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ABSTRACT 

This thesis reports the study of nanocarriers as drug delivery systems for photosensitisers in 

photodynamic therapy. Proteins and liposomes are the two nanovehicles of different nature 

used for this purpose. 

Beginning with the proteins, the complexes formed between hypericin and the proteins 

apomyoglobin and β-lactoglobulin have been explored. The physicochemical and photophysical 

properties have been studied, as also assessing their photoantibacterial activity against Gram-

positive and Gram-negative bacteria. In both protein scaffolds the photosensitiser is found 

mainly in monomeric form, preserving its fluorescence and singlet oxygen photosensitising 

properties and yielding a stable complex. In the case of β-lactoglobulin, the complex formation 

has also been tested with the addition of a 20% DMSO as a co-solvent, which improves the 

photophysical properties but surprisingly, worsens its antimicrobial activity. Both protein 

complexes are effective against Gram-positive but not against Gram-negative bacteria. 

Moreover, it has been proved that hypericin, inside the apomyoglobin cavity, can perform STED 

microscopy through which its localization in bacteria can be monitored. Additionally, the 

suitability of β-lactoglobulin as a dual carrier for hypericin and acid retinoic has also been 

exploited. In this last multi-component system, the photophysical properties have been 

evaluated to confirm the formation and complex stability.  

Secondly, a nanocarrier for its use in combined therapy has been developed, in which 

conventional chemotherapeutic drugs are combined with photosensitising agents to overcome 

resistance and improve the effectiveness of the individual treatments. For this purpose, two 

different liposome formulations have been designed and studied with a common 

photosensitiser but different anti tumour drugs. The bimodal formulations with both agents 

entrapped and their unimodal counterparts, having each drug loaded in separate liposomes, 

have been evaluated. The physicochemical, photophysical and photobiological properties of 

bimodal and unimodal suspensions have been studied. The subcellular localization shows 

different organelle accumulation by each agent, triggering different key signals transduction 

pathways, eluding the cellular resistance mechanisms. The treatment in vitro of these multi-

component liposomes with cancer cells has a promising effect, since at least an additive 

outcome is observed when compared with the individual treatments. Finally, we have explored 

the potential of active targeting strategies by covalently linking a monoclonal antibody to the 

surface, leading to slightly greater outcomes for one of the liposomal formulations. 

 



RESUMEN 

Esta tesis profundiza en el estudio de nanotransportadores como sistema de vehiculización y en 

algunos casos, liberación de fotosensibilizadores empleados en terapia fotodinámica. Se 

emplean dos nanotransportadores de naturaleza distinta: proteínas y liposomas.  

En primer lugar se han investigado los complejos formados entre hipericina y las proteínas 

apomioglobina y β-lactoglobulina. Se han estudiado las características fisicoquímicas y 

fotofísicas, evaluando la actividad antimicrobiana frente bacterias gram-positivas y gram-

negativas. En ambas matrices proteicas el fotosensibilizador se encuentra mayoritariamente en 

forma monomérica, preservando sus propiedades fotofísicas y formando un complejo estable. 

En el caso de la β-lactoglobulina se estudia además, la formación del complejo con la adición del 

20% de DMSO como co-solvente, lo que mejora las propiedades físicas pero 

sorprendentemente, empeora la capacidad antimicrobiana. Ambos complejos proteicos son 

efectivos contra bacterias gram-positivas, pero no contra gram-negativas. Además, se 

demuestra que la hipericina en la cavidad de la apomioglobina es capaz de realizar microscopía 

de super-resolución STED, mediante la cual se puede monitorizar los sitios de unión a las 

bacterias. Asimismo, se ha estudiado la β-lactoglobulina como portador dual de hipericina y 

ácido retinoico. En este último sistema multi-componente se evalúan las propiedades fotofísicas 

para verificar la formación y estabilidad del complejo.  

En segundo lugar, se desarrolla un nanovehículo para su uso en terapia combinada en el que se 

incorpora fármacos quimioterapéuticos convencionales con agentes fotosensibilizantes, para 

superar las resistencias y mejorar la eficacia de los tratamientos individuales. Con este objetivo, 

se han diseñado y estudiado dos formulaciones liposomales diferentes, ambas con el mismo 

fotosensibilizador, pero con diferentes agentes quimioterapéuticos. Se preparan las 

formulaciones bimodales con ambos agentes en el mismo vehículo además de sus homólogos 

unimodales, con la incorporación única de uno de los dos agentes. Se han evaluado las 

características fisicoquímicas, fotofísicas y fotobiológicas de las suspensiones bimodales y 

unimodales. La localización subcelular demuestra que cada principio activo se localiza en 

orgánulos diferentes desencadenando rutas de señalización celular diferentes, eludiendo los 

posibles mecanismos de resistencia. El tratamiento in vitro en células cancerígenas de estos 

sistemas tiene un efecto prometedor siendo al menos aditivo en comparación con los 

tratamientos individuales. Finalmente, se ha evaluado el potencial de la vehiculización activa 

mediante la unión covalente de un anticuerpo monoclonal en la superficie, lo que lleva a 

resultados ligeramente superiores para una de las dos formulaciones.  



RESUM 

Aquesta tesi aprofundeix en l’estudi de nanotransportadors com a sistemes de vehiculització i 

en alguns casos, alliberació de fotosensibilitzadors emprats en teràpia fotodinàmica. S’han fet 

servir dos nanotransportadors de naturalesa diferent: proteïnes i liposomes. 

En primer lloc s’ha investigat els complexos formats entre la hipericina i les proteïnes 

apomioglobina i β-lactoglobulina. S’han estudiat les característiques fisicoquímiques i 

fotofísiques, avaluant l’activitat antimicrobiana en front a bacteris gram-positius i gram-

negatius. En ambdues matrius proteiques el fotosensibilitzador es troba majoritàriament en 

forma monomèrica, preservant les seves propietats fotofísiques i formant un complex estable. 

En el cas de la β-lactoglobulina s’estudia a més, la formació del complex amb l’adició d’un 20% 

de DMSO com a co-solvent, fet que millora les propietats fotofísiques en detriment de la 

capacitat antimicrobiana. Ambdós complexos proteics son efectius contra bacteris gram-

positius però no contra gram-negatius. Per altra banda, es demostra que la hipericina 

incorporada a la cavitat de l’apomioglobina pot ser utilitzada en microscòpia de super-resolució 

STED. Amb aquesta tècnica es pot monitoritzar els llocs d’unió del fotosensibilitzador a la 

membrana dels bacteris. Així mateix, s’estudia l’ús de la β-lactoglobulina com a portador dual 

d’hipericina i àcid retinoic. En aquest últim sistema multi-component s’avaluen les propietats 

fotofísiques per a verificar la formació i estabilitat del complex.  

En segon lloc, es desenvolupa un nanovehicle per la seva aplicació en teràpia combinada en el 

qual s’incorporen fàrmacs quimioterapèutics convencionals amb agents fotosensibilitzants, per 

superar resistències i millorar l’eficàcia dels tractaments individuals. Amb aquest objectiu, s’han 

dissenyat i estudiat dues formulacions liposomals diferents, ambdues amb el mateix 

fotosensibilitzador però encapsulant diferents agents quimioterapèutics. Es preparen 

formulacions bimodals on s’incorporen els dos agents al mateix vehicle i els seus homòlegs 

unimodals, amb la incorporació única d’un dels dos agents. S’han avaluat les característiques 

fisicoquímiques, fotofísiques i fotobiològiques de les suspensions bimodals i unimodals. La 

lozalització subcel·lular demostra que cada principi actiu es localitza a orgànuls diferents 

desencadenant rutes de senyalització cel·lular diferents, eludint els possibles mecanismes de 

resistència. El tractament in vitro en cèl·lules cancerígenes amb aquests sistemes tenen un 

efecte prometedor, ja que com a mínim presenten un comportament additiu respecte els 

tractaments individuals. Finalment, s’ha avaluat el potencial de la vehiculització activa 

mitjançant la unió covalent d’un anticòs monoclonal a la superfície, el que millora lleugerament 

els resultats per una de les dues formulacions. 
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CHAPTER 1 
 

 

 

Introduction 
 

 

 

A general introduction to the subject of the thesis is given in this chapter, as well as 

the main objectives of this work. The basis of photodynamic therapy as an 

anticancer and antimicrobial tool are reviewed, together with the state of art of 

drug delivery systems applied to this treatment modality, especially centred in 

proteins and liposomes. Moreover, some updates on the state of combined therapy 

are also presented. 

 

 

 

 

 



 

 



 __________________________________________________________________________ Introduction 

1.1. Photodynamic therapy: general aspects 

Photodynamic therapy (PDT) is a clinically approved therapeutic modality for the treatment of 

malignant and non-malignant diseases as well as pathogenic infections. It consists of the 

administration of a photoactive drug, called photosensitiser (PS), followed by light exposure in 

the presence of oxygen. These three components are not harmful or cytotoxic per se, but 

combined leads to the production of reactive oxygen species (ROS), which oxidize intracellular 

molecules and thereby destroy cells (Figure 1.1).1–3 

  The 3 components: 

 

 

 

 

 

 
 
 
Figure 1.1. PDT is a therapeutic modality based on the combination of the PS, light and oxygen to generate ROS which 
exerts cellular damage. The image shows a PDT scenario where a patient who has already taken the PS is illuminated 
under a beam of light through a fiber optic directly focused to the tumor site. Photograph was taken by John Crawford 
(National Cancer Institute) and licensed in Wikimedia Commons. 
 
PDT comprises two stages: first the PS administration to the patient either systematically or 

locally, in the absence of light, which is left to accumulate in the malignant tissue for a certain 

time. Secondly, once the ratio between PS concentration in malignant tissue respect to that in 

healthy tissue is maximum, light of appropriate wavelength and dose is delivered to the specific 

tumour or infected area.4 This therapy has the advantage over other treatments of dual 

selectivity: the PS is targeted or is accumulated specifically to the tumour or other lesion and 

the light can also be accurately delivered in a spatially confined and focused manner.5  

Ultimately, the cell death is caused via apoptosis, necrosis or autophagy, by the generation of 

ROS, which have a high and unspecific reactivity. Due to its multi‐target mode of action, the 

scope of PDT expands from the treatment of cancer cells, with the approval of several PSs for 

clinical use and several others undergoing clinical trials, to the treatment of microbial 

infections.6 However, PDT has side effects including the inherent broad reactivity of ROS makes 

that during PDT therapy both healthy and unhealthy cells will be damaged equally unless a 

precise localisation of the PS or light is achieved. Since light can diffuse through tissues, it is 

critical to assure the PS location with respect to the healthy tissue to achieve more selective in 

3



Chapter 1   

PDT treatments. Another limitation of this approach is the importance that PSs absorb in the 

optical therapeutic window (650-900 nm) to ensure the maximum penetration depth of light 

and avoid the long-lasting skin photosensitivity. Therefore, new methodologies in order to 

enhance the selectivity of this therapy are urgently needed and some of these improvements 

will be addressed in the following sections.  

1.1.1. Jablonski diagram: the photosensitisation process and mechanisms of action 

Production of singlet molecular oxygen (1O2) by photosensitisation remains the most common 

and convenient means of producing this non-radical yet highly-ROS. The process starts when the 

PS in its singlet ground state (1PS) absorbs light of an appropriate wavelength, usually in the 

visible (VIS) and near-infrared range (NIR). This results in the excitation of a single electron of 

the PS from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO), while the spin remains unchanged during the process. The excited state, known 

as the excited singlet state (1PS*), is relatively short lived, few nanoseconds at most. In this stage, 

several photophysical and photochemical processes can occur (Kasha’s rule) to lose the 

excitation energy. The PS can return to its ground state emitting light (fluorescence) or internally 

converts the energy to heat by a radiationless relaxation. Both transitions are, according to spin 

selection rules, allowed since the spin number is preserved. On the other hand, the excited 

electron can also reserve its spin, thus undergoing intersystem crossing (ISC) and populating the 

first excited triplet state (3PS*), less energetic than the first excited singlet state (S1). Despite 

being a forbidden transition and therefore a relatively slow process (up to 1 s) for most organic 

compounds in solution, it can still occur with a certain probability as a consequence of spin-orbit 

coupling (i.e., interaction with the electron’s magnetic momentum and its spin-motion magnetic 

momentum).7,8 

The 3PS* ultimately decays to the ground state, either by a radiative process (phosphorescence) 

or by internal conversion. Nevertheless, the long-lived 3PS* can also react in two distinctly 

different photochemical processes. Type I pathway involves an electron or hydrogen transfer 

reaction between the 3PS* and a substrate, initiating a cascade of radical reactions which, in the 

presence of molecular oxygen (3O2), culminate in the formation of various types of ROS, 

including hydroxyl radical (•OH), superoxide radical anion (O2
•−) or hydrogen peroxide (H2O2) 

(Figure 1.2). Specifically, electron transfer from a substrate to 3PS* yields a radical anion (PS•−), 

which reacts further with 3O2 to yield O2
•−. This primary ROS is not highly reactive in biological 

systems, but can be reduced further to produce H2O2 that can easily cross biological membranes. 

4



 __________________________________________________________________________ Introduction 

Moreover, H2O2 can react with O2
•− to form •OH, whose high redox potential of E0=1.35 V allows 

it to oxidize most molecules within the cell. 

 
Figure 1.2. Jablonski diagram representing the energetic states of a PS; the photophysical processes occurring upon 
light absorption and type I and type II reactions. IC: internal conversion, ISC: intersystem crossing and VR: vibrational 
relaxation.  
 
The type II pathway involves an energy transfer reaction from the 3PS* to oxygen, yielding the 

transient and highly reactive 1O2 (Figure 1.2). This reaction is spin-restricted because oxygen in 

its ground state is also a triplet (3O2)8 and triplets reacting with triplets have a 1/9th probability 

to yield two singlets (1O2 and 1PS).  

PS act as a catalytic molecule since one molecule may account for many “PDT cycles”, involving 

many oxygen molecules, many photons and many substrate molecules. Indeed, it has been 

estimated that the turnover rate can be as high as 106 or 107 cycles per second per molecule of 

PS.9 Nevertheless, a photoexcited PS molecule can react with other molecules present in the 

system leading to photobleaching or photodegradation and is related to the photostability of 

the PS that will be mention in the next section. 

1O2 is kinetically far more reactive than 3O2 due to its particular spin multiplicity. Unlike 3O2, 

which cannot oxidize organic molecules because of the spin angular momentum conservation 

rules, 1O2 has the right spin to carry out the oxidation of organic compounds. Thus, the highly 

reactive 1O2 subsequently reacts towards a broad variety of molecules and biomolecules, 

particularly proteins, lipids, and nucleic acids of microbial and malignant cells (Figure 1.3).7,10,11 
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Figure 1.3. Possible photochemical reactions during PDT. 

 
The lifetime of 1O2 is very dependent on the solvent or its environment.12,13 In neat H2O, the 

lifetime is 3.5 μs, in D2O it is 68 μs, in organic solvents it is in the range 10–100 μs, and in lipids 

it is 50–100 μs.14 It decreases dramatically (to ~0.2 μs) inside cells due to reactions with biological 

substances, which limits the 1O2 diffusion in cells.8 Thus, PDT treatments are spatially localised 

at the point of 1O2 generation and primary cell damage will be localized within its vicinity, which 

is approximately about 10 nm in diameter, 30 nm at much (thickness of a cell membrane).15 

Type I and type II processes may occur simultaneously, and the ratio depends on several factors, 

particularly the properties of the PS used and the oxygen concentration. For many PSs, type II is 

regarded as the dominant process in PDT. 

1.1.2. Photosensitisers: general considerations 

PDT efficiency broadly depends on three factors, namely the light (source type dose, and 

delivery regime), the concentration of oxygen, and the PS. Moreover, since the diffusion 

constant of singlet oxygen is D= 1.4 x 10-5 cm2·s-1,8 rather low, 1O2 has a low sphere of action and 

therefore the intracellular localisation of the PS greatly determines the site of primary cellular 

damage.  

PSs are commonly organic planar molecules with highly delocalised π-orbitals. They can be 

synthetic or natural molecules with some preferable characteristics: 1) low levels of dark toxicity 

and low incidence of administration toxicity (i.e., hypotension or allergic reaction); 2) capable of 

absorbing light in the so-called optical therapeutic window in order to penetrate tissue and 

reduce skin photosensitivity; 3) their triplet state must have sufficient energy to allow an 

efficient energy transfer to 3O2 (ET > 94 KJ·mol-1; 22.5 kcal·mol-1); 4) endowed with high triplet 

quantum yields and long triplet state lifetimes.10,16 Other desirable photophysical and 
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photochemical properties are: 5) relatively high extinction coefficients at the light excitation 

wavelength to minimize the light fluences needed; 6) high photostability; 7) solubility in 

biological environments and 8) a rapid clearance from the body.6,10,17  

According to the previous requisites, we can currently find a large number of dye families 

capable of acting as PDT photosensitisers (Figure 1.5). The following classification is based on 

their chemical structures:  

Porphyrin-based photosensitisers. A vast majority of PSs are derivatives of the cyclic 

tetrapyrrole structure named porphin.4 This macrocycle core consists of 18‐π conjugated 

electrons with four pyrrolic subunits linked on opposing sides (α-positions, Figure 1.4) through 

four methine (CH) bridges, known as the meso-carbon positions.18 Some of them are naturally 

occurring pigments active in many biological processes and include the metallopigments haem 

(i.e., the prosthetic group of proteins like haemoglobin, cytochromes, catalase, etc.).19 However, 

most efficient porphyrin-based PSs used in PDT are synthetic and have substituents in the meso- 

or β-positions. Some well-known tetrapyrrolic PSs are porphyrins, chlorins, bacteriochlorins, 

phthalocyanines or porphycenes.  

The first approved PS belong to this category was a mixture of porphyrin oligomers, called 

Photofrin®, a purified version of hematoporphyrin derivative (HpD).20 

 
Figure 1.4. Structure of some of the existing cyclic tetrapyrrolic PSs. 
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Non-porphyrin-based photosensitisers. Inside this group, the most used PSs are: polynuclear 

aromatic hydrocarbons; aromatic ketones (anthraquinones, perylenequinones), aromatic 

heterocycles (psolarens, coumarins, flavins, xanthenes, rhodamines, fluoresceins, acridines, 

phenazines or phenothiazines); carbon nanoforms; or coordinate compounds of many transition 

metals, mainly Ru(II).17,20,21  

 
Figure 1.5. Structures of some of the most common PSs: 1) pyrene; 2) phenalenone; 3) hypericin; 4) methylene blue; 
5) rose bengal; 6) fullerene- C60; 7) carbon nanotube; 8) tris(bipyridine)ruthenium (II); 9) porphyrin and 10) 
phthalocyanine; 
 
Each particular type of PSs finds application in different areas, basically depending on their 

photostability and their optical window.  

1.1.3. Cell death mechanisms 

As already mentioned, the production of ROS lead to an irreparable cellular damage which 

triggers tumour cell death by any of the four pathways- apoptosis, necrosis, autophagy or 

paraptosis.22 The type of mechanism involved in cell death depends on several factors, for 

instance treatment dose, cell line, mode and dose of irradiation or subcellular localisation of the 

PS.23 The latest plays a key role in PDT since the 1O2 will diffuse just in the close vicinity of its 

production and the cellular response depends on which organelles are photochemically 

damaged. Most of the subcellular organelles, such as mitochondria, lysosomes, nucleus, plasma 

membrane, endoplasmic reticulum (ER) or Golgi apparatus, can become targets for PSs. 
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Apoptosis is a very complex, multi-step, multi-pathway (i.e., can be triggered by external or 

internal signals) cell death that is genetically encoded in every cell of the body and is a common 

modality in cells treated with PDT.24 Apoptotic cells are characterised by some morphological 

features, including chromatin condensation, nuclear fragmentation, cell shrinkage and plasma 

membrane blebbing. Cells are ultimately fragmented into multiple membrane vesicles, called 

apoptotic bodies. Apoptotic bodies are engulfed by phagocytes in vivo, which prevents 

inflammation and tissue destruction. Regarding the biochemical level, oxidation of cellular 

components by ROS initiates a stress response which elicits a cascade of signalling events 

commonly involving activation of caspase, mitochondria damage or cytochrome c release, 

among many others. Mitochondria plays a key role in regulating pro-apoptotic signals and 

triggering the apoptosis mechanism as a response, although some recent investigators indicate 

that other organelles such as lysosomes, Golgi apparatus or ER may be important in prompting 

pro-apoptotic signalling cascades.25,26 

On the other hand, necrosis has traditionally been thought as a passive, not regulated cell death, 

although recent reports have remarked that some form of necrosis may also occur in a regulated 

manner.27,28 Excessive chemical or physical injury to the cell results in this violent and quick cell 

death modality. Necrotic cells are characterised by cytoplasm swelling and vacuolisation, 

destruction of organelles and uncontrolled rupture of the plasma membrane, leading to the 

release if intracellular contents and pro-inflammatory molecules, which result in an acute 

inflammatory response and at the end membrane blebbing.23  

Photochemical damage of cells can also lead to cell death by autophagy. Autophagy is a catabolic 

process that allows the cell to maintain a balance between the synthesis, degradation and 

recycling of cellular products. In this process, a portion of the cytosol, usually containing cellular 

organelles, is sequestered by a double membrane forming the autophagosome, which 

ultimately fuses with a lysosome, yielding the autophagolysosome.24 This cell death modality is, 

in fact, a cytoprotective mechanism to preserve cellular homeostasis but it can also promote cell 

death in response to excessive stress signals including oxidative stress caused by PDT.1 Recent 

studies show that autophagy could both have a pro-death or preservation role after PDT 

treatment.29,30 Kessel et al. claim that when mitochondria is the target, autophagy plays a 

protecting role, whereas if the target is the lysosome then, autophagy does not provide any 

protection, being indeed more effective cell death mechanism.31 

Kessel et al. have described a new mode of cell death, which is called paraptosis.32 Unlike 

apoptosis, this is a mode of non-caspase-mediated cellular death associated with ER stress. It is 
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characterised by mitochondrial swelling and extensive cytoplasmic vacuolisation, with 

exceptionally large vacuoles derived from the ER, which could be labelled with an ER stain. It 

seems that somehow lysosome photodamage promotes and activates paraptosis. During the 

process, the nuclei remain intact but the cells died from a process that is still under investigation 

and it cannot yet be estimate the extent to which paraptosis contributes to PDT-mediated cell 

death. Kessel has also demonstrated that ER photodamage can lead to paraptosis, whereas 

lysosomal photodamage results only in apoptosis.32 

Although these cell death mechanisms are directly related to eukaryotic cells, several studies 

indicate that some features of programmed cell death such as apoptosis are conserved in 

bacteria. Some reports suggests that proteins like CidA and LrgA, originally found in S. aureus 

but widely conserved in other bacteria, possess functions analogous to the pro-apoptotic 

effector of the Bcl-2 protein family. In response to toxic agents, antibiotics, oxidation stress or 

certain environment conditions these proteins cause membrane disruption and lead to the 

activation of peptidoglycan hydrolases that ultimately induce a cellular disassembly.33 

Moreover, in most cases bacterial cell death involves ROS generation follows by DNA 

fragmentation, chromosomal condensation and membrane depolarization.34 

Bacterial infection elicits a diverse array of host protective and stress responses, including the 

cell death and proliferative responses, inflammatory response, and innate immune response. 

