for the potential application in PDT. A selection of photosensitizers was performed 

among a set of DNA-intercalating molecules (the dyes methylene blue, acridine orange and gentian 

violet; the natural products curcumin, quercetin, and epigallocatechin gallate; and the chelating com-

pounds neocuproine, 1,10-phenanthroline and 2,2’-bipyridyl) followed by the development and optimi-

zation of liposomes to obtain small and stable vesicles, able to encapsulate the selected photosensitizers 

methylene blue and acridine orange. The work is concluded with studies of the interactions occurring 

between the selected molecules and the DNA when submitted to different sources of irradiation as well 

as the interactions between the photosensitizers and the lipids from the liposomes. 

 

1.2 Dissertation layout 

The document is divided in nine sections. This first chapter is a general introduction about the 

theme and the structure of the document. The second and third chapter present an introduction about the 

work. The fourth chapter is an experimental section, with concepts of the techniques used. The fifth to 

the eighth chapter are those containing the results obtained and finally the nineth chapter contains the 

main conclusions of this work. 

 

Chapter 1: General Information 

Here, a broad view of the aspects regarding the aim of the work and the structure of the docu-

ment is presented with a brief description of each chapter and the related subject. 

 

Chapter 2: Nanoparticles Systems for Cancer Phototherapy: an Overview 

This chapter in divided in three main sections with an introduction about the phototherapy ap-

plication in cancer therapy with the combination to nanoparticles followed by a section that focus on the 

concepts of photodynamic therapy, and the combination of nanoparticles with photodynamic therapy 

for organic carriers (solid lipid nanoparticles, liposomes, micelles, nanoemulsions, polymeric nanopar-

ticles, cyclodextrins and protein nanoparticles), carbon-based nanomaterials, silica nanoparticles, mag-

netics nanoparticles and hybrid nanoparticles.  

 

Chapter 3: Liposomes as a drug delivery system for Phototherapy application 

 In this chapter it is addressed a more detailed discussion about the topic liposomes as a drug 

delivery system and their application in photodynamic therapy. The concepts of liposomes are described 

as well as the types of liposomes regarding their size and lamellarity. The lipids that can be used for the 
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preparation are cited and the possibility of functionalization of these nanoparticles is also discussed. The 

concepts behind the novel classes of liposomes are approached as well as a topic about molecules for 

possible photodynamic therapy application. 

 

Chapter 4: Experimental concepts 

In this chapter the main concepts regarding the techniques and methodology employed during 

the development of this work are described. It is divided in sections and the first section is about the 

experiments in cell culture, encompassing the cell viability assays and the detection of reactive oxygen 

species. The second section focus on the method of liposomes preparation. The third section describe 

the technique used for the characterization of the liposomes size, namely dynamic light scattering. Ul-

traviolet visible is the fourth section, with the concepts of the technique that was used for several studies 

such as for the quantification of the compounds in the encapsulation efficiency and release studies, and 

for the interaction studies with the DNA. The fifth section is about the lipid interaction experiments on 

Langmuir monolayers and polarization modulation-infrared reflection-adsorption spectroscopy (PM-

IRRAS). The sixth section shows the characteristics of the irradiation systems employed in this work. 

 

Chapter 5: DNA-intercalating Agents: a study of the Photosensitizing effect 

Here there is a brief introduction about the photosensitizers’ role in photodynamic therapy with 

the presentation of some types of compounds that can be used for photosensitizing purpose. The com-

pounds studied in this chapter were divided in three main groups: dyes, natural products and chelating 

agents. The results of the cytotoxicity assays in non-cancer keratinocytes and cancer keratinocytes cell 

line are exhibited, followed by the phototoxicity assays in the cancer keratinocytes cell line. With the 

results of the screening, two molecules proceeded in the studies: methylene blue and acridine orange. 

These molecules were tested in a method for the detection of reactive oxygen species and finally were 

tested in a melanoma cell line regarding their potential cytotoxicity and phototoxicity. 

 

Chapter 6: Optimization of Nanoliposomes for the topical delivery of Photosensitizers 

After the chapter five where several compounds were submitted to a screening regarding their 

phototoxicity, here in this chapter the dyes methylene blue and acridine orange are incorporated in na-

noparticles. The first section is an introduction to liposomes and the incorporation of photosensitizers in 

nanoparticles. For the preparation of the nanoparticles an optimization process was performed, testing 

four types of lipids and three surfactants, in different combinations in order to achieve formulations with 

homogeneous population of nanoparticles, with small size and good stability. The results section pre-

sents the optimization of the liposomes, the formulations selected that were used for the encapsulation 

of the dyes and characterized regarding their size and encapsulation efficiency. The pattern of release 

was also studied and, finally, the assays in cell culture were performed for the evaluation of the cyto-

toxicity in non-cancer and cancer keratinocytes and the phototoxicity in cancer keratinocytes cell line. 
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Chapter 7: Exploiting the use of Acridine Orange and Methylene Blue in biological systems I: an Anal-

ysis of the Dyes effects on the DNA 

 Following the sequency of experiments (screening of compounds and encapsulation in lipo-

somes) there are the studies of the interactions. In this chapter is presented the investigation of the effect 

of irradiation on the systems: DNA in presence of methylene blue or in presence of acridine orange. The 

first section is an introduction about these DNA-intercalating agents and in the results and discussion, 

the samples characteristics are presented and the kinetics of the compounds individually and with the 

DNA is analyzed.  

  

Chapter 8: Exploiting the use of Acridine Orange and Methylene Blue in biological systems II: an 

Investigation of the Dyes effects on Lipids 

 In this chapter the interaction of the most promising lipid mixtures was studied with the dyes 

methylene blue and acridine orange. The interaction studies on lipids is divided in two parts: evaluation 

of the surface pressure – area isotherms and the PM-IRRAS. From the isotherms several parameters 

were obtained for the comparison between systems of mixed monolayers such as the extrapolated area, 

the compressional modulus and the collapse pressure. PM-IRRAS spectra were analyzed regarding the 

main groups found in the lipids studied. Finally, some perspectives related to the interaction of the dyes 

and the lipid mixtures are summed up in the conclusions.  

 

Chapter 9: Conclusions 

 This final chapter show the main results obtained in the studies with the final remarks of the 

thesis as well as the perspectives of future.  
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NANOPARTICLE SYSTEMS FOR CANCER PHOTO-

THERAPY: AN OVERVIEW 1 

Abstract: Photodynamic therapy (PDT) consists of photo-mediated treatments with different mecha-

nisms of action that can be addressed for cancer treatment. Phototherapy is a highly successful and 

barely or non-invasive type of treatment that have gained attention in the past few years. The death of 

cancer cells as a result of the application of PDT is caused by the formation of reactive oxygen species, 

which leads to oxidative stress. Advancement in nanotechnology allowed significant benefit to these 

therapies through the use of nanoparticles, allowing both tuning of the process and increase of effective-

ness. The encapsulation of drugs, development of the most different organic and inorganic nanoparticles 

as well as the possibility of surfaces’ functionalization are some strategies used to combine phototherapy 

and nanotechnology, with the aim of an effective treatment with minimal side effects. This chapter pre-

sents an overview on the use of nanostructures in association with phototherapy, in the view of cancer 

treatment. 

 

2.1 Introduction 

Cancer is a leading cause of death worldwide, with an estimated 19.3 million new cases and 

nearly 10 million deaths caused by cancer in 2020 [1]. During the 20th century, there was an undeniable 

technological development aiming to enhance the treatment of cancer, mainly regarding to the discovery 

of chemotherapy. Nowadays, chemotherapy is one of the pillars for cancer treatment, along with surgery 

and radiotherapy [2,3]. However, it is known that chemotherapy and radiotherapy have severe side ef-

fects to the patient, mainly due to the non-specificity of the treatment [4]. Within this context, photo-

therapy has gained attention as an alternative treatment with reduced side effects [4].  

 
1 This chapter is based on the published review article: 

Pivetta, T.P., Botteon, C.E.A., Marcato, P.D., Ribeiro, P.A., Raposo, M. Nanoparticle Systems for Cancer Phototherapy: An 

Overview. Nanomaterials, 2021, 11, 3132. https://doi.org/10.3390/nano11113132. 
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Photodynamic therapy (PDT) and photothermal therapy (PTT) are photo-mediated therapies 

with different damage mechanisms that consist in the generation of reactive oxygen species (ROS) and 

heat, respectively [4,5]. These effects result in the cells’ death, thereby, with a potential application for 

treatment of several types of cancer [6]. PDT requires the application of photosensitizer drugs (PS) that 

will be triggered by radiation. These drugs generally present poor solubility in physiological conditions, 

which can impair therapy’s success [7]. For this purpose, it is necessary to find appropriate nanopartic-

ulate systems that can deliver these drugs to the cancer cells. Although, there is not an unique definition 

that is internationally accepted, nanomaterials are often described in the scale of 1–1000 nm [8]. Nano-

technology emerged in order to overcome problems related to drugs’ solubility and provide a targeted 

treatment, enabling to reduce drugs’ dosage and also minimize several side effects in patients [9]. Ad-

ditionally, through nanotechnology research, there are several types of nanoparticles, particularly me-

tallic nanoparticles such as gold nanoparticles, that can generate heat upon exposition to light, which 

can be useful for PTT [10] as it induces hyperthermia in the tumour environment, consequently leading 

to cancer cells’ death [11]. PTT is a non-invasive and selective technique which can potentially suppress 

many kinds of tumours [12]. Cancer treatment with the PTT approach offers many advantages, such as 

sensitization of hypoxic regions, reinforcement of the immune system, releasing of thermo-sensitive 

substances and increasing susceptibility of cancer cells to chemotherapeutic agents [13]. The combina-

tion of PDT and PTT is also possible through the use of a sensitizing agent able to produce ROS and 

hyperthermia [5].  

Nanoparticles (NPs) for phototherapy have been extensively investigated and reported in the 

literature [14,15], and in this work, new issues concerning NP systems’ design, in view of cancer treat-

ment under photodynamic and photothermal therapies, will be addressed. The referred new issues are 

intended to exemplify recent approaches related to nanoparticle conditions, such as the targeting of drugs 

in the tumour site and issues and/or new achievements related to the phototherapy. The overall research 

situation and trend in both therapies using nanoparticles is clearly demonstrated in Figure 2.1, which 

shows, in the last ten years, both number of publications and number of citations listed in the Web of 

Science platform using “Photodynamic Therapy AND Nanoparticles” and “Photothermal Therapy AND 

Nanoparticles” as search topics, where both number of publications and of citations are strongly increas-

ing in the recent years. 
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Figure 2.1: Updated number of publications and number of citations in the last ten years listed in the Web of 

Science platform using as search topics: (A) “Photodynamic Therapy AND Nanoparticles” and (B) “Photothermal 

Therapy AND Nanoparticles” (November 2021). Reproduced from the article that based this chapter 1.  

 

2.2 Photodynamic Therapy 

 A Brief Introduction 

PDT has been used for centuries, mainly to treat skin disorders, with most treatments involving 

the intake of extracts of some types of plants followed by sun exposition [16]. The main discovery took 

place in Germany in 1900, where Oscar Raab and Hermann von Tappeiner were investigating the be-

havior of protozoan Paramecium spp. in the presence of the dye acridine orange. They verified that the 

protozoan died after the exposure to the sunlight coming from an adjacent window. This discovery was 

 
1 This chapter is based on the published review article: 

Pivetta, T.P., Botteon, C.E.A., Marcato, P.D., Ribeiro, P.A., Raposo, M. Nanoparticle Systems for Cancer Phototherapy: An 

Overview. Nanomaterials, 2021, 11, 3132. https://doi.org/10.3390/nano11113132. 
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important later for the successful achievements on the human skin carcinoma treatment, and by 1904, it 

was found that the presence of oxygen was important for the treatment, originating the name photody-

namic [17]. Currently, PDT is a highly successful and barely or non-invasive type of treatment for sev-

eral skin disorders, such as psoriasis and cancers [18]. There are three important elements to perform 

PDT, which are a photosensitizer drug, the light source, and the presence of oxygen. The interaction of 

these elements results in reactive oxygen species (ROS), which play a key role in the treatment [19]. 

Upon a specific light wavelength, the photosensitizers (PS) can absorb a photon, which will lead to a 

conversion from the singlet ground state to the singlet excited state, as shown in Figure 2.2. From there, 

it can make an intersystem crossing to a metastable triplet state, which in its turn can take two possible 

paths known as PDT type I and type II. In type I, the activated photosensitizer can trigger a series of 

reactions with biomolecules generating radicals that interact with oxygen molecules, creating ROS. On 

the other hand, in PDT type II, the PS by itself can transfer energy directly to oxygen, resulting in ROS 

molecules [20,21]. Due to their high oxidizing power, ROS molecules have cytotoxic effects, however, 

due to the short lifetime, the effect of ROS on cell damage will occur around the created species [22].  

However, PDT has a limited application that can depend on several factors to achieve a success-

ful treatment. A special mention should be given to the light source which is an important variable to 

take into consideration because different light wavelengths have different penetration depths in tissues. 

For example, ultraviolet (UV) light is known to cause several damages in biomolecules such as the 

DNA, but presents low penetration compared to longer light wavelengths [23–27]. Near-infrared (NIR) 

light, on the other hand, is capable of higher penetration depths, with the capability of generation of 

local heat even with low energy input. NIR is also safer than UV, which can cause sunburns, inflamma-

tion, and even skin cancer [23,28].  



Chapter 2. Nanoparticle Systems for Cancer Phototherapy: an Overview 

 

 

11 

 

Figure 2.2: Jablonski diagram representation and the photodynamic therapy mechanism of action. Adapted from 

the article that based this chapter 1. 

 

Another factor that can impair the PDT efficacy is the hypoxic tumour microenvironment. To 

overcome this challenge, some strategies involved the elaboration of nanoparticles with molecules such 

as catalase, that can react and generate oxygen, or hemoglobin and perfluorocarbon, which serve as an 

oxygen carrier. Therefore, the inclusion of these molecules in nanoparticles is able to improve the PDT 

efficacy [29]. 

The photosensitizer drugs themselves are another element that can interfere with the PDT. For 

example, some PS can present poor solubility under physiologic conditions and impair the correct dis-

tribution of the drug to the target tissue, which of course will interfere with the therapy’s success. To 

circumvent such a drawback, the use of nanoparticulate systems is addressed, enhancing the drug’s sol-

ubility and the cellular uptake, and consequently the PDT efficacy [7,30]. Many types of nanoparticles 

for PDT have been attempted for different types of cancers, and some aspects of nanoparticle systems 

for PDT will be discussed in this section. 

 

 Nanoparticles for PDT Application  

As mentioned before, in phototherapy, the delivery of PS molecules to the target tissue is a 

relevant issue, as it is in all cases of drug delivery systems. The NPs systems to be used should be 

suitable to release the active components over a defined period of time with control over the nanoparticle 

size. The raw materials employed and their biodegradability are also important to consider for nanopar-

ticles’ preparation. The most common NPs used in PDT are not only organic-based but also inorganic, 

 
1 This chapter is based on the published review article: 

Pivetta, T.P., Botteon, C.E.A., Marcato, P.D., Ribeiro, P.A., Raposo, M. Nanoparticle Systems for Cancer Phototherapy: An 

Overview. Nanomaterials, 2021, 11, 3132. https://doi.org/10.3390/nano11113132 



Chapter 2. Nanoparticle Systems for Cancer Phototherapy: an Overview 

 

 

12 

such as silica and magnetic NPs. In the next sections, some of the best achievements with the use of 

nanocarriers will be presented. 

 

2.2.2.1 Organic Nanoparticles 

Organic nanoparticles are the most used systems to encapsulate molecules which can be used in 

PDT. There are several categories based on different materials and respective organization. Figure 2.3 

is a representation that summarizes the most common categories of organic nanoparticles, and in Table 

2.1, there is a brief description with examples of nanoparticulate systems that are cited in this chapter.  

 

Figure 2.3: Illustration of different organic nanoparticles that can be used for photodynamic therapy: (A) solid 

lipid nanoparticles, (B) liposomes, (C) micelles, (D) nanoemulsions, (E) polymeric nanoparticles, (F) cyclodex-

trins and (G) protein nanoparticles. Reproduced from the article that based this chapter 1. 

 

2.2.2.1.1 Solid Lipid Nanoparticles 

Solid lipid nanoparticles (SLNs) were developed in the 1990s and, ever since, these particles 

have become the perfect model of safe nanoparticles with an occlusive effect that can also increase the 

drug permeation in the skin [31]. Generally, these NPs are composed of a surfactant layer, with a lipidic 

nucleus (Figure 2.3 – A), and can be prepared by the Müller and Lucks method based on high-pressure 

homogenization (1996) or by the microemulsion technique developed by Gasco (1993) [32,33].  

 
1 This chapter is based on the published review article: 

Pivetta, T.P., Botteon, C.E.A., Marcato, P.D., Ribeiro, P.A., Raposo, M. Nanoparticle Systems for Cancer Phototherapy: An 

Overview. Nanomaterials, 2021, 11, 3132. https://doi.org/10.3390/nano11113132. 
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Either way, SLNs production requires lipids that are solid at body temperature, such as some 

triglycerides or glycerides mixtures. Due to their composition, SLNs are well-tolerated, are biodegrada-

ble and can easily be produced on a large scale and at low cost [31,34,35]. However, SLNs present some 

disadvantages, such as the limited encapsulation efficiency and the possibility of drug release during the 

storage time. In order to overcome these problems, a second generation of SLNs was developed [34], 

the so-called nanostructured lipid carriers (NLCs). They consist of SLNs with a less ordered solid matrix 

based on a mixture of lipids. There are three types of NLCs: imperfect, amorphous and multiple [34]. 

The imperfect NLCs are composed by a blend of solid lipids with different chain lengths as well as the 

lipid saturation degree, characteristics that lead to the creation of an imperfect solid matrix. The amor-

phous type is produced from special solid and liquid lipids, creating a solid particle that does not crys-

talize. The combination of solid lipids with higher amounts of liquid lipids results in the multiple type, 

in which there is the creation of oil nano-compartments inside the solid matrix [34,36].  

Nanostructured lipid carriers with a photosensitizer precursor (5-aminolevulinic acid) were de-

veloped by Qidwai and collaborators [37], aiming for use in basal-cell carcinoma treatment. In their 

study, the nanoparticles exhibited a sustained release profile, higher retention of the drug in the skin 

layers and enhanced toxicity. Similarly, solid lipid nanoparticles were used to encapsulate curcumin, a 

natural product with potential in phototherapy application. Curcumin nanoparticles were revealed to 

enhance drug uptake into the lung cancerous cells and were able to produce ROS under light exposition, 

thus presenting potential for phototherapy [38]. 

Most of the studies employing SLNs and NLCs are intended for skin delivery. For example, 

Goto et al. [39] developed solid lipid nanoparticles containing aluminium chloride phthalocyanine for 

melanoma treatment. The developed system showed great stability and the measurements of forced sta-

bility indicated that the system would be stable for 12 months. In vitro studies showed no toxicity under 

dark conditions but, when submitted to a light source, the toxicity was seen dependent on the radiation 

dose. Almeida et al. [40] also encapsulated phthalocyanine in lipid nanoparticle formulations and 

demonstrated an enhancement of the drug penetration in the skin, when compared to the control group. 

Interestingly, NLC formulation with higher amounts of the liquid lipid oleic acid showed greater retain-

ment (89.5%) in the deeper skin layers when compared to the NLC with less oleic acid and the solid 

lipid nanoparticle. In vitro studies carried out on melanoma cells revealed that the free drug did not lead 

to cell toxicity under light conditions, probably due to poor accumulation in the cells but, on the other 

hand, drugs encapsulated in NLC showed a significant reduction in cell viability starting from 0.1 

µg/mL. Therefore, the composition of solid lipid nanoparticles is a relevant parameter that can directly 

result in a higher effect in therapeutics.  
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2.2.2.1.2 Liposomes 

Liposomes are formed by auto-organization of phospholipids in bilayers that, in an aqueous 

medium, tend to fold on themselves creating vesicles (Figure 2.3 – B) [41]. Due to the lipid’s am-

phiphilic nature, hydrophilic and hydrophobic drugs can be stored in different compartments of lipo-

somes [42]. These vesicles are usually employed as a model in the study of cell membranes, considering 

the similarity between them, however, liposomes can also be applied to drug delivery [43,44]. The lipid 

composition provides great biocompatibility, biodegradability and additionally, does not present toxicity 

[42,45]. The functionalization of these particles with polyethylene glycol (PEG) can lead to the creation 

of stealth liposomes, that are able to evade from the immune system and increase their blood circulation 

[46,47]. Other types of ligands can be used in the functionalization, such as antibodies, which in turn 

manage a robust targeted drug delivery [48]. Due to the system’s versatility, liposomes are great candi-

dates for photodynamic therapy application. 

Foscan® is a commercial photosensitizer formulation already approved in Europe for neck and 

head cancers application. The active drug of Foscan®, known as temoporfin, also originated Foslip® and 

Fospeg®, which are liposomes formulations [49]. The temoporfin encapsulation in the lipid carriers pre-

sents a similar phototoxicity as Foscan® with significantly lower toxicity. Fospeg®, a derivative from 

Foslip® and distinguished by a PEGylation, is able to provide enhanced pharmacokinetics with longer 

circulation in the blood [50,51]. Studies in HeLa spheroids showed that the drug delivery via liposomes 

is a way to decrease the drug’s toxicity in the absence of light, increase the cellular internalization and, 

consequently, PDT effectiveness [49]. Foslip® and Fospeg® are just examples of formulations developed 

with an approved photosensitizer and that are under evaluation, however many other liposomal systems 

containing photosensitizers can be explored targeted to different tumor types. 

To overcome issues related with low encapsulation efficiency, drug expulsion and quenching 

caused by molecules’ aggregation, Cai et al. [52] incorporated fluorogens with singular aggregation-

induced emission characteristics (AIEgens) in the lipid, creating a conjugate. Liposomes produced from 

these conjugates (AIEsomes) were able to show a superior ROS production compared to conventional 

liposomal systems containing photosensitizer molecules. In vitro studies carried out under dark condi-

tions proved that both AIEsomes and conventional liposomes were toxic for a breast cancer cell line, 

however when irradiated with white light, AIEsomes exhibited more toxicity compared to conventional 

liposomes. Afterwards, in vivo studies revealed AIEsomes’ ability to target and image in the tumor site, 

factors intrinsically related to their accumulation mainly in tumors. Furthermore, irradiation of animals 

after injection of AIEsomes was able to suppress tumor growth and induce necrosis in the tissue, which 

did not happen to other experimental groups, revealing the potential of liposomes prepared with AIEgen-

lipid conjugates for targeted PDT.  

A similar technique was employed by Kim et al. [53] with liposomes prepared from lipid con-

jugated with pheophorbide A, which were used as photosensitizers aiming for photo-induced immuno-

therapy in cholangiocarcinoma. Regardless of whether the technique used to exploit photosensitizer 
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incorporation in liposomes consists in a PS-lipid conjugation or encapsulation, these systems have been 

studied for PDT in several types of cancer, such as gastric, breast, ovarian, liver, skin and others [45,54–

57]. Liposomes’ features provide an extensive range of new possibilities to create therapeutic carriers 

that can improve PDT. 

 

2.2.2.1.3 Micelles 

Similar to the previous description of liposomes formation, micelles (Figure 2.3 – C) are also 

formed by the self-organization of amphiphilic molecules, and the resultant particle is different from the 

vesicles because of the different packing parameters [58,59]. The concentration of amphiphilic mole-

cules must reach values above the designated critical micellar concentration (CMC) to form stable mi-

celles, with a confined hydrophobic interior isolated from the aqueous medium. Polymers can also be 

materials used for micelles preparation if the polymers present hydrophobic and hydrophilic segments. 

Therefore, the choice of the amphiphilic molecule that will be used is important due to different CMC 

values [60]. 

Aiming a dual action of chemo- and photo-therapy in melanoma, Zhang et al. [61] investigated 

the preparation of micelles from block copolymer for the co-delivery of the classical anticancer agents 

doxorubicin and pheophorbide A. These compounds were incorporated in the polymer chain, and the 

prepared micelles were successfully internalized into melanoma cells with ROS formation induced by 

light observed in vitro and in vivo. Micelles showed high inhibition of tumor growth, almost twice that 

of micelles without irradiation treatment, and significantly higher than treatment with doxorubicin only. 

To obtain a target system for ovarian cancer and metastatic melanoma cells, Lamch et al. [62] 

developed micelles with a di-block copolymer mPEG45-PLLA70 conjugated with folic acid for the 

encapsulation of the photosensitizer zinc (II) phthalocyanine. Wang et al. [63], in turn, used hyaluronic 

acid functionalization in micelles containing protoporphyrin IX to target cells with overexpression of 

CD44 receptors. The in vitro application of these micelles in monolayers and spheroids of human lung 

adenocarcinoma cells suggested that the enhanced cytotoxicity was due to higher internalization, and 

the effect of the interaction between the ligand hyaluronic acid and the receptor. Therefore, these studies 

suggest that micelles’ functionalization can be an approach to enhance photodynamic therapy using this 

kind of nanostructure. 

 

2.2.2.1.4 Nanoemulsions 

A nanoemulsion is a mixture of oil and surfactant in aqueous phase, which demands energy to 

form small droplets of 20–200 nm (Figure 2.3 – D) [64]. Nanoemulsions can be employed as a strategy 

to enhance the bioavailability of several lipophilic drugs. For example, studies by Machado et al. [65] 

on formulations of nanoemulsions containing curcumin, a natural product, as a photosensitizer drug 

revealed that curcumin-nanoemulsion was highly phototoxic to breast cancer cells and produced high 
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levels of ROS. Mongue-Fuentes et al. [66] also used natural raw materials for the development of nano-

emulsions for PDT. In their work, acai oil was used for the nanoemulsion preparation, which, combined 

with light irradiation, resulted in 85% death of melanoma cells, results which were also confirmed by 

animal studies in mice, with a decrease of the tumor volume. 

