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C'est par la logique qu'on démontre, c'est par l'intuition qu'on 

invente. 

Henri Poincaré 

 

 

The surface of the Earth is the shore of the cosmic ocean. On 

this shore, we've learned most of what we know. Recently, we've 

waded a little way out, maybe ankle-deep, and the water seems 

inviting. Some part of our being knows this is where we came 

from. We long to return, and we can, because the cosmos is also 

within us. We're made of star stuff. We are a way for the cosmos 

to know itself. 

Carl Sagan 
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Resumo 
 
 
Bacellar, I.O.L. Shedding light on interactions and reactions leading to photoinduced 

membrane permeabilization. 2017. 274p. Tese - Programa de Pós-Graduação em Ciências 

Biológicas (Bioquímica). Instituto de Química, Universidade de São Paulo, São Paulo. 

 
A oxidação de membranas lipídicas pode ser benéfica (p.ex. sinalização celular) ou prejudicial, 

sendo a permeabilização de membranas uma de suas consequências citotóxicas. A 

permeabilização fotoinduzida de membranas é parte essencial do mecanismo da terapia 

fotodinâmica (PDT), uma modalidade clínica em que fotossensibilizadores, luz e oxigênio são 

combinados para oxidar biomoléculas e consequentemente danificar células indesejadas. 

Neste trabalho, buscamos entender molecularmente quais fatores levam à permeabilização 

fotoinduzida de membranas. Enfatizamos os papéis do oxigênio, do status da membrana e de 

reações específicas do fotossensibilizador em contato com a membrana. Simulações de 

dinâmica molecular foram usadas para obter a distribuição de oxigênio em membranas em 

função da temperatura nas fases fluida ou gel. Procedimentos específicos de análise de 

cinéticas de luminescência de oxigênio singlete foram desenvolvidos para calcular tempos de 

vida de estado excitado triplete compatíveis com as variações da distribuição de oxigênio em 

membranas. Caracterizamos um derivado fluorogênico do α-tocoferol como uma sonda para 

oxigênio singlete em experimentos com lipossomos, possibilitando comparar qualitativamente 

os níveis de oxigênio singlete atingindo a membrana quando produzido por 

fotossensibilizadores hidrossolúveis ou lipossolúveis. Experimentos em vesículas 

unilamelares gigantes (GUVs) nos permitiram comparar a ativação da sonda com o aumento 

de área superficial da membrana, e estimar a constante de velocidade da reação do oxigênio 

singlete com lipídeos insaturados como 6 x 104 M-1 s-1. Estreitando nosso foco para a 

permeabilização fotoinduzida de membranas, inicialmente caracterizamos quatro 

fotossensibilizadores fenotiazínicos em relação a suas interações com membranas e suas 

capacidades de promover o vazamento de uma sonda fluorescente. Fotossensibilizadores 



que se particionaram mais em membranas (e não os geradores de oxigênio singlete mais 

eficientes) danificaram a membrana de lipossomos mais eficientemente. A ligação à 

membrana também afetou as vias de decaimento dos estados excitados triplete. Com esse 

estudo, selecionamos o fotossensibilizador hidrofílico azul de metileno (MB) e o 

fotossensibilizador mais hidrofóbico DO15 para as investigações subsequentes. Os efeitos de 

ambos os fotossensibilizadores em GUVs foram caracterizados e observamos que as 

cinéticas de permeabilização indicaram diferentes taxas de produção de lipídeos formadores 

de poros para MB e DO15, o que deve depender de interações específicas com a membrana. 

Para melhor compreender o papel de interações fotossensibilizador/membrana, 

caracterizamos a oxidação de lipídeos por ambos os fotossensibilizadores, em uma condição 

em que DO15 permeabilizava membranas 70 vezes mais eficientemente que MB. 

Observamos principalmente a formação de hidroperóxidos lipídicos para MB, enquanto que 

para DO15, além desses mesmos produtos, observamos a formação de álcoois, cetonas e 

aldeídos fosfolipídicos de cadeia truncada, esses últimos tendo sido relacionados a condições 

em que se observou a permeabilização de membranas. Embora já fosse sabido que aldeídos 

fosfolipídicos aumentam a permeabilidade da membrana, esse fenômeno nunca havia sido 

demonstrado para a formação de aldeídos in situ. A fotooxidação lipídica foi acompanhada 

por aumento do fotobranqueamento de DO15 e pela formação de radicais lipídicos 

oxigenados, indicando a ocorrência de reações diretas entre lipídeos e fotossensibilizadores. 

O mapeamento dos fatores que levam à permeabilização fotoinduzida em membranas, 

focando em reações e interações moleculares, é o maior produto desse trabalho. 

 
Palavras-chave: Terapia fotodinâmica, oxidação lipídica, membranas lipídicas, 

fotossensibilizadores, oxigênio singlete, permeabilidade de membranas  



Abstract 
 
 
Bacellar, I.O.L. Shedding light on interactions and reactions leading to photoinduced 

membrane permeabilization. 2017. 274p. PhD Thesis – Graduate Program in Biochemistry. 

Instituto de Química, Universidade de São Paulo, São Paulo. 

 

Oxidation of lipid membranes can be beneficial (e.g., cell signaling) or detrimental, with 

membrane permeabilization representing one of its cytotoxic outcomes. Photoinduced 

membrane permeabilization is key to the mechanism of photodynamic therapy (PDT), a clinical 

modality in which photosensitizers, light and oxygen are combined to oxidize biomolecules and 

consequently damage diseased cells. In this work, we aimed to understand at the molecular 

level which factors lead to photoinduced membrane permeabilization. We emphasized the 

roles of oxygen, membrane status and specific reactions of the photosensitizer in contact with 

the membrane. Molecular dynamics simulations were used to assess oxygen distribution in 

membranes as a function of temperature within membranes in gel or liquid phases. Special 

fitting procedures of singlet oxygen luminescence kinetics were devised to allow the calculation 

of triplet excited state lifetimes compatible with variable oxygen distributions in membranes. 

We characterized a fluorogenic α-tocopherol probe as a singlet oxygen trapping molecule in 

experiments with liposomes, and were able to qualitatively compare the amount of singlet 

oxygen molecules reaching the membrane after being generated by water soluble or 

membrane bound photosensitizers. Experiments performed in giant unilamellar vesicles 

(GUVs) allowed us to compare the activation of the probe with the observed membrane surface 

area increase and estimate the reaction rate of singlet oxygen with unsaturated lipids to be 6 

x 104 M-1 s-1. We then narrowed our focus to photoinduced membrane permeabilization, initially 

characterizing four phenothiazinium photosensitizers with respect to their interactions with 

membranes and their capability to promote leakage of a fluorescent probe. Photosensitizers 

that bound to membranes to a larger extent (and not the most efficient singlet oxygen 

generators) were the most efficient ones to damage liposomal membranes. Membrane binding 



also affected triplet excited state deactivation pathways. From this study, we selected the 

hydrophilic photosensitizer methylene blue (MB) and the more hydrophobic photosensitizer 

DO15 for subsequent investigations. We characterized the effects of both photosensitizers in 

GUVs and observed that the kinetics of membrane permeabilization implied different rates of 

generation of pore-forming lipids for MB and DO15, which should depend on specific 

interactions with membranes. To further understand the role of photosensitizer/membrane 

interactions, we characterized the oxidized lipids formed by both photosensitizers in a condition 

in which the membrane permeabilization efficiency of DO15 was 70 times higher than that of 

MB. We observed mainly formation of lipid hydroperoxides by MB, while DO15 not only led to 

these same products, but also to alcohols, ketones and phospholipid truncated aldehydes, the 

latter being related to conditions in which membrane permeabilization was observed. Although 

aldehydes were already known to increase membrane permeability, this phenomenon had 

never before been demonstrated for aldehyde formation in situ. Lipid photooxidation was 

accompanied by increased photobleaching of DO15 and by formation of lipid oxygenated 

radicals, indicating the occurrence of direct reactions between lipids and photosensitizers. A 

roadmap of the factors leading to photoinduced membrane permeabilization focusing on 

molecular interactions and reactions is the major achievement of this work. 

 

Keywords: Photodynamic therapy, lipid oxidation, lipid membranes, photosensitizers, singlet 

oxygen, membrane permeability  
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Foreword 

 

This thesis is constituted of several chapters, all united by the common goal of 

understanding how photosensitizers interact and react with lipid membranes in the presence 

of light and oxygen, leading to membrane permeabilization. Membrane permeabilization being 

potentially cytotoxic, learning the details of this process can allow to control cell death 

mechanisms. The different chapters presented herein tell different short stories, which tackle 

this subject from different angles and also reflect a number of scientific collaborations. The 

interaction with other research groups specially during research internships abroad was an 

essential part of this work, resulting in the various experimental approaches and 

methodologies employed throughout the thesis. A brief description of each chapter is provided 

below: 

Chapter 1 is the introduction to this thesis. We initially review the literature on molecular 

mechanisms involved in photodynamic therapy (PDT), a clinical modality based on the 

interaction between a photosensitizer, light and molecular oxygen. We discuss which are the 

properties of photosensitizers that enhance their efficiency, making clear the importance of the 

interaction with lipid bilayers, and also provide an overview of how photooxidation of 

biomolecules can lead to cell death mechanisms, placing the project into a broader scenario. 

We later narrow down the focus of the thesis to photoinduced reactions in lipid membranes. 

We firstly review photooxidation reactions of mono-unsaturated lipids, which were used as the 

building blocks of the model membranes employed in most of our experiments. We then cover 

the effects of photooxidation on lipid membranes, focusing on membrane permeabilization 

mechanisms. We aimed to review what is known about the effects of specific classes of 

oxidized lipids and how this was discovered using liposomes and giant unilamellar vesicles 

(GUVs) as membrane models. The objectives of this thesis are also set in Chapter 1. 

Chapter 2 provides the first piece of experimental work. We focused on expanding our 

understanding of the distribution of oxygen in lipid membranes, since oxygen is also an 

essential factor of the photodynamic process. Using singlet oxygen and its phosphorescence 
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as a probe, we explored the effects of phase transitions and temperature changes, and paid 

special attention to local heterogeneities of oxygen solubility inside the lipid bilayers. As in the 

following chapters, we highlight the dependence of photodynamic efficiency on very precise 

interactions of photosensitizers with membranes. This work was the outcome of a rewarding 

collaboration with Dr. Steffen Hackbarth and prof. Dr. Beate Röder, from Humboldt-Universität 

zu Berlin in Berlin, Germany. We also had valuable contributions from prof. Dr. Rodrigo 

Cordeiro from UFABC, Santo André, Brazil, who performed molecular dynamics simulations. 

The experiments reported in this chapter were carried out during my 4-month stay at Humboldt-

Universität zu Berlin. 

Chapter 3 provides an initial study of photooxidation in membranes, employing the 

off/on fluorogenic probe H2B-PMHC to assess the efficiency of production of reactive species 

in the lipid bilayer. This probe has a reporter segment whose fluorescence is enhanced upon 

oxidation of its chromanol-based receptor segment. H2B-PMHC is an α-tocopherol analog that 

was first and previously characterized for its activation by peroxyl radicals. By comparing the 

results obtained with the phenothiazinium methylene blue (MB) and a more hydrophobic 

photosensitizer, we showed that the probe can also be activated by singlet oxygen, and can 

be used as an internal standard to assess the rate of lipid oxidation by singlet oxygen in 

membranes. This chapter arose from a fruitful collaboration with prof. Dr. Gonzalo Cosa, from 

the Chemistry Department of McGill University in Montreal, Canada. The experiments reported 

in this chapter were carried out during my 6-month stay in the Cosa Lab. 

Chapter 4 focuses on understanding which characteristics of photosensitizers favor 

membrane damage in liposomes, including membrane permeabilization. By comparing four 

different phenothiazinium photosensitizers, it was evidenced that membrane damage 

efficiency is an interplay between membrane binding and aggregation equilibriums. Based on 

these results, we selected MB and the tetrahydroquinoline phenothiazinium DO15 as 

photosensitizers for our next studies. The comparison between both molecules is very 

interesting: although sharing very similar photophysical properties, the latter binds more 

extensively to lipid membranes, damaging membranes to a much larger extent. 
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Chapter 5 expands the characterization of MB and DO15 to GUVs, which allow 

observing the morphological consequences of photooxidative damage at optical microscopy 

scale. This study also provides a quantitative analysis of changes in sugar permeability due to 

photooxidation, and puts these results into the framework of a mathematical model aimed to 

describe, via reaction-diffusion equations, the generation of pore-forming lipids and their 

aggregation into membrane pores. This work was the result of a long-lasting collaboration with 

prof. Dr. Carlos M. Marques, from Institute Charles Sadron – CNRS in Strasbourg, France. 

The experiments reported in this chapter were carried out during my 2-month stay in his lab. 

Chapter 6 brings the core of the project, showing the characterization of oxidized lipids 

formed during the photooxidation of liposomes by MB and DO15. We also provide quantitative 

analysis of the detected products and compare these data to the leakage of a fluorescent probe 

entrapped in the inner compartment of the liposomes. Photobleaching experiments provided 

insight on the reactions taking place in our system, especially direct reactions between lipid 

and photosensitizer triplet excited states. We were able to show the role of phospholipid 

aldehydes in membrane permeabilization, and suggest the main steps involved in their 

formation. An important part of this work was done in close collaboration with prof. Dr. Sayuri 

Miyamoto, from the Biochemistry Department of our university. 

Chapter 7 is a general conclusion, bringing a summary of our most important 

discoveries by connecting what was learned in the different chapters. Most importantly, it sheds 

light on many of the open questions remaining on this field. 
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Chapter 1 – Introduction: Photodynamic Therapy and its 

Molecular Mechanisms 

 

 

 

 

Understanding photoinduced cell damage at molecular level is key to improving 

the efficiency of PDT protocols. We aim to identify cellular targets of photooxidation 

leading to specific cellular outcomes and understand how these targets interact 

with photosensitizers. 

 

 

PDT relies on the combination of a photosensitizer, light, and oxygen [O2(3Σg
−)] to 

eliminate unwanted cells (Figure 1). These cells can be tumor cells or microorganisms, such 

as fungi and bacteria. The main agent in PDT is the triplet excited state of the photosensitizer, 

which can sensitize the formation of singlet oxygen [O2(1Δg)] or radicals. These reactive 

species are responsible for damaging biomolecules and thus promoting cell death, which is 

the desired outcome of PDT (Henderson and Dougherty 1992; Wainwright 1998; Foote 1968; 

Hamblin and Hasan 2014; Dolmans et al. 2003). Perhaps the major obstacle hindering the 

spread of PDT is a lack of detailed understanding of the mechanisms taking place, especially 

through bridging the molecular level reactions and interactions to the biological outcomes. 

Herein we summarize what is known about photosensitizer efficiency and how it is affected by 

the nanoenvironment where the photosensitizer is (as will be made clear below, the 
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mechanisms involved in PDT depend either on direct reactions or on diffusion of singlet oxygen 

or radicals in the scale of a few dozens of nanometers or less). Even if at first glance it could 

seem that the efficiency of PDT protocols could be enhanced simply by increasing 

photosensitizer concentration and light intensity, this does not work in practice. On one hand, 

light often cannot reach the target tissue due to unfavorable optical conditions. On the other 

hand, too extensive cell damage caused by using too high loading of photosensitizer or light 

leads to uncontrolled consequences, including accidental cell death. For this reason, the 

search for photosensitizers that produce specific responses under low concentrations and low 

light intensities is actively carried out. After exploring photosensitizer efficiency, we then cover 

how photosensitizers damage cells, starting from chemical reactions and progressing to 

induction of specific cell death pathways. Among the different aspects included in this chapter, 

we explore lipid membranes as targets of PDT, highlighting the importance of interactions and 

reactions between lipids and photosensitizers to photodynamic efficiency. We describe the 

photooxidation reactions that can lead to lipid membrane damage, and specifically review how 

specific oxidation products can lead to membrane permeabilization. This broad literature 

review sets the cornerstones for the succeeding experimental work, whose objectives are 

presented at the end of this chapter. 

 

Part of the text below (sections 1.1, 1.2 and 1.3) was adapted from a review published in the 

International Journal of Molecular Sciences (Bacellar et al. 2015) under a Creative Commons 

Attribution License. Dr. Tayana M. Tsubone and Dr. Christiane Pavani were co-authors of this 

review and contributed to sections 1.2.2 and 1.3.2. 

 

A second manuscript is being prepared from sections 1.4 and 1.5. 

 

1.1. Photodynamic Therapy: Main Principles  

If compared to other clinical modalities, PDT has several advantages. One of the best 

characteristics of PDT is its potential for greater selectivity, reducing its side effects. The fact 
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that PDT relies on drug photo-activation allows for localized action: besides aiming for selective 

localization of the drug, a second layer of selectivity is achieved by selective irradiation of the 

target tissue. In addition, PDT has multiple cellular targets and, therefore, is not believed to 

lead to drug resistance. Besides being also applicable in conjunction with other clinical 

modalities (e.g., post-surgery), PDT is also potentially suitable to public health systems, since 

the combination of low cost photosensitizers and light sources turns it into an affordable 

treatment (Hamblin and Hasan 2014; Baptista and Wainwright 2011; Tardivo et al. 2004; 

Agostinis et al. 2011).  

However, in spite of all these advantages and the growing knowledge on the efficiency 

of PDT, it is evident that this clinical modality is still not widespread. In fact, very few medical 

doctors learn about PDT in medical school and very few patients are aware of PDT. This can 

be attributed in part to a lack of knowledge on some of the molecular mechanisms taking place 

in PDT, which leads to the usage of empirical protocols with suboptimal efficiency. Notably, it 

is still unclear which are the most important biological targets of photooxidation reactions and, 

hence, which are the most effective strategies to achieve cell death.  

 

 

Figure 1. The treatment of tumors or infected areas (represented by the pink circle) by PDT involves 
selective accumulation of a photosensitizer (PS) in the diseased region, followed by irradiation with 
visible light. 

 

Light absorption is the first step in the photoinduced process operating in PDT (Figure 

2). Once in a singlet excited state, photosensitizer molecules can be converted to their lower 

triplet excited state by intersystem crossing (ISC). Any structural features in a molecule 

favoring spin-orbit coupling (such as heavy atoms) favor this process. ISC is a fast (sub-
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picosecond), non-adiabatic and, hence, non-radiative transition, between states with different 

multiplicities. The crossing between potential energy surfaces of the singlet and triplet excited 

states allows this otherwise spin-forbidden process to occur. However, this same process is 

much less probable for the decay of the triplet excited state to the ground state (singlet), 

accounting for the longer lifetime of triplet excited states (Marian 2012). This longer lifetime 

increases the probability that triplet excited states interact with molecules nearby, leading to 

electron or energy transfer. The energy of the triplet excited state varies depending on the 

photosensitizer, for example, being 142 kJ mol-1 for MB and ca. 30 kJ mol-1 higher for 

erythrosine and rose bengal (Gollnick et al. 1970). It is important to remark that in many cases 

these interactions or reactions will simply result in deactivation of the triplet excited state 

without inducing further chemical reactions. An example is quenching by an initial electron 

transfer reaction, followed by back-electron transfer, thus recovering the ground state 

photosensitizer. From a biological point of view, these processes can be regarded as dead 

ends, since no chemical changes arise. Of course, light is converted into heat and there 

actually are some therapies aiming at killing cells with the excess of local heat that can benefit 

from it (Fang and Chen 2013; Hwang et al. 2014; Wang et al. 2015).  

 

 

Figure 2. The triplet excited state of the photosensitizer (T1) can be formed by photoexcitation of the 
singlet ground state (S0) to a singlet excited state (in this case, the first singlet excited state, S1). T1 is 
formed by intersystem crossing (ISC) from S1. Besides suffering chemical reactions, the excited states 
can be deactivated by radiative decay (fluorescence or phosphorescence) or by non-radiative decay 
(involving internal conversion, IC, in the case of states with the same spin multiplicity). A representative 
orbital configuration for photosensitizers is also provided for each state. 
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The important step for the induction of tissue damage occurs when the lowest triplet 

excited state is formed and leads to biomolecule photooxidation. There are several 

classifications and definitions to describe the mechanism of photosensitized oxidations, the 

most famous one being the classification in Type I and Type II originally proposed by Foote, 

who separated processes that depended on specific interactions of the triplet excited state with 

a substrate or solvent (Type I) or with oxygen (Type II) (Foote 1991). This and other definitions 

have been interpreted and employed in different ways in the literature (e.g., often the term 

“Type II” is used to describe solely singlet oxygen-generation), quite expectedly leading to 

misunderstandings among scientists (Baptista et al. 2017). Considering only the first step of 

photosensitized oxidations, we prefer to classify them in: (i) contact-dependent pathway, in 

which the substrate is attacked by the triplet excited state of the photosensitizer itself; and (ii) 

contact-independent pathway, in which the triplet excited state of the photosensitizer 

generates a mediator species, which diffuses and then reacts with the aimed target (Figure 3). 

Very briefly, if the target being considered is a lipid and if the photosensitizer reacts directly 

with the lipid, this would fall under the former mechanism. On the other hand, if the 

photosensitizer forms a species that in turn reacts with the lipid (e.g., singlet oxygen), this 

would fit the latter definition. 

 

 

Figure 3. Photosensitizers can lead to substrate oxidation by contact-dependent or contact-independent 
pathways. The former pathway involves a direct reaction between the triplet excited state of the 
photosensitizer (T1) and a target substrate, therefore requiring contact between both species. On the 
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other hand, the contact-independent pathway relies on the formation of a mediator species by T1, which 
in turns reacts with the target substrate. Most commonly the mediator is singlet oxygen. 

 

The contact-independent pathway mostly encompasses the formation of the highly-

reactive singlet oxygen. In this case, the triplet excited state of the photosensitizer excites 

molecular oxygen through a collisional energy transfer, ultimately forming the [O2(1Δg)] excited 

state and regenerating the ground state of the photosensitizer. This excited state is commonly 

called “singlet oxygen” and lies 94 kJ mol-1 above its ground state. Singlet oxygen has a high 

reactivity towards electron-rich compounds, due to its unoccupied π*2p orbital. This 

characteristic allows it to engage in two-electron transfer reactions without the spin restrictions 

faced by its ground state. 

The lifetime of singlet oxygen can be measured directly by recording singlet oxygen’s 

phosphorescence around 1270 nm (i.e. near infrared, NIR) employing time-resolved setups. 

Although being a weak emission, its kinetics, spectral features and solvent-dependence turn it 

into a signature of singlet oxygen (Schweitzer and Schmidt 2003; Wilkinson et al. 1995; Khan 

and Kasha 1979). Singlet oxygen lifetime is highly dependent on the medium (compare 3.7 µs 

in water to 60 µs in deuterium oxide) and therefore its diffusion distance and the range of its 

action will also vary for each condition (Schweitzer and Schmidt 2003; Wilkinson et al. 1995). 

Considering unidimensional diffusion, singlet oxygen averagely diffuses a distance of (D)1/2, 

where D is its diffusion coefficient and  its lifetime. For water, this would mean only 86 nm 

(Hackbarth et al. 2016). Of course, singlet oxygen lifetime will be shortened by singlet oxygen 

quenchers, either physical or chemical. In cells, where it can react with biomolecules and also 

has a smaller diffusion coefficient, this distance is estimated to be about 4 times smaller 

(Hackbarth et al. 2016).  

Besides singlet oxygen, other species could potentially act as mediators of contact-

independent pathways during the initial steps of oxidation (of course, there is a plethora of 

“mediator” species during advanced stages of photodynamic damage). Although direct 

electron transfer to oxygen is believed to seldom occur, this process can be a source of 
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superoxide radical (Baptista et al. 2017). Superoxide can be further reduced and protonated, 

yielding hydrogen peroxide. Otherwise, superoxide dismutase can also catalyze the 

conversion of superoxide radical to hydrogen peroxide in biological medium. Both superoxide 

radical or hydrogen peroxide are poorly reactive and certainly play a very small role if 

compared to singlet oxygen. However, a completely different outcome can happen in the 

presence of ferrous ions, since the Fenton reaction can take place and produce hydroxyl 

radical from hydrogen peroxide. This species can oxidize most of the molecules, generating 

more complex radicals (e.g., carbon-centered lipid radicals) (Foote 1968; Girotti 2001). In 

addition to oxygen, inorganic salts (e.g., azide, iodide and bromide) have also been shown to 

enhance PDT efficiency, being able to originate mediator species for the contact-independent 

pathway. However, this mechanism not only is oxygen-independent but also operates mostly 

under anoxic conditions (Huang, Xuan, et al. 2012; Huang, St. Denis, et al. 2012; Yin et al. 

2015; Kasimova et al. 2014; Zhang et al. 2015; Vecchio et al. 2015).  

Contact-dependent processes comprehend direct reactions between the triplet excited 

state of the photosensitizer and a substrate. As a rule of thumb, excited states are more 

reactive than their corresponding ground states, being simultaneously better oxidants and 

reducers (Turro et al. 2009), as illustrated in Figure 4. These reactions are usually electron (or 

hydrogen, H+ + e−) transfers, forming radicals that can initiate chain reactions. Many kinds of 

substrates can partake in electron transfer process, leading to formation of different types of 

radicals (centered both on the photosensitizer and on the substrate) (Foote 1968). Initially, 

semi-oxidized or semi-reduced radicals are formed, and these will usually suffer further 

reactions. The semi-reduced photosensitizer radical can react with electron acceptors, such 

as oxygen (as mentioned above), regenerating the photosensitizer. Even if the first step 

happens to be photosensitizer oxidation with biomolecule reduction, reactions with dissolved 

oxygen (including superoxide formation) in subsequent steps lead to overall biomolecule 

oxidation. The radical chain reaction usually continues after the irradiation is interrupted, and 

termination only occurs by depletion of reactants (biomolecules or oxygen) or by action of 

antioxidants (Foote 1968; Girotti 2001).  
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Figure 4. Excited states are more prone to reduction and to oxidation than their ground states, for their 
electron configuration allows for higher electron affinity (EA) and lower ionization potential (IP). This 
figure was adapted from (Turro et al. 2009). 

 

Since a second electron transfer reaction must take place to regenerate the ground 

state photosensitizer, direct reactions are considered more prone to causing photosensitizer 

photobleaching than singlet oxygen chemistry. Note that singlet oxygen can also react with the 

photosensitizer and cause its bleaching, but this would result from subsequent reactions and 

not from the actual formation mechanisms of this excited state. Radicals can also often divert 

the final product of the reactions with photosensitizers to a stable species different from the 

original photosensitizer, like a different chromophore or even a species that does not absorb 

light. Strictly speaking, these reactions would not fit the definition of photosensitization, which 

implies the recovery of the photosensitizer after it absorbs light and produces a photochemical 

or photophysical change in a second species (Braslavsky 2007b).  However, it is clear today 

that these electron-transfer processes in the presence of biological substrates substantially 

impact the final biological consequences of PDT (Huang, Xuan, et al. 2012). 

It is essential to mention that the distinction between contact-depended and contact-

independent pathways only applies to the initial steps of photooxidation. Once primary reaction 

products are formed, they can continue engaging in chemical reactions, following their own 

reactivity. In addition, it is only during the first steps that the distinction between both types of 

pathways is feasible, given the possibility of a high variety of chemical reactions at later steps 
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of the photodynamic damage. At this stage, radicals and excited states can be generated by 

many other mechanisms. Singlet oxygen or excited carbonyls can be formed by the 

combination of two peroxyl radicals (Russell 1957; Howard and Ingold 1968), while superoxide 

radical can be alternatively produced by one-electron reduction of oxygen by previously-

formed semi-reduced radicals (Baptista et al. 2017). There is also evidence that hydroxyl 

radical can be generated by abstraction of the αC-H hydrogen of lipid hydroperoxides (Frenette 

and Scaiano 2008), only to list a few examples of reactive species generated even after 

irradiation has ceased. 

Contact-dependent and contact-independent pathways can simultaneously take place 

in the sample, with the competition between them being mostly dependent on the availability 

of reactants (specially oxygen) and on the rate constants for each of the necessary steps. 

Which is the most important pathway (if any) to a certain biological outcome remains mostly a 

question specific of the chemical and temporal details of the photosensitizer locus. In the 

following sections, we will cover many of the factors that favor one or another pathway, as well 

as consequences of each of them with focus on lipid oxidation. 

 

1.2. Parameters Determining the Efficiency of Photosensitizers  

1.2.1. Biological Environment Affects Triplet Excited State Reactivity 

One important topic in PDT research is the quest for photosensitizers with enhanced 

efficiency. A common practice is to measure singlet oxygen generation quantum yield (ΦΔ) in 

isotropic solution and, as singlet oxygen is usually considered the main species taking part in 

PDT, the photosensitizers with higher ΦΔ are usually regarded as the more promising ones 

(Henderson and Dougherty 1992). However, there are many pitfalls in this strategy, and many 

studies show that ΦΔ does not always correlate with photodynamic efficiency (Oliveira et al. 

2011; Pavani et al. 2012; Pavani et al. 2009; Ding et al. 2011; Bacellar et al. 2014; Vakrat-

Haglili et al. 2005; Silva et al. 2010). Apart from the possible importance of direct reactions 

between a photosensitizer and a substrate, this happens because the properties of the 
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photosensitizer (ground and excited states) can be affected by interactions with the biological 

environment. Because cells are complex heterogeneous systems, photosensitizers will 

experience different biological environments, meaning that their spatial distribution will also 

define where and which oxidizing species will be generated (Figure 5). 

 

 

Figure 5. Possible outcomes of the interaction between photosensitizers and binding sites of 
macromolecules or particles, considering triplet excited states deactivation pathways: (A) stabilization 
of the monomeric form of the photosensitizer and formation of singlet oxygen (1O2) by energy transfer; 
(B) stabilization of the dimeric species, favoring the dye-dye mechanism; and (C) binding of the 
photosensitizer to a pocket inaccessible to oxygen, raising the probability of electron transfer pathways. 

 

Regarding the latter factor, one of the simplest effects to be understood is the fact that 

among photosensitizers with similar ΦΔ, the ones that interact more with biomolecules (such 

as lipids packed into bilayers) lead to more extensive photodynamic damage. Considering 

that direct reactions require physical contact or considering the small diffusion distance of 

singlet oxygen (as well as of other reactive species), it is not surprising that proximity to 

biological targets should affect the extent of photooxidation (Rodriguez et al. 2009; Pavani et 

al. 2009; Teiten et al. 2003; Bacellar et al. 2014; Engelmann et al. 2007; Rokitskaya et al. 

2000; Ali-Seyed et al. 2011; Sun and Leung 2007; MacDonald et al. 1999; Kessel et al. 1997).  

Another effect that arises from the localized generation of reactive species is the 

variation of their lifetimes in different subcellular localizations and also if compared to isotropic 

solution (Oliveira et al. 2011; Kuimova et al. 2009). Oliveira et al. incubated HeLa cells with 

MB or crystal violet in the presence of deuterium oxide and showed that, while the former led 

to a singlet oxygen lifetime of 33 μs, the latter led to 5 μs, suggesting that the photosensitizers 
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experiment environments (i.e., subcellular localizations) with different capabilities to quench 

singlet oxygen. However, singlet oxygen molecules generated by crystal violet were a lot more 

efficient in causing cell death, and this correlates with its smaller lifetime (Oliveira et al. 2011). 

Therefore, differences in diffusion distance should be expected depending on the site of 

generation of singlet oxygen, affecting the probability that it reacts with the desired targets 

especially when physical quenching is taking place.  

Triplet excited state deactivation pathways (i.e., electron or energy transfer) and, 

hence, the efficiency of singlet oxygen generation, will also be changed in the biological 

medium if compared with isotropic solutions. Many photosensitizers can act both by electron 

or energy transfer, provided that the triplet excited state has enough energy to sensitize 

singlet oxygen formation and redox potentials compatible with existing substrates (Buettner 

1993; Schweitzer and Schmidt 2003; DeRosa and Crutchley 2002). As already mentioned, 

the relative occurrence of each process will depend on factors such as their rate constants, 

the concentration of oxygen or other substrates in the surrounding medium and also on 

interactions with other molecules or with photosensitizer molecules on their own (Henderson 

and Dougherty 1992; Foote 1968; Girotti 2001; Junqueira et al. 2002; Severino et al. 2003; 

Maisch et al. 2007; Foster et al. 1991). All these factors will depend on the nanoenvironment 

where the photosensitizer is: lipid membranes, for example, are richer in oxygen than the 

surrounding solution, and photosensitizers that localize deeper in the membrane encounter 

higher concentrations of oxygen (Cordeiro et al. 2012). Ding et al., for example, showed that 

5,10,15,20-tetrakis(meso-hydroxyphenyl)porphyrin encapsulated in polymeric micelles 

results in greater phototoxicity against cancer cells under hypoxic conditions due  to significant 

increase in generation of superoxide radical in the electron-rich micelle core, competing with 

singlet oxygen generation (Ding et al. 2011). The pathway followed by the triplet excited state 

may also change during the course of irradiation, due to photosensitizer chemical and 

photochemical transformation, as well as availability of novel substrates (photooxidized 

molecules) and/or depletion of initial reactants (such as oxygen or direct reaction substrates).  
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The role of photosensitizer aggregation on its photochemical and photophysical 

pathways was studied for several classes of photosensitizers and in many different systems. 

Aggregation, which in most cases can be simply identified by changes in electronic spectra 

of the photosensitizer, can happen as a result of high photosensitizer concentration and also 

be affected by ionic strength, temperature and interaction with molecules that stabilize 

differently the monomeric or the aggregated forms of the photosensitizer (Junqueira et al. 

2002; Severino et al. 2003; Fernandez et al. 1996; Montes De Oca et al. 2013; Nuñez et al. 

2015; Tsubone et al. 2014; Aveline et al. 1995; Choi et al. 2000). In some cases, aggregation 

just diminishes the activity of the photosensitizer, whereas in others it may change its 

mechanisms of action. The cationic photosensitizer MB, for example, aggregates in the 

presence of negatively charged interfaces, such as sodium dodecyl sulfate (SDS) micelles. 

While in high MB/SDS ratios MB dimerizes, the equilibrium is shifted towards the monomeric 

form of the photosensitizer when this proportion is lowered. Interestingly, laser flash 

photolysis measurements showed that the lifetime of the triplet excited state increases from 

40 ns to 1.5 μs upon raising SDS concentration. Whereas the latter lifetime corresponds to 

quenching by oxygen forming singlet oxygen, the former is ascribed to a dye-dye electron 

transfer, resulting in MB-derived radicals (Junqueira et al. 2002; Severino et al. 2003). This 

phenomenon is expected to affect the intracellular PDT efficiency of MB, given that it can lead 

to radical reactions. It turns out that MB’s aggregation equilibrium is also affected by binding 

to mitochondria, being dependent both on mitochondrion membrane potential and on the 

relative concentration between MB and these organelles (Gabrielli et al. 2004).  

Indeed, binding to biomolecules is known to alter photosensitizer photochemical and 

photophysical pathways, whether or not by affecting aggregation equilibriums. Depending on 

the polarity of the photosensitizer and the composition of lipids (and hence the properties of 

the lipid bilayer), lipid membranes can stabilize either the monomeric or the aggregated forms 

of the photosensitizer, thus affecting the generation of reactive species (Bacellar et al. 2014; 

Severino et al. 2003). As will be discussed in detail in Chapter 4, for photosensitizers that 

aggregate in aqueous medium and have similar ΦΔ when completely in the monomeric form, 
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binding to lecithin liposomes led to higher singlet oxygen generation if compared to 

photosensitizers that mostly partitioned in the surrounding solution (Bacellar et al. 2014). On 

the other hand, an increase in electron transfer processes may also be expected, since 

binding to membranes increases the concentration of possible substrates of contact-

dependent reactions.  

Photosensitizers can also bind to proteins, both to specific binding sites or in an 

unspecific manner, which also changes their photosensitizing properties. Of course, the 

observed effects will vary with the identity of the protein, photosensitizer and with their relative 

concentrations. When rose bengal binds to bovine serum albumin (BSA) in a non-specific 

manner, rose bengal cannot sensitize singlet oxygen formation. In these conditions, 

aggregation causes static quenching of its excited state. On the other hand, in lower 

concentrations, rose bengal binds to the hydrophobic pocket of the protein, still generating 

singlet oxygen. However, under these conditions singlet oxygen can be quenched by the 

protein itself (Turbay et al. 2014). When photosensitizer-protein complexes are excited, direct 

substrate-photosensitizer reactions are favored leading to a decrease in the yield of singlet 

oxygen and usually to the formation of adducts (Baptista and Indig 1998). Besides interfering 

in aggregation equilibriums, proteins can also decrease nonradioative relaxation of 

photosensitizers, with subsequent enhancement of the photoreactivity of the dye, as observed 

with triarylmethane dyes in the presence of the same protein (Baptista and Indig 1998).  

Therefore, it is clear that photosensitizer photochemistry and photophysics are 

dependent on the medium where the photosensitizer is, through a complex set of interactions. 

This knowledge can, in principle, be used to increase photodynamic efficiency, by designing 

formulations that regulate photosensitizer photochemistry and photophysics. Modulating 

photosensitizer aggregation equilibria by controlling the ionic strength or stabilizing the most 

active species of the photosensitizer are possible strategies (Nuñez et al. 2015; Núñez et al. 

2014; Vilsinski et al. 2015; Gerola et al. 2011). In view of that, Nuñez et al. recently reported 

that urea stabilizes the monomeric MB species, leading to a higher efficiency of antimicrobial 

PDT against Candida albicans (Nuñez et al. 2015). Other strategies to control aggregation 
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consist in the use of nanoparticles with specific rates of dimers and monomers (Tada and 

Baptista 2015; Rossi et al. 2008; Tada et al. 2007; Tada et al. 2010; Yoon et al. 2014), binding 

to biomolecules (Taquet et al. 2007) or synthesizing molecules with groups that hinder 

aggregation (Uchoa et al. 2011; Mikata et al. 2010; dos Santos et al. 2013). For example, 

Tada et al. compared three different types of silica nanoparticles containing thionin or MB at 

different ratios of dimer to monomer, and showed that nanoparticles with lower 

photosensitizer dimer/monomer ratio presented higher generation of singlet oxygen (Tada et 

al. 2010).  

Direct studies of photosensitizer photophysics and photochemistry in cells are still 

scarce. Some works have reported that photosensitizer fluorescence lifetime is sensitive to 

intermolecular interactions and changes in their nanoenvironment due to the different 

subcellular localization (Russell and Diamond 2008; Connelly et al. 2001; Kress et al. 2003; 

Lassalle et al. 2008), being fluorescence lifetime imaging microscopy (FLIM) one of the main 

techniques to assess variations in the fluorescence lifetime of photosensitizers due to 

subcellular localization. By measuring the fluorescence lifetime of Photofrin in MAT-LyLu cell 

line, Yeh and coworkers showed that, depending on the photosensitizer incubation time, 

subcellular localization changed (Yeh et al. 2012). These results demonstrate that the singlet 

excited state of photosensitizers is affected by interaction with intracellular environment. Even 

though being expected that triplet excited state generation quantum yield and lifetime would 

be affected by the subcellular environment, understanding the behavior of excited states in 

complex biological samples remains a challenge. 

An important take-home message is that transposing data obtained in isotropic 

solutions (e.g., ΦΔ) to biological conditions may lead to pitfalls and incorrect choices of 

photosensitizers. Therefore, careful studies should be done in conditions as close as possible 

to the real biological scenario. Pursuing this challenging endeavor is worthy, since revealing 

the specificities of each situation may be the key to better and target-based PDT protocols. 
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1.2.2. The Biological Outcome as a Function of Photosensitizer Properties 

When cells are treated with photosensitizers, a number of steps must take place 

before cell death is achieved. Namely, the photosensitizer must be internalized by the cell, 

equilibrate and accumulate in subcellular localizations, be excited and only then oxidize 

biomolecules. At the same time, light must reach the absorbing molecules, as well as oxygen 

should be available or properly delivered (Figure 6).  

 

 

Figure 6. Proposed main steps that should happen with the photosensitizer (PS) in order to achieve cell 
death. 

 

All of these steps turn out to be decisive to the final PDT efficiency. However, 

predicting them all is a mighty task. Take the case of tumors, for example. Some 

photosensitizers compromise tumor cells mainly in an indirect way, damaging the tumor 

vasculature and blocking the supply of molecular oxygen and essential nutrients. This effect 

is associated to binding of hydrophilic photosensitizers to serum albumin, since it mediates 

photosensitizer accumulation in vascular stroma, or to binding to vascular 

structures/constituents, such as collagen (Maas et al. 2012; Hovhannisyan et al. 2014; 

Sharman et al. 2004). On the other hand, there is evidence that highly hydrophobic 

photosensitizers act in tumors mostly by direct interactions, since they are usually transported 

inside the body by association to low density lipoproteins, which can deliver them to 

intracellular sites (Sharman et al. 2004; Zhou et al. 1988). However, studies in tumor level are 

very far from the molecular scale, and this kind of analysis is rather complex. For that reason, 

many PDT protocols are empirical and do not reach the maximum efficiency. In this section, 
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we discuss how to enhance the efficiency of PDT based on biological considerations at 

molecular and cellular levels.  

One important issue concerning the specificity of the photooxidative damage is the 

selective localization of the photosensitizer in the target tissue if compared to normal cells. 

Most of the commonly used photosensitizers present low selectivity for the tumor tissue, 

typically achieving ratios of 2-5:1 in tumors vs. normal tissues, resulting in phototoxic side 

effect (Josefsen and Boyle 2012). Moreover, although many different tissues can retain the 

photosensitizer after its administration to the patient, their elimination rates can be different. 

Therefore, it is important to carefully choose a time delay between the administration of the 

drug and the irradiation procedure, so that the photosensitizer concentration ratio between 

tumor and normal tissue reaches a maximum (Ochsner 1997).  

In order to increase selectivity, targetable and activatable photosensitizers or 

nanocarriers have been designed, exploiting specific biochemical features of the tumors. 

Usually tumors present higher glycolysis rates, higher serum albumin turnover, and 

overexpresses low density lipoproteins and epidermal growth factor receptors in comparison 

to healthy cells. For that reason, photosensitizers have been coupled to molecules like sugars 

(Chen et al. 2004; Hirohara et al. 2010; Moylan et al. 2015), serum albumins (Pereira et al. 

2014; D. Xu et al. 2014), low density lipoproteins (Dozzo et al. 2005; Marotta et al. 2011), and 

epidermal growth factor (Gijsens et al. 2000; Marchal et al. 2015). Some specific biomarkers 

overexpressed in tumor cells have also been used to further concentrate photosensitizers in 

tumors. In addition, photosensitizers conjugated to antibodies, peptides ligands, and proteins 

exhibits special targeting, as well as photosensitizers conjugated to non-protein ligands (e.g., 

folic acid) have been proposed (Pereira et al. 2014; Serebrovskaya et al. 2014; Obaid et al. 

2015; Gravier et al. 2008; P.-X. Li et al. 2015; J. Xu et al. 2014). Another strategy is to use 

pH-activatable photosensitizers, which respond to the higher acidity of cancer cells, and 

glutathione-activatable photosensitizers, since glutathione concentration is also higher in 

these cells (X.-S. Li et al. 2015; Shi et al. 2014; Jeong et al. 2014; Kolemen et al. 2015). More 

than one of these strategies can be used at the same time, resulting in enhanced selectivity 
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(Xu et al. 2015). Another strategy that has called a lot of recent attention is the use of inorganic 

complexes, in which each of the coordination sites to the central inorganic metal can carry 

organic molecules that execute different actions (Albani et al. 2014).  

In addition to the above-discussed strategies to improve photosensitizer delivery to its 

target, approaches have also been developed to overcome low oxygen concentrations or 

difficulties to shed light on the photosensitizer. Excitation of the photosensitizer requires 

irradiation with a suitable light source, which matches the maximum absorption wavelength 

(λmax) of the photosensitizer. In melanoma cells, melanin absorbs a significant amount of light 

in the visible region of the spectrum, competing with the photosensitizer towards light 

absorption and decreasing the efficiency of PDT. A recently-developed tactic to overcome 

this difficulty is the use of upconversion photosensitizers/nanomaterials, since they convert 

photons with energy corresponding to the NIR spectral region (which are not so efficiently 

absorbed by melanin) to a higher-energy output photon. Therefore, the shorter-wavelength 

irradiation is generated in situ, leading to higher probability of photosensitizer excitation (M. 

Wang et al. 2014; Dou et al. 2015; X. Wang et al. 2014).  

A striking difficulty faced in the treatments of solid tumors by PDT is the low oxygen 

supply in some areas of the tumor mass (hypoxia). One of the proposed workarounds for this 

problem is to develop formulations that can locally produce oxygen. An interesting example 

is the highly selective and efficient MB-based nanoparticle developed by Chen et al., which is 

αVβ3 integrin-targeted and hydrogen peroxide-activatable, being able to evolve oxygen in 

hypoxic tumors (Chen et al. 2015). Some attempts have been made in order to use inorganic 

salts to improve PDT efficiency, since they are able to generate non-oxygenated radicals. 

Recently, it was also demonstrated that azide acts by an oxygen-independent mechanism 

(Huang, Xuan, et al. 2012; Huang, St. Denis, et al. 2012; Yin et al. 2015; Kasimova et al. 

2014). The use of iodide and bromide also showed to be effective to enhance PDT inactivation 

of bacteria, and the mechanism seems to be oxygen independent (Zhang et al. 2015; Vecchio 

et al. 2015).  
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Once the target cells are reached, the mechanisms of cellular uptake can vary 

according to the photosensitizer. There are three important properties that control both 

photosensitizer uptake, and subcellular localization: the degree of lipophilicity, the type and 

number of charges and the degree of asymmetry present in the molecular structure (Pavani 

et al. 2009; Gerola et al. 2011; Ezzeddine et al. 2013). Most photosensitizers consist in a 

chromophore with attached side groups. As expected, many works show that the presence 

of lipophilic side chains around the chromophore unit increases photosensitizer lipophilicity 

(Ricchelli et al. 2005; Pavani et al. 2009; Gerola et al. 2011). The degree of lipophilicity of a 

photosensitizer can be related to its log Po/w value (logarithm of the n-octanol/water 

distribution ratio) and this parameter has been often used to predict the relative tendency of 

the photosensitizers to interact/bind to biological membranes. Usually, the higher the log Po/w 

value, the higher the interaction with membranes. However, relying solely in log Po/w values 

to predict PDT outcome or even to predict membrane binding, can lead to pitfalls. The 

interaction with lipid membranes cannot be always predicted by the log Po/w value, for the 

asymmetry of photosensitizer side groups and charges can maximize intermolecular 

interactions with lipids in membranes. Increasing the length of the alkyl chains above certain 

limits leads to aggregation and suppression of cellular uptake, decreasing the PDT efficiency 

of the photosensitizer (Ricchelli 1995; Gerola et al. 2011). In addition, cationic amphiphilic 

porphyrins with two adjacent positive charges (cis isomer) presents higher uptake and 

photodynamic efficiency than cationic porphyrins with two opposite positive charges (trans 

isomer), since the former have a structure that allows deeper penetration in lipid membranes 

(Engelmann et al. 2007).  

In terms of cellular uptake, in few cases internalization occurs by diffusion, mostly 

happening via endocytosis or membrane pumps. Relatively hydrophilic photosensitizers, 

bearing polar or charged side chains, are too polar to cross biological membranes by diffusion, 

being usually internalized by the former mechanism (Bonneau and Vever-Bizet 2008; Boyle 

and Dolphin 1996). However, some photosensitizers with up to two charges can still diffuse 

across the plasma membrane, provided they are sufficiently hydrophobic (Castano et al. 
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2004). Unfortunately, little information is available about how the mechanisms of 

photosensitizer cell internalization affect the extension of its uptake and also its subcellular 

localization (Soriano et al. 2013; Feofanov et al. 2004).  

Perhaps the most important parameter in terms of the PDT outcome is photosensitizer 

subcellular localization. Remember that usually the site of generation of reactive species is 

also their site of action (Redmond and Kochevar 2006; Oliveira et al. 2011).  An important 

parameter to predict subcellular localization is the charge of the photosensitizer. For instance, 

positively charged porphyrins, phenothiazines, tryarylmethanes, rhodamines, and cyanines 

localize mainly in mitochondria since they are electrostatically attracted by its negative 

electrochemical transmembrane potential, being up to 100-times more concentrated than in 

the cytoplasm (Pavani et al. 2012; Ochsner 1997; Jensen et al. 2010; Oseroff et al. 1986; 

Beckman et al. 1987; Kandela et al. 2002). Oppositely, anionic photosensitizers as mono-L-

aspartyl chlorin e6, meso-tetra-(p-sulphophenyl)porphine, and disulfonated aluminum 

phthalocyanine tend to localize in lysosomes after their cellular uptake by endocytosis 

(Reiners et al. 2002; Berg and Moan 1994; Andrzejak, Santiago, et al. 2011; Roberts and 

Berns 1989; Woodburn et al. 1991; Xue et al. 2003). Photosensitizers that are taken up by 

endocytosis may localize in lysosomes because endosomes follow the intracellular trafficking 

and end up fusing with lysosomes. Additionally, dyes that bear weak base amines can 

accumulate in these organelles. This happens because they enter lysosomes in their 

uncharged form, but become trapped once protonated due to the low pH inside this organelle 

(Boya and Kroemer 2008; Zong et al. 2014; Raben et al. 2009). Getting to know the most 

efficient intracellular site to cause cell death is still object of research. Most works mention 

mitochondria as the most efficient target to cause cell death, but Tsubone et al. showed that 

lysosomes can be five times more efficient (Tsubone et al. 2017). 

The symmetry of charge distribution can also affect the organelle in which the 

photosensitizers will accumulate. Kessel et al. studied two meso-tetraphenylporphyrin 

derivatives bearing two cationic trimethylamonium groups in adjacent and opposite positions. 

Whereas the asymmetrical cationic compound penetrates the plasma membrane by diffusion 
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and targets the mitochondria of murine leukemia cells, the symmetrical cationic compound 

localizes in the lysosomes, probably by an endocytic uptake mechanism (Kessel et al. 2003). 

Photosensitizer subcellular localization may also change during the PDT treatment. For 

example, usually lysosomal damage results in leakage of its content and photosensitizer 

spreading to cytoplasm, promoting reallocation (Kessel 2002; Berg et al. 2005; Selbo et al. 

2000; Berstad et al. 2012; Høgset et al. 2004; Selbo et al. 2010).  

Being the photosensitizer accumulated in its target organelle(s), it should produce at 

least some amount of reactive species in order to properly perform photooxidation of 

biomolecules. Therefore, decreasing the tendency to photobleaching, aggregation and 

reduction by the intracellular environment is important. Physicochemical parameters that can 

be used to evaluate these properties are photobleaching rates, photosensitizer reduction 

potential, and aggregation constants (Castano et al. 2005; Nuñez et al. 2015; Hadjur et al. 