Ultimately, the host cell death response critically influences the fate of bacterial infection, the 

integrity of the host innate defence barrier, innate and acquired immunity, and disease 

outcome.35 Bacteria-triggered cell death results in various modes of cell death that greatly vary 

with the host cell type, stage of infection, infectious dosage, physiological condition of the cell, 

bacterial factors, and experimental setting.  

1.1.4. Clinical applications 

The current era of PDT can be considered to begin in 1960 when R. Lipson and S. Schwartz 

observed that injection of crude preparation of hematoporphyrin led to fluorescence of 

neoplastic lesions visualised during surgery. Schwartz further purified the hematoporphyrin 

crude and obtained a more phototoxic version that he called hematoporphyrin (HpD), which 

was used by Lipson et al. for further investigations.36 In 1978, Dougherty et al. conducted the 

first clinical trial combining HpD and red light and obtained partial or complete tumour 

eradication in almost all lesions treated.37 Importantly, they further purified HpD up to the 

launching of the first clinically approved PS known as Photofrin®,38 which nowadays is still one 

of the most clinically used PSs.1 However, Photofrin® has several drawbacks: it consists of a 
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mixture of many compounds so it is difficult to reproduce its composition, it is not very tumour 

selective and causes long-lasting cutaneous photosensitivity, as it is absorbed by the skin.11  

Since then, significant efforts have been invested in the development of new PSs and establish 

better protocols for PDT treatments. Up to now, there are many PSs approved by the Regulatory 

Agencies for numerous cancers including lung cancer, gastrointestinal tract, the head and neck 

region, bladder, prostate, and nonmelanoma skin cancers and actinic keratosis.39 Some of these 

approved PSs are δ-aminolevulinic acid (ALA, Levulan®) or 5-aminolevulinate (MAL, Metvix®), 

both precursors to endogenous protoporphyrin IX (PpIX), for actinic keratosis; 

hexaminolevulinate (Cysview®) for colon and bladder cancer diagnosis; temoporfin (m-THPC, 

Foscan®) for head and neck cancers or Photosens® just approved in Russia for various cancers.6 

On the other hand, antimicrobial PDT (aPDT) may find widespread application for a variety of 

infectious diseases, its current clinical use is mostly restricted to dentistry and dermatological 

applications.40,41 Unlike cancer PDT, the dyes used in aPDT were originally approved for other 

applications, but their photosensitising ability is being exploited for aPDT. Not surprisingly, they 

belong to widely diverse chemical families (e.g., xanthenes such as Rose Bengal (RB), 

perylenequinones such as hypericin, phenothiazinium salts such as Methylene Blue (MB) or 

Toluidine Blue O (TBO) and cyanines such as Indocyanine Green (ICG), as well as their derivatives 

and a number of additional dyes from other families (e.g., curcuminoids, tetrapyrroles or 

fullerenes).42,43 MB, TBO and ICG are the only PSs clinically approved for antimicrobial 

applications, besides ALA and MAL that are as well approved for dermatologic indications.44–47 

Most of the previous PSs are in clinical trials for applications like onychomycosis, oral candidiasis, 

psoriasis, acne, atopic dermatitis, foot ulcers or periodontitis. 

Although oncological applications have been the main driving force behind PDT, extension to 

non-oncological conditions has long been pursued. For instance, Visudyne™ (verteporfin; QLT 

Phototherapeutics, Inc., Vancouver, BC, Canada) obtained FDA approval in 1999 for the 

treatment of the wet form of age-related macular degeneration (AMD).48 Purlytin™ has already 

finished phase III studies for AMD, and motexafin lutetium, under its commercial name of 

Optrin®, is also being tested for the loss of vision due to retina damage.6 

In the field of dermatology, PhotoCure ASA completed the studies for Allumera®, a methyl 

aminolevulinate (MAL)-based product for skin rejuvenation that was released in the USA in 

2011, and has finished phase II tests for the use of Visonac® for the treatment of acne vulgaris.49 

Although originally PDT was developed as a cancer treatment, nowadays it also has successful 

uses in the treatment of non-cancerous diseases. Some examples are already mentioned like in 
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the ophthalmology or dermatology field, but has also been used in rheumatology for arthritis or 

for vascular diseases such as atherosclerosis. However, PDT is gaining importance in what were 

its origins in microbiology for a large variety of localised infections or against local viral diseases 

such as herpes.42 

1.2. Photodynamic therapy for antimicrobial purposes  

Light has been used in therapy for more than three thousand years. Ancient Egyptian, Indian 

and Chinese civilisations used light to treat various diseases, including psoriasis, vitiligo or skin 

cancer. Yet it was not until 1900 that a medical student Oscar Raab and his professor Hermann 

von Tappeiner reported that certain wavelengths were lethal to microorganisms such as 

paramecia in the presence of acridine.50  

Despite having several applications for killing pathogenic microorganisms in vitro or in animal 

models, its uses to treat infections in patients still has not many applications. Although this 

seems to be changing since the emergence of antibiotic resistance due to, among other things, 

the inappropriate prescription of antibiotics, the failure of some patients to complete their 

treatment or due to the dramatically low effectiveness of antibiotics to treat bacteria as a 

biofilm. Therefore, the situation has led to a major research effort to find alternatives like 

antimicrobial photodynamic therapy (aPDT) to antibiotics treatments since just some evidences 

have been found of microbial viability recovery and resistance mechanisms against it.51 aPDT 

also has a broad spectrum action, since can kill different microorganisms (e.g., bacteria, fungi, 

yeasts or parasitic protozoa), its efficacy is not significantly dependent of the strain or the 

antibiotic resistance pattern and has a small probability to promote the onset of mutagenicity. 

Contrary to PDT for cancer where the PS is generally delivered systemically, in aPDT the PS will 

be locally administered into the infected area by methods such as topical application, instillation, 

interstitial injection or aerosol delivery. Thus, the therapy lead to an extensive reduction in 

pathogen population either by means of damage DNA or cytoplasmic membrane, with very 

limited damage to the host tissue.52 aPDT is certainly a suitable therapy to overcome the 

antibiotic resistance problem, now that for instance methicillin-resistant Staphylococcus aureus 

(MRSA), vancomycin-resistant Enterococcus faecalis (VRE) or some new strains of Escherichia 

coli are causing much concern these days.53  

However, there are always some limitations that make this treatment had not been established 

as a standard therapy with antimicrobial purposes. One of the greatest limitations is the 

different susceptibility to PDT between gram-positive and gram-negative bacteria. It is known 

that gram-negative are much less susceptible to PDT with many commonly used PS that, even 
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so, caused a great phototoxicity in gram-positive. It was found that, in general, neutral or anionic 

PS molecules are efficiently bound to and photodynamically inactivate gram-positive bacteria, 

whereas they are bound, to a greater or lesser extent, only to the outer membrane of gram-

negative bacterial cells, but do not inactivate them after illumination.54 

Another important issue to be addressed in order to promote aPDT as the standard therapy is 

the selectivity for the microbes over mammalian cells. It is imperative to be reducing the disease-

causing pathogens while the surrounding host cells of the patient are not receiving any PDT 

damage.7 

1.2.1. Differences between gram-positive and gram-negative bacteria in their cellular 

structure 

The higher susceptibility of gram-positive bacteria is explained by their physiology, cellular 

structure and organisation. Both gram-positive and gram-negative bacteria present an outer cell 

wall. In particular, in gram-positive species the outer wall (15- 80 nm thick) contains up to 100 

peptidoglycan layers, which are associated with lipoteichoic and negatively charges teichuronic 

acids. This wall instead of representing an effective permeability barrier, displays a quite high 

porosity degree, enabling various macromolecules to diffuse into the inner plasma membrane 

(Figure 1.6).55 

On the contrary, the outer wall of gram-negative species is endowed with an additional 10- 15 

nm thick element, external to the peptidoglycan network.51,52 This outer membrane is a 

bilamellar membrane composed of porin proteins, lipopolysaccharide trimers and lipoproteins 

that constitutes a physical and functional barrier between the cell and its environment (Figure 

1.6).56 

 
Figure 1.6. Comparison of gram-positive and gram-negative bacterial cell walls. Image adapted from: http://microbio 
energetica.squarespace.com. 
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1.2.2. The photosensitiser: hypericin 

As has been pointed out, cationic PSs such as methylene blue or toluidine blue are the only ones 

which can bind and penetrate through the gram-negative membrane. However, gram-positive 

bacteria could be killed independently of the PS’s charge. Then it is important to reach an 

equilibrium between the charge and the hydrophobic character of the PS that let it reach the 

inner membrane of the cell.7  

Usually, lipophilic PSs such as hypericin (Hyp, see Figure 1.5) are incorporated into the cellular 

membrane through a passive transport by diffusion. Hyp is a neutral and water insoluble 

perylenequinone isolated from St John’s wort and is possibly one of the most powerful PSs 

present in nature. The pentacyclic conjugated chromophore provides good absorption bands in 

the red range with a peak around 595 nm.53 Hyp has a quite high quantum yield of 1O2 formation 

(ФΔ≈0.32 in ethanol) and it is a both type I and II PS. In cells, Hyp is particularly accumulated in 

the membranes of the ER and Golgi complex, causing the cell death by the ER stress leading to 

apoptosis but ultimately activating the host immune system.57 Moreover, Hyp may cause cell 

death by paraptosis according to Kessel et al. in three different cell lines, A549, 1c1c7 and 

WSU12, likely caused by the ER photodamage (data shown in the 17th Congress of the European 

Society for Photobiology). 

Although Hyp has been known as a medicinal plant with antidepressant properties for many 

years, recently has been tested clinically for several cancer indications because of the multiple 

pathways that are activated with Hyp-PDT.58 Hyp is also receiving much attention for the 

detection of bladder cancer, due to its fluorescence quantum yield (ФF≈0.35).59,60 Moreover, it 

has also been scrutinized for its antiviral, anti-fungal and antibiotic properties.55  

1.3. Photodynamic therapy for cancer purposes 

Cancer is a major cause of morbidity and mortality, with approximately 14 million new cases and 

8 million cancer-related deaths in 2012.61 Therefore, it is not surprising that much effort is made 

to overcome this worldwide burden. Although the conventional cancer treatment options are 

chemotherapy, radiotherapy or surgery, among others, PDT is an alternative approach since in 

1972 appeared the first reports of the anticancer PDT by Lipson and Baldes. They first used HpD 

combined with red light to treat bladder cancer in animals and in humans. Since then, PDT has 

been mostly developed as an anticancer therapy for tumours of the skin and mucous 

membranes, for tumours of hollow organs accessible by endoscope, and recently for deep solid 

tumours where light can be delivered by interstitial fibers inserted into the tumor.7 
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PDT, although still emerging, is already a successful and clinically approved therapeutic modality, 

that was to become the first drug-device combination approved by the US Food and Drug 

Administration (FDA). However, is still many things to do because, since the approval of 

Photofrin® in 1993, the number of clinically approved drugs for PDT is disappointingly low.  

The demand for the precision, efficacy and selectivity of the treatments is increasing every day. 

In PDT, selectivity is one of the best qualities, but the highly localised nature of the PS could be 

a problem to treat metastatic lesions. In order to overcome this, a deeper understanding of 

which are the mechanisms activated by PDT could be decisive. It has been shown that induce a 

systemic immune response could propagate the damage to some extent.1  

On the other hand, one of the limitations of PDT turns out to be a desirable feature. Specifically, 

the photobleaching of the PS (i.e., the dye destruction over illumination) would make light 

dosimetry less critical because overtreatment would be avoided. 

Some reports suggest changes in the traditional protocols of cancer PDT, which could improve 

the control of the procedure, depending on cancer to be treated. For instance, reducing the 

interval between drug administration and irradiation, giving light when the PS is still in the blood 

vessels could increase the vascular damage (explained in 1.3.1). 

1.3.1. Mechanisms whereby PDT induces tumour damage 

PDT induces tumour damage via direct cellular, vascular and immunological mechanisms. 

Intracellular cytotoxic mechanisms include stress response, apoptotic, paraptotic, necrotic, 

and/or autophagic cell death, most of them already explained.  

Direct cytotoxic effects do not explain the PDT strong antitumour activity, thus there are 

triggered in most cases other indirect mechanisms that contribute to the high effectiveness of 

the treatment.  

Direct cell damage. The intracellular explosive generation of high reactive ROS are responsible 

for the direct cell damage, which ultimately leads to, the above mentioned, apoptosis, necrosis 

or autophagy cell death. Some indications suggest that PSs localised in mitochondria or ER 

promotes an apoptosis response, although this last can cause autophagy as well, whereas those 

which targeted plasma membrane or lysosomes promote necrosis.24,62  

Vascular damage. ROS may also damage the tumour-associated vasculature, causing damage to 

the endothelial cells and ultimately blocking the blood flow in the vessels.63 Evidences of 

vascular-targeted PDT alterations include thrombus formation, blood vessel occlusion and 
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vascular function shutdown; these events result in disruption/blocking of the channels, which 

supply oxygen and nutrients to the tumour. Both are capital necessities for the growth of the 

tumour mass and progression of cancer to other parts of the body (i.e., metastasis tumours).64,65 

Occlusion of blood vessels and hypoxia can occur few minutes after beginning the PDT 

treatment, as it was previously mentioned. PSs that can cause cell death by targeting the 

vascular space or blood vessels are gaining much importance due to its great results. Moreover, 

vascular damage can stimulate the immune response in the host system. 

Inflammatory and immune damage. PDT can induce an immune response in the host tissue in 

response to a PDT-induced oxidative stress.66 This fact per se is not surprising since other 

approaches such as surgery, chemotherapy and ionizing radiation also activate an immune 

response. However, whereas the previous develop immunosuppression, PDT has shown 

immunostimulation, which makes it an advantage for cancer treatment.  

The onset of PDT-induced inflammatory is marked by dramatic changes in the tumour 

vasculature, which becomes permeable for blood proteins and pro-adhesive for inflammatory 

cells. Thus, after PDT, a concomitant inflammatory response occurs inducing the release of 

immunomodulators, such as cytokines and growth factors. This activity response of the host is 

reported to have implications in further destruction of remaining tumour cells and preventing 

tumour recurrence and metastasis.65  

1.3.2. The photosensitiser: protoporphyrin IX 

The large aromatic conjugation of its core endows porphyrins with very intense absorption 

bands at about 400 nm (named B or Soret band) and series of lower‐intensity bands in the green‐

red spectral region (500‐650 nm; Q bands).17 Thus, free‐base porphyrins are generally deeply 

red or purple colored and barely fluorescent (ФF > 0.2) but with high intersystem crossing and 

triplet quantum yields. Moreover, they possess low energy triplet excited states whose energy 

is really close to that of the 1O2← O2 transition (ET≈150 kJ∙mol‐1; EΔ≈94 kJ∙mol‐1) and their triplets 

are easily trapped by molecular oxygen before they decay (ƒT,Δ O2≈1, fraction of T1 quenched by 
3O2).  

Given their ubiquitous presence in biological systems and their promising photophysical and 

photosensitising properties, porphyrins have been largely explored as PSs for the production of 

above all 1O2, in biological media.67  
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PpIX is a naturally occurring precursor of haem, which represents the prosthetic group of several 

proteins, such as haemoglobin. PpIX is produced in the haem pathway in mitochondria starting 

with the ALA precursor. However, PpIX can also be administered exogenously.  

 

Figure 1.7. PpIX chemical structure. 
 
Authors have reported that PpIX accumulation in tumours is facilitated by the particular 

porphyrin metabolism in malignant tissues that are characterised by high cellular turnover.62 

Although PpIX is most efficiently photoactivated at the Soret band, about 405 nm, the presence 

of Q-bands, with the absorption peaks at 510, 545, 580 and 630 nm, allows to also use red light 

to activate it in vivo. 

1.4. Drug delivery systems in photodynamic therapy 

Over the last decade, pharmaceutical companies are experiencing a big economic challenge due 

to the high costs of drug discovery and development and the extensive time needed for getting 

the approval from Regulatory Agencies. One possible strategy in order to overcome these 

hurdles is potentiating drugs that already have been approved or used for specific diseases, 

tailoring them in a drug delivery system (DDS). 

Over the past two decades, nanotechnology and its application in medicine has experienced a 

rapid diversification and a remarkable progress has been made in the development and 

application, above all in cancer treatment. Nanoparticles (NPs) began being scrutinised as 

vehicles for PDT in order to solve the aforementioned disadvantages, thereby leading to a higher 

efficacy of the drug with a decrease overall toxicity. Since most PSs with promising photophysical 

properties are very hydrophobic, hindering their systemic administration and provoking the loss 

of their photophysical properties in aqueous medium, these DDSs can supply an anchor or a core 

milieu where the PS can be well accommodated. Therefore, the nanovehicle renders a water 

compatible and stable system, preventing from aggregation or premature degradation of the 

PS.68 
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Moreover, NPs allow the encapsulation of high PS payloads, improved photoactivity and 

appropriately timed release and activation of therapeutic agents.2 NPs also have the exquisite 

ability of being retained in tumour tissues and improve its biodistribution thanks to the 

enhanced and permeability retention effect (EPR, explained in section 1.4.1), phenomenon 

known as passive targeting and which clearly potentiates localisation of NPs at the site of action, 

increasing treatment tolerability.69  

A vast array of nanodelivery systems have been studied for PDT, including liposomes,70–72 

proteins,73 organic polymeric NPs, micelles or dendrimers74,75 such as those of poly-(acrylamide) 

or poly-(lactic-co-glycolic) acid (PLGA).76 On the other hand, nanovehicles made of inorganic 

materials such as silica77, gold,78,79 or even systems which are PSs per se, such as fullerenes, 

quantum dots, upconversion NPs or TiO2 NPs.80,81 

 
Figure 1.8. Schematic diagram of the main four biophysicochemical properties of a NP that could be tailored or 
modulated in order to obtain the ideal DDS. 
 
Shape, size, material and surface nature of the NPs govern their biological interactions such as 

intracellular uptake, blood circulation times, or their clearance through reticuloendothelial 

system. The surface modification is gaining importance due to the several characteristics that 

can bestow to the carrier. One example is the surface modification with certain polymers such 

as chitosan or poly-(ethylene glycol) (PEG) which improve their biodistribution and 

pharmacokinetics. Additionally, targeting ligands (e.g., small organic molecules, peptides, 

antibodies or nucleic acids) can be added to the surface to specifically target cancerous cells 

through selective binding to the receptors overexpressed on their surface.82 The study and 
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optimisation of these parameters during synthetic procedures can result in promising DDSs 

(Figure 1.8).  

A nanocarrier should meet a series of characteristics. The ideal DDS should be biodegradable 

and biocompatible, have a small size and high loading capacity, be stable, non-immunogenic and 

non-toxic, have a prolonged circulation in the body after the administration, and selectively 

accumulate in the target area. Additionally, it was traditionally believed that the PS should be 

incorporated into the vehicle without alteration of its photophysical properties in order to be 

ready to generate ROS once reaches the cell.83 Although this holds true for some PSs in certain 

carriers due to the improved solubility of the PS in the local environment of the nanocarrier, in 

other cases the photosensitising ability of the PS becomes reduced due to the high local 

concentration of the PS itself.84 The phenomenon might actually be valuable in terms of 

preventing systemic phototoxicity to the patient before the nanocarrier reaches its target.  

Biodegradable DDSs such as liposomes, proteins or polymeric NPs have gathered special 

attention as nanocarriers particularly because of their biocompatibility and biodegradability. 