 

2.2.2.1.5 Polymeric NPs 

On the nanotechnology timeline, polymer-based nanoparticles were firstly reported in 1976 

[67]. Since then, the great interest in these NPs resulted in the development of several methods to pro-

duce polymeric nanoparticles or PNPs (representation of 1-nanospheres and 2-nanocapsules in Figure 

2.3 – E), such as by nanoprecipitation and solvent evaporation. The solvent evaporation method is an 

example of a two-step procedure where an emulsion is created, homogenized or sonicated, and then an 

evaporation step is required to remove the organic solvent in which the polymer was dissolved. On the 

other hand, nanoprecipitation is a one-step procedure where the polymer and drug are dissolved in a 

solvent miscible in water and dripped in an aqueous solution containing stabilizer. In both methods, 

organic solvents are employed, and although toxic solvents such as chloroform are no longer used, ether 

and acetone are currently used for the preparation of nanoparticles. In these cases, evaporation and pu-

rification methods are required to remove solvent residues from the dispersion [68–70].  

Eltahan and collaborators developed polymeric nanoparticles co-loaded with NVP-BEZ235 and 

Chlorin-e6 (Ce6), named NVP/Ce6@NPs [71]. Ce6 was the selected photosensitizer and NVP-BEZ235 

was used due to its ability to inhibit the PI3K/AKT/mTOR pathway that is related to tumor progression 

and proliferation and inhibit the repair of DNA damage in tumor cells. This sophisticated system plus 

irradiation was able to generate ROS by the Singlet Oxygen Sensor Green method, followed by tests in 

the triple-negative breast cancer cell line, and by flow cytometry, the authors discovered that treatment 

with NVP/Ce6@NPs and irradiation presented a fluorescence approximately 5 times greater compared 

to the control and nanoparticles without Ce6. These achievements showed the effect of a biochemical 

and PDT combination to treat a severe type of cancer. 

Polymeric nanoparticles can be used to enhance the solubility of drugs as well as to provide 

drugs’ stability and sustained release [72]. PNPs were used to encapsulate the photosensitizer zinc 

phthalocyanine, and as result, the phototoxicity showed a 500 times increase compared to the free drug 

in a lung cancer cell line [73]. Polymers’ functionalization is another strategy able to achieve multifunc-

tional nanoparticles [74]. The addition of some type of ligand such as an antibody to the nanoparticle 

surface allows it to bind specifically to sites where there is an overexpression of the receptor (Figure 

2.4). Transferrin receptors, for example, are overexpressed in breast cancer. Regarding this, Jadia and 

collaborators [75] functionalized polymers with a peptide (hTf) that is able to bind to transferrin receptor 

and prepared nanoparticles containing the drug benzoporphyrin monoacid. As expected, functionalized 

nanoparticles exhibited specificity to the cell line in their study and enhanced the phototoxicity 
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compared to non-functionalized nanoparticles. This successful strategy led to the synthesis of polymers 

containing different ligands, resulting in nanoparticles with different biological activities such as bioim-

aging and photodynamic therapy [74].  

 

 

Figure 2.4: Representation of examples of functionalization to NPs with PEG for stealth NP, with fluorophores 

for imaging. Functionalization with ligands (e.g., antibody, peptide, carbohydrate and others) can show an ad-

vantage in abnormal cells with receptor’s overexpression to enhance uptake by the cells mediated by a receptor 

endocytosis. Reproduced from the article that based this chapter 1. 

 

Polyethylene glycol has gained attention due to its stealth behaviour [72]. PEG has shown prom-

ising application due to several properties, namely, inertness in biological systems combined with the 

non-activation of immune components and low adsorption of biomolecules, such as proteins providing 

a prolonged circulation in the blood [30,76]. The importance of PEG in PDT was investigated by Yang 

and collaborators [77] using Ce6 as a photosensitizer, a PDT light source based on a 660 nm laser and 

synthetized polymers with different proportions of PEG. It was demonstrated that the drug was detected 

in the circulation for a prolonged time and a higher amount of Ce6 was detected in nanoparticles with 

high degree of PEG in the polymer synthesis. On the other hand, the PDT effectiveness was dependent 

on the cellular internalization, which is maximized when applied nanoparticles based on low degree of 

PEG in the synthetic polymer [77]. Therefore, these achievements debate the need of a parameter bal-

ance in the design of the nanoparticles to achieve an effective therapy.  

 
1 This chapter is based on the published review article: 

Pivetta, T.P., Botteon, C.E.A., Marcato, P.D., Ribeiro, P.A., Raposo, M. Nanoparticle Systems for Cancer Phototherapy: An 

Overview. Nanomaterials, 2021, 11, 3132. https://doi.org/10.3390/nano11113132. 
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Studies developed by Luo et al. [78] focused on the development of polymeric nanoparticles 

with co-encapsulation of doxorubicin and a photosensitizer. To avoid the known toxicity of doxorubicin, 

the strategy used was to link doxorubicin to the polymer, a link that can be cleaved by ROS, and thereby 

the activation of the nanoparticle is ROS-dependent. They encapsulated the catalase enzyme to act on 

the intracellular H2O2 to produce more O2 and functionalized particles with a peptide IF7 to target the 

tumor. This versatile and complex system IF7-ROSPCNP was shown to be an effective nanoparticle 

with accurate tumor targeting, that was able to inhibit tumor growth and prolong survival time when 

submitted to laser irradiation. Mice treated with ROSPCNP and IF7-ROSPCNP, but not irradiated, were 

also submitted to histopathological studies, which showed that other tissues were no different from the 

control group, which suggests that the nanoparticles were safe. 

Deng and collaborators [79] developed systems with tetrakis(4-carboxyphenyl)porphyrin as a 

photosensitizer, where the drug doxorubicin was encapsulated forming π-π interactions with PNP to 

enhance the drug loading. These researchers obtained high drug loading (17.9%) and encapsulation ef-

ficiency (89.3%) associated with π-π interactions, as proven by the fluorescence method. Furthermore, 

in vivo studies showed that the PNPs developed were able to inhibit the growth of breast tumor in Balb/c 

mice when exposed to laser irradiation. The studies discussed in this topic were a few examples among 

many reports of photodynamic therapy exploiting PNPs in several types of cancer, such as in cervical 

adenocarcinoma, glioblastoma, highly aggressive breast cancer and hepatocellular carcinoma, showing 

the versatility of combining PNPs and PDT for cancer treatment [72,79–81]. 

 

2.2.2.1.6 Cyclodextrins 

Cyclodextrins (CDs) are biodegradable and biocompatible structures composed by oligosaccha-

rides of D(+)-glucose that are able to form nanosized particles by self-organization in aqueous medium 

[82,83]. As shown in Figure 2.3 – F, CDs present a conic shape where the hydrophobic cavity provides 

a way for the solubilization and delivery of hydrophobic drugs [84,85]. The conjugation of the photo-

sensitizer phthalocyanine and cyclodextrin was a strategy employed to increase the PS solubility. In the 

work from Lourenço et al. [86] assays performed in human bladder cancer cells demonstrated that those 

conjugates, with higher solubility in water, were more phototoxic to the cells. A similar strategy was 

adopted by Semeraro and collaborators with a cyclodextrin-chlorophyll ɑ conjugate, with a potential 

photo-induced toxicity in human colorectal adenocarcinoma cells reiterating the versatility of CDs-PS 

complexation for PDT applications [87]. 
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Table 2.1: Brief description of some organic nanostructures cited in this review as well as their materials, methods of preparation and type of cancer used to test the potential 

photodynamic therapy of the formulation. 

Nanostructures      Materials Employed Drug Method of Preparation Investigated for Ref. 

NLC 
Lipid 

Surfactant 

Compritol® ATO 888 

Oleic acid 

Tween® 20 

5-aminolevulinic acid Microemulsion technique Basal-cell carcinoma [37] 

SLN 
Lipid 

Surfactant 

Lecithin 

Stearic acid 

Myrj52 

Curcumin 
Emulsification and low-tempera-

ture solidification method 
Lung cancer [38] 

SLN 
Lipid 

Surfactant 

Compritol 888 CG ATO 

Stearic acid 

Sorbitan Isostearate 

Polyoxyethylene-40 hydro-

genated 

Aluminum chloride Phthalocya-

nine 
Direct emulsification method Melanoma [39] 

SLN 

NLC 

Lipid 

Surfactant 

Stearic acid 

Oleic acid 

Sodium lauryl sulfate 

Chloroaluminum Phthalocyanine Solvent diffusion technique 
Lung cancer 

Melanoma 
[40] 

Liposome Lipid 

DSPC 

DSPG 

TEL 

Curcumin Thin-film hydration and sonication Ovarian adenocarcinoma [45] 

Liposome 
Lipid 

Modified Lipid 

DPPC 

Cholesterol 

DOPE 

DSPE-PEG-Pheophorbide A 

Gemcitabine Thin-film hydration Biliary tract cancer [53] 

Liposome Lipid 

DMPC 

DMPG 

Cholesterol 

Photofrin 
Thin-film hydration plus sonication 

and extrusion 
Gastric cancer [54] 
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Table 2.1: Continued.      

Liposome 
Lipid 

Modified lipid 

DPPC 

Cholesterol 

DSPE-PEG 

DOTAP 

(16:0)LysoPC-BPD 

Benzoporphyrin derivative 
Thin-film hydration with freeze–

thaw cycles and extrusion 
Breast cancer [55] 

Liposome 
Lipid 

Edge activator 

SPC 

Sodium deoxycholate 

Tetra (4-Tiophenyl) sulfonated 

phthalocyaninatozinc(II) 
Thin film hydration and sonication Liver cancer [56] 

Liposome 
Lipid 

Surfactant 

DOPC 

DMPC 

Tween® 20 

Zinc phthalocyanine 

Ruthenium complex 

[Ru(NH.NHq)(tpy)NO]3+ 

Ethanol injection method Skin melanoma [57] 

Micelle 
Modified block 

copolymer 

Pluronic® F127 - Pheophor-

bide A 

Doxorubicin 

Pheophorbide A 
Thin-film hydration Melanoma [61] 

Micelle 
Modified block 

copolymer 
FA-PEG-PLLA Zinc(II) Phthalocyanine Modified dialysis method 

Melanoma 

Ovarian carcinoma 
[62] 

Micelle 
Modified block 

copolymer 
HA-PLGA Protoporphyrin IX Solvent dialysis method Lung cancer [63] 

Nanoemulsion 
Lipid 

Surfactant 

Lipoid S100 

Poloxamer 188 
Curcumin 

Interfacial pre-polymer deposition 

and spontaneous nano-emulsification 
Breast cancer [65] 

PNP Polymer PEG-b-PLGA Synthetic zinc phthalocyanine - Lung cancer [73] 

PNP Polymer 

PLGA-PEG 

PLGA-PEG-methoxy 

PLGA-PEG-maleimide 

Benzoporphyrin monoacid Nanoprecipitation Breast cancer [75] 

PNP Polymer 

PLGA 

PEMA 

PVA 

Curcumin Nanoprecipitation Glioblastoma [80] 

PNP 
Modified poly-

mer 
PEGylated Bodipy Doxorubicin - Breast cancer [81] 
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2.2.2.1.1 Protein Nanoparticles 

Proteins are polymeric-type macromolecules formed by repeated amino acid monomers. Due to 

their biodegradability and low toxicity, proteins gained attention as drug delivery systems, as repre-

sented in Figure 2.3 – G [88,89]. Recently, Ye and Chi [90] published a review about the recent progress 

in drug and protein encapsulation. This includes a revision on the different encapsulation techniques, 

namely, emulsion evaporation, self-emulsifying drug delivery system as well as supercritical fluid, and 

proposed a novel method using foam that can be quite interesting in the encapsulation. Many types of 

proteins have been explored for the formation of protein-based nanoparticles, such as albumin.  

Nanoparticle albumin-bound (Nab™) technology was developed to produce albumin nanopar-

ticles. The success of these NPs has already generated a commercial formulation containing paclitaxel, 

Abraxane®, which presented advantages mainly with respect to tumor targeting and drugs’ toxicity de-

crease [91,92]. In order to be applied to PDT, the association of protein nanoparticles with photosensi-

tizers such as chlorin e6 was investigated by Phuong and collaborators using Nab™ technology [92]. 

The treatment with the nanoparticles and submission to 660 nm light radiation resulted in a significantly 

higher toxicity in breast cancer cells and in vivo tumor suppression of 7 times less than the control group, 

revealing a promising application of protein nanoparticles in PDT. 

 

2.2.2.2 Carbon-Based Nanomaterials 

Nanotubes, fullerenes and graphenes are among the several carbon-based nanomaterials that 

became widely explored for medical purposes, mainly due to the π-π interactions in their chemical struc-

ture and the ability to produce ROS, as a result of acting as a photosensitizer in PDT [93–95].  

The potential of graphitic carbon nitride nanoparticles in PDT using visible light was analyzed 

by Heo et al. [95] using cervical cancer cells. Their study showed that the PDT allied with nanoparticles 

selectively killed more cancer cells than the normal cell lines. Other light sources in the NIR region are 

also found in the literature to carry out PDT with carbon nanoparticles derived from glucose, which 

resulted in an efficient ROS production [93]. The surface modification technique can also be employed 

to bind specifically to receptors that are overexpressed in some cancer cells types, as investigated by 

Xie and collaborators [96]. In their studies, hollow carbon nanospheres with doxorubicin presented pep-

tide and hyaluronic acid moieties in the surface to enhance the uptake and damage by dual targeting in 

a lung cancer cell line. 

Carbon dots are carbon-based nanomaterials that can be applied for bioimaging, drug delivery 

and can also be used for PDT [97]. He et al. [98] designed diketopyrrole-based fluorescent carbon dots 

and the in vitro and in vivo studies showed that they were able to inhibit the tumor growth when irradi-

ated.  
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2.2.2.3 Silica Nanoparticles 

Silica nanoparticles (SNPs) present several advantages that can be useful for the design of na-

noparticles for PDT, such as the easy production, possibility of functionalization and to obtain particles 

with a controlled size [99]. An efficient anti-tumor effect was achieved by Liu et al. [100] when explor-

ing the complex combination of a photosensitizer (rose Bengal), carbon dots and the drug doxorubicin 

in mesoporous silica nanoparticles. In their studies, the developed nanoparticle had high drug loading 

capacity and the problems related to carbon dots and PS aggregation were prevented. This system was 

also able to produce a higher amount of singlet oxygen compared to PS rose Bengal, and the combination 

with doxorubicin provided a synergy between chemotherapy and phototherapy that resulted in a 90% 

decrease of cell viability. 

The high surface area of silica nanoparticles is another advantage as it allows its modification 

and functionalization, as demonstrated by the work of Lin and collaborators [101], who developed silica 

nanoparticles with the PS chlorin e6 encapsulated and a gene plasmid at the surface. Through a photo-

induced cleavage of coumarin and detachment of the polycation PDMAEMA, with which the cytocidal 

gene presented an interaction, the nanoparticles could provide the release of the gene, activation of the 

PS and therefore a synergistic effect of the gene and phototherapy.  

Bretin et al. [102] studied the anticancer potential of the photosensitizer 5-(4-hydroxyphenyl)-

10,15,20-triphenylporphyrin (TPPOH) and developed silica nanoparticles coated with the conjugate xy-

lan-TPPOH for photodynamic therapy of cancer. In the xenograft tumor model of colorectal cancer, 

they studied the biodistribution using Cy5.5-labeled free TPPOH and TPPOH-X SNPs. The fluores-

cence signal was observed at 24 h post-injection it was a strong signal for TPPOH-X SNPs, while it 

showed a minimal accumulation for free TPPOH administration. An ex vivo fluorescence imaging of 

tumors and organs showed that liver and kidney presented higher intensity compared to the others, but 

the fluorescence of tumors treated with TPPOH-X SNPs had a superior intensity compared to the other 

organs when compared to the free TPPOH. It was also confirmed by a quantitative analysis of fluores-

cence. 

 

2.2.2.4 Magnetic Nanoparticles 

Due to their magnetics properties, magnetic nanoparticles can be used in therapy based on the 

application of an external magnetic field to a targeted tissue. Besides this, it is also possible to attach 

molecules to it, thus working as a carrier [103].  

For example, a delivery system prepared with iron oxide magnetic nanoparticles was employed 

for the targeted delivery of the anticancer doxorubicin and PDT therapy using a hematoporphyrin. The 

synergistic effect of PDT with the anticancer drug was shown to provide an effective inhibition of breast 

cancer in vivo [104]. Recently, Zhang et al. [105] used nanomotors with iron oxide nanoparticles for the 

delivery of zinc phthalocyanine, and due to the magnetic properties of the iron nanoparticles, the NPs 



Chapter 2. Nanoparticle Systems for Cancer Phototherapy: an Overview 

 

 

23 

can be targeted to the desired tumor tissue These nanomotors generate O2 by catalyzing endogenous 

H2O2 for the creation of O2 as power to create the nanomotor’s displacement. The system allowed an 

extended distribution of the photosensitizer as well as ROS generation. Additionally, the generation of 

O2 also supplied an efficient PDT process. 

 

2.2.2.5 Hybrid Nanoparticles 

The hybrid NPs consist in a combination of two or more types of NPs to achieve a unique mul-

tifunctional structure [106]. Hybrid NPs composed by the combination of polymers and lipids is a quite 

common topic found in the literature over the past few years that can also be applied to PDT, as inves-

tigated by Pramual and collaborators [107]. In their study, the polymer-lipid-PEG nanoparticles were 

used for the encapsulation of a PS molecule that exhibited enhanced ROS production and phototoxicity 

in thyroid cancer cells. Another type of combination was explored by Shumatbaeva et al. [108] that 

demonstrated an effective PDT in Hela cells with the irradiation in combination to the treatment with 

silver nanoparticles stabilized by a PEG conjugate. 

 

2.3 Final Remarks 

This review shows that nanoparticles are being extensively investigated for phototherapy now-

adays. Regardless of the type of nanoparticle, there a few characteristics that can summarize the current 

state of this technology for medical application. The main advantages include the minimally invasive 

method of therapy, the minimization of side effects and the possibility to target and enhance accumula-

tion of drugs in the tumor. Therefore, it is possible to achieve a targeted therapy with a reduction of drug 

dosage and greater drug stability. In conclusion, nanoparticle systems are multifaceted structures that 

are under extensive investigation to create alternatives for conventional therapies of cancer in combina-

tion with phototherapy. There are still parameters such as the hypoxic tumor microenvironment that can 

be an obstacle for PDT, and for phototherapy in general, the limited penetration depth of the light can 

hinder the use of these systems in cancer therapy. Finally, scale-up and clinical studies are indeed the 

main challenges in the next few years, however, the incredible diversity of nanoparticles as well as their 

multiple qualities allied to phototherapy are a promising combination that can result in a more effective 

and safer treatment for the patients.  
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3  

 

LIPOSOMES AS A DRUG DELIVERY SYSTEM FOR 

PHOTOTHERAPY APPLICATION  

Abstract: The encapsulation of drug molecules for topical applications has increased specially with the 

use of lipid-based nanoparticles that are biocompatible, biodegradable and are non-toxic. Liposomes are 

lipid-based vesicles able to encapsulate hydrophilic and hydrophobic drugs and can be prepared from a 

wide range of lipids. Novel classes of liposomes such as the transfersomes, ethosomes and transetho-

somes have been developed to obtain flexible vesicles able to penetrate the skin and achieve the epider-

mis and/or the dermis. Therefore, the selection of the liposomes composition is dependent on the desired 

effect and the target tissue. The combination of liposomes in photodynamic therapy can be a useful tool 

for the encapsulation of photosensitizer drugs, as well as to enable a photo-triggered release of the drug. 

This chapter presents an overview about liposomes, topical delivery from liposomes and encapsulation 

of photosensitizer molecules to be used in photodynamic therapy.    

 

3.1 Introduction 

Currently, there is an increasing number of nanotechnology-based research in the health field. 

The research of nanoparticles in medicine has increased in order to solve problems related to systemic 

side effects, with intention of a possible dosage reduction as well as create a targeting particle and im-

prove the bioavailability with a sustained release of the drug from the nanoparticles [1,2]. 

There are some types of nanoparticles that are more appropriate for the skin delivery such as the 

solid lipid nanoparticles, their successors the nanostructured lipid carriers as well as liposomes [3]. 

These are lipid-based nanoparticles that present great biodegradability, biocompatibility and due to the 

lipid nature are non-toxic [4,5]. Solid lipid nanoparticles are prepared with solid lipid at room and at 

body temperature, forming particles with lipidic nucleus and, therefore, are able to encapsulate hydro-

phobic compounds [6,7]. Liposomes, on the other hand, are composed by phospholipids that present a 

polar “head” group and a hydrophobic “tail”, which enable the organization in bilayers resulting in 
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vesicles with the ability to retain hydrophobic compounds in the lipid bilayer and encapsulate hydro-

philic compounds in its hydrophilic core or on its surface [8,9].  

These characteristics turn liposomes in nanocarriers with great potential for the delivery of pho-

tosensitizers. Therefore, the liposomes concepts, their structure as well as the novel classes of liposomes 

are addressed in this work as well as the application of liposomes for the topical delivery of photosen-

sitizers. 

 

3.2 Liposomes 

Amphiphilic molecules are those that present hydrophilic and hydrophobic portions, leading to 

a characteristic ordered structure that depends on the molecular shape [10]. Amphiphilic molecules such 

as lipids can present different packing parameters can be calculated according to Equation 3.1 where v 

is the molecular volume, a is the cross-section area of the head group and l is the molecule length. The 

packing parameter (P) value is very useful to predict the structural organization [11–13].  

 

Equation 3.1    𝑃 =
𝑣

𝑎.𝑙
 

Liposomes, for example, are formed by lipids with a characteristic molecular shape (½ < P < 1) 

[12] such as some phospholipids (Figure 3.1), which enable the organization as a bilayer and its self-

assembly into a vesicle with the bilayer isolating the aqueous cavity from the aqueous exterior (Figure 

3.2) [14,15]. Liposomes have the ability to entrap both hydrophilic and hydrophobic compounds show-

ing several advantages such as allowing high encapsulation and protection from degradation and/or in-

activation [16,17]. Liposomes also enable coating or even the functionalization of the surface, giving 

opportunity to attach a wide range of ligands [18]. For example, polyethylene glycol (PEG) can be used 

in the surface of the liposomes turning into the so-called stealth liposomes, making these particles able 

to evade the immune system and, consequently, prolonging the circulation time [18–20]. Functionaliza-

tion with antibody is an interesting strategy that can turn the liposomes into a target system, selective 

for a specific tissue-site [21]. Therefore, liposomes are versatile particles, allowing modifications with 

ligands for specific interactions and, consequently, for different purposes.  
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Figure 3.1: Representation of phospholipids. A) Structure of hydrogenated soybean phosphatidylcholine. B) 

Scheme of phospholipid and hydrophobic (cone shape) and hydrophilic drugs (cube shape). Adapted from refer-

ence [8]. Copyright 2019, Cancer Nanotechnology.  

 

 

Figure 3.2: Representation of liposome and the encapsulation of hydrophobic and hydrophilic drug as well as the 

possible ligands (PEG and antibody). Reproduced from reference [8]. Copyright 2019, Cancer Nanotechnology. 

 

There are several lipids with cylindrical shape that can be employed for the preparation of lip-

osomes such as the phosphatidylcholine, phosphatidylinositol, phosphatidylglycerol, cardiolipin and 

others. These phospholipids are classified by their “head” group and can present different characteristics 

such as the length and saturation of the acyl chains. Due to the “head” group, phospholipids can present 

different electrical charge, and can be classified as zwitterionic, anionic and cationic phospholipids [14]. 

Table 3.1 shows some examples of these characteristics, where DPPC present a phosphocholine group 

giving its zwitterionic characteristic, along with a saturated acyl chain with sixteen carbons. Differently 

from DPPC, DPPG present a glycerophosphate group, giving this lipid an anionic characteristic. 
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DOTAP, on the other side, is not a phospholipid since it does not present phosphate group, however it 

presents a cylindrical shape with longer acyl chain (eighteen carbons), unsaturation and a cationic polar 

“head” group, which is useful for the preparation of cationic liposomes [22–25].  

Cholesterol can be used in liposomes composition and plays an important role on the fluidity of 

the vesicle, the packing of the phospholipids and in the improvement of the vesicle’s stability [26–28]. 

 

Table 3.1: Description of some characteristics of different lipids, namely, 1,2-dipalmitoyl-sn-glycero-3-phospho-

choline (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-

rac-glycerol) (sodium salt) (DPPG), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol), sodium salt (DOPG), 

and 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP).  

 

Name Charge 
Tc (ºC) 

[14] 

Length of acyl 

chain and  

saturation 

Chemical structure 

DPPC Zwitterionic 41 16:0 

 

DOPC Zwitterionic -22 
18:1 

(Δ9-Cis) 
 

DPPG Anionic 41 16:0 

 

DOPG Anionic -18 
18:1 

(Δ9-Cis) 
 

DOTAP Cationic - 18:1 

 

 

 

Another characteristic of the phospholipids is the phase transition temperature (Tc) that is de-

fined as the temperature of its transition from the gel (ordered) to the liquid crystalline state (disordered 

form) [29]. The Tc is impacted by the polar “head” group, the length of the acyl chain, the presence of 

unsaturation and even by the purification of the lipid. Phospholipids from natural origin have a lower Tc 
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compared to synthetic phospholipids [14]. Therefore, the phospholipids can have many different char-

acteristics that can affect the liposomes size, charge, elasticity and, consequently, the purpose of appli-

cation. 

The liposomes can be classified regarding the lamellarity and the size of the vesicles. Small 

unilamellar vesicles (SUVs) usually are vesicles with less than 100 nm of diameter, the large unilamellar 

vesicles (LUVs) are those with diameter size between 100 – 500 nm whereas the giant unilamellar ves-

icles (GUVs) are those above 500 nm with a single bilayer. There are other cases such as the multila-

mellar vesicle (MLVs) and multivesicular vesicles (MVVs) with size above 500 nm [30].  

 

3.3 Topical delivery of liposomes 

The stratum corneum is the main barrier for the delivery of drugs in the skin layers and consists 

of corneocytes with lipid regions on the surroundings as shown in Figure 3.3. There are four mechanisms 

proposed to explain the drug delivery to the skin layer: liposomes acting as penetration enhancer, lipo-

some adsorption to the stratum corneum with or not fusion of the vesicles, penetration of the intact 

liposomes and penetration via follicular path [31,32]. 

To improve the topical delivery other classes of vesicles derived from liposomes were devel-

oped aiming to accomplish more flexible vesicles able to penetrate the skin leading to an adequate drug 

delivery in the epidermis and dermis (Figure 3.3). Among these vesicles there are transfersomes com-

posed by phospholipids and an edge activator such as surfactants. Different surfactants can be used as 

edge activators such as the non-ionic surfactants Span® 60, Span® 65, Span® 80, Tween® 20, Tween® 

60 and Tween® 80. Also, bile salts such as sodium cholate and sodium deoxycholate can be used [33,34]. 