1998; Moan 1986; Wainwright and Giddens 2003). For example, MB gets reduced inside 

mitochondria, generating a semi-reduced radical after a first one-electron reduction and 

yielding leuco-MB after a second reduction. Because mitochondria are one of the possible 

subcellular sites of MB accumulation and neither the semi-reduced radical nor its leuco form 

absorb light in the visible range, they no longer act as photosensitizers, decreasing therefore 

the PDT efficiency (Oliveira et al. 2011; Gabrielli et al. 2004). Methylated derivatives of MB, 

such as 1-methyl methylene blue and 1,9-dimethyl methylene blue (DMMB), besides 

presenting slightly higher ΦΔ and being more hydrophobic, are more resistant to reduction 

and also more phototoxic to EMT-6 cell line (Wainwright et al. 1997).  

Given that low dark toxicities are also needed in PDT protocols, strategies that further 

increase the efficiency of the treatment and raise the light to dark ratio of toxicities should be 

pursued. The combination of photosensitizer with other drugs – or even other photosensitizers 

(Acedo et al. 2014; Pavani et al. 2016) – has been exploited to enhance PDT efficiency. A 

recently-developed approach is designing new photosensitizers with dual action mechanisms. 

Albani et al. synthesized a ruthenium complex that not only efficiently generates singlet 

oxygen, but also simultaneously releases drugs during light activation (Albani et al. 2014). A 
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similar strategy, using a combination of a porphyrin or phthalocyanin photosensitizer and a 

platinum complex, was also reported (Lau et al. 2012; Lottner et al. 2004). Another possibility 

to enhance the PDT effect in tumors is using it as tool to deliver chemotherapeutic drugs 

taken up by endocytosis in a method called photochemical internalization. The principle of 

these protocols is to address the photosensitizer to the endocytic vesicle membrane and then 

use photoinduced damage generated by a photosensitizer to release the drug. The main 

advantage is that, without the action of the photosensitizer, the drug could be degraded in 

lysosomes and have its activity reduced (Dietze et al. 2005; Adigbli et al. 2007).  

It is important to keep in mind that, even though efforts have been made to find 

relationships between the chemical structure of the photosensitizer and biological 

consequences, we are far from a crystal-clear picture. This happens due to the difficulty to 

relate information from more simple experiments to complex biological systems as eukaryotic 

cells and tissues. We can point out two main steps for planning to target based PDT: (i) choose 

a target (or a set of targets) whose damage leads to a specific and desired kind of cell death; 

(ii) choose a photosensitizer that targets the subcellular localization of this target and study if 

it is able to oxidize the chosen target. Here it should be considered how photosensitizer 

photochemistry and photophysics may work under these conditions and also if the 

photosensitizer has suitable characteristics for PDT, such as absorbing light in the so called 

therapeutic window. In the next section, we explore possible targets of PDT. 

 

1.3. Biological Targets of Photooxidation 

1.3.1. Photooxidation of Biomolecules 

In biological environment, a multitude of different chemical reactions can operate 

under PDT conditions. These reactions will be of different types depending both on the 

substrate and also on the photoinduced pathways taking place (i.e. contact-dependent or 

contact independent pathways), as exemplified in Figure 7. Singlet oxygen is an electrophilic 

molecule and it reacts mostly with proteins, nucleic acids and lipids. For unsaturated 
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compounds, different kinds of reactions can occur depending on the substrate, such as Diels-

Alder reaction producing endoperoxides from 1,3-dienes, 1,2-cycloaddition to electron rich 

alkenes forming dioxetanes, and hydroperoxide formation by ene reaction with alkenes 

containing allylic hydrogens. This latter reaction is well known for leading to lipid oxidation 

and specifically to lipid hydroperoxides, yielding lipid hydroperoxides, as will be discussed in 

detail in section 1.4.1 (Frankel 1984). Singlet oxygen can also react with molecules containing 

nitrogen or sulfur, like some amino-acids and nucleobases. Tryptophan, tyrosine, histidine, 

methionine, cysteine, and cystine are the amino-acids that are oxidized at significant rates by 

singlet oxygen at physiological pH, forming mainly hydroperoxides and endoperoxides. It is 

noteworthy that, in order to suffer oxidation, these residues must be exposed to singlet 

oxygen, which is not always the case when amino acids are within a polypeptide chain and 

proteins with tertiary structure (Foote 1968; Krinsky 1977; Davies 2003; Michaeli and 

Feitelson 1997). As for DNA, oxidation occurs primarily at deoxyguanosine sites, forming an 

unstable endoperoxide produced through a Diels-Alder 1,4-cycloaddition of singlet oxygen, 

that leads to 8-oxodG, which can be further oxidized by singlet oxygen (Ravanat and Cadet 

1995; Sies and Menck 1992; Agnez-Lima et al. 2012). Carbohydrates are believed to be less 

reactive towards singlet oxygen, but literature on oxidation of carbohydrates in the sole 

presence of singlet oxygen is still scarce.  
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Figure 7. Main routes and initial products of singlet oxygen and radical mediated photooxidations (for 
details on the products formed, refer to citations in the main text). Abbreviations: PS: photosensitizer; 
ISC: intersystem crossing; A: substrate for electron transfer reactions. 

 

It is worth recalling that the diffusion distance of singlet oxygen in water is lower than 

100 nm, and in cells it is expected to be actually shorter due to the high concentration of 

chemical and physical quenchers (Silva et al. 2012; Baier et al. 2005; Wilkinson et al. 1995). 

When this is compared to the dimension of mammalian cells (diameters in the order of 10–30 

μm) or intracellular organelles (e.g., mitochondria are 500 nm wide) it is clear that singlet 

oxygen does not diffuse long enough to act in sites other than its site of generation (Redmond 

and Kochevar 2006), and this will also impact the availability of substrates.  

In the case of the contact-dependent pathway, the variety of outcomes can be greater 

and this depends on the photosensitizer and substrate. In addition, novel radicals are formed 

at later stages, and they will undergo their own characteristic reactions. One factor that may 

determine encounters with substrates is the diffusion distance of radicals. This parameter is 

dependent on their reactivity, since more reactive radicals react earlier and do not diffuse 

along great distances. This is the case of hydroxyl radical, whose reaction rate is diffusion 

limitted. On the other hand, superoxide radical is a poorly reactive species, thus travelling 
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greater distances before being consumed (Halliwell and Gutteridge 2007). One electron 

reduction potentials (E0′) can be used to infer the reactivity of radicals and predict if reactions 

are thermodynamically favored. Indeed, hydroxyl radical has a very high reduction potential 

(E0′ = +2.3 V), being able to oxidize most substrates. However, these data is rarely available 

for the conditions found in the intracellular environment and also do not foresee other types 

of reactions and kinetic effects (Buettner 1993).  

In biological conditions, vitamins and reduced coenzymes can act as initial electron 

donors to the triplet excited state. Riboflavin triplet excited state, for example, is known to 

react with folate and pyridoxal phosphate (Scurachio et al. 2011; Arrivetti et al. 2013). 

However, their oxidized products can be stable and not always induce a radical chain reaction. 

Amino-acids and proteins, unsaturated lipids, and nitrogenous bases are other possible 

substrates of reaction with the triplet excited state of photosensitizers (Huvaere et al. 2010; 

Petroselli et al. 2008; Cardoso et al. 2004). It is important to recall that aggregation can also 

allow electron transfer between two molecules of photosensitizer, yielding radicals (Foote 

1968; Girotti 2001).  

Most studies of photosensitized radical chain reactions are focused on proteins, lipids, 

carbohydrates, and DNA, though other biologically-relevant molecules can also be oxidized 

(including natural antioxidants, such as α-tocopherol). There are many reviews extensively 

covering radical-mediated biomolecule oxidation (Halliwell and Gutteridge 2007), and the 

specific case of lipid oxidation will be delivered in section 1.4. The only difference between 

PDT-triggered radical-mediated photooxidations and other kinds of radical-mediated 

oxidations normally occurring in cells is the initial burst of radicals that is produced by light 

absorption in the case of PDT. After this step that forms the primary products, reactions will 

follow pathways unspecific to PDT, yielding several secondary products. Of course, the 

situation is a bit more complicated because there is continuous pumping of photosensitizers 

to the triplet excited state and, thus, continuous formation of radicals and singlet oxygen. It is 

fair to say that the initial steps in the photooxidation reactions of PDT are a lot better 

characterized than the progress reactions. The latter involve such a large range of possibilities 
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that nowadays it is impossible to study them in the real biological scenario. It is important to 

mention that recently developed “omics” tools may change this scenario in the near future 

(Tsaytler et al. 2008; Magi et al. 2004; Chen et al. 2008; Alves, Santos, et al. 2013; Alves, 

Melo, et al. 2013). 

Products of oxidation by singlet oxygen or radicals may not be the same. In fact, the 

existing differences between the singlet oxygen and radical-generated products can be 

exploited to identify the reactions pathways taking place. Hydroperoxides generated by the 

oxidation of cholesterol, for example, can be used as biomarkers, since the reaction with 

singlet oxygen generates mainly 3β-hydroxy-5α-cholest-6-ene-5-hydroperoxide (and minor 

quantities of 3β-hydroxycholest-4-ene-6α-hydroperoxide and 3β-hydroxycholest-4-ene-6β-

hydroperoxide), whereas 3β-hydroxycholest-5-ene-7α-hydroperoxide and 3β-

hydroxycholest-5-ene-7β-hydroperoxide are the main products of radical chemistry (Girotti 

2001). However, many molecules commonly considered as biomarkers can be formed by 

both pathways (e.g., in the former example, some of the products generated by radicals can 

arise from rearrangements of products formed by singlet oxygen) or by secondary reactions, 

posing the need of using other methods in conjunction. 

Quenching of singlet oxygen and radicals by specific molecules can also be used to 

infer which of these species are prevailing in a specific PDT scenario. Sodium azide and 

carotenoids are known to quench singlet oxygen, while mannitol and BHT suppress radicals 

(Krinsky 1977; Girotti 2001; Wilkinson et al. 1995). However, quenching will be affected by 

concentrations (species and quencher) and intracellular location, and can also be unspecific. 

For example, the effects of partition also play an important role here, for a hydrophilic quencher 

may not efficiently suppress reactions taking place on membranes (Girotti 1998). Another 

possibility to achieve this is the use of probes that exhibit absorption or emission spectral 

changes upon reacting with radicals or singlet oxygen. However, these probes usually face the 

same problem as quenchers, often being unspecific (even among different radicals) and 

leading to erroneous conclusions if used without care (Nagano 2009; Daghastanli et al. 2008). 
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Consequently, the prevailing recommendation is to combine as many methods as possible to 

identify the chemical pathways taking place after light absorption by the photosensitizer. 

 

1.3.2. Consequences of Biomolecule Oxidation 

Defining strategies to maximize the outcome of the photooxidation reactions is a key 

point towards the improvement of PDT protocols. The analysis considering the rate constant 

of reactions between singlet oxygen and biological substrates and their respective 

intracellular concentrations can result in the very simplistic conclusion that proteins, which are 

the main components of cells by weight (water excluded), are the most important targets of 

PDT in the intracellular environment (Davies 2003; Baker and Kanofsky 1992). However, this 

assumption ignores that cells are heterogeneous and that singlet oxygen may be generated 

in locations that favor reactions with other kinds of substrates, which is determined by the 

photosensitizer’s affinity to biomolecules as well as other factors controlling photosensitizer 

subcellular localization. Also, it ignores the unknown hierarchy of consequences of damage 

to biomolecules. For example, damaging a lipid or a few lipids may lead to cells losing 

homeostasis. Certainly, many proteins have affinity for photosensitizers, but most 

photosensitizers bind to membranes and, in agreement, higher lipophilicity is often correlated 

with increased photodynamic efficiency (Pavani et al. 2009; Ricchelli et al. 2005; Ricchelli 

1995). Moreover, lipid membranes have higher concentration of oxygen than the surrounding 

solution, also favoring quenching of the triplet excited state by oxygen (Cordeiro et al. 2012; 

Dzikovski et al. 2003; Subczynski and Hyde 1983; Windrem and Plachy 1980). Actually, 

different kinds of proteins probably are exposed to different conditions and have different 

reactivity (e.g., membrane proteins vs. proteins present in the cytosol). Hence, the prediction 

of the major reactants is not straightforward and cannot be generalized to whole classes of 

biomolecules, being important to study particular targets in detail. These same considerations 

should also be valid for the direct reactions of contact-dependent pathways, with the additional 

complication of the larger variety of type of reactions.  
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Since we are still missing analytical tools that allow detailed characterization of 

biomolecule oxidation products of PDT and their effects in biological environments, most 

studies focus on products that are characterized in in vitro experimental systems, based 

mainly on the chemical reactivity of singlet oxygen. In some cases, however, the 

consequences of the oxidation of specific kinds of biomolecules can be predicted based on 

structural and physicochemical considerations and be later validated on biological systems. 

An interesting example of the consequences of photo-induced oxidation is given by the 

formation of lipid hydroperoxides. These molecules, which can be formed either by singlet 

oxygen or radicals, adopt different conformations in lipid bilayers if compared to their non-

oxidized counterparts, as will be discussed in detail in section 1.5.1. As a result, the lipid 

bilayer increases in area and decreases in thickness (Wong-Ekkabut et al. 2007; Weber et al. 

2014; Riske et al. 2009). This conformational change can also account to phase separation 

of initially homogeneous membranes when exposed to photosensitizer and light. Importantly, 

changes in the domain organization of membranes are known to affect cell signaling, and 

probably pathways related to apoptotic cell death (Suzuki et al. 1996; Girotti 1998; Haluska 

et al. 2012; Gajate et al. 2009; Dykstra et al. 2003). Considering that one of the main events 

of apoptosis is the detachment of cytochrome c from mitochondria, Kawai et al. demonstrated 

that lipid oxidation and reorganization within the membrane change the binding of cytochrome 

c to liposomes that mimic the inner mitochondrial membrane. That is, in the presence of 1-

palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PAzePC) the dissociation constant 

between cytochrome c and the lipid bilayer was increased, while in the presence of a mixture 

of two hydroperoxide isomers derived from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC), which have the more reactive peroxide group, this same dissociation constant was 

lowered (Kawai et al. 2014).  

Although photooxidation of amino acids can bring a lot more different structural 

changes to proteins, compared with the relatively simple conformational changes expected 

for lipids, it is well known that it has consequences in activity, mechanical properties, 

aggregation state, and affinities to ligands. Indeed, photooxidation of enzymes can lead to 
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loss of activity, which can be further decreased in subsequent chemical dark steps (Davies 

2003; Michaeli and Feitelson 1997; Hampton et al. 2002; Escobar et al. 1996; Silva et al. 

2000; Goosey et al. 1980). Oxidation of a protein or peptide can also lead to oxidation of other 

proteins, during the propagation of the radical chain reaction or by further reactions between 

oxidized molecules. Interestingly, inactivation of caspases (which are thiol-dependent 

cysteine proteases) in the presence of photooxidized peroxide-containing peptides was 

reported, indicating that protein oxidation can directly affect cell death mechanisms (Hampton 

et al. 2002). For example, when anti-apoptotic proteins are photodamaged, their function of 

preventing the release of mitochondrial apoptogenic factors such as cytochrome c and 

apoptosis-inducing factor into the cytoplasm is compromised and apoptotic pathways are 

triggered (Duprez et al. 2009; Mroz et al. 2011). Cell death associated to autophagy has also 

been shown to be deflagrated by protein photodamage (Inguscio et al. 2012; Weyergang et 

al. 2008). 

It is also possible to seek for the effects of photooxidations at organelle level and 

progress towards cellular outcomes. In the case of photodamage to mitochondria, besides 

induction of apoptotic pathways (as exemplified above), triggering of necrosis or cell death 

associated to autophagy can also occur, depending on the PDT-dose (which depends on 

photosensitizer concentration and light power). High PDT-dose levels causes drastic 

mitochondrial permeability and ATP levels depletion, leading to necrosis. Mild PDT-dose 

levels trigger apoptosis (as already mentioned), and low PDT-dose levels promote limited 

mitochondrial permeability and induces autophagy associated cell death (“mitophagy”). In this 

case, autophagy protects cells by recycling damaged mitochondria as a repair mechanism 

(Kessel and Arroyo 2007; Andrzejak, Price, et al. 2011; Du et al. 2014). If this protection 

mechanism of autophagy fails, autophagy associated cell death can be triggered (Rodriguez 

et al. 2009; Saggu et al. 2012; Kessel and Reiners 2014). The same PDT-dose dependence 

is observed with lysosomes. High doses of PDT induce complete breakdown of this organelle 

releasing high concentrations of lysosomal enzymes into the cytoplasm, resulting in necrosis 

(Guicciardi et al. 2004; Linder and Shoshan 2005). On the other hand, partial damage to 
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lysosomes causes the release of hydrolases that can activate pro-apoptotic proteins and/or 

also inhibit the autophagic flux (Tsubone et al. 2017). 

Golgi apparatus and endoplasmic reticulum are also seen as potential targets of PDT, 

since they are associated to the vital functions of protein synthesis and processing. (Terasaki 

et al. 1984; Barr and Short 2003). Being it the major reservoir of intracellular calcium (Rizzuto 

and Pozzan 2006), damage of the endoplasmic reticulum can also release a burst of calcium 

with potentially lethal consequences (Trump and Berezesky 1996). However, the specific role 

of calcium as the responsible agent for photoinduced cell death is still controversial.  

Although photosensitizers localization in the nucleus is not so common, DNA may also 

be oxidized in PDT treatments, given its reactivity with singlet oxygen (Sies and Menck 1992; 

Ravanat et al. 2001; Oleinick and Evans 1998; Castano et al. 2005). However, DNA 

photodamage has not been directly linked to lethal effects in PDT. Furthermore, oxidative 

DNA damage has mutagenic potential, as it was suggested that radical reactions may be 

involved at several points in the multistep process of chemically-induced carcinogenesis 

(Oleinick and Evans 1998; Castano et al. 2005). This shows that, in the same way as we 

should look for desirable targets for PDT, it is also necessary to understand which reactions 

should be avoided in order to control possible side effects and cell death mechanisms.  

In general, high PDT-doses and/or uncontrolled photodamage lead to uncontrolled 

release of biomolecules from non-programed cell death into the extracellular space, initiating 

an inflammatory response in the surrounding tissue. For this reason, necrosis is generally 

seen as an undesirable mechanism. On the other hand, a specific photodamage in suitable 

PDT-doses can be lethal to cells without injuring the surrounding healthy cells. For many 

years, apoptosis was considered the most desirable mechanism of programed cell death in 

PDT, due to its small of side effects if compared to necrosis. However, it is known that cancer 

cells can be resistant to apoptosis (Mohammad et al. 2015), and for this reason autophagy-

associated cell death has emerged as an alternative to provide more efficient PDT treatments 

to cells deficient in apoptosis. This shows how important it is to understand which targets and 

PDT-doses are suitable to reach better efficiency with minimal side effects. The dependency 
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of cell death mechanism on photosensitization mechanisms was clearly exemplified by the 

work of Kochevar et al., which showed that pure singlet oxygen generation by visible light 

irradiation of rose bengal causes mainly apoptosis, while UVA irradiation of a derivative 

causes formation of both singlet oxygen and radicals, damaging the plasma membrane and 

leading to necrosis (Kochevar et al. 2000).  

It is also noteworthy, as exposed before, that many of the cell death routes associated 

with PDT involve leakage of organelle content to the intracellular medium (or, in the extreme 

case, disruption of the plasma membrane leading to necrosis). We now explore the specific 

details of lipid photooxidation, to ultimately arrive on photoinduced membrane 

permeabilization. 

 

1.4. Lipid Photooxidation by Photosensitizers 

As explained in the last sections, extensive interaction between photosensitizer and 

membranes frequently correlates with enhanced photodynamic efficiency. This is not 

surprising, since membranes surround the cell itself and many organelles. Membranes are not 

composed exclusively of lipids, with proteins accounting from 20% to as much as 80% of their 

dry weight, depending on the nature of the membrane and the cell type (Halliwell and 

Gutteridge 2007). In addition, membranes can also be in close contact with DNA. Therefore, 

oxidative damage to lipids can propagate to other biomolecules (Girotti 2001). Here we 

concentrate solely on lipid damage, since one of its consequences is membrane 

permeabilization, being thus cytotoxic on its own.  

The research on lipid oxidation extends way beyond PDT. This process is responsible 

for food waste and is related to numerous diseases (e.g., atherosclerosis) (Stocker 2004; 

Labuza and Dugan 1971). The chemical pathways involved in lipid oxidation strongly depend 

on two factors: the available lipids and the available oxidizing agents. Here we focus on 

oxidation induced by photosensitizers and light. As will be made clear, this already includes a 

number of different reactions, leading to a multitude of products. We limit the core of our 

discussion to monounsaturated phospholipids, whose oxidation depends on external agents 
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and whose products are way less numerous than the ones formed from their polyunsaturated 

counterparts, which bear bis-allylic hydrogens and form carbon-centered radicals more easily, 

being more prone to autoxidation. This same choice was done for our experimental studies, 

since the formation of a limited number of expected products allows for more control and 

understanding of the sample. 

 

1.4.1. Contact-Independent Pathway: Singlet Oxygen as a Mediator 

Singlet oxygen reacts with unsaturated lipids, being those either sterols or lipids bearing 

fatty acyl chains (Girotti 2001; Rawls and Van Santen 1970; Krinsky 1977). This reaction is 

classified as the singlet oxygen ene reaction, and is dependent on the presence of an allylic 

hydrogen. Its products are allylic lipid hydroperoxides formed solely in the E (trans) 

configuration (Frankel 1984; Alberti and Orfanopoulos 2010). The formation of trans double 

bonds in lipids can have some consequences to the membranes, which usually bare only cis-

configuration lipids, but this effect has not been considered by our community yet (Reis and 

Spickett 2012). Saturated lipids lack double bonds (and allylic hydrogens), thus not being 

readily oxidized by singlet oxygen. Two mechanisms can account for the ene reaction: a 

concerted mechanism or a step-wise mechanism involving a perepoxide intermediate. For 

simple alkenes, evidence points towards the latter option (Alberti and Orfanopoulos 2010).  

Figure 8 exemplifies the products obtained upon oxidation of a lipid bearing a single 

unsaturation in the Z configuration between carbons 9 and 10 (as is the case of oleic acid). 

Two positional isomers are formed: one has the -OOH group attached to carbon 9 and the 

double bond shifted to between carbons 10 and 11, and the other has the -OOH group attached 

to carbon 10 and the double bond shifted to between carbons 8 and 9. In both cases, the new 

double bond occurs in the E configuration. The same logic applies for polyunsaturated lipids, 

with more double bonds leading to more products: as an example, linoleic acid leads to 4 

different isomers, with  the -OOH group attached to carbons 9, 10, 12 or 13 (Frankel 1984; 

Frankel et al. 1979; Cobern et al. 1966; Terao and Matsushita 1981; Chan 1977; Neff and 

Frankel 1980; Terao and Matsushita 1980; Terao and Matsushita 1977).  
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Figure 8. When singlet oxygen reacts with a lipid containing an unsaturation between carbons 9 and 10 
in the Z conformation, two isomeric allylic hydroperoxides can be formed with the new double bond in 
the E configuration. One has the hydroperoxy group bound to carbon 9 and the unsaturation is between 
carbons 10 and 11, while the other possible product has the hydroperoxy group bound to carbon 10 and 
the unsaturation is between carbons 8 and 9. 

 

Lipid hydroperoxides are considered to be stable if high temperature or low pH are 

avoided, as well as transition metal ions (Girotti 2001; Halliwell and Gutteridge 2007). In 

conditions where singlet oxygen is the only oxidizing agent, the sole products of lipid oxidation 

should therefore be hydroperoxides. For polyunsaturated lipids, the reaction of an already 

oxidized lipid with a second singlet oxygen molecule is possible, yielding lipids bearing more 

than one -OOH group (Neff and Frankel 1984; Neff et al. 1982). Tandem singlet oxygen 

reactions have also been studied for other types of reactions done by singlet oxygen (Ghogare 

and Greer 2016). However, for monounsaturated lipids there is no evidence of occurrence of 

a second ene reaction with the newly-formed double bond. 

Especially when other oxidation pathways are available, it is important to evaluate the 

likelihood of singlet-oxygen mediated oxidation from the kinetics point of view. Two factors 

must be considered: (i) the formation of singlet oxygen and (ii) the reactivity of singlet oxygen 

with the substrate. As discussed previously, the first part will depend on the relative 

concentration of oxygen and substrate for direct reactions of the triplet excited state of the 

photosensitizer, and also on the relative rate constant of each process. The availability of 

substrates is obviously dependent on the nanoenvironment where the photosensitizer is 

located, whereas the relative rate constants vary according to the photosensitizer molecule 
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and its properties such as oxidation and reduction potentials (Girotti 2001). Other factors, such 

as aggregation can also play an important role, as extensively discussed in section 1.2.1. 

 

1.4.2. Singlet Oxygen Detection in the Context of Lipid Oxidation 

To understand the reactivity of singlet oxygen, it is important to recall that this species 

usually has a lifetime in the microsecond range, and that its lifetime is strongly solvent-

dependent. The most valuable tool to obtain kinetics information about singlet oxygen is its 

NIR luminescence, which can be studied using time-resolved setups (Schweitzer and Schmidt 

2003; Wilkinson et al. 1995; Khan and Kasha 1979). Note that this luminescence is a very 

specific characteristic of singlet oxygen, making easier to distinguish singlet oxygen from other 

species than it is to distinguish radicals among themselves. We dedicate a special section of 

this chapter to the detection of singlet oxygen in the context of lipid oxidation, since this 

technique was an important tool in this thesis and it is also one of the main resources used by 

researchers studying PDT. Several references address well the topic of radical detection 

(Halliwell and Gutteridge 2007). 

Figure 9 shows an example of a luminescence profile acquired for a photosensitizer in 

isotropic solution. These data illustrate the simplest case, which can be easily described by 

Equation 1. This equation describes how the detected phosphorescence signal varies as a 

function of time, considering that the singlet oxygen lifetime (Δ) is longer than the triplet excited 

state lifetime (T). The factor S0 takes into account ΦΔ, the singlet oxygen decay radiative 

constant, the concentration of excited photosensitizer just after the irradiation pulse and also 

characteristics of the experimental setup (Nonell and Flors 2016). Therefore, by fitting Equation 

1 to the data points of Figure 9, it is possible to acquire information on singlet oxygen formation 

and depletion kinetics. As will be further discussed below and exemplified in Chapter 2, 

Equation 1 is not always enough to describe the luminescence profiles and more complex 

models are required. 
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Figure 9. Example of a singlet oxygen luminescence temporal profile acquired with the photosensitizer 
5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin (TMPyP) in ethanol. Equation 1 was fitted to the data, 

yielding Δ and T of 14.39 µs and 0.45 µs, respectively. 

 

𝑆(𝑡) = 𝑆0  × 
𝜏Δ

𝜏Δ − 𝜏T
(𝑒

−
𝑡

𝜏Δ − 𝑒
−

𝑡
𝜏𝑇) 

 Equation 1 

 
 

NIR luminescence temporal profiles can be used to calculate quenching constants 

when singlet oxygen is being suppressed by a quencher. When singlet oxygen quenching 

occurs, there is an increase in the first order decay constant (which is the reciprocal of singlet 

oxygen lifetime). Upon variation of the quencher concentration ([Q]), it is possible to obtain the 

bimolecular rate constant for singlet oxygen quenching (kq) from the Stern-Volmer relationship 

(Equation 2), where kd is the intrinsic singlet oxygen decay rate constant (Nonell and 

Braslavsky 2000). The fact that the rate constant kq is the sum of the physical and chemical 

quenching rate constants is a major limitation of this method, since many compounds (lipids 

included) quench singlet oxygen in both ways. 

 

τΔ
−1 =  kd + kq[Q]  Equation 2 

 
 

Alternatively, by quantifying the consumption of reactants or the formation of products 

of the reaction of singlet oxygen with its substrates, it is possible to independently measure 

chemical quenching rate constants. The most important drawback of this methodology is the 

interference of side reactions. For instance, photosensitizers can also trigger radical mediated 

reactions that yield many common products and lead to a super estimation of the singlet 
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oxygen chemical quenching constant. In a nutshell, the specificity of singlet oxygen detection 

in the NIR comes with price of tying chemical and physical quenching to the same rate 

constant, whereas monitoring sample composition changes allows assessing solely chemical 

quenching but yet in a way susceptible to interference. 

Both strategies have been employed to study how well lipids quench singlet oxygen. 

Several studies have been done with fatty acids or their methyl esters in organic solvents. The 

earlier studies, as the one reported by Doleiden et al., focused mostly on chemical analyses 

of photooxidized samples, and mentioned possible contributions of radical oxidation (Doleiden 

et al. 1974). For NIR studies, the major issue is that singlet oxygen can be quenched both 

chemically and physically by lipids. Whereas for saturated lipids only physical quenching plays 

a role, both effects are meaningful for unsaturated ones (Krasnovsky et al. 1983; Chacon et 

al. 1988). In a singlet oxygen luminesce study with fatty acids in carbon tetrachloride solution, 

it was seen that the order of magnitude of the quenching constant varied from 103 to 104 M-1 s-

1 for saturated fatty acids, in a manner dependent on the quantity of hydrogen atoms – hence, 

which would be related to physical quenching. For unsaturated fatty acids, the magnitude of 

the rate constant also depended on the number of allylic and especially bis-allylic hydrogens, 

as would be expected for a contribution of chemical quenching. In the case of oleic acid (18:1), 

the presence of one double bond led to a value of 1.7 x 104 M-1 s-1, which is two times higher 

than that of stearic acid (18:0). The quenching constant was even higher for linoleic acid (18:2) 

and linolenic acid (18:3). Whereas for oleic acid chemical quenching was estimated to have a 

60% contribution, this number increased to 95% to arachidonate (Krasnovsky et al. 1983). 

Other articles employing NIR luminescence also provide rate constants in the order of 104 M-1 

s-1, using fatty acids or phenyl esters in different organic solvents (Vever-Bizet et al. 1989; 

Chacon et al. 1988). 

The determination of singlet oxygen lifetime directly in lipid membranes is not a trivial 

task. When a hydrophilic photosensitizer is added to a liposome suspension, singlet oxygen is 

mostly generated in the aqueous phase, where it also decays. In this case, there is very little 

deviation of the scenario in which generation is governed by the triplet excited state lifetime in 
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water, while the decay follows the singlet oxygen lifetime in water. On the other hand, 

hydrophobic photosensitizers generate singlet oxygen mostly in the membrane, where singlet 

oxygen lifetime, singlet oxygen decay radiative constant and the oxygen concentration are 

higher. However, the membrane is only a few nanometers thick and singlet oxygen diffuses to 

the aqueous medium within microseconds or less. In other words, singlet oxygen leaves the 

membrane much faster than it is quenched. Shortly after the excitation pulse, the signal has a 

greater and brighter contribution from the membrane, while at later times the dimmer 

luminescence from the decay in aqueous medium dominates (Hackbarth and Röder 2015; 

Kanofsky 1991; Oelckers et al. 1999). These ideas are summarized in Figure 10. 

 

 

Figure 10. A hydrophobic photosensitizer generates singlet oxygen (1O2) in the membrane, following 

the photosensitizer triplet excited state lifetime in membranes (TL). Singlet oxygen can be quenched by 

the lipids, decaying according to its lifetime in membranes (ΔL). However, diffusion of the membrane is 

a faster process and quenching by water (following its lifetime in water, ΔW) is a more important 
deactivation channel. For hydrophilic photosensitizers, singlet oxygen generation follows the triplet 

excited state lifetime in water (TW), while the decay can still be well described by ΔW. 

 

In this kind of microheterogeneous systems, the equations describing singlet oxygen 

generation and deactivation are more complex than Equation 1, and diffusion and partition of 

singlet oxygen must be considered (Nonell and Braslavsky 2000). It turns out that modeling 

the luminescence kinetics to account for all these effects produces a model that is fairly 
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irresponsive to the singlet oxygen lifetime in lipid membranes: theoretical luminescence 

profiles calculated setting this parameter to 5 or 20 µs are indistinguishable within the noise of 

the best available detection setups (Figure 11) (Hackbarth et al. 2012). This happens because 

singlet oxygen leaves the membrane so fast, that this deactivation channel contributes more 

to the NIR luminescence profiles than quenching by the lipids. 

 

 

Figure 11. Calculated singlet oxygen luminescence profiles according to (Hackbarth and Röder 2015) 
and employing singlet oxygen lifetime in water of 3.7 µs, triplet excited state lifetime in membranes of 2 
µs and singlet oxygen lifetime in membranes of 5 (red) or 14 µs (blue). The calculated curves were 
kindly provided by Dr. Steffen Hackbarth. 

 

Measurements of singlet oxygen lifetime in lipid films provide an approximate value of 

singlet oxygen lifetime inside lipids membranes.  Baier et al. reported lifetimes in the range of 

13-14 μs for a dry phosphatidylcholine film loaded with the photosensitizer photofrin. This 

range decreased to 9-10 µs when measurements were performed in lipid droplets instead, 

accounting for hydration (Baier et al. 2005). Note here that similar measurements were also 

performed by us (see Chapter 2) and they agree with these results. Following a different 

strategy, Ehrenberg et al. acquired luminescence profiles in isotropic solutions of 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or phosphatidylcholine and extrapolated the 

data to a solvent free scenario, obtaining values of 36.4 and 12.2 µs, respectively (Ehrenberg 

et al. 1998).  

Given the challenge of performing direct singlet oxygen lifetime measurements in lipid 

membranes, methods based on photooxidation represent an alternative pathway. A rate 
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constant of 7.5 x 105 M-1 s-1 for the reaction of singlet oxygen and lipids in phosphatidylcholine 

from egg yolk (EggPC) liposomes has been determined by Dearden et al. using rose bengal 

as a photosensitizer and by monitoring the absorbance of hydroperoxide conjugated dienes at 

235 nm (Dearden 1986). Weber et al. took advantage of the fact that hydroperoxidation 

increases membrane surface area (see 1.5.1) to derive the rate of hydroperoxide formation. 

These measurements were performed in GUVs made of POPC and loaded with a membrane-

anchored photosensitizer. Based on evidence that singlet oxygen was the only source of 

hydroperoxides, they obtained a value 3 x 106 M-1 s-1 and an estimated that ca. 1 in every 5 

singlet oxygen molecules suffer chemical quenching under these conditions (Weber et al. 

2014). Another estimation was done in a similar way by Riske et al., yet arriving at the much 

lower value of 1 in every 270 singlet oxygen molecules (Riske et al. 2009), possibly due to 

photosensitizer photobleaching. 

 

1.4.3. Contact-Dependent Pathway: Radical-Mediated Lipid Oxidation 

Lipid peroxidation initiated by contact-dependent reactions starts with a direct reaction 

between a lipid and the lowest triplet excited state of the photosensitizer. Subsequently, lipid 

oxidation proceeds via radical-mediated reactions. Differently from singlet-oxygen mediated 

lipid oxidation, which proceeds via a single type of reaction, here we deal with a number of 

reactions which depend both on the photosensitizer and also on the available substrates. Note 

that these reactions may very well be happening simultaneously with singlet oxygen chemistry. 

More types of reactions bring a higher variety of products, which substantially increases for 

polyunsaturated lipids (Frankel 1984). It is not then a surprise that this is a less explored aspect 

of photosensitized oxidations. For this reason, a great part of the topics covered in this section 

derive from general studies on lipid peroxidation. We initially cover basic aspects of lipid 

peroxidation, and then discuss the different reactions in detail, whenever possible relating to 

specific features of photosensitized oxidation. The discussion mainly focuses on mono-

unsaturated lipids, since their limited reactivity led us to choose them for our experimental 
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studies. The main processes discussed in this section are summarized in Figure 12, which 

additionally shows singlet-oxygen mediated lipid oxidation. 

 

 

Figure 12. Main pathways discussed in this section. PS(T1): photosensitizer in the triplet excited state; 
3O2: ground state oxygen; 1O2: singlet oxygen; LH: non-oxidized lipid; L●: lipid carbon-centered radical; 
LOO●: lipid peroxyl radical; LO●: lipid alkoxyl radical; LOOH: lipid hydroperoxide. 

 

Classically, lipid peroxidation is divided in three phases, which are initiation, 

propagation and termination. Initiation refers to the creation of carbon-centered lipid radicals. 

These quickly react with oxygen, forming peroxyl radicals. In the propagation step, peroxyl 

radicals abstract a hydrogen atom from non-oxidized lipids, forming a lipid hydroperoxide and 

a new carbon-centered radical that can engage in further propagation reactions and extend 

lipid oxidation. However, the continuation of the propagation sequence can be interrupted if 

two peroxyl radicals react and form a non-radical species, which is considered to be the 

termination step. The overall rate of peroxidation (Vox) is given by Equation 3 and is a function 

of the concentration of oxidable lipid ([LH]), the rate of radical production (Ri), the propagation 

rate (kp) and the rate of the termination reaction of two peroxyl radicals (2kt). It is interesting to 

mention that, as will be discussed in more detail below, the propagation is slow if compared to 

the other steps (Schnitzer et al. 2007). When other reactions become meaningful, the kinetics 

might deviate from this general expression. 
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𝑉𝑜𝑥 = kp[LH]√
Ri

2kt
 

 Equation 3 

 

 

It is also important to consider how lipid peroxidation is affected when lipids are 

organized in bilayers such as in liposomes. Although the initial studies of lipid peroxidation 

were carried out with isotropic solutions, Equation 3 showed to be also valid for membranes. 

However, the propagation rate kp and especially the termination rate 2kt were shown to be 

reduced for lipids in bilayers (Barclay and Ingold 1981; Barclay et al. 1987; Barclay et al. 1984; 

Barclay 1993). Many authors attribute this observation to a peroxyl radical conformation in 

which the -OO• group floats in the polar head region of the membrane, which would lead to 

poor overlap with the distribution of allylic hydrogens in the bilayer. However, recent molecular 

dynamics simulations predicted that these radical groups would actually remain inside the 

bilayer, since -OO• groups are hydrogen bond acceptors (differently from -OOH groups, which 

are hydrogen bond donors, as discussed in section 1.5.1) (Garrec et al. 2014). Instead, 

reduced lateral diffusion seems to be the cause of the slower peroxidation rates in membranes 

if compared to isotropic solutions (Garrec et al. 2014). In addition, many other properties of 

lipid bilayers have been shown to affect peroxidation rates, as membrane fluidity, curvature, 

phase separation, surface charge, and permeability to water or to peroxidation initiators. The 

position, number and isomerism of double bonds also modulate peroxidation rates. Apart from 

impacting the physical properties of membranes and the chemical reactivity of lipids, lipid 

structure affects reaction rates by determining the spatial distribution of reactants (Schnitzer 

et al. 2007; Reis and Spickett 2012).  

Under photodynamic damage conditions, a first possibility is that initiation happens via 

direct reaction of the triplet excited state of the photosensitizer with lipids. Triplet excited states 

can abstract hydrogen atoms from lipids, forming carbon centered lipid radicals. The ease of 

hydrogen abstraction and the initiation rate depend on the bond dissociation energy (BDE) of 

the C-H bond (Pratt et al. 2003; Yin et al. 2011). The BDE of allylic hydrogens for methyl oleate 

acid was calculated as being 79 kcal mol-1. For bis-allylic hydrogens the value is lower (e.g., 
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70 kcal mol-1 for methyl linoleate) (Huvaere et al. 2010), while for alkyl hydrogens the value is 

estimated to be ca. 10 kcal mol-1 even higher (Blanksby and Ellison 2003). For this reason, 

saturated lipids are very resistant to oxidation. Even though being oxidable, monounsaturated 

lipids have been shown to slow down peroxidation rates of mixtures containing 

polyunsaturated lipids (Cortie and Else 2015). 

The triplet excited state of riboflavin, which is a photosensitizer that induces radical-

mediated lipid oxidation (Chan 1977; Chacon et al. 1988), was shown to abstract hydrogens 

from polyunsaturated methyl esters with rate constants >105 M-1 s-1. However, the same study 

suggested a rate constant on the order of magnitude of 104 M-1 s-1 or smaller for methyl oleate 

(Huvaere et al. 2010). These rates are at least ca. two orders of magnitude smaller than the 

quenching rate of triplet excited states by oxygen (Schweitzer and Schmidt 2003). Therefore, 

for many photosensitizers, singlet oxygen generation will be the most favored process unless 

in oxygen deprived samples or if they are in close contact with subtracts for direct reaction. 

Other classes of photosensitizers have also been shown to have triplet excited states able to 

abstract hydrogen atoms of lipids both in homogenous solutions or micelles, as is the case of 

urocanic acid, vitamin K and benzophenone (Barclay et al. 2003; Marković and Patterson 

1989; Marković et al. 1990; Markovic and Patterson 1993). Specifically in the latter case, it was 

shown that the rate of hydrogen abstraction depended on the number of allylic and bis-allylic 

hydrogens (Marković and Patterson 1989).  

The lipid carbon-centered radical formed in this process is stabilized by resonance, and 

this is one of the factors accounting for a high number of possible hydroperoxide products. 

These radicals quickly react with oxygen (which after all is also a radical), in a rate of at least 

108 M-1 s-1, yielding lipid peroxyl radicals (Buettner 1993; Halliwell and Gutteridge 2007; Yin et 

al. 2011; Hasegawa and Patterson 1978; Maillard et al. 1983). However, this process is 

reversible, and peroxyl radicals can lose oxygen through peroxyl radical β-scission, the reverse 

process of oxygen addition. The rate constants for peroxyl radical β-scission, which is an 

endothermic process, depend on the C-OO• BDE, which correlates with the C-H BDE. For a 

peroxyl radical derived from oleic acid the C-OO• BDE was calculated to be 19.6 kcal mol-1 



62 
 

(Pratt et al. 2003). The rate constants for peroxyl radical β-scission are in the order of 102 s-1 

for linoleic acid or ester in benzene (Porter et al. 1981; Porter et al. 1980). It is interesting to 

mention that rate constants of peroxyl radical β-scission decrease in polar solvents and also 

with hydrogen bonding, and therefore will vary according to the immersion depth of C-OO• 

groups inside the bilayer. If considered that usually different positional isomers of peroxyl 

radicals occur, their rates are affected differently and, hence, also the final product distribution 

(Yin et al. 2011; Xu et al. 2009). 

Oxygen exchange through peroxyl radical β-scission accounts for radical isomerization 

(Yin et al. 2011; Gardner 1989; Pratt et al. 2003), and has been shown to be an important 

element leading to the formation of a high number of hydroperoxide isomers. For oleic acid, 

hydrogens are abstracted typically from carbons 8 or 11, forming radicals that span three 

carbon centers. Although delocalization coupled to isomerization of these carbon-centered 

radicals was implied as the reason for the formation of hydroperoxides with the oxygenated 

group attached to carbons 8, 9, 10 or 11 (Frankel 1984), the very fast reaction with oxygen 

favors an alternative explanation relying on radical β-scission (Porter et al. 1994). This 

explanation is also supported by the fact that product distribution is affected by the 

concentration of hydrogen atom donors (Porter et al. 1994). In the case of oleic acid, peroxyl 

radicals and then hydroperoxides are formed with the double bond either in the E or in the Z 

configurations, summing eight possible isomers. A small preference (< 5%) is observed 

towards oxygen addition to carbon 8 or 11. This is distinct from hydroperoxide formation by 

singlet oxygen ene reaction (which only produces the 9 and 10 isomers and solely in the E 

configuration), and these differences can be used to evaluate the occurrence of either 

mechanisms (Frankel 1984; Chan 1977). For polyunsaturated lipids, removal of bis-allylic 

hydrogens is more favored than from allylic hydrogens, which impacts the formed products – 

linoleic acid, for example, forms only two positional isomers, with the -OO• group attached to 

carbons 9 or 13 (Frankel 1984; Halliwell and Gutteridge 2007). 

Up to now, we have mentioned two possible destinies of peroxyl radicals: β-scission 

and hydrogen atom abstraction leading to hydroperoxides. We now explore the latter process 
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in more detail. The substrate for hydrogen abstraction is most usually a lipid, which is then 

converted into a new carbon centered radical. This new radical can restart the propagation 

cycle and extend lipid oxidation. The rate constant of the propagation step, which is usually 

the slowest step of lipid oxidation, depends mostly on the BDE of the C-H bonds prone to 

breakage, since the BDE of -OO-H bonds is relatively independent of the peroxyl structure 

(Pratt et al. 2003). Note that for methyl oleate there is not a substantial difference between the 

C-H BDE (79 kcal mol-1) and the value reported for the OO-H BDE for a small organic substrate 

(Table 1) (Huvaere et al. 2010; Blanksby and Ellison 2003). 

 

Table 1. Bond dissociation energies (BDE) for hydroperoxides and alcohol groups, as well as for peroxyl 
and alkoxyl radicals (Blanksby and Ellison 2003). 

 BDE / kcal mol-1 

R-OOH 74 

RO-OH 47 

ROO-H 85 

R-OO• 38 

RO-O• 65 

R-OH 92 

RO-H 105 

R-O• 91 

 

Possible hydrogen donors are also usually evaluated based on their E0’ values (see 

Table 2 for some relevant values). However, as mentioned before, this criterion should be 

employed with care, since it only allows for determination of thermodynamic spontaneity in 

standard conditions. The variation of Gibbs energy will also change according to temperature 

and to reactants and products concentrations. Not only that, even a favorable reaction might 

be too slow to occur, being the speed additionally modulated by activation energy, temperature 

and reactant concentrations. Therefore, these figures must be prudently considered, for 

experimental or natural biological conditions are frequently far-off from standard ones. 
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However, the analysis based on E0’ is still useful to compare how good oxidants are the 

different species involved in lipid peroxidation. 

 

Table 2. Standard one electron reduction potentials E0’ (pH = 7) (Buettner 1993). PUFA: 
polyunsaturated fatty acid. 

Redox pair E0’ / V 

O2 / O2
●- -0.33 

H2O2, H+ / H2O, OH● 0.32 

PUFA●, H+ / PUFA-H (bis-allylic H) 0.60 

Alkylperoxyl radical (ROO●), H+ / ROOH ~0.77-1.44 

O2
●-, 2H+ / H2O2 0.94 

Allyl●, H+ / allyl-H (propene)  0.96 

HOO●, H+ / H2O2 1.06 

Aliphatic alkoxyl radical (ROH●), H+ /ROH ~1.60 

H3CH2C●, H+ /CH3CH3 1.90 

HO●, H+ / H2O 2.31 

 

By comparing the E0’ values displayed in Table 2, lipids should be possible substrates 

for hydrogen abstraction by peroxyl radicals at allylic and specially bis-allylic sites, even though 

it should be noted that peroxyl radicals have a wide range of reduction potentials. An important 

feature of this reaction is its small rate constant and for this reason peroxyl radicals tend to 

accumulate and are considered the prevailing chain-carriers during lipid oxidation (Buettner 

1993; Pratt et al. 2003). In solution, the propagation rate constant varies from 10-1 to 103 M-1 s-

1 (Yin et al. 2011), with a 5-fold decrease being reported for DLPC in bilayers if compared to in 

a tert-butyl alcohol solution (Barclay 1993). 

Once lipid hydroperoxides are formed (recall that singlet oxygen ene reaction is also a 

possible source of them), triplet excited states of photosensitizers have a potential new 

substrate to react with. However, in should be kept in mind that at least in the initial conditions, 

the concentration of non-oxidized lipid will be much higher, possibly shifting the scenario 

towards reactions of the triplet excited state with non-oxidized lipids. Two different possibilities 

should be considered: breakage of the -O-OH bond or breakage of the -OO-H bond, leading 
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to alkoxyl and peroxyl radicals, respectively. As listed in Table 1, the former bond is estimated 

to have a 47 kcal mol-1 BDE, while the latter, 85 kcal mol-1 BDE (Blanksby and Ellison 2003).  

Many studies have been conducted with UV absorbing photosensitizers, such as 

benzophenone and phenanthrene (Stewart et al. 1983), which may not represent the triplet 

excited state energies or irradiation wavelengths involved in PDT. Tanielian and Mechin 

investigated the quenching by tert-butyl hydroperoxide of the triplet excited state of MB, which 

has an energy of 32 kcal mol-1 (Gollnick et al. 1970). By performing laser flash photolysis 

measurements in deoxygenated chloroform, they concluded that hydrogen atom transfer 

occurs from the hydroperoxide to the triplet excited state of MB via electron transfer, forming 

a peroxyl radical and the protonated semi-reduced MB radical, with a bimolecular rate constant 

of 106 M-1 s-1 (Tanielian and Mechin 1997). The occurrence of redox reactions between lipids 

and MB or other photosensitizers is endorsed by enhancement of photobleaching rates in the 

presence of unsaturated lipids (Chacon et al. 1988). Tanielian et al. observed that MB was 

able to oxidize the polymer cis-1,4-polybutadiene in a benzene/methanol mixture, introducing 

-OOH groups in the polymer via singlet oxygen ene reaction. They showed that this process 

was followed by polymer chain scission and MB photobleaching. Polymer chain scission was 

shown to be light dependent and occurred in the absence of oxygen. The authors attributed 

this result to MB forming hydroperoxides and then converting them to alkoxyl groups, which 

subsequently fragment via alkoxyl radical β-scission (see below) (Tanielian et al. 1992). MB 

was also shown to be quenched and bleached by hydrogen peroxide, with data being 

consistent with the formation of hydroperoxyl radical through a redox mechanism (Gak et al. 

1998). Metallophthalocyanines have also been studied regarding the breakdown of 

hydroperoxides, and in this case the singlet excited state was shown to be key to the formation 

of radicals (Gantchev et al. 2003). 

The possibility of formation of alkoxyl radicals by triplet excited states opens the 

possibility that these species play a key role on photoinduced membrane damage. Even 

though peroxyl and alkoxyl radicals are difficult to be experimentally distinguished, the latter 

usually have higher reaction rates and are less selective (Yin et al. 2011). Alkoxyl radicals can 
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additionally be obtained by one electron reduction of lipid hydroperoxides, but they are not 

believed to form spontaneously through homolytic fission of the peroxide bond (Gardner 1989).  

When formed, they can abstract hydrogens both from non-oxidized lipids and from the -OOH 

group (Buettner 1993), forming lipid alcohols. 

Once lipid hydroperoxides, peroxyl radicals and alkoxyl radicals are formed, the key 

ingredients for lipid oxidation are present in the reaction mixture and many other types of 

reactions can take place. Hydroperoxides, for example, can be reduced (two electrons 

reduction) to their respective alcohols in a non-radical reaction. Many types of nucleophiles 

can take part in this reaction, including hydroxide anions (Gardner 1989; O’Brien 1969). We 

now highlight two types of processes that form products either with smaller (cleaved lipid chain 

aldehydes) or larger (lipid dimers) molecular mass, which are relevant either for biophysical 

reasons (see section 1.5.2 for the importance of lipid aldehydes) or for leading to further 

reactions and products. 