Normally they suffer an enzymatic or hydrolytic degradation and thereby are excreted out, 

minimizing long-term accumulation of carriers in biological system. Non-biodegradable carriers 

such ceramic or metal-based NPs have not been traditionally used as DDSs due to their inability 

to degrade in biological systems. Nevertheless, these systems have shown promise in PDT since 

the action mechanism in this therapy relies on the production and diffusion of 1O2 to reach the 

cellular components. Therefore, non-biodegradable NPs may be suitable nanocarriers of PSs as 

long as they enable 1O2 diffusion out of the carrier.85 Although their main disadvantage is that 

their possible long-term toxicity has not yet evaluated, and this is the reason why almost all the 

approved DDSs in clinical belong to the first group of NPs. 

One of the big benefits, not aforementioned, is the design as a multifunctional nanoplatforms 

to carry multiple components together with the PSs, such as imaging agents or 

chemotherapeutic drugs; or be design as a theranostics platforms (see section 1.5 and 1.6).85  

Despite a general improvement of PDT when NPs are used, there are some issues that need to 

be addressed, including their instability during blood circulation or low renal clearance.82 

Moreover, a higher selectivity is still pursued for cell targeting, since healthy peritumoural cells 

frequently experience the same phototoxic effects due to unfortunate PS uptake. It is becoming 

more evident that the PS needs to be activated once internalised inside the target cells in order 

to achieve a more selective treatment, either by internal stimuli such as pH or temperature,86 
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by an external stimulus such as light87 or through recovery of the photophysical activity by 

specific enzymes at the target site.88 

On the other hand, nanotechnology in aPDT has also been used as an attractive approach for 

enhancing the delivery of the PS, due to the optimum PS encapsulation or the enhanced uptake 

within microbial cells.89 However, most of the advantages aforementioned can be extrapolated 

for aPDT as well, such as the passive- or active-targeting that enhances the selectivity or the 

non-immunogenicity of the carriers. The typical NPs used for aPDT purposes are liposomes, 

PLGA and cyclodextrins.7 Although there are several DDSs approved for microbial or fungal 

infections, such as Abelcet®, AmBisome® or Amphotec®, there are still not approval nanocarriers 

for aPDT.90 However, due to the great quantity of patents on this topic, we should not wait much 

until the first approval.91 

1.4.1. Targeted drug delivery systems 

Intravenous injection represents the most commonly used route for the administration of NP-

based therapeutics. Upon injection, the size, shape and surface properties of the NP can strongly 

affect their behaviour with respect to targeting and clearance. Generally, NPs with a size smaller 

than 6 nm will be rapidly filtered out by the kidneys, while NPs larger will either accumulate in 

a lesion or be cleared by the phagocyte system. The surface charge also affects dramatically in 

the NP’s fate inside the body. A positive surface will lead to high systemic toxicity because of 

hemolysis and platelet aggregation, and the NPs tend to be quickly cleared from the blood. On 

the other hand, negative surface charge has longer circulation half-life. Although complete 

clearance is desired when the treatment is finished, generally a long circulation time is preferred 

to allow them a proper accumulation in the target tissue.82  

Once NPs are in the circulatory system, they need to go through the vascular walls into the target 

lesion and then release the cargo. Unlike small molecules, NPs cannot cross the tight junctions 

between endothelial cells on normal vascular linings, owing to their relatively large sizes. 

However, the vessels inside a tumour region are well-known for their leaky walls, allowing NPs 

with the right sizes go through efficiently. Together with the absent or disrupted lymphatic 

system results in a preferential accumulation of NPs in the tumour tissue.92 Other tumour 

characteristics are the high proliferation rate of cancer cells, upregulated expression of low-

density lipoproteins (LDL) receptors, decreased intratumoral pH and the presence of tumour-

associated macrophages.7 These differences between a healthy and the tumour 

microenvironment are the basis for a passive tumour targeting, and it is known as enhanced 

permeability and retention (EPR) effect. Depending on the tumour type, the gaps in the tumour 
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vasculature are typically in the size range of 100- 800 nm, therefore NPs smaller than this range 

could preferentially accumulate by EPR effect (Figure 1.9). Nevertheless, NPs with a size 

between 30- 200 nm show a most effective EPR.82 

 
Figure 1.9. Schematic representation of the role of a passive tumour targeting known as EPR. Unlike in normal tissue, 
liposomes or other DDSs with the right size can extravasate into the tumour cells through the gaps between 
endothelial cells and accumulate there due to poor lymphatic drainage.  
 
Notwithstanding its widespread use in the clinic, passive targeting strategy has many limitations 

as the vessels formed through angiogenesis or the permeability are not homogenous 

throughout the tumour. 

Active targeting could be the alternative to help overcoming all the limitations of passive 

targeting. The bases of this alternative are the molecular recognition, in which ligand –receptor 

binding allows the NP to selectively and strongly bind to the surface of a specific type of cells. 

Ligands such as small molecules (e.g., sugars, folic acid), peptides, lectins, proteins (e.g., 

transferrin), antibodies or antibodies fragments, and nucleic acids (e.g., aptamers) are added to 

the surface of NPs (Figure 1.10).92 The linking of the PS must be performed so that interaction 

with the receptor is not altered. 

 
Figure 1.10. Classification by type of ligand and size of bioactive targeting moieties. 
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In the past few years, monoclonal antibodies (mAb), protein molecules made in the laboratory 

by recombinant DNA technology, have remained the preferred and most extensively used and 

investigated type of targeting moieties, due to the high affinity and specificity they render to the 

NPs. This potential of the application of mAb in targeted cancer therapy led to the approval of a 

large number of these macromolecules for clinical use, including rituximab, cetuximab and 

trastuzumab.82 This last mAb, trastuzumab (Herceptin®), is a monoclonal antibody approved in 

1998, that interferes with the human epidermal growth factor receptor 2 (HER2), is now 

routinely used to treat early-stage and metastatic breast cancer.93 

It has been shown that active targeting enhances the internalisation, which is dominated by 

receptor-mediated endocytosis. However, it is still under debate whether the introduction of an 

active targeting ligand results in an improvement in tumour accumulation or not. It is believed 

that the accumulation of NPs in tumour tissue is dominated by the passive process, which is 

time-dependent and requires a long circulation half-life. Therefore, active targeting ligands can 

help achieve a higher intracellular drug concentration once the passive process has already 

played its role and the NPs have crossed the vasculature.82 This lack of accumulation in the 

vasculature has led to an active vascular targeting as a promising alternative, where the NPs 

accumulation in the tumour tissue is no longer determined by the EPR effect.  

1.4.2. Proteins as drug delivery systems 

The use of natural materials is attractive because of their abundance, good biocompatibility, 

non-immunogenic and their easy recognition and metabolically process. In addition, they could 

be modified through chemical/biochemical reactions. One clear example of natural carriers are 

proteins since they clearly have a carrier function in biological systems.94 Proteins as vehicles are 

able to interact with a molecule (ligand) at a specific binding site, with a binding equilibrium 

constant that is often modulated according to the environment. Some of the proteins employed 

are naturally self-assembled protein subunits of the same protein or a combination of proteins 

that make up a complete system. Moreover, proteins have the advantage of being non-toxic, 

low-cost, water-soluble and easily prepared. 

A number of proteins have long been used as DDSs, including ferritin/apoferritin, viral capsids, 

soy and whey proteins, collagen, and gelatin.95 More recently, serum proteins such as 

transferrin, albumin, and low-density lipoproteins (LDL) are being used for PDT treatments 

taking advantage of their accumulation in tumour tissues.96–98 The selective uptake in solid 

tumours could be due to the increased metabolic activity, an enhanced vascular permeability of 
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tumour blood vessels for circulating macromolecules, and a lack of a functional lymphatic 

drainage system in tumour tissue.96 

Probably the most well-known carrier proteins are albumins, the most abundant plasma protein. 

Human serum albumin (HSA) is a potential candidate for site-directed drug delivery due to 

simplicity in ligand attachment to the surface of the protein.99 Indeed, for the treatment of 

metastatic breast cancer, a novel HSA NPs have achieved the FDA approval, under the trade 

name of Abraxane®.85 For PDT purposes, several reports have been published, for instance Kuan 

Chen et al. prepared a DDS using HSA to deliver pheophorbide a (Pheo) to Jurkat cells and found 

that Pheo-HSA NPs caused a much higher phototoxicity than the free PS due to the different 

uptake mechanism and possibly different site of accumulation, although the amount of the 

cellular Pheo uptake was equivalent.100 In a series of papers on HSA NPs loaded with tetra(m-

hydroxyphenyl)chlorin (mTHPC or Foscans) or tetra(m-hydroxyphenyl)porphyrin (mTHPP), it 

was demonstrated that the photophysical properties of the encapsulated PS depends mainly on 

the loading ratio and also on the degree of protein crosslinking.101,102 A key aspect of the 

successful use of proteins as DDS is the binding affinity of the PS to the protein pocket(s). This 

was demonstrated by Guo-Yu Jiang et al., who enhanced the binding affinity of 

tetraphenylporphyrin towards BSA by linking it to Phenol Red, which efficiently binds to BSA on 

its own.103 

However, the present thesis is focused on another two big families of proteins: globins and 

lipocalins. Globins, like haemoglobin or myoglobin (Mb), are ubiquitous carrier proteins whose 

primary function concerns the storage and transport of gaseous ligands like O2 or NO. The 

binding of these gases occurs at the metal center of the prosthetic haem group, which is based 

on a tetrapyrrole ring structure. The easy protocol to remove and replace the prosthetic group 

is the basis of many applications, such as that proposed by Hayashi et al. showing an iron 

porphycene-apomyoglobin complex with a high oxygen affinity.104  

The apomyoglobin (apoMb) (i.e., the protein without the haem group) is a small globular protein 

(~17 kDa) characterised by the typical eight α-helix strands folding of globins that wraps a main 

hydrophobic pocket able to accommodate the haem. Mb is an abundant cytoplasmic protein 

found in the cardiac and skeletal muscles of all vertebrates.105 Its primary function is to facilitate 

O2 diffusion; even if a more complex allosteric functionality and a role in NO scavenging have 

been proposed.106 

Proteins belonging to the family of lipocalins are another example of widespread diversified 

proteins able to bind and carry small hydrophobic ligands like retinoids or lipids. β-lactoglobulin 
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(βLG) is the major protein from bovine milk, and although it is present in other animals’ milk, 

this protein is absent in humans’ milk. This lipocalin is also recognised as a versatile carrier for 

small bioactive molecules, although its biological function still remains unclear. Some of these 

ligands are mainly placed in the middle of the structure inside the β-barrel, such as vitamin D, 

cholesterol, curcumin, fatty acids and their derivatives or catechins.107 By chance, βLG was 

shown in 1972 to bind vitamin A (retinol) with an apparent association constant similar to that 

of retinol-binding protein (RBP) but the details of the binding have been controversial. The 

binding constants for some of these compounds vary widely, from as little as 1.5 x 102 M-1 for 2-

heptanone to 6.8 x 105 M-1 for palmitate and 5 x 107 M-1 for retinol.108 

Regarding its structure, βLG comprises 162 amino acid residues with one free cysteine residue 

not exposed and two disulphide bridges, with a molecular mass of 18.4 kDa.109 There are several 

genetic variants but A and B variants are the most common and very similar to each other that 

differ by only two amino acids.110 The secondary structure is composed of 15% α-helix, 50% β-

sheet, and 15-20% reverse turn (Figure 1.11). The secondary and tertiary structures are largely 

preserved from below pH < 2 to higher than pH 8. The quaternary structure over this pH range 

is reported to be predominantly dimeric at moderate ionic strength (e.g., 100 mM NaCl) and 

temperatures above 20ºC, whereas at low pH and very low ionic strength (pH < 3 and ionic 

strength < 10 mM), bovine βLG is predominantly monomeric.110  

 
Figure 1.11. Molecular structure of the monomeric assembly of bovine β-lactoglobulin (code 1beb). 

 
βLG has been intensively studied in the food industry because of its nutritional and functional 

effects on various biological processes. There are just a few examples of its applicability as 

nanocarrier for PDT, one of them is the complex formed with riboflavin reported by 

Diarrassouba et al. in 2013.111  
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1.4.3. Liposomes as drug delivery systems 

Liposomes are the earliest and most widely studied DDSs to be applied in medicine, cosmetic or 

antimicrobial fields due to their unique properties. Up to now, there are more than 10 liposomal 

formulations approved for clinical use today such as Doxil®, the first liposomal formulation to 

be approved by the FDA in 1995, DaunoXome® or ThermoDox®. 

 
Figure. 1.12. Timeline of some of the last twenty-two years approvals and clinical trials of liposomes as DDSs for the 
improvement of the pharmacokinetics, safety profiles, the efficiency and selectivity of the treatment. Each DDS has 
been represented by two squares: top square show the improvement made compared with conventional liposomes 
and the down square indicates the field of application. Visudyne® is still the only DDS approved in the PDT field. 
Liposomes for gene therapy are not included.90 
 
One in three patents related to nanotechnology are with liposomes.2 However, there is just one 

formulation approved in 2000 in the PDT field, which is Visudyne® for the treatment of wet AMD. 

Figure 1.12 represents a timeline of all the liposomal formulations approvals and in clinical trials. 

Looking carefully it could be noticed how science, that means nanotechnology, cancer treatment 

or PDT, progresses in the same direction, tailoring the nanocarriers to achieve more selective 

delivery and in the end obtaining more controllable systems. 

Conventional liposomes are highly biocompatible and biodegradable nanocarriers composed of 

a unilamellar or multilamellar phospholipid bilayers surrounding an aqueous inner core (Figure 

1.13). Their ability to contain a wide variety of molecules either hydrophilic drugs in their 

aqueous core or hydrophobic agents in its bilayer, constitute them as excellent nanocarriers. 

Furthermore, liposomes are biologically inert, non-toxic, relatively immunogenic and provide a 

large drug payload per particle, protecting the encapsulated agents from metabolic processes. 
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Figure 1.13. Liposome scheme. 

 
There are various preparation methods available depending on the size and lamellarity desired, 

and the PS nature (e.g., hydrophobicity, charge) should also be taken into account. Thin-film 

hydration is the most widely used preparation method for liposomes, in which lipid components 

with or without a drug are dissolved in an organic solvent, usually chloroform. The solvent will 

be evaporated by rotary evaporation followed by rehydration of the film in an aqueous solvent. 

The other methods include reverse-phase evaporation, freeze-drying and ethanol injection.112 

Ultrasound induced cavitation and membrane extrusion are common methods for unilamellar 

vesicles preparation. High-energy sonication is usually used to synthesize small unilamellar 

vesicles (SUV; <100nm). Extrusion methods are used either for the synthesis of SUV or large 

unilamellar vesicles (LUV; 100-1000 nm). If instead of this, once the film is hydrated it is 

performed several freeze-thaw cycles the result is the formation of multilamellar vesicles (MLVs; 

500-5000 nm).87  

The choice of phospholipids, either natural or synthetics, and other lipids or molecules that will 

constitute the bilayer is crucial for physical and chemical characterisation of liposomes, such as 

size, zeta potential, surface charge density, and membrane packing constraints, etc. The broad 

range includes molecules with neutral, anionic or zwitterionic head groups. FDA-approved 

systems commonly use phosphatidylcholine (PC), phosphatidylethanolamine (PE) and 

sphingomyelin.113 These lipids or phospholipids include a charged or hydrophilic domain (head) 

and two fatty acyl chains (tails) typically 14-18 carbons in length. Usually, the lipid bilayer has a 

thickness of 3-6 nm. The fluidity and permeability of the liposome bilayer depends on the lipid 

phase transition temperature (Tc or Tm). Above this temperature, the bilayer turns disordered 

and very fluid, whereas when the temperature is below the transition temperature liposomes 

exhibit a well-ordered or gel phase. The Tm will change depending on the length, degree of 

unsaturation and charge of the (phospho)lipids comprising the bilayer.114 Typically, saturated 

lipids offer higher stability in terms of oxidation but, since they have a higher Tm, yield a much 

rigid and rather impermeable bilayer compared with their unsaturated counterparts, which give 

more permeable and less stable bilayers.115 
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Moreover, most of the liposomes include cholesterol to modify the rigidity of the bilayer 

membrane, reducing the rotational freedom (by increasing the orientation order) of the 

phospholipid hydrocarbon chains, that causes an increased retention of the drug inside the 

liposome.85 The incorporation of cholesterol and/or saturated phospholipids reduces liposomal 

uptake by cells of the MPS (mononuclear phagocyte system), solving to some extent the 

problem of the small circulation half-life. In this context, charged liposomes and/or large-size 

liposomes are cleared from the systemic circulation more rapidly than neutral and/or small-size 

liposomes.116,117  

Charged liposome have some advantages compared with neutral ones. For example, the 

presence of a surface charge induces electrostatic repulsion among liposomes by creating a 

sensitive ζ-potential that prevents aggregation or flocculation processes in solution. Although 

negatively-charged liposomes show a quick clearance from the body, they undergo faster 

cellular uptake by endocytosis and to a greater extent than neutral liposomes. On the contrary, 

cationic liposomes normally show a nonspecific cellular uptake and tend to aggregate with 

proteins in serum, which are negatively charged. Some of these serum proteins may potentially 

activate the MPS, causing the clearance from the body.114,118 For the aforementioned reasons, 

negatively charged lipid particles are the most common FDA-approved liposomal formulations. 

Liposomes fate after their administration. During their circulation in the bloodstream, 

liposomes interact with plasma proteins, such as opsonins, high-density lipoproteins (HDLs), and 

low-density lipoproteins (LDLs). Once liposomes encounter a cell, four possible routes can be 

triggered. A first mechanism consists of liposomes’ adsorption onto the cell membrane, where 

the liposomes bilayer is degraded by mechanical strain or by the action of enzymes. The cargo 

will be released into the extracellular fluid, where it will diffuse through the cell membrane and 

the cytoplasm. A second way, much rare, consists of the fusion of the liposomal membrane with 

the plasma membrane of the target cell, with the release of liposomal content directly into the 

cytoplasm.115 The third way is receptor-mediated endocytosis, a frequent process for vesicles 

with a maximum diameter of 150 nm. Eventually, liposomes are accumulated in the lysosomes 

inside the cell where they are degraded by the enzymes’ action. Finally, phagocytosis can also 

occur but involves mainly liposomes larger than 150 nm that are phagocytosed by specialised 

cells of the immune system, such as macrophages or monocytes.118 

The benefits of liposome-encapsulated or linked drugs/PSs include an improved solubility of 

lipophilic and amphiphilic drugs; a sustained drug release from the liposomes, both systemically 
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or locally administered; site-specific targeting; passive targeting to the tumour or inflamed tissue 

due to EPR effect; and improved penetration into tissues. 

Some of the major drawbacks of conventional liposomes are their trend to fuse or aggregate 

with each other or their rapid systemic clearance via their uptake by the MPS cells, such as 

macrophages and monocytes.116 It is known that phagocytosis has been one of the major 

problems of these carriers. However, many surface-modification strategies have been carried 

out to overcome these limitations. The recurrent solution is the coating with PEG, an inert, non-

toxic and biocompatible hydrophilic polymer. PEGylated liposomes are not opsonized (i.e., 

opsonisation process consists of the adsorption of opsonins, various plasma proteins, onto the 

phospholipid membrane) and are able to escape the capture by the cells’ phagocytic systems by 

rendering the nanocarriers invisible to macrophages (stealth liposomes).118 Thus, they are able 

to improve the stability and blood-circulation time, giving more opportunities to accumulate in 

the target tissue through a passive targeting.82 

During the last years, the lack of selectivity for cancer cells has led to the conjugation of the 

liposomes with some active targeting molecules. Another development has been the 

introduction of multi-functionality within the same liposome. For instance, multicomponent 

liposomes have been designed for the delivery of drug combinations or for the stimuli-

responsive assembly/disassembly processes to control drug release.82,118 In this thesis, 

liposomes have been developed that enable the delivery of combined therapies, specifically 

both PSs and chemotherapeutic drugs, as well as targeting and imaging capabilities for 

theranostics purposes. 

1.5. Combining PDT with conventional treatments 

1.5.1. Combining PDT with conventional antimicrobial treatments 

The low selectivity of the drugs and the widespread emergence of resistance, which limits the 

effectiveness, affect also the treatment of microbial infections, the second leading cause of 

death worldwide. It is feared that the emergence of resistance to antibiotics can lead to a 

situation similar to the pre-antibiotic era. In the field of antimicrobials and antifungals, there are 

only a few reports on the combination of traditional treatments with aPDT. Unfortunately, little 

is known about the protocols used.  

Junior et al.135 reported better results of a methylene blue-PDT in combination with fluconazole 

compared to either isolated approaches. Although they do not confirm the mechanism, they 

suggested that permeabilisation of the fungal cell membrane by PDT makes the cells more 
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susceptible to fluconazole action. Furthermore, it has been reported that the use of azoles can 

increase the oxidation stress promoted by PDT by contributing to ROS formation themselves. 

Morton et al.136 showed the activity of rose Bengal-PDT treatment after 72 h incubation with 

traditional antifungal drugs. According to the authors, the combined therapies may allow for a 

reduction in treatment times and costs as well as improve patient compliance. 