The ethosomes are another type of deformable vesicles and use high content of ethanol which gives 

vesicle elasticity [35,36]. Lastly, the transethosomes, a combination of transfersomes and ethosomes, 

were developed by Song et al. [37]. These vesicles contain not only an edge activator but also ethanol 

in its composition.  
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Figure 3.3: Scheme of the penetration path of deformable vesicles. Adapted from reference [38]. Copyright 2012, 

Soft Matter. 

 

3.4 Application of liposomes in photodynamic therapy 

The photodynamic therapy (PDT) has been widely investigated for the cancer treatment mainly 

because of the minimally or non-invasive procedure. PDT has also been used as an alternative therapy 

for some chronic inflammatory diseases in advanced stages as in the case of psoriasis, diseases related 

to depigmentation disorders such as vitiligo, cutaneous T-cell lymphoma and other types of skin disor-

ders [39–41].  

The photosensitizers (PS) molecules play an important role in PDT and the therapy success is 

dependent of its selection. More than 400 molecules have sensitizing potential induced by light. Among 

these molecules there are dyes, natural products and many others chemical substances [42]. The first 

generation of photosensitizers were the porphyrin type [43]. They have been used since the middle of 

the 20th century with derivative molecules from hematoporphyrin. PDT using porphyrins as photosen-

sitizers showed to be efficient in cancer therapy and a promising sensitizer in microbial infections 

[42,44]. However, the wavelength able to activate the photosensitizer is usually too short for porphyrins 

which hinders the light penetration, besides, after activated the half-life is too long which could cause a 

severe phototoxicity [43,45].  

A second generation of photosensitizers has been developed through alterations in the porphyrin 

core or in peripheral sites in order to improve the photosensitivity. Phthalocyanines are examples of this 

second generation derived from porphyrins. However, some authors also consider other classes of chem-

icals non-related to porphyrin structure as second generation photosensitizers such as anthraquinones 

(e.g., hypericin), phenothiazines (e.g., methylene blue), cyanines (e.g., merocyanine 540) and others 

[43]. 



Chapter 3. Liposomes as a drug delivery system for Phototherapy application 

 

 

41 

The damage induced by photosensitizers is mainly due to the generation of reactive oxygen 

species (ROS) that can damage biomolecules as a result of the oxidizing power of the reactive species. 

The DNA is one of the biomolecules that can be subjected to damage and is the main target for anticancer 

drugs [46]. Currently, a photosensitizer widely used in phototherapy is psoralen that is used mainly to 

treat psoriasis, an autoimmune inflammatory disorder. Psoralen is able to intercalate the DNA and when 

activated by UVA it creates crosslinks, preventing cell proliferation, stimulating the immunological re-

sponse and the apoptosis [40]. In this context, there is still a lot to explore and study about intercalating 

agents aiming phototherapy applications. 

Table 3.2 displays examples of DNA-intercalating agents, some of them with many studies 

about the possible application to photodynamic therapy. In PDT, methylene blue shows the most differ-

ent types of biological activities such as antimicrobial, anticancer and even tested for psoriatic lesions 

[47–53]. Acridine orange is usually employed for nucleic acid staining [54], therefore acridine orange 

has not been extensively investigated for PDT as methylene blue, having been explored mainly in studies 

with cancer cells [55–57]. Gentian violet or crystal violet also has been referenced on phototoxic action 

for different types of pathologies [58–60].  

Natural products such as the catechins, flavonoids and curcuminoids have recently gained in-

terest towards photodynamic therapy mainly for the cancer treatment. Many biological properties such 

as antioxidant, anti-inflammatory, antimicrobial and anticarcinogenic effects have been related to quer-

cetin [61–63] and also for epigallocatechin gallate, present in green tea, that presents antioxidant and 

anti-inflammatory properties [64]. Researchers have been exploring the use of these flavonoids for PDT 

such as by the co-administration of the flavonoid plus a photosensitizer molecule [65,66]. Curcumin is 

a natural product found in Curcuma longa and has been related to properties such as antioxidant and 

anti-inflammatory [67] but also has been studied for PDT application showing possible application as 

antimicrobial, anticancer and for psoriasis treatment [68–74]. On the other hand, there are the chelating 

agents such as neocuproine, 1,10-phenanthroline and 2,2’-bipyridyl that can be used for complexations 

and have demonstrated numerous functions such as antiviral and antifungal properties [75]. Chelating 

agents have been investigated regarding their use for PDT [76–78].  
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Table 3.2: Chemical structure and therapeutic applications reported in the literature about the use of intercalating 

agents for photodynamic therapy. 

Substances Chemical structure Therapeutic application 

Methylene blue 

 

Bacteria [47,48] 

Fungus [48] 

Parasite [49] 

Cancer [50–52] 

Psoriasis [53] 

Acridine orange 

  

Cancer [55–57] 

Fungus [79]  

Gentian violet 

 

Bacteria [58,80]  

Fungus [80] 

Virus [59] 

Parasite [60] 

Quercetin 

 

Cancer [65,81] 

 

Curcumin 

 

Bacteria [68] 

Fungus [69] 

Parasite [70] 

Cancer [71–73]  

Psoriasis [74] 

Epigallocatechin gallate 

 

Cancer [66, 82–84] 
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Table 3.2: Continued.   

Neocuproine 

 

Cancer [85] 

1,10-Phenanthroline 

 

Cancer [76] 

2,2’-Bipyridyl 

 

Cancer [77] 

 

PDT has been widely applied for topical diseases such as skin tumors, infectious and inflam-

matory skin disorders. After topical application it is required some time for the drug penetrate the skin 

and be retained in the target tissue before the activation with a light source [44]. Although some sub-

stances are not good candidates for skin delivery, nanotechnology approaches can be used to enhance 

its penetration in the tissue and provide a more effective PDT therapy.  

Under physiologic conditions aggregation or poor solubility can take place with photosensitiz-

ers and interfere in PDT action. Additionally, the accumulation of the photosensitizer in the target tissue 

is important to provide a more effective response with less side effects. Therefore, the use of nanoparti-

cles as drug delivery could be useful to enhance the photosensitizer solubility, its cellular uptake and 

reduce side effects [86]. In fact, nowadays there is a strong increase in the research allying nanotech-

nology to PDT giving rise to a third generation of photosensitizers. 
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Figure 3.4: Representation of the photo-induced release. Adapted from reference [87]. Copyright 2010, Molecular 

Membrane Biology. 

 

In addition to the advantages of the photosensitizers’ encapsulation in liposomes and the drug 

delivery of these molecules, there are liposomes that can be activated by a stimulus that lead to the 

destabilization of the liposomes and, consequently, the release of the drugs. Figure 3.4 represent light 

as a stimulus that can trigger the liposomes destabilization whereas the photosensitizer, in its turn, can 

lead to the photo-oxidation of the lipid [87,88]. In this context, PDT can be a useful tool for the photo-

activation of liposomes, allowing the release of the drugs.   

 

3.5 Conclusions 

Lipid-based nanoparticles are suitable carriers to use aiming the topical delivery of drugs such 

as the photosensitizers for application in PDT. Liposomes are versatile vesicles, that can be composed 

by several types of lipids, with different charges, saturation, and chain length. The addition of surfactants 

and/or ethanol can turn vesicles into more deformable particles, able to cross the skin and achieve the 

epidermis and dermis. Furthermore, depending on the composition, liposomes can be stimuli-triggerable 

such as by photo-activation liposomes, which enables the release of the drug for PDT application. 
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4  

 

EXPERIMENTAL CONCEPTS 

During the development of this work several methods were employed and, in this chapter, fun-

damental concepts of these techniques are described such as for experiments in cell culture (the resazurin 

assay and the detection of reactive oxygen species), the preparation of liposomes and the characteriza-

tion of the liposomes’ size by dynamic light scattering. The use of ultraviolet visible spectroscopy (UV-

vis) for the studies of encapsulation efficiency, release profiles and for studies of the effect of radiation 

on DNA and the MB and AO molecules is another topic present in this chapter as well as the fundamen-

tals behind the study of interaction with lipids in Langmuir monolayers.  

 

4.1 Experiments in cell culture 

 Evaluation of cell viability 

The quantification of cell viability can be done by several techniques which may involve color-

imetric/fluorimetric methods with dyes, each one with different principles and methodology. Among 

them there is resazurin method that is very commonly used in cytotoxicity assays to, indirectly, evaluate 

cell viability. As resazurin is not toxic to the cells and has no interference with cell disfunction or im-

pairment on the mitochondrial metabolism, it can be used for continuous monitoring of cell viability 

[1]. 

Resazurin is a blue redox indicator that can permeate cells and is an indicator of the reducing 

environment in the cells [2]. As shown in Figure 4.1, resazurin is a blue dye without fluorescence that 

can be reduced to resorufin, that has a pink colour and is highly fluorescent. Resazurin can act as an 

electron acceptor in the electron transport chain and, as it presents an oxidation-reduction potential of 

+380 mV, it can be reduced by NADPH, FADH2, FMNH2, NADH and cytochromes with E0 of 320 mV, 

220 mV, 210 mV, 320 mV and 290 to +80 mV, respectively. With the acceptance of electrons, the blue 

non-fluorescent resazurin turns in a reduced state with pink colour and high fluorescence resorufin. As 

it is transformed from the oxidized form to the reduced one, it can be quantified through the measure of 
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the absorbance at 570 nm and 600 nm or fluorescence measure at an excitation wavelength at 530 – 560 

nm and emission wavelength at 590 nm [1]. 

 

 

Figure 4.1: Scheme of the principle of the resazurin method, showing the reduction of resazurin (non-fluorescent, 

with blue colour) to resorufin (highly fluorescent, with pink colour) and the possible methods of quantification 

that are absorbance or fluorescence. Reproduced from reference [3]. Copyright 2020, Quantum Dots: Applications 

in Biology.  

 

 Detection of Reactive oxygen species (ROS) 

Dihydroethidium is mainly known as a superoxide indicator that can permeate cells and be ox-

idized by O2
•- to 2-hydroxyethidium (2-OH-E+) and present red fluorescence with excitation wavelength 

at 500 – 530 nm and emission wavelength at 590 – 620 nm (Figure 4.2). However, through non-specific 

redox reactions such as by H2O2 and •OH can be transformed to ethidium (E+) with similar fluorescence 

spectrum (λex = 520 nm and λem = 610 nm) [4–6].  
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Figure 4.2: Scheme of the oxidation paths taken by dihydroethidium (DHE) and the resultant products 2-hydrox-

yethidium (2-OH-E+) and ethidium (E+) that present red fluorescence. Reproduced from reference [4]. Copyright 

2019, Antioxidants.  

 

The assays using DHE can be done in microplates, using a microplate reader to measure the 

fluorescence or, in alternative, the fluorescence can be visualized in a fluorescence microscope. In our 

studies, the fluorescence microscopy was employed to identify if there was ROS formation induced by 

the photosensitizers’ irradiation.    

 

Figure 4.3: Representation of the principle of fluorescence microscopy technique showing, in particular, an in-

verted microscope. Adapted from reference [7]. Copyright 2016, Molecular Biology of the Cell.  
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Fluorescence microscopy is an important technique that allow the study of cell physiology in 

fixed and living cells through the detection of the fluorescence emitted by compounds with fluorescence 

properties usually designated as fluorescent probes. The principle of fluorescence lies on the absorption 

of light energy (photon) by a fluorescent probe at a specific wavelength that push a valence electron 

from the ground state to the excited state. This is a fast process that is followed by the return of the 

electron to the ground state with the emission of part of the absorbed energy as another photon with less 

energy. Therefore, the light emitted from the probe present longer wavelength than the one absorbed, 

phenomenon called Stokes shift [8,9]. 

The light source of fluorescence microscope is usually a mercury-vapor lamp and, as it emits 

light of the entire visible spectrum, optical filters are used for the separation of the light. As shown in 

Figure 4.3, a filter cube is used in many microscopes and placed in the excitation and emission light 

path, with a dichroic mirror at 45º that can separate the excitation light from the emitted light. Therefore, 

the excitation light provided from the source is directed to the sample and then to the detector [9].  

 

4.2 Preparation of Liposomes 

Liposomes can be prepared by several methods such as by the Bangham method, also known 

as thin-film hydration method, the injection method, and others [10,11]. Depending on the method the 

resulting vesicles can present different characteristics as shown in Figure 4.4 and can be termed as small 

unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), giant unilamellar vesicles (GUVs), 

multilamellar vesicles (MLVs) and multivesicular vesicles (MVVs) regarding their size and lamellarity 

[12].  

 

  

Figure 4.4: Different types of vesicles and their sizes. Reproduced from reference [12]. Copyright 2021, Interna-

tional Journal of Molecular Sciences. 
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For the thin-film hydration method the lipids are dissolved in organic solvent such as chloroform 

or a mixture of chloroform-methanol, depending on the solubility of the lipid, followed by the evapora-

tion of the organic solvent to form a thin film on the walls of the flask or tube. Then the lipid film is 

hydrated with water or buffer solution above the phase-transition temperature (Tc), this way the lipid 

bilayers become fluid. With agitation the lipid bilayers detach and tend to fold on itself forming a vesicle 

with aqueous interior. To obtain small particles the downsizing is required which can be taken by an 

input of sonic energy such as sonication or by mechanical energy such as extrusion [12,13]. The meth-

odology used in this work was the thin-film hydration method followed by extrusion as shown in Figure 

4.5.   

    

 

Figure 4.5: Representation of liposomes preparation by the thin-film hydration method followed by extrusion for 

the downsizing of the particles. 

 

Extrusion technique is a valuable method to achieve formulations with homogeneous size dis-

tribution and it is also very reproducible. In the extrusion the pore size of the membrane is selected, and 

a number of cycles must be performed to form particles with homogeneous population. There are many 

devices that can be used for the extrusion of liposomes suspensions, devices that support larger volumes 

e.g., Avestin Liposo-Fast™-50 (capacity 5 – 50 mL) but also devices for small volume e.g., Avanti mini 

extruder that can be coupled with gas-tight syringes of 250 µL or 1000 µL [14]. For the hand-extruder 

(Figure 4.6) the cycles are obtained through the passage of the lipid suspension from one side to another 

and a minimum of 10 times is recommended [15]. 
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Figure 4.6: Representation of a manual glass syringe extruder. The membrane is placed in the supports, inside the 

extruder casing and have one syringe on each side, one filled with the lipid suspension and the other empty. The 

extrusion is taken by the multiple passages of the lipid suspension to the other respective empty syringe through 

the polycarbonate membrane. Reproduced from reference [12]. Copyright 2021, International Journal of Molecu-

lar Sciences. 

 

4.3 Characterization of liposomes 

 Dynamic Light Scattering 

The nanoparticles characterization such as by their size is important to comprehend the effect 

that the composition can entail on the particle since different compositions and the addition of molecules 

can directly affect intermolecular forces and, thereby, interfere in the permeability and fluidity of the 

lipid bilayers [12]. Dynamic Light Scattering (DLS) is a fast technique that allow the measurement of 

the particles’ hydrodynamic diameter. As shown in Figure 4.7, in DLS the sample is placed in a poly-

styrene cuvette, is subjected to a monochromatic beam and, depending on the sample, the amount of 

light scattered is detected, which gives information to correlate with the size of the particles [12,16,17].   

 

 

Figure 4.7: Scheme of a dynamic light scattering equipment. Adapted from reference [16]. Copyright 2018, Fron-

tiers in Chemistry. 

 

The incidence of a monochromatic beam on a sample containing macromolecules result in light 

scattering in all directions regarding to the size and shape of the macromolecules. In a dispersion, parti-

cles are not static and there are fluctuations on the intensity due to the Brownian motion of the particles, 
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which enable the determination of the diffusion coefficient (D). As DLS measurements are based on the 

detection of the intensity of light scattered during a period of time, large particles present slower diffu-

sion while small particles present faster diffusion (Figure 4.8 – A) which reflects in the auto-correlated 

intensity and, therefore, on the decay of correlation (Figure 4.8 – B). A faster decay is obtained for small 

particles (faster diffusion) and a delayed decay for large particles (slower diffusion). Through the cor-

relation function, the diffusion coefficient is obtained [17,18].  

The diffusion coefficient can be correlated to the hydrodynamic radius (Rh) of a spherical par-

ticles through the Stokes-Einstein equation (Equation 4.1) where kb is the Boltzmann constant (1.380 x 

10-23 kg.m².s-2.K-1), T is the absolute temperature and η is the viscosity of the medium [17]. 

 

Equation 4.1 𝐷 =
𝑘𝑏.𝑇

6𝜋𝜂𝑅ℎ
 

 

 

Figure 4.8: Determination of the particle size considering the Brownian motion. A) Intensity of light scattering in 

relation to time, B) Scheme of the autocorrelation and the autocorrelation function obtained for small particles 

(green) and large particles (blue). Reproduced from reference [18]. Copyright 2019, Radiation in Bioanalysis: 

Spectroscopic Techniques and Theoretical Methods. 

 

4.4 Ultraviolet visible (UV-vis) 

Ultraviolet visible (UV-vis) is a versatile technique that can be used for several purposes such 

as for quantification and characterization through measurements of the absorbance or transmittance of 

the light. The range of UV-vis is from 200 – 800 nm, above 800 nm start the infrared and below the 200 

nm is the vacuum ultraviolet [19,20].  
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In a UV-vis spectrophotometer the light is directed to the sample and the sample absorb the 

light, which results in changes on the electrons distribution, leading the migration from the ground state 

to an excited state. The light that passes through the sample and the intensity of the transmitted light is 

acquired by the detector (Figure 4.9).  

Equation 4.2 shows the relation between the incident light intensity (I0), the transmitted light (I) 

and the light absorbance (A). Whereas the Beer-Lambert law (Equation 4.3) determines that the absorb-

ance can be proportional to the path length of the cuvette (b), concentration of the sample (c) and molar 

absorption coefficient (ε) [19,20]. In organic compounds the absorption is mainly due to two transitions: 

π–π* and n–π* related to unsaturation bonds and heteroatom [20].  

 

 

Figure 4.9: Scheme of a UV-vis spectrophotometer with double beam. Reproduced from reference [19]. Copyright 

2018, The Canadian Journal of Chemical Engineering.   

 

Equation 4.2  𝐴 = log10(
𝐼0

𝐼
) 

 

Equation 4.3 𝐴 = 𝜀. 𝑏. 𝑐 

 

Changes in the structure can lead to shifts in the absorption spectra such as in the wavelength 

namely bathochromic and hypsochromic for longer and shorter wavelengths, respectively. Modification 

in the absorption intensity can also occur, called hyperchromic and hypochromic for higher and lower 

absorption, respectively. 
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4.5 Study of lipid interactions 

 Langmuir 

Langmuir monolayers are often used as a biomimetic system to simulate the cellular membrane 

which can be applied for the drug-lipid interaction analysis. The lipid solution is prepared in an organic 

solvent and is spread with a microsyringe over the surface of the subphase that can be water or a buffer. 

Eventually the solvent evaporates, and the lipids are oriented in a monolayer in a way to minimize the 

contact of the non-polar portion while enhance the contact between the subphase and their polar group 

(Figure 4.10) [21]. 

 

 

Figure 4.10: Representation of a Langmuir monolayer and the Langmuir trough with barriers to compress the 

monolayer and a surface pressure sensor. Reproduced from reference [22]. Copyright 2022, Chemical Reviews. 

 

Via the surface tension measurement is possible to study the system energetics. The surface 

tension is measured with a Wilhelmy plate that intercept the air-water surface and is coupled to a bal-

ance. The surface tension (γ) is calculated through the use of the Wilhelmy equation (Equation 4.4), 

where F is the force of the surface taking the plate down, L is the perimeter of contact and θ is the contact 

angle between the subphase and the Wilhelmy plate. The forces generated from the intermolecular in-

teractions at the interface tend to give a stability to the interface by reducing the surface tension and, 

therefore, reducing the surface Gibbs energy and then molecules from the subphase act with less inten-

sity on the interfacial molecules resulting in a surface pressure. The surface pressure (π) can be calcu-

lated, according to Equation 4.5, by the reduction of the surface tension without the lipid, where γ0 is 

the surface tension of the pure liquid or the subphase and γ is the surface tension of the subphase with 

the lipid [22]. 
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Equation 4.4 𝛾 =
𝐹

𝐿.𝑐𝑜𝑠𝜃
 

 

Equation 4.5 𝜋 =𝛾0 − 𝛾 

 

Through the surface pressure – area is possible to study the interactions between lipid – lipid or 

drug – lipid. To obtain the isotherm two lateral barriers compress the monolayer at a constant rate and, 

as the compression increases, the surface area is reduced demanding a reorganization of the molecules. 

This reorganization makes the monolayer pass through different phase states as shown in Figure 4.11 

[21]. The compression results in a first order transition, a liquid-like state called liquid expanded (LE) 

followed by the coexistence of LE with a liquid condensed state (LC) in the case of phospholipids. In 

the LC phase the lipids are well organized and present all-trans conformation [23]. 

 

 

Figure 4.11: Scheme of the surface pressure – area isotherm of a Langmuir monolayer along the transition of 

phase states. Reproduced from reference [21]. Copyright 2021, Membranes. 

 

 PM-IRRAS 

The polarization modulation infrared reflection (PM-IRRAS) corresponds to an infrared reflec-

tion absorption spectroscopy where the polarization from the IR beam is modulated. In PM-IRRAS there 

is an incident IR beam with polarization “s” and “p” for perpendicular and parallel, respectively, which 

results in reflection-absorption spectrum of samples on metal/air interface with practically no absorption 

of vapour of water or CO2 present in the atmosphere [24]. Figure 4.12 shows the representation of PM-

IRRAS in Langmuir monolayers. PM-IRRAS is a useful tool for studies at the molecular level in several 
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types of assemblies such as for Langmuir monolayers to comprehend the effect on lipids organization 

and hydration of the lipid headgroups [22,24]. 

The signal obtained is a portion of the reflected light and the differential reflectivity (ΔR/R) is 

determined according to Equation 4.6, where Rp is the reflectivity of the polarization “p” and Rs is the 

reflectivity of the polarization “s” [22]. 

 

Equation 4.6   
∆𝑅

𝑅
=

𝑅𝑝−𝑅𝑠

𝑅𝑝+𝑅𝑠
 

 

The bands in PM-IRRAS spectra can be positive bands in relation to the baseline when the 

transition dipole moment is parallel to the interface while negative bands are related to transition dipole 

moment in the perpendicular [22].  

 

 

Figure 4.12: Representation of PM-IRRAS in Langmuir monolayers. Adapted from reference [22]. Copyright 

2022, Chemical Reviews. 

 

4.6 Irradiation Studies 

Irradiation studies on cells were based on an UVC lamp with peak at 254 nm (PHILIPS TUV 

PL-S 9W/2P Hg) and a LED lamp for the other wavelengths, with emission of blue light (peak at 457 

nm), yellow light (peak at 583 nm) or red light (peak at 640 nm) with irradiance values around 55 W/m², 

45 W/m² and 25 W/m², respectively. The system with the lamps for the irradiation of the plates is ex-

emplified in Figure 4.13 with the blue and red light irradiation and, considering the application in cells 

and the different irradiances emitted from the light sources, a dose of 2.5 J/cm² was standardized.  
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Figure 4.13: Photo of the system used for the cells irradiation exampling the blue light and the red light emissions. 

 

For the irradiation of the molecules with the DNA an UVC lamp with peak at 254 nm (PHILIPS 

TUV PL-S 5W/2P Hg) was used and an equal LED lamp, as that used for the cells, was used for the 

emission of blue and red light showing, in these conditions, irradiance values of 9.5 W/m², 38.9 W/m² 

and 24.3 W/m² for UVC, blue and red light, respectively.    
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5  

 

DNA-INTERCALATING AGENTS: A STUDY OF THE 

PHOTOSENSITIZING EFFECT 1 

Abstract: Photodynamic therapy is a minimally invasive treatment of several diseases, including some 

types of cancer, and it is based on photosensitizer molecules which in presence of oxygen and light lead 

to the formation of reactive oxygen species (ROS) and consequently cell death. The selection of the 

photosensitizer molecule is important for the therapy efficiency, therefore, many molecules such as 

dyes, natural products and metallic complexes have been investigated regarding the photosensitizing 

potential. In this work, the phototoxic potential of some DNA-intercalating agents: the dyes methylene 

blue (MB), acridine orange (AO) and gentian violet (GV); the natural products curcumin (CUR), quer-

cetin (QT) and epigallocatechin gallate (EGCG); and the chelating compounds neocuproine (NEO), 

1,10-phenanthroline (PHE) and 2,2’-bipyridyl (BIPY) were analyzed. The cytotoxicity of these chemi-

cals was tested in vitro in non-cancer keratinocytes (HaCaT) and cancer keratinocytes (MET1 SCC) cell 

lines. The phototoxicity assay and the detection of intracellular ROS were performed in MET1 SCC cell 

line. Results revealed that the IC50 values in MET1 SCC cells for the dyes and curcumin were very low 

(<30 µM) while the ones for the natural products QT and EGCG and the chelating agents BIPY and 

PHE were higher than100µM. The molecules with the most affected IC50 by irradiation were the MB 

and AO dyes when submitted to a 640 nm and 457 nm light sources, respectively. ROS detection was 

more evident for cells treated with AO at low concentrations. In studies with melanoma cell line 

(WM983b), the cells were more resistant to the MB and AO and presented slightly higher IC50, the same 

behavior was observed in the phototoxicity assays. This study reveals that many molecules can act as 

photosensitizers, but effect depends on the cell line, the concentration of the chemical and the irradiation 

dose. Finally, has been demonstrated a significant photosensitizing activity of acridine orange at low 

concentrations and moderate dose of light. 