Phospholipid aldehydes missing part of their carbon chains if compared to the native 

phospholipid are formed by two main mechanisms: Hock cleavage and alkoxyl radical β-

scission (not be mistaken for peroxyl radical β-scission). Alkoxyl radical β-scission is a 

mechanism in which the C-C bond adjacent to the carbon bearing the -O● group suffers 

homolytic cleavage. This process yields a lipid aldehyde and a short chain carbon centered 

radical, as illustrated in Figure 13. Being the latter highly oxidizing, it can easily abstract a 

hydrogen from another molecule, forming a hydrocarbon. The formation of a vinyl radical 

requires more energy than for an alkyl radical, and this influences the C-C bond being cleaved 

and hence the products being formed (Gardner 1989; Buettner 1993; Chan et al. 1976). 

Occurrence of β-scission has been suggested by Huvaere et al. when studying the oxidation 

of fatty acids and methyl esters by triplet excited state riboflavin (Huvaere et al. 2010) and has 

also been suggested to occur in the presence of MB as previously discussed (Tanielian et al. 

1992). 
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Figure 13. Alkoxyl radical β-scission and subsequent reaction of the carbon centered radical with a 
substrate HX. Adapted from (Gardner 1989). 

 

Hock cleavage is a heterolytic cleavage that occurs directly from hydroperoxides 

(Figure 14), being dependent on acidic conditions and usually being favored in aprotic 

solvents. In the case of phospholipid hydroperoxides, this process may form a phospholipid 

aldehyde and a short chain aldehyde. The aldehydes (both long chain and short chain 

products) can be subsequently oxidized to their correspondent carboxylic acids (Gardner 1989; 

Frimer 1979). Hock cleavage was shown to occur with 3β-hydroxy-5α-cholest-6-ene-5-

hydroperoxide  under acid catalysis, forming a molecule bearing two carbonyl groups, which 

could also suffer intramolecular aldolization (Figure 14) (Brinkhorst et al. 2008). Whether or 

not Hock cleavage occurs in phospholipids under photosensitized damage remains to be 

proved, but there is evidence against it, since hydroperoxides can accumulate after in situ 

oxidation, without being consumed (Riske et al. 2009; Weber et al. 2014). 

 

A     

B       

Figure 14. (A) General scheme of Hock cleavage and (B) example for 3β-hydroxy-5α-cholest-6-ene-5-
hydroperoxide. (B) was reprinted with permission from Brinkhorst, J. et al. (2008). Hock Cleavage of 
Cholesterol 5α-Hydroperoxide: An Ozone-Free Pathway to the Cholesterol Ozonolysis Products 
Identified in Arterial Plaque and Brain Tissue. The Journal of the American Chemical Society, 130(37), 
pp.12224–12225. Copyright 2008 American Chemical Society. 

 



68 
 

High molecular mass lipid products can be formed via two different pathways, namely 

radical addition followed by hydrogen abstraction or via radical recombination. The former is a 

propagation reaction that requires an additional step to form a non-radical molecule and will 

thus be more probable for lipids bearing bis-allylic hydrogens (Yin et al. 2011). The latter route 

already constitutes a termination reaction, yielding a high-molecular weight non-radical 

molecule. The biophysical impact of lipid dimers remains unexplored, but it is now clear that 

lipid dimers are relevant at least for they can decompose forming different oxidation products. 

For methyl linoleate and methyl linolenate, different dimeric species have been characterized, 

having carbon-carbon bonds, peroxide groups or ether groups linking both molecules. These 

dimers can additionally bear hydroperoxy, alcohol or carbonyl groups and were found to be 

oftentimes unstable (Frankel et al. 1988; Neff et al. 1988; Miyashita et al. 1985; Miyashita et 

al. 1982a; Miyashita et al. 1982b; Miyashita et al. 1984). Lipid dimers have additionally been 

detected in cell membranes (Frank et al. 1989). It is important to have in mind that the 

combination of carbon-centered radicals will be competing with the fast process of oxygen 

addition (recall that oxygen is ca. 3.5 times more concentrated in the bilayer interior than in the 

aqueous bulk (Cordeiro 2014)). Besides depending on the probability of their formation, the 

detection of these products also depends on their stability. 

The termination reaction between two peroxyl radicals (see below) is described to 

follow a rate constant in the range of 105 to 108 M-1 s-1 in organic solvents, and to be reduced 

by two orders of magnitude in lipid membranes (Yin et al. 2011; Denisov and Afanas’ev 2005; 

Barclay 1993). The product formed as result of the termination reaction of peroxyl radicals can 

decompose forming two non-radical products. This is the basis of the Russell mechanism, 

which starts with the combination of two peroxyl radicals forming a linear tetroxide 

intermediate. This intermediate then breaks into three products: a lipid ketone, a lipid alcohol 

and molecular oxygen Figure 15 (Russell and Diamond 2008; Miyamoto et al. 2003; Howard 

and Ingold 1968). Either the ketone or molecular oxygen are produced in the excited state 

(triplet and singlet, respectively), with triplet carbonyls being formed in lower yield (0.01%) 

compared to singlet oxygen (10%) (Miyamoto et al. 2016; Niu and Mendenhall 1992; 
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Mendenhall et al. 1991). As a result, singlet oxygen can become available for a second round 

of reactions. This mechanism is considered to be less competitive for fatty acids with higher 

number of double bonds (Gardner 1989) and requires an α-hydrogen to occur, hence making 

it impossible for tertiary peroxyl radicals (Miyamoto et al. 2016; Howard and Ingold 1968). 

There is also evidence that the formation of tetroxides can lead to two alkoxyl radicals and an 

oxygen molecule, in a non-terminating reaction in the gas phase. Even if having a minor 

contribution if compared to the Russell mechanism (Ingold 1969), this could still be a source 

of the more reactive alkoxyl radicals. 

 

 

Figure 15. General scheme for the Russell mechanism. 

 

Besides detection of singlet oxygen NIR luminescence (Regensburger et al. 2013; 

Baier et al. 2008), the Russell mechanism has as a fingerprint the equimolar formation of 

alcohols and ketones. Further evidence for Russell mechanism is usually achieved by 

providing isotopically labeled hydroperoxides (e.g., using [18O]) to a sample and monitoring the 

formation of labeled isotopically-labeled singlet oxygen adducts with a chemical quencher 

(e.g., anthracene derivatives) (Miyamoto et al. 2016; Miyamoto et al. 2003). This method was 

employed to detect the occurrence of Russell mechanism with linoleic acid hydroperoxides 

incubated with metal cations (Miyamoto et al. 2003). However, in the case of parallel singlet-

oxygen mediated lipid oxidation, this becomes difficult, since most of the quencher will be 

already consumed by singlet oxygen formed through photosensitization. Removing oxygen 

from the system might not be really an option, since this can change triplet deactivation 

pathways and prevent the formation of hydroperoxyl radicals from carbon center lipid radicals, 

also changing the radical composition of the system. It is noteworthy that the Russell 
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mechanism is a clear example of how subsequent steps of lipid peroxidation can lead to 

species that can also be formed in the initial steps of photosensitized lipid peroxidation (i.e. 

singlet oxygen and excited carbonyls) and that can further react with lipids, showing the 

complexity of lipid peroxidation at latter steps.  

In this section, we covered how lipid oxidation can be started by triplet excited states 

of photosensitizers, and the most probable propagation and termination pathways in the case 

of monounsaturated lipids. For polyunsaturated lipids, a higher variety of products is possible 

(e.g., isoprostanes and furans), and so should also be their reactivity with triplet excited states 

of photosensitizers. 

 

1.4.4. Detection of Photooxidized Lipids 

There are some indirect evidence and fewer studies designed to directly characterize 

chemical products of photosensitized oxidation in membranes. The former case can be 

exemplified by the study of Caetano et al., who observed a decrease in the water-air surface 

tension upon irradiating DOPC membranes with MB. The authors hypothesized that the 

decrease could result from the cleavage of lipid chains, yielding nonanoic acid. This 

supposition was shown to be plausible, because surface tension measurements performed 

with nonanoic acid were shown to be consistent with their results (Caetano et al. 2007). 

Another example was brought by Weber et al., who compared mechanical properties of POPC 

GUVs oxidized in situ to vesicles prepared from 100% hydroperoxized POPC. Both sets of 

measurements were consistent, suggesting that POPC was fully oxidized to hydroperoxides 

after treatment with a photosensitizer and light (Weber et al. 2014). 

Some other approaches provide extra chemical information on the transformations 

taking place, yet without characterizing specific products. For polyunsaturated lipids, 

thiobarbituric acid reactive substances (TBARS) assay is usually employed aiming to detect 

malondialdehyde. Even though this assay is susceptible to numerous sources of interference, 

it can be used to compare the levels of oxidation under similar conditions (Hoyland and Taylor 

1991). Interestingly, the very first study of the combined effects of photosensitizers and light 
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on liposomes already employed this strategy (Anderson and Krinsky 1973) and, as will be 

described in Chapter 4, we were able to show that more hydrophobic photosensitizers, which 

were also more effective to permeabilize liposomes, were also the ones leading to higher 

extents of membrane oxidation as detected by TBARS assay (Bacellar et al. 2014). The 

characteristic UV absorption of  hydroperoxide conjugated dienes has also been employed to 

monitor oxidation levels (Mandal and Chatterjee 1980; Thomas et al. 2016). As an example, 

Mandal and Chatterjee showed that leakage of chromate ions from liposomes correlated with 

the formation of conjugated dienes, though working with UV radiation instead of 

photosensitization as a source of photooxidative damage (Mandal and Chatterjee 1980). The 

absorption of conjugated dienes was also used to assess the efficiency of drug delivery 

systems based on membrane permeabilization caused by lipid photooxidation and that were 

composed of liposomes bearing photosensitizers and variable fractions of unsaturated lipids 

(Massiot et al. 2017; Rwei et al. 2015). 

The identification of specific oxidation products can not only provide insight on the 

molecular species leading to specific biophysical effects, but can also unravel the operating 

mechanisms of lipid oxidation. Indeed, a number of strategies have been developed to assess 

the contribution of singlet-oxygen versus radical mediated pathways (Samadi et al. 2001; 

Boscá et al. 2000; Bachowski et al. 1991; Wolnicka-Glubisz et al. 2009; Chacon et al. 1987), 

although many still lack application in lipid bilayer systems. Chacon et al., for example, studied 

the formation of different positional isomers of oxidized phenyl esters of oleic and linoleic acid. 

They concluded that between photosensitizers MB, erythrosine, hematoporphyrin and 

riboflavin, the latter had the most significant contribution of radical chemistry (Chacon et al. 

1987). Cholesterol is also employed for this purpose, since its oxidation product 3β-hydroxy-

5α-cholest-6-ene-5-hydroperoxide is considered a biomarker of singlet-oxygen mediated 

oxidation. Other strategies are commonly used in parallel, such as evaluating the effects of 

singlet oxygen or radical suppressors (Girotti 2001; Bachowski et al. 1991; Wolnicka-Glubisz 

et al. 2009). 
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Few articles specifically characterized the oxidized lipids being produced in lipid 

bilayers treated with photosensitizers and light, and we bring here some examples of which. 

Colorimetric detection of hydroperoxides by iodometric titration and high-performance liquid 

chromatography (HPLC) coupled with electrochemical detection has been employed to identify 

hydroperoxides formed under UVA irradiation with the photosensitizer chlorpromazine 

(Wolnicka-Glubisz et al. 2009). Cardiolipin hydroperoxides were shown by mass spectrometry 

(MS) to be formed in liposomes under irradiation with the phthalocyanine Pc 4, with variable 

number of oxidized chains, in conditions in which cytochrome c also suffered oxidation 

(Rodriguez et al. 2010; Kim et al. 2011; Kim, Fujioka, et al. 2010; Kim, Rodriguez, et al. 2010). 

Melo et al. identified by MS the formation of hydroperoxides, alcohols and ketones in 

phosphatidylethanolamine liposomes treated with cationic porphyrins, as well as oxidation of 

the ethanolamine polar head (Melo et al. 2013). Thomas et al. irradiated soy bean 

phosphatidylcholine liposomes with the photosensitizer pterin. Besides detecting conjugated 

dienes by UV absorption, the authors identified by MS the formation of hydroperoxides, the 

truncated chain aldehyde 1-palmitoyl-2-(9’-oxo-nonanoyl)-sn-glycero-3-phosphocholine 

(ALDOPC) and its carboxylic acid analogous PAzePC  (Thomas et al. 2016).  

Even more scarce are studies relating the formation of specific products to biophysical 

outcomes. Sankhagowith et al. studied the effect of light and the photosensitizer rhodamine-

DPPE on 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) GUVs, observing opening of 

pores as a result of photooxidative damage. In a parallel experiment, nuclear magnetic 

resonance (NMR) analysis of lipid films irradiated with the same photosensitizer showed the 

formation of lipid hydroperoxides, alcohols and aldehydes. The authors suggested that the 

same processes might be happening in GUVs and related the formation of the aldehydes with 

inverse conical geometry (aldehydes, see 1.5.2) to the surface area decrease observed in the 

vesicles, which would ultimately drive pore opening (Sankhagowit et al. 2014). Luo et al., 

focusing on the development of drug-delivery systems, studied the photoinduced 

permeabilization of liposomes bearing a porphyrin-phospholipid photosensitizer and 

containing mostly saturated lipids, with up to 10% of DOPC (mol%). The authors showed that 



73 
 

DOPC hydroperoxides were formed in liposomes under conditions leading to photoinduced 

membrane permeabilization, and reported the detection of two other species (Luo et al. 2016) 

whose m/z values, in our opinion, seem to be consistent with DOPC molecules with one chain 

converted to a hydroperoxide and the other chain converted either to an alcohol or ketone. 

On the other hand, some studies already aimed at the detection of the products of 

photosensitized oxidation in cells. Given the higher diversity of starting materials, it is needless 

to say that this is a challenging endeavor not only for lipid oxidation, but also for protein 

oxidation (Alves et al. 2014). Infrared spectroscopy was shown to translate overall biochemical 

changes of bacteria under irradiation with cationic porphyrins, revealing lipids and proteins as 

major targets of photooxidation (Alves et al. 2016). In order to identify specific products, 

chromatographic techniques and/or mass spectrometry have been employed. HPLC coupled 

to electrochemical detection has been used to identify phospholipid and cholesterol 

hydroperoxides in leukemia cells treated with light and photosensitizer merocyanine 540 

(Bachowski et al. 1994). More recently, the so-called lipidomic strategies are starting to be 

employed, even though they are still incipient for oxidized lipids (Reis 2017). A combination of 

chromatographic techniques and tandem MS has been used to study changes in lipid 

composition in both Staphylococcus warneri and Escherichia coli irradiated with a positively 

charged porphyrin. In the first case, formation of cardiolipin-derived alcohols and 

hydroperoxides was detected, the latter being confirmed by the FOX2 assay. Experiments with 

E. coli also detected formation of the same classes of oxidized lipids, but mainly from 

phosphatidylethanolamines (Alves, Santos, et al. 2013; Alves, Melo, et al. 2013). Other 

lipidomic methods have been developed focusing on other scenarios, but could potentially be 

applied for photodynamic therapy conditions. For example, the strategy devised by Gruber et 

al. allowed for detection of ALDOPC, 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-

phosphocholine (POVPC), 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC) and 

PAzePC in human dermal fibroblasts exposed to UVA radiation (Gruber et al. 2012). 

Even though a clear evolution can be noticed regarding detection of oxidized lipid 

products, it is also evident the lack of detailed qualitative and quantitative chemical analysis 
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data, especially conducted in parallel with studies focusing on changes in membrane structure 

and properties. 

 

1.5. Lipid Photooxidation and Membrane Permeabilization 

Lipid membranes are important elements of life as we know it. They serve as 

boundaries between cells and their surrounding medium or between organelles and the 

cytosol. Membranes define the composition of the compartments they enclose in different 

ways. On one hand, they restrict the passage of certain species, namely those that are too 

polar or charged, and have a high activation energy to cross the hydrophobic core of the 

bilayer. On the other hand, membranes naturally allow the permeation of small hydrophobic 

molecules via passive diffusion, which is the case for oxygen. Another strategy consists of 

selectively allowing molecules to cross the bilayer, usually through protein channels or pumps. 

Water permeation, for example, is largely enhanced by aquaporin proteins, if compared to 

passive diffusion (Voet and Voet 2010).   

It does not require great imagination to hypothesize that changes in the capability of 

membrane to keep chemical gradients can be lethal to the cell (Valenzeno 1987; Moisenovich 

et al. 2010). As reviewed in section 1.3.2, extensive permeabilization of the plasma membrane 

leads to necrosis, oftentimes described as accidental cell death. On the other hand, selective 

and mild damage to organelle membranes can trigger regulated cell death pathways, as 

apoptosis or cell death associated to autophagy (Boya and Kroemer 2008). Induction of 

membrane permeabilization is also the action principle of many toxins, which assemble pores 

in lipid bilayers (Peraro and van der Goot 2015). 

Liposome membrane permeabilization can be induced by photooxidation, as already 

noted by Anderson & Krinsky back in 1973, following studies reporting hemolysis by 

photosensitizers and light (Valenzeno 1987; Anderson and Krinsky 1973), and also soon after 

Bangham’s first report on liposomes (Bangham and Horne 1964). In this pioneering study, 

liposomes containing EggPC, cholesterol and dicetyl phosphate were irradiated in the 
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presence of toluidine blue O (TBO). Glucose leakage and changes in light scattering pointed 

to lysis of the liposomes, which was accompanied by the formation of malondialdehyde. 

Interestingly, the authors already raised the question of which were the chemical reactions 

leading to membrane damage (Anderson and Krinsky 1973). This and other early studies 

recognized the presence of singlet oxygen in the oxidative pathways taking place, either by 

suppressing it or by employing other singlet oxygen sources (Anderson and Krinsky 1973; 

Anderson et al. 1974; Muller-Runkel et al. 1981). Nowadays, the literature counts with several 

examples of membrane permeabilization by photosensitizers and light, with a number of 

studies having been reviewed by Valenzeno and by Hoebeke (Bacellar et al. 2014; 

Pashkovskaya et al. 2010; Kotova et al. 2011; Heuvingh and Bonneau 2009; Kerdous et al. 

2011; Mertins et al. 2014; Caetano et al. 2007; Valenzeno 1987; Hoebeke 1995). In addition, 

there are works reporting membrane permeability increases caused by UV radiation, which 

may share some common mechanistic features with photosensitized oxidations (Bose and 

Chatterjee 1995; Mandal and Chatterjee 1980; Chatterjee and Agarwal 1988). 

Nonetheless, the mechanism by which photooxidation induces membrane 

permeabilization remains abstract, lacking precise associations between the formation of 

specific lipid oxidation products and their effect on membrane permeability. As well addressed 

by Sankhagowit et al., the transformations leading to membrane permeabilization  seem to fit 

a two-step process (Sankhagowit et al. 2014), whose first step is clearly dependent on the 

formation of lipid hydroperoxides. We structure this section accordingly, while reviewing the 

most important findings regarding photooxidative membrane permeabilization and pointing out 

to the remaining open questions. 

 

1.5.1. Lipid Hydroperoxides Account for the First Transformations 

A great part of the progress of unravelling the permeabilization effects of 

photosensitizers in membranes was based on studies with GUVs, which are model 

membranes with diameter higher than 1 µm and typically ranging up to 100 µm (Dimova et al. 

2006; Döbereiner 2000). They can be produced by different methods, such as the classical 
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electroformation (Angelova and Dimitrov 1986) or by gel-assisted growth (Weinberger et al. 

2013). These membrane models have the advantage of being easily observable by optical 

microscopy – most commonly standard or confocal fluorescence microscopy or phase contrast 

microscopy. For this reason, they permit the observation of morphological changes taking 

place in membranes, and also of phase separation, pore opening and solute exchange, 

besides allowing for mechanical measurements. For this reason, they are a valuable tool to 

study the effects of membrane oxidation, and have been leading to many discoveries in this 

field. 

One of the initial observations of membrane photooxidation in GUVs actually resulted 

from a side effect of employing fluorescent probes to visualize GUVs by fluorescence 

microscopy. About a decade ago, Ayuyan and Cohen recognized the fact that fluorescent 

probes promoted morphological changes and phase separation in GUV membranes as a result 

of photosensitization (Ayuyan and Cohen 2006). This occurs because the singlet excited state 

of some fluorescent probes can undergo ISC, and for this reason they can actually act also as 

photosensitizers. Lipid oxidation then accounts for the observed transformations. Indeed, even 

membrane permeabilization was observed as a result of irradiating membranes labeled with 

fluorescent probes, and researches took advantage of this effect to study membrane pores (E. 

Karatekin et al. 2003). Around the same time, Caetano et al. reported the first systematic study 

of photoinduced membrane permeabilization in GUVs, intentionally employing a 

photosensitizer to promote lipid oxidation. In this work, irradiation of DOPC GUVs with MB in 

concentrations above 25 µM was shown to cause vesicle explosion. The time required for 

explosions could be extended by the presence of sodium azide, in accordance with the 

involvement of singlet oxygen pathways (Caetano et al. 2007). 

Several studies then followed providing a closer look at the transformations suffered by 

GUVs at milder or more controlled oxidation conditions. At the beginning of the experiments, 

GUVs are usually spherical and tense. Oxidation then causes an increase in membrane 

surface area, oftentimes accompanied by an increase in thermal fluctuations and fast changes 

of GUV shape. The GUV then recovers the spherical shape, while forming buds and strings 
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(as depicted in Figure 16). In other words, the surface area of the GUV increases at an 

essentially constant volume and later accommodates the excess surface area in these 

peripheral structures. It is worth mentioning that GUVs that already present buds or strings 

from the beginning may not show clear fluctuations, for the excess surface area is 

accommodated in the pre-existing structures as it is formed. Depending on the experimental 

conditions, permeabilization can happen from this stage on (Riske et al. 2009; Heuvingh and 

Bonneau 2009; Kerdous et al. 2011; Mertins et al. 2014). 

 

 

Figure 16. (A) Snapshots of a DOPC GUV irradiated with photosensitizer DO15 (4 µM). Note that the 
initially tense vesicle gains surface area and gets floppy, then turning tense again while forming buds. 
This sequence is illustrated in (B), which additionally highlights that floppy GUVs can be stretched using 
electrodeformation, micropipette aspiration or adhesion to a surface. (C) Illustrates the conformational 
change caused by addition of a -OOH group, which leads to membrane surface area increase. 

 

The surface area increase is ascribed to the formation of lipid hydroperoxides. Indeed, 

by substituting unsaturated lipids by saturated ones (e.g., DMPC) or by adding singlet oxygen 

quenchers (e.g., sodium azide) to the samples, the formation of hydroperoxides is suppressed 

and no area increase is observed (Riske et al. 2009). The molecular explanation behind this 

process is a clear example of how lipid structure affects the properties of lipid bilayers. The 

polar -OOH group is more stabilized in the polar head region of the lipid bilayer, where it forms 

transient hydrogen bonds with water and lipid carbonyls or phosphate groups. Although the 

position of -OOH groups in the membrane is not rigid, these groups form at least twice as more 
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hydrogen bonds with lipid carbonyls than with phosphate groups, hence tending to localize in 

the region of the former groups. Migration of the hydrophilic group to the polar head region 

introduces a bend in the lipid chain, whose non-oxidized parts are still more stabilized in the 

hydrophobic core (Figure 16)  (Garrec et al. 2014). This conformational change increases the 

area occupied per lipid, increases interdigitation and diminishes the thickness of the membrane 

(Wong-Ekkabut et al. 2007; Riske et al. 2009; Weber et al. 2014; Aoki et al. 2015; Siani et al. 

2016). There is evidence that similar effects occurs with lipids bearing -OH groups 

(Abousalham et al. 2000; van Ginkel et al. 1992). 

Even though surface area increase as a result of hydroperoxides was previously 

showed in other kinds of membrane models (Abousalham et al. 2000; Abousalham and Verger 

2006; van Ginkel et al. 1992) or predicted by molecular dynamics simulations (Wong-Ekkabut 

et al. 2007), it was by using GUVs that quantification of the surface area expansion on enclosed 

lipid bilayers was achieved. Different techniques were employed, all sharing the common 

principle of stretching vesicles in order to properly assess the surface area increase. 

Electrodeformation was the technique of choice of Riske et al., which consists of using an 

alternating current electrical field to bring vesicles to ellipsoid shapes that get more and more 

elongated as the surface area increases (see Figure 16). They arrived at 8% area increase 

when oxidizing POPC GUVs, which is smaller than the 15% area increase suggested by Wong-

ekkabut et al. for 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLPC) (Wong-Ekkabut et al. 

2007). This difference was attributed to incomplete oxidation (estimated by the authors to reach 

60%) due to bleaching of the photosensitizer PE-Porph (Riske et al. 2009). Weber et al. chose 

micropipette aspiration as a technique, and arrived at 15.6% surface area increase for POPC 

and 19.1% for DOPC, showing that the latter lipid does not lead to twice as much area increase. 

These micropipette measurements were additionally in agreement with theoretical predictions 

from single chain main field theory (Weber et al. 2014). More recently, Aoki et al. assessed the 

same question by adhering GUVs containing a small fraction of biotinylated lipids to a 

streptavidin-coated surface. The obtained results were also in agreement with the previous 

measurements, being 14.3% for POPC and 18.4% for DOPC (Aoki et al. 2015). 
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Another observation that can be accounted to the formation of lipid hydroperoxides is 

the increase in thermal fluctuations. Membrane thermal fluctuations occur because their 

elasto-mechanical modules (stretching and bending modules) correspond to energies in the 

same order of magnitude of thermal energy (Mouritsen and Bagatolli 2016). Full conversion to 

lipid hydroperoxides is associated to a decrease in the stretching modulus from ca. 200 mN m-

1 to ca. 50 mN m-1. In spite of the stretching modulus being proportional to membrane 

thickness, a sole decrease in thickness cannot account for this observation, since full 

conversion only reduces membrane thickness by 20% (Weber et al. 2014; Boonnoy et al. 

2015). Other sources of softening of the membrane could be related to a lower interfacial 

tension in the membrane-water interface, resulting from migration of the -OOH groups to the 

surface, or a reduced  cohesive energy of the hydrophobic core, caused by distorted lipid chain 

configurations (Weber et al. 2014). These structural changes could also decrease the bending 

modulus, as predicted to occur by coarse-grained molecular dynamics simulations of POPC 

or DOPC hydroperoxide membranes (Guo et al. 2016), but experimental determination of this 

parameter still lacks. It is interesting to mention that lipid asymmetry can also alter mechanical 

properties if compared to symmetrical vesicles (Lu et al. 2016), which should be a relevant 

factor in many photosensitization studies depending on the sample preparation protocols. 

The breakage of sugar asymmetry is typically used to assess GUVs membrane 

permeabilization. For this purpose, GUVs are grown in sucrose solution and then diluted in 

glucose solution, thus settling on the bottom of the observation chamber and favoring 

visualization using inverted microscopes. The difference in refraction index between the outer 

and the inner solutions of the GUVs can be monitored and quantified by phase contrast 

microscopy, decreasing if permeabilization occurs and the solutions mix (Kerdous et al. 2011; 

Heuvingh and Bonneau 2009; Mertins et al. 2014). This strategy is viable because lipid 

membranes are usually poorly permeable to sugars – the permeability coefficient of glucose 

to phosphatidylcholine membranes is 8 x 10-5 µm s-1, in comparison with ca. 40 µm s-1 for water 

(Olbrich et al. 2000; Faure et al. 2006). Using this methodology, some works described that 

that vesicles were able to sustain sugar asymmetry during extensive or full conversion of lipids 
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to hydroperoxides (Weber et al. 2014; Riske et al. 2009). Riske et al. observed conversion of 

60% of the lipids to hydroperoxides, and attributed the lack of permeabilization during 

membrane photooxidation to the premature bleaching of the photosensitizers, accompanied 

by a possible absence of radical pathways (i.e. sole occurrence of singlet oxygen chemistry). 

MB, for example, is known to engage in radical reactions (Junqueira et al. 2002; Severino et 

al. 2003)  and leads to membrane permeabilization (Caetano et al. 2007; Mertins et al. 2014). 

The hypothesis that assumes that the sole presence of lipid hydroperoxides would maintain 

sugar asymmetry was also brought by Weber et al. In this case, 100% lipid peroxidation was 

obtained, and still the refraction index contrast was kept (Weber et al. 2014). These findings 

are in agreement with molecular simulations that did not observe pore opening in membranes 

containing 100% hydroperoxides, in conditions in which other types of oxidized lipids led to 

opening of pores (Boonnoy et al. 2015; Van der Paal et al. 2016). However, it is worth 

mentioning that this does not imply that hydroperoxides do not increase membrane 

permeability towards other molecules. Indeed, simulations and experiments suggest that 

permeability towards water is increased upon oxidation (Wong-Ekkabut et al. 2007; Conte et 

al. 2013).  

 

1.5.2. More Extensive Oxidation Causes Membrane Permeabilization 

The observation that hydroperoxide formation would not lead to membrane 

permeabilization raises the question of which oxidized species would be responsible for 

breaking sugar asymmetry in GUVs and for promoting the exchange of other solutes in the 

many liposome studies. Following the initial observation of exploding GUVs by Caetano et al. 

(Caetano et al. 2007), some studies focused on permeabilization without explosion (Heuvingh 

and Bonneau 2009; Kerdous et al. 2011; Mertins et al. 2014). Mertins et al. further explored 

the system studied by Caetano et al., following quantitatively and in more detail the early 

events of POPC or DOPC GUV oxidation by MB. The same morphology transitions described 

in the previous session (i.e. increase in surface area increase and thermal fluctuations, 

followed by a tense state with buds and strings) were observed, with membrane 
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permeabilization without explosion being observed after the tense state was reached. The 

previously described strategy of building sugar asymmetry between the inner compartment of 

GUVs and the surrounding medium allows for quantitatively monitoring changes in the 

refraction index contrast. Decreases in contrast can then be related to permeabilization and 

mixing of the solutions. In the study conducted by Mertins et al., the permeabilization kinetics 

with respect to sugars were shown to depend on photosensitizer concentration and were in 

agreement with a reaction-diffusion model describing the generation of pore-forming lipids and 

their aggregation into pores (Mertins et al. 2014). This analysis set the basis of the work 

described on Chapter 5.  

Mertins et al. also investigated this same system by electrodeformation. After the 

expected GUV elongation due to hydroperoxide formation (Riske et al. 2009), recovery of the 

spherical shape was observed under irradiation with MB. The loss of the capability of GUVs to 

deform to elliptical shapes suggests leakage of the ions required for electrodeformation to 

occur. In addition, the authors observed area increases of 8 and 19% for POPC and DOPC 

GUVs, respectively. The smaller than expected value described for POPC was hypothesized 

to arise from the formation of secondary oxidation products with smaller area per lipid, which 

would counter the effects of lipid hydroperoxides (Mertins et al. 2014). 

Another important feature of this study is the direct observation of the opening of 

transient micrometer-sized pores. Indeed, the homogenization of sugar solutions would require 

pores to be at least a few nanometers wide to allow for sugar crossing. The opening of pores 

in GUVs was previously observed under irradiation with fluorescent probes and also later 

observed under irradiation with a different photosensitizer (Mertins et al. 2014; Sankhagowit 

et al. 2014; E Karatekin et al. 2003; E. Karatekin et al. 2003; Brochard-Wyart et al. 2000; 

Sandre et al. 1999). Figure 17 shows an example of pore opening, under the same 

experimental conditions used in Chapter 5. 
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time = t t + 0.17 s t + 0.34 s t + 0.50 

 
t + 0.67 s t + 0.84 s t + 1.01 s t + 3.52 s 

 
Figure 17. DOPC GUV irradiated in the presence of DO15 4 μM, showing pore opening from t + 0.34 s 
of irradiation.  

 

As mentioned before, Sankhagowit et al. showed that GUV membrane oxidation 

followed a two-step process, the first dominated by area increase and the second by area 

decrease. The first step can be ascribed to the formation of lipid hydroperoxides, as discussed 

previously. The second step showed a stepwise area decrease and related to the opening of 

single pores, which reduced GUV volume. Micrometric-sized pores were observed and 

glycerol was used to increase their lifetime, showing that DOPC oxidation decreases 

membrane line tension at later stages of oxidation (Sankhagowit et al. 2014). Evidence of pore 

opening was also obtained by neutron reflectometry on supported lipid bilayers exposed to 

short-wavelength UV radiation, under conditions in which lipid oxidation was detected. A 

decrease in coverage was observed, while the remaining material could still be characterized 

as bilayer. The authors attributed this to membrane permeabilization due to pore formation, as 

corroborated by fluorescence microscopy (Smith et al. 2009). 

Liposome studies also presented evidence of pore opening, and interestingly it was 

shown that photooxidized liposomes are more permeable to some solutes than others (Ytzhak 

et al. 2010; Ytzhak et al. 2013; Pashkovskaya et al. 2010; Kotova et al. 2011). It was observed 
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that permeabilization is more significant for species with smaller charge density, for example, 

the fluorescent probe 5(6)-carboxyfluorescein (CF) in comparison to monoatomic ions. An 

increase in lipid flip-flop rate was observed during irradiation, which would be associated to a 

decrease in the activation energy for permeation of amphiphilic molecules. It was hypothesized 

that permeation of solutes would initially depended on water defects, which later evolve into 

open, hydrated and less selective pores (Pashkovskaya et al. 2010; Kotova et al. 2011).  

These results showed that irradiation of lipid membranes in the presence of 

photosensitizers favors pore opening. Given that pore opening is not usually observed under 

normal circumstances, this raises the question of which are the factors favoring this 

phenomenon. Membranes have a self-healing tendency, which results from the fact that 

exposing hydrophobic regions is unfavorable (hydrophobic effect). Even when the rims of a 

pore are organized in a micelle-like structure as a result of lipid reorientation to prevent 

exposure of the hydrophobic tails, this is still less stable than a continuous lipid bilayer. The 

energy costs involved in the modified packing and in exposing such edges are expressed by 

the line tension, and imply that an energetic input is needed to counterbalance this tendency 

and drive the opening of the pore (May 2000). A number of factors can provide this energy, 

such as mechanical stress, osmotic stress, transmembrane ion charge gradients and external 

applied electric fields (Idiart and Levin 2004; Yusupov et al. 2017; Gurtovenko and Vattulainen 

2009; Gurtovenko and Vattulainen 2005; Tieleman et al. 2003; Kirsch and Böckmann 2016), 

the latter factor being the basis of electroporation. In the case of electroporation, the application 

of an electric field continuously induces the opening of pores, differently from for some other 

cases (e.g., osmotic stress), in which pore opening can permanently relieve the stress source. 

Another source of stress leading to pore opening can arise from differences in area between 

each of the leaflets. For example, asymmetric insertion of molecules can lead to pore opening 

(Rodriguez et al. 2005), by creating a surface tension difference between both leaflets. A 

similar effect can be achieved by addition of surfactants added to a previously formed GUV 

sample, since they can remove lipid molecules from the outer leaflet (Nomura et al. 2001). 

Surfactants with a large polar head and a conic shape can also operate by reducing the line 
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tension, since they stabilize the micelle-like structure of the pore rim (E Karatekin et al. 2003). 

Other amphiphilic molecules with similar geometry should have similar effects, and this is 

expected to be the case of some oxidized lipids. Alternatively, molecules that are more polar 

than normal phospholipids should also contribute to pore opening, since they facilitate the 

creation of a hydrophilic environment on the rims of the pore. 

It should also be noted that membrane oxidation can potentially enhance membrane 

permeability to small solutes simply through passive diffusion. For this mechanism, 

permeability usually correlates with membrane partition and the diffusion coefficient of the 

solute. The area per lipid was also shown to correlate with membrane permeability of water 

(Mathai et al. 2008). Therefore, an increase in the presence of polar groups in the membrane 

could potentially increase the partition of molecules that otherwise would be too polar to 

permeate across the bilayer, and also affect permeability through conformational changes. 

A number of studies have correlated the presence of oxidized lipids with truncated 

chains with increases in membrane permeability. Some authors also investigated the capability 

of truncated lipids of stabilizing transmembrane pores, for their shape and polarity seem to 

more favorably stabilize pores than their non-oxidized phospholipid precursors. On the 

experimental side, studies are based on four commercially available phospholipid aldehydes 

and carboxylic acids, whose structures are depicted in Figure 18. Apart from pure chemical or 

biophysical interest, these lipids have been implicated in a number of biological processes 

(Bochkov et al. 2016; Lidman et al. 2016; Davies and Guo 2014; Salomon 2012; Ramprecht 

et al. 2015). 

 



85 
 

 

Figure 18. Commercially available phospholipid aldehydes and carboxylic acids. 

 

Ytzhak and Ehrenberg studied the permeabilization effect of PGPC and ALDOPC in 

EggPC liposomes. Using a potentiometric dye, they showed that as little as 2% of any of these 

oxidized lipids was enough to promote dissipation of a K+ electric diffusion potential of the 

liposomes. Increasing lipid concentrations further accelerated leakage in a similar trend for 

both lipids, until membrane destabilization occurred upon reaching 16%. When the oxidized 

lipids were substituted by L-a-lysophosphatidylcholine from egg yolk, no dissipation effects 

were observed up to a 20% mole percentage, with membrane destabilization being observed 

above 25% (Ytzhak and Ehrenberg 2014). 

Runas and coworkers also investigated the effect of low levels of aldehydes on 

membrane permeability (Runas et al. 2016; Runas and Malmstadt 2015). GUVs were 

produced with fixed percentages of DMPC and cholesterol, and variable levels of 1-palmitoyl-

2-linoleoyl-sn-glycero-3-phosphocholine (PLPC) and its oxidized product ALDOPC. Using a 

microfluidic approach, they observed that increasing the amount of ALDOPC from 0 to 2.5% 

enhanced in one order of magnitude membrane permeability to the hydrophilic and uncharged 

molecule PEG12-NBD. No further increases were observed up to a fraction of 10%. Above 

and only above 12.5% ALDOPC, membranes became permeable (yet still being stable) to 

fluorescein-dextran of 40 or 2000 kDa, suggesting the opening of pores bigger than 55 nm 

(Runas and Malmstadt 2015). In a second study, they considered that the formation of 

ALDOPC should also yield hexanal (assuming occurrence of Hock cleavage), which can be 
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oxidized to hexanoic acid. New measurements were then done by adding either hexanol or 

hexanoic acid in equimolar amounts to ALDOPC. Both fragments led to very similar results. 

From 2.5 to 10% the permeability was smaller than in the absence of the tail fragment, but this 

time it varied with the amount of oxidation. Once again, pore transport was observed only 

above 12.5%. They observed that membranes with ALDOPC and no added fragment are 

thicker than membranes with added tail fragment, showing that permeability depends also on 

factors other than membrane thickness (Runas et al. 2016). 

Molecular dynamics simulations are also an important tool for unraveling the 

permeabilization effects of lipid aldehydes. These simulations employ different species as for 

both non-oxidized lipids and phospholipid aldehydes, they include or not fragments produced 

as a consequence of chain cleavage, and also vary the extent of oxidation. The first study 

employing membranes containing 100% of oxidized lipids was conducted by Cwiklik and 

Jungwirth. The chosen aldehyde phospholipids were derivatives of DOPC with one or both 

truncated chains, plus the corresponding aldehyde short fragments. The opening of pores was 

clearly observed when only one chain was oxidized, while oxidation of both chains led to 

membrane disintegration (Cwiklik and Jungwirth 2010). It is possible to compare this result to 

the fact that Caetano et al. observed DOPC GUV explosion and additionally a decrease in the 

surface tension at the water-air interface upon membrane oxidation. This effect was attributed 

to the formation of truncated lipid chains and release of short chain acids (Caetano et al. 2007), 

which could be related to oxidation of both DOPC chains. 

Lis et al. studied the permeabilization effect of POVPC on DOPC membranes by 

molecular dynamics and compared the results to stopped flow measurements of water efflux. 

This study pointed to a strong dependence of water permeation on POVPC molar fraction, and 

provided molecular insight into the processes leading to pore opening. Between 15 and 66% 

POVPC, permeation of water evolves from passage of single water molecules across the 

membrane to passage of small clusters, with transient water defects occurring solely in the 

headgroup region. In the range of between 75 and 100% POVPC, water defects become larger 

and some evolve to transmembrane water-filled pores, with the time needed for pore opening 
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decreasing with increasing aldehyde concentrations. Alongside, water transport progresses 

from a transient chain of hydrogen-bonded water molecules to water transport through pores. 

The latter scenario increases the number of transported water molecules by two orders of 

magnitude if compared to an intact membrane (Lis et al. 2011). A typical sequence leading to 

pore opening is represented in Figure 19, as simulated in a different work by Boonnoy et al. 

(Boonnoy et al. 2015).  

 

 

Figure 19. Pore formation in the 50% ALDOPC system. Initially, the oxidized lipids were randomly 
distributed in the bilayer (A). Aggregation (B) followed by formation of water defects (C); water is pulled 
into the bilayer by the aldehyde groups. Then, oxidized lipids from the two leaflets reach contact (D) 
leading to the formation of a water bridge (E). The bridge extends to form a stable pore (F). Green and 
yellow: 9-al lipids in the upper and lower leaflets, respectively. White: PLPC. Green, yellow and white 
spheres: Phosphorus atoms on the different lipids. Red spheres: Oxygens in ALDOPC sn-2 tails. Blue: 
water. Caption (with minor adaptions) and figure were reprinted with permission from Boonnoy, P. et al. 
(2015). Bilayer Deformation, Pores, and Micellation Induced by Oxidized Lipids. The Journal of Physical 
Chemistry Letters, 6(24), pp.4884–4888. Copyright 2015 American Chemical Society. 

 

The role of aldehyde fragments was explored by Van der Paal et al. using a POPC 

derived aldehyde with a 10-carbon chain in the presence or absence of octanal. Aldehyde 

fragments were shown to stay in the lipid bilayer and their presence elevated the percentage 

of oxidized products needed to observe pore opening from 82 to 100%, with the former value 

corresponding to absence of octanal. They attributed this change to the fact that fragments 

make the membranes thicker, reducing the probability that water reaches the center of the 

bilayer. After pore opening starts, membrane thickness increases slightly, as a result of water 
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permeation. The maximum pore diameter observed was 15 Å (Van der Paal et al. 2016). The 

smaller permeability is in accordance with the above-discussed results in GUVs (Runas et al. 

2016). Fragments also modulated membrane surface area, increasing it in comparison to 

conditions lacking then (Van der Paal et al. 2016). 

As happens to lipid hydroperoxides, the carbonyl group of aldehyde chains migrates to 

the polar heads region of the lipid bilayer. This was shown in several molecular dynamics 

simulations (Wong-Ekkabut et al. 2007; Khandelia and Mouritsen 2009) and was expected 

based on experiments conducted in monolayers (Sabatini et al. 2006). Due to the truncated 

carbon chain, the oxidized chain lays flat and parallel to bilayer, in the so called “extended 

conformation”. Aldehyde groups form hydrogen bonds with water and the polar heads, 

populating mostly the region below the phosphates. However, the angle distribution is wider 

for aldehyde chains than for hydroperoxides, since their carbonyl groups averagely stablish a 

lower number of hydrogen bonds, and for this reason they occasionally populate the 

hydrophobic region of the bilayer. In addition, truncated chains are shorter than 

hydroperoxidized chains, thus having more available free volume to access. This change in 

conformation increases the density in the middle of the lipid bilayer, as a result of chain 

interdigitation. Additionally, the electron density maxima is shifted towards the middle of the 

bilayer (Wong-Ekkabut et al. 2007; Khandelia and Mouritsen 2009; Lis et al. 2011; Boonnoy et 

al. 2015). 

It is worth mentioning that the same conformational analysis was done for the carboxylic 

acid PAzePC. Molecular dynamics simulations showed that protonation of the carboxylate 

group leads to the extended conformation, similarly to what happens to its aldehyde 

counterpart ALDOPC (Ferreira et al. 2016). On the other hand, the unprotonated carboxylate 

rarely populates the center of the bilayer and can experiment complete chain reversal, with the 

oxidized negatively-charged chain being nearly perpendicular to the membrane plane 

(Khandelia and Mouritsen 2009; Ferreira et al. 2016; Beranova et al. 2010). The conformation 

of this oxidized chain is concentration-dependent, evolving from nearly parallel to the bilayer 

plane at lower concentrations to quasi chain reversal (Khandelia and Mouritsen 2009). 
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Nonetheless, NMR measurements in POPC multilamellar vesicles containing 30% PAzePC 

indicated that the carboxylate group was always fully or nearly fully protonated from pH 5 to 

11, laying parallel to the membrane plane. Despite an increase in the disorder of the 

hydrophobic region of the bilayer, pore opening was not observed in any of these conditions 

(Ferreira et al. 2016). 

The increase in permeability caused by aldehyde phospholipids is interpreted 

considering different effects promoted by them, including: adoption of extended conformation 

by the oxidized chain; change in lipid-lipid distance, membrane thickness and headgroup 

region hydration; decrease in packing parameter favoring positive membrane curvature; and 

presence of polar groups inside the bilayer, increasing its dielectric constant and stabilizing 

water molecules in this region. The extended conformation increases the lipid-lipid distance 

and favors water penetration (Lis et al. 2011), as supported by experimental determination of 

increased membrane hydration (Beranova et al. 2010). Pore opening develops from randomly 

distributed lipids, which then aggregate and form water defects. Indeed, aldehydes like PGPC 

and POVPC have been shown to have increased mobility and laterally diffuse faster than non-

oxidized lipids (Plochberger et al. 2010; Beranova et al. 2010). Being more conformationally 

mobile than hydroperoxides, aldehyde groups form hydrogen bonds with water molecules and 

then carry them into the bilayer. They also interact with oxidized groups from the other leaflet, 

forming a water bridge that progresses to pore. The interaction between oxidized lipids of both 

leaflets and the consequent presence of polar groups inside the bilayer was considered the 

key factor allowing for the formation of pores, and was favored by a decrease in membrane 

thickness (Boonnoy et al. 2015). This process can be accompanied by and favor lipid flip-flop, 

whose rates were shown to increase 103 to 104 times in the presence of ALDOPC (Volinsky et 

al. 2011). Indeed, the formation of hydrated pores has been associated with occurrence of flip-

flop (Gurtovenko and Vattulainen 2009; Rodriguez et al. 2005). 

Another factor that contributes to the formation of pores is the difference in packing 

parameter, with aldehydes favoring positive curvature. PLPC and hydroperoxides were shown 

to be cylindrical (packing parameter ~ 1, though with different cross-section and heights). 
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Truncated lipids have inherent conical shape that can be further enhanced by reversal of the 

oxidized chain. Phospholipid aldehydes were indeed shown to be truncated cones, with 

packing parameter close to 0.5. Therefore, non-oxidized lipids and hydroperoxides tend to form 

bilayers, while aldehydes favor micelles. As a matter of fact, above 50% concentration, 

aldehyde-containing membranes were shown to be able to evolve into micelles (Boonnoy et 

al. 2015).  

A clear contrast between experimental results and theoretical simulations is seen on 

the concentration ranges of oxidized lipids needed to promote significant membrane 

permeabilization. One part of the effect could in principle be ascribed to the common difficulty 

of performing computational simulations consistent with experimental reality – consider, for 

example, the short timescale of these simulations (usually 100-200 ns, though one order of 

magnitude more in the study by Boonnoy et al. (Boonnoy et al. 2015)). Another probable cause 

of these effects is the fact that membranes can exhibit phase separation, with nano- or micro-

sized lipid domains. Indeed, phase separation was shown to occur as a result of lipid oxidation 

(Ayuyan and Cohen 2006; Haluska et al. 2012; Megli et al. 2005). Therefore, even though the 

overall concentration of oxidized lipids may be in reality low, the local concentrations can be 

much higher and perhaps in ranges closer to simulations (Megli and Russo 2008; Cwiklik and 

Jungwirth 2010).  

Another source of differences could be the fact that membranes oxidized in situ may 

be under non-equilibrium conditions, susceptible to forces that may contribute to pore opening. 

An interesting example is provided by Yusupov et al., who simulated membranes in the 

presence of a constant electric field applied perpendicularly to the membrane plane. 

Membranes were composed of DOPC and either DOPC hydroperoxides or DOPC aldehydes 

plus fragments (single chain oxidation). Opening of pores was favored by the electric field, as 

happens in electroporation. Increasing aldehyde concentrations decreased the time need for 

pore formation and additionally the threshold electric field required for pore opening. 

Hydroperoxides did not exhibit such a clear concentration dependence and did not enhance 

pore formation significantly if compared to the non-oxidized bilayer, probably due to smaller 
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water permeability (Yusupov et al. 2017). In another study, the opening of pores in GUVs 

submitted to photooxidation was attributed to the tension created by reducing membrane area 

at constant volume (Sankhagowit et al. 2014). The role of forces on membrane 

permeabilization was also explored in biological samples, when the deformation of red blood 

cells containing lipid hydroperoxides was shown to reversibly increase membrane permeability 

to K+. Although evidence suggested that the mechanism may depend also on other types of 

biomolecules, it endorses that mechanical forces might potentialize the effects of oxidized 

lipids (Sugihara et al. 1991).  

From the exposed above, it is clear that the outcome of membrane oxidation is highly 

dependent on lipid type (both oxidized and non-oxidized lipids) and other species present in 

the medium (e.g., polar fragments and counterions). Measurements of membranes oxidized in 

situ (oppositely to membranes already built with specific oxidized species) provide general 

trends of lipid oxidation – for example, decrease in membrane thickness (Bacellar et al. 2014; 

Mason et al. 1997) –, but the high complexity of the oxidized lipid mixture may hinder further 

conclusions. The effects of hydroperoxides, aldehydes and carboxylic acids on the membrane 

have all their own particularities, and this should also be the case for other types of oxidized 

lipids (Megli and Russo 2008). This poses the need of careful investigation of the effects of 

each of these species, while also explaining numerous apparent contradictions in the literature 

(e.g., whereas some authors report increases in fluidity as a result of oxidation, others report 

the opposite trend) (Wong-Ekkabut et al. 2007).  

Another effect that needs exploration is the combined effect of lipids. As an example, 

some works investigated the effect of cholesterol. Cholesterol was shown to retard 

morphological transitions and decrease membrane permeabilization during GUV oxidation 

(Kerdous et al. 2011) and also to increase the concentration of phospholipid aldehydes needed 

to observe pores in molecular dynamics simulations (Van der Paal et al. 2016). For this reason, 

cholesterol was also employed as a tool to slow down membrane permeation rates of GUVs 

already grown with oxidized products (Runas et al. 2016; Runas and Malmstadt 2015). This 
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effect is attributed to the ordering effect of cholesterol, which counterbalances the disordering 

effects of oxidized lipids (Van der Paal et al. 2016). 