1.5.2. Combining PDT with conventional cancer drugs 

Despite extraordinary advances over the last decade, conventional cancer treatments, including 

chemotherapy, radiation therapy and surgical intervention, still have two major limitations: the 

low selectivity of the drugs, leading to serious side effects, and the emergence of resistance, 

which limits the effectiveness of the drugs.82 Chemotherapy often requires multiple doses to be 

effective, resulting in increasingly severe systemic toxicity, while a single PDT treatment is 

usually sufficient. In contrast, curative radiation therapy normally requires daily radiation for 6–

7 weeks, while chemotherapy courses can last for months and surgery requires hospitalisation 

for days to weeks.119,120 Moreover, the standard procedures are substantially invasive for 

patients for the aforementioned reasons. Because such limitations affect increasingly larger 

segments of the population as it grows older, alternative approaches and strategies must be 

sought that could positively impact on these issues. 

On the other hand, PDT has certain inherent advantages comparing with these conventional 

therapies, including minimal normal tissue (i.e., host or healthy tissue) toxicity, no long-term 

systemic toxicity such as immunosuppression, lack of drug resistance mechanisms, and 

favourable cosmetic outcomes.121 There are currently several PSs approved for the treatment of 

various cancers such as head, neck tumours, basal-cell carcinoma, cervical, endobronchial, 

esophageal, bladder or gastric cancer.  

Therefore, PDT in combination with conventional and approved antineoplastic drugs may 

overcome some of these potential limitations, without overlapping toxicities. The advantages of 

combining both modalities are that they target different key signals transduction pathways and 

should be more efficient in destroying cancer cells, eluding the cellular resistance mechanisms. 

Indeed, few reports and preclinical studies show that the combined treatment allow the 

reduction of the dosage of individual drugs and consequently the lessening of important side 

effects, while the overall efficacy is preserved or even increased.122–126 However, combination 

protocols are far from being established as the final therapeutic outcome, even in vitro, it 

appears to depend on assorted.62  
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PDT can directly damage tumour cells through apoptosis and necrosis and through anti-tumour 

vasculature effects as it has been previously described. However, tumour cells that survive PDT 

can lead to regrowth of tumour cells and tumour vessels. Introduction of chemotherapeutics 

concurrently can further damage tumour cells, preventing regrowth because of the damage in 

multiple organelles. Since none of the clinically approved PSs accumulates in cell nuclei, the 

chemotherapeutic drug will be the one which induces this DNA damage.1 Additionally, anti-

cancer drug themselves may generate oxidative stress, generating hydroxyl radicals which, when 

combined with PDT may be sufficient to induce cell cycle arrest and subsequent cytotoxic death 

of cancer cells.121 

The recent advances in nanotechnology enable the incorporation of various pharmaceutical 

components in a single nanoplatform. Thus, key to this thesis is the use of enabling 

nanotechnologies in order to develop nanodevices for the enhanced tumour accumulation and 

the selective delivery of a drug and a PS agent to the same cell and with an optimum ratio. 

Doxorubicin (Dox), mitomycin, and cisplatin have been most frequently studied in combination 

with PDT in preclinical studies.121 Irinotecan (CPT-11) and its active metabolite, SN-38 are also 

included for study in this thesis. 

Doxorubicin (Dox) is an anthracycline antibiotic used clinically for a wide range of solid tumours 

and haematological malignancies, including advanced breast cancer, small cell lung cancer, 

AIDS-related Kaposi’s sarcoma, acute leukaemia, and lymphomas and myeloma (Figure 1.14).  

 
Figure 1.14. Dox chemical structure. 

 
Dox functions in several ways including inhibiting DNA synthesis via intercalation, inhibition of 

topoisomerase II, free radical formation, and lipid peroxidation. Dox is considered one of the 

most potent anti-cancer drugs, cardiotoxicity being its main side effect. Casas et al. first 

evaluated the interaction between ALA/PDT and doxorubicin in mice bearing transplantable 

mammary adenocarcinomas.127 The authors assigned the observed enhancement of PDT to the 

weakening of cellular defence mechanisms by the pre-treatment involving free radical 

generation by doxorubicin. Kirveliene et al. studied the cytotoxic and antitumour effect of Dox 
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in combination with a second-generation chlorin PS have been studied in vitro and in vivo.128 

Recently, an amphiphilic block copolymer micelle bearing a 1O2-sensitive linker has been 

reported that releases Dox in a controlled fashion upon exposure of a chlorin PS to light.129 

Moreover, another study with Dox and chlorin e6 successfully demonstrated that a dual-effect 

liposome could lower the tumour growth rate in vivo.130 

Irinotecan and SN-38 are antineoplastic agents belonging to the camptothecins’ family with 

strong antitumor activity. They inhibit topoisomerase I, thereby arresting the synthesis of DNA. 

CPT-11 is converted to its metabolite SN-38 by a human carboxylesterase, primarily in the liver 

but also in tumours, with a reported at least 100-fold higher antitumoral activity (Figure 1.15).131 

CPT-11 is a first-line drug approved for the treatment of a variety of human tumours, including 

colorectal, pancreatic, lung and gynaecological cancers.132 However, their severe side effects, 

such as myelosuppression and gastrointestinal disorders, impose some restrictions for 

camptothecin therapies and additional considerations to develop suitable pharmaceutical 

formulations for clinical purposes.133 Other drawbacks for their clinical applications are the 

chemical instability of the lactone ring, which opens to the inactive carboxylate form at 

physiological pH and, in the case of SN-38, the great insolubility in almost all the solvents that 

could be used to formulate this drug.132 

 
Figure 1.15. Chemical structure of A) irinotecan or CPT-11, and its active metabolite B) SN-38. 

 
In 2016, Yue et al. evaluated the activity of a mitochondrial-targeting amphiphilic block polymer 

with a ROS-cleavable thioketal linker, in which ROS production contributes both to the release 

of camptothecin and to the PDT treatment.134 On the other hand, Huang et al. showed a 

synergistically combination of PDT and CPT-11 in liposomes that enhanced tumour growth 

inhibition.126 
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1.6. Theranostics 

Theranostics is based on the combination of a diagnostic imaging agent with a therapeutic drug 

on the same multifunctional platform. This is indeed the case of PDT drugs that produce 

cytotoxic ROS upon light absorption and whose fluorescence is also used for molecular imaging, 

locating many diseases and photodiagnosis.  

Table 1.1. Clinically approved PSs with their excitation wavelength, maximum emission wavelength, fluorescent 
quantum yield, 1O2 quantum yield and its main subcellular location.  
 

Class Photosensitiser 
(INN Name – trade name) 

λexc / 
nm 

λmax em / 
nm ФF ФΔa Subcellular 

localisation 
Hematoporphyrin 

 
Hematoporphyrin (HpD) - 

Photofrin  630 690 NA 0.89 Golgi apparatus, 
plasma membrane 

Protoporphyrin 
prodrugs 

δ-Aminolevulinic acid HCl 
(ALA) - Levulan 635 635 0.05 0.56 

Mit, cytosol, cytosolic 
membranes, cell 

membranes 

5-Aminolevulinate (MAL) - 
Metvix 635 635  0.05 0.56 

Mit, cytosol, cytosolic 
membranes, cell 

membranes 

Hexamino-levulinate HCl (HAL) 
- Cysview or Hexvix 

375- 
450 635  0.05 0.56 

Mit, cytosol, cytosolic 
membranes, cell 

membranes 

Chlorins 

Meta-tetra (hydroxyphenyl) 
chlorin or temoporfin 

(m-THPC) - Foscan 
652 652 0.22 

0.01 / 
0.30 

(EtOH) 
ER, Mit 

Talaporfin sodium, N-aspartyl 
chlorin e6, or LS11 (NPe6) - 

Laserphyrin 
664  670 0.003 0.77 Lysosome, endosome 

Chlorin e6 (Ce6-PVP) - 
Photolon 

660-
665 675 0.18 0.64 Lysosomes 

Chlorin e6, chlorin p6 and 
purpurins - Photoditazin 

660-
662 ~700 0.05 0.6 Lysosomes 

Chlorin e6, chlorin p6 and 
purpurins - Radachlorin 662 668 0.04 0.75 Lysosomes 

Porphycenes 9-Acetoxy-2,7,12,17-tetrakis-
(β-methoxyethyl) - ATMPn 638 ~650 0.27 0.38 Mit, lysosomes, ER, 

plasma membrane 

Phthalocyanines 
Mixture of chloroaluminium 
sulphonic phthalocyanines 

(AlPcS4) - Photosens 
675 689 0.559 0.38 Mit 

Psoralens 8-methoxypsoralen, 
methoxsalen (8-MOP) -Uvadex 303 505 0.003 0.004 

(C6H6) Nuclei 
a Most are given in phosphate buffer pH~7.4 or in a mixture of phosphate buffer with 1% Triton X-100. NA: not 
available. ER: Endoplasmic reticulum; Mit: mitochondria 
 
Therefore, PDT is inherently an ideal theranostic modality, since obtaining a fluorescence image 

of the PS in the target tissue can give rise to image-guided dosimetry and aid surgical resection 

as well as monitoring of the treatment response.137 In fact, PDT is nowadays being routinely used 

for the detection and diagnosis of bladder cancer and fluorescence-guided resection in surgical 

operations.138 Photophysical and photochemical properties of the approved PSs for cancer 

treatments are collected in Table 1.1. 
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When performing a surgical procedure with the goal of completely removing a tumour, it is 

critical to finely differentiate the tumour margins. Moreover, it is also of great interest to have 

tools to quantify the in situ production of ROS, thereby yielding tools to clinicians to assess the 

end of the treatment.  

As it has been pointed out previously, the first-line treatment for the vast majority of solid 

tumours involves surgery followed by several sessions of chemotherapy and/or radiotherapy. In 

a typical surgical procedure, the surgeon, aided with computer tomography and magnetic 

resonance imaging (MRI) recorded previously, removes all the malignant tissue and sends it to 

the pathologist for analysis. The standard pathology report normally takes several days to be 

obtained, while the patient is recovering from the operation. If the pathologic report indicates 

the presence of positive tumour margins, then the patient is often asked to go through another 

surgical procedure, which is neither convenient nor practical. In contrast, a more desirable 

strategy would be to provide the surgeon with tools to intra-operatively discern the malignant 

tissue and, especially, eliminate the possible tumour margins left after resection. The 

combination of PDT with fluorescence image-guided surgery procedures would allow solving the 

previous inconveniences. 

Some examples of this novel technology are the PLGA-DSPE-folate micelles of Tian et al. loaded 

with the activatable PS selenium-rubyrin.139 Its photophysical activity and fluorescence is 

quenched at basic or neutral pH, but are restored at acidic pH, which provokes activation of the 

PS only when internalised in lysosomes through folate-receptor endocytosis. Additionally, Jin et 

al. demonstrated that fluorescence imaging of folate-targeted activatable porphysomes 

intravenously injected in KB xenograft bearing mice could guide the treatment protocol. They 

also studied the time window for best PDT, which was 24 h after injection.140  
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1.7. Objectives 

The main goal of this thesis is to design and study biodegradable and biocompatible nanocarriers 

for photodynamic therapy and evaluate their activity for antimicrobial or anticancer purposes. 

In this last direction, the main novelty will be the co-encapsulation of a chemotherapeutic agent 

and a PS in the same nanovehicle. The main goal is broken down into the following specific 

objectives: 

 Development of a self-assembled nanocarrier with photosensitising properties based on 

apomyoglobin and hypericin. Evaluation of its physicochemical and photophysical 

properties and of its photodynamic activity in vitro against bacteria. 

 Development of a biodegradable nanodelivery complex with photosensitising 

properties based on β-lactoglobulin and hypericin. Evaluation of its physicochemical and 

photophysical properties and of its photodynamic activity in vitro against bacteria. 

 Study of β-lactoglobulin as dual nanocarrier for hypericin and retinoic acid. Evaluation 

of its physicochemical and photophysical properties.  

 Development of a multi-component liposomal formulation for the co-encapsulation of 

PpIX and irinotecan. Evaluation of its physicochemical and photophysical properties and 

its photodynamic activity in vitro against cancer cells. Analysis of synergistic or additive 

effects comparing both modalities alone and the effect of targeting surface ligands. 

 Development of a multi-component liposomal formulation for the co-encapsulation of 

PpIX and doxorubicin. Evaluation of its physicochemical and photophysical properties 

and its photodynamic activity in vitro against cancer cells. Analysis of synergistic or 

additive effects comparing both modalities alone and the effect of targeting surface 

ligands.  
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General techniques and methods 
 

 

 

This chapter described the common photophysical techniques and methods that 

have been employed over this work. Specific details about the methodology used 

for preparation and characterisation of protein and liposomes, the general 

protocols of in vitro cell culture and photoinactivation procedures will be described 

in the experimental section of each corresponding chapter. 

 

 

 

 

 



 

 



  General techniques and methods 

2.1. Steady state optical techniques 

2.1.1. Absorbance 

Absorption spectra were recorded on a double beam Cary 6000i UV-Vis-NIR spectrophotometer 

(Agilent Technologies, Santa Clara, CA, USA). In order to remove the scattering baseline when 

measuring the absorption spectra of PS or drugs entrapped in liposomes, a spectrum of a 

suspension of blank liposomes of the same dilution was subsequently recorded. Both spectra 

were mathematically subtracted to yield the baseline corrected absorption spectrum or 

scattering subtraction spectrum of the PS/drug. 

2.1.2. Fluorescence 

Fluorescence spectra were recorded in a Fluoromax 4 spectrofluorometer (Horiba Jobin Yvon, 

Edison, NJ, USA) exciting at the appropriate wavelength according to the PS.  

Fluorescence quantum yields (ΦF) were determined by the comparative method.1 Fluorescence 

emission spectra (F) were collected for a set of sample and reference solutions of increasing 

absorbance values and the area under the spectrum (AUC) was plotted against the absorption 

factor (1- 10-A). According to equation 2.1, a linear plot should be obtained the slope of which is 

proportional to ΦF: 

𝐹𝐹 = � 𝜅𝜅
𝑛𝑛𝑟𝑟2
𝐼𝐼0𝛷𝛷𝐹𝐹� × (1 − 10−𝐴𝐴)    Eq. 2.1 

κ is an instrumental factor, I0 is the radiant power of the excitation beam, and nr is the solvent’s 

refractive index. Thus, ΦF for PS‐loaded in the nanocarrier was determined from the ratio of 

slopes measured for the nano-suspensions and the proper reference, as in equation 2.2. 

𝛷𝛷𝐹𝐹,𝑠𝑠 = 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠·𝑛𝑛𝑠𝑠2

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟·𝑛𝑛𝑟𝑟𝑟𝑟𝑓𝑓
2 × 𝛷𝛷𝐹𝐹,𝑟𝑟𝑟𝑟𝑟𝑟    Eq. 2.2 

in which the subscript s stands for sample and ref for reference, Fslope is the slope from the graph 

aforementioned and n is the refractive index of the solvent used in each case. 

2.2. Time-resolved optical techniques 

Time‐resolved optical techniques enable the detection of excited states or intermediate species 

upon pulsed irradiation of a sample. These species formed upon light absorption can be 

monitored through changes in the signal intensity of an analysing beam (for absorption 

spectroscopy) or through photon emission (in the case of fluorescence or phosphorescence 

spectroscopy), in all cases the detection being temporally resolved. 
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Nowadays these techniques are usually coupled to photon counting detectors due to their 

better time resolution, better sensitivity and lower interference from sensitizer luminescence or 

scattered laser light compared to analog detectors. Photomultiplier tubes (PMTs) are detectors 

the response of which is based on the initiation and amplification of a pulse of electrical current 

when a photon strikes their surface. This principle has inspired the photon counting mode and 

therefore the detectors employed are commonly photomultiplier tubes (PMTs). Of the three 

photon counting techniques existing, namely gated photon counting (GPC), multichannel scaling 

(MCS) and time‐correlated single photon counting (TCSPC), only the last two have been 

employed for the herein described experiments.2 

2.2.1. Time-correlated single photon counting (TCSPC) 

This method is common for time‐resolved fluorescence measurements and it is based on the 

precisely timed registration of the first single photon arrival to the detector from the emitting 

sample. The reference for time registration is the excitation pulse. The cumulative signal 

obtained from repetitive cycles is a histogram of photon arrivals per time bin which represents 

the time decay one would have obtained from the observation of a single excitation‐emission 

cycle (Figure 2.1).  

 
Figure 2.1. Principle of classic TCSPC acquisition. From [3]. 

 
It is a prerequisite of this technique to keep the probability of registering more than one photon 

per cycle low, which can be accomplished by attenuating the light level arriving at the sample, 
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or in other words, to keep the count rate at the detector equal or below 1% of the excitation 

rate. It must be taken into account that the measured fluorescence decay is the convolution of 

the “real” fluorescence decay with the instrumental response factor (IRF). Measurement of the 

IRF is achieved by placing some scattering medium at the sample compartment, thus no 

fluorescence but only some scattered excitation light will reach the detector. In order to obtain 

the real fluorescence decay, deconvolution by data analysis software with the measured 

fluorescence decay and the IRF needs to be performed.3 

Time‐resolved fluorescence decays were recorded at a specific wavelength, selected by a 

monochromator grating, using a time‐correlated single photon counting system (Fluotime 200, 

PicoQuant GmbH, Berlin, Germany) with a pulsed LED source emitting at 280 or 502 nm, or 375 

nm picosecond diode laser working at 10 MHz repetition rate (depending on the study) for 

excitation. Decays were analyzed using the PicoQuant FluoFit 4.5.3 data analysis software. 

Absorbance of the samples was kept below 0.1 at the excitation wavelength in all cases and the 

photon counting rate was kept below 1%. The IRF signal was measured by placing a cuvette with 

a suspension of Ludox® in water. 

2.2.2. Time-resolved NIR phosphorescence detection (TRPD) 

This method is the most commonly employed to directly observe and monitor 1O2 formation and 

decay and subsequently to measure its lifetime (τΔ). It is based on the time‐resolved detection 

of its weak phosphorescence centred at 1275 nm (Figure 2.2). In this case, the photon‐counting 

method is MCS, in which all detected photons are counted and sorted out in the different 

positions of a board memory, thus the time distribution of the detected photons is obtained at 

once. 

 
Figure 2.2. Near-infrared spectrum of 1O2 phosphorescence. From [2]. 

 
1O2 phosphorescence was detected using a customized PicoQuant Fluotime 200 system 

described elsewhere.2 Briefly, a diode‐pumped pulsed Nd:YAG laser (FTSS355‐Q, Crystal Laser, 

Berlin, Germany) working at 10 or 1 kHz repetition rate at 355 nm (5 mW, 0.5 μJ per pulse) or 
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532 nm (10 mW, 1 μJ per pulse) was used for excitation. A 1064 nm rugate notch filter (Edmund 

Optics, York, UK) was placed at the exit port of the laser to remove any residual component of 

its fundamental emission in the NIR region. The luminescence exiting from the side of the 

cuvette was filtered by a cold mirror and a bandpass filter of the appropriate wavelength‐1220, 

1275 or 1325 nm (Spectrogon AB, Täby, Sweden). A thermoelectric‐cooled near‐infrared 

sensitive photomultiplier tube assembly (H9170‐45, Hamamatsu Photonics), sensitive from 950 

to 1400 nm, was used to detect NIR luminescence. The detector was operated in photon 

counting mode and its output sent to a multichannel scaler (PicoQuant Nanoharp 250). Photon 

histograms were analysed using the PicoQuant FluoFit 4.5.3 data analysis software. For 

temperature‐dependent measurements in the case of the proteins, an Ultraterm 6000383 (JP¡ 

Selecta S.A., Abrera, Spain) thermostat was used in order to control the temperature. 

The temporal profile of the time‐resolved 1O2 phosphorescence signals (St) is typically a rise‐and 

decay function that can be fitted with the following mathematical model (Eq. 2.3):4  

𝑆𝑆𝑡𝑡 = ∑ 𝑆𝑆0𝑖𝑖 ×
𝜏𝜏Δ𝑖𝑖

𝜏𝜏Δ𝑖𝑖−𝜏𝜏𝑇𝑇𝑖𝑖
× (𝑒𝑒−𝑡𝑡/𝜏𝜏Δ𝑖𝑖 −𝑖𝑖 𝑒𝑒−𝑡𝑡/𝜏𝜏𝑇𝑇𝑖𝑖) +  𝑦𝑦𝑜𝑜   Eq. 2.3 

The subscript i refers to the number of independent 1O2 populations in the sample. S0 is a 

quantity proportional to the concentration of 1O2 created by the laser pulse, yo is an offset due 

to instrument dark counts and τΔ and τT are the lifetimes of 1O2 and 3PS*, respectively. 

The photosensitizer’s triplet lifetime was determined, whenever possible, by fitting with 

equation 2.4 to the signal obtained at a wavelength where the triplet state of the photosensitizer 

emits, typically at 1110 nm: 

𝐼𝐼𝑡𝑡 = ∑ 𝐴𝐴𝑖𝑖 × 𝑒𝑒−𝑡𝑡/𝜏𝜏𝑇𝑇𝑖𝑖𝑖𝑖     Eq. 2.4 

Ai is proportional to the concentration of excited triplet states of the photosensitizer and τT is 

the actual triplet state lifetime of the photosensitizer. 

S0 is a quantity proportional to ΦΔ as shown in equation 2.5 where κ is a proportionality 

constant, which includes electronic and geometric factors, kr is the 1O2 radiative rate constant, 

E is the incident laser energy, and A is the sample absorbance at 355 or 532 nm. 