 

1 This chapter is based on the manuscript submitted for publication: 

Pivetta, T.P., Vieira, T., Silva, J.C., Ribeiro, P.A., Raposo, M. Screening on cells of the phototoxic potential of different DNA-

intercalators to be applied on skin cancer therapy. 
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5.1 Introduction 

Photodynamic therapy (PDT) has been widely explored over the past decades mainly for the 

treatment of diseases such as skin disorders and some cancer types [1,2]. PDT is a minimally invasive 

therapy with local action [3] and its efficacy depends on the presence of photosensitizer (PS) molecules, 

of oxygen and of light. The combination of these elements has an important role for the action of PDT, 

which relies on the formation of reactive oxygen species (ROS) that can be taken by two types of PDT 

[4]. In the type I, the activated photosensitizer acts on substrates such as the biological molecules that 

react with oxygen generating ROS. When the photosensitizer can transfer energy to the molecular oxy-

gen (3O2) generating the singlet oxygen (1O2), the PDT is considered type II. In both paths there is ROS 

generation that have a high oxidizing power and therefore can lead to the cell death through the damage 

in biomolecules [5]. The DNA is one of the biomolecules that can be subjected to damage and is the 

main target for anticancer drugs [6]. However, due to the reactive species short lifetime they act essen-

tially at the local where were created, which gives PDT the advantage of local action [7]. 

The first generation of photosensitizers were the ones of the porphyrin type [8,9]. In fact, deriv-

ative molecules from hematoporphyrin have been used since the middle of the 20th century. PDT using 

porphyrins as photosensitizers showed to be efficient in cancer therapy and a promising sensitizer to 

deal with microbial infections [2,5]. However, the wavelength able to activate porphyrins photosensi-

tizers is usually too short, which hinders the light penetration in the tissue. Moreover, after activated the 

half-life is too long which could cause a severe phototoxicity [9]. A second generation of photosensitiz-

ers has been developed through alterations in the porphyrin core or in peripheral sites to improve the 

photosensitivity. Phthalocyanines are examples of this second generation derived from porphyrins [9]. 

However, there are more than 400 molecules with photosensitizing potential. Among these molecules 

there are dyes, natural products and many others chemical substances [5,8].  

Of natural or synthetic origin, the dyes are substances able to provide color and are usually 

water-soluble. There are several applications for these molecules such as textile, foods, cosmetics and 

medicine [10]. In 1900, Oscar Raab left the protozoan Paramecium caudatum in contact with the dye 

acridine orange and observed the toxic effect after sunlight exposure [11]. Nowadays, phthalocyanines 

are synthetic dyes extensively investigated for use in many types of cancer therapies, namely, ovarian 

carcinoma, melanoma, liver carcinoma and lung carcinoma [12–14]. Methylene blue is another synthetic 

dye that has gained the interest in studies in PDT as antimicrobial and for the cancer treatment as well 

[8]. 

Since the antiquity, natural products have been employed to treat several diseases through the 

use of natural herbs or extracts [15]. There are several classes of molecules with PS properties such as 

anthraquinones, curcuminoids, xanthenoids, etc. Hypericin for example is a natural molecule that be-

longs to the class of anthraquinones and is the first non-porphyrin-like molecule that has been recently 

introduced in clinical trials [16]. Curcumin application in photodynamic therapy of cancer has also been 
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widely investigated through the use of nanocarriers [17–19]. De Matos et al. [20] studied a curcumin 

nanoemulsion in two different cell lines derived from uterus carcinoma and observed a phototoxicity of 

93.2% for Ca Ski and 83.16% for SiHa cells. There are also studies with the flavonoid quercetin that 

combined with PDT reduced cell viability of cervical adenocarcinoma and breast carcinoma cells 

[21,22]. Furthermore, some complexes have also been investigated such as the chelators 2,2’-bipyridyl 

and 1,10-phenanthroline that were studied in metallic complexes and presented toxicity in cervical ade-

nocarcinoma using the HeLa cells [23].  

Therefore, as many classes of molecules can act as photosensitizers, in this work we analyzed 

the phototoxic potential of some DNA-intercalating agents: the dyes methylene blue, acridine orange 

and gentian violet; the natural products curcumin, quercetin and epigallocatechin gallate; and the che-

lating compounds neocuproine, 1,10-phenanthroline and 2,2’-bipyridyl with respect to their use in PDT. 

Results revealed that MB and AO molecules present a significant phototoxic potential in MET1 SCC 

and WM983b cell lines, which is an unprecedent study for these cell lines. 

 

5.2 Materials and Methods 

 Materials 

Dulbecco’s Modified Eagle Medium and fetal bovine serum were obtained from Biowest. Pen-

icillin-Streptomycin and TrypLE™ Express Enzyme 1 X were purchased from Gibco. Resazurin was 

obtained from Alfa Aesar. Dihydroethidium and Hoechst 33342 were obtained from Biotium and Mo-

lecular Probes, respectively. Methylene blue, acridine orange, gentian violet, curcumin, quercetin, 

EGCG, 1,10-phenanthroline, neocuproine and 2,2’-bipyridyl were obtained from Sigma Aldrich. 

 

 Cells culture 

MET1 SCC cell line (human squamous cell carcinoma) was obtained from Ximbio; HaCaT 

(immortalized human keratinocytes cell line) was obtained from Addexbio and WM983b (human met-

astatic melanoma cell line) was obtained from Rockland. Cells were maintained in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) for MET1 SCC and HaCaT 

and 5% for WM983b cells, and antibiotics (penicillin 100 U/mL and streptomycin 100 µg/mL). Cells 

were cultivated in an incubator (Sanyo MCO-19AIC-UV) at 37 °C in a 5% of CO2 humidified atmos-

phere. To release the cells from the flasks, the medium was removed, and cells were washed with phos-

phate-buffered saline (PBS) 1X. Then the cells were harvested with TrypLE™ Express Enzyme 1X.  

In this work, cytotoxicity studies were carried out in MET1 SCC cells and HaCaT cells. In the 

squamous carcinoma cells phototoxicity and detection of ROS studies were also performed. Lastly, 
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WM983b cells were used to evaluate the cytotoxicity and phototoxicity of the most promising com-

pounds. 

 

 Cytotoxicity 

96-well plates were seeded with a density of 20,000 cells/cm² of HaCaT or MET1 SCC cells 

and were incubated overnight. Then, cells were treated with different samples: MB, AO, GV, QT, CUR, 

EGCG, PHE, NEO and BIPY. For the cytotoxicity study of WM983b cells, plates were seeded at a cell 

density of 40,000 cells/cm² and cells were treated only with MB and AO. Samples’ stock solutions were 

prepared in DMSO and were diluted in culture medium using a range of concentration starting from 

1.25 µM to 320 µM of each chemical (in quadruplicate). The medium was aspirated from the wells and 

replaced by the samples diluted in medium. Cells treated with DMSO 0.2% were used as solvent control 

(SC) while for cells only with new replaced medium and cells with 10% of DMSO diluted in medium 

were used as negative (NC) and positive control (PC), respectively. The plates were incubated for 24 

hours and 48 hours followed by the evaluation of cell viability using a colorimetric assay. To evaluate 

cell viability, the medium containing samples was removed, and cells were washed with PBS. Next, 

resazurin solution diluted in DMEM at 0.02 mg/mL was added and cells were incubated for 3 hours. 

Resazurin was also added to wells without cells, which were used as reference. The absorbance was 

measured in a microplate reader (ELX800UV, Biotek Instruments) using the wavelengths of 570 nm 

and 600 nm. The corrected absorbance is proportional to cell viability. The propagation of uncertainties 

were used to calculate the combined standard uncertainty.  

 

 Phototoxicity of MET1 SCC cells 

For the phototoxicity studies, 96-well plates were seeded with MET1 SCC cells at a density of 

20,000 cells/cm², incubated overnight and treated with different samples MB, AO, GV, QT, CUR, 

EGCG, PHE, NEO and BIPY. For the phototoxicity study using WM983b cells, plates were seeded at 

a cell density of 40,000 cells/cm² and cells were treated only with MB and AO. Samples’ stock solutions 

were prepared in DMSO and diluted in culture medium using a range of concentration starting from 

1.25 µM to 40 µM of each chemical (in sextuplicate). The medium was aspirated from the 96-well plate 

and replaced by the samples diluted in medium. Cells treated with DMSO 0.2% were used as SC while 

for cells only with new replaced medium and cells with 10% of DMSO diluted in medium were used as 

NC and PC, respectively. The plates were incubated for 24 hours then medium containing the chemicals 

was aspirated and washed with PBS 1X with calcium and magnesium. Then, DMEM without phenol 

red was added and the plates were submitted to a dose of 2.5 J/cm² of irradiation emitted by different 

wavelength light sources (254 nm lamp from Phillips and a tri-color LED lamp with intensity peaks at 
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457 nm [blue light], 583 nm [yellow light] and 640 nm [red light]). Plates were incubated for more 24 

hours and lastly resazurin assay was performed as previously described in section 5.2.3.  

 

 Intracellular ROS production 

24-well plates were prepared with MET1 SCC cells at a density of 20,000 cells/cm². After 24 

hours, cells were treated with MB and AO that were diluted in culture medium at low concentrations 

1.25 µM, 2.5 µM and 5.0 µM of each dye. The medium was aspirated from the plate and replaced by 

the samples diluted in medium. Plates were incubated for 24 hours and, after treatment with the dyes, 

cells were washed with medium, DMEM without phenol red was added and plates were submitted to 

2.5 J/cm² irradiation from a red light at 640 nm for MB and 457 nm blue light for AO. Dihydroethidium 

(DHE) was used to evaluate ROS production. For this assay, the medium was removed after irradiation, 

and 20 µM of DHE diluted in medium was added. The plate was incubated for 20 minutes, then washed 

with medium and incubated 20 minutes with Hoechst 33342 at 5 μg/mL, that was used to stain the cells’ 

nucleus. After removing the excess of the dyes, culture medium was added, and the cells were immedi-

ately observed by an epi-fluorescence microscope Nikon Ti-S. Experiments were performed in quadru-

plicate. Images were analyzed in the ImageJ software and the integrated density of red fluorescence was 

measured.  

 

5.3 Results and Discussion 

 Cytotoxicity in HaCaT and MET1 SCC cells 

To study the cell viability in the presence of different DNA-intercalating agents, HaCaT and 

MET1 SCC cells were exposed to a wide range of concentrations of those reagents (1.25 μM – 320 μM) 

for 24 and 48 h. Figure 5.1 and Figure 5.2 show the viability behavior of HaCaT and MET1 SCC cells, 

respectively, treated with dyes (methylene blue, acridine orange, gentian violet), natural compounds 

(quercetin, curcumin and epigallocatechin gallate) or chelating molecules (neocuproine,1,10- phenan-

throline and 2,2’-bipyridyl). The values of cell viability as a function of PS concentration allowed the 

calculation of half maximal inhibitory concentration (IC50) for the different chemicals tested. IC50 is 

usually employed to evaluate a substance efficacy and the concentration able to inhibit cells’ growth 

[24]. The obtained IC50 values are displayed in Table 5.1, however some curves of cytotoxicity did not 

exhibit enough toxicity to calculate it. 

Dyes in general show low IC50, less than 20 µM, in both non-cancer and cancer cell lines (Figure 

5.1 – A and Figure 5.2 – A). However, it was necessary to evaluate if the IC50 in non-cancer cell line 

was much different from the one calculated for cancer cell line. Concerning to this, results showed 
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slightly lower IC50 value for the dyes in non-cancer keratinocytes when compared to cancer keratino-

cytes. For the natural products, the results are generally increased showing that the natural products in 

the HaCaT cells (Figure 5.1 – B) are not as toxic as for MET1 SCC cells (Figure 5.2 – B). Many re-

searchers demonstrated the selectivity of natural products that were more toxic in cancer cells than in 

non-cancer cell line [25–27]. Furthermore, the chelating agents showed lower IC50 values in the non-

cancer cell line (Figure 5.1 – C) in comparison with cancer cells (Figure 5.2 – C).  

 

 

Figure 5.1: Cell viability of HaCaT cells treated for 24 or 48 hours with dyes (MB, AO, GV), natural compounds 

(QT, CUR, EGCG) or chelating molecules (NEO, PHE, BIPY) with a range of concentration from 1.25 µM to 320 

µM. Values presented are the mean ± combined standard uncertainty (n=4) and statistical analysis comparing the 

results to the cell viability of the negative control was performed by a two-way ANOVA with Bonferroni post-test 

where * p < 0.05, ** p < 0.01 and *** p < 0.001. MB: methylene blue, AO: acridine orange, GV: gentian violet, 

QT: quercetin, EGCG: epigallocatechin gallate, CUR: curcumin, NEO: neocuproine, PHE: 1,10-phenanthroline, 

BIPY: 2,2’-bipyridyl, PC: positive control, NC: negative control, SC: solvent control. 
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Figure 5.2: Relative cell viability of MET1 cell line treated for 24 or 48 hours with the dyes (MB, AO, GV), 

natural compounds (QT, CUR, EGCG) or chelating molecules (NEO, PHE, BIPY) with a range of concentration 

from 1.25 µM to 320 µM. Values presented are the mean ± combined standard uncertainty (n=4) and statistical 

significances comparing the results to the cell viability of the negative control was performed by a two-way 

ANOVA with Bonferroni post-test where * p < 0.05, ** p < 0.01 and *** p < 0.001. MB: methylene blue, AO: 

acridine orange, GV: gentian violet, QT: quercetin, EGCG: epigallocatechin gallate, CUR: curcumin, NEO: neo-

cuproine, PHE: 1,10-phenanthroline, BIPY: 2,2’-bipyridyl, PC: positive control, NC: negative control, SC: solvent 

control. 

 

The high cytotoxicity of dyes is a promising result considering the use as anticancer drugs, 

however in the pursuit of photosensitizers, the light effect should be also considered. MB, AO and GV 

are very toxic for the MET1 SCC cells exhibiting IC50 values of 14.2 µM, 15.1 µM and 3.9 µM for the 

24 h experiment and 4.2 µM, 10.3 µM and 1.2 µM for the 48 hours experiment, respectively. Clearly, 

GV was the most toxic in comparison to the other dyes, which is a challenge considering that it would 

be interesting to observe a difference in viability when submitted to light irradiation in the evaluation of 

the phototoxic potential. 
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The molecule curcumin is being widely studied regarding the anticancer properties [28,29] and 

indeed show low IC50 values of 26 µM and 7.2 µM in the squamous carcinoma cells. Moreover, accord-

ing to the literature [30–33] EGCG and quercetin are also some natural candidates for anticancer ther-

apy. However, in this work the achieved IC50 values are not very impressive comparing to the other 

molecules. This same perception occurred for the chelating agents which also presented IC50 higher than 

100 µM in the 24 hours experiment. 

 

Table 5.1: Calculated IC50 of 24 and 48 hours cytotoxicity using MET1 SCC and HaCaT cells treated with the 

dyes (methylene blue, acridine orange, gentian violet), natural compounds (quercetin, curcumin and epigallocate-

chin gallate) and chelating molecules (neocuproine, 1,10-phenanthroline and 2,2’-bipyridyl) using concentrations 

from 1.25 µM to 320 µM. 

 IC50 (µM) 

 MET1 SCC cells HaCaT cells 

Compound 24 h 48 h 24 h 48 h 

Methylene blue 14.2 4.2 11.6 7.1 

Acridine orange 15.1 10.3 10.5 6.5 

Gentian violet 3.9 1.2 2.8 0.9 

Quercetin 429.0 109.8 - 314.8 

Curcumin 26.0 7.2 9.0 11.7 

Epigallocatechin gallate 173.9 136.3 211.1 173.2 

Neocuproine - - - 158.5 

1,10-Phenanthroline 123.6 7.7 35.2 5.9 

2,2’-Bipyridyl 275.0 97.2 125.2 57.8 

 

 Phototoxicity in MET1 SCC cells 

In order to evaluate the phototoxic potential of the DNA-intercalating agents efficacy in cancer 

cells damage, irradiation studies were carried out in MET1 SCC cells. As seen before in the cytotoxicity 

experiments, the range of concentration was reduced as some molecules, mainly the dyes, presented less 

than 10% cell viability at concentrations higher than 40 µM. Different potential photosensitizer mole-

cules were used in squamous carcinoma cell line and submitted to different light sources to evaluate 

their effect and were compared to samples kept in the dark without irradiation that were used for com-

parison purposes (control). The dark controls exhibited in this chapter may present difference values of 

IC50 due to an additional 24 hours incubation after removal of the treatments, to follow the procedure of 

the irradiated samples. 
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Figure 5.3 – A, B and C exhibit the cell viability results for the dyes MB, AO and GV respec-

tively. A statistical comparison between the MB treated cells shows that all the light wavelength affected 

the cells viability compared to the control kept in the dark. Cells treated with MB and irradiated with 

the red light (640 nm) had, as exhibited in Table 5.2, the lowest IC50 value of 3.8 µM, almost 3 times 

lower than the control one. This is somehow expected, since MB has the three main characteristic bands, 

two at UV region with maximum absorbance at 250 nm and 300 nm and one at the visible region, with 

maximum of absorbance at 665 nm [34]. The irradiation with 254 nm wavelength light also shows great 

phototoxicity. For this reason, MB photodynamic potential on cancer cells damage has gained the re-

searchers’ interest. For example, Kofler et al. [35] studied the effect of MB in head and neck squamous 

cell carcinoma while Dos Santos et al. [36] in breast cancer cells and the MB mediated PDT caused 

significant cell death. The value of the IC50 of the dark control divided by the IC50 of the cells treated 

with MB and irradiated by 640 nm light was able to estimate the factor of phototoxicity, which showed 

in this case value of 2.9, which can be attributed to a moderate phototoxicity.  

The effect of the AO dye (Figure 5.3 – B) in the cells viability is strongly dependent to the light 

wavelength. The effect caused by the 457 nm light on these cells is remarkable, showing cell viability 

less than 10% at all concentrations investigated. This is evident when analyzing the IC50, which shows 

calculated values of 11.5 µM, 6.6 µM, 4.1 µM and 7.1 µM for dark, 640 nm, 583 nm, 254 nm wavelength 

of irradiation, respectively. For the 457 nm irradiation, the viability is low and the calculation of the IC50 

value was done using concentrations in the 0.3 µM to 10 µM range (Appendix Figure A.1). The IC50 

value obtained under this condition was 0.4 µM. The phototoxicity factor was calculated dividing cells 

treated with AO kept in the dark by the cells treated and exposed to blue light, which resulted in a factor 

of 28.8, meaning a high phototoxicity of AO with blue light irradiation. This agrees with AO spectrum, 

since it exhibits characteristic peaks in the UV region around 230 nm, 270 nm and 290 nm [37], in the 

visible region the maximum absorbance is at the 490 nm wavelength, related with the AO molecule 

(monomer) and a shoulder around 470 nm that can turn into a peak with the increase of concentration 

and which associated to possible AO dimers [38]. As a remark, there is reference to some molecules 

with intense peak in the blue wavelength region (Soret peak) that are very efficient as PS, attributed to 

a proper action of the blue region wavelength, claimed to be able to lead to the death of cancer cells at 

a certain depth [5]. Osman et al. [39] investigated the photosensitizing potential of AO for glioblastoma 

and using a low concentration of 0.001 mg/mL a very significant decrease in the cell count has been 

observed. The potential application of AO-PDT for bladder cancer therapy was studied by Lin et al. [40] 

which also revealed for this cell type a significant cell death for low AO concentrations and blue light 

irradiation. 

Cells treated with GV and irradiated seems to be affected by light with exception of blue light 

(457 nm) as shown in (Figure 5.3 – C). A special decrease of cell viability can be observed for the 

irradiation with 583 nm resulting in an IC50 value of 1.0 µM. However, as previously shown in the 

cytotoxicity studies, this dye present high toxicity in the MET1 SCC cell line, the dark toxicity at the 
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lowest concentration of 1.25 µM was below 60% which indicates the sample’s high cytotoxicity while 

for the other dyes we obtained at least 90% of viability at the same condition.  

In the concentration range of 1.25 µM to 40 µM QT only shows significant results at 40 µM for 

irradiations with 583 nm, 457 nm and 254 nm wavelength light (Figure 5.3 – D). For EGCG no photo-

toxicity was observed in the investigated range. EGCG is an example of molecule that can present a 

dual role of prooxidant and antioxidant depending on the concentration level [41,42]. To calculate these 

IC50 values, assays were repeated using concentrations up to 320 µM (Appendix Figure A.2). The 

achieved results are exhibited in Table 5.2. From these results, one can observe that IC50 values in gen-

eral increases comparing to dark control assays. For QT, the control presented IC50 of 229.7 µM and 

was decreased when irradiating at 254 nm where an IC50 of 205 µM was observed. For EGCG all IC50 

obtained from the phototoxicity studies (Figure 5.3 – E) were above of the control (190.8 µM). These 

compounds are often used in combination with PDT [21,22,43,44], as seen for example in the research 

developed by Mun et al. [43], where it has been demonstrated that PDT using radachlorin and EGCG 

improved anti-tumor effect in vitro and in vivo. 

Cell viability studies in the presence of curcumin and irradiation with light of wavelength of 

640 nm, 583 nm, 457 nm and 254 nm light showed statistically different results for the populations of 

the experimental conditions in comparison with the dark control, with the IC50 values around 10 µM 

(Figure 5.3 – F). As curcumin presents a characteristic absorbance band in the visible region at 430 nm 

[45], one expects a strong effect of 457 nm light. In fact, this is in accordance with the achieved results 

on the cells where an IC50 of 10.7 µM was observed, which is lower than the control one of 15.5 µM. 

Fadeel and collaborators [46] investigated the encapsulation of curcumin in PEGylated lipid carrier to 

be used in photodynamic therapy on human skin cancer cell line and demonstrated a cell survival de-

crease when using curcumin suspension, which was boosted when using encapsulated curcumin. 

 Studies with neocuproine using the smaller concentration range (1.25 µM – 40 µM) show a 

differentiate behaviour, where cell viability is seen to slightly increase as the concentration increases. 

Due to this behaviour, the IC50 value cannot be calculated (Figure 5.3 – G). However, similarly to GV, 

this compound shows cell viability below 70% even at dark conditions. For 1,10-phenanthroline (Figure 

5.3 – H) it is possible to observe difference from the dark control at 5 µM and 10 µM. The application 

of agent chelators such as phenanthroline in PDT are usually associated with the incorporation into a 

metallic complex, as revealed in Al Hageh et al. work [47], in which a synthetized bis-phenanthroline 

complex was developed and was seen to be able to generate DNA damage after irradiation as a result of 

successful ROS production.  
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Figure 5.3: Relative cell viability of MET1 cell line treated with dyes, natural compounds, or chelating agents and submitted to irradiation. Samples kept in the dark were used 

as control and compared to those submitted to irradiation at different wavelengths. Values are mean ± combined standard uncertainty (n=6) and statistical analysis was done by 

a two-way ANOVA with Bonferroni post-test where * p < 0.05, ** p < 0.01 and *** p < 0.001. MB: methylene blue, AO: acridine orange, GV: gentian violet, QT: quercetin, 

EGCG: epigallocatechin gallate, CUR: curcumin, NEO: neocuproine, PHE: 1,10-phenanthroline, BIPY: 2,2’-bipyridyl. 
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  The chelating agent 2,2’-bipyridyl did not show phototoxicity in the concentration range ex-

hibited in Figure 5.3 – I and, therefore, experiments were repeated with concentrations until 320 µM 

(Appendix Figure A.2) for the attainment of the IC50. In this case, there is a decrease in the IC50 values 

of the irradiated samples mainly for the 583 nm and 457 nm wavelength light. Alike 1,10-phenanthro-

line, some studies showed the efficient photosensitizing activity of 2,2’-bipyridyl in metallic complexes 

[48,49]. Therefore, the association of these molecules in complexes is an interesting approach to be 

explored.  

As mentioned, some of the investigated compounds as the dyes present phototoxicity at low 

concentrations, while natural compounds, with the exception for curcumin, do present phototoxicity 

above 150 µM. Considering the results obtained with MET1 SCC cells, methylene blue and acridine 

orange in low concentrations range are worth to be used in further studies in melanoma cell line 

WM983b and in the evaluation of the intracellular ROS production in MET1 SCC cells. 

 

Table 5.2: Comparison of IC50 from phototoxicity assay in MET1 SCC cells treated with the dyes (methylene 

blue, acridine orange, gentian violet), natural compounds (quercetin, curcumin and epigallocatechin gallate) and 

chelating molecules (neocuproine, phenanthroline and 2,2’-bipyridyl), submitted or not to different light sources.   

 IC50 (µM) 

Compound Dark 640 nm 583 nm 457 nm 254 nm 

Methylene blue 10.9 3.8 5.0 6.2 4.3 

Acridine orange 11.5 6.6 4.1 0.4 7.1 

Gentian violet 2.9 1.8 1.0 2.7 1.5 

Quercetin 229.7 340.4 269.2 287.8 205.0 

Curcumin 15.5 11.0 11.5 10.7 9.3 

Epigallocatechin gallate 190.8 224.4 211.1 222.2 192.9 

Neocuproine - - - - - 

1,10-Phenanthroline 7.4 4.8 6.8 4.9 6.0 

2,2’-Bipyridyl 228.1 202.1 190.4 171.3 224.9 

 

 Intracellular ROS production in MET1 SCC cells 

DHE was the probe selected to evaluate ROS production by fluorescence microscopy due to 

DHE oxidation in the presence of superoxide radical (O2
•−), forming products with red fluorescence as 

the stable 2-hydroxiethidium (2-OH-E+) and ethidium (E+), this one as a result of non-specific oxidation 

such as with hydroxyl radical (•OH) or hydrogen peroxide (H2O2) [50].  

As the results showed that both MB and AO had a significant decrease in the IC50 values when 

submitted to 640 nm and 457 nm wavelength light, fluorescence studies were directed to these molecules 
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using low concentrations known to have no effect on cell viability in the absence of irradiation. Fluo-

rescence images of cells treated with MB in the presence or in the absence of light are shown in Figure 

5.4. It is possible to observe a weak fluorescence in the cells of the control (0 µM, without MB) and the 

same pattern for the other wells containing cells treated with MB but no light. However, we can observe 

a slightly increase in fluorescence intensity at the concentration of 2.5 µM, in irradiated cells regarding 

to non-irradiated cells. This can be an indicative of a modest ROS production after irradiation. Cells 

fluorescence images treated with AO and submitted to the same procedure as cells treated with MB but 

with no irradiation showed a slight increase of fluorescence intensity with the increase of AO concen-

tration (Figure 5.5) when compared to the cells treated with MB. However, it is notorious the difference 

between the fluorescence intensity of cells submitted to irradiation when compared to the ones without 

the irradiation, with the increase of AO concentration. Thus, we can infer the production of ROS after 

irradiation. 