The need for control over membrane composition brings back the aforementioned 

differences between contact-dependent and contact-independent lipid oxidation. Whereas 

photosensitizers operating solely via singlet-oxygen mediated oxidation should modify 

membranes according to effects of lipid hydroperoxides, different and more complex effects 

should be expected for photosensitizers that additionally or alternatively operate via radical 

pathways. As reviewed by Valenzeno, a number of studies consider that  singlet oxygen was 

at least partly involved in membrane modification (Valenzeno 1987) and perhaps the study of 

Grossweiner et al. was one of the earliest attempts to identify such differences (Grossweiner 

et al. 1982). However, literature is still scarce on studies considering these differences, or even 

relating chemical composition to biophysical modifications on the lipid bilayer. In a recent work 

by Vyšniauskas et al., photosensitizers operating mainly via singlet oxygen pathways were 

shown to increase membrane viscosity upon irradiation. On the other hand, irradiation with MB 

led to a decrease in viscosity, and effects that could not be totally suppressed by sodium azide 

(Vyšniauskas et al. 2016). Although MB also generates singlet oxygen, several works 

(including the extensively discussed experiments in GUVs) are consistent with contribution of 

radical pathways (Junqueira et al. 2002; Severino et al. 2003; Mertins et al. 2014; Caetano et 

al. 2007). 

In summary, we believe that the key to controlling photoinduced membrane 

permeabilization would be to further investigate the relationships between membrane 

permeabilization and changes in the chemical composition. Additionally, understanding the 

precise interactions and reactions of photosensitizers and lipids should be essential to 

comprehend how to control lipid oxidation and its products.  
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1.6. Objective 

1.6.1. General Objective 

Understand how photosensitizers interact and react with lipid membranes in the 

presence of light and oxygen, leading to membrane permeabilization. 

 

1.6.2. Topics Covered in Each Chapter: 

• Chapter 2 – The Effects of Lipid Fluid/Gel Phases on Oxygen Distribution Inside 

Membranes: Bridging Molecular Dynamics Simulations to Singlet Oxygen NIR 

Luminescence: effect of oxygen distribution on the efficiency of photosensitized oxidations; 

• Chapter 3 – Quantifying the Efficiency of the Reaction of Singlet Oxygen with Lipid 

Double Bonds Using a Fluorogenic α-Tocopherol Analogue: calculation of lipid oxidation 

rates, and study of the role of membrane binding and photooxidation mechanisms on the rate 

of membrane oxidation, as quantified by a chromanol-based fluorogenic probe; 

• Chapter 4 – Membrane Damage Efficiency of Phenothiazinium Photosensitizers: role 

of photosensitizer aggregation and membrane binding on the efficiency membrane 

permeabilization;  

• Chapter 5 – Biophysical Mechanisms of Membrane Permeabilization of DOPC 

Bilayers under Photoinduced Oxidation: permeabilization kinetics and mechanistic 

differences between MB and DO15 in GUVs;  

• Chapter 6 – The Chemical Pathway to Photoinduced Lipid Membrane 

Permeabilization: chemical characterization of photoinduced membrane permeabilization. 
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Chapter 2 – The Effects of Lipid Fluid/Gel Phases on 

Oxygen Distribution Inside Membranes: Bridging Molecular 

Dynamics Simulations to Singlet Oxygen NIR 

Luminescence 

 

 

Membranes in the fluid phase are known to be more concentrated in oxygen than 

water is. However, the distribution of oxygen inside the bilayer is not 

homogeneous, peaking at the center of the membrane. For membranes in the gel 

phase, heterogeneity of oxygen distribution is even more striking, with oxygen 

concentrating between both leaflets and being almost depleted between this region 

and the polar heads. 

 

We observed that the kinetics of singlet oxygen NIR luminescence in membranes were 

highly dependent on temperature and lipid phase. Since singlet oxygen is such a key 

intermediate in contact-independent photosensitized oxidations, we decided to investigate this 

observation at the molecular level. We employed singlet oxygen NIR luminescence and laser 

flash photolysis to gain insight into the dynamics of the triplet excited state of the membrane-

soluble photosensitizer pheophorbide a (Pheo) in membranes. Our experimental results were 
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in accordance with molecular dynamics simulations showing that the transbilayer oxygen 

concentration profile varies depending on membrane phase. As a consequence, triplet excited 

state quenching by oxygen is not only dependent on the temperature-dependent behavior of 

membranes, but also on the positioning of the photosensitizer inside the membrane. It was 

then made clear that, beyond requiring extensive membrane binding, photodynamic efficiency 

also depends on the precise positioning of the photosensitizer inside the membrane. 

 

A manuscript is being prepared from the content of this chapter. 

 

2.1. Introduction 

The distribution of molecular oxygen in lipid bilayers is an important question in the field 

of biological photooxidations. On one hand, lipid oxidation can occur as a direct reaction 

between lipids and singlet oxygen. The efficiency of this process can be enhanced when 

photosensitizers bind to membranes, especially in environments in which the singlet oxygen 

lifetime is short. For example, it is expected that quenching by biomolecules shortens the 

intracellular singlet oxygen lifetime if compared to pure water, leading to average diffusion 

distances of singlet oxygen inside cells of only ca. 100 nm (Redmond and Kochevar 2006). On 

the other hand, photosensitizers can trigger radical-mediated lipid peroxidation and the 

propagation step of this process is dependent on a fast reaction between a lipid carbon-

centered radical and oxygen (Girotti 2001; Foote 1968). Therefore, both processes are highly 

affected by how oxygen interacts with lipid bilayers. 

Membrane/water partition coefficients of oxygen have been measured for saturated 

phosphatidylcholine bilayers in both the gel and the fluid phases (Möller et al. 2016; Subczynski 

and Hyde 1983). Even at equilibrium, oxygen concentrations in the membrane interior may be 

different than in the aqueous phase. However, measurements of oxygen partition do not have 

the spatial resolution to distinguish how the local concentration varies as a function of 

immersion depth in the membrane. This is an important issue for both singlet oxygen or radical-

mediated reactions, since some photosensitizers may locate preferentially at the membrane-
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water interface, while others may reside at the membrane hydrophobic interior (Engelmann et 

al. 2007; Voszka et al. 2007; Bronshtein et al. 2004). In fact, it is still unknown at molecular 

level how oxygen distribution changes in different phases (fluid/gel) of the lipid bilayer. 

Molecular dynamics simulations are well suited for the study of membranes with 

molecular resolution. The oxygen distribution profile in lipid bilayers has already been 

calculated for fluid-phase phospholipid membranes (Cordeiro 2014; Al-Abdul-Wahid et al. 

2006). Interestingly, while in the center of the bilayer oxygen is more concentrated than in 

water, close to the polar heads regions its concentration is actually smaller (Cordeiro 2014). 

Previous simulations (Cordeiro et al. 2012) showed a correlation between the local oxygen 

concentration to which porphyrin photosensitizers were exposed in the membrane, and their 

experimentally measured ability to generate singlet oxygen (Engelmann et al. 2007). However, 

membranes are not always in the fluid phase. Specially, there has been a lot of reports in the 

last decade showing that biological membranes are made of nano/micro domains that vary 

considerably in terms of lipid composition, fluidity and ordering of the lipids. The liquid-liquid 

phase separations in membranes are also a result of the interaction with proteins, which can 

specifically interact with certain types of lipids, with interactions that can be so strong that lipids 

can remain bound to some proteins even after treatment with detergents during purification 

(Lingwood and Simons 2010). The multitude of states in which lipids may be found in biological 

scenario sets as an interesting topic understanding with molecular resolution how oxygen 

distribution changes as a function of temperature and phase state. 

In this work, we employed molecular dynamics simulations to elucidate oxygen 

distribution in both gel and fluid-phase phosphatidylcholine bilayers. The simulation results 

were compared to experimental results, employing the kinetics of the characteristic singlet 

oxygen phosphorescence in the NIR as a probe for the different concentrations of oxygen 

inside the membrane. Singlet oxygen luminescence not only allowed to directly sense how 

singlet oxygen kinetics is affected by lipid phase and temperature, but also permitted assessing 

triplet excited states lifetimes inside the membrane.  
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2.2. Materials and Methods 

2.2.1. Molecular Dynamics Simulations  

Molecular dynamics simulations (Allen and Tildesley 2009) were performed and 

described in collaboration with prof. Dr. Rodrigo Cordeiro. Simulations employed the 

GROMACS 5.0.4 package (Hess et al. 2008; Van Der Spoel et al. 2005). Newton’s equations 

of motion were integrated with a time step of 2 fs. All chemical bonds were kept constrained to 

their equilibrium values. Lennard-Jones interactions were truncated at 1 nm and electrostatic 

interactions were treated by the particle-mesh-Ewald (PME) method with a real space cutoff 

of 1 nm. Long-range dispersion corrections were applied to both energy and pressure. 

Fully hydrated 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipid bilayers were 

simulated using the united-atom force field of Tieleman et al. (Tieleman n.d.). This force field 

has been successfully employed to describe DPPC bilayers at both the fluid and the gel phases 

(Leekumjorn and Sum 2007). Interatomic interaction parameters for oxygen were taken from 

a previous parametrization (Cordeiro 2014). Based on previous studies using similar force 

fields (Leekumjorn and Sum 2007; Coppock and Kindt 2010), the main transition temperature 

(Tm) of the simulated DPPC membranes was considered to be 308.5 K, which is lower than 

the experimental value of 314 K (Koynova and Caffrey 1998; Koynova and Caffrey 2001). 

Therefore, in order to compare simulations to experimental results, temperatures were 

reported as T - Tm where applicable. 

A DPPC bilayer in the gel phase was assembled as follows: first, a single phospholipid 

was created with both hydrocarbon chains in all-trans conformation and aligned along the 

bilayer normal (z-axis). Then, it was replicated in the bilayer plane (xy-plane) in order to 

produce a hexagonal packing of hydrocarbon chains. Following the method proposed by 

Uppulury et al. (Uppulury et al. 2015), each phospholipid molecule was placed in the lattice 

with a random rotation about the z-axis, so as to generate in-plane disorder (Raghunathan and 

Katsaras 1996). To generate the tilted conformation typical of the gel phase (Sun et al. 1996), 

a short (100 ps) simulation was performed in which the tail ends were kept fixed, and the 
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headgroups were collectively pulled along the x-axis. As a result, the hydrocarbon chains 

acquired a tilt angle in the direction of one of their nearest neighbors. Then, water molecules 

were added and the system was equilibrated according to the isothermal-isobaric (NPT) 

ensemble for 320 ns. The temperature was kept at 298 K and the pressure was maintained at 

1 atm in all Cartesian directions independently. An equilibrated gel phase containing 120 

phospholipids and 45 waters per lipid was obtained. The gel-phase bilayer at 298 K was used 

as the starting structure to obtain the following systems: gel at 308.5 K (after 100 ns 

equilibration); fluid at 323 K (after annealing and 300 ns equilibration); and fluid at 308.5 K 

(after 100 ns equilibration from the previous fluid state). During equilibration, the bilayers 

simulated at 308.5 K conserved the same state (i.e. gel or fluid) that they had in the beginning, 

hence being possible to study them in both phases. 

To study oxygen partition, 30 oxygen molecules were added at the aqueous phase and 

the overlapping water molecules were removed. The initial molar fraction of oxygen in water 

was ~0.6%. Although it was orders of magnitude higher than the experimentally measured 

solubility of oxygen in water (Battino et al. 1983), systems with fewer oxygen molecules would 

lead to poorer statistics. For each system, there were 20 ns of equilibration, followed by 30 ns 

of data acquisition in the NPT ensemble at the desired temperature and the pressure of 1 atm. 

Trajectories were recorded at intervals of 20 ps. Images of the simulated systems were 

produced using VMD (Humphrey et al. 1996). To analyze the spatial distribution of oxygen 

molecules, each trajectory frame was divided in a series of ~0.06 nm-thick slabs parallel to the 

membrane surface. Average local oxygen concentrations were calculated for each slab and 

plotted as a function of the distance to the membrane center. The membrane surface was 

considered at the average position of the lipid phosphorus atoms at each bilayer leaflet. The 

water-to-membrane partition constant of oxygen was estimated from the ratio between the 

average oxygen concentrations inside the bilayer and in the bulk aqueous phase. 

 

2.2.2. Materials 
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Pheo and TMPyP were acquired from Frontier Scientific. DOPC, 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC) and DPPC were acquired from Avanti Polar Lipids. The Tm 

value for each lipid and their structures are provided in Table 3. 

 

 

Figure 20. Structure of pheophorbide a (Pheo). 

 

Table 3. Structure and main transition temperature (Tm) for studied lipids (Marsh 2013). 

DSPC 

328 K (55 oC) 

1,2-Distearoyl-sn-glycero-3-phosphocholine 

 
DPPC 

314 K (41 oC) 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine 

 
DOPC 

256 K (-17 oC) 

1,2-Dioleoyl-sn-glycero-3-phosphocholine 

 
 

2.2.3. Sample Preparation and Data Acquisition 

Liposomes were prepared by the injection method (Kremer et al. 1977). 5 mL of water 

were heated in a test tube placed in a water bath at 328 K and were kept under intensive 

stirring. Lipid solutions in ethanol (total volume 375 µL) were rapidly injected into the water and 

left under stirring until no further changes in turbidity were observable. The obtained 
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suspension was then filtered through a 0.22 µm syringe filter. In a former work the average 

size of DPPC liposomes produced in this way was determined to be 78 nm with narrow size 

distribution (Hackbarth and Röder 2015). Pheo was added to the ethanol fraction before 

injection, so the that the final lipid/photosensitizer molar ratio was 2000. Four different lipid 

compositions were employed: DOPC, DPPC and DSPC. Samples were used always shortly 

after prepared, and were kept above the Tm until measurements. 

Laser flash photolysis (nsTAS) was employed for direct determination of the triplet 

decay time of Pheo in each of the lipid bilayers. For excitation, a ns Nd3+YAG Nt342/1 from 

Ekspla with an integrated OPO laser was used at 666 nm. Transient triplet-triplet absorption 

was probed by a stabilized light emitting diode (LED) light at 488 nm and observed through a 

490 ± 5 nm filter (Thorlabs) with a fast photodiode with low noise amplifier developed by 

Elektronik Manufactur Mahlsdorf. Data was acquired with a Picoscope. All the setup was 

controlled by custom-made software based on LabView. To avoid signal cross talk, the laser 

was completely electrically isolated from the rest of the setup. Measurements were integrated 

over 200 shots. 

Time-resolved singlet oxygen detection was done using a setup identical to the lab 

version of the TCSPC1270 of SHB Analytics. Since the samples were kept in a heating bath 

for temperature control, the detection (at 1270 nm) was done using a glass fiber tip that could 

be placed directly in front of each sample, while submersed in the water bath. Excitation and 

detection were done via this multifurcated fiber. For excitation, a custom-built dye laser (666 

nm) was used, pumped by a frequency-doubled ns Nd3+ YAG Laser Vector (Coherent) with < 

8 ns pulse width and repetition rate of 12 kHz. The initial temperature of the water bath was 

333 K, decreasing up to 298 K in 5 K steps. Stepwise cooling was chosen instead of heating 

in order to avoid experimental error due to increasing evaporation. 

 

2.2.4. Singlet Oxygen NIR Luminescence Data Analysis 

It was shown before that the singlet oxygen NIR luminescence kinetics of Pheo in 

ethanol can be well measured with a multifurcated fiber, resulting in the typical bi-exponential 
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singlet oxygen kinetics in homogenous environments (reduced-2 of 1.00) (Schlothauer et al. 

2013) . Control measurements at 1211 nm did not imply any necessity for correcting other 

luminescence sources (e.g., photosensitizer phosphorescence). Therefore, the luminescence 

data determined around 1270 nm could be analyzed as detected. In very simple cases like 

Pheo in homogenous solutions, Equation 1 in Chapter 1 is enough to describe luminescence 

kinetics. However, in micro heterogenous systems analysis of singlet oxygen luminesce is 

much more complex, with the possibility of multiple parameters describing singlet oxygen and 

triplet excited state lifetimes, summed to the effects of diffusion and different radiative rate 

constants for singlet oxygen. As also discussed in the previous chapter, membrane-embedded 

photosensitizers generate singlet oxygen in the membrane, with the triplet excited state lifetime 

of the photosensitizer being determined by the membrane environment. Even though singlet 

oxygen luminescence having a higher luminescence rate constant than in water, singlet 

oxygen decay in membranes is slow if compared to diffusion out of membrane. Therefore, the 

luminescence coming directly from inside the membrane has a minor contribution to the overall 

signal. The major contribution comes from singlet oxygen molecules that scape to water and 

decay following the singlet oxygen lifetime in water, though with smaller radiative rate constant. 

In order to analyze singlet oxygen NIR luminescence profiles obtained with Pheo in 

liposomes, we employed the model proposed by Hackbath and Röder, which describes singlet 

oxygen kinetics for membrane-embedded photosensitizers in liposomes, considering the 

geometry of the system, singlet oxygen diffusion and differences in oxygen concentration and 

in singlet oxygen luminescence ratio between membrane and water (Hackbarth and Röder 

2015). The model is based on generation of singlet oxygen within the lipid bilayer, and 

numerical simulations allows for calculating theoretical kinetics signals parametrized 

(amplitude, singlet oxygen luminesce ratio between the membrane and the solution, and 

background signal) considering for different photosensitizer triplet excited state and singlet 

oxygen lifetimes, assuming a fixed membrane/water oxygen partition coefficient based on 

literature. The measured signals are compared to the theoretical curves, allowing the 

assignment of the triplet excited state lifetime and of singlet oxygen lifetime in water (Hackbarth 
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and Röder 2015). As shown in Figure 11 in Chapter 1, the model is fairly irresponsive to the 

expected variations in singlet oxygen lifetime inside the membrane, hence this parameter is 

kept fixed. 

In the present work, an improved scanning fit routine was used, with singlet oxygen 

luminescence ratios and oxygen partition coefficients being varied in order to obtain triplet 

excited state and singlet oxygen lifetimes more consistent with independent experimental data. 

Theoretical kinetics were first calculated for singlet oxygen lifetimes and different oxygen 

partition factors. Afterwards, the calculated decays were folded with the photosensitizer triplet 

decay curves, which could be treated as a free parameter this way. This procedure reduced 

by far the calculation effort and allowed for a smaller step-width in the singlet oxygen lifetime 

variation (0.01 µs). On the downside, the number of free parameters is increased, with 

luminescence ratio and oxygen partition having a very similar influence on the temporal shape 

of the theoretical signal. Therefore, analysis of the fitting procedure requires as many 

independently known parameters as possible, from laser flash photolysis, molecular 

simulations and reference experiments. 

The singlet oxygen lifetime in membranes was set as 14 µs, which is an average value 

of NIR luminescence values in hydrated lipid films made of DOPC and DPPC (see Figure SM 

1 in section 2.5.1). As discussed above and shown in Figure 11, any variations of this 

parameter, considering the results shown in Figure SM 1, would be indistinguishable within the 

experimental error of NIR luminescence data acquisition. 

 

2.3. Results and Discussion 

In order to investigate the interaction of oxygen with DPPC bilayers below and above 

the Tm, membrane/water partition and also oxygen distribution across the bilayer were studied 

by molecular dynamics. Well-converged membrane properties were obtained within the last 

100 ns of simulations of both gel and fluid-phase bilayers. As shown in Table 4, the values of 

area per lipid and bilayer thickness from simulations were consistent with the experimental 
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values (Sun et al. 1996; Kučerka et al. 2008). The number of gauche dihedrals per hydrocarbon 

chain was reasonably close to the experimental values for both phases (Marsh 1991; Douliez 

et al. 1995). For the gel phase, the average tilt angle of the hydrocarbon chains was ~10° 

higher than the experimental value. A similar trend has been observed in previous simulations 

(Schubert et al. 2011). Taken together, these results indicate that simulations were able to 

qualitatively reproduce the basic properties of real DPPC bilayers. 

 

Table 4. Biophysical properties of DPPC bilayers in the last 100 ns of simulations a. 

System 
Area per lipid / 

nm2 

Thickness / 

nm 
Gauche/chain Tilt angle / ° 

gel, 298 K, simulation 0.528(6) 4.02(4) 0.46(7) 43.0(8) 

gel, 298 K, experiment 0.47 b 4.28 b <1 c 31.6 b 

fluid, 323 K, simulation 0.63(1) 3.72(6) 2.8(1)  

fluid, 323 K, experiment 0.63 d 3.80 d ~3.8 e   

a Values in brackets are standard deviations in the last digit. b Reference (Sun et al. 1996). c Reference 

(Marsh 1991). d Reference (Kučerka et al. 2008). c Reference (Douliez et al. 1995). 

 

 Figure 21 shows the equilibrium distributions of oxygen molecules at (a) gel and (b) 

fluid-phase DPPC bilayers. Although the total oxygen concentration corresponded to a 

supersaturated aqueous solution, we did not observe nucleation of gas bubbles in simulations. 

The local oxygen concentration varied significantly as a function of immersion depth in the 

membrane, as represented in Figure 22. In the case of DPPC in the fluid phase, the oxygen 

concentration at the lipid headgroups region was slightly lower than in the aqueous phase. 

From this region down to the bilayer center, the concentration increased monotonically. At the 

membrane center, it reached a value one order of magnitude higher than in the bulk aqueous 

phase. In the case of DPPC in the gel state, the oxygen concentration also dropped from the 

aqueous phase to the headgroups region. However, in the middle of each leaflet (i.e. halfway 

from the headgroups to the membrane center), oxygen was practically depleted. Accumulation 

of oxygen took place only very close to the membrane center, due to the free volume available 
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between both bilayer leaflets. In this region, the concentration reached a value that was twice 

as high as in the bulk aqueous phase. 

 

A 

  

B 

  
Figure 21. Images of equilibrated DPPC bilayers at the (A) gel (298 K) and (B) fluid (323 K) phases, 
showing phospholipids (lines) and oxygen molecules (red van der Waals spheres). Water molecules 
were omitted. 

 

 

Figure 22. Oxygen distributions along the membrane normal for the molecular dynamics simulations 
presented in Figure 21. Vertical arrows indicate the positions of the membrane surface. 

 

 The position-dependent oxygen concentration was averaged inside the DPPC 

bilayers in order to calculate the membrane/water partition coefficient of oxygen. Figure 23 

shows the effect of temperature and phase state on this parameter. For DPPC membranes in 
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the gel state, oxygen was less soluble in the membrane than in the aqueous phase. The 

tendency was reversed in fluid membranes. As a general trend, the value of the 

membrane/water partition coefficient of oxygen increased as a function of the temperature. 

However, the phase state of the membrane had a larger influence on this parameter than the 

temperature variations studied. This is evident at the Tm value, where it is possible to simulate 

the bilayer both in the liquid and in the gel phase. In this case, the value of the partition 

coefficient was ~7 times higher in the fluid phase. The partition coefficients obtained from 

simulations were in reasonable agreement with experimental data from the literature (Möller 

et al. 2016). 

 

 

Figure 23. Membrane/water partition coefficients (K) of oxygen from simulations and from the literature 
(Möller et al. 2016). 

 

In a parallel approach, singlet oxygen was employed as a luminescent probe to detect 

changes in oxygen concentration in membranes. Singlet oxygen luminescence profiles were 

acquired in different temperatures, during step-wise cooling, and with liposomes of various 

compositions, using Pheo as photosensitizer. Pheo is a membrane soluble photosensitizer that 

mostly partitions in the lipid phase of liposome dispersions. In addition, the fraction of 

photosensitizer that eventually remains in the water phase aggregates and does not generate 

singlet oxygen. For this reason, Pheo provides the opportunity to study singlet oxygen 

generation arising solely from inside the lipid bilayer (Hackbarth and Röder 2015; Oelckers et 

al. 1999). The investigated liposome compositions were single-component membranes made 
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of DSPC, DPPC or DOPC. The studied temperature range crossed the Tm value of DSPC (328 

K) and DPPC (314 K), meaning that at lower temperatures DSPC and DPPC membranes were 

in the gel phase, while at higher temperatures they were in the fluid phase. On the other hand, 

DOPC was always in the fluid phase. Figure 24 exemplifies results obtained at 298 K and 328 

K for DPPC. Apart from the higher emission intensities at higher temperatures, which can be 

partially due to higher solubilization of Pheo into membranes, there are clear changes in the 

rise (mainly dependent on the triplet excited state lifetime) and decay times (mainly dependent 

on the singlet oxygen lifetime in water). 

 

 

Figure 24. Example of singlet oxygen NIR luminescence profiles acquired with DPPC liposomes loaded 
with Pheo at 298 and 333 K. 

 

Figure 25 shows the NIR luminescence profiles for all the studied samples and 

temperatures, with intensities normalized by their maximum value. As a general trend for the 

three samples, both rise and decay times got slower upon cooling. Additionally, it is possible 

to notice that the luminescence profiles had similar shapes at the highest temperature (333 K) 

and diverged upon cooling whenever a sample crossed its Tm
 value, with this phenomenon 

being observed first with DSPC (green lines) and then with DPPC (blue lines). At the lower 

temperatures, the profiles obtained with DSPC are the most distinct ones. However, DSPC 

liposomes showed to be unstable at these temperatures, forming aggregates. These structural 



107 
 

changes probably create different environments for Pheo, affecting the luminescence kinetics. 

For this reason, only DOPC and DPPC were used for the subsequent analysis. 

 

 

Figure 25. Singlet oxygen NIR luminescence profiles obtained with liposomes of DOPC, DPPC or 
DSPC, using Pheo as a photosensitizer. Data were acquired at different temperatures, starting at 333 
K. The profiles were normalized by their maximum intensities and the black lines on the right axis mark 
y = 0 for each temperature. 

 

The luminescence profiles from Figure 25 were fitted following the model developed by 

Hackbarth and Röder (Hackbarth and Röder 2015) and with the adaptations described in 2.2.4. 

This model allowed us to determine two parameters determining the kinetics of singlet oxygen 

luminescence: the triplet excited state lifetime and the singlet oxygen lifetime in water. In order 

to obtain the most accurate lifetime values, the membrane/water partition of oxygen and the 

luminescence ratio of singlet oxygen between membrane and water were let as free 

parameters. One of the criteria used to choose the best fits was the selection of the lowest 

reduced-2 values for the different combinations of luminescence ratios and oxygen partitions 

values. Figure 26 exemplifies the reduced-2 plane for DPPC and DOPC at 298 and 328 K, 

showing how the reduced-2 varied according to the oxygen partition (horizontal axis) and 

luminescence ratio (vertical axis). The white circles depict the corresponding reduced-2 
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minimum, which in many cases however is a shallow one. The widest variation of reduced-2 

values is seen with gel-phase DPPC, being smaller for DOPC at the same temperature. The 

fact that the planes are flatter for fluid phase membranes is even more striking above Tm, with 

reduced-2 very close to unity for all the scanned fit parameters. These plots indicate that the 

number of good fits below Tm is more limited than above it. 

 

 

Figure 26. Reduced-2 (red-2) as a function of luminescence ratio and oxygen partition, obtained by 
fitting the diffusion model to NIR luminescence profiles obtained with DPPC and DOPC liposomes at 

298 and 328 K. The white circle depicts the minimum 2 value. 

 

The same kind of plots were produced for singlet oxygen lifetimes in water, in order to 

display how this parameter varied according to oxygen partition and luminescence ratio (Figure 

27a). In addition, a second set of plots (Figure 27b) is provided showing only the singlet oxygen 

lifetime values corresponding to reduced-2 values not higher than 0.01 above the minimum 

reduced-2 value. The analysis of the remaining, unmasked regions of Figure 27b shows that 

at lower temperatures singlet oxygen lifetimes between 3.6 to 4.0 µs correspond to the best 

fits. On the other hand, at higher temperatures the values drop to between 3.4 and 3.6 µs. For 

both lipids, a similar temperature-dependence was observed, suggesting that singlet oxygen 

lifetime seems to be more dependent on temperature than on lipid type. 
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Figure 27. In the first two columns (A), singlet oxygen lifetime (Δ) as a function of luminescence ratio 
and oxygen partition, obtained by fitting the diffusion model to NIR luminescence profiles obtained with 

DPPC and DOPC liposomes at 298 and 328 K. The white circle depicts the minimum reduced-2 value. 

In the last two columns (B), only areas with reduced-2 < minimum reduced-2 + 0.01 are show. 

 

Since singlet oxygen mostly leaves membranes and decays in water, we expected that 

a similar trend of temperature-dependence of singlet oxygen lifetimes in water would be 

observed in the absence of membranes. In order to test this hypothesis and assess the validity 

of the predictions of our fitting procedure, the hydrophilic photosensitizer TMPyP was 

employed to get values for singlet oxygen lifetime in water. The singlet oxygen luminescence 

kinetics recorded in homogenous solutions with this photosensitizer can be well fitted by the 

simple bi-exponential model presented in Equation 1  (Hackbarth and Röder 2015). Hence, 

data analysis is independent of the diffusion model fitting procedure. The results of singlet 

oxygen decay times in water for different temperatures are shown in Figure 28. Shortening of 

singlet oxygen lifetimes is observed as temperature increases, with an overall fall of 0.6 µs in 

the studied temperature range. Comparison with the liposome data can be easily achieved by 

looking at the singlet oxygen lifetime values at 298 K and 238 K, which were 3.7 ± 0.1 µs and 

3.4 ± 0.1 µs, respectively. These values would be consistent with the best fits displayed in 

Figure 27b, endorsing the applicability of the diffusion model. The fact that singlet oxygen 
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lifetime in water depends on temperature can additionally explain small variations reported in 

the literature for the value of this parameter.  

 

 

Figure 28. Singlet oxygen lifetime as a function of temperature for aqueous solutions of the 
photosensitizer TMPyP. 

 

The same analysis that was done for singlet oxygen lifetimes in water was carried out 

for triplet excited state lifetimes, resulting in the plots shown in Figure 29. These plots show 

how triplet excited state lifetimes varied according to oxygen partition and luminescence ratio 

(Figure 29a), and additionally which values corresponded to the lower reduced-2 values 

(Figure 29b). These plots confirm that triplet excited state lifetimes are shorter at high 

temperatures (0.6-2.2 µs at 328 K) than in lower temperatures (1.4-3.0 µs at 298 K). Another 

important observation is that at the higher temperature the triplet excited state lifetimes are 

similar for both lipids, but the values diverge at the lower temperature (2.2-3.0 µs for DPPC vs. 

1.4-2.2 µs for DOPC). These observations followed the same trend as laser flash photolysis 

measurements, which led to triplet excited state lifetimes of 2.3 µs for DPPC at 298 K, 1.3 µs 

for DOPC at 298 K, and 0.73 µs for both DPPC and DOPC at 328 K. These values would be 

consistent within experimental error to the values shown in Figure 29b, though not exactly with 

the minimum themselves. However, one should bear in mind, especially above Tm, that the 

reduced-2 planes are nearly flat and the reduced-2 values are all close to unity. 
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Figure 29. In the first two columns, triplet excited state lifetimes (T) as a function of luminescence ratio 
and oxygen partition, obtained by fitting the diffusion model to NIR luminescence profiles obtained with 

DPPC and DOPC liposomes at 298 and 328 K. The white circle depicts the minimum reduced-2 value. 

In the last two columns, only areas with reduced-2 < minimum reduced-2 + 0.01 are show. 

 

In order to extract the variation of triplet excited state lifetimes as a function of 

temperature, all the values inside the minimum reduced-2 region (reduced-2 < minimum 

reduced-2 + 0.01) were averaged. Although the triplet excited state lifetimes obtained by this 

procedure were close within experimental error to laser flash photolysis determinations for gel-

phase DPPC, the values were significantly higher than expected for fluid-phase lipids and also 

had the highest standard deviations. By comparing the outcomes of the fits to the singlet 

oxygen lifetimes obtained with TMPyP and to laser flash photolysis data, we concluded that 

averaging the whole set of data from the minimum reduced-2 region was not reasonable for 

membranes in the fluid phase. Instead, imposing a threshold to luminescence and ratio values 

led to results closer to expectation. Only the fits corresponding to the lower third of products of 

between luminescence ratios and oxygen partitions were considered, and then additionally 

only those belonging to the minimum reduced-2 region. This procedure had no significant 

effect on gel-phase data, so that solely for DPPC below Tm the whole minimum reduced-2 

region was considered. This suggests that the fitting procedure only works if the signal 

contribution coming from the membrane is not over pronounced.  
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Figure 30 shows the outcome of this analysis, presenting both the variation of the triplet 

excited state lifetime and of singlet oxygen lifetime as a function of temperature, for the 

complete dataset (refer to Figure SM 2 for reduced-2 values). As already suggested by the 

analysis of data at 298 and 328 K, both parameters increased as samples were cooled down. 

The variation of singlet oxygen lifetime was similar for both lipids, confirming that the model 

successfully outputs singlet oxygen lifetime values for water. On the other hand, triplet excited 

state lifetimes were similar for both lipids at higher temperatures, with the curves for both lipids 

having the same slope above Tm. Below Tm, the curves diverged and triplet excited state 

lifetimes were higher for DPPC than for DOPC. This result evidences that triplet excited state 

lifetimes in membranes are temperature-dependent and lipid-phase dependent, with the latter 

effect leading to more abrupt variations. In addition to that, the decrease in triplet excited state 

lifetimes with temperature even for DOPC can be understood considering Figure 23. Although 

the solubility of oxygen in water decreases with temperature (Battino et al. 1983), the molecular 

dynamics simulations showed that the partition coefficient of oxygen increases with 

temperature also within the fluid phase, and that these changes are more expressive than the 

former. 

 

A 

 

B 

 
Figure 30. (A) Triplet excited state lifetimes (T) and (B) singlet oxygen lifetimes (Δ) obtained by fitting 

the diffusion model to the data presented in Figure 25. The reduced 2 values for each fit are shown in 
Figure SM 2. 
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In summary, NIR luminescence studies showed that singlet oxygen luminescence 

kinetics reveals changes in singlet oxygen and triplet excited state lifetimes as a function of 

temperature. Specifically, in the case of triplet excited state lifetimes, two facts must be 

highlighted: (i) the triplet excited state lifetimes get longer upon cooling for both lipids, with 2.5-

fold increase for DPPC when temperature is lowered from 328 to 298 K and a 1.6-fold for 

DOPC in the same temperature range; (ii) when the comparison is made within the same 

temperature, the triplet excited state lifetime is 1.5-fold higher for DPPC than for DOPC at 298 

K, but equal at 328 K. These results are in accordance with the molecular dynamics simulations 

if considered that gel-phase membranes (i.e. DPPC at 298 K) are almost deprived in oxygen 

if compared to fluid-phase membranes. 

A few hypotheses can be made to relate at molecular level the results from molecular 

dynamics simulations and the singlet oxygen NIR luminescence studies. In fluid-phase 

membranes, amphiphilic porphyrins were shown by molecular dynamics simulations to 

intercalate in the membrane parallel to the membrane normal, penetrating into the lipid carbon-

chain region (Cordeiro et al. 2012). Pheo shares some structural features with porphyrins and 

is also an amphiphilic molecule, bearing a carboxylic group whose pKa value was determined 

to be 5.9 in 1:9 water/ethanol mixtures (Gerola et al. 2011). This would suggest vertical 

insertion into the bilayer, though remaining close to the interface. On the other hand, porphyrins 

and hematoporphyrins were shown to be expelled from the membrane below Tm  (Bronshtein 

et al. 2004). This type of change, which would most probably lead to location of Pheo flat in 

the interface of gel-phase bilayers, would be possible under our experimental approach – recall 

that samples were prepared above Tm and gradually cooled during the experiments.  

Therefore, above DPPC’s Tm, Pheo would be expected to have the same localization 

for both lipids (i.e. intercalation in the leaflet). This position, where oxygen is more concentrated 

than in water, would lead to a decrease in triplet excited state lifetime with temperature, driven 

by the increase in oxygen partition coefficient with increasing temperatures. As DPPC samples 

are cooled below Tm, Pheo is expelled from the membrane and locates at the interface. Recall 
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from Figure 22 that this region has less oxygen than in water, leading to a triplet excited state 

lifetime which is longer than for DOPC at the same temperature. 

We conclude that differences in the local oxygen concentration are able to qualitatively 

explain the changes observed in the triplet excited state lifetime of the studied photosensitizer 

in the presence of gel and fluid-phase bilayers. A further step in the comparison can be done 

by assuming that the triplet excited states would be mainly dependent on oxygen concentration 

in the membrane. In principle, oxygen diffusion could also play a role. However, recent 

experimental results suggest that oxygen diffusion coefficients do not vary significantly as a 

function of the phase state of the membrane (Möller et al. 2016). Considering that in the fluid 

phase DPPC Pheo would be intercalated in the leaflet, the photosensitizer would be exposed 

to ca. 4 times more oxygen than in water at 323 K (Figure 22). In gel phase DPPC, the 

concentration of oxygen to which Pheo is exposed if located in the interface would be 

approximately half of that of the aqueous bulk at 298 K. On the other hand, when temperature 

is increased from 298 to 330 K, the solubility of oxygen in water decreases ca. 1.5 times 

(Battino et al. 1983). If both the differences in relative oxygen concentration in the membrane 

and the temperature-dependent oxygen solubility are considered, this would lead to a triplet 

excited state lifetime which is 5.5 longer in the fluid phase at 323 K than at the gel phase at 

298 K. Experimentally, the ratio of the triplet excited state lifetime of DPPC determined by NIR 

luminescence at 323 and 298 K is 2.2. Even though there is a ca. 2-fold difference between 

both values, we should bear in mind that the calculations are based on the putative positions 

of Pheo, which by slightly deviating from reality can affect the calculated ratio. Not only that, 

as happens with oxygen, Pheo should also have a position distribution in the membrane, which 

still remains to be determined. 

 

2.4. Chapter Conclusions 

In this work, we shed light on the dynamics of oxygen and triplet excited states in lipid 

membranes, and explored the effects of temperature and lipid phase. Molecular dynamics 

simulations showed that the oxygen concentration varied as a function of the immersion depth 
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in the membrane, with a strong dependence on temperature and on whether the membrane 

was at the gel or the fluid phase. The experimentally assessed changes in the triplet state 

lifetimes of Pheo could be explained in terms of variations in the local oxygen concentration at 

its putative locations in the membrane, as well as changes in partition coefficients of oxygen. 

This endorses the idea that solely pursuing membrane binding in PDT might not be enough, 

being necessary to consider the overlapping distributions of photosensitizers and the species 

with which it interacts (e.g., oxygen) or reacts with (e.g., lipid unsaturations). We therefore 

believe that further investigating this effect with a series of photosensitizers with different but 

known membrane position distributions both in gel and fluid phases should provide great 

insight on how to modulate the efficiency of photooxidation reactions in membrane.  

 

2.5. Chapter Supplementary Material 

2.5.1. Singlet Oxygen Lifetime in Lipid Smear Films  

Lipid smear films were prepared by evaporation of lipid ethanol solutions (100 µL) 

spread on polystyrene slides (ca. 4 cm x 1 cm x 0.1 cm). Solutions contained ca. 10 mg of 

lipids and also contained Pheo (Abs ≈ 0.2 before evaporation). Before measurements, the lipid 

films were left in a desiccator under vacuum for ca. 30 min. After the first measurements were 

done, the same films were exposed to steam for a few minutes. The results from these 

measurements are shown in Figure SM 1 and were used to estimate the singlet oxygen lifetime 

in membranes, as discussed in 2.2.4. 
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Figure SM 1. Singlet oxygen lifetimes (ΔL) obtained in lipid smear films composed by different mole 
fractions of DOPC and DPPC and loaded with Pheo. Data were acquired before and after exposing the 
films to steam. The size of the bars represents the interval of values obtained in different measurements. 

 

2.5.2. Reduced -2 Values for the Selected Fits 

 

   

Figure SM 2. Reduced-2 values for the selected fits used in Figure 30. 
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Chapter 3 – Quantifying the Efficiency of the Reaction of 

Singlet Oxygen with Lipid Double Bonds Using a 

Fluorogenic α-Tocopherol Analogue 

 

 

The fluorogenic α-tocopherol analogue H2B-PMHC was shown to be activated by 

singlet oxygen, leading to fluorescence enhancement in membranes irradiated with 

photosensitizers. This allowed using this probe to calibrate the rate of lipid 

photooxidation by singlet oxygen in membranes. 

 

 

Besides reacting with lipids in lipid membranes, singlet oxygen can also react with 

membrane-incorporated antioxidants. One of these molecules is α-tocopherol, which is one of 

the forms of vitamin E. This molecule has a hydrophobic tail and also a chromanol ring, the 

latter being responsible for its antioxidant activity. The research group led by Prof. Dr. Gonzalo 

Cosa designed a number of fluorogenic probes bearing a chromanol group, which can be 

activated upon reaction with peroxyl radicals. In this work, we expanded the application of one 

of such probes, H2B-PMHC, to singlet oxygen detection and showed how an antioxidant-based 

strategy can be used to gain information on photooxidation reactions taking place in 

membranes. In addition to that, we showed that H2B-PMHC can be used as an internal 

standard for the flux of singlet oxygen molecules reaching the membrane, and hence allowing 

the estimation of the rate of lipid peroxidation by singlet oxygen in membranes. 
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A manuscript is being prepared from the content of this chapter. 

 

3.1. Introduction 

Lipid oxidation has detrimental roles, but may also be a necessary process in cell 

signaling and can have therapeutic benefits in treatments as PDT (Girotti 2001; Valenzeno 

1987). PDT is a clinical modality that explores the combination of photosensitizers, light and 

oxygen to eliminate cancerous cells or pathogens. The mechanism behind PDT is based on 

photoexciting a photosensitizer to its triplet excited state, wherefrom it sensitizes the formation 

of singlet oxygen or directly reacts with biomolecules (Foote 1991). Both pathways may lead 

to oxidation of unsaturated lipids. Indeed, the interaction between photosensitizers and 

membranes have been shown to increase the efficiency of photodynamic damage, specifically 

leading to higher extents of cell death (Pavani et al. 2012; Valenzeno 1987; Engelmann et al. 

2007; Bacellar et al. 2014). Upon sensitization, singlet oxygen can directly react with lipids via 

the ene reaction, forming lipid hydroperoxides. Direct reactions of the triplet excited state with 

a substrate can also lead to hydroperoxides, but via radical-mediated lipid peroxidation 

pathways through a chain reaction. Briefly, redox reactions between the triplet excited state 

with available substrates may generate free radicals (e.g., by abstraction of allylic or bis-allylic 

hydrogens from lipids, effectively an oxidation of the lipid substrate to generate a carbon 

centered radical). Newly formed carbon-centered lipid radicals initiate a chain reaction, where 

they rapidly trap oxygen, forming lipid peroxyl radicals, which can in turn abstract hydrogen 

atoms from non-oxidized lipids, forming a lipid hydroperoxide and a novel carbon-centered 

radical that can re-start the cycle. Whereas singlet oxygen chemistry yields solely lipid 

hydroperoxides, the variety of species involved in radical-mediated pathways leads to the 

formation of a higher diversity of products. Oxidized lipids bearing hydroxyl, carbonyl and 

carboxylic groups may be formed, among other possibilities (Girotti 2001; Yin et al. 2011). 

Not surprisingly lipid oxidation changes the structure and physical properties of lipid 

bilayers. Remarkably, photoinduced lipid oxidation has been shown to increase membrane 
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permeability to water, small ions, fluorescent probes and mono- and disaccharides. This 

phenomenon, which is related to the opening of transmembrane pores, can be a key step in 

promoting cell death under PDT conditions (Caetano et al. 2007; Mertins et al. 2014; Heuvingh 

and Bonneau 2009; Kerdous et al. 2011; Kotova et al. 2011; Bacellar et al. 2014; Boonnoy et 

al. 2015; Van der Paal et al. 2016; Lis et al. 2011). However, perhaps the best characterized 

effect of photosensitized lipid oxidation is a 15 to 20% increase in membrane surface area 

caused by the formation of lipid hydroperoxides, with the precise value depending on lipid type 

and the extent of lipid oxidation (Wong-Ekkabut et al. 2007; Weber et al. 2014; Riske et al. 

2009; Aoki et al. 2015). Because lipid hydroperoxides bear a polar -OOH group, these 

molecules adopt a conformation in which the polar group is stabilized by establishing hydrogen 

bonds with water at the membrane surface (Wong-Ekkabut et al. 2007; Garrec et al. 2014). As 

a result, membrane thickness is reduced, the area occupied per lipid increases and in turn the 

membrane surface area also increases. This phenomenon has been observed in molecular 

dynamics simulations (Wong-Ekkabut et al. 2007; Boonnoy et al. 2015) and also by phase 

contrast microscopy studies on model membrane systems in the form of giant unilamellar 

vesicles (GUVs), with diameter in the range of 5 to 100 µm (Weber et al. 2014; Riske et al. 

2009; Aoki et al. 2015; Mertins et al. 2014). Interestingly, Weber et al. provided quantitative 

relations between the extent of area increase, the extent of lipid oxidation and singlet oxygen 

generation. The membrane surface area was shown to increase linearly with the amount of 

lipid hydroperoxides, and the authors calculated that one in every five singlet oxygen 

molecules generated by a membrane-anchored photosensitizer would convert a lipid to a 

hydroperoxide (Weber et al. 2014). 

Fluorescence microscopy studies may offer the possibility of directly relating the rate of 

lipid oxidation with that of membrane expansion. In this regard, while a large number of probes 

have been designed to monitor reactive oxygen species, few sensors have been designed to 

specifically probe lipid oxidation (Krumova and Cosa 2013). Typically liposoluble, these 

molecules are able to partition on the site where the reactions are taking place.  A major 

problem with these probes may however arise from the fact that they may act as 
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photosensitizers in their own way (Banerjee et al. 2017). These molecules are always relatively 

highly emissive, meaning that they have a chance to sensitize singlet oxygen formation even 

if the triplet excited state generation quantum yield is low (Banerjee et al. 2017). Their action 

as photosensitizers surely impacts on the observed outcomes, by triggering lipid peroxidation 

on their own and by changing the composition and properties of the studied samples. This 

behavior is in fact not unique to sensors, as fluorescent positional markers of lipids commonly 

used for microscopic visualization of GUVs have been shown to induce lipid phase-separation 

as a result of photosensitized lipid oxidation (Ayuyan and Cohen 2006). 

In this work, we illustrate how a two-segment fluorogenic α-tocopherol analogue, H2B-

PMHC, may be employed to monitor and quantify lipid photooxidation in lipid bilayers. H2B-

PMHC is a membrane-soluble probe that has a receptor-reporter architecture, being the 

reporter chromanol-based. The non-oxidized form of the probe is its off state and H2B-PMHC 

was previously shown to undergo fluorescence enhancement upon reactions with peroxyl 

radicals, through deactivation of a photoinduced electron transfer (PeT) mechanism (Figure 

31) (Krumova et al. 2012). Given the reactivity of α-tocopherol with singlet oxygen (Fukuzawa 

et al. 1997), we propose and demonstrate that H2B-PMHC may also detect singlet oxygen in 

lipid membranes by undergoing fluorescence enhancement, thus providing a necessary tool 

to investigate lipid photooxidation reactions.  

Working with liposomes as model lipid membranes, we show that H2B-PMHC serves 

as a suitable marker of lipid photooxidation. H2B-PMHC undergoes a ca. 20-fold fluorescence 

enhancement in the presence of the singlet oxygen photosensitizers I2B-OAc (a hydrophobic, 

BODIPY-based photosensitizer (Durantini et al. 20s16)) or MB, a hydrophilic photosensitizer 

that also promotes radical-mediated lipid oxidation (Caetano et al. 2007). H2B-PMHC intensity-

time profiles further reveal the relevance of the location of the photosensitizer and the role the 

surrounding media plays in the rates of photoinduced oxidation of the fluorogenic probe. The 

sensitivity of H2B-PMHC next enabled probing via fluorescence microscopy real-time lipid 

photooxidation in GUVs, providing rates of singlet-oxygen mediated lipid oxidation. A 

correlation was observed between the time for antioxidant H2B-PMHC consumption by singlet 
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oxygen – directly related to the rate of lipid oxidation – and the onset of membrane fluctuations 

and surface expansion, the latter translating the degree of lipid oxidation. Our results enable 

relating the flux of singlet oxygen to chemical and biophysical changes taking place in the 

membrane, and highlight the potential of H2B-PMHC to conduct microscopy studies on lipid 

photooxidation. 

 

 

Figure 31. Reaction of H2B-PMHC with two peroxyl radicals (ROO•) or with singlet oxygen (1O2) results 
in the formation of oxidized products of H2B-PMHC (H2B-PMHCox), characterized by a dramatically 
enhanced emission quantum yield, due to deactivation of the photoinduced electron transfer (PeT) 
mechanism otherwise operating in the reduced form of the probe. 

 

3.2. Materials and Methods 

3.2.1. Materials  

All lipids (Table 5) were acquired from Avanti Polar Lipids, Inc. 9,10-

Dimethylanthracene (DMA), MB, ethyl violet (EV), poly(vinyl alcohol) (Mw 130,000 – PVA), 

glucose and sucrose were acquired from Sigma-Aldrich. H2B-PMHC was synthesized 

according to (Krumova et al. 2012) and I2B-OAc was synthesized according to (Durantini et al. 

2016), both being provided by colleagues from the Cosa group. The structures, singlet oxygen 

generation quantum yields values and absorption spectra of these photosensitizers are 

provided in Figure 32. Aqueous solutions were prepared in HyClone water (GE Healthcare 

Lifesciences) and all solvents employed were of HPLC grade. 10x Phosphate buffered-saline 
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(PBS) solution pH 7.4 was acquired from Ambion and diluted 10x times with HyClone water 

before usage, resulting in a 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4 

solution. For experiments carried on in deuterium oxide, the 10x concentrated PBS stock 

solution was first evaporated and the resulting solid was then dissolved with the needed 

volume of deuterium oxide. 

 

Table 5. Structure and main transition temperature (Tm) for studied lipids (Marsh 2013). For EggPC, the 
main components are provided instead. 

DMPC 

297 K (24 oC) 

1,2-Dimyristoyl-sn-glycero-3-phosphocholine 

 
POPC 

271 K (-2 oC) 

1,2-Dimyristoyl-sn-glycero-3-phosphocholine 

 
DOPC 

256 K (-17 oC) 

1,2-Dioleoyl-sn-glycero-3-phosphocholine 

 
EggPC L-α-Phosphatidylcholine (Egg, Chicken, from Avanti Polar Lipids) 

 

Saturated fatty acids: 14:0 (0.2%), 16:0 (32.7%), 18:0 (12.3%) 

Monounsaturated fatty acids: 16:1 (1.1%), 18:1 (32.0%) 

Polyunsaturated fatty acids: 18:2 (17.1%), 20:2 (0.2%), 20:3 

(0.3%), 20:4 (2.7%), 22:6 (0.4%) 

Unknown: 1.0% 
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Figure 32. Molar absorptivity spectra for the more hydrophilic photosensitizer methylene blue (MB, in 
blue) and the more hydrophobic photosensitizer I2B-OAc (in red) (Bacellar et al. 2014; Durantini et al. 
2016). 