𝑆𝑆0 = 𝜅𝜅𝑘𝑘𝑟𝑟𝛷𝛷Δ𝐸𝐸(1 − 10−𝐴𝐴)    Eq. 2.5 

The procedure for determining ΦΔ in liposomal suspensions involved measuring S0 value for a 

series of solutions of increasing absorbance and then plotting S0 versus the sample absorption 

factor (1−10−A), which yielded linear plots. Then ΦΔ was obtained by comparison of the slopes 
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of such plots for a suitable reference and the sample, using equation 2.6, in which the subscript 

s stands for sample and ref for reference. 

𝛷𝛷Δ,𝑠𝑠 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟

× 𝛷𝛷Δ,𝑟𝑟𝑟𝑟𝑟𝑟   Eq. 2.6 

However, in proteins with Hyp usually the ΦΔ was determined by comparing the S0 values of 

optically matched solutions of the complex and the reference at 532 nm as described by 

equation 2.7. 

𝛷𝛷Δ,𝑠𝑠 = 𝑆𝑆0,𝑠𝑠
𝑆𝑆0,𝑟𝑟𝑟𝑟𝑟𝑟

×𝛷𝛷Δ,𝑟𝑟𝑟𝑟𝑟𝑟    Eq. 2.7 

2.2.3. UV-Vis nanosecond laser flash photolysis 

This technique is employed to examine the absorption or emission with temporal resolution of 

triplet states or other photochemically generated intermediate species. In this study, it served 

to determine the PS triplet state kinetics by triplet‐triplet absorption when information obtained 

from the observation of its time‐resolved phosphorescence was insufficient. Several setups exist 

for the detection of triplet‐triplet absorption, but most of them have two features in common 

(Figure 2.3). Firstly, any setup comprises an excitation source to produce triplet states, 

commonly a pulsed laser. Second, a “monitoring” light source, in this case a Xe lamp, probes the 

changes in absorbance at the sample. 

 
Figure 2.3. Experimental setup for UV‐visible nanosecond laser flash photolysis. Adapted from [4]. 

 
Transient absorption experiments in the UV–visible (UV–vis) region were carried out using a 

home‐built nanosecond laser flash photolysis system. In this instrument, the 2nd harmonic (532 

nm) of a Continuum Surelite I‐10 Nd:YAG laser (10 Hz, 5 ns pulsewidth, 0.05‐1 mJ per pulse) was 

directed onto the sample. Changes in the sample absorbance were detected by a Hamamatsu 

R928 photomultiplier in order to monitor the intensity variations of an analysing beam produced 

by a 75W short arc Xe lamp (USHIO) and spectral discrimination was provided by a PTI 101 
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monochromator. The signal was fed to a Lecroy Wavesurfer 454 oscilloscope for digitizing (1 

shot, typically) and finally transferred through a GPIB interface (National Instruments) to a PC 

computer for data storage and analysis. The TTL sync output of the laser was used to trigger the 

oscilloscope. The energy of the laser pulse was varied by controlling the Q‐switch delay and 

measured with a pyroelectric energy meter (RJP 735 and RJ 7610) from Laser Precision Corp. 

The system was controlled by the in house‐developed LKS software (LabView, National 

Instruments). 

2.3. Fluorescence microscopy 

Optical or light microscopy is a key tool in modern cell biology. Light microscopy has several 

features that make it ideally suited for imaging biology in living cells: the resolution is well-

matched to the sizes of subcellular structures, a diverse range of available fluorescent probes 

makes it possible to mark proteins, organelles, and other structures for imaging. Most broadly, 

optical microscopy can be divided into two categories: brightfield and fluorescence.  

2.3.1. Wide field 

Most cell biology imaging is done with wide field microscopy, in which the microscope simply 

forms an image of the sample on the camera, without any additional optical manipulation. 

Briefly, optical filters are used in order to select the wavelength of excitation light (coming from 

mercury or xenon lamp, giving out pure white light ) that is directed to the sample via a dichroic 

mirror and fluorescent light detected by a camera (usually a CCD camera). Thus both the 

illumination and detection of light covering the whole visual field of the chosen microscope 

objective is achieved simultaneously. However, the light emitted from out-of-focus regions 

cannot be distinguished from the light emitted from the in-focus light. Therefore, the image will 

be a combination of a sharp, focused image of the in-focus plane with a blurred, unsharp image 

of the out-of-focus light.5 

Live cells are most commonly imaged on an inverted epifluorescence microscope. In such a 

microscope, the objective images the sample from below. Inverted microscopes are popular for 

cell biological imaging because they allow imaging through a glass coverslip to see cells grown 

above. This means that cells can be grown in coverslip bottom Petri dishes or multiwell plates 

containing growth media, which can be left open at the top.6 

Morphological changes of liposomes were observed (bright field and fluorescence) with an 

Olympus BX61 epifluorescence microscope equipped with an Olympus DP50 digital camera 

(Olympus, USA), and processed using the Photoshop CS5 software (Adobe Systems, USA). 
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Some other images were made with an Olympus BX63 automated epifluorescence microscope 

equipped with a CoolLED's pE-300 light source and an Olympus DP74 digital camera, and 

processed using the same software. 

2.3.2. Confocal 

The sample is illuminated by a focused laser beam at a single point in the sample focal plane. 

Light from this point is detected after passage through a pinhole, such that only light emitted  

from the focal plane makes it through the pinhole and is recorded on the detector. Light from 

out-of-focus planes is blocked by the pinhole, and so the confocal only records light from the 

focal plane of the sample. Scanning mirrors are used to raster the laser spot across the sample, 

building up an image point by point. Therefore with this microscopy the resolution in z axe is 

widely improved (> 700 nm).  

The co-localization of both PS and drug was made with a multispectral Leica TCS SP8 confocal 

microscope with a 3X STED module for super- resolution, exciting with a 405 nm laser for CPT-

11; with a 488 nm laser for Dox and with a 500 nm laser for PpIX. Images were processed using 

the Photoshop CS5 software (Adobe Systems, USA). 

2.3.3. Stimulated Emission Depletion (STED) 

STED is a super-resolution microscopy technic that overcomes the diffraction limit resolution of 

confocal microscopes using two synchronised laser pulses. In a typical STED setup, molecules 

excited by a first laser pulse with an ordinary diffraction-limited focus. Immediately, it is followed 

by the depletion or STED beam, which is red-shifted in frequency and its pulse is spatially 

arranged in a doughnut-shape using specially designed phase plates. Therefore, this second 

STED beam instantly sent the excited molecules back to the electronic ground state, quenching 

via stimulated emission (laser intensity of 10-30 MW·cm-2). This occurs except in the focal center, 

where the STED laser intensity is zero, leaving the fluorescence remains unaffected and hence 

detected. 

This technique needs that the dyes go efficiently under stimulated emission before spontaneous 

fluorescence emission takes place and without an excessive bleaching. This fact requires that an 

excited-state molecule encounters a photon that matches the energy difference between the 

ground and excited state. Moreover, the fluorophore should have a long-lived singlet excited 

state in order to give enough time to first deactivated (i.e., switching off) by stimulated emission. 

The STED nanoscopy has been performed using a custom made setup equipped with a 

supercontinuum pulsed laser source (ALP-710-745-SC, Fianium LTD, Southampton, UK). The 
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excitation wavelength is selected by means of an acusto-optic tunable filter (AOTF), while the 

STED wavelength is predefined by the laser outputs. The laser has a repetition frequency of 20 

MHz and a pulse width of about 100 ps. In all the reported experiments, a 566 nm wavelength 

is used for pulsed excitation and and the emission is collected between 605 and 670 nm at 

increasing power of the STED beam at 715 nm. The doughnut shape of the STED beam is realized 

by a vortex phase plate (RPC photonics inc., Rochester, NY, USA). The beams are scanned on the 

sample by galvanometer mirrors (Till-photonics, FEI Munich GmbH, Germany), focused by a HCX 

PL APO CS 100x 1.4NA oil (Leica Microsystems, Mannheim, Germany) objective. Fluorescence is 

collected by an avalanche photodiode (SPCM-AQRH-13- FC, Excelitas Technologies, Vaudreuil-

Dorion, Quebec, Canada) in the spectral window 670 – 640 nm.7 
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Hypericin@Apomyoglobin 
 

 

 

The use of drug delivery systems for PSs to improve their solubility in aqueous 

medium and reduce their inherent toxicity in dark conditions is being extensively 

explored. Proteins are favourable nanocarriers thanks to their biocompatible and 

biodegradable properties. One such protein is apomyoglobin (ApoMb), i.e. the 

proteic portion of myoglobin, a small globular protein which binds different 

hydrophobic molecules in their binding site. In this chapter, we describe the design, 

construction, and characterisation of ApoMb-Hyp complexes that preserve the 

fluorescence and photosensitising properties of the natural dye Hyp.  

 

 

 

 



 

 

 



  Hypericin@Apomyoglobin 

3.1. Introduction 

Although proteins have been always considered good bio-friendly carriers for drugs, recently 

they have not been extensively studied as exogenously PSs carriers for PDT. This is surprising 

because their use would minimise problems such as PS solubility, biocompatibility and 

subcellular localisation, thereby offering a greater control on intracellular 1O2 generation.1 Other 

advantages are their simplicity and the relatively facile preparation.  

Natural or synthetic proteins have been used indistinctly to encapsulate different types of PSs 

into the pockets, cavities and clefs of the proteins to form a DDS that release the PS at the target 

sites.2–6 The number of PS molecules bound to a single protein and the strength of binding is 

dictated by the properties of the protein and of the PS. Some of the proteins employed are 

naturally self-assembled protein subunits of the same protein or a combination of proteins that 

make up a complete system. This is the case for the system presented herein, where hypericin 

(Hyp) is bound to apomyoglobin (apoMb), forming a complex driven mainly by hydrophobic 

interactions. Hyp is found in plants from the genus Hypericum (St. John’s wort) and has been 

considered in the treatment of many cancers, and as an antiviral, antibacterial and antifungal 

agent. While Hyp is largely insoluble in water, it dissolves readily in ethanol or other polar 

organic solvents, where it displays a bright red colour due to its absorption properties and an 

intense orange-red fluorescence emission.  

The aim of this chapter is to evaluate the binding constant of Hyp to apoMb (i.e., the affinity 

with which Hyp is bound to the protein) and the spectroscopic and photophysical properties and 

its ability to photosensitising 1O2. Moreover, the photoinactivation on gram-positive and gram-

negative bacteria and its possible used as a theranostic agent were evaluated.  

3.2. Experimental section 

3.2.1. Materials 

The photoactive molecules rose bengal (RB) and 5,10,15,20-tetrakis(1-methyl-4-pyridinium) 

porphine tetra(p-toluene-sulfonate) (TMPyP) were purchased from Sigma-Aldrich. The 

photosensitiser Hyp was purchased from HWI Analytik GmbH. Myoglobin from horse heart and 

Dulbecco’s phosphate-buffered saline (PBS x1) were acquired from Sigma Aldrich. All other 

chemicals were commercially available reagents of at least analytical grade. Milli-Q water 

(Millipore Bedford, Massachusetts system, resistivity of 18 MΩ cm) was used. 
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Once the complex PS-protein is prepared it is stored in the fridge kept in the dark. The dialysis 

tubing cellulose membrane with a cut-off of 12 kDa was bought in Sigma Aldrich. For the 

microbiological cultures the Tryptic Soy Broth, the Brain Heart Infusion Broth (BHI broth) and 

the agar-agar were also acquired from Sigma Aldrich. 

3.2.2. Apomyoglobin preparation 

ApoMb was prepared from the holoprotein using standard biochemical procedures: haem was 

removed by cold (− 30 °C) acid acetone method of extraction from horse heart myoglobin. The 

sample was washed with cold acetone and centrifuged several times, dried with pure nitrogen, 

and suspended in PBS buffer at pH 7.4. The suspension was then centrifuged, and after dialyzing 

against PBS buffer, the supernatant was spectroscopically checked to assess sample purity. The 

concentration of the apoMb stock was calculated from the absorption at 280 nm (ε = 15 800 

cm-1 M-1) and haem contamination was estimated from the absorption at 408 nm (ε = 179 000 

cm-1 M-1). In all the preparations, haem contamination was typically 0.5% of the total protein 

content. 

3.2.3. Binding isotherm 

The binding of Hyp to a protein-based structure was monitored in an experiment where a Hyp 

solution in buffer was titrated with increasing protein concentration, obtained adding small 

aliquots of a concentrated protein solution in the same buffer under constant experimental 

conditions and fixed temperature. For each concentration, a fluorescence emission spectrum 

was collected and the values of the integrated fluorescence emission, corrected by the dilution 

factor, are reported as a function of the protein concentration (binding isotherm). Assuming that 

unbound Hyp in the aqueous buffer is negligibly fluorescent, the observed fluorescence emission 

is proportional to the amount of complex Hyp-protein. The values of the association Ka or 

dissociation Kd constant for the complex formation were retrieved by a fitting of the binding 

isotherm curve with a model considering the chemical equilibrium: 

𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑎𝑎𝑎𝑎𝑜𝑜𝑀𝑀𝑀𝑀  ←���⃗   𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐻𝐻𝐻𝐻𝐻𝐻 

The equilibrium binding constant or the association constant is defined as: 

𝐾𝐾𝑎𝑎 =  
[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐻𝐻𝐻𝐻𝐻𝐻]
[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎] [𝐻𝐻𝐻𝐻𝐻𝐻]

                                                (Eq. 3.1) 

 

considering that: 

[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]𝑡𝑡𝑡𝑡𝑡𝑡 = [𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + [𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐻𝐻𝐻𝐻𝐻𝐻] 
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[𝐻𝐻𝐻𝐻𝐻𝐻]𝑡𝑡𝑡𝑡𝑡𝑡 = [𝐻𝐻𝐻𝐻𝐻𝐻]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + [𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐻𝐻𝐻𝐻𝐻𝐻] 

The concentrations of free and protein bound Hyp can be derived: 

[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 −𝐻𝐻𝐻𝐻𝐻𝐻] 𝑜𝑜𝑜𝑜 [𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] =  
𝐾𝐾𝐾𝐾[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎][𝐻𝐻𝐻𝐻𝐻𝐻]𝑡𝑡𝑡𝑡𝑡𝑡

(1 + 𝐾𝐾𝑎𝑎[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎])
                  (Eq. 3.2) 

[𝐻𝐻𝐻𝐻𝑝𝑝]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  [𝐻𝐻𝐻𝐻𝐻𝐻]𝑡𝑡𝑡𝑡𝑡𝑡 �1−
𝐾𝐾𝐾𝐾[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]

1 + 𝐾𝐾𝐾𝐾[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]�                           (Eq. 3.3) 

The total emitted fluorescence is the sum of the fluorescence emission from free and from 

protein bound Hyp which are in turn proportional to the concentrations of these two species: 

𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻,𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓[𝐻𝐻𝐻𝐻𝑝𝑝]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐻𝐻𝐻𝐻𝐻𝐻]          (Eq. 3.4) 

𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻,𝑡𝑡𝑡𝑡𝑡𝑡 =  𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻[𝐻𝐻𝐻𝐻𝐻𝐻]𝑡𝑡𝑡𝑡𝑡𝑡 �1 −
𝐾𝐾𝐾𝐾[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]

1 + 𝐾𝐾𝐾𝐾[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]�+ 𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐾𝐾𝐾𝐾[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎][𝐻𝐻𝐻𝐻𝐻𝐻]𝑡𝑡𝑡𝑡𝑡𝑡
(1 + 𝐾𝐾𝑎𝑎[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎])

  

where FHyp and FHyp‐complex are scaling factors proportional to fluorescence quantum yields of the 

two species. 

Under the simplifying assumption that the total concentration of apoMb, [apoMb]tot, is larger 

than the concentration of bound Hyp, [apoMb-Hyp], the concentration of free protein, [apoMb], 

can be well approximated by [apoMb]tot. Moreover, since the unbound Hyp is negligibly 

fluorescent the term of FHyp could be neglected. Hence, the above expression can be written as:  

𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻,𝑡𝑡𝑜𝑜𝑡𝑡 =  𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐾𝐾𝐾𝐾[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]𝑡𝑡𝑡𝑡𝑡𝑡[𝐻𝐻𝐻𝐻𝐻𝐻]𝑇𝑇𝑇𝑇𝑇𝑇
(1 + 𝐾𝐾𝑎𝑎[𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]𝑡𝑡𝑡𝑡𝑡𝑡)

                           (Eq. 3.5) 

 

3.2.4. Modelling studies 

Formation of the apoMb–Hyp complex was modelled by the AutoDock software by the group of 

Prof. F. Javier Luque at the University of Barcelona. A Lamarckian algorithm was used to search 

the different conformations with a semi empiric force field for the energy estimation (10 

iterations). 

3.2.5. Microbial growth and photoinactivation process 

Three bacterial strains were used in this work: E. coli CECT101 and S. aureus CECT239 both 

obtained from the Spanish Type Culture Collection (CECT) and B. subtilis 168WT, received from 

Prof. Cristiano Viappiani’s group in Parma (Italy). Vegetative bacterial cells were grown in sterile 

Tryptic Soy Broth (E. coli and S. aureus) or in Brain Heart Infusion broth (B. subtilis) at 37°C until 

an optical density at 600 nm corresponding to 0.4 (E. coli and S. aureus) or 0.5 (B. subtilis). After 

the incubation period, the cell suspension was washed three times in sterile PBS by means of 
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A B 

centrifugation and resuspension and then incubated in the dark with the photosensitising agent 

for 30 min at room temperature (E. coli and S. aureus) or for 90 min at 37°C (B. subtilis). 

Spectroscopic measurements were carried out immediately after the incubation period. 

Photoinactivation experiments were performed after the incubation period, placing 300 μL of 

the suspensions in 96-well plates. Irradiation was carried out with Sorisa Photocare LED source 

(Barcelona, Spain) of a wavelength range of 521 ± 19 nm. The plates were illuminated from the 

top by use green light for 15 or 30 min (18 and 37 J·cm-2, respectively) and serially diluted until 

10-6 times the original concentration. The diluted samples were seeded on Tryptic Soy (or Brain 

Heart Infusion) agar and the colony forming units (CFUs) were counted after ~24 h incubation 

in the dark at 37°C in order to calculate the survival fraction. Experiments were carried out in 

duplicate. 

3.3. Results and discussion 

3.3.1. Complex characterisation and photophysical properties 

Photophysical properties of Hyp in solution. While Hyp is largely insoluble in water, it dissolves 

readily in ethanol or other polar organic solvents, where it displays a bright red colour due to its 

absorption properties and an intense orange-red fluorescence emission (Figure 3.1, B). 

   
Figure 3.1. A) Absorption spectra of a 2 μM solutions of Hyp in PBS buffer (black solid) and in ethanol (blue solid). It 
is also shown the fluorescence emission spectra for Hyp in ethanol (red dashed) and in PBS buffer (black dashed). B) 
Cuvette containing the natural extract from the Hypericum plant in ethanol. Under UV light, a bright orange 
fluorescence is observed. 
 
The absorption spectrum of Hyp in ethanol is characterised by several structured bands with the 

peak of the lowest-energy electronic transition located at 591 nm (Figure 3.1, A). The 

fluorescence emission spectrum is also quite structured (two distinct bands are found at 594 nm 

and 641 nm, and a shoulder at ~695 nm).7 In DMSO, Hyp also show this well-structured spectrum 

typically from the monomeric Hyp, but with absorbance and fluorescence maxima (at 599 and 

604 nm, respectively) slightly shifted to the red because it is a polar aprotic solvent. In most 

cases, DMSO was used as a solvent for the Hyp stock because it is fully miscible with water, has 
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a boiling point high enough to avoid fast evaporations and is relatively well-tolerated by some 

proteins and biosystems. On the other hand, when Hyp is dissolved in water tends to form 

aggregates. This result in a broadening of the bands in the absorption spectrum, and in a much 

weaker, broad and structureless fluorescence emission with a maximum at 608 nm (Figure 3.1). 

The sensitivity to the microenvironment has been exploited to image the subcellular location of 

hypericin in cells.8 

Modelling studies. Mainly driven by hydrophobic interactions, Hyp spontaneously binds to 

hydrophobic supramolecular structures. Therefore, the presence of hydrophobic binding sites 

within a protein structure may, therefore, lead to stable Hyp–protein complexes. Such is the 

case of apoMb, i.e. the protein portion of Mb, that hosts a large hydrophobic cavity which was 

shown to bind a variety of cofactors, including, e.g., biliverdin,9 pyranine,10 and nile red.11 The 

theoretical feasibility of fitting Hyp into the apoMb hydrophobic cavity was assessed through 

computational macromolecular docking software. As shown in Figure 3.2 binding of Hyp to 

apoMb is expected to occur with a free energy of binding of -9.89 kcal·mol-1. The location and 

orientation of Hyp in the cavity is very similar to that of haem (Figure 3.2 A), which is not too 

surprising given the similarities between the size, molecular symmetry, and hydrophobic 

character of these two ligands.  

 

 

 

 

 

Figure 3.2. A) Crystal structure of horse Mb (PDB 1WLA, the protein is shown as a green cartoon, the haem in green 
capped sticks) showing also the representative docking of Hyp (magenta capped sticks) into the apoMb structure, 
obtained using the Lamarckian algorithm. B) Interaction of Hyp with the apoMb cavity showing the solvent-accessible 
surface of the protein. 
 