 

 

Figure 5.4: Fluorescence images of MET1 SCC cells in presence of different concentrations of methylene blue 

with the presence or absence of light. Scale bar = 100 µm. 
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Figure 5.5: Fluorescence images of MET1 SCC cells in presence of different concentrations of acridine orange 

with the presence or absence of light. Scale bar = 100 µm. 

 

Figure 5.6 exhibits the quantification of red fluorescence measured using the ImageJ software 

in relation to the total count of cells in the image. The study with MB (Figure 5.6 – A) shows an inte-

grated density intensity of fluorescence around 1.1x106 for the non-irradiated control (0 µM, without 

the dye). However, a modest increase in the integrated density for samples treated with 2.5 µM of MB 

was observed, followed by a decrease with the highest concentration, which agrees with the fluorescence 

images exhibited in Figure 5.4. One can speculate that through this method it is possible to detect small 

amount of ROS, mainly for the lower concentrations. However, it was clear that MB presented photo-

toxicity in this cell line at these concentrations, in such a way that the employed probe perhaps was not 

the most suitable in this case and other ROS probes should be tested. 

In the Figure 5.6 – B, the fluorescence intensity for cells treated with AO is displayed. From 

this figure one can observe an integrated density value around 1.1x106 for the control without AO. With 

the increase of AO concentration, the integrated density intensity is seen to rise for samples with and 

without light irradiation. However, the greater fluorescence intensity is associated, without any doubt, 

to the irradiation. In comparison to the non-irradiated control (0 µM, without the dye), cells treated with 

5 µM AO and submitted to 457 nm irradiation presented an increase in fluorescence about 2.6-fold in 

the fluorescence. Comparing cells treated with 5 µM AO non-irradiated and those irradiated, there is an 

increase about 1.4-fold in the fluorescence intensity. AO can accumulate in acidic vesicular organelles 

and is often employed in fluorescence to investigate autophagy [51], therefore, as at these concentrations 

AO is not toxic, the mild red fluorescence of cells without light irradiation may indicate an autophagy 

process. Apart from the uncertain reason why AO creates a red fluorescence in the cells, it should be 
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reinforced that the DHE detection method was able to confirm the ability of AO to induce the production 

of ROS.   

 

 

Figure 5.6: Quantification of fluorescence intensity of MET1 cells treated with (A) methylene blue and (B) acri-

dine orange, submitted or not to irradiation at 640 nm and 457 nm, respectively. Results are displayed as mean ± 

standard deviation of the mean (n=4) and statistical analysis was done by a two-way ANOVA with Bonferroni 

post-test where ** p < 0.01 and *** p < 0.001, by the comparison of the fluorescence intensity of irradiated cells 

to the cells treated with the same concentration and non-irradiated. 

 

 Cytotoxicity and Phototoxicity in WM983b cells 

To evaluate about the possible extension of using the same promising photosensitizers for other 

types of cancers, studies were performed in melanoma cell line. Figure 5.7 shows the WM983b cell 

viability study of cells treated for 24 or 48 hours with the dyes MB and AO in the concentration range 

of 1.25 µM to 320 µM. The IC50 of the dyes MB and AO was low, with values of 18.0 µM and 6.1 µM 

for MB and 25.2 µM and 6.6 µM for AO, in the experiments of 24 and 48 hours experiments, respec-

tively. Comparing to non-cancer and cancer keratinocytes cell lines, the melanoma cells revealed to be 

more resistant to these compounds mainly for the 24 hours treatment. However, they are clearly cyto-

toxic to this cell line at concentrations above 10 µM for MB and 20 µM for AO, concentrations which 

the relative cell population falls below 70%. In melanoma cancer, cells rapidly develop resistance to 

treatment rapidly through various molecular mechanisms [52], so it is expected that melanoma cells are 

more resistant than other cells. 
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Figure 5.7: Relative cell viability of WM983b cell line treated for 24 or 48 hours with the dyes MB and AO with 

a range of concentration from 1.25 µM to 320 µM. Values present are the mean ± combined standard uncertainty 

(n=4) and statistical analysis comparing the results to the negative control was performed by a two-way ANOVA 

with Bonferroni post-test where * p < 0.05, ** p < 0.01 and *** p < 0.001. MB: methylene blue, AO: acridine 

orange, PC: positive control, NC: negative control, SC: solvent control. 

 

For the cells treated with MB, phototoxicity results show IC50 values of 2.1 µM and 7.3 µM for 

irradiated and for non-irradiated samples, respectively (Figure 5.8). In accordance with previous results 

with the squamous carcinoma cell line, the IC50 for AO in melanoma cell line was 1.1 µM and 17.5 µM 

with and without irradiation, respectively. Once again AO molecules presence contributes to a more 

significant phototoxicity when compared with the one achieved with MB. In any case, the PDT is effec-

tive for this melanoma cell line for low dye concentrations. 

 

 

Figure 5.8: Relative cell population of WM983b cell line treated with dye molecules MB, AO and submitted to 

irradiation. Samples non-irradiated, light (-), was used as control compared to those submitted to different light 

wavelength irradiation (640 nm for MB and 457 nm for AO). Values are presented by the mean ± combined 

standard uncertainty (n=6) and statistical analysis was done by a two-way ANOVA with Bonferroni post-test 

where * p < 0.05, ** p < 0.01 and *** p < 0.001, in comparison with the negative control. MB: methylene blue, 

AO: acridine orange, PC: positive control, NC: negative control, SC: solvent control. 
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5.4 Conclusions 

In this work, the in vitro cytotoxicity of several DNA-intercalating agents, namely, methylene 

blue, acridine orange, gentian violet, curcumin, quercetin, epigallocatechin gallate, neocuproine, 1,10-

phenanthroline and 2,2’-bipyridyl, was analyzed in HaCaT cells (non-cancer keratinocytes) and MET1 

SCC cells (cancer keratinocytes cell line). The achieved results allowed to conclude that non-cancer 

keratinocytes are more sensitive to the tested agents than the cancer cell line and, in general, dyes and 

curcumin revealed to be more cytotoxic (IC50 below 30 µM) when compared to the other compounds 

tested. Results of phototoxicity showed that the IC50 values of the dyes and curcumin are very low 

(below 20 µM) while for the natural products QT, EGCG and the chelating agent 2,2’-bipyridyl the 

values are higher than 100 µM for MET1 SCC cells. The most promising molecules that considerably 

reduced their IC50 values were MB and AO, when submitted to a 640 nm and 457 nm light irradiation, 

respectively. ROS detection was more evident for cells treated with AO at low concentrations. In 

accordance with the results obtained in MET1 SCC cells, MB and AO are also cytotoxic and phototoxic 

towards the melanoma cell line, with special highlight to AO, that demonstrated a significant difference 

between the IC50 values of cells with and without irradiation. This investigation also revealed that 

although the molecules can act as photosensitizers, the effects depend on the cell type, the concentration 

of the photosensitizer and the irradiation dose. Finally, this work allows to demonstrate a significant 

photosensitizing activity of AO using low concentrations and at moderate light dose.  
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6   

 

OPTIMIZATION OF NANOLIPOSOMES FOR THE 

TOPICAL DELIVERY OF PHOTOSENSITIZERS 1 

Abstract: Photodynamic therapy uses photosensitizer molecules for the photo-mediated treatment of 

several diseases such as cancer and skin disorders. However, most of the photosensitizer molecules 

present problems such as aggregation and low solubility in physiological environments which hinders 

the treatment efficacy. To overcome these problems, the development of stable liposomes as drug de-

livery systems of the photosensitizing molecules can be explored. Therefore, these systems turned into 

promising alternatives to enhance cellular uptake and the therapy’s efficacy. In this work, liposomes 

composed by different lipids with or without surfactants were characterized for the encapsulation of 

photosensitizer molecules such as methylene blue (MB) and acridine orange (AO). Liposomes were 

produced by the thin-film hydration method followed by extrusion to reduce particles size and were 

characterized by Dynamic Light Scattering. Encapsulation efficiency was evaluated as well as the re-

lease profile of these molecules from the liposomes systems. To investigate the cytotoxicity and photo-

toxicity, studies on non-cancer keratinocytes and cancer keratinocytes were performed. Results showed 

that liposomes’ stability depends on the composition of lipids in presence or not of surfactants. Most 

stable liposomes were mainly those with cholesterol plus the surfactants Span® 80 or sodium cholate 

that were able to provide higher stability for the liposomes considering the encapsulation of the MB and 

AO photosensitizers. Encapsulation efficiency (EE) studies revealed that AO had greater affinity for the 

vesicles presenting high EE (≥97%) while for MB the encapsulation was, in general, moderate (>60%). 

Greater phototoxicity was observed for MET1 SCC cells treated with AO-liposomes, achieving similar 

half-maximal inhibition concentration (IC50) as for the free drug. Finally, two different possible ap-

proaches were found, namely, MB-liposomes with the potential as a cytotoxic agent for cancer cells; 

and AO-liposomes with a great phototoxicity potential at very low concentrations.   

 
1 This chapter is based on the manuscript submitted for publication: 

Pivetta, T.P., Ferreira, Q., Vieira, T., Simões, S., Silva, J.C., Ribeiro, P.A., Raposo, M. Nanoliposomes Optimization for 

Photosensitizers Topical Delivery. 
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6.1 Introduction  

Candidate drugs for photosensitizing application have been broadly explored essentially be-

cause of the interest that photodynamic therapy (PDT) has gained in the past few decades [1–3]. In PDT, 

three components are required for its effective action: a source of light, presence of oxygen and a pho-

tosensitizer (PS). Therefore, photosensitizing molecules have an important role for the efficacy of the 

treatment [4,5]. Photosensitizers are molecules that, under irradiation by specific wavelengths, can be 

excited and generate photochemical reactions that lead to cell death [1,6]. The photosensitizers should 

have limited dark cytotoxicity and capacity to result in cytotoxicity when submitted to light presenting 

a high quantum yield of 1O2 [7,8]. 

The first class of photosensitizers were the hematoporphyrin derivatives such as Photofrin® 

which were the first to be approved for clinical use [9,10]. Second generation of photosensitizers such 

as phthalocyanine and benzoporphyrin have been developed to overcome problems provoked by the 

first generation such as the prolonged sensitization of the skin. The photosensitizers of the second gen-

eration can absorb light at longer wavelengths which influences in a deeper skin penetration and also 

cause less sensitization compared to the first class [10]. The third class of photosensitizers are currently 

being developed together with nanotechnology to achieve a better efficacy of PDT [10,11]. Other non-

porphyrin like photosensitizers are also under investigation for the application in PDT including dyes 

such as rose bengal, phenothiazinium dyes (methylene blue, toluidine blue) and acridines [9,10]. An 

important strategy to enhance the efficacy of PDT is to ensure an adequate distribution of PS to the 

target tissue and, consequently, also to reduce side effects [1]. In this context, nanotechnology has 

emerged to overcome problems of traditional medicine [11].  

Liposomes are self-assembled vesicles created from the spontaneous organization of phospho-

lipids into a bilayer that tends to fold on itself resulting into a vesicle [12]. Due to the lipidic nature, 

liposomes present some advantages such as low toxicity, biodegradability and biocompatibility, thus 

can be used as drug carriers [13]. The composition of liposomes can be widely varied as there are a 

miscellaneous of options: positively charged, negatively charged or neutral lipids; natural and synthetic 

lipids; lipids with different degrees of saturation and many other features that must be taken into account 

for liposomes preparation [14]. Liposomes systems offer several advantages such as the encapsulation 

of hydrophilic and hydrophobic molecules as well as their release in a sustained way [15,16].  

New derivatives of liposomes such as the transfersomes and ethosomes were developed in order 

to give more flexibility to the vesicles towards an enhanced permeation [17]. The transfersomes’ com-

position consists of a phospholipid composition with addition of an edge activator like a surfactant while 

ethosomes present a high concentration of ethanol in their composition. Both systems are more flexible 

when compared to the conventional liposomes and due to the penetration enhancer, the vesicles can 

penetrate into deeper layers of the skin [15,18]. In the literature it is usually found the use of polysorbates 

(e.g., Tween® 20, Tween® 80), sorbitan esters (e.g., Span® 20, Span® 80), sodium cholate and sodium 
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deoxycholate as edge-active surfactants [19–21]. These single chain surfactants, at the certain concen-

trations, are able to provide a higher fluidity of the bilayer by the decrease of the interfacial tension 

[20,22]. It can also provide stability to the formulation and influence the size of the particle. Further-

more, these formulations can enhance the encapsulation of drugs [23]. 

Recent studies showed that the encapsulation of PS into liposomes was effective in suppressing 

tumor growth in several types of cancer such as for breast cancer, biliary tract cancer and gastric cancer 

[24–26]. Furthermore, encapsulation of PS reduced the dark cytotoxicity of the drug and improved the 

cellular uptake [27,28]. Under this compliance, there are many reasons to believe that liposomes are 

good carriers for phototherapy application, along with the advancement in the search and development 

of new photosensitizers. 

The dyes methylene blue (MB) and acridine orange (AO) have been tested with nanoparticles 

for PDT applications. Jesus et al. [29], for example, studied the combination of gold nanoparticles and 

silver nanoparticles with MB in breast adenocarcinoma and MB encapsulated in polymeric nanoparticles 

were tested with dental plaque bacteria [30]. This shows a great opportunity of assembling MB with 

nanoparticles, which can be done with liposomes as some works demonstrated that MB in liposomes 

could be used as antibacterial and PDT of cancer cells [31,32]. AO is not as popular as MB, however, 

encapsulation of AO has been gaining attention in the last years such as the study of Liu et al. [33] that 

reported the encapsulation AO in mesoporous manganese dioxide nanoparticles for radiotherapy while 

Romio et al. [34] studied the incorporation of AO in liposomes with triclosan for antibacterial purpose. 

In this study the optimization of liposomes prepared with the lipids 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium salt 

(DPPG), 1,2-Dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG) and cholesterol 

(CHOL) was tested without or with the surfactants Tween® 80, Span® 80 and sodium cholate in order 

to accomplish the most stable formulations for the encapsulation of the photosensitizers methylene blue 

and acridine orange. Liposomes were characterized regarding their size, the encapsulation efficiency 

and the release profile. In vitro studies showed that liposomes were, in general, tolerated by non-cancer 

cells likely to what was observed for the cancer cell line.  

 

6.2 Materials and Methods 

 Materials 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Tokyo Chemical 

Industry, 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium salt (DPPG) was obtained 

from Avanti, 1,2-Dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG), cholesterol 

(CHOL), polysorbate 80 (Tween® 80), sorbitan monooleate (Span® 80), sodium cholate, methylene blue 
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and acridine orange hemi(zinc chloride) salt were obtained from Sigma-Aldrich. Dulbecco’s Modified 

Eagle Medium (DMEM) and fetal bovine serum (FBS) were purchased from Biowest. Penicillin-Strep-

tomycin and TrypLE™ Express Enzyme 1 X were purchased from Gibco. 

 

 Preparation of Liposomes 

The lipids were prepared in a mixture of chloroform and methanol (8:2), dried gently using 

nitrogen air blast and submitted to vacuum overnight to remove solvent residues achieving a lipid film 

on the test tube walls. Mixture of lipids were tested and prepared according to Table 6.1, with a final 

concentration of 2 mg/mL. The liposomes were prepared by the thin-film hydration method [35] where, 

after dried, lipids were hydrated with phosphate-buffered saline (PBS) 10 mM, pH 7.4, and submitted 

to five cycles of heating and cooling with vortex agitation between cycles. Then, lipid suspensions were 

extruded 21 times through a 0.2 µm polycarbonate membranes (Avanti). The surfactants Tween® 80, 

Span® 80 and sodium cholate were also tested with the previously described lipid combinations achiev-

ing 5% (w/v) of surfactant in each liposomal preparation. For the encapsulation of the photosensitizers, 

MB and AO solutions in PBS were prepared at 0.1 mM and 0.05 mM, respectively, added during the 

hydration step and then the thin-film hydration procedure was equally performed. After the preparation, 

samples were stored at 4 ºC. 

 

Table 6.1: Combination of lipids for liposomes preparation. 

Liposomes 
Proportion (weight ratio) 

DPPC DPPG CHOL DOPG 

L1 7 3 - - 

L2 7 2 1 - 

L3 7 2 - 1 

 

The combinations described in Table 6.1 were based on the desire to obtain liposomes formu-

lations with a high phase-transition temperature, which would be appropriate for topical delivery and 

would be more stable regarding temperature changes.  

 

 Characterization of Liposomes 

Liposomes were evaluated by Dynamic Light Scattering (DLS) technique to obtain Z-average 

size and Polydispersity Index (PdI) of each formulation. Samples were prepared by the dilution of lipo-

somes suspension in PBS (1:200) and analyzed by a Zetasizer Nano S (Malvern).  
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Encapsulation efficiency (EE) was evaluated through an indirect method using centrifugation. 

For the quantification of EE, liposomes were centrifuged at 5,000 x g in Amicon® Ultra Centrifugal 

filter [36] with a 10 kDa cut-off. The filtrate was evaluated by Ultraviolet-visible technique using a 

spectrophotometer (UV-2101PC, Shimadzu) and the unencapsulated amount was quantified using a cal-

ibration curve based on the absorbance at 664 nm and 486 nm for MB and AO, respectively. EE was 

calculated indirectly using Equation 6.1 where Ct is total concentration of MB or AO and Cf is the 

concentration of non-encapsulated drug found in the filtrate. 

 

Equation 6.1 𝐸𝐸(%) =
𝐶𝑡–𝐶𝑓

𝐶𝑡
 . 100 

 

 Release studies 

 For the study of the release profile of MB and AO from the liposomes suspensions MB_L2sp, 

MB_L2sc, AO_L2sp and AO_L2sc, where L2sp is related to L2 composition with Span® 80 and L2sc 

is related to the L2 composition with sodium cholate, were placed in a regenerated cellulose membrane 

(MWCO 12,000-14,000). The membrane was kept under stirring in release media (PBS 10 mM, pH 

7.4). At selected times, an aliquot was removed and analysed by Ultraviolet-visible technique using a 

spectrophotometer (UV-2101PC, Shimadzu). An equal volume to the aliquot was replaced to maintain 

the sink condition. Quantification of MB and AO were based on the absorbance at 664 nm and 486 nm, 

respectively, and calculated according to Equation 6.2, where Q is the amount released, Cn is the con-

centration at the selected time, Vt is the total volume of PBS, Va is the volume of aliquot withdrawn from 

the experiment and Qt is the total amount of drug.   

 

Equation 6.2 𝑄(%) =
𝐶𝑛.𝑉𝑡+∑ 𝐶𝑛𝑖−1

𝑛
𝑖=1 .𝑉𝑎

𝑄𝑡
 . 100 

 

 In vitro cytotoxicity and phototoxicity 

6.2.5.1 Cell culture 

MET1 SCC cells (squamous cells carcinoma) obtained from Ximbio and HaCaT cells obtained 

from AddexBio were cultured in DMEM, low glucose and high glucose, respectively, supplemented 

with 10% FBS and antibiotics (penicillin 100 U/mL and streptomycin 100 µg/mL. Cells were cultivated 

in an incubator (Sanyo MCO-19AIC-UV) at 37 °C in a 5% CO2 humidified atmosphere. To release the 
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cells from the flasks was used TrypLE™ Express Enzyme 1X. For the assays, cells were counted and 

seeded in 96-well plates at a cell density of 20,000 cells/cm² and incubated overnight. 

 

6.2.5.2 Cytotoxicity 

Cells seeded on 96-well plates were treated with different samples of liposomes (L2, L2sp [with 

Span® 80] and L2sc [with sodium cholate]) with and without MB or AO. For that, the medium was 

aspirated from the 96-well plate and replaced by the samples diluted in the medium using the concen-

tration range from 1.25 µM to 40 µM for MB and for AO from 0.31 µM to 10 µM. Cells without 

treatment and cells with 10% of DMSO were used as negative (NC) and positive control (PC), respec-

tively. After 24 hours or 48 hours samples were removed, and cells were washed with PBS. Resazurin 

diluted in medium at a concentration of 0.02 mg/mL was added, and plates were incubated for 3 hours. 

The absorbance was measured in a microplate reader (ELX800UV, Biotek Instruments) using the wave-

lengths of 570 nm and 600 nm. The corrected absorbance is proportional to cell viability and propagation 

of uncertainties was used to calculate the combined standard uncertainty. 

 

6.2.5.3 Phototoxicity 

96-well plates already seeded with MET1 SCC cells were submitted to the treatment with lipo-

somes by removing the medium and replacing with MB_L2, MB_L2sp or MB_L2sc diluted in medium 

using the range of 1.25 µM to 40 µM. The same was performed for AO_L2, AO_L2sp and AO_L2sc 

but with range of concentrations of 0.31 µM to 10 µM. Cells without treatment and cells treated with 

10% DMSO were considered as NC and PC, respectively. After 24 hours the medium was removed, 

wells were washed with PBS and replaced by medium without phenol red. Plates used as dark control 

were kept in the dark while the others were irradiated at 640 nm or 457 nm for MB and AO-liposomes, 

respectively, with a dose of 2.5 J/cm². Plates were incubated for more 24 hours and lastly resazurin assay 

was performed as previously described in section 6.2.5.2. 

 

6.3 Results and Discussions 

 Liposomes Characterization 

A set of liposomes formulations was tested to evaluate different lipid compositions and their 

effect on Z-average size and PdI over time. The main lipidic compositions were based on the mass ratio 

proportion with 70% of DPPC while other lipids such as DPPG, DOPG and CHOL were included at 

lower percentages. DPPC is a zwitterionic phospholipid with a large polar portion and studies showed 
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that this the large polar “head” gives better stability against hydrolysis. The length of the acyl chain is 

directly connected to the gel-liquid crystal transition temperature, therefore larger lipids such as DPPC 

present better stability [37]. DPPG is an anionic lipid and is associated to a better encapsulation effi-

ciency however, DPPG liposomes are usually unstable and tend to agglomerate, therefore, mixtures of 

DPPC and DPPG are often used as a model for cell membrane studies. Furthermore, the concentration 

of cholesterol is important to guarantee stability and modulation of the release [38]. 

Relying on these information, three main lipid compositions were prepared namely L1 (DPPC 

+ DPPG), L2 (DPPC + DPPG + CHOL) and L3 (DPPC + DPPG + DOPG) with different proportions, 

as described in Table 6.1. Aiming the improvement of the formulation and to enhance stability, the 

following surfactant molecules were tested on these compositions: Tween® 80, Span® 80 or sodium 

cholate.  

The stability was carried out during approximately one month using the parameters Z-average 

size and PdI as shown on Figure 6.1. L1 and derivatives compositions are represented by Figure 6.1 ‒ 

A, where is possible to observe that L1 without surfactant present consistent size around 130 nm along 

time with low PdI that is maintained stable during the time analyzed. The addition of Tween® 80 shows 

great deviation on size measurements and increase of PdI from the second day of measurement which 

was also observed later, on the third measurement. On the other side, incorporation of Span® 80 to L1 

showed slightly higher size than L1, also with an increase on the PdI until the last day of measurement. 

Differently from the other surfactants, sodium cholate addition apparently did not have effect on the size 

during the stability evaluation but exhibit a PdI increase.  

L2 and derivative formulations with surfactants (Figure 6.1 ‒ B) were the most stable group of 

liposomes during the stability studies. The presence of cholesterol had a great impact on the size of 

liposomes and the maintenance of the size and PdI over time [39,40]. On the first and last measurement, 

L2 present a size around 140 nm showing that this system is stable. Differently from L1, composition 

that do not contain cholesterol, the addition of the surfactants shows no significant difference between 

the formulations, with exception for Tween® 80 which present a slightly higher size. 

The L3 composition contains DOPG, an unsaturated phospholipid that is known to be suscepti-

ble to a destabilization over time [41,42] as can be observed in Figure 6.1 ‒ C, where liposomes prepared 

with this lipid showed initial PdI of 0.136 ± 0.060 and at the end of the stability study PdI was 0.288 ± 

0.059. Liposomes L3 with the addition of Tween® 80 exhibited an increase of size and its deviation 

along time as well as the PdI with values higher than 0.200 at the first measurement. It was observed a 

continued increase of these parameters, which means the ease destabilization of this formulation. Dif-

ferently from composition with Tween® 80, L3 prepared with Span® 80 and sodium cholate presented a 

slight increase of size and PdI, following a similar pattern as L3. 
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Figure 6.1: Comparison of Z-average size and PdI of different lipid compositions submitted to stability studies 

over time. A) Lipid composition L1 based on DPPC + DPPG without and with surfactants Tween® 80, Span® 80 

and sodium cholate; B) Composition L2 based on DPPC + DPPG + CHOL without and with surfactants Tween® 

80, Span 80® and sodium cholate; C) Lipid composition L3 based on DPPC + DPPG + DOPG without and with 

surfactants Tween® 80, Span® 80 and sodium cholate. Mean ± SD (n=3). 

 

From the data shown in Figure 6.1, one can conclude that formulations L1 and L2 are more 

stable when compared with L3 liposomes which contain the unsaturated lipid DOPG. Despite the addi-

tion of surfactants, DOPG has unsaturation in its acyl chain that makes it more susceptible to destabili-

zation. Regarding the addition of surfactants, Tween® 80 generally results on higher PdI and greater 
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deviation of particle size after a few days of preparation. Span® 80 based liposomes (L1sp, L2sp and 

L3sp) present different characteristics depending on the lipid composition. Liposomes with Span® 80 

exhibited similar size around 144 nm on the first day of measurement and the PdI is higher for L1sp 

compared to L2sp and L3sp. However, after two and four weeks the particles increased their sizes for 

L1sp and L3sp as well as their PdI and L2 with Span® 80 remained with similar size and PdI. Similar 

pattern was observed for liposomes with sodium cholate (L1sc, L2sc and L3sc) that displayed L2sc as 

the most stable along time. 

Two of the surfactants employed (Tween® 80 and Span® 80) are non-ionic surfactants while 

sodium cholate is an anionic bile salt, also used as surfactant. Tween® 80 has the lowest critical micelle 

concentration among the surfactants employed, which can indicate the formation of micelles and desta-

bilization of the system over time [43,44]. 