 

3.2.2. Determination of the Rate Constant of Singlet Oxygen Scavenging by H2B-PMHC  

The method developed by Young et al. (Young et al. 1971) was used to determine the 

rate constant of singlet oxygen scavenging (ks) by measuring the inhibition of the 

photooxidation of DMA (1.33 µM) by H2B-PMHC (0-100 µM range). DMA is a specific singlet 

oxygen trap irreversibly reacts with this species. Singlet oxygen was generated by irradiating 

0.13 µM I2B-OAc in acetonitrile with a led setup emitting at 520 nm, with full width at half 

maximum (FWHM) of 31 nm and with 2.6 mW cm-2 irradiance. By means of the following 

equation it was possible to obtain the values for ks (ks = kq + kr; where kq is the physical 

quenching rate constant and kr is the rate constant for the irreversible reaction) for singlet 

oxygen quenching by H2B-PMHC: 

 

S0/SH2B-PMHC = 1 + (ks/kdec) [H2B-PMHC]  Equation 4 

 
 

where S0 and SH2B-PMHC denote the slope of the first order plots of disappearance of 

DMA in the absence and presence of H2B-PMHC. The kdec value is the rate constant for the 

natural decay of singlet oxygen to the triplet ground state. By plotting the slope ratios vs. [H2B-

PMHC] and fitting a linear equation to the data, values for ks/kd can be obtained. 
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3.2.3. Preparation of Liposomes with H2B-PMHC.  

13.5 nmol of H2B-PMHC dissolved in acetonitrile were transferred to a glass vial. After 

removal of the solvent under vacuum, 10 µmol of lipids dissolved in chloroform were 

transferred to the same vial. A lipid film was obtained by evaporating the solvent under vacuum, 

while rotating the vial. The sample remained in the vacuum for 1 h. The film was then hydrated 

with 509 µL of PBS buffer. The obtained suspension was subjected to three freeze-thaw-

sonication cycles, followed by extrusion (17 times) through a 100 nm polycarbonate 

membrane. All this procedure was done as fast as possible and samples were used within few 

hours from preparation, in order to avoid unwanted oxidation of lipids and H2B-PMHC. 

 

3.2.4. Fluorescence Assays in the Presence of Photosensitizers  

In this series of experiments, liposomes containing H2B-PMHC were irradiated in the 

presence of photosensitizers and the emission of H2B-PMHC was followed using a fluorimeter. 

Samples included 100 µL of H2B-PMHC-containg liposomes, < 2 µL of stock photosensitizer 

solution (in water for MB and in acetonitrile for I2B-OAc) in order to achieve 0.24 µM 

photosensitizer concentration, and enough buffer to complete the aimed volume (2000 µL). 

Therefore, the final lipid concentration was 1 mM, with 1.33 µM of H2B-PMHC. Irradiation 

employed a LED setup (Luzchem) with red light for MB and green light for I2B-OAc. The red 

setup operated at 634 nm, with FWHM of 17 nm and with 1.85 mW cm-2 irradiance. The green 

setup operated at 520 nm, with FWHM of 31 nm and with 2.6 mW cm-2 irradiance. The spectral 

overlap between the photosensitizer absorption spectrum and the LED emission spectrum was 

1.4 times larger for I2B-PMHC. Emission scans were recorded as a function of irradiation time, 

using a PT1 QM4 fluorimeter and 1.0 cm x 1.0 cm cuvettes. The excitation wavelength was 

set at 480 nm and the emission range from 490 to 800 nm. The excitation and emission slits 

were the same in all the experiments. 

 

3.2.5. Data Analysis for Liposomes 
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All data analysis employed corrected emission spectra, which were further corrected 

by subtraction of a blank curve and of a liposome scattering curve, in two steps. The blank 

curve was obtained by averaging 7 normalized spectra recorded with PBS only. For each 

experiment, this average curve was multiplied by a factor in order for it to match the last 5 

points of the higher-wavelength end of the spectrum of the initial time (i.e. spectrum acquired 

before irradiation started). The resulting curve was then subtracted from all the spectra of the 

corresponding sample. A liposome scattering curve was obtained by averaging 3 normalized 

spectra obtained with POPC liposomes (without H2B-PMHC), and then subtracting the PBS 

blank as done for the samples. Of note, three different liposome volumes were used (80, 100 

and 120 µL), and in this range we observed linear dependence between the lipid concentration 

and the intensities at the lower-wavelength end of the spectra. For each experiment, this curve 

was multiplied by a factor in order for it to match the first 3 points of the lower-wavelength end 

of the spectrum of the initial time already corrected with the PBS-blank. The resulting curve 

was then subtracted from all the spectra of the corresponding sample. 

For kinetics analysis, the intensity at the maximum emission wavelength was plotted 

as a function of irradiation time. Enhancement plots were obtained by dividing each data point 

by the initial intensity. In order to obtain enhancement rate constants, linear equations were 

fitted to data up to 2 min for I2B-OAc or 6 min for MB. 

 

3.2.6. Preparation of GUVs.  

GUVs were grown by the gel-assisted method (Weinberger et al. 2013). This method 

is faster, cheaper and less prone to induce lipid (or probe) oxidation when compared to 

electroformation, which is the most classical method of GUV preparation (Angelova and 

Dimitrov 1986). Briefly, the gel-assisted method involves swelling a lipid film previously spread 

on top of a polymer (PVA) matrix. 

 The first step required obtaining the dry PVA film. A 5% (w/w) PVA solution was 

prepared by adding PVA to HyClone water at 90 ºC, and vigorously stirring and vortexing until 

complete dissolution of the polymer grains. The solution was stored at 4 ºC and brought to 
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room temperature prior to use. Rectangular microscope glass slides (ca. 2.5 x 7.5 mm) were 

cleaned by sonication with ethanol (three times, 5 min each) and acetone (three times, 5 min 

each). 100 µL of the PVA solution were spread over the dry glass slides, obtaining a ca. 1.0 x 

2.5 cm rectangle. The glass slides were placed into an oven at 70 ºC for 30 min, until a dry 

PVA film was obtained. 

 10 µL of a 1 mg mL-1 lipid solution in chloroform were spread over the PVA film. After 

evaporation of the solvent, an O-ring was fixed around the PVA film and the resulting 

compartment was filled with 600 µL of a 0.1 M sucrose solution. After 2 min, the GUV 

suspension was transferred to an Eppendorf tube. The compartment was then washed with 

extra 100 µL of sucrose solution, which were also added to the tube. Prior to the experiments, 

the content of the tube was homogenized and 100 µL of GUV suspension were transferred to 

a tube containing 400 µL of 0.1 M glucose solution. This mixture was then transferred to the 

observation chamber of the microscope and the GUVs were allowed to sediment in the dark 

for ca. 10 min. Sedimentation of GUVs is favored by the fact that the inner compartment of the 

GUVs is filled with sucrose solution, while the outer medium is enriched in glucose. 

 The final procedure for H2B-PMHC incorporation involved adding 400 pmol of probe 

to the lipid film, by mixing H2B-PMHC to the lipid solution in chloroform. This resulted in 0.1 µM 

of H2B-PMHC in the final samples. Photosensitizers were all added to already grown GUVs 

upon dilution with the glucose solution. Except for I2B-OAc, which was dissolved in acetonitrile, 

all molecules were dissolved in water. 

 

3.2.7. Observation and Irradiation of GUVs.  

Fluorescence images were acquired using a wide-field objective-based total internal 

reflection fluorescence (TIRF) microscopy setup consisting of an inverted microscope (Nikon 

Eclipse Ti) equipped with a Perfect Focus System (PFS). For fluorescence imaging and 

irradiation, samples were excited with the evanescent wave (or wide field) of a 488, 647 and 

561 nm diode laser output of a laser combiner (Agilent Technologies, MLC-400B), obtained by 

focusing the collimated laser beam at the back focal plane of a high numerical aperture oil-
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immersion objective (Nikon CFI SR Apochromat TIRF 100x, NA = 1.49) and launching the 

beam past the critical angle. A dual band dichroic mirror (ZT488/640rpc-UF2 or QUAD cube 

depending the excitation wavelength, Chroma) directed the excitation beam to the sample 

while the emission was cleaned by a dual band pass filter (ET540/80x, Chroma). The 

fluorescence emitted from H2B-PMHC was collected through the same objective and captured 

on a back illuminated electron multiplying charge coupled device (EM-CCD) camera (Andor 

iXon Ultra DU-897). The imaging conditions were Gain 1 200, 160 nm/pixel, 200 ms/frame. 

H2B-PMHC was excited with the 488 nm laser (0.49 mW), MB was excited with the 647 nm 

laser (3.64 mW), while I2B-OAc and EV were excited with the 561 nm laser (0.03 and 0.23 

mW, respectively). Even before full activation, the emission coming from H2B-PMHC allowed 

observation of the GUVs, dismissing the use of other fluorescent probes for GUV visualization. 

 

3.2.8. Data Analysis for GUVs  

Two pieces of information needed to be extracted from the GUVs irradiation movies: 

(1) H2B-PMHC intensity data; (2) information on changes in the area of the GUVs. The GUV 

movies were first corrected for GUV movements using the “Align Stacks” tool from ImageJ. 

Next, linear profiles were traced in four different directions over the diameter of the GUV. For 

each of them, the macro “StackProfileData” was used to generate linear intensity profiles for 

the whole image stack (see example for one image in Figure 37). The height of the maximum 

of each profile minus the minimum (i.e. background) of each profile was used to generate 

emission intensity plots, and later enhancement plots over time by dividing all the data by the 

initial intensity. The distance between the two maxima was also plotted as a function of 

observation time, after normalization by the initial GUV diameter. All plots were averaged for 

the four different linear profiles. 

 

3.3. Results and Discussion 

3.3.1. Characterization of H2B-PMHC Activation by Photosensitized Oxidation 
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A competition assay, where H2B-PMHC inhibits the photooxidation of DMA by singlet 

oxygen, was employed to determine the rate constant of singlet oxygen scavenging (ks = kq + 

kr; where kq is the physical quenching rate constant and kr is the rate constant for the 

irreversible reaction) by H2B-PMHC  (Young et al. 1971). Singlet oxygen was generated via 

photosensitization, by photoirradiation of I2B-OAc. The results from Figure SM 3 (see 3.5.1) 

allowed determining the ratio ks/kdec, where kdec is the rate constant for the natural decay of 

singlet oxygen to the triplet ground state, whose value (1.18 x 104
 s-1) was measured for the 

related compound I2B-PMHC by singlet oxygen NIR luminescence (Durantini et al. 2016). This 

analysis led to ks = 6.53 x 108 M-1 s-1 for H2B-PMHC in acetonitrile.  

This value was in the same order of magnitude of the ones obtained by Fukuzawa et 

al. (Fukuzawa et al. 1998) using α-tocopherol and of values for the related compounds PMHC 

and Br2B-PMHC determined by singlet oxygen luminescence (Durantini et al. 2016). Note that 

the deactivation of α-tocopherol was shown to have a 7% contribution of chemical quenching, 

and 93% of physical quenching (Gorman et al. 1984), which would lead to a kr value of 4.57 x 

107 M-1 s-1. Even so, the bimolecular rate constant of reaction with singlet oxygen is orders of 

magnitude higher than its quenching rate constant recorded for monounsaturated lipids (~104 

M-1 s-1) in solvents (Krasnovsky et al. 1983; Vever-Bizet et al. 1989; Chacon et al. 1988), which 

was estimated to have a ca. 60% contribution of chemical quenching (Krasnovsky et al. 1983). 

The response of H2B-PMHC to singlet oxygen was then studied in liposomes. Here the 

ratio between lipids and probe was kept close to 750 (Krumova et al. 2012), in order to 

maximize sensitivity. Photosensitizers were employed at a final 0.24 µM concentration, yielding 

a ratio of ca. 4,000 lipids/photosensitizer, where a higher effective concentration in membranes 

was expected for I2B-OAc given it is more hydrophobic than MB (Figure 32). Spectra of H2B-

PMHC were taken with increasing irradiation times and corrected for light scattering and 

background signal. 

A linear fluorescence intensity enhancement with increasing photosensitizer irradiation 

times was seen in the corrected emission spectra of H2B-PMHC embedded within liposomes 

(see inset of Figure 33, see also Figure SM 4 in 3.5.2 for raw data). The fluorescence intensity 
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enhanced ~19-fold (see inset of Figure 33) before a decrease in emission intensity, 

concomitant with a > 5 nm blueshift in the emission spectra, was observed at later irradiation 

times. Singlet oxygen displays considerable reactivity towards electron-rich organic molecules 

and may react with the BODIPY core of the probe, accounting for the observed intensity drop 

recorded at later times. This decay would actually prevent observing higher emission 

enhancement values as was the case with studies involving peroxyl and alkoxyl radicals 

(Krumova et al. 2012). 

 

 

Figure 33. Intensity enhancement of liposome-embedded H2B-PMHC upon photosensitizer irradiation 
in an air equilibrated PBS buffer media. Liposome dispersions in PBS buffers consisted of 1 mM POPC, 
0.24 µM I2B-OAc and 1.33 µM H2B-PMHC. The main graph displays the corrected fluorescence 
emission spectra of H2B-PMHC with increasing photoirradiation times (refer to Figure SM 4 for raw data). 
Inset: plot of emission intensity and enhancement, recorded at the emission maximum, as a function of 
irradiation time. 

 

To confirm that reaction with singlet oxygen is associated with H2B-PMHC intensity 

enhancements, a range of conditions was next explored, namely argon inert atmosphere vs. 

normal atmosphere (to evaluate oxygen dependence), water vs. deuterium oxide (to test 

involvement of singlet oxygen, since this species lives longer in the latter medium), and 

liposomes prepared from lipids with different degrees of unsaturation (DMPC, POPC and 

EggPC, to investigate the role of radical-mediated activation of the probe) (see Figure 34). The 

performance of H2B-PMHC under the above conditions was quantified in terms of initial 
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intensity, to determine any undesired pre-activation of the probe under the diverse range of 

conditions. We also evaluated the overall intensity enhancement, to estimate the sensitivity of 

the probe. Additionally, we evaluated the intensity-time profiles and the rate of enhancements, 

to clarify whether the mechanism of activation was mediated by singlet oxygen.  

 

 

Figure 34. H2B-PMHC temporal emission enhancement profiles for liposomes in PBS buffer irradiated 
with different photosensitizers at 0.24 µM concentration (A: MB and B: I2B-OAc), under different 
conditions – namely Ar purged POPC liposomes, air saturated POPC liposomes, air saturated POPC 
liposomes in deuterium oxide, air saturated DMPC liposomes and air saturated EggPC liposomes. 
Triplicates were carried on for each condition. The corresponding plots of emission intensity at maximum 
emission wavelength as a function of irradiation time can be found in Figure SM 5. 

 

The average initial intensities are displayed in Figure 35a, showing that the values were 

fairly constant among the different samples, thus no major H2B-PMHC pre-activation was 

observed in any given condition compared to the rest. Hence, pre-activation should not be a 

major cause of variability of enhancement values. Figure 35b provides the average maximum 

emission enhancement values for each condition – note that for I2B-OAc these do not 

necessarily match the final value, due to probe degradation. Analysis of the plots unequivocally 

shows that the activation of the probe is dependent on the presence of photosensitizer (see 

first condition), light (see second condition) and oxygen (see third condition), as expected for 

photodynamic damage. For I2B-OAc, the four remaining conditions (air saturated samples 

containing either water or deuterium oxide and two different lipids) led to the same overall 

results in terms of intensity enhancements. For MB, there is a clear difference between the 

experiments carried on in water vs. deuterium oxide, the latter resulting in higher intensity 
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enhancements. In addition, the value obtained with the saturated lipid DMPC was smaller than 

the value obtained with POPC. Altogether, the enhanced activity in deuterium oxide for MB but 

not for I2B-OAc would be consistent with both dyes sensitizing singlet oxygen upon 

photoexcitation, where the location of MB in the surrounding solution would benefit from 

deuterium oxide raising singlet oxygen lifetime (69 µs if compared to 3.7 µs in water (Hackbarth 

et al. 2016)) and allowing more singlet oxygen molecules to reach the membrane, while for the 

membrane-embedding BODIPY photosensitizer this is not required. That the probe enhanced 

less in DMPC vs. POPC when working with MB may be ascribed to the fact that the triplet 

excited state of MB can both sensitize the formation of singlet oxygen and trigger radical 

reactions, and in the latter case unsaturations may benefit chain propagation and reaction of 

H2B-PMHC with peroxyl radical carriers, that cannot be found in DMPC. Indeed, a recent article 

by Vyšniauskas considers that MB would not operate solely through singlet oxygen chemistry 

(Vyšniauskas et al. 2016) and other studies of GUV permeabilization support the induction of 

radical-mediated lipid oxidation by this photosensitizer (Mertins et al. 2014; Caetano et al. 

2007). 

 

 

Figure 35. (A) Initial intensities and (B) maximum emission enhancements obtained upon irradiating MB 
and I2B-OAc under a range of conditions. Experiments were carried out in PBS buffer, using 
photosensitizers at 0.24 µM concentration and irradiated under different conditions – namely Ar purged 
POPC liposomes, POPC liposomes, POPC liposomes in deuterium oxide, DMPC liposomes and EggPC 
liposomes. The figures additionally include controls without photosensitizer (POPC + hv - PS) or without 
light (POPC – hv + PS). Except from the latter control, all the other conditions were exposed to light. 
The bars represent the average from triplicates and the error bars correspond to the standard error. 
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Turning next our attention to the rates of intensity enhancements, we observed that for 

MB, except for the condition with deuterium oxide, enhancements were relatively slow 

(compared to I2B-OAc), with the curves typically still increasing at the longer irradiation times 

recorded. On the other hand, samples irradiated with I2B-OAc led to a steeper increase in 

intensity with time at shorter irradiation times. A fluorescence decrease became dominant at 

longer irradiation times for experiments with I2B-OAc, due to degradation sustained by the 

BODIPY backbone (vide supra). Enhancement rates were calculated by adjusting linear 

equations to the initial instants of the acquired temporal enhancement profiles, when the 

consumption of the H2B-PMHC probe is still negligible. These values are displayed in Figure 

36. Irradiation of the argon purged samples led to the lowest rate constants, as expected for 

the oxygen-dependency of the probe activation pathways. For I2B-OAc, little or no difference 

is seen between the remaining conditions. Only a small increase in the rate constant upon 

substituting water by deuterium oxide is observed, suggesting that the prevailing pathway is 

direct reaction of singlet oxygen with the probe. Would the activation be radical-dependent, a 

higher rate constant would be expected for EggPC – which contains polyunsaturated lipids and 

hence bears bis-allylic hydrogens that are more prone to hydrogen atom abstraction and free 

radical-mediated lipid chain autoxidation (Yin et al. 2011). On the other hand, the opposite 

effect would be expected with DMPC, which is a saturated lipid. In addition, the small increase 

when water was substituted by deuterium oxide is consistent with the fact that I2B-OAc is a 

hydrophobic molecule partitioning in membranes. Therefore, increasing singlet oxygen lifetime 

in the surrounding solution does not significantly improve oxidation of the membrane-

embedded probe. For MB, the variation of the enhancement rate constants between the 

different conditions follow the same trend as for the final enhancement values, which is 

consistent with the incomplete activation of the probe and hence with emission enhancements 

that still translate ongoing activation of the probe. 
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Figure 36. Rate constants of emission enhancement obtained in the liposome experiments with MB or 
I2B-OAc. Experiments were carried out in PBS buffer, using photosensitizers at 0.24 µM concentration 
and different conditions – namely argon purged POPC liposomes, POPC liposomes, POPC liposomes 
in deuterium oxide, DMPC liposomes and EggPC liposomes. The bars represent the average from 
triplicates and the error bars correspond to the standard error. 

 

H2B-PMHC senses clearly the differences between both photosensitizers in the 

qualitative level, and shows that part of MB’s action is indeed due to singlet oxygen generation. 

However, in the quantitative level results cannot be solely explained by singlet oxygen 

oxidation and require invoking contact-dependent pathways. Considering that I2B-OAc is fully 

embedded within the membrane of liposomes, there are on average 20 photosensitizer 

molecules per liposomes contributing to singlet oxygen generation. Taking into account that 

MB stays mostly in the aqueous phase, the photosensitizer molecules that would contribute to 

singlet oxygen generation are only those under the average diffusion distance of singlet 

oxygen, (Dτ)1/2, where D is the diffusion coefficient of singlet oxygen and τ is its lifetime 

(Hackbarth et al. 2016). In water, this leads to a distance of ca. 86 nm from the membrane. 

Given that MB molecules able to affect the liposome membrane are those found in a volume 

given by a sphere of 50+86 nm radius (liposome radius and distance reach of singlet oxygen, 

respectively), and considering that MB is spread randomly in solution, and that the solution is 

ca. 12 nM in liposomes/spheres, we have that only 1.5 MB molecules would be contributing to 

singlet oxygen generation in any given liposome. When the overlap of the absorption spectra 

of the photosensitizers and the LED sources (which is 1.4 times higher for I2B-OAc) and also 

the singlet oxygen generation quantum yields are considered, one should expect I2B-OAc to 
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be 35-fold more efficient than MB. However, the ratio of the rate constants in POPC after 

correcting for spectral overlap with the irradiation source is of only 6, supporting that MB 

additionally activates the probe via radical-reactions. 

 

3.3.2. Correlating Lipid Photooxidation Rates to GUV Area Expansion 

Liposomes experiments showed that H2B-PMHC responds to the quantity of singlet 

oxygen molecules arriving in the membrane and this allows employing it as an internal 

standard to measure rates of lipid oxidation by singlet oxygen. Lipid oxidation can be quantified 

in GUVs by simple microscopic observation, since the formation of lipid hydroperoxides lead 

to membrane surface area increase. 

For GUV experiments, DOPC was the lipid of choice and a 1:32 H2B-PMHC:lipid mole 

ratio was found to be the optimum condition, resulting in 0.1 µM of H2B-PMHC in the final 

samples and leading to the smallest extents of pre-activation and photobleaching rates. 

Individual GUVs were imaged with a wide field microscopy setup employing the 488 nm laser 

line for H2B-PMHC excitation, and the 561 nm to excite the photosensitizers I2B-OAc and EV, 

or the 647 nm to excite MB. Images were recorded simultaneously with excitation, in an 

electron multiplied charge coupled device (EMCCD camera). The photosensitizer EV was 

additionally employed in these studies, for it has a very low singlet oxygen generation quantum 

yield and it is known to form radicals (Baptista and Indig 1998). 

Irradiation of GUVs containing H2B-PMHC in the presence of photosensitizers led to 

the changes in fluorescence intensity, GUV shape and surface area, as shown in Figure 37a 

for MB. As expected from the higher reactivity of the probe to singlet oxygen if compared to 

lipids, activation of the probe preceded the latter effects. The vesicles initially presented a dim 

fluorescence emission, which increased upon irradiation until plateauing. After reaching a 

maximum value in intensity, the probe emission then decreased, signaling degradation of the 

BODIPY chromophore. These variations were quantified by tracing four different lines (Figure 

37b), from which intensity profiles were extracted at the different irradiation times (Figure 37c). 

The background-subtracted maximum intensity was averaged for the four linear profiles and 
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used to produce intensity-time plots (Figure 37d, upper graph). We observed that the emission 

intensity increase was irradiation-dependent and could be paused by switching off the laser 

exciting the photosensitizer (647 nm laser line exciting MB), but that the bleaching of the probe 

continued when both lasers were turned off (Figure 38). This confirmed that activation of H2B-

PMHC is dependent on photosensitization and suggested that bleaching could be started by 

light-dependent reactions, but also progresses through dark reactions.  Looking at the 

structural transformations suffered by GUVs, the vesicles initially had a circular contour, which 

got bigger and was deformed upon irradiation, the latter effect being seen as fast fluctuations. 

These morphological changes have already been described for MB (Mertins et al. 2014) and 

other photosensitizers and are ascribed to the formation of lipid hydroperoxides, which occupy 

a higher area per lipid and also decrease the bending and stretching moduli of the membrane 

(Weber et al. 2014; Riske et al. 2009; Kerdous et al. 2011; Heuvingh and Bonneau 2009; Guo 

et al. 2016). Since surface area increases can be related to the extent of lipid oxidation, we 

developed a simple procedure to estimate GUV expansion. This was achieved by computing 

the distances between the two maxima in Figure 37c for each linear profile, averaging them 

and normalizing by the GUV initial diameter (Figure 37d, lower plot). 

 

 
Figure 37. (A) Example of a DOPC GUV irradiated with 1.7 µM MB and 647 nm laser (3.64 mW) at 
different observation times. The GUV contained 1:32 probe:lipid mole ratio. H2B-PMHC was excited with 
488 nm laser (0.49 mW). Panel (B) shows the lines used to trace linear profiles in four different directions 
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over the diameter of the GUV on the right, as exemplified in (C) for the vertical (green) line, with the 
green and the purple curves corresponding to initial and maximum intensity, respectively. The red line 
in graph C depicts the emission intensity of the GUV at the profile maximum. The temporal evolution of 
this value (after subtraction of the background, gray line in C) is shown on the upper plot of (D) for an 
average of the four linear profiles. The blue line in (C) corresponds to the distance between the two 
maxima, whose temporal evolution for an average of the four linear profiles is plotted on the lower graph 
in (D), after normalization by the GUV initial diameter. The black arrow in (D) points the onset of 
irradiation. 

 

 
Figure 38. Intensity profiles for GUVs under intermittent irradiation with 1.7 µM MB. The red bars 
represent the times when the 647 nm laser (3.64 mW) was on, whereas the blue bars represent the 
times when the 488 nm laser (0.49 mW) was on. The GUVs contained 1:32 probe:lipid mole ratio. 

 

The same phenomena (i.e. activation of H2B-PMHC followed by bleaching of the 

activate probe and also by membrane surface area expansion and fast fluctuations) were 

observed with photosensitizers I2B-OAc (Figure 39) and EV (Figure 40), even though 

photobleaching, fluctuations, and area increase were subtler with EV. Different light powers 

and concentrations were optimized for each photosensitizer, so that the irradiation times for 

each condition translate different fluxes of production of single oxygen. 

 

 

Figure 39. Example of DOPC GUV irradiated with 0.01 µM I2B-OAc and 561 nm laser (0.03 mW) at 
different observation times. The GUV contained 1:32 probe:lipid mole ratio, being H2B-PMHC excited 
with 488 nm laser (0.49 mW). 



137 
 

 

 

Figure 40. Example of DOPC GUV irradiated with 0.1 µM EV and 647 nm laser (0.23 mW) at different 
observation times. The GUV contained 1:32 probe:lipid mole ratio, being H2B-PMHC excited with 488 
nm laser (0.49 mW). 

 

The analysis shown in Figure 37b-d was repeated with additional GUVs for MB and 

also for I2B-OAc and EV, yielding the plots in Figure 41. Figure 41a shows the intensity 

temporal-profiles, which can be described by three different phases: pre-irradiation period, 

when the intensities are the smallest; activation period, when intensities increase until a 

maximum value; and bleaching period, when intensities decrease. The emission intensity only 

slightly increased during the pre-irradiation period for MB, which is due to the small, albeit non-

zero, absorbance of MB at 488 nm. A similar effect is observed with EV, but a steep increase 

was observed during the pre-irradiation period with I2B-OAc. This occurs because the 488 nm 

laser (used to excite H2B-PMHC) is already able to excite I2B-OAc on its own. However, this 

excitation is less efficient than by the 561 nm laser, which then promotes a drastic increase in 

emission intensity when turned on. The maximum intensity values achieved for MB were 

slightly higher than for I2B-OAc, followed by EV. Especially for MB and I2B-OAc, the maximum 

intensity value seems to be similar for different GUVs. However, much more variable maximum 

enhancement values are obtained by dividing the emission intensity temporal profiles by the 

emission intensity at the onset of irradiation (Figure 41b). These values (ca. 3- to 6-fold) were 

also typically smaller than for liposome experiments. A number of reasons may account for 

these two observations, namely: bleaching of the BODIPY, which may prevent reaching the 

theoretical maximum enhancement value, as already happens with I2B-OAc in liposomes; pre-

activation of the probe before the onset of irradiation; and formation of more polar products 

(especially after reaction with singlet oxygen) upon oxidation of the probe, which can detach 

from the membrane and leave the region being monitored (Godin, Liu and Cosa 2014; Godin, 
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Liu, Smith, et al. 2014). The second factor is especially problematic for I2B-OAc, leading to the 

lower and more variable enhancement values. In terms of bleaching of the probe, it is 

interesting to highlight the small bleaching rates obtained with EV, suggesting that bleaching 

by singlet oxygen would be more efficient than by radicals. 

 

 

Figure 41. Plots of (A) emission intensity, (B) emission intensity enhancement and (C) distance between 
the two intensity maxima normalized by the initial vesicle diameter (offset: 0.5 in y-axis), as a function 
of irradiation time for DOPC GUVs containing 1:32 probe:lipid mole ratio and being H2B-PMHC excited 
with 488 nm laser (0.49 mW). To ease the comparison between all vesicles, the onset of irradiation was 
placed at time = 0. First column: irradiation with 647 nm laser (3.64 mW) with 1.7 µM MB. Second 
column: irradiation with 561 nm laser (0.03 mW) with 0.01 µM I2B-OAc. Third column: irradiation with 
647 nm laser (0.23 mW) with 0.1 µM EV. 

 

Rate constants for H2B-PMHC activation were calculated from linear fits to the initial 

steps of temporal intensity profiles of Figure 41a, allowing to compare the effects of the 

different photosensitizers. Note that in this case intensity plots were preferred over 

enhancement plots, since the strong pre-activation of the probe under the microscope 

compromised their analysis. The higher activation rate constant was obtained for I2B-OAc ((2.7 

± 0.7) x 102 intensity units s-1), followed by MB ((1.8 ± 0.4) x 102 intensity units s-1) and lastly 

by EV ((6 ± 3) x 101 intensity units s-1). The differences become more striking, however, when 

one considers that I2B-OAc was used in much lower concentrations ([I2B-OAc] = 0.01 µM, [MB] 

= 1.7 µM and [EV] = 0.1 µM) and irradiated with much lower laser power (8 and 120 times 
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smaller than for EV and MB, respectively). This makes clear that I2B-OAc is the most efficient 

photosensitizer, which could already be expected considering its higher hydrophobicity and 

singlet oxygen generation quantum yield.  

Figure 41c additionally provides information on the surface area changes and the 

increase in shape deformation of GUVs irradiated with the three photosensitizers. The former 

effect is seen by a positive slope in the normalized diameter plots, while the latter is translated 

by an increase in the spreading of the points, as a result of the fast membrane fluctuations. 

This is clearly seen with GUVs 1, 2 and 5 for MB and for GUVs 4 and 5 for I2B-OAc. For EV, 

even though GUVs showed small fluctuations, the increase in the normalized diameter was 

not as clear as for the other photosensitizers, even though a rising tendency is discernible for 

some of the curves (e.g., GUV 2 and 3). It could be the case that other lipid oxidation products 

are additionally being formed by EV through radical-mediated pathways, and this could have 

different impacts on the average area occupied per lipid. For example, lipid aldehydes have a 

truncate-cone geometry and would have a different effect as to lipid hydroperoxides (Boonnoy 

et al. 2015). For some vesicles irradiated with MB and I2B-OAc, these transformations are also 

not so evident (e.g., GUV 3, 4 and 6 for MB). However, the fact that other GUVs led to expected 

outcomes lead us to hypothesize that lack of area expansion and fluctuations is a result of the 

presence of buds and strings attached to the main vesicle body, which can accommodate 

excess area as its formed and lead to apparent constant size of the main vesicle. Indeed, a 

number of strategies were developed to stretch vesicles (e.g., micropipette aspiration, 

electrodeformation and use of bioahdesive surfaces) and could potentially circumvent this 

problem if coupled to our experiments (Riske et al. 2009; Weber et al. 2014; Aoki et al. 2015; 

Mertins et al. 2014).  

Figure 41c additionally allows computing area increase values from the normalized 

diameters. By assuming spherical geometry 16, 29 and 23% values for final area increase are 

observed, respectively, for GUV 1, 2 and 5 irradiated with MB, and values of 39 and 23% are 

observed, respectively, for GUVs 4 and 5 irradiated with I2B-OAc. The difference in the final 

values can be attributed to partial lipid oxidation, since most of the respective plots in Figure 
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41c are still ascending. Some of these values are larger than the values reported in the 

literature, which are ca. 15% for lipids bearing a single chain with a -OOH group and ca. 19% 

for oxidation of both chains (Riske et al. 2009; Weber et al. 2014; Aoki et al. 2015; Wong-

Ekkabut et al. 2007). However, initially spherical vesicles are known to deform into oblates 

during irradiation (Riske et al. 2009), and calculations based solely on the semi-major axis 

(parallel to the focal plane) lead to super estimation of surface area.  

Still, within an internal comparison between the studied GUVs, these values can be 

used to estimate lipid oxidation degrees and be related to peroxidation rates. We can calibrate 

the rate of lipid oxidation by singlet oxygen by using H2B-PMHC as an internal standard. 

Considering the five GUVs (1, 2 and 5 for MB and 4 and 5 for I2B-OAc) that led to clear area 

expansion, we determined a few parameters, namely: the time needed for H2B-PMHC full 

activation (t1); the extra time needed for the onset of area increase (t2); and the rate of area 

increase. If we consider that the maximum observed area increase (39%, for I2B-OAc, GUV 4) 

corresponds to 100% lipid oxidation for any of the observed vesicles, extrapolation allows to 

estimate the time needed for complete lipid oxidation (t3). The ratio (t2 + t3)/t1 allows estimating 

how slower lipids react with singlet oxygen than H2B-PMHC (i.e. assuming first order 

processes). Besides, a 1:32 probe:lipid mole ratio leads to 1:64 reaction sites mole ratio (recall 

that DOPC has two unsaturated chains), which means that the velocity of the reaction with 

lipids would be additionally speeded-up 64-fold if compared to H2B-PMHC. Therefore, the rate 

constant of the reaction between singlet oxygen and lipids (kr,unsat) is given by dividing the 

chemical quenching rate constant value for H2B-PMHC (kr = 4.57 x 107 M-1 s-1) by 64(t2 + t3)/t1. 

This analysis, which is schematized in Figure 42, yielded an average value of 6 x 104 M-1 s-1 

(check Table 6 for the values of t1, t2, t3 and the individual value of kr,unsat each GUV). This 

number is in accordance with the determinations performed by singlet oxygen NIR 

luminescence in organic solvents (~104 M-1 s-1) (Krasnovsky et al. 1983; Chacon et al. 1988; 

Vever-Bizet et al. 1989) and one order of magnitude smaller than the value of 7.5 x 105 M-1 s-

1 determined in EggPC liposomes by Dearden et al. using rose bengal as a photosensitizer 

and by monitoring the absorbance of conjugated dienes of hydroperoxides at 235 nm (Dearden 
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1986). A value of 3 x 106 M-1 s-1 was additionally determined Weber et al. by quantifying GUV 

area expansion by micropipette aspiration (Weber et al. 2014). However, such a large value 

seems unlikely to us given the comparative reactivity of α-tocopherol. 

 

 

Figure 42. Time intervals used for the kinetics calculations: the time needed for H2B-PMHC full 
activation (t1); the extra time needed for the onset of area increase (t2); time needed for complete lipid 
oxidation (t3). 

 

Table 6. Parameters t1, t2, t3 and used for the estimation of the rate constant of the reaction between 
singlet oxygen and lipid unsaturations (kr,unsat) for different vesicles (MB: GUV 1, 2 and 5; I2B-OAc: GUV 
4 and 5). 

 MB (1) MB (2) MB (5) I2B-OAc (4) I2B-OAc (5) 

t1 / s 17 13 11 7 7 

t2 / s 72 78 79 14 1 

t3 / s 149 97 70 38 91 

kr,unsat / 104 M-1 s-1 5 5 5 9 5 

 

 

3.4. Chapter Conclusions 

Herein we showed that a fluorogenic α-tocopherol analogue can be used to assess 

photodynamic damage in membranes, with significant emission enhancement of the probe 

being observed only if in the presence of all components of the photodynamic triad (i.e. light, 

oxygen and photosensitizer). Lipid oxidation in PDT can result from reactions by singlet oxygen 

or by induction of radical-mediated lipid peroxidation, which has peroxyl radicals as chain 
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carriers. H2B-PMHC was already shown to be activated by the latter, and here we extend its 

application by showing that it can also be activated by singlet oxygen with a bimolecular rate 

constant (4.57 x 107 M-1 s-1) comparable to α-tocopherol. The activation of liposome-embedded 

H2B-PMHC was faster for the hydrophobic photosensitizer I2B-OAc than for the hydrophilic 

photosensitizer MB, in accordance with the small diffusion distance of singlet oxygen. Although 

the results from both photosensitizers were in agreement with singlet oxygen activation (i.e. 

I2B-OAc was irresponsive to changes on lipid composition and the action of MB was enhanced 

by deuterium oxide), the results obtained with MB were also consistent with contribution of 

contact-dependent pathways. These results showed that H2B-PMHC can successfully detect 

singlet oxygen during photooxidation conditions, and additionally provide hints of the 

participation of radical-mediated lipid oxidation. Studies on GUVs allowed monitoring 

morphological changes taking place in the membranes at optical microscopy level upon 

controlled photooxidation. During irradiation of GUVs with photosensitizers, H2B-PMHC 

fluorescence enhancement was observed, followed by membrane surface area increase. 

Knowing the rate constant of chemical quenching of singlet oxygen by H2B-PMHC allowed us 

to use this probe as an internal standard to assess the rate of the reaction of singlet oxygen 

with lipids in membranes. This analysis led to a rate constant of the same order of magnitude 

(6 x 104 M-1 s-1) as the ones reported in the literature for lipids in organic solvents, revealing a 

new strategy to study the kinetics of lipid photooxidation in bilayers. In addition, we foresee 

that the application of H2B-PMHC to photooxidative damage provides a new tool to monitor 

antioxidant depletion and the onset of lipid peroxidation in cells submitted to PDT.  

 

3.5. Chapter Supplementary Material 

3.5.1. Competition Assay of DMA Photooxidation 
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A B 

  
Figure SM 3. (A) Competition assay of DMA photooxidation by H2B-PMHC, employing various H2B-
PMHC concentrations. I0 is the initial intensity of DMA and If is its final emission intensity. Each line 
corresponds to a linear fit to the dataset of the corresponding color. (B) Plot of S0/SH2B-PMHC as a function 
of H2B-PMHC concentration. Note that S0 and SH2B-PMHC are the slopes of the lines in graph (A), in the 
absence and presence of H2B-PMHC, respectively. 

 

3.5.2. Raw Data, Intensity-Time Plots and Non-Averaged Data for Liposomes 

Experiments 

 

 

Figure SM 4. Typical outcome of liposome experiments, using 0.24 µM I2B-OAc and POPC liposomes 
containing H2B-PMHC in PBS buffer. Raw data is presented here, whereas corrected data can be seen 
in Figure 33. 
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Figure SM 5. H2B-PMHC temporal emission intensity profiles for liposomes in PBS buffer irradiated with 
different photosensitizers (0.24 µM A: MB and B: I2B-OAc), under different conditions – namely argon 
purged POPC liposomes, POPC liposomes, POPC liposomes in deuterium oxide, DMPC liposomes and 
EggPC liposomes. Triplicates were carried on for each condition. The corresponding plots of emission 
enhancement in Figure 34. 

 

 

Figure SM 6. (A) and (B) show the initial intensities obtained in the liposome experiments with MB and 
I2B-OAc, respectively. Experiments were carried out in PBS buffer, using photosensitizers at 0.24 µM 
concentration and irradiated under different conditions – namely Ar purged POPC liposomes, POPC 
liposomes, POPC liposomes in deuterium oxide, DMPC liposomes and EggPC liposomes. The figures 
additionally include controls without photosensitizer (POPC + hv - PS) or without light (POPC – hv + 
PS). Except from the latter control, all the other conditions were exposed to light. (C) and (D) show the 
maximum intensities obtained in the same liposome experiments with MB and I2B-OAc, respectively. 
(E) and (F) show the maximum emission enhancement obtained in the same liposome experiments with 
MB and I2B-OAc, respectively. The bars represent the results from independent experiments.  
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Chapter 4 – Membrane Damage Efficiency of 

Phenothiazinium Photosensitizers 

 

 

 

The membrane permeabilization efficiency of phenothiazinium photosensitizers is 

higher when they bind more to membranes and aggregate less. Both factors 

modulate the photochemical and photophysical properties of photosensitizers, 

while the former also determines the quantity of singlet oxygen reaching the bilayer 

and the proximity between photosensitizers and lipids. 

 

 

This chapter comprises the comparison of four phenothiazinum photosensitizers with 

respect to their abilities to damage membranes. The motivation of this work was understanding 

what parameters govern the efficiency of these molecules to photoinduce permeability on lipid 

membranes. Phenothiazinum photosensitizers are considered good candidates for 

photodynamic therapy because they absorb in the red region of the electromagnetic spectrum 

and also because of the low price of MB. This work highlights that the efficiency of singlet 

oxygen generation (quantified by ΦΔ) is not enough to predict photosensitizer efficiency of 

causing membrane damage. In fact, photodynamic efficiency arises from an interplay of many 

physicochemical parameters. Soy lecithin liposomes were employed as an easy to make 
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biomimetic system, and the methods described here in detail provide a roadmap of how to 

characterize photosensitizers in membranes. Finally, we set the basis for the choice of MB and 

DO15 as the studied molecules for the subsequent works. 

 

This work was published in the journal Photochemistry and Photobiology (Bacellar et al. 2014) 

and reprinted with permission from John Wiley and Sons, with minor adaptations.  

 

4.1. Introduction 

Photosensitization is the basis of PDT, a clinical modality available for a variety of 

cancers and currently under considerable investigation for its application to treat microbial 

infections (Anand et al. 2012; Baptista and Wainwright 2011; Dolmans et al. 2003; Hamblin 

and Hasan 2014; Henderson and Dougherty 1992). One of the key elements in PDT is the 

photosensitizer. Absorption of light causes excitation and the production of several reactive 

species, and subsequent damage to biomolecules and cell death. The excited state of the 

photosensitizer (usually the triplet excited state) can generate the reactive species either by 

energy transfer to molecular oxygen, generating singlet oxygen, or by electron or hydrogen 

transfer to or from a substrate (Foote 1968). These basic action mechanisms seem to occur 

to different extents in all different classes of photosensitizer in use, such as phthalocyanine, 

porphyrin and phenothiazinium photosensitizers (Pavani et al. 2012; Pavani et al. 2009; 

Nyokong 2007; Tardivo et al. 2012). 

The search for more efficient photosensitizers is commonly performed by improving the 

efficiency of generation of light-induced reactive species, which is done by maximizing two 

main characteristics of the photosensitizer: absorption in the therapeutic window and ΦΔ, since 

singlet oxygen is considered to be the main species responsible for causing cell death 

(Henderson and Dougherty 1992; DeRosa and Crutchley 2002). Nevertheless, many studies 

in mammalian cell culture have highlighted that this strategy is not always the best way to 

proceed, showing the importance of subcellular localization to photodynamic damage 
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(Castano et al. 2004; Kessel et al. 1997). Crystal violet, for example, localizes in mitochondria 

without being reduced. Under irradiation, this compound killed HeLa cells more efficiently than 

MB, a classical singlet oxygen generator (Oliveira et al. 2011). Certainly, for prokaryotic cells 

and viruses the role of photosensitizer localization is more restricted, given their simpler 

internal compartmentalization. 

As extensively revised in Chapter 1, despite PDT being a multitarget strategy and 

relying on photodamage to several biomolecules and cellular structures (cytoplasmic 

membrane, organelles, cytoskeleton, etc.), the role of membrane binding of a photosensitizer 

is critical to define the extent of photoinduced membrane damage and consequently the 

efficiency of cell death (Pavani et al. 2012; Pavani et al. 2009; Cordeiro et al. 2012; Engelmann 

et al. 2007; Lavi et al. 2002; Rokitskaya et al. 2000). This fact is well recognized for porphyrin 

and phthalocyanines photosensitizers. However, clear structure–activity relationships are still 

missing for several photosensitizer classes such as the phenothiazinium salts (Wainwright 

2005). 

Phenothiazinium cations are composed of an oxidized ring system chromophore and 

attached auxochromic side groups, which contribute significantly to the polarity of the ion. 

Increased mammalian cell phototoxicity of this class of photosensitizers has been observed 

with more hydrophobic compounds. This enhanced activity was attributed mainly to an 

increase in ΦΔ, resistance to reduction to the photodynamically inactive leuco form and higher 

cell uptake. Among the studied dyes, DMMB and DO15 have superior photodynamic activity 

in many different biological systems (tumor cells, bacteria, virus and fungi) when compared to 

commercially available photosensitizers such as MB and TBO. Moreover, these more 

hydrophobic compounds usually exhibit larger light/dark cytotoxicity ratio (Mellish et al. 2002; 

Phoenix et al. 2003; Rice et al. 2000; Rodrigues et al. 2013; Rodrigues et al. 2012; Wagner et 

al. 1998; Wainwright et al. 2011; Wainwright et al. 1997; Wainwright et al. 2012; Walker et al. 

2004; Ball et al. 1998; Noodt et al. 1998; Peng et al. 1993). 

The aim of this chapter is to clarify parameters that affect the ability of phenothiazinium 

ions to damage membranes, starting from the efficiency of membrane binding and progressing 
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to analyze the properties of the ground and excited states of the photosensitizers in the 

membranes. In what follows, we compare different properties of a series of phenothiazinium 

salts composed by MB, TBO, DMMB and DO15 (Table 7). We paid special attention to the 

ability of photosensitizers, not only to promote membrane damage (indicated by leakage of a 

fluorescent probe and generation of products of lipid oxidation) but also to promote changes 

in the molecular architecture of the bilayer membrane, which should be important concerning 

the specificity of the photodynamic action. 

 

Table 7. Chemical structures, photophysical properties and log Po/w of the studied compounds. 
Photophysical properties (λmax, ελmax, ΦΔ and Φf) were determined in ethanol, using MB as standard for 
both ΦΔ and Φf (Olmsted 1979; Wilkinson et al. 1993). 

Designation and structure ε / 104 M-1 cm-1 λmáx / nm ΦΔ Φf / 10-2 log Po/w 

MB 

N

N

S
+

N

CH3

CH3

CH3

CH3

Cl
-  

9.6 ± 1.5 655 0.52 4 -0.10* 

TBO 

NH2

N

S
+

N

CH3

CH3

CH3

Cl
-  

7.4 ± 0.9 627 0.44 ± 0.03 7.62 ± 0.07 -0.21* 

DMMB 

N

N

S
+

N

CH3

CH3

CH3

CH3

CH3CH3

Cl
-  

7.8 ± 0.4 651 0.71 ± 0.03 5.04 ± 0.09 +1.01* 

DO15 

N

N

S
+

N

CH3 CH3

CH3CH3

CH3

CH3CH3

CH3

HSO4

-

 

7.6 ± 0.2 670 0.49 ± 0.02 7.5 ± 0.1 +1.9** 

log Po/w values marked with ‘*’ were extracted from (Wainwright and Giddens 2003) and the one marked 
with ‘**’ was extracted from (Noodt et al. 1998). 
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4.2. Materials and Methods 

4.2.1. Materials  

CF, deuterium oxide, DMMB, MB, Sephadex G-50, SDS, 2-thiobarbituric acid (TBA) 

and Triton X-100 were acquired from Sigma Aldrich (Saint Louis, MO). n-Butanol, chloroform, 

ethanol, phosphoric acid, sodium chloride, sodium hydroxide, TBO and tris(hydroxymethyl) 

aminomethane (Tris) were bought from Labsynth (Diadema, Brazil). SOLEC F soy lecithin was 

acquired from Solae (Saint Louis, MO), and contains 6% of monounsaturated lipids and 39% 

of polyunsaturated lipids (mass%). DO15 was synthesized as previously reported (Wainwright 

et al. 2011). Except from TBO, which was crystallized following the procedure described by 

Pal and Schubert (Pal and Schubert 1962), all other chemicals were used without further 

purification. Milli-Q water was used for preparing all aqueous solutions. A 10 mM Tris buffer 

(pH = 8) was used whenever buffered media were required. All absorption or emission spectra 

were made in a Hellma quartz cuvette (Müllheim, Germany) of 1 cm optical path. 

 

4.2.2. Photophysical Parameters 

Absorption spectra were recorded with a Shimadzu UV-2400-PC spectrophotometer 

(Kyoto, Japan) in the 400-800 nm range. Molar absorptivity values (ελmax) in the λmax in ethanol 

were determined by recording absorption spectra as a function of photosensitizer 

concentration (0.25-20 µM range), and applying the Beer-Lambert law. Fluorescence spectra 

(600-800 nm range, excitation at 580 nm) were obtained with a Spex Fluorolog 1934D 

fluorimeter. Fluorescence quantum yields (Φf) in ethanol were calculated by measuring the 

area under the emission spectrum, using a MB solution in ethanol as a standard (Φf = 0.04) 

(Eaton 1988; Olmsted 1979). Absorbance of sample and reference solutions was always kept 

below 0.1 at the excitation wavelength, to minimize the inner filter effect. ΦΔ and singlet oxygen 

lifetimes in ethanol were determined using an Edinburgh Instruments time-resolved NIR 

fluorimeter (Livingston, UK) equipped with a liquid nitrogen cooled Hamamatsu R55009 

photomultiplier (Bridgewater, NJ). A Continuum Surelite III Nd:YAG laser (wavelength: 532 nm; 
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pulse duration: 5 ns; frequency of pulsation: 10 Hz; Q-switch: 240 µs – Santa Clara, CA) was 

used to pump a dye laser emitting at 640 nm (Continuum Jaguar, with (2-(2-(4-

(dimethylamino)phenyl)ethenyl)-6-methyl-4H-pyran-4-ylidene) propanedinitrile in ethanol). 

Phosphorescence decay curves at 1270 nm were fitted to first-order exponential decay for the 

determination of singlet oxygen lifetime. For ΦΔ measurements, a MB solution in ethanol was 

used as a standard (ΦΔ = 0.52) and all photosensitizers had absorbances between 0.2 and 0.3 

at 640 nm (Cosa and Scaiano 2004; Wilkinson et al. 1993). 

 

4.2.3. Aggregation 

The aggregation tendency of each phenothiazinium photosensitizer was studied at 

different ionic strengths by recording absorption spectra of 15 µM photosensitizer solutions in 

water and in 3 and 5 M sodium chloride solutions, and comparing them with those obtained in 

pure ethanol. Measurements were also made with 15 µM photosensitizer in 0.3 M sodium 

chloride in 10 mM Tris buffer (pH = 8) with and without liposomes. To obtain a liposome 

suspension, soy lecithin films (30 mg) were prepared on glass tubes by evaporation of a 

chloroform stock solution. The films were then hydrated with 1 mL of 0.3 M sodium chloride in 

10 mM Tris buffer (pH = 8), and sonicated for 10 min in a USC-1400A ultrasonic bath (Unique, 

Indaiatuba, Brazil). This same method was employed whenever liposome suspensions were 

required and samples were always used in the same day as prepared. Small-angle X-ray 

scattering (SAXS) experiments confirmed that the liposomes prepared by this method were 

unilamellar liposomes (see section 4.2.8), and dynamic light scattering measurements (data 

not shown) revealed that their diameter was in the 150-200 nm range. In this case, the final 

phospholipid concentration in each sample was 0.32 mM, as determined by a colorimetric 

assay with ferrothiocyanate (Stewart 1980). To subtract the contribution of scattering to the 

absorption spectra of the studied liposome suspensions, a blank containing the same amount 

of liposomes (but no photosensitizer) was employed. Spectra were collected at 0, 15, 30, 45 

and 60 min of incubation (Figure 43). These data showed that there is almost no change in the 
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absorption spectra after 30 min of incubation. However, significant changes occurred from 0 

to 15 min.  