Complex formation. As predicted, binding of Hyp to apoMb could be easily realised taking 

advantage of the well-defined hydrophobic pocket which is present inside the protein. The 

changes in absorption and fluorescence spectra were indicative of polarity environment changes 

of Hyp when apoMb was introduced in PBS buffer. Indeed, Hyp absorbance in PBS buffer (black) 

was recovered forming a more structured and better-defined spectrum (red, Figure 3.3 left 

panel). Thus indicates that Hyp is protected from aqueous solvent. However, through 

fluorescence emission more information could be extracted. Fluorescence emission was 
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exploited to monitor the binding process since the Hyp emission in presence of apoMb increased 

and the spectrum became more structured, closely resembling that observed in ethanol or 

DMSO, although a slight red shifted could be clearly noticed (Figure 3.3 right panel). These facts 

indicate that Hyp is located in a substantially less-polar environment than water, in all 

probability as a result of binding to the protein. The natural host for the dye appears to be the 

haem cavity in the holoprotein, which has been reported to be less polar than water.12,13 

Importantly, when fluorescence was recorded in the presence of 50 mM Mb rather than apoMb, 

the emission intensity was similar to that in PBS buffer. This is strong evidence that, when the 

binding site is unavailable because already occupied by haem, the binding of Hyp is strongly 

inhibited. 

 
Figure 3.3. Absorbance (left panel) and fluorescence emission (right panel) spectra of Hyp 0.6 μM in PBS (black), 
ethanol (blue), in PBS in the presence of 30 μM apoMb (red) and the apoMb alone (green). 
 
Figure 3.4 shows the fluorescence emission decay measured by collecting the emission at 600 

nm, under pulsed 375 nm excitation. While fluorescence emission decays with a 

monoexponential relaxation in ethanol (Table 3.1), the decay in PBS is a complex 

multiexponential process with a dominant, short-lived component, indicative of strong 

quenching of the excited state, because of the aggregates’ presence. When the fluorescence 

emission decay was measured in the presence of apoMb the contribution of the longer-lived 

decay components increased and accounted for most of the decay kinetics. This finding is again 

consistent with Hyp being shielded from the aqueous solvent. The observation of two relatively-

long lifetimes in the decay (Table 3.1) likely reflects the coexistence of different Hyp conformers 

inside the cavity. 
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Figure 3.4. Fluorescence emission decay of Hyp 0.6 μM in PBS (black), ethanol (blue) and in PBS in the presence of 30 
μM apoMb (red). Excitation at 375 nm, detection at 600 nm. 
 
Table 3.1. Fluorescence emission lifetimes with their amplitudes and fluorescence quantum yield (ΦF) of Hyp in 
different environments. 

Solvent τ1 / ns τ2 / ns τ3 / ns ΦF 
EtOH 5.5 ± 0.1 (100%)   0.27 ± 0.02 

DMSO 5.5 ± 0.1 (100%)   0.35 ± 0.02 
PBS 0.01 ± 0.01 (94%) 2.3 ± 0.1 (4%) 6.5 ± 0.1 (2%) ≈ 0.001 

PBS + apoMb 0.01 ± 0.01 (7%) 4.0 ± 0.1 (25%) 6.4 ± 0.1 (68%) 0.14 ± 0.02 
 
Further evidences were provided by steady-state fluorescence anisotropy, measured in Parma 

by the group of Prof. Cristiano Viappiani (Figure 3.5). While Hyp dissolved in DMSO shows a zero 

anisotropy, in the presence of apoMb the anisotropy is non-zero, meaning that Hyp rotation is 

much slower and the molecules hold a preferential orientation within its lifetime of fluorescence 

emission.  

 
Figure 3.5. Fluorescence excitation anisotropy spectra of apoMb-Hyp in PBS solution (black solid, λem = 620 nm) and 
of Hyp in DMSO (grey solid, λem = 620 nm). The fluorescence excitation spectrum of apoMb-Hyp in PBS solution (black 
dotted, λem = 620 nm) is reported for reference. The ratio apoMb: Hyp is 5: 1. 
 
ApoMb-Hyp binding isotherm. The change in the fluorescence emission properties of Hyp upon 

binding to apoMb was exploited to determine the affinity of the dye for the protein. Since the 

emission arising from unbound aggregated Hyp is negligibly weak, the fluorescence is emitted 

only by the bound species. The increase in the emission intensity (Figure 3.6 A) was found to 

correlate with the increase in total protein concentration (Figure 3.6 B). The equilibrium binding 
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A B 

constant Ka was determined by fitting the total fluorescence emission F to the experimental data 

using Eq. 3.5. 

 
Figure 3.6. (A) Fluorescence emission spectra excited at 550 nm at increasing apoMb concentrations. (B) Integrated 
fluorescence emission as a function of total protein concentration. The red solid line is the result of a fit to the 
observed emission using a model derived from the binding equilibrium (Eq 3.5). 
 
After the fitting, the value Ka = (2.4 ± 0.5) x 105 M-1 was estimated, which results in a dissociation 

constant Kd = 4.2 ± 0.8 μM. The value is consistent with the assumption that the fraction of Hyp 

bound to apoMb is low at low apoMb concentrations. 

A functional nanostructure: photophysical properties are preserved. The fluorescence 

experiments suggest that the photoproperties of Hyp are preserved in the apoMb–Hyp complex. 

Of particular interest is the question whether Hyp retains the ability to photosensitise the 

production of 1O2. The measured signal shows the typical rise and decay trend that is well fitted 

with a bi-exponential model characterised by the two lifetimes τT and τΔ. 

 
Figure 3.7. Normalised near-infrared phosphorescence emission at 1275 nm (left panel) and 1110 nm (right panel) 
for air equilibrated aqueous solutions of RB (blue) and the apoMb–Hyp complex (red). Excitation 532 nm, both signals 
were in PBS buffer pH 7.4. 
 
Figure 3.7 A compares the time course of the near-infrared emission by solutions of apoMb–Hyp 

and the reference compound RB in PBS. The kinetic data obtained by fitting Eq. 2.3 are collected 

in Table 3.2. In order to assign the two lifetimes to τT and τΔ, an additional experiment was 

carried out observing the luminescence at 1110 nm, where only the triplet PS emits (Fig 3.7 B). 

In this case, we observed monoexponential decays corresponding to τT. 
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Table 3.2. Time constants of 1O2 phosphorescence (1275 nm) and 3Hyp* phosphorescence (1110 nm) of Hyp in 
different environments. The lifetimes of RB and TMPyP are given for comparison as references. 

Sample τT / ns τΔ / ns ΦΔ 

Hyp DMSO 1.6 ± 0.1  5.5 ± 0.1  0.28 ± 0.05 
0.3314 

apoMb-Hyp air-saturated 11.1 ± 0.4 2.4 ± 0.4  0.14 ± 0.03 

apoMb-Hyp O2-saturated 5.0 ± 0.4 2.6 ± 0.4 0.19 ± 0.03 
RB / TMPyP 2.3 ± 0.1 3.6 ± 0.1  0.76 ± 0.01 

 
Additionally, the solutions were bubbled with oxygen, a triplet quencher, and found that the 

longest lifetime (11.1 μs) decreased to 5.0 μs, confirming the assignment to the Hyp triplet state. 

The ΦΔ of apoMb–Hyp was obtained by comparing the S0 values for apoMb–Hyp and the 

references RB and TMPyP, which produce 1O2 with ΦΔ = 0.76.15 A respectable value of 0.14 was 

observed for apoMb–Hyp in air-saturated solutions, which increased to 0.19 upon oxygen 

bubbling. Taken together, the results indicate that the apoMb scaffold shields Hyp from oxygen 

to some extent, although not enough to preclude the formation of 1O2. This observation is 

relevant because, since 1O2 is produced inside the protein, it could be quenched by the protein’s 

aminoacids on its journey to the external medium. This was assessed by Lepeshkevich et al.16 in 

a very elegant piece of work, in which the haem in myoglobin was replaced by Zn-protoporphyrin 

IX (ZnPP). They found that, on average, six out of ten 1O2 molecules succeeded in escaping from 

the protein matrix into the external medium. The observation that τ∆ corresponds to the lifetime 

of 1O2 in water indicates that the majority of 1O2 is indeed capable of escaping into the external 

aqueous phase.  

3.3.2. Bacteria photodynamic inactivation. 

To assess the corresponding effects of the apoMb–Hyp complex, photodynamic inactivation 

tests were carried out on different bacteria, two gram-positive bacteria (S. aureus and B. subtilis) 

and one gram-negative (E. coli). The results were compared with those for free Hyp under the 

same experimental conditions and in all the cases, the necessary controls of cells and just the 

apoMb were always included. An excess of apoMb was added in order to ensure that the 

bactericidal effect was due to bound rather than free Hyp in solution. 

In the case of the inactivation of S. aureus, two different proteins: Hyp ratios were tested but 

maintaining the same Hyp concentration (10 μM). Figure 3.8 shows that higher inactivation is 

achieved with 1:2 rather than with 1:5 Hyp: protein ratio, when the concentration of the free 

apoprotein is lower. This result suggests that the excess of the protein alone detracts from the 

photodynamic activity of the complex. Therefore, the complex 1:2 is capable to reduce the CFUs 

by 5 logs with the lower green light dose used (18 J·cm-2). Interestingly, although survival 
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fractions are higher after treatment with the complex than with free Hyp at equal 

concentrations, dark toxicity is higher for the latter, which is a strong positive point for the use 

of this protein complex.  

 
Figure 3.8. Fluence and Hyp-apoMb ratio effects on S. aureus photoinactivation. The Hyp concentration in all cases 
was 10 μM. 
 
In another experiment, after the incubation of the complex with cells, the sample was analysed 

in order to know whether the Hyp had been taken up by cells and hence it had been released 

from the protein. For this purpose, the fluorescence spectra before and after the incubation 

with cells were recorded. Moreover, the samples after the incubation were centrifuged at 

1550xg 15 min, extracting the supernatant and resuspended the pellet in the same volume pre-

centrifuge, measuring also the spectra of both portions. 

 
Figure 3.9. Fluorescence emission of free Hyp (8 μM) and Hyp-apoMb complex ([Hyp]= 8 μM and [apoMb]= 40 μM) 
in PBS buffer before and after the incubation with S. aureus. In all the samples the Hyp concentration is kept equal. 
The samples after the incubation with cells were centrifuged in order to separate the cells fraction, remaining at the 
bottom (pellet) from the rest of the sample (supernatant). The pellet was suspended in the same PBS amount that 
had before the centrifugation. 
 
Figure 3.9 shows that the initial fluorescence of the complex Hyp-apoMb previously (dark blue) 

and after (light blue) the incubation with S. aureus is only recovered in the supernatant after the 

centrifugation (light green). This is an indication that the greater amount of Hyp remains inside 

the protein cavity, hindering its escape to the cell wall. In the pellet, where the cells were 

collected, there is a minimum signal of Hyp fluorescence (dark green). Different options can 
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explain this fact: 1) the low portion of free Hyp present in the sample, 2) the low amount of Hyp 

that can escape from the protein matrix and be internalised in the cell wall or 3) due to a human 

error in the separation of the supernatant from the pellet. A completely different scenario is 

shown for free Hyp, since no fluorescence is seen until the PS molecules reach the cell wall, 

where a little fluorescence compared with the complex is recorded (see red and magenta 

signals). This could be indicative of there is only a little monomeric fraction inside or in contact 

with the cell wall and the greater part of Hyp is found aggregate. For this reason, just in the 

pellet (red) is registered a low fluorescence signal, whereas in the supernatant (orange) there is 

no fluorescence. 

Figure 3.10 shows the analogous experiment but measuring 1O2 transients. After 30 min of 

apoMb-Hyp incubation with S. aureus, 1O2 was measured in the suspension (light green), then 

the suspension was centrifuged at 1550g for 15 min, the supernatant was discarded, the pellet 

was resuspended in PBS back to the original volume, and 1O2 was measured again (dark green). 

 
Figure 3.10. Time-resolved phosphorescence decay at 1275 nm for Hyp-apoMb complex ([Hyp]= 8 μM and [apoMb]= 
40 μM) in PBS buffer before and after the incubation with S. aureus. In all the samples the Hyp concentration is kept 
equal. The samples after the incubation with cells were centrifuged in order to separate the cells fraction, remaining 
at the bottom (pellet). The pellet was suspended in the same PBS amount that had before the centrifugation. 
 
The 1O2 phosphorescence is lost in the pellet fraction as did the fluorescence in Figure 3.9, 

indicating that Hyp was not transferred from the protein to the bacteria. The value of τT, 

indicative of the environment of Hyp, decreased by only 5% reduction as a result of Hyp being 

slightly more shielded from oxygen when S. aureus was present in the sample. 

These last two experiments proved that the decrease in the survival fraction showed in Figure 

3.8 is because of the Hyp-apoMb that would be located in a close vicinity of the cell membrane, 

and not due to the Hyp being transferred from the complex to the bacteria. 

On the other hand, the Hyp-apoMb complex was also tested against the other two bacteria 

strains: E. coli (gram-negative) and B. subtilis (gram-positive) (Figure 3.11). In this case, no similar 

outcomes were obtained. Neither free Hyp nor the complex were capable of decreasing the 
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survival fraction in E. coli bacteria. The differences in the cell wall morphologies between gram-

positive and gram-negative, and the much less permeable cell wall of these last, seems to be the 

most likely explanation for this negative result. 

 
Figure 3.11. Photoinactivation of Hyp and Hyp-apoMb complex with two different light fluences against E. coli 
(triangles) and B. subtilis (circles). For both strains, the Hyp concentration is kept equal and the Hyp: apoMb ratio is 
1: 3. 
 
The effect on B. subtilis was the same for free Hyp as for the complex, inducing two orders of 

magnitude decrease in the survival fraction. There was a clear difference in the response to the 

PDT treatment between both gram-positive species (B. subtilis and S. aureus). One plausible 

explanation is endospores formation by B. subtilis under a stress condition like light treatment. 

These endospores can mature during the sporulation process and remain dormant for extended 

periods of time with a remarkable resistance to environmental damages, such as heat, radiation, 

toxic chemicals or pH extremes. Under favourable environmental conditions, the endospore can 

restarts the growth during the germination process, which ends in the emergence of a new 

vegetative cell. 

Even though at the beginning of the experiments no endospores could be detected by staining, 

spores could be found after light exposure. Most probably, while the vegetative cells were killed 

almost completely during the treatments, formation of endospores lead to the emergence of 

new vegetative cells in the petri dish, that were counted naturally as live cells, obtaining a high 

survival fraction.  

3.3.3. Hyp-apoMb as a fluorescent probe for super-resolution Stimulated Emission Depletion 

The results in this section have been extracted from the PhD thesis of Pietro Delcanale17 and are 

included here to facilitate a more complete understanding of the above results. Our colleagues 

in the group of Prof. Cristiano Viappiani in Italy have studied the suitability of Hyp to perform 

STED microscopy and tracked the binding sites of Hyp on bacteria incubated with the complex 

Hyp-apoMb. Hyp is a good candidate for STED microscopy due to its intense fluorescence 
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emission (ФF≈ 0.35)8,18 and the adequate long-lived excited singlet state (S1 ~5 ns).19 To the best 

of our knowledge this approach has not been reported yet for any PS, but there are some works 

that reported the observation of stimulated emission of Hyp induced by red light.19  

First, it was proved that free Hyp and included in the complex undergoes stimulated emission 

and that this spectral region is not superimposed with the absorption bands of the excited state.  

 
Figure 3.12. Left panel shows the corrected transient absorption spectra (the ground state bleaching is removed) for 
Hyp in DMSO (120 μM) at 3 ps (black), 10 ps (red), and 100 ps (green). Right panel shows the transient absorption 
spectra for Hyp-apoMb (120 μM Hyp, 530 μM apoMb) in PBS. The black line is the raw transient absorption spectra, 
which is corrected subtracting the steady state absorption spectrum (blue dotted line) to retrieve the corrected 
transient absorption (green) with 1000 ps delay, removing the ground state bleaching. In both graphs, the dotted 
lines correspond to steady state absorption (blue) and fluorescence emission (red). 
 
In the case of Hyp in DMSO, Figure 3.12 on the left panel shows an extended excited state 

absorption in the 500-600 nm region, peaked at roughly 550 nm. The negative bands (increased 

transmitted light) observed at 606 nm and 656 nm were attributed to stimulated emission 

induced by the probe pulse, which nicely corresponds to those seen in the steady state 

fluorescence (dotted red line). The different ratio of intensity of these two bands in the steady 

state and corrected transient absorption spectra is likely due to a self-absorption at ~600 nm 

occurring in the transient spectra, due to the high concentration of Hyp. Due to this self-

absorption at ~600 nm, the wavelength chosen to monitor the stimulated emission was at 647 

nm, in the second band. Figure 3.12 on the right panel shows similar results for the complex 

Hyp-apoMb but with a lower signal-to-noise ratio due to the lower Hyp concentration. 

Stimulated emission features can nevertheless be recognised at 594 nm and 650 nm, while 

excited state absorption bands appear broader and weaker in this case, extending to the NIR. 

For both samples, the emission of fluorescence is significantly reduced (more than 50% of the 

initial value) for the higher powers of the STED beam, that is enough to overcome the diffraction-

limited resolution. However, the saturation power is lower for Hyp in DMSO than for apoMb-

Hyp in water (Figure 3.13).  
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Figure 3.13. Fluorescence depletion curves for Hyp in DMSO (10 μM, orange circles) and apoMb-Hyp in PBS (10 μM 
Hyp, 30 μM apoMb, blue circles), collected under excitation at 570 nm and detection at 605-670 nm. The STED beam 
was at 715 nm. Solid lines are the best fit to depletion functions.  
 
The presence of excited state absorption of Hyp-apoMb in the spectral region of the STED beam 

(Figure 3.12 right panel) is possibly at the origin of the observed saturation parameters (higher 

saturation power and larger non-saturable fraction) for Hyp-apoMb. 

Figure 3.14 shows a comparison of the fluorescence resolution obtained of Hyp-apoMb in B. 

subtilis with a confocal (A) and STED (B) microscopy. There is a clear improvement in the 

resolution when the image is taken with the STED technique, which allows with a better 

precision the localisation of the PS. The analysis of the fluorescence emission profile along the 

cross-section of a cell (Figure 3.14 C) shows the improved resolution by STED microscopy (red 

line) compared with the confocal microscopy (blue line), which almost maintain the fluorescence 

intensity along the cross-section. Moreover, the profile for the STED revealed the accumulation 

of Hyp on the outer bacterial component whose width is on the order of 90 nm, corresponding 

to the width of the bacterial wall composed of an outer peptidoglycan layer and an inner cell 

membrane. 

 
Figure 3.14. Comparison between B. subtilis images collected with confocal microscopy (A) and with STED nanoscopy 
(STED power 30 mW, pixel dwell time 0.1 ms) (B). (C) The blue and the red intensity profiles were measured along the 
segment connecting the arrows in (A,B) respectively. Scale bars are 2.5 μm. 
 
This fluorescence intensity accumulated above all in the outer membrane seems not to be in 

disagreement with the fact that Hyp does not release from the protein. Therefore, the 

fluorescence might be due to the complex, which is placed in the close vicinity or more likely 
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touching the cell wall membrane. For all these experiments, the amount of protein was in a great 

excess compared with the Hyp quantity to be sure that the fluorescence comes from the 

complex and not from free Hyp. It may be concluded after the experiments showed in Figure 3.9 

and 3.10 that the fluorescence comes from the Hyp inside the apoMb and not from the Hyp 

released from the protein. 

 
Figure. 3.15. Selected STED images of B. subtilis (A,B), E. coli (C,D) and S. aureus cells (E,F) incubated with Hyp-apoMb 
(10 μM Hyp, 30 μM apoMb) collected under excitation at 566 nm and detection at 605-670 nm. The STED beam was 
at 715 nm, power 30 mW and dwell time 0.1 ms (A–D) and 0.05 ms (E,F). White dashed lines are intended as a visual 
aid to guide the eye along the bacterial shape. Scale bar: 2 μm. 
 
A similar distribution of Hyp on the bacterial cell wall is observed in Figure 3.15 after the 

incubation of Hyp-apoMb with S. aureus, B. subtilis and the gram-negative bacteria E. coli.  

Despite the improving resolution of the images with STED, it is still not possible to assess 

whether Hyp-apoMb is localised on the external peptidoglycan layer or on the inner plasma 

membrane of bacteria. However, it is possible to distinguish specific accumulation points of Hyp 

as judged from the more intense fluorescence observed at the poles of the bacteria and at the 

central body of the cell. This suggests specific interactions with yet to be identified bacterial 

components, possibly located inside areas of MreB-dependent wall growth in the case of rod 

shape bacteria (B. subtilis and E. coli), of FtsZ dependent wall growth for S. aureus or in 

cytoskeleton components.20,21 The improved images interestingly allow appreciating details of 

the division bacteria process whose shape is consistent with the established division 

mechanisms. B. subtilis divides mainly by septation without constriction, resulting in its typically 

squared off poles (Figures 3.14 and 3.15 A,B).20 On the contrary, dividing E. coli images (Figure 

3.15 C,D) show round poles because the gram-negative bacterium divides with a combination 
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of septum formation and constriction of inner and outer membranes.22 In the case of S. aureus, 

the septation separates two hemispheres during the cell division. 

Finally, it is important to point out that images collected on bacteria incubated with free Hyp in 

DMSO provide fluorescence distributions which are indistinguishable from those collected and 

shown with Hyp-apoMb. 