  For the continuation of the studies regarding the encapsulation of the MB and AO molecules, 

the liposomes systems L1, L2, L2sp and L2sc were selected. The concentration of photosensitizers used 

was 0.1 mM and 0.05 mM for MB and AO, respectively, and was determined according to the method 

of preparation and also considering the half-maximal inhibitory concentration (IC50) of the molecules in 

the skin cancer cell line MET1 SCC. The size distribution of these four compositions of liposomes are 

exhibited in the Appendix for the empty liposomes (Appendix Figure B.1), liposomes with MB (Ap-

pendix Figure B.2) and with AO (Appendix Figure B.3).  
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Figure 6.2: Z-average size and polydispersity index of liposomes with A) MB or B) AO. Values are displayed as 

mean and SD (n=3) and the measurements that showed micrometric particles (>1 μM) with high PdI are plotted 

as 1000 nm of Z-average and PdI of 1.0. MB: methylene blue, AO: acridine orange. 

 

As displayed in Figure 6.2 ‒ A, liposomes with MB, in general, have an increased size compared 

to empty liposomes, presenting sizes around 200 nm on the first day of measurement. The PdI of 

MB_L1, MB_L2 and MB_L2sp take values around 0.250 while MB_L2sc presents lower PdI value of 

0.197. There is a clear difference in the stability between the samples mainly for liposomes MB_L1 that 

exhibit an increase in size along time while the others show a slight decrease. MB_L2 present a stable 

size around 200 nm and PdI around 0.240 during all the time studied as occur for the other formulations 

MB_L2sp and MB_L2sc with sizes around 170 nm and 180 nm, respectively, and PdI around 0.200 for 

both formulations. Therefore, one can conclude that MB_L2, MB_L2sp and MB_L2sc were stable along 

the time studied.  

Table 6.2 shows the encapsulation efficiency of MB-liposomes, with EE values above 60%, 

which is a good encapsulation despite the hydrophilic characteristic of methylene blue. The formulations 

MB_L2 and MB_L2sp showed a higher EE (above 80%) while MB_L2sc formulation presents a lower 

EE. The higher encapsulation values for the liposomes containing cholesterol is an indication that the 

amount of cholesterol is adequate to the system, as the literature says that the concentration of 
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cholesterol has influence in the encapsulation and drug release [38]. The lower encapsulation of 

MB_L2sc liposomes is possibly connected to an existence of interaction between the surfactant sodium 

cholate, which is an anionic surfactant with a carboxyl group, and methylene blue that is a cationic dye. 

Furthermore, liposomes have in their composition DPPG that is a negatively charged phospholipid, in-

dicating that part of the methylene blue is not encapsulated and is possibly attached to the liposomes’ 

surface, interacting with sodium cholate and DPPG.    

 

Table 6.2: Encapsulation efficiency (EE), cumulative release (CR) and time constant (τ) of liposomes with meth-

ylene blue (MB) and acridine orange (AO). Values are displayed as mean ± SD. 

 MB AO 

Liposomes EE (%) CR (%) τ (h) EE (%) CR (%) τ (h) 

L1 74.5 ± 0.9 - - 98.6 ± 1.3 - - 

L2 81.7 ± 2.6 - - 99.6 ± 0.5 - - 

L2sp 85.9 ± 8.4 59.3 ± 2.2 0.33 ± 0.02 97.0 ± 2.5 32.9 ± 7.6 0.84 ± 0.13 

L2sc 63.1 ± 4.6 70.0 ± 4.0 0.41 ± 0.04 98.8 ± 1.6 36.4 ± 5.6 2.00 ± 0.44 

 

In contrast to the MB encapsulation, the dye AO shows different results in the size and PdI of 

the liposomes vesicles during the stability studies (Figure 6.2 – B). AO_L1 formulation presents desta-

bilization with increase of size and PdI while the others kept size slightly lower than empty liposomes, 

showing values of 138.1 nm, 133.3 nm and 119.9 nm for AO_L2, AO_L2sp and AO_L2sc, respectively. 

These liposomes, differently from L1, do not show a significant difference in the size and PdI along 

time. The encapsulation of AO in liposomes is very different from MB with EE above 97%. AO is a 

slightly cationic dye, usually associated as a cell-permeable dye [45], showing that AO is hydrophobic 

enough to cross lipid membrane, which can indicate the affinity to the liposome bilayer or even its 

entrapment into the aqueous core. 

 

 Release studies 

 As we know that interaction between liposomes occurred differently for the dyes MB and AO, 

the release studies were performed to evaluate the profile of drug’s liberation at physiological pH in 

PBS buffer. As shown in Figure 6.3 ‒ A, the methylene blue is quickly released during the first two 

hours, with a more contained continuation of liberation resulting in a sustained release from the second 

to the fourth hour and achieving a plateau around 60% of MB release. The same profile is observed for 

both samples MB_L2sp and MB_L2sc, with a more prominent release from the liposomes containing 

sodium cholate in the composition. As previously discussed, in MB_L2sc there is the anionic surfactant 

sodium cholate, which possibly create an extra interaction that causes the attachment of MB in the 
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liposomes surface and explain the higher rate of MB release in the first two hours. This is corroborated 

by previous studies with MB in liposomes, which shows that indeed there is a fast release of MB [32]. 

The characteristic time constant (τ) values for the curves were obtained from the exponential fitting and 

are listed in Table 6.2.  

 For the liposomes containing AO (Figure 6.3 ‒ B), the release profile is very different from MB, 

with a maximum release around of 35% in four hours, with a final plateau suggesting a sustained release 

from that point. This is in accordance with EE results, which show a much better encapsulation of AO 

in the liposomes, which also impact on a different rate of release when compared to MB. Romio et al. 

[34] studied the release profile of AO from DPPC liposomes in LBL films and showed release in ques-

tion of a few hours and was enhanced by irradiation. 

 

 

Figure 6.3: Release of MB (A) and AO (B) from liposomes composed by DPPC + DPPG + CHOL and Span® 80 

(L2sp) or sodium cholate (L2sc). Values are displayed as mean ± SD (n=3). MB: methylene blue, AO: acridine 

orange. 

 Cytotoxicity in HaCaT and MET1 SCC cells 

 Cytotoxicity studies were performed in non-cancer and cancer keratinocytes cells. The encap-

sulation of drug in nanoparticles can affect the biological activity, therefore, it is important to evaluate 

the behaviour of MB and AO encapsulated in liposomes with different compositions. 

 Previous studies from our group showed that the PDT action of MB can be observed in a range 

of low concentrations mainly between 1.25 µM and 10 µM [46]. Therefore, the experiments with lipo-

somes containing MB were executed in the range of 1.25 to 40 µM. The same volume of MB-liposomes 

used in the dilutions were used to study empty liposomes. 

 Cytotoxicity of empty liposomes in HaCaT cells and MET1 SCC cells are shown in Figure 6.4 

‒ A and Figure 6.5 ‒ A, respectively. It is possible to observe that, according to the ISO 10993-5 [47], 

all the empty liposomes were not cytotoxic in the 24 and 48 hours studies exhibiting cell viability above 
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90% at all the conditions. These results are important to show that the effect discovered for liposomes 

with the dyes are not inherent to the nanoparticles alone but to their combination with the molecules. 

 Cytotoxic studies in HaCaT cell line show the toxic potential of MB-liposomes (Figure 6.4 ‒ 

B) and the IC50 obtained was below 11 µM (Table 6.3). Comparing the IC50 values of MET1 SCC and 

HaCaT in the 24 hours experiment, one observes that for MB-liposomes there is a decrease of these 

values for both cell lines when compared to MB non-encapsulated (MET1 SCC IC50 14.2 μM and 4.2 

μM; HaCaT IC50 11.6 μM and 7.1 μM, for the 24 and 48 hours experiments, respectively [46]) . Despite 

24 hours experiments values are very similar for both cell lines, one can observe slightly higher IC50 

values in HaCaT cells for the longer periods of treatment. This indicates that liposomes with methylene 

blue can be more selective for the cancer cell line at longer periods of treatment. The same situation can 

be noticed for the AO-liposomes that showed, in HaCaT cells, slightly higher values of cell viability at 

the highest concentrations (Figure 6.4 ‒ C) compared to MET1 SCC cells.  

 

 

Figure 6.4: Cell viability of HaCaT cell line treated for 24 or 48 hours with liposomes: A) without dye, B) con-

taining the dye methylene blue (MB), and C) containing acridine orange (AO). L2 is the liposome composition 

containing the lipids DPPC + DPPG + CHOL; L2sp is related to the liposomes with Span® 80 and L2sc to the 
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liposomes with sodium cholate. Values are presented by the mean ± combined standard uncertainty (n=3) and 

statistical analysis comparing the results to the cell viability of the negative control was performed by a two-way 

ANOVA with Bonferroni post-test where * p <0.05, ** p <0.01 and *** p <0.001. 

 

In our results with MET1 SCC cells, one found that the IC50 of liposomes containing MB were 

lower than 11 µM (Table 6.3). The cell viability shows a pattern of severe cytotoxicity from the 2.5 µM 

mainly for the longer times of treatment (Figure 6.5 ‒ B). For the IC50 values we can notice some dif-

ferences between conventional liposome containing DPPC + DPPG + CHOL (MB_L2) and the others 

containing the surfactants Span® 80 and sodium cholate (MB_L2sp and MB_L2sc, respectively). For 

the 24 hours cytotoxicity there is a decrease in the IC50 for MB_L2sp and MB_L2sc, however, all the 

MB-encapsulated samples show a significant reduction of IC50 when compared to our previous studies 

with free MB (IC50 of 14.2 and 4.2 for 24 hours and 48 hours, respectively [46]). The encapsulation of 

MB into the liposomes increases the cytotoxicity by the cell viability reduction, which was previously 

reported by Wu et al. [32]. For the liposomes containing AO (Figure 6.5 ‒ C) we studied a smaller range 

0.31 µM to 10 µM and the MET1 SCC cell viability of these liposomes remained above 90%, indicating 

not be cytotoxic with exception of the concentration 10 μM AO in L2 and L2sc that showed moderate 

cytotoxicity in the 48 hours experiment [47].  

 Here, one can find two different possible approaches: liposomes containing MB with an en-

hanced cytotoxicity, and liposomes containing AO with no cytotoxicity at the range studied. It is inter-

esting to observe both different systems, with different effects, can result in distinct applications. Con-

sidering the search for more effective anticancer drugs, with the potential administration of lower dose, 

which can suggest a reduced side effective, liposomes containing MB seems like a promising system 

for the treatment of skin cancer. In the meanwhile, liposomes containing AO do not suit as an anticancer 

system by itself, at least at the conditions studied, however, the application of AO-liposome in PDT is 

investigated further ahead.    

 

Table 6.3: Calculated IC50 of 24 and 48 hours cytotoxicity experiments using MET1 SCC cells treated with lipo-

somes containing the dye methylene blue (MB). L2 is the liposome composition containing the lipids DPPC + 

DPPG + CHOL; L2sp is related to the liposomes with Span® 80 and L2sc to the liposomes with sodium cholate. 

 IC50 (µM) 

Liposome  

 

MET1 SCC HaCaT 

24 h 48 h 24 h 48 h 

MB_L2 10.3 3.4 7.8 4.4 

MB_L2sp 7.8 3.2 7.0 3.6 

MB_L2sc 8.4 3.3 10.9 4.9 
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Figure 6.5: Cytotoxicity studies in MET1 SCC cell line treated for 24 or 48 hours with liposomes: A) without any 

dye, B) containing the dye methylene blue (MB), and C) containing Acridine Orange (AO). L2 is the liposome 

composition containing the lipids DPPC + DPPG + CHOL; L2sp is related to the liposomes with Span® 80 and 

L2sc to the liposomes with sodium cholate. Values are presented by the mean ± combined standard uncertainty 

(n=3) and statistical analysis comparing the results to the cell viability of the negative control was performed by a 

two-way ANOVA with Bonferroni post-test where * p <0.05, ** p <0.01 and *** p <0.001. 

 

 Phototoxicity in MET1 SCC cells 

 Phototoxicity assays were done to evaluate the proper delivery of drugs and photosensitizing 

effect in cells treated with liposomes containing the selected PS. 

It is possible to visualize a significant difference between the controls of cells treated with MB-

liposomes kept in dark and those irradiated by a 640 nm LED light (Figure 6.6 ‒ A). The most significant 

effect can be observed for the concentrations of 2.5 µM, 5 µM and 10 µM due to a high viability of the 

controls in the dark (above 70% of cell viability) while the irradiated cells present lower cell viability. 

Here, one cannot notice a big difference between the three liposomal compositions, however we can see 
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that, in fact, MB-liposomes are able to generate phototoxicity. As we can see in Table 6.4, the phototoxic 

IC50 values of MB-liposomes are around 5 µM, slightly higher than free MB (IC50 = 3.8 µM). 

AO-liposomes are not toxic at dark conditions (Figure 6.6 ‒ B), however, for the cells treated 

with AO-liposomes and irradiated by a 457 nm LED light, one can see a significant decrease in cell 

viability with the increase of AO concentration. From the concentration 0.62 µM AO-liposomes are 

already phototoxic, with exception of AO_L2sc containing sodium cholate, that show viability around 

80%. This can be attributed to the dual action of some bile salts such as sodium cholate and sodium 

deoxycholate that are able to increase cancer cells viability at low concentrations while there is a de-

crease at high concentrations of these surfactants [48]. The greater phototoxicity was observed for 

AO_L2 and AO_L2sp with IC50 of 0.6 µM and 0.5 µM, respectively (Table 6.4). Comparing these 

results to phototoxicity studies of free AO (IC50 = 0.4 µM), as previously studied [46], show that except 

for AO_L2sc, liposomes were able to conduct to a very similar phototoxicity as the one obtained for the 

free photosensitizer. 

 Indeed, MB-liposomes and AO-liposomes present different situation regarding their phototox-

icity as one can see that the IC50 values of AO-liposomes are much lower than the ones of MB-lipo-

somes. It is a result that can be directly related to the light source due to the higher frequency of blue 

light that carries more energy than red light. Therefore, it is important to take in consideration the dose 

of light and its energy to obtain a more efficient PDT.  

 

Table 6.4: Values of IC50 from the phototoxicity studies in MET1 SCC cells treated with the liposomes containing 

methylene blue (MB) or acridine orange (AO). L2 is the liposome composition containing the lipids DPPC + 

DPPG + CHOL; L2sp is related to the liposomes with Span® 80 and L2sc to the liposomes with sodium cholate. 

 IC50 (µM) 

Sample L2  L2sp L2sc 

MB 5.6  5.6 5.3 

AO 0.6  0.5 1.0 
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Figure 6.6: Cell viability from the phototoxicity studies in MET1 SCC cells treated with the liposomes containing: 

A) methylene blue (MB), and B) containing acridine orange (AO). L2 is the liposome composition containing the 

lipids DPPC + DPPG + CHOL; L2sp is related to the liposomes with Span® 80 and L2sc to the liposomes with 

sodium cholate. Values are presented by the mean ± combined standard uncertainty (n=3) and statistical analysis 

comparing the results to the cell viability of the respective dark control was performed by a Two-way ANOVA 

with Bonferroni post-test where ** p <0.01 and *** p <0.001. 

 

6.4 Conclusions 

Liposomes were prepared with different lipid compositions and were also tested with the sur-

factants Tween® 80, Span® 80, sodium cholate and, apart from vesicles containing only DPPC + DPPG, 

liposomes with cholesterol in the composition were the most stable even when considered the addition 

with the surfactants Span® 80 and sodium cholate. These are also able to provide higher stability for the 

liposomes regarding the encapsulation of the photosensitizers MB and AO, while the same is not ob-

served for DPPC+ DPPG only. Encapsulation efficiency shows that AO had greater affinity for the 

vesicles presenting high EE (≥97%) while for MB the encapsulation was, in general, moderated (>60%), 

resulting in a slower and a faster release, respectively. Analysis of the cytotoxicity and phototoxicity 

studies on keratinocytes with and without carcinoma show that empty liposomes are not cytotoxic while 

at the concentrations tested MB-liposomes present cytotoxicity in skin cancer cell line. Liposomes with 

acridine orange can be more selective for the cancer cell line since was demonstrated that in HaCaT 
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cells were obtained slightly higher values of cell viability at the highest concentrations. Greater photo-

toxicity is observed for MET1 SCC cells treated with AO-liposomes, achieving similar IC50 as occurs 

for free drug. Two different possible approaches can summarize the biological results found in this work: 

MB-liposomes with the potential as a cytotoxic agent for cancer cells; and AO-liposomes with a great 

potential phototoxicity at very low concentrations.   
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7  

 

EXPLOITING THE USE OF ACRIDINE ORANGE AND 

METHYLENE BLUE IN BIOLOGICAL SYSTEMS I:  

 AN ANALYSIS OF THE DYES EFFECTS ON THE DNA  1 

Abstract: As a vital biomolecule, DNA is a known target of antineoplastic drugs for the cancer therapy. 

These drugs can show different modes of interaction with the DNA, being the intercalation and groove 

binding the most common types. The intercalation of anticancer drugs with the DNA can lead to the 

disruption of its normal function, influencing on the cell proliferation. Methylene blue (MB) and acri-

dine orange (AO) are examples of DNA-intercalating agents that have been studied for the application 

against some types of cancer, mainly for the photodynamic therapy. In this work, the impact of the 

irradiation on these compounds in the absence and presence of the DNA was analyzed by UV-vis spec-

troscopy. Bathochromic and hypochromic shifts were observed in the absorbance spectra revealing the 

intercalation of the dyes with the DNA base pairs. Dyes with and without DNA present different profile 

of photodegradation, where the dyes alone are more susceptible to degradation. This is justified by the 

intercalation of the dyes on the DNA bases pairs allowing that DNA molecule partially hinders the 

molecules exposition and, therefore, reducing their degradation. 

   

7.1 Introduction 

In living cells, the deoxyribonucleic acid (DNA) play an important role as the macromolecule 

responsible for the genetic information carriage and proper development and division of cells and it is 

involved in several processes such as the synthesis of proteins, enzymes, mutagenesis and carcinogen-

esis [1]. DNA is often pointed as a target for drugs used in cancer therapy [2]. These drugs can interact 

 

1 This chapter is based on the manuscript submitted for publication: 

Pivetta, T.P., Ribeiro, P.A., Raposo, M. Analyzing the effect of irradiation plus the dyes Methylene Blue and Acridine Orange 

on the DNA. 
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with the DNA mainly by intercalation or by groove binding. DNA-intercalating molecules can interact 

by the insertion of these molecules between the DNA base pairs leading to a disrupt in the normal 

function and can consequently affect cell proliferation, resulting in an anticancer activity [3–5].  

Methylene blue (MB) is a photosensitizing agent that has been employed in many studies based 

on photodynamic therapy (PDT) for different types of cancer such as breast cancer, melanoma, cervical 

cancer [6–9]. Due to the cationic nature of MB, it can interact with the DNA phosphate backbone 

through electrostatic interaction while a second possible interaction is attributed to the stacking with the 

DNA base pair, therefore, in the intercalation mode [10–13]. 

Acridine orange (AO) is a weak base and a known intercalating agent that is widely used in 

fluorescence. AO molecules can interact with acidic molecules such as the double-strand DNA resulting 

in green fluorescence or with single-strand DNA or RNA resulting in red fluorescence and can also 

interact with acidic structures such as the lysosomes [10,14–17]. AO already demonstrated promising 

application with PDT in bladder cancer and glioblastoma [18,19]. Furthermore, AO can be more selec-

tive to cancer cells. This selectivity is due to cancer cells that present an acidic environment while nor-

mal cells are not acidic and, therefore, can eliminate AO quickly [20]. The dimeric form of AO presents 

electrostatic interactions predominantly to the DNA external part while the monomeric form acts mostly 

as intercalator of the DNA base pairs [1]. As studied previously by Amado et al. [21], the interaction of 

DNA with AO present two stages related to changes in the spectra with the increase of DNA. At low 

DNA concentrations it presents a decrease in the ratio of absorbance at 490/470 and at a second stage 

there is an increase in the ratio, indicating an aggregation of AO. Therefore, there is a certain proportion 

between AO and DNA that determines the mode of interaction. 

For the application of drugs that interact with the DNA, it is important to comprehend the in-

volved interactions [1] as well as the effect of radiation on both DNA and molecules during PDT. Results 

obtained in previous studies in cell culture showed the potential of MB and AO molecules acting as 

photosensitizers [22]. As known DNA-intercalating agents, these compounds can play an important role 

in the photo-mediated damage of cancer cells. In this work, the interaction and the effect of radiation at 

different wavelengths was investigated for the MB and AO molecules in the absence and presence of 

DNA. Results demonstrated that the effect of radiation is stronger on the MB and AO molecules, while 

in the presence of DNA molecules were not as susceptible to degradation as for molecules only. 
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7.2 Materials and Methods 

 Materials 

Calf thymus DNA (ct-DNA), tris-HCl, methylene blue and acridine orange were obtained from 

Sigma-Aldrich. 

 

 Preparation of samples 

Stock solution of ct-DNA was prepared by dissolving 50 mg of ct-DNA in tris-HCl buffer 10 

mM pH 7.4. To completely dissolve DNA, it was stirred for 48 hours and after complete dissolution of 

DNA fibers, it was transferred to a volumetric flask and the volume was adjusted with the buffer. 

The compounds solutions were prepared from stock solutions of MB and AO to achieve a final 

concentration of 25 µM. The ct-DNA was added or not the samples at the concentration of 50 µg/mL. 

The solutions were prepared in tris-HCl 10 mM pH 7.4 and transferred to a quartz cuvette. These were 

sealed to proceed with the irradiation studies. 

 

 Irradiation studies 

 For the irradiation studies, the solutions were placed in the closed quartz cuvettes to be irradi-

ated. MB and DNA solutions, AO and DNA solutions were exposed to a red LED light source at 640 

nm and a blue LED light at 457 nm, respectively. All the solutions were submitted to UVC light with 

peak at 254 nm (PHILIPS TUV PL-S 5W/2P Hg). The closed quartz cuvettes filled with the solution 

were placed 12 cm under the source of light with an average irradiance of 9.5 W/m² for the UVC light, 

38.9 W/m² for blue light and 24.3 W/m² for red light. The irradiance was measured in Delta OHM 

photo/Radiometer (HD 2102.2). The solutions were submitted to different times of irradiation (cumula-

tive time), with temperature and humidity maintained around 22 ºC and 60%, respectively. Analysis was 

performed by ultraviolet visible in a Shimadzu spectrophotometer (UV-2101PC) with scanning from 

900 nm to 190 nm, using appropriate solutions as reference. 

As the changes induced by irradiation observed in the UV–vis spectra of mixtures of molecules 

are not straightforward to analyse a mathematical technique, 2D-correlation spectroscopy, was applied. 

This technique was applied to analyse minimal changes in the spectra [23] caused by the effect of the 

wavelength irradiation on the dyes molecules with and without DNA. For the two-dimensional correla-

tion spectroscopy was used the software 2D Shige, free software developed by Shigeaki Morita (Osaka 

Electro-Communication University, Japan) [24,25]. 
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7.3 Results and discussion 

 The analysis of the dyes interaction with the DNA and the effect of irradiation on the molecules 

was carried out by UV-vis spectroscopy. The UV-vis spectra of the DNA, MB and AO molecules are 

presented in Figure 7.1. Three main regions in these spectra were analysed namely region I where the 

DNA absorbance peak at 260 nm appears, region II related to the AO absorbance characteristic peak 

and region III related to the MB absorbance peaks. 

The DNA absorbance characteristic band at 260 nm is associated to the DNA bases [26,27]. The 

MB spectrum displayed in Figure 7.1 is also in accordance with literature, presenting the band at 664 

nm associated to n‒π* electronic transitions related to the C=S+ chromophore group present in the dye 

[28], the band at 614 nm associated to vibronic 0-1 transition [29], and the band at 292 nm to π‒π* 

benzene electronics transition [28]. In the case of AO spectra there are two main peaks one around 488 

nm and another at 266 nm, both corresponding to π‒π* transitions [30]. 

 

 

Figure 7.1: Spectra of DNA, MB and AO where is exhibited three main regions of interest namely region I, II and 

III, related to DNA band, AO characteristic band and MB characteristic band, respectively. MB: methylene blue, 

AO: acridine orange. 

 

 Figure 7.2 shows the comparison of the spectra of the solutions of the dyes prepared with and 

without the DNA. These spectra reveal the bathochromic effect that occurs in the MB band caused by 

the DNA shifting from 664 nm to 667 nm and with a decrease about 1.5 times in the absorbance when 

in presence of DNA which is expected from a DNA intercalator [31]. For AO, on the other side, there 
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is a slight hypochromic effect with a significant shift in the band from 488 nm to 497 nm in presence of 

DNA. 

 

 

Figure 7.2: Comparison of the molecules spectra with and without DNA. A) MB (black line) and DNA + MB 

(blue line), B) AO (black line) and DNA + AO (red line). MB: methylene blue. 

  

To understand the effect of irradiation on the DNA molecule in presence of the dyes, irradiation 

kinetic studies were performed on MB and AO solutions in the presence and absence of DNA. UV-vis 

spectra of control solutions without irradiation (Appendix Figure C.1, Figure C.2 and Figure C.3), kept 

in the dark for 24 hours, did not reveal significant changes in the spectra. 

Spectra of MB, DNA + MB, and DNA solutions irradiated with 640 nm wavelength light during 

several periods of time are shown in Figure 7.3 ‒ A, B and C, respectively. From the evolution of MB 

and DNA+MB spectra with irradiation time, one can observe a decrease of absorbance revealing the 

damage of MB molecules in both cases. The damage is stronger when the MB is alone meaning that 

DNA is avoiding the MB degradation. Furthermore, a bathochromic shift, with deviation of the MB 

band when in presence of DNA, changing from 664 nm to 667 nm is observed and a hypochromic shift 

that is related to the intercalation between the DNA base pairs [31]. However, the irradiation of DNA 

solutions does not lead to DNA damage at the same irradiation conditions. The values of normalized 

absorbance at the 260 nm and 664 nm or 667 nm peaks as a function of irradiation time for the different 

solutions are shown in Figure 7.3 ‒ D. The absorbance at 260 nm is time independent for the DNA 

solutions and decreases slightly for the case of DNA and DNA+MB solutions. As the decay is similar 

for these last two solutions reveals that DNA is not being damaged by light of 640 nm. Furthermore, the 

MB peak around 664 nm shows different results from normalized absorbance, indicating that MB alone 

was more susceptible to the damage by irradiation than MB in presence of the DNA.  