 

 

Figure 43. Absorption spectra of 15 µM photosensitizer in 0.3 M sodium chloride in 10 mM Tris buffer 
(pH = 8) containing soy lecithin liposomes. Data were acquired at 0, 15, 30, 45 and 60 min of incubation, 
for (a) MB, (b) TBO, (c) DMMB and (d) DO15. 

 

To understand whether aggregation had a major or minor effect on the photodynamic 

efficiency for each photosensitizer, we calculated the ratio between the absorbance at 

absorption maximum of monomer and aggregate peaks (M/A ratio), which were identified by 

the first derivative of the spectra with respect to wavelength. For the liposomal studies, spectra 

obtained after 60 min of incubation were employed. 

 

4.2.4. Membrane/Solution Partition 

Liposome suspensions were prepared using 60 mg of soy lecithin and 1 mL of 0.3 M 

sodium chloride in 10 mM Tris buffer (pH = 8) for hydration. Next, heavier liposomes were 

isolated by three consecutive cycles of sedimentation (centrifugation at 9,400 g for 3 min) and 

resuspension of the sediment. Liposomes (60 µL) were then incubated with 15 µM 

photosensitizer (1 mL). The phospholipid concentration in this solution was 0.33 mM (Stewart 
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1980). After 60 min of incubation, a further centrifugation step separated the liposomal 

(containing bound photosensitizer) and aqueous fractions (Engelmann et al. 2007). The former 

fraction was dissolved in a 90 mM SDS solution containing 10% of Triton X-100, to solubilize 

lipids and at the same time avoid the presence of photosensitizer aggregates. The absorption 

spectrum of the resulting solution was recorded, being AbsL its maximum absorbance. By 

adding the same surfactant solution to 15 µM photosensitizer solutions, the absorbance of 

100% free dye (Abs0, corrected for dilution) was measured. The partition of the photosensitizer 

between the membrane (m) and the aqueous solution (s) was defined as being the logarithm 

of the distribution ratio (Pm/s), so that: 

 

log Pm/s = log [AbsL/(Abs0-AbsL)]  Equation 5 

 
 
This value can be compared to their log Po/w values. The 60 min period was chosen 

based on the data presented in Figure 43. 

 

4.2.5. Photophysics in Interfaces 

The same experimental setup used to determine ΦΔ and singlet oxygen lifetimes in 

ethanol was also used to study singlet oxygen generation in the presence of membranes. A 

liposome suspension was prepared from 30 mg of soy lecithin, and 1 mL of deuterium oxide 

for hydration. Samples and a blank without photosensitizer contained 0.40 mM of 

phospholipids (Stewart 1980). The absorption spectrum of this latter was used to subtract the 

effects of scattering from the spectra of the samples. The photosensitizer concentration was 

chosen so that the corrected absorbance at 640 nm was close to 0.2 (all photosensitizers had 

approximately the same absorbance at this wavelength). The phosphorescence decay curves 

at 1270 nm were fitted to second-order exponential decay for the determination of singlet 

oxygen lifetimes, using the F900 6.8.12 software (Edinburgh Instruments. Livingston, UK). The 

percentage contribution of each preexponential factor, weighted by its respective lifetime, was 

also calculated using this same software (Berezin et al. 2007). 
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Triplet excited-state lifetimes were measured with LPF-111 laser flash photolysis 

equipment (Luzchem Research Inc., Ottawa, Canada) coupled to a Continuum Surelite II 

Nd:YAG laser (wavelength: 532 nm, pulse duration: 5 ns, Q-switch 290 µs – Santa Clara, CA). 

As reported by Junqueira and co-workers, changes in absorbance in the 380-480 nm range 

can be used to detect the triplet excited state of MB, due to triplet–triplet absorption (Junqueira 

et al. 2002). Working at 435 nm, the triplet excited states of both DMMB and DO15 were 

studied. The curves representing the changes in the absorbance of the sample as a function 

of time were fitted to a first-order exponential decay, which was used to determine the triplet 

excited-state lifetime. The aggregation state (and hence the M/A ratio) of dyes can be 

controlled by varying the concentration of SDS. This effect can be explained considering that 

cationic photosensitizers (MB, TBO, DMMB and DO15) are attracted to the negatively charged 

SDS. At low SDS concentrations (ca. 1 mM), the number of photosensitizer cations per 

surfactant aggregates is high, and dimerization occurs. In contrast, at high SDS concentration 

(ca. 50 mM), spreading of the photosensitizer occurs and aggregation is avoided (Junqueira 

et al. 2002). 

Concentrations of 8 µM DMMB and 15 µM DO15 were employed, so that both 

photosensitizers showed the same absorbance at 532 nm in a 50 mM SDS solution. DO15 

was also studied at 1 mM SDS, but this same condition was unsuitable for studying dimerized 

DMMB (this photosensitizer formed other types of aggregates, as in sodium chloride solutions, 

see Figure 45c). For this reason, a 7 mM SDS solution was used for DMMB. In this SDS 

concentration, DMMB had a similar M/A ratio as DO15 had in 1 mM SDS. 

 

4.2.6. Photoinduced CF Release from Liposomes 

A liposome suspension was prepared using 30 mg of soy lecithin, and 1 mL of 50 mM 

CF in Tris buffer for hydration. This produced a liposome suspension with CF encapsulated in 

the inner compartment of liposomes. The non-encapsulated CF was removed by exclusion 

chromatography in a Sephadex G-50 column in equilibrium with 0.3 M sodium chloride in 10 

mM Tris buffer (pH = 8) (Martins et al. 2008). The fraction containing liposomes was identified 
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visually, and collected in a clean flask. Because CF concentration in the interior of liposomes 

is high enough to promote fluorescence self-quenching, an increase in CF fluorescence 

indicates leakage to the outer solution (Weinstein et al. 1977), and may be used to infer the 

occurrence of membrane damage.  

Membrane damage quantification was carried out in a 96-well fluorescence microplate 

(Greiner Bio One – Frickenhausen, Germany). The liposome suspension volume was always 

7 µL and photosensitizer concentration was fixed at 15 µM (except for the control, which had 

no photosensitizer). This lipid/photosensitizer ratio produced the best fluorescence signal, 

since lower photosensitizer concentrations did not release CF efficiently and higher 

photosensitizer concentrations yielded a lower fluorescence signal, probably because of 

photosensitizer interaction with CF. Each well was then filled with 0.3 M sodium chloride in 10 

mM Tris buffer (pH = 8), so that the final volume was always 300 µL. The measured 

phospholipid concentration in each well was 0.18 mM (Stewart 1980). The whole microplate 

was irradiated with a LED, with maximum emission wavelength at 633 nm and 34 W m-2 

irradiance at a 10 cm distance. The emission spectrum of the LED, superposed on the spectra 

of the four photosensitizers in the presence of liposomes (Figure 45, full stars), can be found 

in Figure 44a. To support quantitative comparison between the photosensitizers, overlap 

integrals were calculated, i.e. the product of these dyes’ absorption spectra (making no 

distinction between monomer and aggregates) and the emission spectrum of the LED (Figure 

44b). The highest overlap integral was obtained by TBO and was normalized to 1. For MB, 

DMMB and DO15, we obtained the values of 0.85, 0.49 and 0.51, respectively. 
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Figure 44. (a) Black axis: absorption spectra 15 µM photosensitizer in 0.3 M sodium chloride in 10 mM 
Tris buffer (pH = 8) containing soy lecithin liposomes (60 min of incubation). Grey axis: emission 
spectrum of the LED used in the experiment, normalized by its maximum intensity. (b) Relative overlap 
integral resulting from the integration of the product of each absorption spectrum and the LED emission 
spectrum, normalized by the value obtained for TBO. 

 

Fluorescence at 517 nm (ICF) was monitored as a function of irradiation time with an 

Infinite M-200 Tecan microplate reader (Männedorf, Switzerland), operating with excitation at 

480 nm. At the end of the experiment, Triton X-100 was added to each well, and the 

fluorescence intensity was once again recorded (ICFT). For each value of ICF, the percent of 

released CF (%CFreleased) was calculated: 

 
%CFreleased = 100%(ICF – ICF0)/(ICFT – ICF0)  Equation 6 

 
 
where ICF0 is the initial fluorescence intensity (Au et al. 1987). 

%CFreleased was plotted as a function of time (t), and when substantial membrane 

damage was observed, the curves were fitted to Boltzmann sigmoidal function: 

 
%CFreleased = A2 + (A1 - A2)/[1 + e(t-t50)/Δt]  Equation 7 

 
 
where A1 is the initial %CFreleased value, A2 is the final %CFreleased value, t50 is the time when 

%CFreleased equals 50% and Δt is a parameter related to the duration of the period during which 

%CFreleased changes rapidly. 
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4.2.7. TBARS Assay 

Samples were prepared from 30 mg soy lecithin films, which were hydrated with 0.3 M 

sodium chloride in 10 mM Tris buffer (pH = 8), without CF. Each well of a 96-well fluorescence 

microplate was then filled with 30 µL of the resulting liposome suspension, 30 µM 

photosensitizer (or no photosensitizer, in the case of the control) and enough 0.3 M sodium 

chloride in 10 mM Tris buffer (pH = 8) to give a total of 300 µL. The measured phospholipid 

concentration in each well was 1.6 mM (Stewart 1980). A higher lipid concentration (compared 

to the one used at CF leakage experiments) was required for detecting TBARS, as well as to 

collect SAXS data (see 4.2.8). Sample irradiation was carried out with a LED with maximum 

emission wavelength at 633 nm and 68 W m-2 irradiance at a 10 cm distance. To compare 

these data with the profile of CF release, liposomes with entrapped CF were prepared and 

irradiated in the same conditions. 

 For TBARS assay (Hoyland and Taylor 1991; Rodrigues et al. 2007), 150 µL of sample 

was directly collected from 96-well microplate at 0, 2 and 5 h of irradiation. This volume was 

mixed with 150 µL of 1% (m/v) TBA with 50 mM NaOH, 75 µL of 20% (v/v) phosphoric acid 

and 15 µL of 10 M NaOH. The mixture was kept at 85°C for 20 min, after which 1 mL of n-

butanol was added to extract the pink-colored product. To enhance phase separation, samples 

were centrifuged at 25 g for 4 min. Given that different lipid oxidation-derived aldehydes can 

react with TBA-forming products that absorb at 532 nm (Hoyland and Taylor 1991), the 

available values of molar absorption of TBA adducts does not allow accurate calculation of 

concentrations. Therefore, we preferred to only obtain absorption values, which were 

normalized as described below. The absorption spectrum of each sample was measured, and 

Abs532-Abs800 calculated for each of them, where Abs532 and Abs800 are the absorbances at 

532 and 800 nm, respectively. These values were normalized by the maximum Abs532-Abs800, 

obtained for DO15 after 5 h of irradiation. As the optical path and the dilution were the same 

for all samples, 100%(Abs532-Abs800)/(Abs532-Abs800)DO15(5h) can be seen as a relative TBARS 

concentration (%Relative [TBARS]). 
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The calculation of %Relative [TBARS] allows the quantification of different oxidation 

states of the model membranes. 

 

4.2.8. Membrane Structure  

Samples were prepared in exactly the same way as for the TBARS assay (see 4.2.7), 

but in this case only DMMB and DO15 were examined. Phospholipid concentration in each 

sample was 1.6 mM (Stewart 1980). SAXS measurements were performed in collaboration 

with prof. Dr. Rosangela Itri and Elisa Sales and carried out at the SAXS1 beamline of the 

Brazilian Synchrotron Light Laboratory (LNLS, Campinas, Brazil), with radiation wavelength of 

1.48 Å and sample-to-detector distance of 900 mm. The scattering vector modulus, q, defined 

as q = (4π sinθ)/λ (2θ being the scattering angle), varied in the 0.007-0.25 Å-1 range. The 

experimental intensities were corrected for background, buffer contributions, sample 

attenuation and detector homogeneity. 

The scattering intensity for a unilamellar lipid membrane can be written as 

 
I(q) = kes 2πAmbp Pt(q) q-2  Equation 8 

 
 
where kes is related to the experimental setup; Ambp is the area of the membrane basal plane 

and Pt(q) is the form factor of the bilayer cross-section (perpendicular to the basal plane), 

considered to be much smaller than the size of the plane A (Frühwirth et al. 2004). Pt(q) can 

be modeled supposing that each half of the membrane is constituted by three layers of different 

electron densities with respect to the solvent (ρsol = 0.33 e Å-3, where e is the elementary 

charge) – the regions of the polar heads (with thickness Rpol and electron density ρpol), 

hydrocarbon chains (with thickness RCH2 and electron density ρCH2) and hydrocarbon chain 

ends (with thickness RCH3 and electronic density ρCH3). This model is illustrated in Figure 50a. 

The equations required to apply the model are described in reference (Fernandez et al. 2008), 

and SAXS data were analyzed with GENFIT software (Ortore et al. 2009). During the fitting 

procedure, some of these parameters were allowed to vary within a narrow range, in 
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accordance with data from the literature: RCH3 (2.0 Å < RCH3 < 3.5 Å), ρCH3 (0.15 e Å-3 < ρCH3 < 

0.25 e Å-3) and ρCH2 (0.25 e Å-3 < ρCH2 < 0.30 e Å-3) (Fernandez et al. 2008). The other Pt(q) 

parameters were allowed to vary in a broader range. 

 

4.2.9. Data Analysis 

Calculations were performed with Microsoft Excel 2010 (Microsoft Corporation, 

Redmond, WA). Graphs and curve fittings, except for singlet oxygen measurements in the 

presence of liposomes and SAXS data (see 4.2.5 and 4.2.8), were produced with OriginPro 8 

(Origin Lab Corporation, Northamptom, MA). Results are presented in the form of mean ± 

standard deviation. 

 

4.3. Results 

4.3.1. Photophysical Parameters 

As can be seen in Table 7, all photosensitizers have molar absorptivities in ethanol of 

~105 M-1 cm-1 and absorption maxima between 620 and 670 nm (Table 7 and Figure 45 – black 

squares). This absorption band is related to the main electronic transition of phenothiazinium 

salts (Homem-de-Mello et al. 2005). All these compounds have small Φf (lower than 0.1) and 

high ΦΔ. For MB, TBO and DO15, ΦΔ values are around 0.5 and for DMMB it is slightly higher, 

in accordance with the values found in the literature for MB, TBO and DMMB (Wainwright et 

al. 1997). The higher ΦΔ of DMMB may be related with an enhanced triplet quantum yield. The 

measured singlet oxygen lifetime was ~14 µs in all solutions, which is its expected lifetime in 

ethanol (Wilkinson et al. 1995), indicating that none of the compounds quenched singlet 

oxygen. 
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Figure 45. Electronic spectra of (a) MB, (b) TBO, (c) DMMB and (d) DO15 in six different conditions. 
Spectra on the left: ethanol (black squares), water (white circles), 3 M sodium chloride aqueous solution 
(gray circles) and 5 M sodium chloride aqueous solution (black circles). Spectra on the right: 0.3 M 
sodium chloride in 10 mM Tris buffer (pH = 8) (white stars) and soy lecithin liposome suspension in 0.3 
M sodium chloride in 10 mM Tris buffer (pH = 8), after 60 min of incubation (black stars). All 
photosensitizers were at 15 µM concentration. 

 

4.3.2. Aggregation 

Phenothiazinium dyes are known to aggregate in a manner dependent on the ionic 

strength and on the presence of negatively charged interfaces. This phenomenon is critical for 
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this class of dyes, as it affects singlet oxygen generation (Junqueira et al. 2002; Severino et 

al. 2003). In the case of MB, aggregation is easily observed by the appearance of another 

absorption peak shifted to the blue, demonstrating the presence of H-type dimers (Junqueira 

et al. 2002; Severino et al. 2003). Here, we compared the aggregation tendency of the four 

photosensitizers in water as a function of the ionic strength (3 and 5 M aqueous sodium 

chloride solutions – Figure 45, left and Table 8), in micellar environments and in the presence 

of membranes (Table 8). Aggregation was observed for all photosensitizers in both pure water 

and aqueous sodium chloride solutions, although at different levels. The wavelengths 

corresponding to absorption maximum of dimer peaks in water were 609 (MB), 594 (TBO), 595 

(DMMB) and 637 nm (DO15). In both aqueous sodium chloride solutions (3 and 5 M), DMMB 

presented only one intense absorption peak (507 nm, Figure 45c), which was further shifted 

to the blue if compared with the aggregate peaks of the other dyes and even with the peak that 

occurred for DMMB in pure water. It was also possible to observe, by visual inspection, pink-

colored particles in suspension. Ethanol caused the dissolution of the pink particles and shifted 

the absorption maxima, yielding the expected clear blue solution. These results indicated that 

DMMB formed higher order aggregates under these conditions (this effect was not observed 

for the other three photosensitizers) (Adachi et al. 2010). 

 

Table 8. Ratio between the absorbance at absorption maximum of monomer and aggregate(s) peaks 
(M/A) in pure water, 3 and 5 M sodium chloride, 0.3 M sodium chloride in 10 mM Tris buffer (pH = 8), 
soy lecithin liposome suspension in 0.3 M sodium chloride in 10 mM Tris buffer (pH = 8) (60 min of 
incubation) and in SDS solutions. “High [SDS]” stands for a 50 mM SDS concentration, whereas “Low 
[SDS]” corresponds to 7 and 1 mM SDS for DMMB and DO15, respectively. Photosensitizer 
concentration was 15 µM in all measurements, except for DMMB (8 µM) in “Low [SDS]”. 

 Water 3 M 

NaCl 

5 M 

NaCl 

0.3 M NaCl in 

Tris buffer 

0.3 M NaCl in Tris 

buffer + liposomes 

High 

[SDS] 

Low 

[SDS] 

MB 2.0 1.1 0.8 1.6 1.7 - - 

TBO 1.4 0.9 0.7 1.2 1.3 - - 

DMMB 1.0 0.2 0.1 0.7 1.1 2.6 1.0 

DO15 1.8 1.4 1.1 1.6 2.6 2.6 0.9 
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The M/A ratio was used to compare the aggregation tendency of these cations (Table 

8). In pure water, M/A ratios (2.0, 1.4, 1.0 and 1.8 for MB, TBO, DMMB and DO15, respectively) 

were larger than in salt solutions. DMMB showed a higher tendency to aggregation, with M/A 

ratios of 0.2 (3 M sodium chloride) and 0.1 (5 M sodium chloride). TBO showed an intermediary 

tendency to aggregation, as indicated by its M/A ratios of 0.9 (3 M sodium chloride) and 0.7 (5 

M sodium chloride). The M/A ratios for MB were slightly higher than those found for TBO, being 

1.1 (3 M sodium chloride) and 0.8 (5 M sodium chloride). Finally, DO15 had the lowest 

tendency to aggregation, as shown by its highest M/A ratios of 1.4 (3 M sodium chloride) and 

1.1 (5 M sodium chloride). 

The four photosensitizers were somewhat aggregated in 0.3 M sodium chloride in 10 

mM Tris buffer (pH = 8), M/A ratios being 1.6, 1.2, 0.7 and 1.6 for MB, TBO, DMMB and DO15, 

respectively (Figure 45, right and Table 8). When the same measurement was carried out in 

the presence of liposomes (after 1 h of incubation), M/A ratios were increased to: 1.7, 1.3, 1.1 

and 2.6 for MB, TBO, DMMB, DO15, respectively. Therefore, the overall effect of liposomes 

was to decrease photosensitizer aggregation. However, the M/A ratio of MB and TBO showed 

only subtle increases, whereas that of DMMB and DO15 showed prominent increases (i.e. 57 

and 64%, respectively). 

 

4.3.3. Membrane/Solution Partition of Photosensitizer 

The extent of photosensitizer binding to the membranes is an important piece of 

information to have a complete understanding of membrane damage by photosensitization 

(Pavani et al. 2009; Engelmann et al. 2007). The lipophilicity parameter log Po/w provides a 

qualitative approach to characterize the interaction of photosensitizers with membranes. 

However, accurate values are obtained only by performing direct membrane binding 

experiments (Engelmann et al. 2007). Here, photosensitizer partitioning between membrane 

and aqueous solution was determined by equilibration with liposomes and the separation of 

bound and free photosensitizer by centrifugation. DMMB and DO15 had much higher log Pm/s 

(-0.33 ± 0.04 and -0.06 ± 0.04, respectively) than MB and TBO (-1.55 ± 0.08 and -1.26 ± 0.01, 
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respectively), and hence bound to membranes to a greater extent than the latter cations. These 

higher log Pm/s values are related to their larger number of hydrophobic side groups/moieties 

(see Table 7). It is possible to observe that there is a linear relationship between log Pm/s and 

log Po/w (R2 = 0.95, Figure 46), although other parameters are also important to explain 

membrane binding. For example, TBO, which is more polar than MB and has a smaller log 

Po/w, had a larger value of log Pm/s. This is because TBO is more asymmetric than MB and 

consequently interacts more efficiently with membranes than MB (Engelmann et al. 2007; Ben-

Dror et al. 2006). 

 

 

Figure 46. Plot of log Pm/s values, determined with soy lecithin liposomes in 0.3 M sodium chloride 10 
mM Tris buffer (pH = 8), as a function of its respective log Po/w values. Each point (mean ± standard 
deviation) corresponds to a different photosensitizer, which were all at 15 µM concentration. A R2 of 
0.95 was obtained for a linear fit. The log Po/w values were extracted from the literature (Noodt et al. 
1998; Wainwright and Giddens 2003). 

 

4.3.4. Photophysics in Interfaces 

Quantification of singlet oxygen production at the lipid bilayer can provide information 

regarding the role of contact-independent pathways in membrane damage. The fitting of the 

singlet oxygen phosphorescence decay curves to second-order exponential decays for 

photosensitizers in the presence of liposomes (Figure 47c-f) yielded two lifetime values (Table 

9). The longer lifetime ranged from 54 to 60 µs, depending on the photosensitizer, which is 

typical of the singlet oxygen lifetime in deuterium oxide (Wilkinson et al. 1995). The shorter 

lifetime ranged from 2.2 to 4.1 µs and was attributed to the lifetime on the membranes. 



163 
 

Ehrenberg et al. estimated a lifetime of 12 µs for singlet oxygen in EggPC liposomes 

(Ehrenberg et al. 1998). In the present work, it was expected that the lifetime in liposomes 

would be shorter than this because the employed soy lecithin sample not only is rich in 

polyunsaturated lipids, but most importantly contain lipid antioxidants (see 4.2.1). Note that the 

more hydrophobic dyes have a larger percentage of the singlet oxygen decays happening on 

the membrane, 6.9 and 23% for DMMB and DO15, respectively, compared with 3.8 and 2.6% 

for MB and TBO, respectively. It is interesting to note that the percentage of the decay of singlet 

oxygen on the membrane is proportional to the amount of dye bound on the membrane. At this 

experimental condition, DO15 binds more efficiently to the membrane than DMMB. The 

emission intensity (taken at 3.8 µs) normalized by the absorbance at 640 nm was also higher 

for DO15 (almost double) than for the other three photosensitizers (Figure 47b). It is clear 

therefore, that DO15 is much more efficient in delivering singlet oxygen in the membrane. 
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Figure 47. (a) Absorption spectra of 4.5 µM MB (black), 6 µM TBO (red), 8 µM DMMB (blue) and 7 µM 
DO15 (green) in deuterium oxide with soy lecithin liposomes. (b) Emission intensity at 1270 nm (at 3.8 
µs) normalized by absorbance at 640 nm (Abs640) for the phosphorescence decay curves presented at 
(c–f) for MB, TBO, DMMB and DO15, respectively. 

  

Table 9. Singlet oxygen lifetimes (τ1 and τ2) for the decays presented on Figure 47, considering a 
second-order exponential decay. Measurements were performed three times, and the range Χred

2 
informs the maximum and minimum reduced Χ2 values obtained. %τ1 and %τ2 are the percentage 
contribution of each preexponential factor, weighted by its respective lifetime. Each value represents 
mean ± standard deviation. 

 τ1 / μs τ2 / μs Range of χred
2 %τ1 %τ2 

MB 2.2 ± 0.3 59 ± 1 1.014 -1.105 3.8 ± 0.3 96.2 ± 0.3 

TBO 2.7 ± 0.5 60 ± 2 1.011 - 1.137 2.6 ± 0.6 97.4 ± 0.6 

DMMB 4.1 ± 0.4 54 ± 1 1.069 - 1.173 6.9 ± 0.4 93.1 ± 0.4 

DO15 2.7 ± 0.1 54 ± 2 0.992 - 1.202 23 ± 2 77 ± 2 
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Interfacial binding and aggregation affect the photophysical behavior of 

photosensitizers in several ways. For phenothiazinium salts, depending on the type of 

aggregate formed on the interfaces, two possibilities were shown to occur: (i) a physical 

deactivation mechanism, which simply reduces the excited-state lifetime by nonradiative 

decay; (ii) an electron-transfer reaction in the excited state, allowing the formation of 

semireduced and semioxidized radicals derived from the photosensitizer, which could facilitate 

radical-type chain reactions in the case of MB (Junqueira et al. 2002; Severino et al. 2003; 

Girotti 2001). However, such behavior has not been investigated for DMMB and DO15, which 

bind strongly to membranes. To characterize the properties of dimers and monomers after light 

absorption, SDS micelles were employed, as these supramolecular assemblies allow facile 

control of the ratio of monomers to dimers. At low SDS concentration (few millimolar), dimers 

are favored and at 50 mM SDS only monomers are present (Junqueira et al. 2002; Severino 

et al. 2003). 

Transients due to triplet–triplet absorption showed that both DO15 (15 µM) and DMMB 

(8 µM) had similar triplet excited-state lifetimes in 50 mM SDS, being 1.9 and 1.8 µs (Figure 

48a and c), respectively, similar to the value reported by Junqueira and coworkers for MB in 

the same concentration of surfactant (1.5 µs). In this case, the triplet excited state of the 

photosensitizer returns to the ground state mainly by energy transfer to molecular oxygen, 

yielding singlet oxygen (Junqueira et al. 2002; Severino et al. 2003). When the SDS 

concentration was lowered to 1 mM, DO15’s (15 µM, M/A ratio of 0.9 – Table 8) triplet–triplet 

absorption increased substantially and the triplet excited-state lifetime fell to 30 ns (Figure 

48b), which has the same magnitude as that reported for MB in the same SDS concentration 

(40 ns). The increase in the triplet–triplet absorption and the decrease in the triplet excited-

state lifetime, compared with the one observed at 50 mM SDS, can be explained by the 

increase in the intersystem crossing and by the dye–dye electron-transfer reaction in the 

excited state, which is faster than the energy transfer to molecular oxygen, favoring the 

formation of semioxidized and semireduced radicals of the photosensitizer (Junqueira et al. 

2002; Severino et al. 2003). To study DMMB (8 µM) in a similar M/A ratio, the same 
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measurement was carried out for DMMB in a 7 mM SDS solution (M/A ratio of 1.0 – Table 2). 

In this condition, no triplet–triplet signal was detected (Figure 48d), meaning that SDS-induced 

DMMB dimers are photochemically inactive (i.e. after light absorption there is rapid energy 

dissipation and triplets are not produced). This behavior is different from DO15 dimers, which 

are photochemically active, generating higher amounts of triplets and inducing electron-

transfer reactions in the excited state. 

 

 

Figure 48. Laser flash photolysis transient absorption profiles obtained at 435 nm with excitation at 532 
nm with (a) 15 µM DO15 with 50 mM SDS, (b) 15 µM DO15 with 1 mM SDS, (c) 8 µM DMMB with 50 
mM SDS and (d) 8 µM DMMB with 7 mM SDS. 

 

4.3.5. Efficiency and Characteristics of Membrane Damage 

To investigate and compare the efficiencies of membrane damage within this series of 

photosensitizers, liposomes containing the self-quenched fluorescent probe CF were irradiated 

for up to 120 min in the presence of MB, TBO, DMMB or DO15. As can be seen in Figure 49a, 

both MB and TBO promoted almost no variation in CF fluorescence during irradiation, similar 

to the control without photosensitizer. In contrast, the emission intensity at 517 nm was greatly 

increased by DMMB and DO15, indicating the occurrence of CF leakage. 
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Figure 49. (a) %CFrelease as a function of irradiation time (633 nm LED, with 34 W m-2 irradiance, at a 
10 cm distance), using soy lecithin liposomes and 15 µM photosensitizer in 0.3 M sodium chloride 10 
mM Tris buffer (pH = 8). t50 values correspond to the time needed to reach half of the maximum 
fluorescence intensity, as determined by fitting the Boltzmann function to the experimental data 
(Equation 7). (b)%Relative [TBARS] for each photosensitizer as a function of irradiation time. Soy 
lecithin liposomes with 30 µM photosensitizer (or no photosensitizer, as in the control) were irradiated 
with a 633 nm LED (68 W m-2 irradiance at a 10 cm distance). Each point/bar represents mean ± 
standard deviation. 

 

After 120 min of irradiation, DMMB and DO15 promoted almost the same end-point CF 

fluorescence, which was also similar to the fluorescence observed after the complete 

disruption of liposomes by addition of Triton X-100, indicating that 99 ± 3% and 100 ± 3% of 

the CF leaked in the presence of DMMB and DO15, respectively (see Equation 6). The small 
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variation in CF fluorescence seen with MB and TBO resulted in 3.1 ± 0.6% and 3.8 ± 0.7% of 

CF release, respectively. Although the final %CFreleased was similar for DMMB and DO15, 

complete CF leakage was achieved faster for DO15 than for DMMB, as shown by fitting these 

data with the Boltzmann function (Equation 7). DO15 reached 50% of CF leakage (as shown 

by the t50 parameter, corresponding to the time when %CFreleased equals 50%) after 44 min, 

while DMMB took 56 min to release the fluorescence probe to the same extent. It is noteworthy 

that the absorption spectra of MB and TBO, and not those of DMMB and DO15, had the best 

overlap with the LED emission spectrum (see 4.2.6 and Figure 44). DMMB and DO15 had the 

same overlap integral between their absorption spectra and the LED spectrum indicating that 

the same amount of photons was absorbed by these two dyes under these experimental 

conditions. 

To gain insight about the chemical changes taking place at the membrane, TBARS 

assay was used to access advanced stages of lipid oxidation. To perform these experiments, 

it was necessary to use liposomes and dyes at higher concentrations (see 4.2.6 and 4.2.7). 

We verified that under these concentrations irradiation for 5 h led to similar effects if compared 

to the previously described CF release experiments: MB and TBO did not release any 

measurable amount of CF, while DMMB and DO15 caused CF release, with the latter being 

also faster. As can be seen in Figure 49b, DO15 produced the higher concentration of TBARS, 

which was taken as reference (100%) for comparisons that follow. Samples irradiated with 30 

µM MB or TBO were no different than the control in terms of TBARS concentrations. On the 

other hand, irradiation in the presence of 30 µM DMMB produced 67 ± 5% and 74 ± 9% of the 

reference value, after 2 and 5 h of irradiation, respectively. Therefore, there is a relationship 

between CF release and TBARS generation. 

To understand how the CF release was related with structural changes within the 

membranes, liposome photooxidation was performed in the presence of DMMB and DO15, 

and structural studies were carried out by SAXS (MB and TBO were not used in these studies 

because of their low values of log Pm/s, %CFreleased and %Relative [TBARS]). The experimental 

conditions were exactly the same as for TBARS. SAXS allowed the quantification of two 
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properties of the liposome membranes: the thickness of the polar and nonpolar regions, as 

well as their respective electron densities (Figure 50a). These measurements showed two 

important pieces of information for control liposomal membranes (presence of the 

photosensitizer and absence of irradiation): (i) liposome membranes consisted of a single 

lamella, as multilamellar systems would give rise to diffraction peaks in the scattering curves 

(Fernandez et al. 2008; Domingues et al. 2013), which were not observed here; (ii) structural 

features of the soy lecithin-based membranes were not affected by the presence of the 

photosensitizer in the dark (Figure 50b). 

 

 

Figure 50. (a) Regions of the lipid bilayer considered in the model for Pt(q). Rpol, RCH2 and RCH3 
correspond to the thickness of the polar head, hydrocarbon chain and hydrocarbon chain end regions, 
respectively. ρpol, ρCH2 and ρCH3 correspond to the electron densities of these same regions, respectively. 
(b) Scattering curves obtained with soy lecithin liposomes in the presence of 30 µM DMMB or DO15, 
without irradiation. Soy lecithin membrane in the absence of photosensitizer presented identical SAXS 
profile (data not shown for clarity). (c) Scattering curves obtained after 0, 2 and 5 h of irradiation of the 
same systems as (b), with a 633 nm LED (68 W m-2 irradiance at a 10 cm distance). In (d), experimental 



170 
 

data obtained with DO15 are shown separately for each of the three different irradiation times along with 
the best fits (solid line) obtained by considering the scattering of large unilamellar vesicles (Equation 8)]. 

 

For DMMB there was almost no change on the profile of the SAXS scattering curves 

during irradiation (Figure 50c), with only a small increase in the diffuse scattering noticeable at 

larger q values. Such a diffuse scattering may be related to the presence of membrane 

fragments in solution as a consequence of photoinduced lipid oxidation (Caetano et al. 2007). 

Structural fitting parameters (i.e. thickness and electron density of both the head groups and 

tails of the lipids (Table 4)), did not change during irradiation within the evaluated experimental 

periods. Therefore, the presence of DMMB and light did not cause any significant change in 

the membrane structure noticeable by SAXS, even though CF permeated to the external 

compartment. 

When the same experiment was carried out with DO15 (Figure 50c), an increase in the 

diffuse scattering was also observed at larger q values. However, in this case, there were 

clearly more changes in the SAXS curves during irradiation, suggesting modifications in the 

lipid bilayer structure (Figure 50c). In fact, fitting of the experimental data with the membrane 

model (Figure 50, solid lines) revealed that the main changes induced by photooxidation 

occurred in the polar region: Rpol decreased by ca. of 2 Å (from 12.7 to 9.9 Å, Table 10), 

accompanied by an increase in the polar electron density ρpol (from 0.421 e Å-3 to 0.471 e Å-3, 

Table 10). Thus, under the photooxidation with DO15, the thickness of the polar shell that 

separates the outer buffer solution from the hydrophobic core decreased, and its electron 

density increased. 
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Table 10. Fitting parameters (Equation 8) obtained with the lipid bilayer model for soy lecithin liposomes 
irradiated in the presence of 30 µM DMMB or DO15 with a 633 nm LED (68 W m-2 irradiance at a 10 cm 
distance). 

 DMMB 

 0 h 2 h 5 h 

Rpol / Å 12.7 ± 0.4 12.7 ± 0.4 12.7 ± 0.4 

RCH2 / Å 10.9 ± 0.2 10.9 ± 0.2 10.9 ± 0.2 

RCH3 / Å 2.55 ± 0.05 2.55 ± 0.05 2.55 ± 0.05 

ρpol / e Å-3 0.421 ± 0.002 0.421 ± 0.002 0.421 ± 0.002 

ρCH2 / e Å-3 0.288 ± 0.002 0.288 ± 0.002 0.288 ± 0.002 

ρCH3 / e Å-3 0.199 ± 0.001 0.199 ± 0.001 0.199 ± 0.001 

 DO15 

 0 h 2 h 5 h 

Rpol / Å 12.7 ± 0.4 9.0 ± 0.5 9.9 ± 0.5 

RCH2 / Å 10.9 ± 0.2 10.7 ± 0.2 10.7 ± 0.2 

RCH3 / Å 2.55 ± 0.05 2.55 ± 0.05 2.55 ± 0.05 

ρpol / e Å-3 0.421 ± 0.002 0.463 ± 0.004 0.471 ± 0.004 

ρCH2 / e Å-3 0.288 ± 0.002 0.288 ± 0.002 0.288 ± 0.002 

ρCH3 / e Å-3 0.199 ± 0.001 0.199 ± 0.001 0.199 ± 0.001 

 

4.4. Discussion 

Many authors use ΦΔ as the main property to search for new and more efficient 

photosensitizers (Henderson and Dougherty 1992; DeRosa and Crutchley 2002). If ΦΔ in 

ethanol is taken solely into account to predict the photodynamic action of the four studied 

photosensitizers, one should not expect great differences between MB, TBO and DO15 in 

terms of damaging membranes. Indeed, based solely on its ΦΔ value, DMMB would be 

expected to be the best photosensitizer. Nonetheless, although it was effective in releasing 

CF, the time needed for achieved 50% %CFreleased was larger than that of DO15, it generated 

less TBARS and promoted no detectable structural modification in the membrane, 

contradicting this hypothesis. 
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There are several experimental and theoretical reports indicating that side groups affect 

the interaction of the photosensitizer with membranes (Pavani et al. 2009; Cordeiro et al. 2012; 

Engelmann et al. 2007; Ben-Dror et al. 2006). By comparing the efficiency of the series of 

phenothiazinium cations studied here, it is clear that those photosensitizers producing higher 

CF leakage are the ones with more positive log Pm/s values. This relation can be understood if 

one considers that a higher log Pm/s value increases the generation of reactive species close 

to the unsaturated lipid chains, and hence raises the probability that lipid oxidation takes place. 

This knowledge is not new, as we and others have also observed that amphiphilic 

photosensitizers are more efficient in terms of causing membrane damage (Pavani et al. 2012; 

Pavani et al. 2009; Cordeiro et al. 2012; Engelmann et al. 2007; Lavi et al. 2002; Rokitskaya 

et al. 2000; Ben-Dror et al. 2006). 

Nevertheless, the effect of log Pm/s is not limited to a matter of photosensitizer 

concentration. The current results show that aggregation, photophysical and photochemical 

parameters are also affected by the interaction with the membrane. Aggregation is governed 

by several factors such as photosensitizer concentration, temperature and ionic strength. For 

example, increasing ionic strength decreases the electrostatic repulsion between two 

monomers, and facilitates aggregation. Intermolecular forces (i.e. van der Waals and London 

dispersion), molecular geometry and hydrophobicity also play a role in aggregation. The 

outcome of this latter property is related to the hydrophobic effect: the higher the entropic gain 

of releasing water molecules when two dyes interact with each other, the higher the 

dimerization constant. This explains why MB and TBO presented lower aggregation tendency 

than DMMB, as these two are the more hydrophilic of the studied photosensitizers. The effect 

of structure is clear for DMMB and DO15: although the former is less hydrophobic than the 

latter, it faces less steric constraints than DO15, explaining why it aggregated the most. The 

lower aggregation of DO15 can be attributed to steric hindrance imposed by its bulky terminal 

rings (Table 7), which also avoid the formation of larger aggregates, like those exhibited by 

DMMB. Hence, the spatial constraints imposed by molecular geometry play a more important 

role than intermolecular forces and the hydrophobic effect, being therefore a decisive factor. 
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This conclusion has also been observed for other classes of photosensitizers. For example, 

an “L type” molecular scaffold totally abolishes the aggregation tendency of chlorins (Uchoa et 

al. 2011; Yazdani et al. 2012). 

The disaggregation of phenothiazinium photosensitizers in the presence of membrane 

is in agreement with the disaggregation observed in high SDS concentration (Junqueira et al. 

2002). Membranes provide electrostatic and hydrophobic interacting sites, competing 

favorably with interactions between photosensitizers. In this work, all photosensitizers 

exhibited an increase in M/A ratios in the presence of membranes. The effect was more 

prominent for DMMB and DO15 that bind more effectively to membranes. 

The decay curves of singlet-oxygen emission obtained in the presence of liposomes 

illustrated well one of the main concepts: that it is necessary to study excited-state 

photosensitizer processes in membranes to establish reasonable structure-activity 

relationships. Note that the amount of singlet oxygen decay within the membrane (Table 9) 

follows the same order as the efficiency of CF release (i.e. MB ≈ TBO < DMMB < DO15). It is 

also possible to relate singlet-oxygen emission to the M/A ratios in the presence of liposomes, 

MB, TBO and DMMB all being somewhat aggregated, and hence poorer singlet oxygen 

generators than DO15, which delivered more singlet oxygen to the membranes. 

The effect of aggregation was also shown to affect other photophysical properties. 

DMMB aggregates generated excited states that were deactivated before the formation of 

triplets, while dimers of DO15 caused an increase in the generation of triplets, which can 

engage in dye-dye electron-transfer reactions (Figure 47c). These observations fit well with 

SAXS results that showed a larger structural change when membranes were treated with 

DO15 and light. This dye is more concentrated in the membrane than in the solution, is the 

best singlet oxygen generator in membranes and also can generate more triplets and radical 

species (semioxidized and semireduced radicals of the photosensitizer), if dimerized. Hence, 

DO15 can either facilitate singlet oxygen generation or electron transfer reactions effectively. 

We assume that DO15 molecules bound to membranes will be in the monomeric state, given 

that membranes disaggregate DO15. The overall disaggregation of DO15 hence increases the 
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amount of photosensitizer molecules in the aqueous solution that are able to generate singlet 

oxygen. We hypothesize that proximity to the bilayer also allows for direct reactions with lipids. 

The generation of alkoxyl and peroxyl radicals induced by electron transfer reactions feeds the 

peroxidation chain reaction, leading to a more extensive formation of oxidized lipids and 

possibly to a richer composition of these (Girotti 2001). Analysis of SAXS curves showed that 

the electron density contrast of the polar head groups region was increased by irradiation in 

the presence of DO15. Changes in the lipid bilayer structure as a result of lipid oxidation are 

expected, given the conformation changes undergone by lipids upon oxidation. As 

demonstrated both experimentally and theoretically for some classes of oxidized lipids, 

hydroperoxyl and other oxygenated groups attached to the carbonic chain are brought to the 

membrane surface due to more favorable interaction with the solvent than with the nonpolar 

lipid chains (Riske et al. 2009; Weber et al. 2014; Aoki et al. 2015; Mertins et al. 2014). Mason 

and co-workers also observed by SAXS a decrease in the overall thickness of the membrane, 

using a classical Fenton reaction as a source of free radicals to induce lipid oxidation (ferrous 

sulfate/ascorbate system). The main changes they observed occurred at the carbonic chains 

and carbonic chain ends, and were attributed to the breakage of lipid chains (Mason et al. 

1997). Note, however, that in our work there was no observable shrinking in the hydrophobic 

region by SAXS, once RCH2 and RCH3 values (Table 10) remained constant under irradiation. 

Since the sole formation of hydroperoxides might not account for an increase in the 

electron density contrast of the polar head groups region, it may be inferred that the structural 

changes detected by SAXS should be a combination of the structural effects due to the 

different types of oxidized lipids and their quantity, which may be specific to photosensitization-

induced oxidation and also photosensitizer-dependent. The detected structural changes do not 

correlate exactly with TBARS generation, as DMMB had the same amount of TBARS as DO15 

after 2 h of irradiation, but showed no membrane structural changes. Hence, other kinds of 

oxidation reactions may be important for the architectural changes taking place at the lipid 

bilayer. 
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This work has demonstrated that the most efficient way to damage membranes would 

be to use a photosensitizer that binds strongly to the membrane, but at the same time avoiding 

aggregates that suffer quick excited-state deactivation. Although there is still some controversy 

concerning the spatial range in which the photodynamic mechanism acts, most researchers 

believe that it is highly localized because of the short lifetime of singlet oxygen in aqueous 

solution (Kuimova et al. 2009). The results of this work agree with this picture, adding a more 

detailed mechanistic explanation of the localized action of PDT. 

 

4.5. Chapter Conclusions 

In agreement with results obtained in living cells, the membrane damage efficiency 

followed the order DO15 > DMMB > MB ≈ TBO. For these photosensitizers, structure–activity 

relationships may be understood by quantifying membrane interaction in the first place but also 

by characterizing the details of the photosensitizer properties in membranes (i.e. the 

interactions and reactions between photosensitizers and membranes). We showed that 

membrane binding affects aggregation equilibria, which in turn affect the deactivation 

pathways of the triplet excited state, and observed that membrane binding was the main 

parameter regulating the efficiency of membrane damage. This should favor singlet oxygen 

generation closer to its chemical target. We hypothesize that direct reactions between lipids 

and photosensitizers may also be favored in this way and play an important role on membrane 

damage, which is discussed in the following chapters. 

We believe that this work also contributes to the literature by describing some methods 

and experimental protocols that were adapted and/or developed to obtain information of the 

photosensitizers properties in the membranes (aggregation state, triplet excited state and 

singlet oxygen decays and structure of the lipid bilayer). Membrane-based protocols can 

provide a better search mechanism for more efficient photosensitizers and, at the same time, 

allow understanding of the mechanisms at a deeper level, which is rarely possible with cells. 
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Chapter 5 – Biophysical Mechanisms of Membrane 

Permeabilization of DOPC Bilayers under Photoinduced 

Oxidation 

 

 

Irradiation of GUVs with photosensitizers MB and DO15 led to the same sequences 

of events, which culminate with gradual permeabilization to sugars. However, 

permeabilization was achieved faster with DO15, and also each photosensitizer 

responded differently to changes in light power. 

 

In the previous chapter, we studied the effects of four phenothiazinium photosensitizers 

in the photoinduced permeabilization of liposomes, and characterized the main interactions 

improving photosensitizer efficiency, as well as some of the outcomes of membrane oxidation. 

Here we explore the photoinduced effects of MB and DO15 on GUVs, with a biophysical 

perspective. The comparison between these two photosensitizers is very interesting, since 

they have similar photophysical and photochemical properties, but differ regarding their 

interaction with membranes. We show that the morphological transformations suffered by the 

GUVs irradiated with these photosensitizers were in accordance with the literature, and in both 

cases, we observed membrane permeabilization to sugars. We also observed that the time 

required for membrane permeabilization was around two times shorter for DO15 than for MB, 
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in accordance with its higher affinity to membranes. However, when we investigated the 

dependence of their permeabilization kinetics to variations on light intensity, two different 

outcomes were observed. For MB, the results were consistent with a previously reported 

reaction-diffusion model describing the formation of pore-forming lipids at a constant rate and 

their aggregation forming a pore. For DO15, a deviation from this model was observed, 

suggesting that the rate of formation of pore-forming lipids was actually growing during 

irradiation. These results showed that the prediction of permeabilization kinetics can be a 

mighty endeavor, with the outcomes depending on properties of the studied photosensitizer 

and specific interactions with the lipid membrane. 

 

A manuscript is being prepared from the content of this chapter. 

 

5.1. Introduction 

The modification of lipid bilayer permeability is one of the most striking but yet poorly 

understood physical transformations that follow photoinduced lipid oxidation. As extensively 

described in Chapter 1, membrane permeabilization under mild PDT conditions occurs via pore 

opening. The opening of pores is favored by oxidized lipids in a number of ways, for example, 

packing parameter stabilizing micelle-like structures, more polar character and higher chain 

mobility (Lis et al. 2011; Boonnoy et al. 2015). Molecular dynamics simulations show that these 

criteria are fulfilled by phospholipid aldehydes bearing shorter carbon-chains (Lis et al. 2011; 

Boonnoy et al. 2015), which have additionally been experimentally shown to increase the 

permeability of membranes already assembled with these molecules (Runas and Malmstadt 

2015; Runas et al. 2016; Ytzhak and Ehrenberg 2014). The molecular dynamics simulations 

of membranes containing aldehydes showed that randomly distributed aldehydes can form 

aggregates. These lead to the appearance of water defects that in turn evolve into pores (Lis 

et al. 2011; Boonnoy et al. 2015). 
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In a recent work, we proposed that the increase in permeability of photooxidized DOPC 

bilayers is controlled by the time required by the oxidized lipid species to diffuse and aggregate 

into pores. The model presented in our previous work predicted a variation of permeabilization 

kinetics with photosensitizer concentration and also with light power (Mertins et al. 2014). The 

concentration dependence was tested in this same work with MB, and here we test it for 

different light powers. Varying light power has the advantage of maintaining the chemical 

composition of the system, especially because many photosensitizers  display aggregation 

equilibriums that affect their photochemistry and may interfere in concentration-variation 

studies (Junqueira et al. 2002; Severino et al. 2003). Hence, this can be an interesting strategy 

to identify oxidation regimens without further complications. Besides MB, we also evaluated 

the effects of DO15, a photosensitizer that bears the same chromophore as MB, yet being 

more hydrophobic. We inquired if the model was able to distinguish mechanistic differences 

between both dyes. 

 

5.2. Materials and Methods 

5.2.1. Materials 

CF, diethylenetriaminepentaacetic acid (DTPA), glucose, MB, Sephadex G-50, SDS, 

sucrose and Triton X-100 were acquired from Sigma Aldrich. Chloroform, hydrochloric acid, 

sodium chloride, sodium hydroxide and Tris were acquired from Labsynth. DOPC was 

acquired from Avanti Polar Lipids. DO15 was synthesized according to reference (Wainwright 

et al. 2011). Milli-Q water (Millipore) was employed in all circumstances. 

 

5.2.2. Membrane Binding 

In order to prepare liposomes, 7.5 mg of DOPC were dissolved in chloroform, which 

was dried with an argon flow yielding a lipid film. A liposome suspension was obtained by 

hydration with 2 mL of 5 mM Tris buffer (pH = 7.6) and the mixture was agitated vigorously for 

3 min. The suspension was then centrifuged for 10 min at 16,000 g and the supernatant 
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containing the smaller liposomes was discarded. The remaining pellet was re-suspended with 

2 mL of the same buffer. This procedure was repeated three times to obtain a suspension of 

liposomes that sedimented well under centrifugation. Samples were prepared with 30 µL of 

the resulting suspension and enough buffer and photosensitizer in order to obtain 15 µM 

photosensitizer in 1 mL volume. After 1 h incubation, samples were centrifuged at 16,000 g for 

10 min. The supernatant was collected and diluted with a 50 mM SDS containing 10% of Triton 

X-100. The absorbance of the unbound dye (Abss) was compared to a sample lacking 

liposomes (Abs0) in order to calculate the distribution ratio Pm/s between the membrane and 

the aqueous solution, Pm/s = (Abs0 – Abss)/Abss. 