3.4. Conclusions 

We have investigated the photodynamic activity of the system formed by apoMb (i.e., the 

myoglobin without the haem group) and Hyp delivered to three different bacterial strains. Since 

Hyp is largely insoluble and forms aggregates in water, its absorption and above all the 

fluorescence spectra changes significantly depending on the polarity of its microenvironment. 

Therefore, these spectral features could be analysed in order to follow the complex formation. 

Upon addition of apoMb, Hyp in PBS recovered the absorption, increasing the intensity but still 

with broader bands comparing with those in EtOH. However, when fluorescence emission was 

exploited, the spectrum became more structured closely resembling that observed in EtOH or 

DMSO, although a slight red shifted because of the less-polar environment. Together with the 

fluorescence excitation anisotropy and the binding isotherm, the formation of the Hyp-apoMb 

complex was proved. All these measurements are in agreement with the computational results, 

which revealed a binding energy of -9.89 kcal·mol-1 of the Hyp to the hydrophobic cavity where 

normally the haem group is placed. The location and orientation of Hyp in the cavity is very 

similar to that of haem, leading to a 1:1 complex.  

Time-resolved fluorescence measurements indicated again the shielding of Hyp from the 

aqueous solvent inside the protein matrix and suggests that the photoproperties of Hyp are 

preserved in the complex. The contribution of short-lived components seen for Hyp in PBS 

dramatically drops and increase the weight of two longer-lived components likely reflects the 

coexistence of different Hyp conformers inside the cavity. A decent fluorescence quantum yield 

of 0.14 ± 0.02 was obtained for the complex in PBS compared with a 0.27 ± 0.02 of Hyp in EtOH.  

Of particular interest is the question whether Hyp retains the ability to photosensitise the 

production of 1O2. The quantum yield measured show a respectable value of 0.14 for apoMb–

Hyp in air-saturated solutions, which increased to 0.19 upon oxygen bubbling, comparing with 

the 0.28 ± 0.05 obtained for Hyp in DMSO. As expected, the quantum yield decreases slightly 

due to the fact that apoMb scaffold shields Hyp from oxygen to some extent, although not 

enough to preclude the formation of 1O2. 
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The bacterial photoinactivation has different outcomes depending on the species used. In the 

case of S. aureus, the complex 1:2 is capable of reducing the CFUs by 5 logs with the lower green 

light fluence used (18 J·cm-2). Even more interesting is that the complex at equal concentrations 

of free Hyp showed less dark toxicity. The complex induced a 2 logs decrease in the survival 

fraction in B. subtilis. This clear difference in the response to the PDT treatment between both 

gram-positive species (B. subtilis and S. aureus) could be explained by endospores formation 

upon light treatment. On the other hand, neither the free Hyp nor the complex was capable to 

decrease the survival fraction in E. coli bacteria. The differences in the cell wall morphologies 

between gram-positive and gram-negative may account for this result. 

An experiment was carried out in the presence of S. aureus, in which the fluorescence spectrum 

and the 1O2 transient was measured before and after separating the cells by centrifugation. The 

fluorescence and 1O2 signals were recovered only in the supernatant fraction after 

centrifugation. This is an indication that the greater amount of Hyp remained inside the protein 

cavity and was not transferred to the cell wall.  

Finally, STED microscopy provided information about the binding sites of Hyp on bacteria 

incubated with the Hyp-apoMb complex. Thus, it was found that the complex is accumulated 

mainly at the cell wall, although the spatial resolution achieved in the present work does not yet 

allow the identification of the specific wall layer the photosensitizing construct is confined into, 

nor the identification of the molecular species it is bound to.  

In conclusion, the incorporation of Hyp in the apoMb cavity driven by hydrophobic interactions 

have many advantages: 1) the protein precludes Hyp aggregation and therefore the concomitant 

negative impact of this effect; 2) the complex still preserves the fluorescence and 

photosensitising properties of Hyp; 3) this ability of 1O2 production lead to the effective 

photoinactivation of S. aureus with a light dose of 18 J·cm-2; 4) Hyp placed in the protein reduces 

the dark toxicity compared with free Hyp in S. aureus inactivation; and 5) the complex 

constitutes a biocompatible drug delivery system with theranostics properties for instance. 
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With the aim of assessing the suitability of β-lactoglobulin as a nanocarrier, we have 

investigated the complex formed with the naturally occurring Hyp at the two 

hydrophobic cavities located at the interface of the protein dimer. This complex has 

special interest for antimicrobial applications in the dairy industry as an effective 

disinfectant for food manufacturing and handling materials. In this chapter, we 

have investigated the use of DMSO as a co-solvent in the photophysical properties 

and photo-inactivating action against gram-positive bacteria. 

 

 

 

 



 

 

 



  Hypericin@β-Lactoglobulin 

4.1. Introduction  

The use of PDT for antimicrobial purposes is being even more attractive since the emerging 

resistance to antibiotics due to their misuse and overuse. The drug-resistant bacteria (i.e., 

bacteria treated with antibiotics that changes or adapts generating resistance) likely can be 

transferred to the food chain.1 This is one of the reasons why aPDT is gaining interest in medical 

applications for the treatment of localised infections,2,3 and for decontamination and 

disinfection processes in the food industry.4  

The intake of contaminated food with pathogenic microorganisms, or toxic compounds released 

by microorganisms resulted in what is known as foodborne illness, which is an infection or 

irritation mainly of the gastrointestinal (GI) tract. The disease-causing microorganisms are most 

often bacteria, but can also include fungi, viruses and protozoa.5 Meat, poultry and dairy 

products are the main source of food borne pathogens particularly Salmonella, Campylobacter, 

Listeria (Listeria monocytogenes) and Escherichia coli.6 Another well-known food-borne 

pathogen is methicillin-resistant Staphylococcus aureus (MRSA) that produces heat-stable 

enterotoxins during growth on a variety of foods and is an important regional cause of human 

infection.7 

Therefore, herein it is presented a system formed by Hyp and a protein as a new alternative 

strategy for preventing and treating infectious animal diseases of bacterial origin. The 

antimicrobial photoactivity of Hyp against MRSA, both in vitro and in vivo, has been recently 

assessed.8 Because the effectiveness of Hyp-mediated photodynamic action is heavily 

dependent on the specific localizing capability of the delivery methodology, proteins appear as 

particularly interesting delivery agents thanks to their high biocompatibility, bioavailability, and 

the possibility to select specific proteins suitable to the environment to be targeted. In the 

current study, we propose the use of βLG, which is the most abundant protein in the whey of 

cow milk, as a delivery vehicle for antimicrobial photodynamic application of Hyp.9 βLG is 

homodimeric protein belonging to the lipocalin family.10,11 Owing to their ability to bind small 

hydrophobic molecules, while simultaneously being recognised by cell surface receptors, 

lipocalins were suggested as potential systems for drug delivery.10 Whereas some lipocalins 

possess high ligand specificity, others such as βLG, demonstrate a remarkable versatility in their 

ligand-binding patterns. Affinity for small molecules is generally intermediate, with dissociation 

constants (Kd) around 1 μM. 

We studied the formation of the complex driven mainly by hydrophobic interactions, besides 

the binding constant, the spectroscopic and photophysical properties and its ability to 
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photosensitise 1O2. Since βLG can be coated with DMSO we also evaluated whether a DMSO 

layer around the protein could provide a better environment for the bound Hyp and improves 

the photophysical properties. Moreover, the photo-inactivating action of the complex against 

gram-positive bacteria is also compared between both scenarios: when there is a percentage of 

DMSO and when there is not. Positive results would establish this system with aPDT applications 

for the dairy industry as a potential decontamination tool, avoiding the possibility of transferring 

food-borne pathogens to the food chain. 

On the other hand, herein we present the study of the complex constituted between βLG and 

retinoic acid (RA). It is known that βLG monomer can accommodate several hydrophobic and 

linear molecules like fatty acids, retinoids, vitamin D, cholesterol or curcumin.12 Many studies 

have been published about the binding of retinoids to βLG, but now there still are several 

contradictions about the binding site, leading one to presume that this would not be an easy 

task.13,14 However, many tests are exposed as evidence for the formation of a complex, although 

the overall difficulty of the system and the poor understanding of the binding sites in the protein, 

engender the need of further studies. 

Finally, we also show preliminary results for the double payload system formed by Hyp and RA 

in the protein, a novel βLG complex ideal for its use for the acne treatment due to its dual effect. 

Acne is one of the most common multifactorial chronic inflammatory diseases of the 

pilosebaceous follicles, which affects approximately 80% adolescents and young adults in 11–30 

age group. The pathophysiology of acne involves androgen stimulation inducing sebaceous 

hyperplasia, altered follicular keratinisation, hormonal imbalance, immune hypersensitivity, and 

bacterial (Propionibacterium acnes) colonisation.15,16 Hyp and RA separately have been 

successfully studied for this purpose, thus the complex with both agents suggest at least that 

will maintain their effects for combating acne. Hyp would be actively decreasing the colonisation 

of P. acnes through PDT, while the mechanism of RA has been widely described in the 

literature.17 However, it is worth noting that retinoic acid is not only active for the treatment of 

acne, but also plays important roles in cell development and differentiation as well as cancer 

treatment since many types (e.g., lung, prostate, breast, ovarian, bladder, oral, and skin cancers) 

have been demonstrated to be suppressed.18 
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4.2. Experimental section 

4.2.1. Materials 

The photoactive molecules rose bengal (RB) and 5,10,15,20-tetrakis(1-methyl-4-pyridinium) 

porphine tetra(p-toluene-sulfonate) (TMPyP) used as references were purchased from Sigma-

Aldrich. The PS Hyp was purchased from HWI Analytik GmbH. β-Lactoglobulin (isoform B) from 

bovine milk, retinoic acid (tretinoin) powder and Dulbecco’s phosphate-buffered saline (PBS x1) 

were obtained from Sigma Aldrich. All other chemicals were commercially available reagents of 

at least analytical grade. Milli-Q water (Millipore Bedford, Massachusetts system, resistivity of 

18 MΩ cm) was used. 

Once the complex PS-protein is prepared it is stored in the fridge kept in the dark. The dialysis 

tubing cellulose membrane with a cut-off of 12 kDa was bought in Sigma Aldrich. For the 

microbiological cultures the Tryptic Soy Broth, the Brain Heart Infusion Broth (BHI broth) and 

the agar-agar were also acquired from Sigma Aldrich. 

4.2.2. Binding isotherm 

The calculations for the association Ka or dissociation Kd constant for the complex formation 

follows the same previous scheme of the apoMb complex. However, 𝛽𝛽𝛽𝛽𝛽𝛽 dimerises and this 

needs to be taken into account in the chemical equilibrium for the fitting model. 

𝛽𝛽𝛽𝛽𝛽𝛽 +  𝛽𝛽𝛽𝛽𝛽𝛽 + 𝐻𝐻𝐻𝐻𝐻𝐻 ⇋ 2 𝛽𝛽𝛽𝛽𝛽𝛽 + 𝐻𝐻𝐻𝐻𝐻𝐻 ⇋ 𝐻𝐻𝐻𝐻𝐻𝐻 − 2𝛽𝛽𝛽𝛽𝛽𝛽 

Since the dimerisation process is favoured in the conditions and concentrations used and the 

protein concentration is kept equal during the binding analysis, the model is simplified just for 

the second part of the equilibrium. The equilibrium binding constant or the association constant 

is defined as: 

𝐾𝐾𝑎𝑎 =  
[𝐻𝐻𝐻𝐻𝐻𝐻 − 2𝛽𝛽𝛽𝛽𝛽𝛽]
[2𝛽𝛽𝛽𝛽𝛽𝛽] [𝐻𝐻𝐻𝐻𝐻𝐻]

 

Assuming that unbound Hyp in the aqueous buffer is negligibly fluorescent, the observed 

fluorescence emission is proportional to the amount of complex Hyp-protein. Following the 

same mathematical development as that used for apoMb but with the difference that, in this 

case, the amount of protein is kept constant while the Hyp concentration changes. This allows a 

simplified analysis of the equilibrium relative to the protein since the dimerisation can be 

neglected. Then the emitted fluorescence corresponds to the next equation: 
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𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻,𝑡𝑡𝑡𝑡𝑡𝑡 =  𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  
𝐾𝐾𝐾𝐾[2𝛽𝛽𝛽𝛽𝛽𝛽]𝑡𝑡𝑡𝑡𝑡𝑡[𝐻𝐻𝐻𝐻𝐻𝐻]𝑇𝑇𝑇𝑇𝑇𝑇

(1 + 𝐾𝐾𝑎𝑎[2𝛽𝛽𝛽𝛽𝛽𝛽]𝑡𝑡𝑡𝑡𝑡𝑡)
         

4.2.3. Modelling studies 

The group of Prof. F. Javier Luque at the University of Barcelona (Spain) performed all molecular 

modelling and dynamics studies. The protein model for the bovine βLG dimer was derived from 

the X-ray crystallographic structure (PDB entry 1BEB).19  

Set up and modelling for the complex in aqueous buffer 

The structure was refined by including the addition of hydrogen atoms using the xLEAP facility 

in AMBER12 and the parm99SB force field, removal of nonstandard residues (e.g., sulphate 

anion), and generation of the disulphide bonds Cys66-Cys160 and Cys106-Cys119. Because the 

N- and C-terminal segments are not observed in the X-ray structure, N-methylamine and acetyl 

capping groups were added to the C- and N-terminus, respectively. The binding of Hyp was 

explored by means of docking calculations carried out with GLIDE.20,21 Default settings are used 

and the best poses are clustered according to the RMSD between its heavy atoms using a 

threshold of 2.0 Å and subsequently re-evaluated using the Glide-XP scoring function. 

On the other hand, the binding mode derived from docking studies is further checked by means 

of Molecular Dynamics (MD) simulations. In this regard, the simulated system, (i.e., the dimeric 

protein and the ligand) was solvated on a truncated octahedron box of TIP3P water molecules 

and the appropriate number of Na+ counterions was added to neutralise the total charge.22 The 

Parm99SB force field was used for the protein,23 while Hyp was parameterised using the general 

amber force field in conjunction with RESP (HF/6-31G(d)) charges, and Joung and Cheatham 

parameters to model the counterions,24 as implemented in the Antechamber module of 

AmberTools15 software package.  

The final system comprises of around 72000 atoms, including around 22000 water molecules. 

The geometry of the system is minimised in four steps. First, water molecules are refined 

through 4500 steepest descent algorithm followed by 10500 steps of conjugate gradient. Then, 

protein and ligand hydrogen atoms positions are optimised using 500 steps of steepest descent 

and 4500 of conjugate gradient. Next the ligand, water molecules and counterions are further 

optimised with 2000 steps of steepest descent and 6000 of conjugate gradient and, finally the 

whole system is optimised with 2500 steps of steepest descent and 4500 of conjugate gradient. 

At this point, 3 different replicas are generated by randomly assigning 3 different sets of 

velocities to the initial coordinates, all fitting a Maxwell distribution for a temperature of 50 K. 

For each one of the replicas, thermalisation is performed in the NVT ensemble during five 25 ps 
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steps, using a time step of 1 fs and increasing the temperature from 50 to 298 K. Concomitantly, 

the inhibitor and the residues in the binding site are restrained during thermalisation using a 

variable restraint force. Thus, a force constant of 5 kcal·mol-1·Å-2 is used in the first stage of 

thermalisation, and is subsequently decreased by increments of 1 kcal·mol-1 Å-2 in the next 

stages. Prior to the production runs, a short MD simulation of 1 ns in the NPT ensemble is 

conducted in order to allow the system to achieve a stable density value at 1 bar. For each 

replica, a 50 ns production trajectories is run using SHAKE for bonds involving hydrogen atoms, 

allowing for a timestep of 2 fs, in conjunction with periodic boundary conditions at constant 

volume and temperature (298 K; Langevin thermostat with a collision frequency of 3 ps-1), 

particle mesh Ewald for long-range electrostatic interactions, and a cutoff of 10 Å for nonbonded 

interactions. 

Set up and modelling for the complex in DMSO/water (17% v/v) 

The set up of the solvent mixture box follows the procedure reported by Alvarez and Barril,25 a 

single molecule of DMSO was built using the Molecular Operating Environment (MOE) and 

optimised at the HF/6-31G(d) level of theory using Gaussian 09. Partial charges were derived 

from the optimised structure using the RESP procedure26,27 and atom types were assigned 

according to the general amber force field using Antechamber, as it has been done before. The 

initial DMSO/water (17% v/v) box was obtained by solvating 6 DMSO molecules in a box of 88 

TIP3P22,28 water molecules. Then, was minimised (3500 steps of steepest descent followed by 

6400 steps of a conjugate gradient) and thermalised in three steps of 100 ps where the 

temperature was gradually increased from 50 K to 298 K in the NVT ensemble. Next, the volume 

of the box was equilibrated under constant pressure and temperature in two stages of 100 ps. 

Throughout all pre-equilibration stages, the temperature was controlled by using a Langevin 

thermostat with a collision frequency of 3 ps-1, long-range electrostatics were treated using 

particle mesh Ewald summation, a cutoff of 4 Å was applied to all non bonded interactions, and 

SHAKE29 was employed to constraint all bonds involving hydrogen atoms. All simulations at this 

stage were performed using the sander module of AmberTools15. 

Once the solvent box is well defined, the complex Hyp-2βLG was constructed as it was before, 

solvated on a truncated octahedron box of TIP3P water molecules and the appropriate number 

of Na+ counterions. The ff14SB-ildn force field30 was used for the protein, while Hyp was 

parameterised exactly as it was without the DMSO. Each system comprised around 60000 

atoms, including the protein– ligand complex, 900 DMSO molecules, 14000 water molecules and 

9 Na+ counterions in a simulation box of 625000 Å3. 
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The geometry of the system was minimised in five cycles that combined 3500 steps of steepest 

descent algorithm followed by 6500 of conjugate gradient. Thermalisation was performed in 3 

steps of 125 ps, where the temperature was gradually increased from 50 K to 298 K, while the 

protein and ligands were restrained with a force constant that was concurrently reduced from 

1 kcal·mol-1·Å-2 to 0.1 kcal·mol-1·Å-2. Prior to the production runs, each system was subjected to 

a 0.5 ns simulation on the NPT ensemble to equilibrate the density of the system. During the 

thermalisation and equilibration stages, a timestep of 1 fs was employed using SHAKE to 

constraint bonds involving hydrogen atoms. The production runs consisted of 250 ns using 

SHAKE for bonds involving hydrogen atoms, a time step of 2 fs, periodic boundary conditions at 

constant volume and temperature (298 K; Langevin thermostat with a collision frequency of 3 

ps-1), particle mesh Ewald to handle long-range electrostatic interactions, and applying a cutoff 

of 10 Å to all nonbonded interactions. The sander module was employed for the minimisation 

stage, while the CUDA accelerated version of PMEMD was used through the heating, 

equilibration and production stages, with both modules being available in the standard 

distribution of AMBER15. 

4.2.4. Microbial growth and photoinativation process 

The microbiological procedure used herein was the same as in the previous chapter. However, 

in this chapter only two strains were tested: S. aureus CECT239 obtained from the Spanish Type 

Culture Collection (CECT) and B. subtilis 168WT, received from Prof. Cristiano Viappiani’s group 

in Parma (Italy). The light source for the photoinactivation experiments was also the same. 

4.3. Results and discussion 

4.3.1. Complex characterisation in PBS 

βLG spontaneously forms homodimers (2βLG) under physiological conditions and under the 

conditions encountered in milk processing. Therefore, we studied if Hyp can form a stable 

complex preserving its photosensitising properties. 

Modelling studies. βLG forms dimers (2βLG) under conditions close to those encountered 

physiologically, with a dimerisation constant of KD = 8.6 μM at pH 7.5.11,31 βLG is shaped to 

accommodate small and long chains hydrophobic compounds in its monomeric structure, such 

as retinol and the aliphatic chains of fatty acids, in the lipocalin-type β-barrel. However, the 

monomer cavity is too narrow to accommodate Hyp because of its size, which suggests that this 

compound should bind other pockets. The dimerisation is associated with the antiparallel 

alignment of two β-strand (residues 147-151) and with the formation of H-bond between them. 
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The interface between the monomers is also shaped by the AB and CD loops, where residues 

Asp33 and Arg40 participate in a salt bridge. Inspection of the dimers revealed that Hyp might 

bind in the two clefts formed at the interface of the monomers in the dimeric complex (Figure 

4.1). 

The analysis of the best-ranked poses supported the binding of Hyp to the narrow cleft with a 

relatively large affinity, predicting a binding free energy of −7.4 kcal·mol-1, which is ~2.5 kcal·mol-

1 more favourable than the binding to the wide cleft (binding free energy of −4.9 kcal·mol-1). This 

finding is not unexpected, given the hydrophobicity of the compound and the narrow separation 

between the walls of this cleft, where Hyp is largely occluded from the solvent. Moreover, the 

binding to the narrow cleft is also stabilised by hydrogen bonds between the hydroxyl groups of 

the Hyp and backbone carbonyl groups (Lys141, Leu143 and Met145) and the side chains of 

Asp137 and Glu157. In contrast, binding to the wide cleft leaves one of the two faces of Hyp 

exposed to the solvent. 