The AO, DNA + AO, and DNA solutions were irradiated with 457 nm wavelength light. The 

UV-vis spectra achieved for the different periods of irradiation time are presented in Figure 7.4 ‒ A, B 

and C, respectively. The evolution of the AO absorbance (Figure 7.4 ‒ A) shows an accentuated decrease 
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in the AO characteristic band and, comparing to Figure 7.4 ‒ B, the presence of the DNA lead to a shift 

from 488 nm to 497 nm AO band. The plot of the normalized absorbance (Figure 7.4 ‒ D) shows a slight 

decrease of the normalized absorbance at 260 nm for the DNA and DNA + AO, that is more significant 

for AO only. For the absorbance region around 488 nm, there is a significant difference of samples 

without and with DNA, which show a higher damage of AO in the absence of the DNA molecule. 

Therefore, the spectra of AO in presence of DNA also show the same pattern as observed for 

MB, with minimal hypochromic shift and a significant bathochromic shift in the UV-vis spectra which 

are characteristic of intercalator agents [31]. However, by the normalized absorbance it is possible to 

observe that the presence of DNA resulted in a lower degradation of these molecules, which can possibly 

be attributed to insertion of the MB and AO in the DNA, partially hindering the effect of irradiation on 

these molecules.     

 

 

Figure 7.3: Kinetics of samples submitted to irradiation at 640 nm. A), B) and C) Spectra of the irradiated samples: 

MB, DNA + MB and DNA, respectively. D) Kinetics of the two main characteristic absorbance regions found for 

these samples: region of the DNA (260 nm) and region of MB (approximately 664 nm). MB: methylene blue. 
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Figure 7.4: Kinetics of samples submitted to irradiation at 457 nm. A), B) and C) Spectra of the irradiated samples: 

AO, DNA + AO and DNA, respectively. D) Kinetics of the two main characteristic absorbance regions found for 

these samples: region of the DNA (260 nm) and region of AO (approximately 488 nm). AO: acridine orange. 

 

 Since the dyes and the DNA present bands in region from 200 nm – 300 nm, the UVC light can 

affect leading to the degradation of these molecules and, therefore, irradiation studies using UVC lamp 

are shown in Figure 7.5, where both intercalators were irradiated with UVC lamp in presence and ab-

sence of DNA. It is possible to observe some degradation of the MB in the absence and presence of the 

DNA, as well as for AO. DNA only (Figure 7.5 ‒ E) show a minimal decrease of absorbance at 260 nm. 

This indicates some damage of the biomolecule which was not observed for the case of DNA irradiated 

with other wavelengths. In the Figure 7.5 ‒ F, the plot of the normalized absorbance in function of the 

irradiation time shows that for samples containing DNA the peak at 260 nm has not a significant decay 

effect when compared to the absorbance decay related to the MB and AO characteristic bands. Compar-

ing the absorbance of the peaks of MB with AO, is possible to see a higher degradation affecting the 

AO band, mainly for AO alone.    
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Figure 7.5: Kinetics of samples submitted to irradiation at 254 nm. A), B), C), D), E) Spectra of the irradiated 

samples: MB, DNA + MB, AO, DNA + AO and DNA, respectively. F) Kinetics of the three main characteristic 

absorbance regions found for these samples: region of the DNA (260 nm), region of AO (approximately 488 nm), 

region of MB (approximately 664 nm). MB: methylene blue, AO: acridine orange. 

 

 The fitting with an exponential function of the normalized absorbance exhibited different char-

acteristics time constants (τ) as shown in Table 7.1. The results showed that for the region of MB char-

acteristic band, is clear that for both irradiation sources (red light and UVC) the degradation was faster 

for the MB alone when compared to MB with DNA, with an increase in the time constant value, ap-

proximately the double of the time constant obtained for MB only. The same behaviour was observed 
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for AO, which shows time constant around 130 minutes for the AO alone, while for the system contain-

ing AO with the DNA increased almost twice the time constant. This observed behaviour demonstrate 

that the addition of the DNA affected the degradation of the molecules by increasing the time constant 

of the compounds’ degradation. This is possibly connected to the mode of interaction of the molecules 

that, by the intercalation between the DNA base pairs, are less susceptible for the irradiation when com-

pared to solution without DNA. On the other side, as the interaction of the DNA with these molecules 

hinder their degradation, DNA can be or not more susceptible to the radiation. 

Although the light sources did not present the same irradiance values, there is not much differ-

ence of the time constant obtained from the normalized absorbance of the AO peak, in the absence of 

the DNA. For the DNA + AO, the time constant of the AO peak of sample irradiated with the blue light 

presents a slightly reduced value when compared to the one achieved for the irradiation with UVC. This 

may be attributed to the high sensitivity of AO to the blue light [32]. MB, on the other side, was more 

affected by UVC light when compared to the system irradiated with red light showing that despite the 

different irradiance, the red light is less energetic [33] leading to smaller degradation when compared to 

UVC.  

 

Table 7.1: Comparison of the time constant (τ) obtained from the exponential fitting of the regions of interest for 

the samples irradiated at 640 nm, 457 nm and 254 nm. 

  τ (minutes) 

Sample Peak (nm) Red light 

(640 nm) 

Blue light 

(457 nm) 

UVC  

(254 nm) 

MB 664 639.4 ± 191.3 - 181.1 ± 87.3 

AO 488 - 129.4 ± 14.8 179.2 ± 60.2 

DNA + MB 667 1167.3 ± 258.3 - - 

DNA + AO 497 - 279.5 ± 43.9 328.9 ± 71.5 

 

 The UV-vis spectra were analysed over irradiation time using 2D spectroscopy. Synchronous 

2D correlation maps of AO, DNA + AO and DNA samples submitted to irradiation with blue light (457 

nm) and UVC (254 nm) light sources are shown in Figure 7.6 – A and B, respectively. The synchronous 

maps resulted from spectra related to AO solutions irradiated at 457 nm are show in Figure 7.6 – A(i), 

where is possible to observe two autopeaks, one around 266 nm and another at 488 nm which indicate 

a change in the intensity of the absorbance bands associated to π‒π* transitions. A cross peak at 266 

nm, 488 nm indicates the spectral variation of the 266 nm peak is related to the changes in the 488 nm 

peak. It also shows a negative correlation from the 300 nm to 400 nm. From the synchronous correlation 

map achieved from the DNA + AO solutions spectra as shown in Figure 7.6 – A(ii) it is possible to see 
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a significantly less intensive autopeak near the 488 nm, meaning that the change along time was minimal 

compared to AO alone. Figure 7.6 – A(iii) show the synchronous map of the DNA submitted to the same 

wavelength of irradiation. This map only presents a very low intensity autopeak around the 200 nm. For 

the case of samples irradiated with 254 nm wavelength light, on the synchronous map of AO solutions 

spectra shows the two autopeaks at 266 nm and 488 nm associated to AO degradation (Figure 7.6 – B) 

and also the cross peak at 266 nm, 488nm. In the presence of the DNA, only the autopeaks at 488 nm is 

observed being less intensive that the observed in the case of AO only. The synchronous map of DNA 

submitted to irradiation at 254 nm shows a minor signal near the 200 nm, indicating some minimal 

changes in the DNA molecules. 

 

 

Figure 7.6: Synchronous 2D correlation maps in the wavelength range of 190 nm to 600 nm of AO solutions in 

presence or not of DNA. A) Samples submitted to irradiation at 457 nm, B) Samples submitted to irradiation at 

254 nm. AO: acridine orange. 

 

 The 2D-correlation maps from the spectra of MB in presence and absence of DNA are presented 

in Figure 7.7 – A, and B for the 640 nm and 254 nm irradiation, respectively. For the map of MB spectra 

submitted to irradiation of 640 nm, it is possible to observe a region of red colour around the 600 nm –

700 nm, with two autopeaks which are related to the decrease of the MB absorbance bands associated 

to both n‒π* electronic and vibronic 0-1 transitions. The intensity of these autopeaks is higher than the 

one observed for the spectra of MB with DNA submitted to the same irradiation conditions as shown in 

Figure 7.7 – A(ii), that also show a small autopeak around the 664 nm band. For the sample of DNA 

only (Figure 7.7 – A(iii)) is possible to observe a small signal around the 200 nm while for the DNA 

submitted to the 254 nm irradiation (Figure 7.7 – B(iii)) it shows a slightly more intense signal, meaning 
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some changes in the DNA band. For the case of MB and DNA + MB solutions irradiated with 254 nm, 

the synchronous correlation maps are shown in Figure 7.7 – B(i) and Figure 7.7 – B(ii), respectively, 

and show similar patterns regarding the autopeaks, as those irradiated with 640 nm, mainly at the region 

between 600 nm – 700 nm. 

 

 

Figure 7.7: Synchronous 2D correlation maps in the wavelength range of 190 to 600 nm of MB solutions in 

presence of not of DNA. A) Samples submitted to irradiation at 640 nm, B) Samples submitted to irradiation at 

254 nm. MB: methylene blue. 

 

7.4 Conclusions 

The interaction of ct-DNA with the MB and AO molecules was confirmed by the bathochromic 

and hypochromic shifts observed in the UV-vis spectra of DNA in presence of photosensitizer mole-

cules. These shifts are explained by the intercalation of photosensitizer molecules between the DNA 

base pairs. From the point of view of the analysis of the effect of radiation on the DNA in presence of 

the dyes molecules, distinct profiles of degradation with different characteristics times were observed 

for dyes in presence and in absence of DNA. These results demonstrated that the dyes in the absence of 

DNA are more susceptible to photodegradation. This is justified by the intercalation of the dyes on the 

DNA bases pairs allowing that DNA molecule partially hinders the molecules exposition and, therefore, 

reducing their degradation. However, further studies should focus on the effects the intercalants cause 

on the DNA molecules, as it was not observed a significant difference in the absorbance at 260 nm, the 

characteristic peak of the DNA.   
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8  

 

EXPLOITING THE USE OF ACRIDINE ORANGE AND 

METHYLENE BLUE IN BIOLOGICAL SYSTEMS II: 

AN INVESTIGATION OF THE DYES EFFECTS ON LIPIDS
 1 

Abstract: Recent studies demonstrated that methylene blue (MB) and acridine orange (AO) seem to be 

interesting photosensitizer molecules to be used in photodynamic therapy. However, the effect of these 

molecules can be enhanced by their encapsulation being liposomes adequate to work as photosensitizer 

nanocarriers. In this context, we analysed the effect of MB and AO on mixed lipid Langmuir monolayers 

with and without surfactants to obtain more information regarding their interaction with different mon-

olayers composition. The lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-

sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG) and cholesterol were mixed at a proportion of 7:2:1 

(weight ratio) and was determined as the main lipid mixture (LM) while the mixtures with the surfactants 

Span® 80 and sodium cholate were named as LM-SP and LM-SC, respectively. LM monolayers on 

aqueous surface showed lower area at 30 mN.m-1 when compared to a predicted average area per mole-

cule, indicating that there were attractive forces in the lipids of the mixture. The monolayers in contact 

with AO molecules presented an interaction that has a significant effect on the increase of membrane 

flexibility. The same event was observed for the higher concentration of MB. These results are corrob-

orated by the PM-IRRAS analysis where the orientational order of CH2 shows that the order decreases 

for all samples containing AO. Furthermore, through the calculation of the hydration of carbonyl and 

phosphate it was possible to hypothesize that due to sodium cholate, the LM-SC monolayers presented 

lower hydration and therefore, molecules probably interact more at the external polar regions of the 

monolayer resulting in a non-significative change of extrapolated area, while for the other molecules an 

increased hydration was observed as well as there was an increase of the extrapolated area when the 

 

1 This chapter is based on the manuscript submitted for publication: 

Pivetta, T.P., Jochelavicius, K., Wrobel, E.C., Balogh, D.T., Oliveira Jr, Osvaldo N., Ribeiro, P.A., Raposo, M. Incorporation 

of Acridine Orange and Methylene Blue in Langmuir Monolayers Mimicking Releasing Nanostructures.   
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compounds MB and AO are in contact with the monolayer. Finally, this study indicates that both MB 

and AO are retained near the lipids polar head in the monolayers. 

 

8.1 Introduction 

Currently the interest on therapies that allow a minimally invasive and more selective effect has 

increased and, among the new strategies, photodynamic therapy has been widely explored [1,2]. PDT is 

highly dependent on the components light, oxygen, and a photosensitizer, therefore, the selection of the 

photosensitizer is important to achieve an efficient treatment [3]. Most recently, non-porphyrin photo-

sensitizers have gained some attention such as methylene blue (MB) and acridine orange (AO) (Figure 

8.1) [4]. 

Methylene blue is a cationic dye that was very used in the industry but also in research for the 

staining in histology [5,6]. MB is also a promising photosensitizer and has been investigated for anti-

bacterial, antiparasitic, antifungal and anticancer application [7–11]. The incorporation of methylene 

blue to nanoparticles has been explored in the past few years to increase the treatments efficacy [12]. 

Boccalini and collaborators [8] investigated the MB effect in a bacteria culture and showed that, com-

pared to MB in solution, there was an increase in the antibacterial activity when it was incorporated in 

liposomes.  

Acridine orange is a basophilic dye that present affinity to nucleic acids and, therefore, is com-

monly used for the nucleic acid staining [13]. A green and red fluorescence are obtained when bound to 

DNA and RNA, respectively. However, AO molecules can also accumulate in acidic organelles, result-

ing in an orange or red fluorescence, serving also for the identification of acidic vesicular organelles 

(AVOs) [14–16]. As photosensitizer, AO has recently gained more attention for the cancer therapy 

[14,17,18]. In the studies from Lin et al. [18], the photodamage potential of AO was investigated in 

bladder cancer cells and showed a successful cytotoxicity with blue light irradiation that was very se-

lective for the cancer cells and practically did not show phototoxicity in the human immortalized uroep-

ithelial cell line. 
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Figure 8.1: Chemical structures of methylene blue and acridine orange. 

 

The increasing interest in nanotechnology approaches and association with PDT led to the in-

corporation of photosensitizer (PS) molecules into nanoparticles such as liposomes [2]. However, the 

successful encapsulation/incorporation of these molecules is highly dependent on the interactions with 

the liposomes’ material. Langmuir monolayers are often employed to study intermolecular interactions 

between lipids and molecules of biological interest [19]. It has been already used to study different drugs 

such as antifungal, antibacterial, anti-inflammatory, antioxidant, antitumor, wound healing, and many 

others [20–27]. As it can represent half of a cell membrane, it is very useful to study interactions occur-

ring at the membrane surface [28]. Langmuir films can also serve as a model to studies of drugs incor-

poration in the membrane and even for delivery systems [27]. It is a versatile technique that can give 

useful information to study the lipid systems.  

In this work three different mixed monolayers were investigated regarding the interaction with 

the dyes MB and AO to understand the effect on the lipid monolayers. Mixtures containing 1,2-dipal-

mitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

(DPPG), and cholesterol (CHOL) (Figure 8.2) were prepared and the addition of the surfactants Span® 

80 or sodium cholate was also investigated.  

 



Chapter 8. Exploiting the use of Acridine Orange and Methylene Blue in biological systems II:  

an Investigation on the Dyes effects on Lipids 

 

 

130 

 

Figure 8.2: Chemical structures of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-

glycero-3-phospho-(1'-rac-glycerol) (DPPG), cholesterol (CHOL), sodium cholate and Span® 80. 

  

8.2 Materials and Methods 

 Materials 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-

(1'-rac-glycerol) (DPPG), and cholesterol (CHOL) were obtained from Avanti, sorbitan monooleate 

(Span® 80), sodium cholate, methylene blue and acridine orange were obtained from Sigma-Aldrich. 

DPPC, DPPG and CHOL solutions were prepared at 1.0 mg/mL in a mixture of chloroform/methanol 

(8:2). The same solvent mixture was used to prepare solutions of Span® 80 and sodium cholate at a 

concentration of 0.5 mg/mL. Experiments were carried out only with lipids, as reference, and with the 

preparation of lipid mixtures containing DPPC, DPPG and CHOL (7:2:1 weight ratio) with or without 

5% (w/v) of the surfactants Span® 80 and sodium cholate. Phosphate buffered saline (PBS) 10 mM pH 

7.4 was used as subphase and for the experiments with MB and AO, solutions of these chemicals were 

prepared in the buffer. 
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 Langmuir monolayers 

Surface pressure experiments were performed in a Langmuir trough with an area of 243 cm² 

coupled to a KSV NIMA device equipped with a Wilhelmy plate made of filter paper. Experiments were 

carried out in a class 10,000 clean room with temperature of 22 ± 1 °C. Langmuir monolayers were 

prepared by spreading the lipid solution on the aqueous surface of the PBS solution subphase placed in 

the trough. The system was equilibrated during 15 minutes for the solvent evaporation and then the 

experiment was initiated. Two symmetric barriers started to compress the monolayer at a constant rate 

of 10 mm.min-1 and the isotherms correlating surface pressure per area were obtained. At least three 

measurements for each sample were obtained to ensure results reproducibility. From the isotherms the 

compressibility modulus (Cs-1) was calculated according to Equation 8.1, where Am is the mean molec-

ular area, π is the surface pressure and T is the temperature. The compressional modulus is usually 

employed for the analysis of monolayer´s phase transition and elasticity. Higher Cs-1 indicate a less 

compressible monolayer while a low Cs-1 indicate a better compressibility [29]. 

 

Equation 8.1: 𝐶𝑠−1 =−𝐴. (
𝜕𝜋

𝜕𝐴𝑚
)𝑇 

 

 Polarization-modulation infrared reflection absorption spectroscopy 

(PM-IRRAS) 

Experiments were performed in a KSV PMI 550 (KSV Instruments, Finland) with an incidence 

angle of 80° and spectra were obtained at 30 mN.m-1 and kept stable during the measurement time (10 

minutes, 3000 scans). Spectra were obtained using the subphase spectrum as background. The spectral 

ranges of 1000 cm-1 to 1800 cm-1 and 2800 cm-1 to 3000 cm-1 were investigated. 

 

8.3 Results and discussion 

 Surface pressure – area isotherms 

Isotherms of neat lipids and lipid mixtures were obtained to characterize the effect of the MB 

and AO dyes on the lipids’ monolayers. As shown in Figure 8.3 ‒ A, one can observe the surface pressure 

– area isotherms for the different lipids used for the preparation of the mixtures. As previously 
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demonstrated in the literature [30], in PBS buffer of pH 7.4 the lipids DPPC and DPPG present a phase 

transition at π = 7 mN.m-1 and π = 10 mN.m-1, respectively. As the main component of the lipid mixture 

is DPPC, the lipid mixture presents a brief first-order transition around 5 mN.m-1 from the liquid ex-

panded to the liquid condensed (LE/LC). A significant decrease of area for the mixture (44.1 ± 0.7 Å²) 

was observed when compared to neat DPPC (49.1 ± 0.9 Å²) and neat DPPG (51.9 ± 0.8 Å²) areas. This 

is probably due to the amount of cholesterol in the mixture, as cholesterol present a smaller area (38.4 

± 0.7 Å²), whose values of extrapolated area for pure lipids are close to those found in the literature 

[31,32]. For mixtures it is possible to calculate a predicted average area per molecule (A0
123) that is 

calculated according to Equation 8.2 [29], where x1, x2 and x3 are the lipids proportion (from the higher 

to the lower proportion DPPC > DPPG > CHOL) and Am1, Am2 and Am3 are the areas of the respective 

lipids at a determined pressure, in this case, was selected the surface pressure of 30 mN.m-1.  

 

Equation 8.2: 𝐴0123 =𝑥1. 𝐴𝑚1 + 𝑥2. 𝐴𝑚2 + 𝑥3. 𝐴𝑚3 

 

The calculated value of A0
123 was of 40.4 Å² while the experimental area was 37.5 Å² . The 

small value achieved experimentally indicates the possible existence of attractive forces between DPPC, 

DPPG and CHOL molecules which is in accordance with literature [29,33]. Himeno et al. [34] studied 

the mixture of the lipids DPPC and DPPG with cholesterol and found that the phospholipids head groups 

interaction has an impact on the localization of cholesterol and the structure stability. Also, they ob-

served a phase separation for mixtures containing above 30% of DPPG. Therefore, we can conclude that 

the mixture obtained containing 7:2:1 (weight ratio) of DPPC, DPPG and CHOL resulted in a one-phase 

monolayer, with attractive interactions of the lipids.     

The surface pressure – area isotherms achieved for the lipid mixtures containing the surfactants 

Span® 80 and sodium cholate (Figure 8.3 ‒ B) reveal an area expansion. The values of the area at con-

densed phase were extrapolated to zero pressure (A0) and exhibited in Table 8.1. These mixtures present 

the same profile as the lipid mixture without surfactant, with a brief transition around 5 mN.m-1, which 

is a direct result from the mixture with cholesterol, showing a decrease of the known surface pressure at 

the LE/LC transition of DPPC and DPPG.  
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Figure 8.3: Surface pressure – area isotherms of A) lipids DPPC, DPPG, CHOL and the lipid mixture containing 

DPPC, DPPG and CHOL (7:2:1 weight ratio); B) lipid mixture with Span® 80 or sodium cholate, or in the absence 

of the surfactants.  

 

 The dyes solutions were placed in the trough as subphase, and lipids solutions were spread over 

the dye/PBS subphase for the characterization of the influence of MB and AO in the mixed monolayers. 

Figure 8.4 shows the surface pressure – area isotherms for the mixtures with MB and the respective 

compressional modulus plots. One can observe in Figure 8.4 ‒ A that with the increase of MB concen-

tration there is an expansion in the area, with a significant increase in A0 with values of 44.1 Å², 47.4 

Å² and 49.8 Å² for samples without MB and with 1 µM and 10 µM of MB, respectively. The inverse 

occurred for the collapse pressure (πc), obtaining a collapse at 56.1 mN.m-1, 61.6 mN.m-1 and 67.4 mN.m-

1 for 0 µM, 1 µM and 10 µM of MB, respectively.  

 Lipid mixtures containing the surfactant Span® 80 and in contact or not with MB exhibited a 

small expansion of area, with a slight increase in A0 for LM-SP. However, in comparison with lipid 

mixture without surfactant, A0 = 44.1 Å², there is a visible increase on the area. There was a small area 

expansion due to the effect of MB in the lipid mixtures containing Span® 80 and no expansion for the 

monolayers containing sodium cholate. Regardless of the surfactant, it is seen that MB does not signif-

icantly influence the isotherms as much as happens for the case of the lipid mixture without surfactants. 



Chapter 8. Exploiting the use of Acridine Orange and Methylene Blue in biological systems II:  

an Investigation on the Dyes effects on Lipids 

 

 

134 

Different collapse pressures were observed for lipid mixtures with the surfactants, exhibiting a decrease 

for lipid mixtures with Span® 80 + MB. For LM-SC there is an increase in the collapse pressure for the 

higher concentration of MB with πc = 68.2 mN.m-1. The compressional modulus values were calculated 

and plotted in Figure 8.4 ‒ B. In this figure, one can observe an increase in Cs-1 mainly for 1 µM of MB. 

The values of Cs-1 at π = 30 mN.m-1 are displayed in Table 8.1, where is also possible to see a higher 

Cs-1 for 1 µM of MB compared to the other samples with the same conditions. When the monolayer is 

prepared on the surface of MB buffer solution at high concentration presents the lowest Cs-1, demon-

strating that, in this case, monolayers are less rigid. The most reduced Cs-1 values of 120.6 mN.m-1 and 

117.3 mN.m-1 were obtained for LM-SP while for LM-SC the achieved Cs-1 values are of 139.7 mN.m-

1 and 126.2 mN.m-1. These results demonstrate that MB interaction with LM-SP resulted in a more 

flexible monolayer.  

MB has pKa around 3.8 and it is positively charged at physiological conditions [35,36] there-

fore, from the obtained results, one could assume that there is MB adsorption on the monolayer specially 

because of the electrostatic interaction to the lipids as the monolayer contain the zwitterionic lipid DPPC 

and the negatively charged DPPG. This is in accordance with studies from Schmidt et al. [33], where it 

was suggested that the cationic portion of MB had the tendency to be near the phosphate group. 

 Surface pressure – area isotherms obtained for monolayers on the AO subphases for the different 

lipid mixtures are displayed Figure 8.5 ‒ A. For the different lipid mixtures, it is possible to observe a 

significant area expansion, demonstrated by the extrapolated area values 44.1 Å², 49.4 Å² and 54.3 Å² 

for 0 µM, 1 µM and 10 µM, respectively. For the monolayers containing lipid mixture with surfactants, 

AO influences in a greater expansion for LM-SP compared to LM-SC. These observations are in ac-

cordance with extrapolated values of mean molecular area obtained as exhibited in Table 8.1. A maxi-

mum A0 was obtained for the monolayers LM and LM-SP with AO 10 µM. 

Considering the subphase containing AO, great expansion is observed for LM that contain 

DPPC, DPPG and CHOL when comparing to LM-SP that despite the same lipid composition has also 

an addition of a non-ionic surfactant Span® 80, showing an interaction. On the other hand, LM-SC that 

have in addition the negatively charged surfactant sodium cholate, there is a small area expansion. The 

presence of sodium cholate influences on a different manner of AO interaction with the monolayer.  

The compressional modulus plots (Figure 8.5 ‒ B) show that AO has an evident influence in the 

decrease of Cs-1 of monolayers containing the surfactants Span® 80 and sodium cholate. The values of 

Cs-1 obtained values for π = 30 mN.m-1 are exhibited in Table 8.1. Looking at these values, it is possible 

to see a decrease of compressibility for all the lipid mixtures in contact with 1 µM or 10 µM of AO, but 

mainly for LM-SC that exhibits Cs-1 of 113.2 mN.m-1 and 112.0 mN.m-1, which means that for all the 

monolayers studies AO interaction influences the rigidity of the monolayers, which became more flex-

ible.  
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Alike the MB compound, AO is a weak base with pKa around 9.8 and [37] that is protonated 

under physiological conditions. Therefore, it can also interact with the polar groups of the lipids, mainly 

due to ion-dipole interactions. 

 

Table 8.1: Summary of data obtained from the lipid mixtures isotherms, represented by the surface pressure at the 

collapse (πc), the extrapolated area at zero surface pressure (A0) and the compressional modulus (Cs-1). Values are 

displayed as mean ± SD (n = 3). LM: lipid mixture, LM-SP: lipid mixture + Span® 80, LM-SC: lipid mixture + 

sodium cholate. 