 

5.2.3. Liposome Leakage Assay 

The leakage of material from the inner compartment of liposomes was assessed using 

the fluorescent probe CF. When CF is present only in the aqueous compartment of liposomes 

and in a sufficiently high concentration, self-quenching occurs. However, leakage of CF to the 

outer solution results in dilution and in emission intensity increase. (Weinstein et al. 1977). The 

procedure was based on (Bacellar et al. 2014), with a few modifications. 15 mg of DOPC were 

dissolved in chloroform, which was dried with an argon flow yielding a lipid film. The film was 

hydrated with 0.5 mL of a 50 mM CF solution in 10 mM Tris buffer (pH = 8.0). The suspension 

was extruded using a 50 nm pore-diameter membrane and eluted in a Sephadex G-50 column 

equilibrated with 10 mM Tris buffer (pH = 8.0) containing 0.3 M NaCl and 0.1 mM DTPA (see 

discussion in 6.3.1 for the reasoning behind employing DTPA). The fraction containing 

liposomes was collected and used to prepare samples composed of 15 µL of liposome 

suspension and enough buffer and photosensitizer in order to obtain a 15 µM photosensitizer 

concentration and a total volume of 300 µL. Samples were placed in a 96-well microplate and 

irradiated with a LED array emitting at 631 nm with 72 W m-2 irradiance. Fluorescence emission 

was detected with a SpectraMax i3 (Molecular Devices) microplate reader with excitation and 

emission wavelengths set at 485 and 517 nm, respectively. 
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5.2.4. GUV Leakage Assay 

GUVs were grown by the electroformation method (Angelova and Dimitrov 1986). 5 µL 

of a 1 g L-1 DOPC solution in chloroform were spread over the conducting face of each of two 

ITO-coated glass slides. Chloroform was evaporated under vacuum for 45 min. Sigillum Wax 

(Vitrex) was placed around the lipid film of one of the slides and the second slide was used to 

assembly a chamber. The compartment was then filled with a 0.1 M sucrose solution and then 

the glass slides were connected to an alternate current source (Agilent 33120 A 15 MHz 

Function/ Arbitrary Waveform Generator) with 10 Hz frequency and 1 V tension for 2.5 h. Prior 

to experiments, aliquots of the resulting GUV sample were diluted 10x with 0.1 M glucose 

solution containing enough photosensitizer to have a final photosensitizer concentration of 4 

µM. Osmolarities of glucose and sucrose were checked with a cryoscopic osmometer 

(Osmomat 030 Cryoscopic Osmometer, Genotec).  

Coverslips separated by a spacer (Coverwell Perfusion Chambers PC4L-2.0, Grace 

Bio-Labs) were used for observation in an Eclipse TE 200 inverted microscope (Nikon) with a 

Plan Fluor ELWD 40x/0.60 objective (Nikon). A digital camera (18.0 Monochrome w/o IR, 

Diagnostic Instruments Inc.) and a homemade software were used to acquire images. 

Irradiation was achieved with a mercury lamp (HBO 103 W/2 – see Figure SM 7 for spectrum), 

whose maximum intensity (I ~ 10 kW m-2) could be reduced 4- (I/4) or 8-fold (I/8) by filters. We 

observed that the mercury lamp alone, as the halogen lamp used for observation, had no 

effects in GUVs lacking photosensitizer in the experiment timescale. The camera and the 

halogen lamp used for observation were left on during all the experiment, being irradiation 

shortly interrupted by a shutter for observation. Irradiation time was calculated taking into 

account solely the time when the light was reaching the sample (white images), plus the last 

image before each irradiation period. The analyzed images were the ones that were the 

antepenultimate before a white image. Image selection was automated with an Excel 

spreadsheet and selected images were analyzed with a homemade software (New Magneto). 

Intensity linear profiles (6 pixels width) ware traced through the vesicle diameter, and the 
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difference between the maximum and the minimum point of each profile was called “contrast” 

(Mertins et al. 2014). Contrast was plotted as a function of the irradiation time and Boltzmann 

sigmoidal functions (Origin Lab 8.0) were fitted to the resulting curves. 

 

5.3. Results 

Pm/s, the distribution ratio of photosensitizer between membrane and solution, was 

determined for MB and DO15 in DOPC liposomes, yielding values of 0.03 ± 0.04 and 1.8 ± 

0.1, respectively. Differently from MB, that barely binds to liposomes, around two thirds of 

DO15’s molecules stayed in the membranes, if considering a 1.8:1 proportion between 

membrane and water. 

To initially characterize the permeabilization effects of the photosensitizers in 

membranes, DOPC liposomes containing self-quenched CF were irradiated in the presence 

of MB and DO15 (15 μM). As can be seen in Figure 51, similarly to a control without 

photosensitizer, irradiation in the presence of MB did not lead to a significant increase in CF 

fluorescence. On the other hand, irradiation with DO15 increased the fluorescence at 517 nm, 

indicating dilution of the probe to the outer solution. It is possible to notice that CF emission 

did not increase at a constant rate, being slower in the beginning of the experiment. The higher 

efficiency of DO15 is in agreement to data in soy lecithin liposomes (Chapter 4), and can be 

related to the higher partition of DO15 in membranes when compared to MB. 
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Figure 51.  CF emission intensity at 517 nm as a function of irradiation time (631 nm LED, with 72 W 
m-2 irradiance), using DOPC liposomes and 15 μM photosensitizer in 10 mM Tris buffer (pH = 8) with 
0.1 mM DTPA and 0.3 M NaCl. 

 

Irradiation of DOPC GUVs immersed in a 4 μM MB or DO15 solution led for both cases 

to vesicle morphological changes similar to those reported in (Mertins et al. 2014; Weber et al. 

2014; Riske et al. 2009; Heuvingh and Bonneau 2009; Kerdous et al. 2011) for different 

photosensitizers, as depicted in Figure 52 for MB. Under phase contrast microscopy, the GUVs 

were spherical at the beginning of the experiment. After some irradiation time, membrane 

shape fluctuations could be seen and the GUVs assumed irregular forms. The GUVs then 

recovered a spherical shape and progressive loss of contrast could be observed. The opening 

of pore was also observed, as shown in Figure 17 from Chapter 1, under the exact same 

experimental conditions. The striking difference between the observations with MB and DO15 

was the difference between the times required for loosing contrast, the time values being 

smaller for DO15 than for MB, as it will be further discussed below. 
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Figure 52. Phase contrast microscopy images of a DOPC GUV irradiated with 4 μM MB and light 
intensity of I/8 (see 5.2.4), at different irradiation times. 

 

Contrast values as a function of irradiation time were plotted for GUVs irradiated with 

MB or DO15 under different light intensities (I, I/4 and I/8), leading to the time functions 

displayed in Figure SM 8. All the time profiles can be well fitted by a Boltzmann function 

(Equation 9) interpolating between the initial (A1) and the final contrast values (A2), with a half 

decay time  and width d. Figure 53 shows these plots where the contrast is normalized by its 

initial and final values A1 and A2 (i.e. plotted as a function of (Contrast-A2)/(A1-A2)) and the time 

evolution is centered at zero and normalized by the time width (i.e. plotted as a function of 

(t-).

 

Contrast = A2 + (A1 - A2)/[1 + e(t-/)]  Equation 9 
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Figure 53. (A-F) Variation of the normalized contrast, plotted as (Contrast-A2)/(A1-A2), as a function of 

normalized irradiation time (t-)/ for GUVs irradiated with 4 μM MB or DO15 under different light 
intensities. Each color shade corresponds to an experiment with a different GUV. That all normalized 
time profiles follow well a Boltzmann function is shown in (G) where all data collapse in a single master 
plot. 

 

5.4. Discussion 

DOPC membrane permeabilization by MB and DO15 was studied by two different 

techniques, based either on the release of the fluorescent probe CF from the interior of 

liposomes or breakage of sugar asymmetry in GUVs. DO15 was more efficient than MB in both 

cases, actually being the sole photosensitizer able to permeabilize liposomes in the studied 
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time frame. However, when the irradiance employed in both types of assays is compared, the 

GUV experiment may be leading to a rate of production of oxidized lipids that is larger by a 

factor of 102, which can reach 103 per lipid if the ratios between the concentrations of lipid and 

photosensitizers are also considered. Therefore, this suggests that both experiments were 

operating at very different photodynamic doses, and that MB might be able to promote CF 

leakage in way longer timescales. In addition to that, this fact highlights the importance of 

understanding how PDT, and specifically photoinduced membrane permeabilization, respond 

to changes in photosensitizer concentration and light power, the latter being the motivation of 

this work. 

The morphological changes of the DOPC membrane displayed in Figure 52 are 

induced by the irradiation in the presence of the photosensitizers. They were first reported in 

GUVs by Caetano et al. (Caetano et al. 2007) and since then identified as corresponding to 

different oxidation steps of the membrane. The first oxidized lipid species generated by the 

reactions with singlet oxygen are lipid hydroperoxides. Formation of lipid hydroperoxides leads 

to an increase in the area per lipid of about 20% (Weber et al. 2014; Riske et al. 2009) 

explaining the strong fluctuations first observed, but does not lead to membrane disruption or 

permeability with respect to sucrose or glucose (Weber et al. 2014): optical contrast is 

preserved under lipid hydroperoxidation. Further oxidation beyond hydroperoxides eventually 

results in different lipid species, including phospholipid with one or two carbon short chains 

and bearing aldehyde groups. Accumulation in the membrane of these oxidized lipids with one 

or two short carbon chains is believed to lead to permeation and eventually to membrane 

disruption (Caetano et al. 2007; Boonnoy et al. 2015; Cwiklik and Jungwirth 2010). We call 

these oxidized species “pore-forming” lipids. Since they are randomly generated on the 

membrane, the formation of a pore first requires diffusion and aggregation into a pore. We 

have previously computed the consequences of this scenario for the kinetics of pore formation 

(Mertins et al. 2014). As illustrated in Figure 54, central to our prediction is the time required 

to form an aggregate with n pore-forming lipids  
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n = 2  D  t2 (ln(t/t0))-1  Equation 10 

 
 

where D is the lipid’s diffusion coefficient,  the rate of oxidation of pore-forming lipids 

and t0 the time required for a lipid to explore a pore size. The factor t2 is a direct consequence 

of assuming a constant production rate for the oxidized lipids, and in the simple case where a 

photosensitizer does not interact with the membrane, the production rate is expected to be 

proportional to photosensitizer concentration cPS and light intensity I, ~ cPS I. Given a value 

nc of oxidized lipids required to form a pore, inversion of Equation 10 provides an equation for 

the permeation time as a function of cPS and I. In this case, the time t for pore formation will be 

proportional to the experimentally-determined parameter . We have previously shown for a 

MB/DOPC system that the time dependence of permeation time with MB concentration cMB 

follows approximately the expected scaling law ~ cMB
 -1/2. Here we fit the data from Figure 55 

with Equation 10 for the dependence of  with light intensity I. The fitting procedure confirms 

that the approximate scaling relation ~ I -1/2 also holds, but it also shows that a significantly 

better fit (displayed in Figure 55) is obtained by using the full expression (Equation 10), which 

includes also the logarithmic term that is neglected in the scaling approximation.   

 

 

Figure 54. (A) Shows a seed pore-forming lipid being formed in the membrane, from the reference of 
which other lipids diffuse towards it (B). This leads to a pore seed (C), which then evolves into an active 
pore once the pore seed has nc lipids (D). As represented in (E), for MB, the formation rate of pore-
forming lipids being constant, the number of these lipids grows proportionally to irradiation time (t), 
whereas for DO15 it grows proportional to t1.65, implying a time-dependent formation rate ~ t0.65. 
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Figure 55. Plots of the times  (mean ± standard deviation) for contrast loss extracted from the data in 
Figure 53 and fitted as explained in the text. 

 

Contrary to the case of MB, the results for the permeation time induced by DO15 

photosensitization cannot be fitted by Equation 10. An acceptable fit (displayed in Figure 55) 

can nevertheless be obtained by changing the power of the time dependence of equation from 

n ~ t2 to n ~ t2.65. Such a dependence points to a rate of generation of the pore-forming species 

which is not constant, but grows rather as t0.65. These results are schematized in Figure 54e. 

Several tempting hypotheses can be formulated to account for an increase in the oxidation 

rate with roughly the square root of time. One effect that could account to that is an increase 

of the amount of DO15 molecules adsorbed on the membrane. Such increase could be due to 

a simple intrinsic factor such as the kinetics of adsorption from the bulk which indeed is 

expected to display a square root variation with time, or to more intricate reasons such as the 

coupling of membrane oxidation and membrane affinity for the DO15 molecule. It is also 

appealing to hypothesize that novel reactions leading to pore-forming lipids would become 

available once intermediate species of lipid oxidation are formed. However, testing this 

hypothesis requires precise knowledge on the contact-dependent reactions between 

photosensitizers and lipids, and also of the involved kinetics schemes. 
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5.5. Chapter Conclusions 

In a previous publication using the photosensitizer MB (Mertins et al. 2014), a reaction-

diffusion model was proposed to describe membrane permeabilization, encompassing the 

production of pore-forming lipids in a constant rate and their aggregation leading to pores. The 

model was in accordance with the observed photosensitizer concentration-dependence of the 

time needed for GUV loss of contrast, and additionally foresaw that the same type of 

dependence would be observed with variation of light power. We herein prove the validity of 

this model, by showing that the variation of light power leads to the expected kinetics 

responses for MB. However, we also show that this model cannot be fitted to data obtained 

with the more hydrophobic photosensitizer DO15 unless a growing rate of production of pore-

forming lipids is assumed. Although further experiments are needed to indicate the exact cause 

of this difference, it is evident that the events leading to membrane permeabilization are 

intricately dependent on photosensitizer type and their interactions with lipid bilayers. As 

shown by Mertins et al., variation of MB concentration affected permeabilization kinetics 

differently for POPC and DOPC (Mertins et al. 2014). It would not be surprising if the 

differences between both lipids also held true for variable light powers, and that an even distinct 

outcome would be obtained by scanning DO15 concentrations. The practical consequence 

and take-home message is that PDT efficiency cannot be simply maximized by increasing light 

power or photosensitizer concentration. Rather than that, maximum efficiency will be achieved 

by seeking photosensitizers acting through specific mechanisms and understanding their 

mode of action at molecular level. 

 

5.6. Chapter Supplementary Material 

5.6.1. Spectrum of the Light Source for GUV Experiments 
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Figure SM 7. Emission spectrum of the mercury lamp used for GUV irradiation. 

 

5.6.2. Raw Data for Permeabilization Kinetics in GUVs 

 

Figure SM 8. Raw data for the variation of contrast as a function of irradiation time for GUVs irradiated 
with 4 μM MB or DO15 under different light intensities. Each color shade corresponds to an experiment 
with a different GUV. For each GUV, the corresponding Boltzmann function is shown. 
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Chapter 6 – The Chemical Pathway to Photoinduced Lipid 

Membrane Permeabilization 

 

 

When photosensitizers promote oxidation of membrane lipids, some types of 

oxidized lipids lead to membrane permeabilization. The oxidation products formed 

and the photosensitizer efficiency to permeabilize membranes depend both on the 

properties of the triplet excited state of the photosensitizer and also on its 

immersion depth into the membrane. 

 

 

The main goal of this chapter is to characterize the oxidized lipids generated during 

membrane permeabilization and relate the detected oxidation products to the kinetics of 

membrane permeabilization by photosensitized oxidation. We used two photosensitizers that 

are photophysically similar (MB and DO15), but which have different membrane affinities, to 

compare the products formed during the temporal evolution of the steps leading to membrane 

permeabilization. We detected four different classes of oxidized lipids, namely hydroperoxides, 

alcohols, ketones and aldehydes. This analysis, complemented by studies of photosensitizer 

photolysis and peroxyl radical detection, allowed us to propose pathways involved in the 

formation of these products. We related our findings to literature data, suggesting which are 

the important oxidized lipids products and reactions leading to membrane permeabilization. 

We also highlighted the fact that singlet-oxygen mediated lipid oxidation is not enough for these 
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transformations to take place, demonstrating the role of contact-dependent reactions. We hope 

our findings will be used to improve PDT photosensitizers.  

 

A manuscript is being prepared from the content of this chapter. 

 

6.1. Introduction 

Lipid membranes are one of the targets of photosensitized biological oxidations  

operating in PDT and cutaneous photoaging (Girotti 2001; Valenzeno 1987). As a result of lipid 

oxidation, lipid membranes undergo changes in the area occupied per lipid, membrane 

thickness, membrane fluidity, phase behavior and permeability. These topics were extensively 

revised in Chapter 1 and are also well addressed in the literature (Itri et al. 2014). Membrane 

permeabilization has a potentially cytotoxic role in PDT, given that disruption of plasma or 

organelle membranes can trigger cell death pathways (Bacellar et al. 2015; Boya and Kroemer 

2008). However, literature still lacks the chemical details of the interactions and reactions 

leading to membrane permeabilization. 

Several studies show the role of photosensitizer binding to membranes as a 

precondition to efficient membrane damage and even cell death (Valenzeno 1987; Hoebeke 

1995; Pavani et al. 2012; Bacellar et al. 2014). These effects are often attributed to the fact 

that singlet oxygen, one of the key reactants in photooxidation reactions, diffuses in average 

less than 100 nm in water (Hackbarth et al. 2016). Alternatively, membrane binding sets the 

photosensitizer closer to the target sites in the lipids, increasing the rates of direct reactions 

between them. Indeed, higher membrane damage efficiency is related to deeper 

photosensitizer penetration in the membrane (Voszka et al. 2007; Engelmann et al. 2007; 

Mojzisova et al. 2009). We set our rationale accordingly, dividing the initial steps of lipid 

photooxidation reactions in two main-pathways: contact independent and contact dependent. 

Whereas in the latter case the lowest triplet excited state of the photosensitizer directly reacts 

with lipids, in the former case it catalyzes the formation of singlet oxygen that in turn reacts 

with lipids. We followed this rationale aiming to identify the oxidized lipid species leading to 
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membrane permeabilization and the mechanisms accounting for the formation of these 

species. 

The outcome of lipid oxidation will depend on the pathway taking place. This topic of 

research has been investigated for quite some time and there is already a substantial amount 

of information available. The contact-independent pathway mainly involves formation of lipid 

hydroperoxides by singlet oxygen ene reaction (Girotti 2001; Foote 1968). In the contact-

dependent pathway, the triplet excited state of the photosensitizer either reacts with the 

unsaturated chain of a non-oxidized lipid or with a pre-formed lipid hydroperoxide. The former 

case (i.e. initiation of lipid peroxidation by direct reaction with a non-oxidized lipid) is closer to 

the classical description of lipid peroxidation, in which a lipid suffers hydrogen abstraction and 

forms a carbon-centered lipid radical. A peroxyl radical is then formed by quick reaction of this 

radical with molecular oxygen, and subsequently can yield a hydroperoxide by hydrogen 

abstraction. The newly formed carbon-centered radical can engage into new propagation 

cycles and extend lipid oxidation (Girotti 2001; Frankel 1984; Yin et al. 2011).  

Even though hydroperoxides have been shown to change properties of lipid bilayers 

(e.g., area occupied per lipid and mechanical properties), both experimental and computational 

studies suggest that these species are not responsible for the increases in membrane 

permeability (Weber et al. 2014; Yusupov et al. 2017; Boonnoy et al. 2015). Therefore, the fact 

that GUVs and liposomes are prone to permeabilization under PDT conditions implies that 

other kinds of oxidized lipids account for this effect. This is very well possible, since radical-

mediated lipid peroxidation can form products other than lipid hydroperoxides. However, the 

chemical composition of photooxidized membranes with increased permeability was never 

experimentally determined. Phospholipid aldehydes with shorter carbon chains have actually 

been shown to increase membrane permeability in molar fractions as low as 2% (Ytzhak and 

Ehrenberg 2014), while also leading to pore opening in molecular dynamics simulations (Lis 

et al. 2011; Boonnoy et al. 2015; Wong-Ekkabut et al. 2007; Cwiklik and Jungwirth 2010; Van 

der Paal et al. 2016). Nonetheless, the formation of aldehydes in situ was on no occasion 

correlated to increases in membrane permeabilization. 
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In this chapter, we employed a system of two photosensitizers that generate the same 

quantity of singlet oxygen in isotropic solution, but that bind to membranes to different extents. 

We employed chemical analysis by HPLC-MS, a membrane leakage assay and 

photobleaching experiments to identify the lipids present before and after membrane 

permeabilization, to get hints on the oxidation mechanisms and to show the role of direct 

reactions of the triplet excited state. 

 

6.2. Materials and Methods 

6.2.1. Materials 

Cadmium acetate, CF, formic acid, MB, potassium iodide, 1-pyrenebutyric hydrazide 

(PBH), Sephadex G-50, sodium borohydride, SDS, tert-butyl hydroperoxide solution (70% in 

water) and Triton X-100 were acquired from Sigma Aldrich (Saint Louis, MO). ALDOPC, 

DOPC, DPPC, POPC, POVPC were acquired from Avanti Polar Lipids (Alabaster, AL). Acetic 

acid, ascorbic acid, ammonium thiocyanate, hydrochloric acid, iron (III) chloride hexahydrate, 

perchloric acid, potassium dichromate, potassium dihydrogen phosphate, sodium chloride, 

sodium molybdate dihydrate, sulfuric acid and tris(hydroxymethyl) aminomethane were bought 

from Labsynth (Diadema, Brazil). Solvents were acquired from J.T. Baker in HPLC grade. 

DO15 was synthesized as previously reported (Wainwright et al. 2011). Milli-Q water was used 

for preparing all aqueous solutions. 

 

6.2.2. CF Leakage Assay  

Lipid films containing 15 mg of POPC were prepared from evaporation of stock 

solutions in chloroform. The films were hydrated with 0.5 mL of a 50 mM CF solution in 10 mM 

Tris buffer (pH = 8). Short steps of sonication in an ultrasonic bath USC1400-A (Unique – 

Indaiatuba, Brasil) and vortexing were used to completely detach the lipid film. The resulting 

suspensions were extruded through a polycarbonate membrane (50 nm pore diameter, 

Whatman – Maidstone, Inglaterra) using a mini-extruder from Avanti Polar Lipids. The extruded 
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suspensions were eluted through a Sephadex G-50 column equilibrated with a 0.3 M sodium 

chloride solution in 10 mM Tris buffer (pH = 8), in order to remove non-encapsulated CF. Since 

at this pH CF is anionic and does not cross the membrane, the resulting liposome suspension 

contains CF only in the inner compartment of the liposomes. The fact that CF’s fluorescence 

is self-quenched at 50 mM concentration allows to monitor leakage of this molecule to the 

outer solution, since dilution therein will result in fluorescence intensity increase (Aschi et al. 

2008; Chen and Knutson 1988; Weinstein et al. 1977). Samples were prepared in a 96-well 

microplate, with each well containing 15 μL of lipid suspension, 15 μM photosensitizer (MB or 

DO15, except for the control without photosensitizer) and enough 0.3 M sodium chloride 

solution in 10 mM Tris buffer (pH = 8) to reach a 300 μL volume. CF fluorescence was 

monitored using a SpectraMax i3 plate reader (Molecular Devices – Sunnyvale, CA), exciting 

at 480 nm and detecting at 517 nm. The same equipment was used to measure absorbance 

of MB (at 633 nm) or DO15 (at 680 nm) under the same conditions. Irradiation was performed 

with a LED array with maximum emission at 631 nm and FWHM of 18 nm. In the irradiation 

area, irradiance was of 72 ± 1 W m-2 at a 20 cm distance, as determined with a Fieldmate 

power meter Fieldmate (Coherent - Portland, OR) coupled to a OP2-Vis detector. %CFreleased 

was calculated as explained in section 4.2.6. 

 

6.2.3. Membrane Binding  

Membrane binding equilibrium constants of photosensitizers (Kb) were estimated by 

separating unbound and bound photosensitizers molecules by the use of liposomes that 

sediment upon centrifugation (Engelmann et al. 2007; Bacellar et al. 2014; Mertins et al. 2014; 

Pavani et al. 2009). Two 30 mg POPC films were hydrated with 1 mL water each. The resulting 

suspensions were centrifuged at 17,000 g for 3 min, after which the supernatants were 

discarded and the sediments were suspended with 1 mL water. This centrifugation and re-

suspension step was repeated two more times, after which both suspensions were united. 

Eppendorf tubes were then prepared with variable volumes of liposome suspension (0-150 µL) 

and completed with photosensitizer solutions and water to a final volume of 1.150 mL and 15 
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µM photosensitizer concentration. Samples containing no liposomes included 150 µL of a 

surfactant solution (50 mM SDS + 10% Triton X-100 in water) instead. After 30 min of 

incubation, samples were centrifuged, the supernatants were removed and mixed to equal 

volumes of surfactant solution, and the sediments were dissolved with 1 mL of surfactant 

solution. The addition of surfactants prevents photosensitizer aggregation and dissolves 

liposomes. For each sample, UV-Vis absorption spectra of both fractions were acquired, and 

the absorbance value at λmax was used to calculate the photosensitizer molar fraction (YPS) 

bound to liposomes or dissolved in water and then Kb. To calculate Kb, the total photosensitizer 

concentration ([PS]T) was considered to be the sum of the concentrations of photosensitizers 

bound to lipids or dissolved in water ([PS-L] and [PS], respectively). These concentrations are 

related by Kb[L] = [PS-L]/[PS]. For the sediment and the supernatant, YPS = [PS-L]/[PS]T and 

YPS = [PS]/[PS]T, respectively. Based on the Beer-Lambert law, [PS]T was considered to be 

proportional to the absorbance of the sample without photosensitizer, [PS-L] to half of the 

absorbance of the sediment fraction, and [PS] to the absorbance of the supernatant fraction. 

YPS was plotted as a function of the lipid concentration ([L]), which was measured as 27.8 mM 

(Stewart 1980). For the sediment fraction the model YPS = Kb[L]/(Kb[L] + 1) was fitted to the 

graphs, while YPS = 1/(Kb[L] + 1) was fitted for the supernatant fractions. 

 

6.2.4. Molecular Dynamics Simulations of Photosensitizer/Membrane Interaction 

Molecular dynamics simulations were performed using the GROMACS 4.5.1 simulation 

package (Hess et al. 2008; Van Der Spoel et al. 2005) and carried out in collaboration with 

prof. Dr. Ronei Miotto, Dr. Elierge B. Costa and prof. Dr. Rodrigo Cordeiro. Molecular motions 

were computed by numerical integration of Newton's equations with a time step of 2 fs.  Fully 

hydrated lipid bilayers made of POPC were represented using the force field developed by 

(Kukol 2009). The interaction parameters were based on the GROMOS53A6 force field 

(Oostenbrink et al. 2004), in which aliphatic carbon atoms and their adjacent hydrogens are 

treated as united atoms. To simulate fully hydrated lipid bilayers, the SPC model (Berendsen 

et al. 1981) was used for water. A sole oxygen molecule was added to the aqueous phase. 
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The oxygen molecule dissolved in the membrane was described with parameters taken from 

the literature (Fischer and Lago 1983). For compatibility, MB and DO15 were assembled using 

the standard functional groups in the GROMOS53A6 force field (Oostenbrink et al. 2004). The 

partial charges of MB and DO15 were taken from density functional calculations performed 

using the Gaussian package (Frisch 2009). 

Starting configurations for molecular dynamics were obtained from a pre-equilibrated 

membrane patch with 128 lipid molecules. The photosensitizers were initially placed at the 

aqueous phase at a distance of ca. 3 nm from the bilayer surface. Sets of eight MB or DO15 

molecules were added. Cl- ions were added to neutralize the system. Overall, each simulated 

system had lateral dimensions of ca. 6.2 nm parallel to the membrane surface (xy plane) and 

ca. 8.5 nm along the bilayer normal (z axis). Periodic boundary conditions were applied in all 

Cartesian directions. The simulation protocol started with an equilibration run for 5.5 ns, during 

which the position of the photosensitizers was kept restrained. The molecules were then 

released and molecular trajectories were recorded for 500 ns under controlled temperature 

(310 K) and pressure (1 atm).  

Photosensitizer binding to membrane was followed in time by recording both the 

position and the orientation of the different photosensitizers with respect to the bilayer. Density 

distributions of the membrane building blocks, oxygen and the photosensitizer were calculated 

along the z axis. Further details of our theoretical modeling can be found in (Cordeiro et al. 

2012). 

 

6.2.5. Preparation of Lipid Samples for Chemical Analysis 

The procedure for preparation of POPC films and hydration was the same as before, 

but hydration employed only water. After extrusion, the suspension was distributed in 

microplate wells for the irradiation procedure. All experiments were performed in water and the 

concentration of photosensitizer was kept at 15 µM. For the quantification of POPC 

hydroperoxides, alcohols and ketones (see 6.2.11) and for the relative quantification of all 

oxidation products at longer irradiation times (see 6.2.14), the liposome suspension volume 
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per well was 4 µL (to correct for the higher concentration if compared to the CF-containing 

suspension, which is diluted in the chromatographic separation). For the quantification of 

POPC-derived aldehydes (see 6.2.13), the liposome suspension volume was raised to 10 µL. 

The same irradiation procedure from 6.2.2 was employed, with samples being collected from 

wells at different irradiation times and immediately transferred to dry ice. Lipids were then 

extracted using the Bligh-Dyer method (Bligh and Dyer 1959). Different experiments used 

different volumes for extractions, but keeping the same proportions. Briefly, sample (0.8 

volume), methanol (2 volumes) and chloroform (1 volume) were added to a tube, in addition to 

a small volume of an internal standard solution. After the mixture was vortexed, chloroform (1 

volume) and water (1 volume) were added to the tube, which was centrifuged at 1,500 g for 2 

min. The lower phase was collected and a re-extraction was carried out by addition of extra 

chloroform to the tubes. The combined collected fractions were dried under a nitrogen flux. For 

the quantification of POPC hydroperoxides, alcohols and ketones (see 6.2.11 and 6.2.14), 

sample volume was 280 µL, the final suspension was in 875 µL of methanol and the final 

concentration of internal standard (DPPC) was 0.01 mg mL-1. For the quantification of POPC-

derived aldehydes (see 6.2.13), sample volume was 1120 µL, the final suspension was in 80 

µL of isopropyl alcohol and the final concentration of internal standard (POVPC) was 8 µg mL-

1. Specifically for the detection of aldehydes in the relative quantification of all oxidation 

products at longer irradiation times (see 6.2.14), sample volume was 250 µL, the final 

suspension was in 35.7 µL of isopropyl alcohol and the final concentration of internal standard 

(POVPC) was 8 µg mL-1. 

 

6.2.6. UHPLC-UV Analysis of POPC Oxidation Products 

Ultra-high performance liquid chromatography with ultraviolet absorption detection 

(UHPLC-UV) was employed to analyze POPC oxidation products. Analyses were carried out 

in a Shimadzu UHPLC Nexera chromatograph equipped with a SPD-M20A PDA detector, 

operating from 190 to 300 nm. A C8 Kinetex column (100 x 2.1 mm, 1.7 μm, Phenomenex) 

was employed and samples were eluted at 40 oC with a water/acetonitrile linear gradient at 0.5 
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mL min-1 flow rate. The percentage of acetonitrile was kept at 63% for the initial 17 min, raising 

to 100% at 18 min and keeping at this percentage until 23 min, when it started dropping. At 25 

min acetonitrile percentage was back to 63%, and held at this level until the end of the run at 

30 min. The injection volume was 5 μL, employing already extracted samples. 

 

6.2.7. Synthesis of POPC Hydroperoxides 

POPC hydroperoxides were synthesized by singlet oxygen oxidation of POPC, using 

MB as a photosensitizer (Miyamoto 2005). 50 mg of POPC, 250 μL of a 10 mM MB solution in 

methanol and 20 mL of chloroform were added to a round-bottom flask. For 2.5 h, the mixture 

was kept under agitation in an ice bath and under oxygen atmosphere, while being irradiated 

with a 500 W tungsten lamp. The reaction was followed by UHPLC-UV, using the method from 

6.2.6. The mixture was then rotevaporated, suspended in a smaller volume of methanol and 

eluted through a silica column equilibrated with a chloroform/methanol mixture 1:1 to remove 

MB. The product was purified by HPLC at room temperature, using a semi-preparative Luna 

C18 column (250 x 10 mm, 5 μm, Phenomenex – Torrance, CA) and methanol (5 mL min-1) as 

an eluent. The collected fractions were united and concentrated in 1 mL of methanol. The 

product was analyzed by HPLC-MS (see 6.2.11) and quantified (see 6.2.10), resulting in 24% 

yield and 28 ± 3 mg mL-1 concentration. 

 

6.2.8. Synthesis of POPC Alcohols 

The methodology employed to synthesize POPC alcohols was based on reduction of 

POPC hydroperoxides (Miyamoto 2005; Terao et al. 1988; Derogis 2014). 250 μL of POPC 

hydroperoxide (see 6.2.7), 750 μL of methanol and 1 mg of sodium borohydride were mixed in 

a test tube in ice. After a 2 h reaction time, 1 mL of water, 20 μL of 10 M hydrochloric acid and 

2 mL of a 1:1 hexane/diethyl ether mixture were added to the tube. After the mixture was 

vortexed and then centrifuged (1,500 g for 1 min), its upper phase was collected. A first re-

extraction was carried out with extra 2 mL of the hexane/diethyl ether mixture, and a second 

one was performed by adding 2 mL of chloroform and collecting the lower phase. The collected 
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fractions were united and concentrated in 0.5 mL of methanol. The product was analyzed by 

HPLC-MS (see 6.2.11) and quantified (see 6.2.10), resulting in 68% yield and 9.4 ± 0.5 mg 

mL-1 concentration. 

 

6.2.9. Synthesis of POPC Ketones  

POPC ketones were obtained by oxidizing POPC alcohols with chromic acid (Dong et 

al. 2007). 10 μL of POPC were dried in a test tube using a nitrogen flux. The residue was 

dissolved with 380 μL of acetone and 20 μL of a chromic acid solution (prepared by mixing 

equal volumes of 0.5 M potassium dichromate and 4 M sulfuric acid). The reaction was kept 

at room temperature for 20 min, being frequently vortexed. Subsequently, 600 μL of water and 

1 mL of hexane were added to the tube. After centrifugation, the upper phase was collected 

and re-extraction was performed with another 1 mL of hexane. The residue of the evaporation 

of the combined collected phases was dissolved in methanol and purified by HPLC, with the 

same conditions as for hydroperoxides. A second synthesis was performed with all volumes 7 

times larger. The products from both synthesis were united and concentrated in 1 mL of 

methanol. The combined product was analyzed by HPLC-MS (see 6.2.11) and quantified (see 

6.2.10), resulting in 20% yield and 0.15 ± 0.01 mg mL-1 concentration. 

 

6.2.10. Quantification of the Synthesized Oxidized Lipids  

The synthesized oxidized lipids were quantified by three different methodologies. All 

the synthesized lipids were quantified by the iron thiocyanate assay, following the procedure 

described by (Stewart 1980), comparing the samples to a calibration curve build from a stock 

solution of POPC in chloroform. Hydroperoxides were also quantified by adapting the method 

described in (Harris 1987). Sample digestion was carried out by adding 10 μL of samples to 

test tubes containing 0.3 mL of 70% perchloric acid, and heating to 180 oC for 20 min. 

Subsequently, 9.3 mL of water, 0.5 mL of a solution a 25 g L-1 of sodium molybdate with 2.5% 

sulfuric acid and 0.5 mL of a 3% ascorbic acid solution were added to the tubes. After heating 

in a boiling bath for 10 min, absorbances at 830 nm were recorded. These data were compared 
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to a calibration curve, for which variable volumes of a potassium dihydrogen phosphate 

solution and enough water to complete 9.3 mL were added to the tubes. Hydroperoxides were 

also detected adapting the method described by (Buege and Aust 1978). Initially, samples 

were diluted 50 times in methanol. 50 μL of the diluted samples, 500 μL of a 3:2 acetic 

acid/chloroform mixture and 50 μL of a 1.2 g mL-1 potassium iodide solution were added to a 

vial (both solutions were bubbled with nitrogen for 15 min in ice bath prior usage). The mixtures 

were purged with nitrogen for 5 s, vortexed and kept in the dark for 5 s. Subsequently, 1.5 mL 

of a 0.5% cadmium acetate solution were added to the flasks and the absorbance of the 

organic phase was measured at 353 nm. The measurements were compared to the results of 

a calibration curve, in which the sample was substituted by solutions of tert-butyl hydroperoxide 

in methanol with variable concentrations. 

 

6.2.11. Quantification of POPC Hydroperoxides, Alcohols and Ketones  

Chromatographic separation employed a Shimadzu HPLC system equipped with a 

SCL-10A VP controller and the software CLASS-VP. A Luna C8 column (250 x 4.6 mm, 5 μm, 

Phenomenex) was used at room temperature. The eluent was a mixture constituted of 3% 

water and 97% methanol, with 0.1 % formic acid. The flow rate was kept at 1 mL min-1, being 

a splitter used to direct ca. 12% of it to the mass spectrometer. For POPC and hydroperoxides 

quantification, the injection volume was 10 μL of the lipid extract (see 6.2.5). For alcohols and 

ketones, it was raised to 50 μL. A Quattro II (Micromass, Manchester, UK) mass spectrometer 

controlled by the software MassLinx 3.2 was employed for the analyses. Detection was 

achieved with electrospray ionization (ESI) in the positive mode, with the following conditions: 

source temperature: 150 oC; desolvation temperature: 200 oC; sample cone voltage: 30V; 

capillary voltage: 4500 V; extraction cone voltage: 10 V; collision energy: 30 eV; drying gas: 

nitrogen at 400 L h-1; nebulizing gas: nitrogen at 30 L h-1; collision gas: argon. Initially, full scan 

spectra (100-1000 m/z) from the samples and synthesized lipids were acquired, in addition to 

product ion (PI) scans of ions [M+H]+ and [M+Na]+. The transition [M+H]+ → m/z 184.1, 

corresponding to the loss of phosphocholine and being the most intense one, was chosen to 
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quantify the lipids by multiple reaction monitoring (MRM). The peak areas of the studied 

transitions (POPC: m/z 760.6 → 184.1; POPC hydroperoxides: m/z 792.6 → 184.1; POPC 

alcohols: m/z 776.6 → 184.1; POPC ketones: m/z 774.6 → 184.1) were normalized by that of 

the internal standard (DPPC: m/z 734.6 → 184.1). Calibration curves were constructed using 

the synthesized oxidized lipids (see 6.2.7, 6.2.8, 6.2.9) and POPC, using DPPC as internal 

standard. We observed the presence of smaller quantities of Na+ adducts, but the proportion 

to H+ adducts was constant in all samples, making corrections unneeded. In addition, the 

transition [M+Na]+ → [M+Na-59]+ produces lipid-specific fragments, which were additionally 

used to confirm the identity of the of the analytes (POPC: m/z 782.6 → 723.5; POPC 

hydroperoxides: m/z 814.6 → 755.5; POPC alcohols: m/z 798.6 → 739.5; POPC ketones: m/z 

796.5 → 737.5; DPPC: m/z 756.6 → 797.5). 

 

6.2.12. Derivatization of Lipid Aldehydes 

For the samples employed for POPC-derived aldehydes detection, extraction was 

followed by derivatization with the probe PBH (Mansano et al. 2010). For the quantification of 

POPC-derived aldehydes (see 6.2.13), the lipid extract in isopropyl alcohol (80 µL) was mixed 

with 12.5 µL of a 4 mM PBH solution and 10 µL of 10 mM formic acid. For the detection of 

aldehydes in the relative quantification of all oxidation products at longer irradiation times (see 

6.2.14), the lipid extract in isopropyl alcohol (35.7 µL) was mixed with 5.58 µL of a 4 mM PBH 

solution and 4.46 µL of 10 mM formic acid. The mixtures were kept under agitation at 37 oC for 

6 h. 

 

6.2.13. Quantification of POPC-Derived Aldehydes  

Lipid extracts derivatized with PBH (see 6.2.5 and 6.2.12) were analyzed by ESI-

TOFMS (time of flight MS, Triple TOF 6600, Sciex, Concord, US) interfaced with a Nexera 

UHPLC system. The injection volume was set at 15 µL, and the first minute of run was not sent 

to the mass spectrometer, to discard the highly-concentrated PBH. Samples were eluted 

through a Kinetex C18 column (50 x 3.0 mm, 2.6 µm, Phenomex) with a water/methanol linear 
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gradient (0.1% formic acid), with 0.6 mL min-1 flow rate and at 40 oC.  During the first 7 min of 

run, methanol percentage linearly increased from 88% to 95%. Methanol percentage was held 

at 95% from 7-10 min and decreased to 88% from 14-15 min, staying at this value until the 

end of the run, at 18 min. The mass spectrometer was operated in positive ionization mode, 

and the scan range set at m/z 200-2000. Data for lipid identification and quantification was 

obtained by PI of each specific mass. Data acquisition was performed with a period cycle time 

of 275 ms with 100 ms acquisition time for MS1 scan and 25 ms acquisition time for MS2. Data 

acquisition was performed using Analyst 1.7.1 with 5.5 kV ion spray voltage and 80 V cone 

voltage. The curtain gas was set at 30 psi, nebulizer and heater gases at 50 psi and the 

interface heater at 600°C. The MS/MS data was analyzed with PeakView and lipid 

quantification was performed with MultiQuant, where peak areas of the mass transitions 

(ALDO8PC-PBH: m/z 920.55 → 184.07; ALDOPC-PBH: m/z 934.57 → 184.07; ALDO10PC-

PBH: m/z 946.57 → 184.07) were normalized by that of the internal standard (POVPC-PBH: 

m/z 878.51 → 184.07).  The m/z 271.11 fragment, corresponding to the pyrene butyric group, 

was used for identity confirmation. Data were compared with a calibration curve obtained with 

commercial ALDOPC and using POVPC also as internal standard (being both lipids also 

derivatized with PBH). Since ALDO8PC and ALDO10PC are expected to ionize similarly to 

ALDOPC, but are not commercially available, all lipids were quantified using the same 

calibration curve. 

 

6.2.14. Relative Quantification of POPC Oxidation Products at Similar Permeabilization 

Levels 

The same chromatographic and MS conditions from 6.2.13 were employed for lipid 

aldehydes, with lipid extracts prepared according to 6.2.5. For POPC hydroperoxides, alcohols 

and ketones, the injection volume was lowered to 5 µL of the non-derivatized lipid extracts 

prepared according to 6.2.5. Since no PBH was present, samples were sent to the mass 

spectrometer for the whole chromatographic run. For these products, the employed mass 

transitions were: POPC: m/z 760.59 → 184.07; POPC hydroperoxides: m/z 792.57 → 184.07; 
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POPC alcohols: m/z 776.56 → 184.07; POPC ketones: m/z 774.57 → 184.07, which were 

normalized by that of the internal standard (DPPC: m/z 734.57 → 184.07). 

 

6.2.15. H2B-PMHC activation 

The activation of the fluorogenic probe H2B-PMHC in liposomes by DO15 was studied 

employing the exact same sample preparation, irradiation and data analysis methods used for 

MB, as described in Chapter 3. The concentration of DO15 was also 0.24 µM. 

 

6.2.16. Photobleaching 

Samples containing 15 μM photosensitizer in water were placed in a quartz cuvette (1 

cm optical path) with a magnetic stirrer. A diode laser emitting at 650 nm (Laserline – Amparo, 

Brasil) was employed for irradiation. Light was brought to the cuvette using an optical fiber, at 

the extremity of which the light power was 35 mW. UV-Vis absorption spectra (200-800 nm) 

were acquired with a Shimadzu UV-1800 (Kyoto, Japan) spectrophotometer. For samples 

containing liposomes, the final lipid (DOPC, DPPC, POPC or POPC hydroperoxides) 

concentration in the cuvette was 0.5 mM. Liposomes were prepared from a 7.5 mg lipid film, 

which was hydrated with 1 mL water. The resulting suspension was extruded through a 50 nm 

pore diameter membrane. 

 

6.2.17. Statistical Analyzes 

Statistical analyzes were performed using IBM SPPC Statistics version 20. The data 

obtained from at least three independent measurements (n = 3) were expressed as mean ± 

standard error. To perform comparative statistical analysis, we first analyzed the variance 

between groups. Next, multiple comparisons were carried out using one-way analysis of 

variance (ANOVA) with Dunnett’s T3 or Bonferroni post-hoc test, depending on homogeneity 

of variance. For comparison between two groups, before comparative analysis we applied the 

Kolmogorov Smirnov test to evaluate the gaussian adherence of data. To perform parametric 
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and non-parametric tests, we used t-student and Mann-Whitney, respectively. An α = 5% (p-

value < 0.05) was considered in every case to be statistically significant. 

 

6.3. Results and Discussion 

6.3.1. Characterization of the Experimental Model of membrane Permeabilization 

A classical fluorescence leakage assay (Weinstein et al. 1977) was used to compare 

the photoinduced effects of phenothiazinium photosensitizers MB and DO15 on POPC 

liposomes (Figure 56). The leakage of the probe CF from the inner compartment of the 

liposomes in the presence of photosensitizers was significantly (p-value < 0.05) more 

extensive under 120 min irradiation with visible light than for samples kept in the dark for the 

same period of time. While MB released less than 2% of the entrapped probe after irradiation, 

DO15 neared total release of the probe and led to a %CFreleased almost 70 times higher than 

MB. In the absence of photosensitizer, %CFreleased was not significantly different for samples 

kept in the dark or under irradiation. Therefore, it is possible to say that significantly higher 

%CFreleased values are observed for both photosensitizers after irradiation if compared to dark 

controls, and that DO15 promotes CF leakage to a much higher extent than MB. It should be 

noted here that this type of leakage is expected to occur without major changes in the bilayer 

structure, as shown by SAXS experiments (Chapter 4). These photosensitizers are capable of 

opening transient pores in GUVs and lead to molecular exchange across the bilayer, while 

preserving the vesicles’ integrity (Chapter 5). 
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Figure 56. Main figure: %CFreleased for POPC liposomes irradiated (631 nm LED with 72 ± 1 W m-2 
irradiance) for 120 min in the absence (control) or in the presence of photosensitizers (15 µM MB or 
DO15) in 10 mM Tris buffer (pH = 8) with 0.3 M sodium chloride. Inset – left axis, full points: CF emission 
intensity as a function of irradiation time for the first 6 min of irradiation. Inset – right axis, empty points: 
variation of the absorbance of MB and DO15 at 633 and 679 nm, respectively, with irradiation time at 
the same conditions. * denote p-value < 0.05. 

 

Neither the singlet oxygen quencher sodium azide (Haag and Mill 1987) nor the iron 

chelator DTPA (Asaumi et al. 1996) could prevent CF leakage. This is especially evident for 

DO15, that after only 6 min of irradiation already promoted significant membrane leakage 

(Figure 57). The absence of changes in the permeabilization kinetics with DTPA suggests that 

eventual radical reactions are initiated by the photosensitizer and not by traces of metal cations 

in solution (the reduction potential of the pair Fe(III)DTPA/Fe(II)DTPA is 30 mV, compared to 

120 mV for Fe(III)EDTA/Fe(II)EDTA (Buettner 1993)). On the other hand, the fact that sodium 

azide does not suppress the release of CF under irradiation with DO15 (Figure 58, inset) does 

not imply the absence of singlet-oxygen mediated pathways, and actually indicates singlet 

oxygen generation from inside the bilayer for DO15. When singlet oxygen is generated by an 

amphiphilic photosensitizer, it can be generated in water or inside the membrane. In the former 

case, most of the singlet oxygen molecules will be susceptible to quenching by the azide anion, 
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which is a hydrophilic species. If singlet oxygen is generated inside the lipid bilayer, it can also 

escape to the surrounding water, where quenching by azide mostly occurs. However, the 

singlet molecules remaining in the membrane have a low probability of meeting the azide 

anion. In agreement with that, Figure 58 shows that DPPC liposomes in the presence of MB 

and DO15 led to typical singlet oxygen NIR luminescence profiles, with a raising component 

mostly determined by the triplet excited state lifetime and a decaying component mostly 

determined by the singlet oxygen lifetime in water. Addition of azide eliminated most of the NIR 

emission for the sample loaded with MB, but not with DO15. In the latter case, a decaying 

signal remains, which can be assigned to luminescence coming from inside the bilayer. In this 

case, the decay time is well approximated by the triplet excited state decay inside the 

membrane, while the too fast raising time relates to the fast diffusion of singlet oxygen to the 

aqueous solution (see Figure 10 and related discussion in Chapter 1). Indeed, fitting of a mono-

exponential decay to this curve yields a triplet lifetime of 3.60 μs, in close agreement with laser 

flash photolysis measurements performed under the same conditions. In summary, even 

though azide does quench singlet oxygen molecules, the higher hydrophobicity of DO15 if 

compared to MB still guarantees that singlet oxygen molecules are still present in the site 

where they actually react. In addition, the localization of DO15 inside the membrane is also 

key for direct reactions with lipids. 
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Figure 57. CF emission intensity as a function of irradiation time for POPC liposomes irradiated (631 
nm LED with 72 ± 1 W m-2 irradiance) in the absence (control) or in the presence of photosensitizers 
(15 µM MB or DO15) in 10 mM Tris buffer (pH = 8) with 0.3 M sodium chloride. Samples were treated 
or not with 100 µM DTPA. 

 

      A               B 

 
Figure 58. Main graphs: NIR luminescence profiles acquired with DPPC liposomes in the presence of 
photosensitizers (A) MB or (B) DO15, with (blue or red curves) or without (green and orange curves) 5 
mM sodium azide. Blue and green curves were acquired at 1270 nm, which corresponds to singlet 
oxygen luminescence maximum wavelength, while red and orange curves were acquired at 1211 nm. 
Inset: emission intensity of CF with three sodium azide concentrations (0, 1 and 10 mM). The experiment 
was carried out with POPC liposomes irradiated (631 nm LED with 72 ± 1 W m-2 irradiance) in the 
presence of 15 µM DO15 in 10 mM Tris buffer (pH = 8) with 0.3 M sodium chloride. The p-values for all 
comparisons were higher than 0.05. 

 

Another evidence for the need of specific interactions with membranes, leading to 

contact-dependent reactions, is the fact that the ΦΔ of both photosensitizers are practically the 

same, but their efficiencies are largely different. Indeed, DO15 is a more hydrophobic molecule 

(log Po/w = 1.9) than MB (log Po/w = -0.10) (Noodt et al. 1998; Wainwright and Giddens 2003; 
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Bacellar et al. 2014). As discussed in Chapter 4, evidences for the occurrence of interactions 

between photosensitizers and lipid bilayers can be taken from spectral changes in the 

presence of liposomes. As shown in Figure 45 in Chapter 4, membrane binding shifted 

aggregation equilibria towards monomers, leading to an increase in the monomer absorption 

band. This was clearly seen for the more hydrophobic photosensitizers (DMMB and DO15), 

with only subtle spectral changes occurring for the more hydrophilic ones (TBO and MB). In 

order to further characterize the interaction of MB and DO15 with membranes, absorption 

spectra were acquired in the presence of liposomes of various compositions (Figure 59a-b).  

For MB, addition of either POPC or POPC hydroperoxide liposomes does not lead to significant 

changes if compared to water. On the other hand, addition of liposomes to a DO15 aqueous 

solution leads to an increase in absorbance, suggesting that DO15 interacts with liposomes. 