Samples πc (mN.m-1) A0 (Å²) Cs-1 (mN.m-1) 

LM 

0 µM 56.1 ± 0.2 44.1 ± 0.7 137.2 ± 16.8 

1 µM MB 61.6 ± 2.0 47.4 ± 1.4 142.7 ± 9.4 

10 µM MB 67.4 ± 1.7 49.8 ± 0.3 132.7 ± 6.0 

1 µM AO 55.2 ± 0.7 49.4 ± 0.6 134.9 ± 8.5 

10 µM AO 62.7 ± 1.4 54.3 ± 1.3 122.5 ± 5.1 

LM-SP 

0 µM 66.3 ± 0.8 47.9 ± 0.7 136.4 ± 4.1 

1 µM MB 59.3 ± 1.0 50.6 ± 0.4 120.6 ± 5.9 

10 µM MB 59.6 ± 0.8 51.1 ± 0.7 117.3 ± 18.3 

1 µM AO 56.7 ± 0.4 52.4 ± 1.2 125.4 ± 5.7 

10 µM AO 64.3 ± 3.2 54.3 ± 1.1 130.3 ± 8.9 

LM-SC 

0 µM 64.5 ± 1.9 47.7 ± 1.0 137.3 ± 7.6 

1 µM MB 60.8 ± 4.3 48.7 ± 0.4 139.7 ± 9.0 

10 µM MB 68.2 ± 2.5 48.7 ± 0.9 126.2 ± 6.8 

1 µM AO 58.8 ± 0.9 48.6 ± 0.8 113.2 ± 15.4 

10 µM AO 55.8 ± 0.9 48.3 ± 0.7 112.0 ± 8.2 
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Figure 8.4: Langmuir monolayers containing or not methylene blue (MB). A) Surface pressure – area isotherms with and without MB; B) compressional modulus of the surface 

pressure – area isotherms. (i) Lipid mixture (ii) lipid mixture + Span® 80, (iii) lipid mixture + sodium cholate. LM: lipid mixture, LM-SP: Lipid mixture with Span® 80, LM-

SC: lipid mixture with sodium cholate.
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Figure 8.5: Langmuir monolayers containing or not acridine orange (AO). A) Surface pressure – area isotherms with and without AO; B) compressional modulus of the surface 

pressure – area isotherms. (i) Lipid mixture (ii) lipid mixture + Span® 80, (iii) lipid mixture + sodium cholate. LM: lipid mixture, LM-SP: Lipid mixture with Span® 80, LM-

SC: lipid mixture with sodium cholate. 
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 PM-IRRAS 

PM-IRRAS spectra for the different monolayers of lipid mixtures, in absence or presence of 10 

µM of MB or AO were obtained in the 2800 cm-1 - 3000 cm-1 and in the 1000 cm-1 - 1800 cm-1 wave-

number ranges and are presented in Figure 8.6. In these figures, the first wavenumber range (i) is related 

to C-H stretches and the second (ii) is related with other chemical groups of the lipids. Figure 8.6 ‒ A(i) 

shows the PM-IRRAS spectra of LM in absence or presence of MB or AO, and it is possible to observe 

the bands attributed to C-H stretches in CH2 and CH3 mainly associated to DPPC and DPPG acyl chains. 

Table 8.2 present the peak positions obtained from the spectra in Figure 8.6 for the different monolayers. 

Two prominent peaks should be emphasized namely near 2847 cm-1 and 2917 cm-1 which are attributed 

to the symmetric and to asymmetric stretches of CH2 group, respectively, while the symmetric and 

asymmetric stretches of CH3 group are near 2874 cm-1 and 2967 cm-1, respectively [38–40]. Comparing 

the LM to the other samples the stretch related to the asymmetric CH3 is shifted to a lower position while 

an opposite pattern is observed for the symmetric CH3 stretches. These shifts values can vary up to 20 

cm-1 for the different monolayers. Minor shifts can be observed for the bands corresponding to asym-

metric and symmetric CH2. In fact, some changes in peak position are observed as well as considerable 

changes in the width and appearance of bands in the wavenumber region attributed to CH2 stretches. 

These changes indicate the increase of the all-trans/gauche conformers ratio [29], indicating structural 

disorder. As the bands assigned C-H stretches are related to the orientation of the acyl chain, the bands 

of the symmetric CH2, symmetric CH3 and asymmetric CH2 show several changes when comparing the 

different compositions and, therefore, were deconvoluted (Annex Table D.1) to calculate the orienta-

tional order parameter of CH2 chain. According to Pires et al. [24], the order is calculated by the ratio 

of the peak area assigned to asymmetric CH2 and the symmetric CH2. The results showed values of 3.77, 

2.15 and 1.44 for LM without molecules and with MB and AO, respectively. For LM-SP the order 

results were lower compared to LM, as shown in Figure 8.7. Lastly, LM-SC show increased values of 

order for LM- with and without MB. LM-SC with AO presented order of 1.67, which is lower compared 

to the monolayers with the same composition. These results indicate that sodium cholate can lead to a 

more organized CH2 chain while the other lipids mixtures, mainly with the addition of the molecules, 

present decrease of order of CH2 chain.    
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Figure 8.6: PM-IRRAS spectra for monolayers of lipid mixture containing DPPC, DPPG and CHOL (7:2:1 weight 

ratio) with Span® 80 or sodium cholate, or without the surfactants. Spectra were obtained at 30 mN.m-1 with 10 

µM of MB or AO or without the dyes. LM: Lipid mixture, LM-SP: lipid mixture with Span® 80, LM-SC: lipid 

mixture with sodium cholate. Spectra are displayed at i) 2800-3000 cm-1 and ii) 1000-1800 cm-1 wavenumber 

range. 

 

The PM-IRRAS 1000 cm-1 - 1800 cm-1 wavenumber region for the different monolayers are 

demonstrated in Figure 8.6. In these graphs, the dashed marks show the bands for the polar groups of 

the lipids which includes the phosphate, the carbonyl, and the C-O stretch. As the relative amount of 

these chemical groups is not as high as from CH2, the bands present lower intensity as this magnitude is 



Chapter 8. Exploiting the use of Acridine Orange and Methylene Blue in biological systems II:  

an Investigation on the Dyes effects on Lipids 

 

 

140 

also dependent on the additive contributions of ordered chemical groups. In general, the bands between 

1000 cm-1 and 1300 cm-1 are attributed to P=O stretches and minor C-H and C-O vibrations [24,33,38–

41]. The degree of hydration influences not only the phosphate bands but also the bands between 1700 

cm-1 - 1800 cm-1 attributed to C=O stretches [24,33,39,40]. Some differences are noted upon the incor-

poration of MB and AO which agrees with our first hypothesis that due to the cationic nature of MB and 

AO occurs a re-accommodation at high surface pressure to interact attractively with the terminal “head” 

groups of DPPC and DPPG, such as the phosphate, driven by ion-dipole interactions. 

The bands corresponding to the carbonyls were deconvoluted with Gaussian curves and the 

percentage of hydration of the carbonyls was calculated by the ratio of the area of the hydrated carbonyl 

peak (~ 1710 cm-1 – 1720 cm-1) and the total area of the C=O group wavenumber region [24]. As shown 

in Table 8.3, it is possible to observe that for LM the C=O hydration was 43.52% and it was increased 

with the addition of MB (53.46%) and AO (45.14%). The same pattern was observed for LM-SP while 

the opposite effect was observed for LM-SC, where the hydration of carbonyl decreased. Four contri-

butions were obtained from the deconvolution of the phosphate groups, and it was already reported by 

previous studies that these bands can present several components possibly related to different degrees 

of hydration (di-hydrated, mono-hydrated and non-hydrated) [39]. Following the same standard from 

C=O stretches, the assigned bands to hydrated P=O (~ 1210 cm-1 – 1220 cm-1) were used for the calcu-

lation of the hydration percentage by the ratio between the hydrated phosphate peak area and the total 

area of the band [24]. The results exhibit a similar pattern to the hydration of the C=O, showing that the 

LM and LM-SP present an increase in the hydration with the addition of the photosensitizers while for 

LM-SC there was a decrease of hydration. These achievements indicates that LM-SC has a significant 

interaction with the polar parts of the lipids, probably due to electrostatic interaction since sodium cho-

late is an anionic surfactant present in LM-SC composition. Differently from LM-SC, the other compo-

sitions probably present more access to interior sites for interactions which leads to a higher entry of 

water and consequently an increased hydration.  
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Table 8.2: Summary of the data obtained from the PM-IRRAS spectra regarding some groups of interest in the ranges of 2800-3000 cm-1 and in the1000-1800 cm-1. LM: Lipid 

mixture, LM-SP: Lipid mixture with Span® 80, LM-SC: lipid mixture with sodium cholate, MB: methylene blue, AO: acridine orange. 

 

Type of vibration (cm-1) LM 
LM + 

MB 

LM + 

AO 
LM-SP 

LM-SP + 

MB 

LM-SP + 

AO 
LM-SC 

LM-SC + 

MB 

LM-SC + 

AO 

C‒H stretching 

Asymmetric CH3  2967 2955 2959 2951 2951 2951 2963 2951 2951 

Asymmetric CH2  2917 2917 2921 2917 2917 2917 2916 2920 2920 

Symmetric CH3  2874 - 2874 2882 2882 - 2882 2890 2893 

Symmetric CH2  2847 2851 2851 2847 2847 2851 2847 2859 2851 

C=O stretching 1736 1743 1732 1740 1744 1736 1728 1744 1744 

P=O stretching 
Asymmetric P=O 1215 1231 1215 1215 1219 1223 1215 1215 1215 

Symmetric P=O 1111 1122 1119 1115 - 1115 1107 1107 1107 

‒C‒O‒[P] stretching 1065 1057 1049 1065 1069 1057 1065 1057 1057 
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Figure 8.7: Orientational order parameter of CH2 chain for the different lipid mixtures with and without the mol-

ecules. MB: methylene blue, AO: acridine orange. 

 

Table 8.3: Calculated hydration percentage of the carbonyl (C=O) and phosphate (P=O) groups. 

  Hydration (%) 

Samples C=O P=O 

LM 

- 43.52 53.29 

MB 53.46 56.74 

AO 45.14 64.31 

LM-SP 

- 54.97 47.45 

MB 56.21 55.34 

AO 78.85 48.66 

LM-SC 

- 61.67 54.40 

MB 48.71 45.76 

AO 58.26 40.98 

 

 As a summary of the results found through the Langmuir monolayers and PM-IRRAS spectra a 

scheme for each monolayer was prepared. An illustrative organization of DPPC, DPPG and CHOL for 

LM is shown in Figure 8.8 ‒ A as well as the mode of interaction of the photosensitizers mainly associ-

ated to interactions to the phosphate groups. The expected Span® 80 interaction the LM-SP monolayer 

is displayed in Figure 8.8 ‒ B, where a similar interaction is observed for the cationic molecules with 

the phosphate groups. Lastly, Figure 8.8 ‒ C shows the possible interaction of sodium cholate to the 

monolayer, with the polar groups interacting with the subphase and, hence, hindering the hydration of 

phosphate and carbonyl groups and, additionally, with possible interactions with the cationic dyes MB 

and AO. 
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Figure 8.8: Scheme of Langmuir monolayers considering interactions that can occurs with the dyes MB (blue 

molecule) and AO (red molecule). A) Mixed monolayers containing DPPC, DPPG and CHOL B) mixed 
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monolayer with the addition of Span® 80 (molecule coloured green) and C) mixed monolayers with the surfactant 

sodium cholate (molecule coloured yellow).  

 

8.4 Conclusions 

Monolayer’s study of the different lipid mixtures and with MB or AO in buffer solution allowed 

to understand better the interaction of the MB and AO photosensitizer molecules with the mixed mon-

olayers. The AO has a greater effect on the expansion of the molecular area while MB has lower effect 

in this parameter. Furthermore, the decrease of the compressional modulus of monolayers with the ad-

dition of the molecules, indicates more flexibility for the monolayer. By the PM-IRRAS analysis, an 

increase of the hydration of the carbonyl and phosphate groups of LM and LM-SP monolayers when 

compared to LM-SC monolayer was identified. This means that the LM-SC monolayer is the less hy-

drated. This result could be attributed to different sites of interaction of Span® 80 and sodium cholate, 

whereas the sodium cholate interacts more superficially to the polar groups, hindering the entry of water 

in the interior of the monolayer and, therefore, reducing the hydration when compared to the other sam-

ples. These results are also corroborated by the higher orientational order of CH2 chain for LM-SC 

monolayer. Analysing this parameter, it was clear that the addition of molecules caused a decrease in 

the monolayer order and, consequently, increased elasticity, especially in the case of monolayers pre-

pared on the surface with AO buffer solution that present very low order values. Therefore, one can 

conclude that the addition of both molecules turns the monolayer more disorganized, giving a higher 

flexibility to the monolayer.    
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9  

 

CONCLUSIONS 

In this chapter the main conclusions of this thesis work are presented according to the sequence 

of the chapters related to the results obtained, namely the chapters 5, 6, 7 and 8. Therefore the main 

conclusions follow the sequence of the screening of the DNA-intercalating drugs regarding their photo-

sensitizing potential in skin cancer cells. Then the results showed the liposomes optimization process to 

obtain the most stable formulations for the encapsulation of the methylene blue (MB) and acridine or-

ange (AO) molecules. Finally, the interactions of these molecules with the DNA and lipids were evalu-

ated.   

The first batch of experiment focused on the selection of some DNA-intercalating agents with 

photosensitizing potential. Several molecules from different classes such as dyes (methylene blue, acri-

dine orange and gentian violet), natural products (quercetin, epigallocatechin gallate and curcumin) and 

chelating agents (neocuproine, 1,10-phenanthroline and 2,2’-bipyridyl) were investigated in cytotoxi-

city studies of 24 and 48 hours and phototoxicity studies in cancer cells submitting the treated cells to 

different wavelength light irradiation. From these results mainly two compounds presented significant 

phototoxicity activity in cancer keratinocytes, with an elevated IC50 of the cells kept in the dark in com-

parison with cells irradiated at specific wavelength light sources, showing that for MB and AO there 

was a very significant difference with the irradiation of the treated cells leading to a reduced cell viabil-

ity. For the continuation of the studies, these promising molecules were tested for the detection of ROS 

production by fluorescence microscopy, where acridine orange showed a significant production of ROS 

species with the probe used in the study, while methylene blue did not exhibit as efficient as AO. Lastly, 

to evaluate the potential application in other types of cancer, the compounds were test in melanoma cell 

line and exhibited again photodamage compared to the controls kept in the dark, however the IC50 of 

the phototoxicity studies in melanoma cells was higher compared to keratinocytes cancer cell line, show-

ing that these cells are indeed more resistant for the treatment.    

 Based on the selected DNA-intercalating agents as photosensitizers in keratinocytes cancer 

cells, an optimization of liposomes was performed to encapsulate these molecules aiming the skin de-

livery. For that, several combinations of the lipids DPPC, DPPG, DOPG and cholesterol were tested in 
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presence or not of the surfactant molecules Tween® 80, Span® 80 and sodium cholate. The results show 

that among the three lipid compositions, the DOPG led to a destabilization of the liposomes along time. 

The same was observed for formulations containing the surfactant Tween® 80. Finally, analysing the 

different compositions we observed that formulations containing cholesterol showed great stability as 

well as the dual lipid formulation of DPPC + DPPG. However, when the photosensitizers were added 

to the liposomes, the simplest formulation containing only DPPC and DPPG was not able to encapsulate 

the molecules and maintain the formulation stable along the time studied. The formulations containing 

cholesterol and with Span® 80 or sodium cholate showed good stability however the size of the particles 

was very different when considered the encapsulation of MB and AO, indicating that these molecules 

interacted in different ways with the lipid bilayer. The encapsulation efficiency showed good encapsu-

lation of MB but even better encapsulation of the AO molecules. The studies in the cancer keratinocytes 

cells showed two different possible approaches: MB-liposomes with the potential as a cytotoxic agent 

for cancer cells; and AO-liposomes with a great potential phototoxicity at very low concentrations. 

The effect of the irradiation on the MB and AO molecules with and without the DNA was in-

vestigated. The intercalation with the DNA resulted in a significant difference of normalized absorbance 

kinetic pattern of degradation, compared to solutions with the compounds only. These results suggest 

that the molecules had significant insertion in the DNA in a way that delays the effect of the radiation 

in comparison with the compounds alone. 

 Based on the three main lipid compositions of DPPC, DPPG and CHOL in the absence and in 

the presence of Span® 80 and sodium cholate it was studied the interaction of the molecules with mixed 

monolayers containing the cited lipids. It was possible to observe that the surfactants caused an increase 

in the area expansion in the lipid mixture monolayer and, analysing the effect of the molecules, AO had 

a greater effect on the expansion of the molecular area while MB showed lower effect in this parameter. 

However, analysing the compressional modulus values, it possible to predict that the addition of the 

molecules leads to a higher flexibility of the monolayers. These results were corroborated by the PM-

IRRAS spectra analysis where the addition of MB and AO resulted in several shifts of the peaks related 

to the C-H stretches and also from the peaks related to the polar group of the lipids such as the carbonyl 

and the phosphates, which indicated structural disorder. The interaction of MB and AO also influence 

the hydration of the carbonyl and the phosphates which was enhanced in the lipid mixture of DPPC, 

DPPG and CHOL without and with Span® 80, however different results were obtained for the lipid 

mixture containing sodium cholate, showing that the mode of interaction of this anionic surfactant had 

an effect on the mode of the molecules interaction as well as the hydration of the monolayer. 

In summary, this thesis enabled the screening of several DNA-intercalating molecules and the 

selection of the most promising molecules as well as the development of a nanocarrier system for the 

encapsulation of the photosensitizers aiming the topical application for the photodynamic therapy of 

skin cancer. Lastly, some studies of interactions were important to understand the interaction of the 
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molecules and the lipids as well as with the DNA, launching for new ideas and better comprehension of 

the application of the systems developed for the clinical application.  

 

Future directions 

 

To go beyond the conclusions discussed in this work, some additional experiments should be considered 

and performed to obtain more data concerning the application of the liposomes for PDT as well as 

confirm the interactions occurring between the lipids of the nanoparticles and the molecules. Therefore, 

some possibilities are described ahead: 

 

Concerning the studies in vitro in cell culture: 

• Continuation of the ROS studies using other types of probes for the specific identification of 

the reactive species. 

• The investigation of the pathway leading to the cell death after the irradiation should also be 

addressed.  

• The study of DNA degradation by the Comet assay should be performed, as a very important 

study to understand whether the photosensitizing effect had an impact on the DNA. 

 

Additional studies with the nanoparticles for PDT: 

• Characterization of the liposomes by Atomic Force Microscopy (AFM). 

• To understand the effect that the different lipid compositions can impair on the liberation of the 

molecules MB and AO, permeation and retention studies should be performed to evaluate the 

extension of the delivery of these molecules in the different layers of the skin. 

• Regarding the in vitro studies in cell culture with the liposomes, the cellular uptake should be 

studied to understand in detail the delivery of the photosensitizers from the nanocarriers, eval-

uating different times of cell uptake. 

• The development of a suitable formulation for the incorporation of the liposomes aiming the 

topical application as well as the characterization of the formulation. 

• In vivo experiments in skin cancer models. 

 

Future studies for the unveiling of the interaction of the photosensitizers with the lipids and the DNA: 

• For the study of the intercalating agents and the DNA, further characterization of the systems 

submitted to irradiation should also be performed by fluorescence spectroscopy and Fourier-

transform infrared spectroscopy (FTIR). 

• Brewster angle microscopy (BAM) should be considered for the morphologic characterization 

of the mixed monolayers.    
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• Furthermore, molecular dynamics simulations should be performed to confirm from the com-

putational perspective the hypothesis of the interactions occurring between the photosensitizers 

and the lipids used in the monolayer, as well as the mode of interaction of the surfactants with 

the lipids. 
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A  

 

DNA-INTERCALATING AGENTS: A STUDY OF THE 

PHOTOSENSITIZING EFFECT 

To calculate the IC50 of AO irradiated by blue light it was necessary to use a range of low con-

centrations (0.31 μM to 10 μM) and for the calculation of the IC50 of the compounds quercetin (QT), 

epigallocatechin gallate (EGCG) and 2,2’-bipyridyl the experiment was repeated with an increased 

range up to 320 µM, results that are showed below. 

 

 

Figure A.1: Cell viability of MET1 SCC cell line treated with AO and irradiated with blue light (457 nm). Values 

are mean ± combined standard uncertainty (n=6). AO: acridine orange. 
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Figure A.2: Cell viability of MET1 SCC cell line treated with QT, EGCG and BIPY. Samples kept in the dark 

were used as control compared to those submitted to different wavelengths irradiation. Values are mean ± com-

bined standard uncertainty (n=6). QT: quercetin, EGCG: epigallocatechin gallate, BIPY: 2,2’-bipyridyl. 
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B  

 

OPTIMIZATION OF NANOLIPOSOMES FOR THE 

TOPICAL DELIVERY OF PHOTOSENSITIZERS  

The evaluation for the obtention of the most promising liposomes formulations considered the 

stability of the nanoparticle along the time by size measurements. Therefore, the distribution profile was 

also important to verify if there were particles in the region of the micrometer. Below it is exhibited the 

size distribution on day 1 of the empty liposomes and with MB or AO, for the four different lipid com-

positions that showed better results in a first stage.  
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Figure B.1: Size distribution of different empty liposomes. A) L1 composition, B) L2 composition, C) L2 com-

position with the addition of Span® 80 and D) the L2 composition with the addition of sodium cholate.  
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Figure B.2: Size distribution of different composition of liposomes containing MB. A) L1 composition, B) L2 

composition, C) L2 composition with the addition of Span® 80 and D) the L2 composition with the addition of 

sodium cholate. MB: methylene blue. 
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Figure B.3: Size distribution of different liposomes compositions containing AO. A) L1 composition, B) L2 com-

position, C) L2 composition with the addition of Span® 80 and D) the L2 composition with the addition of sodium 

cholate. AO: Acridine orange. 
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C  

 

EXPLOITING THE USE OF ACRIDINE ORANGE AND 

METHYLENE BLUE IN BIOLOGICAL SYSTEMS I:  

AN ANALYSIS OF THE DYES EFFECTS ON THE DNA 

 

Figure C.1: Spectra of ct-DNA kept in the dark with measurements after the preparation (0 hours) and 24 hours 

after the first measurement. 
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Figure C.2: Spectra of methylene blue without (A) and with DNA (B) kept in the dark with measurements after 

the preparation (0 hours) and 24 hours later. 
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Figure C.3: Spectra of acridine orange without (A) and with DNA (B) kept in the dark with measurements after 

the preparation (0 hours) and 24 hours later. 
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D  

 

EXPLOITING THE USE OF ACRIDINE ORANGE AND 

METHYLENE BLUE IN BIOLOGICAL SYSTEMS II: 

AN INVESTIGATION OF THE DYES EFFECTS ON LIPIDS 

Table D.1: Data of the peak and the normalized area obtained from the deconvolution of the PM-IRRAS spectra, 

regarding to the peaks of the C-H stretches, the carbonyl group (C=O) and the phosphate group (P=O). LM: lipid 

mixture, LM-SP: lipid mixture + Span® 80, LM-SC: lipid mixture + sodium cholate. MB: methylene blue, AO: 

acridine orange. 

 

 

 
C-H 

 

C=O P=O 

Sample Peak Normalized area Peak Normalized area Peak Normalized area 

LM 

2846.03 0.19 1717.33 0.44 1214.33 0.53 

2872.34 0.08 1735.57 0.38 1229.51 0.10 

2888.17 0.11 1751.24 0.11 1254.43 0.30 

2915.16 0.62 1757.10 0.03 1278.74 0.06 

  1774.40 0.05   

LM + 

MB 

2853.03 0.30 1720.18 0.53 1228.67 0.57 

2866.73 0.05 1744.86 0.40 1247.97 0.17 

2895.62 0.11 1761.63 0.04 1258.97 0.16 

2916.05 0.54 1771.53 0.01 1283.80 0.10 

  1779.83 0.01   

LM + 

AO 

2852.16 0.38 1709.71 0.45 1216.93 0.64 

2877.43 0.07 1723.70 0.03 1243.86 0.13 

2903.04 0.05 1733.43 0.29 1262.75 0.20 

2920.03 0.50 1750.96 0.23 1281.13 0.03 

  1766.67 0.01   
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Table D.1: Continued. 

LM-SP 

2847.27 0.26 1724.16 0.55 1213.08 0.47 

2866.23 0.15 1741.41 0.11 1234.96 0.15 

2883.09 0.05 1759.71 0.28 1254.16 0.30 

2918.15 0.54 1781.01 0.02 1281.97 0.08 

  1799.71 0.04   

LM-SP 

+ MB 

2851.35 0.27 1723.67 0.56 1217.61 0.55 

2889.56 0.03 1744.69 0.16 1240.45 0.29 

2901.90 0.12 1753.77 0.16 1244.95 0.13 

2917.41 0.58 1768.28 0.10 1278.05 0.03 

  1784.27 0.02   

LM-SP 

+ AO 

2852.33 0.33 1716.48 0.79 1214.73 0.49 

2866.03 0.06 1736.58 0.02 1236.01 0.13 

2910.22 0.03 1758.21 0.12 1253.78 0.34 

2916.83 0.59 1783.53 0.06 1290.02 0.04 

  1796.84 0.01   

LM-SC 

2847.40 0.13 1706.08 0.62 1220.59 0.54 

2854.55 0.05 1728.00 0.15 1226.36 0.30 

2879.67 0.09 1733.08 0.07 1263.66 0.12 

2888.77 0.07 1756.92 0.13 1279.07 0.04 

2918.72 0.66 1763.11 0.03   

LM-SC 

+ MB 

2839.51 0.04 1709.33 0.49 1191.25 0.46 

2859.11 0.20 1724.54 0.03 1222.35 0.23 

2872.47 0.003 1744.53 0.33 1239.75 0.20 

2891.91 0.14 1759.89 0.08 1257.09 0.11 

2921.86 0.62 1789.98 0.07   

LM-SC 

+ AO 

2829.88 0.09 1723.42 0.58 1210.81 0.41 

2849.78 0.26 1733.50 0.25 1237.00 0.46 

2867.76 0.06 1741.38 0.05 1260.87 0.10 

2899.17 0.20 1763.10 0.07 1269.94 0.03 

2919.48 0.39 1775.16 0.04   
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