Following the absorption increase trend, we infer that interaction is smaller with DPPC 

liposomes, but very similar for DOPC, POPC or POPC hydroperoxides. The smaller interaction 

with DPPC is probably a consequence of it being in the gel phase at room temperature 

(Ehrenberg and Gross 1988). 
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Figure 59. Absorption spectra of (A) MB and (B) DO15 in the water or in the presence of liposomes with 
different composition of lipids (POPC, DOPC, DPPC or POPC hydroperoxides, LOOH). For samples 
containing liposomes, spectra were corrected for scattering. Graphs (C) and (D) are membrane binding 
isotherms for POPC liposomes, constructed by incubation of liposomes with a photosensitizer solution, 
followed by separation of the aqueous and membrane fractions by centrifugation. See 6.2.3 for 
description of the model fitted to the curves (full lines). 

 

The supposition that MB interacts less with membranes than DO15 was confirmed by 

estimating a Kb value for POPC liposomes (Figure 59c-d and Table 11). Kb was determined in 

two different ways, by measuring photosensitizer concentrations in the lipid fraction or in the 

aqueous fraction of liposomes samples. Both results were similar, but since Kb values turned 

out to be small, we decided to use the values determined using the lipid fractions for our further 

analysis, since small variations in photosensitizer concentration should be more easily 

detected where the molecules are less abundant. These values led to the conclusion that under 

the lipid concentrations used for our experiments (CF leakage assay and chemical analysis of 

lipid photooxidation products), there are ca. 7 times more DO15 molecules dissolved in water 

than in membranes, while for MB the number jumps to ca. 150 times more photosensitizer 

molecules in the aqueous medium. 
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Table 11. Binding constants (Kb) for MB and DO15 in POPC liposomes, as determined by incubation of 
liposomes with a photosensitizer solution, followed by separation of the aqueous and membrane 
fractions by centrifugation. Values resulting from both fractions are displayed below, in addition to the 
R2 value of the fit (see 6.2.3 for description of the model and Figure 59c-d for the binding isotherms). 

 Kb / M-1 

[R2] 

 Lipid pellet Aqueous solution 

MB 13 ± 2 

[0.84] 

6.1 ± 0.9 

[0.92] 

DO15 (2.7 ± 0.1) x 102 

[0.99] 

(2.6 ± 0.2) x 102 

[0.99] 

 

The interaction of both photosensitizers with membranes was also studied by 

theoretical methods. Molecular dynamics simulations were carried out in order to further 

understand the molecular details of the interaction of MB and DO15 with POPC bilayers. Figure 

60 shows the density profiles along the z axis (normal to the bilayer) for MB and DO15, as well 

as for oxygen, POPC’s phosphate groups and POPC’s carbon chain unsaturation. It is possible 

to see that when any of the photosensitizers penetrate into the membrane, they tend to 

distribute mostly between the phosphate group and the carbon chain unsaturation. It is 

noticeable that DO15 density profile results from two populations, differently from MB. Besides 

taking longer to penetrate into the bilayer, DO15 also visits the more polar regions more often 

than MB (Figure SM 9 in section 6.5.1), leading to the density distribution component shallower 

in the membrane. Still, DO15 density distribution overlaps more both with the carbon chain 

unsaturation and with oxygen, if compared to MB. Table 12 translates this into numbers, 

showing that DO15 overlaps 5% more with oxygen and 30% more with the carbon chain 

unsaturation. Expectedly, its overlap with the phosphate group is lower than for MB, being 80% 

of it. 
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Figure 60. Density profiles along a segment of the z axis (full dimension: 8.5 nm) for the photosensitizers 
MB and DO15, as well as oxygen (O2), POPC phosphate groups (P) and POPC carbon chain 
unsaturation (C=C). The graph shows only half of the bilayer, with the other half being symmetrical. 

 

Table 12. The first two columns show the overlap of the density profiles shown in Figure 60 for oxygen 
(O2), POPC phosphate groups (P) and POPC carbon chain unsaturation (C=C) with the distribution 
profiles of MB and DO15. The third column shows the ratio between the calculated overlaps for DO15 
and MB. 

 MB DO15 DO15 / MB 

O2 12965 13672 1.05 

P 236980 189272 0.80 

C=C 68935 89870 1.30 

 

These results allowed us to calculate the capability of MB and DO15 to generate singlet 

oxygen molecules that can reach the bilayer and also the potential capability of these 

photosensitizers to initiate direct reactions with lipids, assuming equal reactivity towards 

double bonds, and without considering any consumption of reactants, photobleaching and 

photosensitizer aggregation. The number of singlet oxygen molecules generated by a 

photosensitizer per unit time (Q) can be calculated by  

 

𝑄 =  
ΦΔ𝜆𝑖𝑃𝑖𝜎

ℎ𝑐
 

 Equation 11 

 
 
where λi is the irradiation wavelength, Pi is the irradiance of the light source, σ is the absorption 

cross-section of the photosensitizer (see (Braslavsky 2007a)) at the irradiation wavelength, 
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and hc is the product of Planck’s constant and the speed of light (Busch et al. 1998). Using the 

parameters from Table 13, Equation 11 leads to Q values of 2.49 and 1.36 singlet oxygen 

molecules per second for MB and DO15, respectively, which would actually predict inverted 

photosensitizer efficiencies if compared to our experimental results.  

 

Table 13. Irradiation wavelength (λi), irradiance of the light source (Pi), absorption cross-section of the 
photosensitizer at λi (σ) and singlet oxygen quantum yield (ΦΔ) for MB and DO15. 

 MB DO15 

λi / nm 631 

Pi / W m-2 72 

σ / Å2 2.31 1.21 

ΦΔ 0.52 0.49 

 

However, in microheteregenous systems singlet oxygen production will not be spatially 

homogeneous. In order to account for this effect, we need to consider the geometry of the 

liposomes in suspension, since the number of singlet oxygen reaching the membrane will be 

given by the number of membrane-embedded photosensitizers per liposomes and also by the 

number of photosensitizer molecules that are close enough to liposomes so that singlet oxygen 

molecules can still reach the membrane under an average lifetime. Both numbers will depend 

on the partition of the photosensitizer between water and membrane and on the concentrations 

of liposomes and photosensitizers, as schematized in Figure 61. POPC liposomes with 100 

nm diameter have approximately 1.9 x 104 lipids, as can be calculated from the ratio of the 

total area of a spherical shell with the thickness of a POPC membrane and the area occupied 

per lipid. Therefore, in a 0.35 mM POPC solution, which was the final concentration in the 

studied samples (e.g., from Figure 56), the liposome concentration was 28 nM. Considering 

that the average diffusion distance of a singlet oxygen molecule in water is 86 nm (Hackbarth 

et al. 2016), one can extend the radius of each liposome by this distance to account for singlet 

oxygen molecules that will be generated in water and can reach the membrane. The volume 

corresponding to the liposome radius extended by 86 nm will be then referred as active singlet 
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oxygen volume. It is important to emphasize that the active singlet oxygen volume and the 

employed liposome concentration are sufficiently small in order to assume that most of the 

times the species generated close to one liposome will not reach other liposomes. 

 

 

Figure 61. The percent incorporation of photosensitizers into membranes can affect the number of 
singlet oxygen molecules reaching the membrane. In the selected example, when all photosensitizer 
molecules are dissolved in water, only 5 generate singlet oxygen under the average diffusion distance 
of singlet oxygen, indicated by the red circle. When all the molecules are in the membrane, the number 
grows to 10. Intermediate binding percentages lead to intermediated quantities of photosensitizers 
generating singlet oxygen molecule that in average can reach the membrane. 

 

In the extreme case where all photosensitizers would be incorporated in the membrane, 

there would be 542 photosensitizers per liposome and none in the surrounding solution. In the 

opposite scenario, where all photosensitizers would be solubilized in water, there would be no 

photosensitizer in the membrane, but still 74 photosensitizers in the active singlet oxygen 

volume. The studied photosensitizers represent intermediate cases. For DO15 there are 76 

photosensitizers in the membrane and extra 64 dissolved in water in the active singlet oxygen 

volume. For MB, there are only 4 in the membrane and 73 in the surrounding aqueous solution. 

When each of these numbers is multiplied by the number of singlet oxygen molecules 

generated per second and summed, DO15 generates 190 molecules per second that would 

be able to reach the membrane, while MB generates 192. 

The distribution of photosensitizers in water vs. membranes also allows estimating the 

comparative efficiency of direct reactions with double bonds. This estimative considers both 
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the relative number of photosensitizer molecules in membranes and also the overlap of the 

photosensitizer density distribution with the POPC unsaturation density distribution, while 

assuming that the triplet excited states of both photosensitizers are equally reactive. According 

to the previous calculations, DO15 is 20 times more concentrated in membranes than MB and 

the density distribution of DO15 additionally overlaps 1.30 more times with POPC unsaturation 

density distribution. This would lead to an efficiency of direct reactions which would be 27 times 

greater for DO15. While sole singlet oxygen generation would predict the same outcomes for 

MB and DO15, the results from the latter calculations are in line with the at least one order of 

magnitude higher efficiency of DO15 to promote membrane permeabilization. 

 

6.3.2. Chemical Changes During Permeabilization 

The next step on the characterization of photoinduced membrane permeabilization was 

analyzing the chemical changes taking place in the membrane, aiming to identify which 

oxidation products were being formed by DO15 and not by MB, which would lead to the higher 

permeabilization efficiency of the former photosensitizer. Figure 62 shows a typical UHPLC-

UV chromatogram for a sample irradiated with DO15 with the same lipid and photosensitizer 

concentrations as for leakage experiments. A number of peaks with retention times shorter 

than for non-oxidized POPC (not shown in the presented chromatogram) appeared during 

irradiation, indicating the formation of oxidized lipid products. These peaks were eluted at 

similar retention times, absorbing mostly at 190 nm (lipid double bond) or 230 nm (α,β-

unsaturated ketones (Woodward 1941) – note that POPC is a monounsaturated lipid and, 

hence, does not form conjugated dienes that would absorb in this same region). However, the 

fact that these peaks overlapped both in retention time and absorption spectra compromised 

the employment of this technique for quantitative analysis. For this reason, HPLC-MS, which 

allows distinguishing compounds based on m/z ratios or specific transitions was used both to 

identify and quantify the oxidized lipids. 
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Figure 62. Chromatogram resulting from the UHPLC-UV analysis of POPC liposomes irradiated (631 
nm LED with 72 ± 1 W m-2 irradiance) for 15 min in the presence of 15 µM DO15 in 10 mM Tris buffer 
(pH = 8) with 0.3 M sodium chloride. Detection was in the 180-300 nm range, being additionally 
presented the extracted chromatograms for 190 and 230 nm. 

 

Analysis by HPLC-MS (Figure 63) showed that the compounds seen in Figure 62 

corresponded to lipid hydroperoxides, alcohols and ketones. These compounds were identified 

both in the form of [M+H]+ and [M+Na]+ adducts, the former having m/z values of 792.57, 

776.57 and 774.56 for hydroperoxides, alcohols and ketones, respectively (Reis et al. 2005). 

The fourth and main component of the sample was POPC itself. Fragmentation of the m/z 

792.6 peak led to neutral losses of 34 u and 18 u, corresponding to loss of hydrogen peroxide 

and water, respectively and endorsing its attribution to hydroperoxides. Fragmentation of the 

m/z 776.6 peak led to loss of 18 u, but not 34 u, as expected for alcohols. The fragmentation 

of [M+Na]+ ions was also used to confirm the identity of these species (see example in section 

6.5.2, Figure SM 15), being observed the characteristic peaks of  [M+Na-59]+ (loss of 

trimethylamine), [M+Na-183]+ and [M+Na-205]+ and a m/z 147 fragment. The m/z values of 

the three-former species depend on the specific acyl chains of the lipids (Han & Gross 1995). 

The formation of hydroperoxides, alcohols and ketones has already been observed during 

oxidation of phosphatidylethanolamine liposomes treated with cationic porphyrins, and also in 

DOPC-containing liposomes irradiated with a porphyrin-phospholipid photosensitizer (Melo et 

al. 2013; Luo et al. 2016). From singlet oxygen chemistry alone, only hydroperoxides would be 
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expected and additionally only two positional isomers would be expected, namely with the 

oxygenated groups attached to either carbon 9 or 10, in the E configuration. Figure 62 

suggested that a higher number of isomers is present, which would be in agreement with 

radical reactions, which additionally yield isomers 8 and 11 and which form oxidized lipids in 

the E and Z configurations. Since we aimed to understand the effects of the different classes 

of oxidized lipids being formed, we did not pursue the characterization and analysis of 

individual isomers. Table 14 presents the structure of one isomer for each of these classes of 

compounds, as well as the predicted exact masses and detected m/z ratios. 

 

 

Figure 63. Mass spectra of the peaks being eluted between 3.4 and 4.0 min, for the conditions described 
in 6.2.14. The sample was a lipid extract from POPC liposomes irradiated (631 nm LED with 72 ± 1 W 
m-2 irradiance) for 3.0 min with 15 µM DO15 in water. 
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Table 14. Structures of POPC and of example isomers (9-E) of POPC hydroperoxides, alcohols and 
ketones. The predicted exact mass and detected m/z for each class of compounds is additionally 
provided. 

  Predicted exact mass of 

[M+H]+ 

(Detected m/z) 

POPC 

 

760.59 

(760.59) 

Hydroperoxides 

 

792.57 

(792.57) 

Alcohols 

 

776.58 

(776.57) 

Ketones 

 

774.56 

(774.56) 

 

Quantification was dependent on the construction of calibration curves, which were built 

employing synthesized standards of each of the studied products. All analysis employed DPPC 

as an internal standard and were based on the [M+H]+ → m/z 184.1 transition, which is the 

most intense one in the positive mode and is typically used to identify phosphatidylcholines 

(Pulfer & Murphy 2003). Section 6.5.2 includes chromatograms, calibration curves and mass 

spectra relevant for characterization of the synthesized standards under the same conditions 

used for the analysis of the photooxidized samples. The concentration of POPC in the samples 

was also determined by the same methodology, and its initial concentration was defined as 

100%. Oxidized lipid levels are reported either as concentrations and also as percentages of 

POPC initial concentration. Hydroperoxides were the major products obtained with both MB 

and DO15, corresponding to 2.7 ± 0.1 % and 10 ± 1 % of the final mixture, respectively. 

Alcohols and ketones were present in smaller quantities: ca. 0.1 % for MB and ca. 2% for 

DO15. Note that the formation of LOH and LO in stoichiometric proportion (p-value > 0.05) is 

in accordance with the Russell mechanism described in section 1.4.3, suggesting the 

involvement of lipid peroxyl radicals in the processes under investigation (Miyamoto et al. 2016; 
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Miyamoto et al. 2003; Russell 1957; Howard and Ingold 1968). Experiments carried out in the 

absence of photosensitizer did not show significant levels of oxidation. 

 

  

Figure 64. Concentration of oxidized lipids detected by HPLC-MS in POPC liposomes irradiated (631 
nm LED with 72 ± 1 W m-2 irradiance) with 15 µM MB or DO15 in water. The monitored species were 
POPC hydroperoxides (LOOH), alcohols (LOH) and ketones (LO). Oxidized lipid levels are also shown 
as a percentage with respect to the initial POPC concentration in the samples (right axis). 

 

At 0.75 min, DO15 converted 4 ± 1% of POPC molecules to lipid hydroperoxides. This 

result can be analyzed considering the number of singlet oxygen molecules reaching the 

membrane, combined with the efficiency of reaction of singlet oxygen with unsaturated lipids. 

The latter value has been calculated by Weber et al., suggesting that one in every five singlet 

oxygen molecules would lead to lipid hydroperoxides in POPC membranes, following a rate 

constant of 3 x 106 M-1 s-1 (Weber et al. 2014). In our case, this would lead to 9% oxidation. 

Apart from the experimental value being actually lower, we would expect practically the same 

amount of oxidation by MB, given the very similar amounts of singlet oxygen molecules 

reaching the membrane for both photosensitizers. However, even with twice the irradiation 

time the hydroperoxides levels with MB were still close to 1%. We hypothesize that the rate 

constant of reaction between singlet oxygen and lipids is actually lower, since measurements 

in organic solvents (Krasnovsky et al. 1983; Chacon et al. 1988; Vever-Bizet et al. 1989), in 



219 
 

EggPC liposomes (Dearden 1986) and also the value estimated by us in Chapter 3 are in the 

order of 104 - 105 M-1 s-1.  

Not only that, these results suggest that hydroperoxide formation has a strong 

contribution of contact-dependent reactions, whose efficiency is the main source of difference 

between MB and DO15. We additionally note that the ratio between the total product 

concentration (i.e. sum of hydroperoxides, alcohols and ketones) for MB and DO15 started 

close to one and evolved to around 5 for the rest of the experiment, which is more than 

predicted based on their comparative singlet oxygen generation efficiencies in the active 

singlet oxygen generation volume, further endorsing the role of contact-dependent reactions. 

Even though hydroperoxides have been shown to change properties of lipid bilayers 

(e.g., area occupied per lipid and mechanical properties), both experimental and computational 

studies suggest that these species are not responsible for the increases in membrane 

permeability (Weber et al. 2014; Yusupov et al. 2017; Boonnoy et al. 2015). In parallel, some 

of these studies and also others point towards the fact that phospholipid aldehydes are able to 

permeabilize membranes, even in mole fractions as low as 2%  (Ytzhak and Ehrenberg 2014; 

Runas et al. 2016; Runas and Malmstadt 2015; Cwiklik and Jungwirth 2010; Lis et al. 2011; 

Boonnoy et al. 2015; Van der Paal et al. 2016; Volinsky et al. 2011). Aldehydes were shown 

to increase membrane permeability by a combination of their truncated cone shape to a higher 

chain mobility, that allows dragging water molecules inside the membrane. In comparison, 

hydroperoxides were shown in the same types of simulations to have less mobile chains and 

cylindrical shape (Boonnoy et al. 2015; Lis et al. 2011), which should also be the case for 

alcohols and ketone products. Phospholipid aldehydes have already been detected in lipid 

films treated with the photosensitizer rhodamine-DPPE (Sankhagowit et al. 2014) and in 

liposomes treated with the photosensitizer pterin (Thomas et al. 2016). However, the 

permeability status of the membrane was not investigated in the latter case, and direct 

correlations of vesicle membrane permeabilization and changes in its membrane composition 

still miss. 
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 Since we suspected that phospholipid aldehydes would be present in low 

concentrations, we decided to investigate the formation of these molecules in samples 

irradiated for a longer time (20 min) and with higher lipid concentration. They key step for 

aldehyde detection, however, was derivatizing the samples with the aldehyde-specific probe 

PBH (Mansano et al. 2010). This probe, which can also be used for fluorescence studies, 

allowed us to successfully detect by UHPLC-MS the aldehydes 1-palmitoyl-2-(8’-oxo-

octanoyl)-sn-glycero-3-phosphocholine (ALDOPC-8), ALDOPC and 1-palmitoyl-2-(10’-oxo-

decanoyl)-sn-glycero-3-phosphocholine (ALDOPC-10) in our samples, whose structures are 

depicted in Table 15 (see example of MS spectrum in Figure SM 16, section 6.5.3). As a 

control, POPC hydroperoxides were treated with PBH and no such adducts were detected. 

 
Table 15. Structure of the aldehydes ALDOPC-8, ALDOPC and ALDOPC-10. The predicted exact mass 
for the PBH-adduct and the detected m/z for each class of compound are additionally provided. 

  Predicted exact mass of 

[M+H]+ 

(detected m/z) 

ALDOPC-8 

 

636.42 

PBH: 920.55 

(920.56) 

ALDOPC 

 

650.44 

PBH: 934.57 

(934.57) 

ALDOPC-

10 

 

662.44 

PBH: 946.57 

(946.57) 

 

 

The three aldehydes were quantified together by comparison with a commercial 

standard of ALDOPC also derivatized with PBH, and using the lower-molecular mass 

phospholipid aldehyde POVPC as an internal standard. The transition [M+H]+ → m/z 184.07 

was once again used for quantification, and the transition [M+H]+ → m/z 271.11, corresponding 

to the loss of the pyrene butyric group, was used for identity confirmation (refer to section 6.5.3 

for the calibration curve, and examples of MS spectra and chromatograms).  Figure 65 shows 

the initial and final total aldehyde concentrations for samples irradiated for 20 min. For the 



221 
 

control without photosensitizer and for MB, no significant variation was observed upon 

irradiation. Although DO15 samples already had higher values before irradiation, possibly due 

to oxidation during sample handling, there is a significant and more than 5-fold increase after 

20 min. We additionally measured samples irradiated with DO15 for 6 min under the same 

conditions used for the detection of POPC hydroperoxides, alcohols and ketones, showing that 

aldehyde detection is actually possible for these samples. The total aldehyde concentration 

was 1.6 ± 0.1 µM, which is smaller than the concentration of POPC alcohols and ketones 

detected after 6 min of irradiation with DO15. It is noteworthy that increases in phospholipid 

aldehyde concentration were solely observed for the only treatment that led higher extents of 

CF leakage (i.e. irradiation with DO15). As far as we know, this is the first evidence of in situ 

phospholipid aldehyde formation in samples where photoinduced membrane permeabilization 

is observed. 

 

 

Figure 65. Total lipid aldehyde concentration ([Aldehydes]T = [ALDOPC-8] + [ALDOPC] + [ALDOPC-
10]), as determined by UHPLC-MS analysis after derivatization with PBH. Samples were POPC 
liposomes irradiated (631 nm LED with 72 ± 1 W m-2 irradiance) with 15 µM MB or DO15 in water. The 
DO15 *6 min sample had the same initial POPC concentration than for the previous CF leakage and 
chemical analysis experiments. For the remaining samples, POPC concentration was 2.5 times higher. 

 

We then asked ourselves if samples irradiated with MB for long enough would also 

have increased aldehyde concentrations (recall that in Figure 56 MB promotes a significant 

increase in %CFreleased after 120 min irradiation). Since the observed %CFreleased are similar to 
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a sample irradiated for 3 min with DO15, we compared the chemical composition of these two 

conditions. Even though we did not attempt for quantification, internal standards (DPPC and 

POVPC) were used to allow for comparisons between photosensitizers. We observed that both 

samples contained POPC hydroperoxides, alcohols, ketones and also POPC aldehydes 

(Figure 66). Only for lipid hydroperoxides significant difference was observed between both 

photosensitizers, being their concentration higher for MB. The fact that no significant difference 

was observed in the aldehyde levels for both photosensitizers confirms the correlation between 

membrane permeabilization and aldehyde formation.  

 

 

Figure 66. Relative quantification of POPC hydroperoxides (LOOH), alcohols (LOH), ketones (LO) and 
aldehydes (ALDOPC-8 + ALDOPC + ALDOPC-10). The quantities plotted are the final quantity of each 
product subtracted by the initial quantities, being both corrected by internal standards (DPPC or 
POVPC). On the left, the bars were normalized so that the highest quantity of hydroperoxides equals 
unity. The same was done on the right, but for the maximum aldehyde levels. Samples were POPC 
liposomes irradiated (631 nm LED with 72 ± 1 W m-2 irradiance) with 15 µM MB or DO15 in water. 

 

6.3.3. Mechanisms Behind Membrane Permeabilization 

The aim of this section is to provide a roadmap to membrane permeabilization, and our 

discussions relate to the different steps shown in Figure 67. At this point, we already showed 

that DO15 is more efficient than MB to promote photoinduced membrane permeabilization and 

that this effect is observed upon formation of phospholipid aldehydes. In addition, the role of 

contact-dependent pathways became clear, leading to the question of whether DO15 would 

react with lipid unsaturations, hydroperoxide groups or even both.  
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Figure 67. Chemical pathways leading to membrane permeabilization, whose main processes are 
discussed in the main text. The upper part of the scheme depicts the reaction of singlet oxygen and 
lipids, which is not dependent on the contact between the photosensitizer and the lipid membrane. The 
lower part shows radical-mediated pathways, which are dependent on such direct contact and may be 
accompanied by photodegradation of the photosensitizer. PS(S0): photosensitizer in the ground state; 
PS(T1): photosensitizer in the triplet excited state; 3O2: ground state oxygen; 1O2: singlet oxygen; R●: a 
generic radical species formed during lipid peroxidation, which would be able to undergo a certain 
reaction; LH: non-oxidized lipid; L●: lipid carbon-centered radical; LOO●: lipid peroxyl radical; LO●: lipid 
alkoxyl radical; LOOH: lipid hydroperoxide; LOH: lipid alcohol; LO: lipid ketone; LO*: excited lipid ketone. 

 

As introduced in Chapter 3 the fluorogenic probe H2B-PMHC can be used to study the 

mechanisms of lipid membrane photooxidation. In the experiments reported therein, the 

fluorescence of H2B-PMHC was being enhanced mostly by reaction of the chromanol moiety 

of the probe with singlet oxygen. This was clearly seen when liposomes were irradiated with 

MB in water or deuterium oxide, being the enhancement rates higher in the latter case. Here 

we report the same kind of experiments in POPC liposomes but with the photosensitizer DO15 

(Figure 68). As happened with MB, DO15 led to less than 5-fold emission enhancement in the 

absence of light or oxygen (argon purged samples). Higher levels of emission enhancement 

were observed in deuterium oxide and specially in water. However, in opposition to the 

outcome observed with MB, the enhancement rate constants were higher in water than in 

deuterium oxide. Singlet oxygen chemistry could not account for such effect. Instead, this result 

can be explained by activation of the probe by peroxyl radicals, which were actually the first 
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species characterized to activate H2B-PMHC (Krumova et al. 2012). We know that 

hydroperoxides are formed by DO15 (either by singlet oxygen or radical pathways – Figure 67, 

via processes 1 or 2, respectively) and propose that DO15 should be able to reduce 

hydroperoxides to peroxyl radicals (Figure 67, via process 4). As can be seen in Table 2, the 

standard one electron reduction potential for the peroxyl radical/hydroperoxide pair is in the 

range of 0.77-1.44 V (Buettner 1993), while the triplet excited state of MB has a reduction 

potential of 1.48 V (Tuite and Kelly 1993). The corresponding value for DO15 has not been 

determined, but other phenothiazinium dyes have similar values to MB (Tuite and Kelly 1993). 

Given that the -OOH group of hydrogen peroxide can undergo proton exchange (Anbar et al. 

1958), we hypothesize that the formation of -OOD groups by lipid hydroperoxides could 

decrease the speed of the reaction with DO15. This would lead to smaller rate of production 

of peroxyl radicals and hence a smaller rate of activation of H2B-PMHC. Note that H2B-PMHC 

could also be activated by alkoxyl radicals (formed also by process 4, Figure 67) (Durantini et 

al. 2016), leading to a similar outcome. Considering solely E0’ values, it would be more 

probable that these radicals would arise from the breakage of lipid hydroperoxides, which was 

actually reported for MB (Tanielian et al. 1992), than from alcohols (~1.6 V for alkoxyl 

radicals/alcohol pairs).  
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Figure 68. (A) H2B-PMHC temporal emission enhancement profiles for liposomes in PBS buffer 
irradiated with DO15 at 0.24 µM concentration, under different conditions – namely argon purged POPC 
liposomes, air saturated POPC liposomes and air saturated POPC liposomes in D2O. Triplicates were 
carried out for each condition. Graph (B) and (C) show the initial intensities and maximum emission 
enhancement, respectively, obtained from (A) and additionally from a control without irradiation (dark). 
Graph (D) provides the rate constants of emission enhancement obtained from fitting linear equations 
to the initial instants of the curves in (A). 

 

As discussed earlier, the efficiency of lipid photooxidation (i.e. generation of 

hydroperoxides) does not correlate with the expected singlet oxygen reaction efficiencies 

estimated for MB and DO15. In agreement, the comparative efficiency of contact-dependent 

reactions between lipids and the triplet excited state of the photosensitizers correlates well with 

the times needed to promote similar CF leakage and aldehydes levels (ca. 40 faster for DO15 

– Figure 66). This shows that a key factor leading to the higher efficiency of DO15 is its higher 

overlap with the unsaturation of POPC carbon chain (Figure 67 – process 2).  

The fact that DO15 might directly react with lipids is endorsed by the fact that this 

photosensitizer bleached during CF leakage experiments (Figure 56 – inset, and process 2 in 

Figure 67), as indicated by a decrease in absorbance during irradiation (ca. 40% drop for DO15 

vs. 5% for MB after 6 min. In order to gain further insight into direct reactions between 

photosensitizers and lipids, photobleaching was studied in cuvette experiments, in which 

photosensitizers dissolved in water were irradiated in the absence or in the presence of 
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liposomes with different compositions. The results from these experiments are presented in 

Figure 69, which shows that for DO15 (d-h) irradiation produced a larger drop in absorbance 

if compared to MB (a-c).  

 

 

Figure 69. Absorption spectra of 15 µM photosensitizer aqueous samples irradiated with a 650 nm 
diode laser (35 mW) in 10 min (F) or 5 min time-steps (all others). The yellow curve corresponds to t = 
0. MB was employed for graphs A-C, which contained (A) no liposomes, (B) POPC liposomes and (C) 
POPC hydroperoxide liposomes. DO15 was employed for figures D-H, which contained (D) no 
liposomes, (E) POPC liposomes, (F) POPC hydroperoxides liposomes, (G) DOPC liposomes and (H) 
DPPC liposomes. Graphs B, C and F-H were corrected for scattering. 

 

The absorbance values in the maximum absorbance wavelength of the photosensitizer 

absorption band were plotted as a function of time for each sample in Figure 70. It becomes 

clear that MB and DO15 have an intrinsic bleaching in water, as indicated by the negative 

slopes of the curves. The bleaching of MB in water is reported to proceed via the dye-dye 

mechanism (Tanielian et al. 1992), and additional experiments from us (see 6.5.4, Figure SM 

22) demonstrated that this was the case also for DO15, since bleaching of this photosensitizer 

was completely prevented by conditions in which DO15 remains in the monomer form (ethanol 

and 50 mM SDS). When liposomes are added to the solutions, the changes in the 

photobleaching curves are significantly more pronounced for DO15 than for MB, with a high 

acceleration of DO15 bleaching being observed with POPC or DOPC. These results are in 

accordance with the low Kb value for MB, suggesting that the low effect of lipids arises from an 

almost lack of interaction. For POPC hydroperoxides, a smaller increase in bleaching was 
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observed if compared to irradiation of DO15 in pure water, and no acceleration was observed 

with the saturated lipid DPPC. Recall that the spectra presented in Figure 59b suggest that 

DO15 interacts similarly with POPC, DOPC and POPC hydroperoxides membranes. 

Therefore, the smallest effects of hydroperoxides would not be expected to arise from lack of 

binding to liposomes. Addition of DPPC liposomes also modified DO15’s spectrum if compared 

to water, even if not as much as the former three lipids. Hence, the absence of acceleration by 

DPPC derives from its lack of allylic hydrogens, disfavoring direct reactions with the triplet 

excited state of the photosensitizer or even the propagation of lipid peroxidation. 

 

 

Figure 70. Variation on photosensitizer absorption at the wavelength of maximum absorbance in the 
visible range as a function of irradiation time for 15 µM MB or DO15 in the absence or in the presence 
of liposomes, for data presented in Figure 38. LOOH = POPC hydroperoxide. Points correspond to 
mean ± standard deviation of a triplicate. 

 

Rate constants were calculated from the initial instants of the former curves for DO15, 

after converting the y-axis scale to the natural logarithm of the ratio between the absorbance 

at a given time and the initial absorbance.  The rate constants resulting from linear fits are 

plotted in Figure 71 and confirm that photobleaching rates are much higher in the presence of 

POPC or DOPC liposomes than in water. The rate constant for POPC hydroperoxide 

liposomes is lower than for the other two lipids, but still higher than in water or DPPC 

liposomes. This suggests that the reduction of lipids to the corresponding carbon-centered 
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radicals (with a redox potential of 0.96 V for allylic hydrogens) might be more favorable than 

the reaction with hydroperoxides (process 2 versus process 3 in Figure 67). 

 

 

Figure 71. Photobleaching rate constants extracted for DO15 for the data from Figure 70. For all 
determinations, R2 ≥ 0.99.  

 

Photodegradation kinetics also allow monitoring the formation of POPC ketones. Note 

that photobleaching in Figure 69b-c is accompanied by the appearance of a new absorption 

band at ca. 230 nm, which matches the peaks shown in Figure 62. The formation of ketones 

follows a similar trend to photosensitizer bleaching, which can be accounted to the fact that 

bleaching is mainly driven by direct reactions with lipids, which ultimately lead to ketones via 

formation of peroxyl radicals and the Russell mechanism (Figure 67 – processes 2 and 5). For 

POPC hydroperoxides, the formation of ketones is not as well pronounced. It may be the case 

that the absence of a propagation steps due to lack of non-oxidized lipids hinders the progress 

of the reaction or that the formation of alkoxyl radicals instead of peroxyl by direct reaction of 

hydroperoxides with photosensitizers prevent the formation of ketones. 
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Figure 72. Change in the absorbance at the λmax of the POPC ketone absorption band as a function of 
irradiation time for Figure 38b-e. The bleaching of DO15 for figure Figure 69b is additionally represented 
in the right y-axis and plotted in black. Points correspond to mean ± standard deviation of a triplicate. 
LOOH: POPC hydroperoxide. 

 

Our results showed that the triplet excited state of DO15 can directly react with non-

oxidized lipids and hydroperoxides, which should lead to the main radical species involved in 

lipid peroxidation (i.e. carbon-centered, peroxyl and alkoxyl radicals). From here on, it is 

possible to trace roads leading to membrane permeabilization. Since lipid radicals quickly react 

with oxygen (Buettner 1993; Halliwell and Gutteridge 2007; Yin et al. 2011; Hasegawa and 

Patterson 1978; Maillard et al. 1983), this process leads to peroxyl radicals that in turn can 

form lipid alcohols and ketones by the Russell mechanism, as shown in Figure 67 processes 

2 and 5 (Russell and Diamond 2008; Miyamoto et al. 2003; Howard and Ingold 1968). The 

photosensitizers can additionally react with hydroperoxides, though with a way lower rate 

constant as shown by photobleaching experiments, which can lead to alkoxyl (Tanielian et al. 

1992) or peroxyl radicals (Figure 67 – process 4) which could both account for H2B-PMHC 

activation. 

Alkoxyl radicals suffer β-scission and originate the detected aldehydes (Figure 67 – 

process 6) (Tanielian et al. 1992; Gardner 1989; Buettner 1993; Chan et al. 1976; Huvaere et 

al. 2010). Indeed, MB was previously shown to bleach in the presence of lipid hydroperoxides 

attached to a polymer chain, and lead to chain breakage as a result of polymer oxidation 
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(Tanielian et al. 1992). The aldehyde products detected by us were in accordance with β-

scission from alkoxyl radical isomers bearing the oxygenated group in carbons 9 or 10. One of 

the four theoretical products is not observed, since it would involve a C=C=O structure 

(Gardner 1989). Note here that we consider β-scission to be the most probable pathway, for 

Hock cleavage requires acidic conditions (Gardner 1989). Even though being observed for 

cholesterol (Brinkhorst et al. 2008), phospholipid hydroperoxides were shown to be stable in 

the absence of radical reactions (Riske et al. 2009; Weber et al. 2014), suggesting that they 

do not spontaneously decompose. The formation of aldehydes, which involves the formation 

of short chain hydrocarbon radicals (Gardner 1989), may characterize the beginning of the 

deviation from the better characterizable initial steps of lipid photooxidation.  

The formed phospholipid aldehydes will then increase membrane permeabilization 

even in low concentrations (Ytzhak and Ehrenberg 2014; Runas et al. 2016; Runas and 

Malmstadt 2015), by the mechanism discussed in Chapter 1 and representing process 7 in 

Figure 67. Molecular dynamics simulations endorse the role of these molecules in pore 

opening (Boonnoy et al. 2015; Van der Paal et al. 2016; Yusupov et al. 2017), while confirming 

the experimental results that hydroperoxides do not increase membrane permeability to sugars 

(Riske et al. 2009; Weber et al. 2014). If permeabilization by aldehydes is enhanced by other 

oxidized lipids and how this process is affected by diffusion and lateral distribution remains to 

be known. The fact that it was shown that aldehydes favor electroporation of membranes 

(Yusupov et al. 2017) suggests that the permeabilization efficiency of oxidized lipids may be 

also affected by the forces operating in the membrane, and this may be an important factor to 

be considered in experiments with membranes.  

 

6.4. Chapter Conclusions 

Our results shed light on the chemical aspects of photoinduced membrane 

permeabilization, showing the importance of photosensitizer binding to membranes and also 

of the formation of specific products relying on contact-dependent mechanisms. For the first 

time, the formation of phospholipid aldehydes was demonstrated for membranes suffering 
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photoinduced permeabilization, endorsing the role of this class of oxidized lipids on membrane 

permeabilization. We additionally show which direct reactions between photosensitizer and 

membrane lipids are meaningful. Membrane binding is a need mostly to allow direct contact of 

the photosensitizer with the lipid molecules and then lead to the formation of oxidized lipids 

beyond lipid hydroperoxides, and not much to allow singlet oxygen to reach its target within its 

lifetime. Moreover, our results set photobleaching not necessarily as something bad, but 

possibly as a necessary evil related to the reactivity of triplet excited states with lipid 

unsaturations and hydroperoxide groups. These reactions lead to a lipid radical pool, that in 

turn yields lipid aldehydes with permeabilizing effects. It gets then clear the need of tailored 

made photosensitizers capable of leading to specific lipid oxidation pathways by well-defined 

interactions and reactions with target substrates. 

 

6.5. Chapter Supplementary Material 

6.5.1. Molecular Dynamics Trajectories 

 

 

Figure SM 9. Immersion depth as a function of time for molecular dynamics simulations of DO15 and 
MB in POPC bilayers. The shaded area corresponds to the membrane interior. 

 

6.5.2. Characterization of Synthesized Oxidized POPC Standards 
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Table SM 1. Concentration of the synthesized oxidized lipid standards as determined by colorimetric 
methods. The approximate yield of each synthesis is also provided. 

 
Concentration / mg mL-1 

Approximate 

 yield (%) 
Iodometry Iron thiocyanate Molybdate 

LOOH 27 ± 2 28 ± 3 22 ± 6 24 

LOH - 9.4 ± 0,5 - 68 

LO - 0.15 ± 0.01 - 20 

 

 

 
Figure SM 10. MS spectra obtained by HPLC-MS/MS analysis (ESI+) for the synthesized oxidized lipid 
standards (LOOH: hydroperoxides; LOH: alcohols; LO: ketones) and for POPC and DPPC. Data were 
acquired with a Quattro II mass spectrometer, according to 6.2.11. 
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Figure SM 11. Extracted ion chromatograms of the [M+H]+ ion obtained by HPLC-MS/MS analysis 
(ESI+) for the synthesized oxidized lipid standards (LOOH: hydroperoxides; LOH: alcohols; LO: ketones) 
and for POPC and DPPC. Data were acquired with a Quattro II mass spectrometer, according to 6.2.11. 

 

 

Figure SM 12. Product ion (PI) spectra of the [M+H]+ ion obtained by HPLC-MS/MS analysis (ESI+) for 
the synthesized oxidized lipid standards (LOOH: hydroperoxides; LOH: alcohols; LO: ketones) and for 
POPC and DPPC. Data were acquired with a Quattro II mass spectrometer, according to 6.2.11. 
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Figure SM 13. MRM chromatograms for the transitions [M+H]+ → m/z 184 obtained by HPLC-MS/MS 
analysis (ESI+) for the synthesized oxidized lipid standards (LOOH: hydroperoxides; LOH: alcohols; LO: 
ketones) and for POPC and DPPC. Data were acquired with a Quattro II mass spectrometer, according 
to 6.2.11. 

 

 

Figure SM 14. Calibration curves constructed from integration of the peaks from MRM chromatograms 
for the transitions [M+H]+ → m/z 184 shown in Figure SM 13 for the synthesized oxidized lipid standards 
(LOOH: hydroperoxides; LOH: alcohols; LO: ketones) and for POPC and DPPC. For all curves, except 
for DPPC (E), DPPC was used as internal standard. In order to test the linearity of DPPC response in 
the studied concentration range, POPC was used as internal standard instead. All points have 
signal/noise ratio larger than 6. Data were acquired with a Quattro II mass spectrometer, according to 
6.2.11. 
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Figure SM 15. Product ion (PI) spectrum of the m/z 782.6 ion obtained by HPLC-MS/MS analysis (ESI+) 
of POPC. Data were acquired with a Quattro II mass spectrometer, according to 6.2.11. 

 

6.5.3. Phospholipid Aldehyde Detection 

 

Figure SM 16. MS spectra (ESI+) as determined by UHPLC-MS analysis after derivatization with PBH 
of a sample irradiated (631 nm LED with 72 ± 1 W m-2 irradiance) for 20 min with 15 µM DO15. The four 
monitored ions are indicated: m/z 878.51 = POVPC (internal standard); m/z 920.55 = ALDOPC-8; m/z 
934.57 = ALDOPC; m/z 946.57 = ALDOPC-10. Data were acquired with a Triple TOF 6600 mass 
spectrometer, according to 6.2.13. 
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Figure SM 17. MS2 (ESI+) spectra for the ions m/z 878.51 and 934.57 for the internal standard POVPC 
and the standard ALDOPC, respectively. The red and the blue dot indicate the m/z 184.07 and 271.11 
fragments, respectively. Data were acquired with a Triple TOF 6600 mass spectrometer, according to 
6.2.13. 

 

 

Figure SM 18. MS2 (ESI+) spectra for the ions corresponding to the internal standard (A: m/z 878.51 = 
POVPC) and the three analytes (B: m/z 920.55 = ALDOPC-8; C: m/z 934.57 = ALDOPC; D: m/z 946.57 
= ALDOPC-10) as determined by UHPLC-MS analysis after derivatization with PBH of a sample 
irradiated (631 nm LED with 72 ± 1 W m-2 irradiance) for 20 min with 15 µM DO15. The red and the blue 
dot indicate the m/z 184.07 and 271.11 fragments, respectively. Data were acquired with a Triple TOF 
6600 mass spectrometer, according to 6.2.13. 
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Figure SM 19. UHPLC-MS chromatograms for the indicated mass transitions for (A) the internal 
standard POVPC and (B) the standard ALDOPC. Data were acquired with a Triple TOF 6600 mass 
spectrometer, according to 6.2.13. 

 

 

Figure SM 20. UHPLC-MS chromatograms for the [M+H]+ → m/z 184.07 transitions for the internal 
standard (A: m/z 878.51 = POVPC) and the three analytes (B: m/z 920.55 = ALDOPC-8; C: m/z 934.57 
= ALDOPC; D: m/z 946.57 = ALDOPC-10) as determined by UHPLC-MS analysis after derivatization 
with PBH of a sample irradiated (631 nm LED with 72 ± 1 W m-2 irradiance) for 20 min with 15 µM DO15. 
Data were acquired with a Triple TOF 6600 mass spectrometer, according to 6.2.13. 
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Figure SM 21. Calibration curve constructed from integration of the peaks corresponding to the [M+H]+ 
→ m/z 184.07 transitions of the standard ALDOPC and the internal standard POVPC (see example in 
Figure SM 19). Data were acquired with a Triple TOF 6600 mass spectrometer, according to 6.2.13. 

 

6.5.4. Additional Photobleaching Results 

 

 

Figure SM 22. Absorption spectra of 15 µM DO15 aqueous samples irradiated with a 650 nm diode 
laser (35 mW), in different conditions (Δt = time interval, total = total irradiation time): (A) water (Δt = 10 
min, total = 120 min); (B) 0.3 M NaCl in 10 mM Tris buffer (pH = 8) (Δt = 10 min, total = 120 min); (C) Ar 
purged (Δt = 10 min, total = 120 min); (D) 1 mM sodium azide (Δt = 10 min, total = 120 min); (E) 10% 
ethanol (v/v) (Δt = 5 min, total = 60 min); (F) 80% ethanol (v/v) (Δt = 5 min, total = 60 min); (G); (H) 100 
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mM mannitol (Δt = 10 min, total = 120 min); (I) 1 mM SDS (Δt = 5 min, total = 60 min); (J) 50 mM SDS 
(Δt = 5 min, total = 60 min). 
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Chapter 7 – Final Remarks 

 

In this thesis, we identified and classified many important factors leading to 

photoinduced membrane permeabilization. This phenomenon mainly depends on four key 

elements: a photosensitizer, light, oxygen and the chemical target of the photoinduced 

damage, in this case, lipid membranes. A general idea present in all of the chapters is that 

efficient photodynamic action depends on overlapping distributions of the molecular species 

involved in PDT, and that the specific interactions between these four pillars determine the 

observed outcomes of photoinduced damage. This rationale is summarized in Figure 73. 

 

 

Figure 73. Roadmap of phenomena leading to photoinduced membrane permeabilization. 

 

The importance of photons to reach the sample is clear in the context of PDT (as 

expressed by the Grotthuss-Draper law), and some situations may require engineering 

solutions to overcome difficulties in light penetration, as discussed in Chapter 1. Here we 

expanded this concept to show that shedding more light to a sample not only means faster 
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damage, but also that changes in permeabilization kinetics followed different trends depending 

on the photosensitizer. This fact, which was discussed in Chapter 5, can give hints on the 

mechanisms leading to pore opening, and specifically about the rate of production of pore-

forming lipids. We envision that expanding the analysis described therein to other lipids and 

photosensitizers should clarify biophysical aspects behind photoinduced pore opening. 

The fact that the efficiency of photooxidative reactions is highly dependent on the 

interaction between photosensitizers and membranes was present throughout the thesis, 

besides being revised in Chapter 1. In Chapter 3 we showed that a fluorogenic α-tocopherol 

analogue could be activated by singlet oxygen, and that the extent of activation varied with the 

amount of singlet oxygen molecules being formed close to the membrane. This not only 

allowed us to measure the rate constant of the reaction between lipids and photosensitizers in 

membranes, but also to foresee the application of this probe to study photodynamic damage 

in cells. In Chapter 4, we applied this concept to membrane permeabilization and showed that 

photosensitizers partitioning in membranes to a larger extent were more efficient in causing 

membrane permeability or leading to lipid oxidation, and that membrane binding was more 

important than a high ΦΔ to predict photosensitizer efficiency.  

We highlight in Chapter 6 the importance of membrane binding for allowing direct 

reactions between lipid species and photosensitizers. Without these reactions, lipid oxidation 

does not go beyond hydroperoxide formation, and the products needed for photoinduced 

membrane permeabilization are not formed. This poses membranes not as passive targets for 

photooxidations, but as reactants that need to be in direct contact with the triplet excited states. 

Another conclusion arising from the fact that reactions between photosensitizer and lipids may 

be necessary to membrane permeabilization is that photobleaching may be a side effect of this 

need, suggesting that its occurrence may be a necessary evil and that photosensitizers should 

not be disregarded solely based on this criterium. 

Besides the importance of lipids unsaturations and photosensitizers having overlapping 

distributions, we also demonstrated that the same logic applies to oxygen distribution in 

membranes. We showed in Chapter 2 that oxygen partition in the membrane and its distribution 
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profile vary depending on temperature and membrane phase, as probed by triplet excited state 

lifetimes assessed by singlet oxygen NIR luminescence. Our results showed that the way how 

a photosensitizer experiments these changes depends on its positioning inside the lipid bilayer, 

and for this reason we believe that studies systematically correlating membrane 

permeabilization with photosensitizer membrane insertion depths should provide better 

routines for photosensitizer optimization. 

Membranes also modulate photosensitizer photochemistry and photophysics, since 

when photosensitizers are embedded in membraned they have different physical chemical 

properties if compared to when in the aqueous bulk. As seen in Chapter 4, membrane binding 

modulates the aggregation state of photosensitizers. This is important because aggregation 

can favor radical formation, while also reducing ΦΔ. The tendency to suffer photobleaching can 

also be increased in the presence of membranes containing unsaturated lipids, pointing to 

direct reactions between membrane components and photosensitizers, as discussed above. 

This shows that trusting photosensitizer properties measured solely in isotropic solution and 

solely pursuing high ΦΔ values may lead to pitfalls. In addition to that, this highlights the 

importance of expanding our studies to other classes of photosensitizers, which have different 

reactivities. Studying how these differences impact the efficiency of promoting membrane 

permeabilization should provide further insight into the important contact-dependent steps.  

The outcomes of the fine interactions between the photodynamic triad and its target, 

leading to lipid photooxidation, were studied by a number of techniques, namely CF leakage 

(Chapter 4 and Chapter 6), glucose and sucrose exchange and microscopic observation of 

GUVs (Chapter 5), study of structural changes by SAXS (Chapter 4), detection of lipid oxidation 

products by TBARS assay and HPLC-MS (Chapter 4 and Chapter 6), and consumption of a 

fluorogenic antioxidant (Chapter 3). All these techniques pointed towards increased levels of 

membrane damage for higher extents of membrane binding. By combining HPLC-MS with CF 

leakage assays, we were able to show that phospholipid aldehydes are related to membrane 

permeabilization when they are formed in situ, in line with previous reports showing that 

addition of these compounds to membranes leads to increased permeabilization. To our 
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knowledge, this was the first study providing an integrated view of the reactions occurring 

during photosensitized permeabilization, focusing on the formation of specific products and on 

the interactions needed for these processes to take place.  

A number of possible studies can be envisioned following our observations. From the 

lipid composition side, our experiments should be extended to consider the effects of 

cholesterol or polyunsaturated lipids and later evolve to the complex composition of a cell by 

following lipidomic strategies. From the biophysics side, the mechanisms behind pore 

formation under the presence of the detected oxidation products still lacks further experimental 

investigation. Specially, studies considering the phase behavior of these lipids species and the 

role of phase separation in general in the mechanisms of pore opening and on permeabilization 

kinetics may be important. If membranes are getting leaky, it is also significant to study if 

photoinduced membrane permeabilization solely depends on pore opening or if some species 

can already permeate at earlier oxidation stages. In addition to that, specifically investigating 

the permeability to protons might give important results considering the induction of cell death 

mechanisms.  

All these questions arise from the fact that we now understand at a deeper level the 

steps leading to membrane permeabilization. These findings allowed us to draw the roadmap 

to photoinduced membrane permeabilization presented in Figure 73, whose elements were 

explored in detail in each of the chapters of this work. As a result, we hope that our work 

provides researchers with better experimental and reasoning tools for looking for 

photosensitizers that target membrane permeabilization. In addition, the applicability of our 

studies extends beyond PDT, for membrane permeabilization via lipid photooxidation is also 

being explored as a strategy for drug delivery (Miranda and Lovell 2016; Luo et al. 2016; Rwei 

et al. 2015; Massiot et al. 2017). Not only that, we believe that similar molecular-level oriented 

approaches can be used to tackle photodynamic damage to other biological targets. Such a 

chemical approach may be essential to understand more complex samples, for we show that 

photodynamic damage in very simple model membranes can already be truly intricate. 
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