 
Figure 4.1. Best poses of Hyp bound to the narrow and wide clefts obtained from docking calculations. Hyp is shown 
as sticks. The orange Hyp is bound in the narrow cleft formed at the bottom of the β-barrel and it extends along the 
surface of helix 4 and β-strand. While the other Hyp shown in blue is placed in the wide cleft, located at the interface 
of two helixes and the loops AB and CD, which contains Trp61. The backbone of the dimeric species of βLG is shown 
in green and the grey area displays the surface of the dimer.32  
 
Complex formation in PBS. Binding between Hyp and 2βLG can be monitored through the 

effects on the absorption spectrum and fluorescence emission, in a similar way that it was done 

in the previous chapter. As it is already known, Hyp in water shows broad absorption bands and 

very weak and structureless fluorescence emission.33 However, when Hyp is dissolved in the 

presence of 2βLG, its absorption spectrum partially recovers, and most importantly, the 

fluorescence emission increases substantially and becomes structured. These facts indicate that 

Hyp is located in a less polar environment than water, as a result of binding to the protein.  
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Figure 4.2. Absorption (left panel) and fluorescence emission (right panel) spectra of Hyp 7 μM in PBS (black), DMSO 
(blue) and in PBS in the presence of 100 μM βLG (2βLG≈ 40 μM, orange). 
 
Binding. Unlike apoMb-Hyp, the self-assembly of the βLG-based nanostructure in aqueous 

solution results from multiple association equilibria governing the protein dimerisation and the 

binding of the Hyp at different binding sites, as it has been shown in the docking modelling. 

However, in order to simplify the analysis and because the protein concentration is kept 

constant, the dimerisation part of the equilibrium is considered neglected.  

 
 
Figure 4.3. Integrated fluorescence emission as a function of total Hyp concentration, fixing the βLG concentration at 
100 μM. The red solid line is the result of a fit to the observed emission using a model derived from the binding 
equilibrium described in the experimental section. 
 
Accordingly, the affinity of Hyp for 2βLG was evaluated by monitoring the fluorescence emission 

(estimated from the integrated area) as a function of Hyp concentration at βLG = 100 μM (Figure 

4.3). Assuming a dimerisation constant, KD = 8.6 μM−1,11 this corresponds to 2βLG ≈ 40 μM. A 

model for the binding equilibrium Hyp + 2βLG ⇆ Hyp-2βLG afforded an association constant, Ka 

= 1.40 ± 0.07 μM−1, corresponding to a dissociation constant, Kd = 0.71 ± 0.03 μM. The resulting 

Kd is much smaller than the literature constant associated to βLG dimerisation as it was expected 

because the binding of Hyp to the protein is limited by the fraction of dimeric βLG present. 

However, although the complex Hyp-2βLG formed an effective stable complex, its spectral 

properties and the low fluorescence suggest that Hyp is not fully monomeric when bound to the 

protein, which prevents the full realisation of its photosensitizing potential. For that reason, the 
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addition of a fraction of DMSO was thought to help in the photophysical properties and even in 

the binding of Hyp to the protein. 

4.3.2. Photophysical properties with and without DMSO – tuning the solvation surface 

Since βLG can be coated with DMSO, this might provide a better environment for the bound Hyp 

molecules. We studied whether the use of DMSO as a co-solvent improves the photophysical 

properties of Hyp- βLG, thereby assessing its potential as a photodisinfection agent for materials 

contaminated with bacteria. 

Modelling studies. As previously shown by molecular modelling, Hyp can a priori be 

accommodated in the two clefts formed at the interface of 2βLG. In the narrower cleft, which is 

shaped by the α-helix that precedes the strand βI, Hyp can be inserted only as a monomer. The 

other cleft, formed by loops AB and CD which contains Trp61, is wider and might accommodate 

the binding of dimeric Hyp, and possibly higher order aggregates. 

 
Figure 4.4. Preferential distribution of DMSO molecules around the protein surface of dimeric βLG. Blue isocontours 
denote a DMSO density of 0.3 g cm-3. Yellow areas denote the surface contribution arising from amino acids with 
hydrophobic side chains. The location of the narrow and wide clefts at the protein–protein interface is also shown.34 
 
It was examined where DMSO preferentially accumulates in the protein through MD 

simulations. The results on the dimeric βLG in the mixture DMSO/water reveal that DMSO 

molecules tend to fill specific pockets in hydrophobic patches of the protein surface, including 

the areas corresponding to the narrow and wide clefts formed at the interface of the interacting 

monomers (Figure 4.4). This agrees with the experimental finding that at low DMSO 

concentrations there is a negative preferential binding of DMSO molecules,35 reflecting the 

favourable interactions of DMSO with aliphatic and aromatic residues. 

Furthermore, mapping of the highly populated binding sites for organic probes is valuable to 

identify ‘hot spots’ for the binding of small molecules.36–39 The distribution of DMSO molecules 

on the protein surface is consistent with the observation, based on THz spectroscopy, that βLG 
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A 

is a relatively hydrophobic protein not displaying an extended long-range hydration dynamics,40 

as is observed for other hydrophilic proteins.41,42 

Figure 4.5 shows the last snapshot collected at the end of a MD simulation. The presence of 

DMSO neither alters the binding of monomeric Hyp to the narrow cleft nor impedes the binding 

of Hyp, either as a monomer (A) or a dimer (B), to the wide cleft, where it is stacked against the 

indole ring of Trp61 (the average distance between the Hyp and indole rings is close to 4.8 Å). 

Although the present results do not allow us to discern the relative stability of the binding to the 

two clefts, it is worth noting the large population of DMSO molecules around bound Hyp, 

especially for the monomeric species in the narrow and wide clefts (blue contour). 

 
Figure 4.5. Preferential distribution of DMSO molecules around the protein surface of dimeric βLG bound to Hyp 
molecules as monomers in the narrow cleft, and either (A) monomers or (B) dimers in the wide cleft. Blue isocontours 
denote a DMSO density of 0.3 g·cm-3. Hyp molecules are shown as orange-based sticks.34 
 
Moreover, monomeric Hyp is deeply inserted into the wide cleft, while the larger size of dimeric 

Hyp leads to a more superficial interaction with the protein. The preferential solvation by DMSO 

molecules is expected to result in a more effective shielding of bound Hyp from surrounding 

water molecules, which would stabilise the binding of monomeric Hyp to the protein. This 

stabilisation of the binding of active Hyp molecules to the protein very probably will improve the 

photophysical properties. 

Hyp and βLG form a stable complex in PBS and in a DMSO:PBS mixture. As shown in Figure 4.2, 

Hyp in the presence of 2βLG with only PBS as solvent, partially recovered the structured 

absorption spectrum, with bands centred around 560 nm and 598 nm, along with fluorescence 

emission (orange lines). Before the addition of a DMSO fraction, we ran an experiment where 

the fluorescence emission of the tryptophan was measured. 

Figure 4.6 plots the Trp residues fluorescence upon addition of DMSO, remaining almost 

unaffected up to 60% of DMSO when showed an increase in the intensity and a red-shift.  

B 
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Figure 4.6. Fluorescence emission of the tryptophan (Trp) residues in the βLG upon addition of increasing amounts of 
DMSO. Excitation at 290 nm. 
 
It seems to be with 50- 60% of DMSO when the protein stars unfolding, which is consistent with 

the result of Arakawa et al.35 Moreover, with a 50% of DMSO the sample presented bubbles, 

which is another sign of the protein denaturation. 

Different samples were prepared with the same protein and Hyp concentration but with 

different amount of DMSO in order to monitor how the absorbance change. Figure 4.7 shows 

this experiment, in particular in the right panel, how the absorbance increases in the two 

maximums of Hyp. It also revealed that Hyp seems to be monomeric since its fluorescence 

increases linearly with the amount of DMSO. We chose to work with 20% of DMSO (VDMSO /VPBS), 

corresponding to ~17% (VDMSO/Vtot) because the increased absorbance and fluorescence (data 

not shown) were considerable and to avoid too much solvent thereafter in the photoinactivation 

experiments. 

 
Figure 4.7. Absorbance spectrum (left panel) and the absorbance increase at the maxima of Hyp upon addition of 
increasing amounts of DMSO (right panel). In all samples the [βLG]= 100 μM and the [Hyp]= 2 μM.  
 
Hence, these results and the modelling calculations suggest that DMSO might stabilise the 

attachment of monomeric Hyp to the clefts located at the interface of 2βLG. The spectroscopic 

properties of the complex Hyp-2βLG considerably change in the DMSO:PBS mixture: the 

absorption spectrum (Figure 4.8 A, orange) is more structured than that in pure PBS (Figure 4.8 

A, grey), with absorption bands similar to those observed for Hyp dissolved in pure DMSO (Figure 
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4.8 A, blue). The intensity of the fluorescence emission is substantially increased as well (Figure 

4.8 B, orange).  

 
Figure 4.8. Absorption (A) and fluorescence emission (B) spectra of Hyp in differerent samples. The Hyp concentration 
was 4 μM and that of βLG, when present, was 200 μM. Emission spectra were collected after excitation at 554 nm, T 
= 20 ºC. 
 
The formation of a stable self-assembled nanostructure in the binary mixtures of PBS and DMSO 

is confirmed by steady state fluorescence anisotropy and Fluorescence Correlation Spectroscopy 

(FCS) measurements, both experiments carried out in Parma at the group of Prof. Cristiano 

Viappiani.  

On the one hand, fluorescence anisotropy of Hyp in solution with 2βLG shows a non-zero 

anisotropy fluorescence excitation spectrum, indicating that the rotational diffusion of the 

molecule is limited because of the interaction with the protein scaffold (Figure 4.9). However, 

when a 20% of DMSO is present there is an improved signal-to-noise ratio. In comparison, Hyp 

dissolved in pure DMSO gives a zero anisotropy spectrum due to the faster rotational diffusion. 

 
Figure 4.9. Fluorescence anisotropy spectra of Hyp in DMSO (blue), Hyp-2βLG in PBS (grey) and Hyp-2βLG in 20% PBS–
DMSO (orange), obtained from excitation spectra (λem = 620 nm, T = 20 ºC). The Hyp concentration is 4 μM and that 
of βLG is 200 μM. 
 
On the other hand, FCS is useful determine the diffusion coefficient of molecules taking 

advantage of the spontaneous thermal fluctuation in the fluorescence emission intensity of the 

freely diffusing fluorophores in solution.43,44 Figure 4.10 A shows the cross-correlation function 

determined for 1 nM Hyp in the presence of 30 μM βLG. The cross-correlation signal is well 
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B A 

described by a model comprising diffusional motion, on the 10 μs – 1 ms time scale, and triplet 

decay, occurring on the 1–10 μs time scale. The diffusion coefficient of the dominant diffusing 

species is D = 70 μm2·s-1, consistent with the value expected for Hyp bound to 2βLG. Figure 4.10 

B exposes the fluorescence auto-correlation curve obtained for 1 nM Hyp and 36 μM βLG in the 

presence of a 20% of DMSO, which is well-fitted also by a model comprising molecular diffusion 

and triplet state decay. The diffusion coefficient of the dominant species is D = 40 μm2·s-1, lower 

with respect to the pure PBS buffer due to the higher viscosity of the mixture and the different 

hydrodynamic radius of the DMSO-coated protein.45,46 

 
Figure 4.10. Cross correlation functions for 1 nM Hyp in PBS buffer in the presence of 30 μM βLG (A- open circles) and 
1 nM Hyp in the mixture PBS–DMSO in the presence of 36 μM βLG (B- open circles). The solid lines are the results of 
the fit using a model comprising triplet state decay and diffusion. Excitation 475 nm, detection at 670 nm. 
 
A functional nanostructure: photophysical properties are preserved either in PBS or in PBS: 

DMSO mixture. A key issue for potential applications in photosensitisation-based antimicrobial 

treatments is that the PS retains the ability to populate the triplet state upon photo-excitation 

and photosensitise the production of 1O2. The preservation of the fluorescence properties is 

already a sign that likely the complex will maintain the photophysical properties of Hyp, as it was 

for the apoMb-Hyp complex. Time-resolved fluorescence emission measurements for Hyp in the 

presence of 2βLG in PBS afford a biexponential decay with lifetimes (τF) of 3.9 ns (35%) and 6.7 

ns (65%) (Table 4.1). This is consistent with the co-existence of two populations of Hyp, that 

likely correspond to the Hyp bound at the two binding sites on 2βLG, as it has been shown by 

computational methods. The most populated component can be attributed to the Hyp placed in 

the narrow cleft, where it is better shielded from the solvent and embedded in a less polar 

environment, and hence is relatively long emission lifetime, even longer than Hyp in DMSO. The 

minor component can be attributed to Hyp bound at the larger cleft of 2βLG, where the 

molecule is partially exposed to the solvent and possibly staked to other Hyp, and it is thus 

characterised by a faster emission lifetime of 3.9 ns. When DMSO is present, the fluorescence 
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decay fitted with a biexponential relaxation but mainly with one component of 5.6 (80%), which 

lifetime is identical to the one of the Hyp in DMSO. This is in accordance with the picture derived 

from MD simulations, where the local environment of the Hyp bound to the protein is coated 

with DMSO. The minor fast component (lifetime 0.2 ns) have a sub-resolution lifetime and is 

assigned to scattering. 

 As shown in Table 4.1, the complex Hyp-2βLG in PBS buffer has a quantum yield for the triplet 

state formation ΦT = 0.050 ± 0.002. The triplet state shows a lifetime decay (τT) of around 10 μs, 

considerably longer than the value obtained for Hyp in DMSO (1.4 μs) and similar to the one 

reported for Hyp bound to apoMb (11.1 μs), where this relatively long lifetime was attributed to 

the shielding of Hyp from the solvent by the protein scaffold.47 Hyp-2βLG photosensitises 1O2 

with a yield ΦΔ = 0.065 ± 0.010. The similar ΦΔ and ΦT values measured for Hyp-2βLG in PBS 

buffer indicate that the efficiency of the energy transfer between the triplet state of Hyp and 
3O2, leading to the production of 1O2, is close to unity. However, the value retrieved for ΦΔ is 

quite low in comparison to the one observed for Hyp in pure DMSO (0.28 ± 0.05) or Hyp bound 

to apoMb (0.14 ± 0.03). According to MD studies, the reduced fraction of active PS may be due 

to the preferential binding of Hyp, possibly as an aggregate, to the wide cleft in 2βLG, where it 

is stacked against Trp61. Moreover, when it is bound to the wide cleft, one face of Hyp is exposed 

to the aqueous solvent, an interaction which may be detrimental to the photophysics of the 

compound. 

Table 4.1. Principal photophysical parameters of Hyp and Hyp-2βLG in PBS or 20% PBS–DMSO. 

 a Laser flash photolysis; b Time-resolved NIR phosphorescence detection 
 
The presence of 20% DMSO induces a nearly, or in some case even more than, two-fold increase 

in the values of ΦF, ΦT, and ΦΔ, when the 2βLG is present. This increment cannot be attributed 

to a larger monomeric Hyp molecules unbound to the protein because as it was shown in Figure 

4.8 (magenta curve) the spectroscopic features are of an aggregated Hyp with broad and 

structureless bands close to those seen for Hyp in PBS. Moreover, free Hyp in the mixture 

DMSO:PBS has an almost undetectable ΦF < 0.001 and a negligible ΦT. Therefore, the 

improvement of the photophysical properties likely comes from a better solvation of Hyp 

molecules when are bound in the protein scaffold. These results were already expected after 

Sample Solvent τF (ns) ΦF τT (μs) ΦT τΔ (μs) ΦΔ 

Hyp DMSO 5.5 ± 0.1 (100%) 0.35 ± 0.02 1.4 ± 0.1 0.35 5.5 ± 0.1 0.28 ± 0.05 

Hyp-2βLG PBS 3.9 (35%) 
6.7 (65%) 0.03 ± 0.01 10 ± 2a 

8.6b 0.050 ± 0.002 2.3 ± 0.1 0.065 ± 0.010 

Hyp-2βLG PBS- 20% 
DMSO 

0.2 (20%) 
5.6 (80%) 0.06 ± 0.01 8.2 ± 0.4a 

8.4b 0.170 ± 0.002 2.5 ± 0.1 0.12 ± 0.05 
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the MD simulations, since DMSO appeared to stabilise the binding of monomeric Hyp to the 

protein. 

Another experiment that would demonstrate that there is no greater affinity of Hyp molecules 

to 2βLG when DMSO is present is through the analysis of the binding isotherm curve. However, 

this is tricky since the fluorescence emission upon addition of Hyp not show a clear saturation, 

indicating the possible presence of additional low-affinity binding sites on the DMSO coated 

protein (data not shown). Therefore, with this experiment it cannot be concluded whether the 

presence of DMSO simply induces changes in the local environment of the Hyp molecules, 

favouring the fluorescence emission, or it also induces an increase in the affinity of the two 

species. However, looking at the aforementioned results the DMSO forms an effective shield 

that protects the bound Hyp molecules from water, which offers a better local environment, 

contributing to its photophysical properties' preservation. 

Taken together all the results, the Hyp-2βLG complex can be considered more efficient in the 

photosensitisation of 1O2 when assembled in a PBS–DMSO mixture, since the concentration of 

dissolved molecular oxygen in PBS buffer and in the 20% DMSO–PBS mixture can be considered 

equal.48 

4.3.3. Bacteria photodynamic inactivation 

The enhanced photophysical properties in the presence of DMSO suggest that Hyp-2βLG may 

have also improved antimicrobial activity. However, as it was shown in the previous chapter, 

Hyp either alone or in the cavity of the protein, only induces a substantial damage in gram-

positive bacteria. Therefore, we focused on gram-positive bacteria photo-damage, evaluating 

first the cytotoxic potential in S. aureus, comparing the effect in PBS or in the binary mixture 

PBS:DMSO. In addition, after the incubation period, suspensions were centrifuged and the pellet 

containing the cells was resuspended in an equal volume of solvent (Figure 4.11 lines labelled as 

pellet), while the supernatant was removed by suction. This washing procedure allows for the 

removal of the species that are not tightly combined to the cells after the incubation, and thus 

can be separated by centrifugation. 

Figure 4.11 A shows the photoinactivation results in PBS buffer, emphasising that Hyp-2βLG 

induces a relevant inactivation on S. aureus, with a decrease of ~6 logs units in the survival 

fraction rate upon irradiation with green light (green line). This effect is comparable to the one 

observed when free Hyp in pure DMSO is added to the bacteria suspension (red line). These 

results were comparable to those for the washed suspensions; for free Hyp there was still a ~6 
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logs decrease in the number of CFU (magenta line); and 5 to 6 log units for Hyp-2βLG, with a 

slight reduction of the dark toxicity (dark green line). 

On the contrary, the B panel on Figure 4.11 shows the results of the experiments carried out 

using the 20% PBS-DMSO mixture as a solvent. Control experiments demonstrated that the 

presence of DMSO at this concentration is not toxic for these bacteria (orange line). As observed 

in pure PBS buffer when free Hyp in pure DMSO is added, excellent photoinactivation is obtained 

with a reduction of 6–7 log units in the survival fraction (red line). No substantial change occurs 

after washing by centrifugation (magenta line). Surprisingly, the complex Hyp-2βLG considerably 

reduces its photodynamic action against S. aureus in the mixture PBS–DMSO, inducing a 

decrease in survival fraction of ~3 log units upon irradiation (green line).  

 
Figure 4.11. Photoinactivation results for S. aureus cells in suspension incubated with: 4 μM Hyp and 200 μM βLG. 
The lines labelled as pellet refers to the resuspended pellet after the wash by centrifugation. The same experiments 
were performed in a PBS buffered solution (A) and in a 20% PBS–DMSO mixture (B). Controls are made for S. aureus 
suspension in PBS (black), in 20% PBS–DMSO (orange), and incubated with βLG 200 μM (blue). 
 
This result is in apparent contradiction with the measured value of ΦΔ of the complex, which is 

about two-fold higher in the mixed solvent PBS–DMSO than in pure PBS. It is worth noting that 

the different photodynamic activity in the mixed solvent PBS–DMSO does not arise from a 

reduced photostability of the complex in the mixed solvent as compared to PBS. Exposing Hyp-

2βLG to the same light dose as used in the photoinactivation experiments leads to the same 

level of bleaching of the compound in PBS and in PBS–DMSO (data not shown). 

Spectroscopic analysis and some photophysical properties in the presence of S. aureus. The 

comparison of the fluorescence emission spectra in Figure 4.12 can provide some indications 

about the distribution of Hyp in the presence of S. aureus cells. Free Hyp in PBS shows no 

detectable fluorescence because is largely aggregated in this media (panel A, black). However, 
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when it was placed in the binary mixture, the fluorescence emission was detectable with a 

maximum of 593 nm, although still weak (panel B, black). After incubation with bacteria cells, 

the fluorescence of free Hyp underwent minor but important changes: a slight increase in the 

emission was observed in pure PBS (panel A, red), while an increase of the emission and a band-

shift were observed in the mixture PBS–DMSO (panel B, red, peak at 598 nm). This very likely 

indicated a re-distribution of Hyp, where Hyp molecules were placed in a different environment 

than the bulk solvent, provided by the cell. Clearly, the fluorescence when Hyp was incorporated 

inside the protein cavity (i.e., protected from the PBS buffer) increases (panel A, green), and its 

emission became more intense in PBS-DMSO, increasing two-fold the intensity (panel B, green). 

No significant changes in the fluorescence emission of Hyp-2βLG were detected after the 

incubation with cells neither in PBS (panel A, orange) nor in PBS-DMSO (panel B, orange). This 

fact likely means that there is not a re-distribution of Hyp molecules, but the vast majority of 

them are still attached to the protein matrix. Otherwise, if the Hyp would have migrated to the 

cell surroundings, a change in the fluorescence intensity or a wavelength shift in the maximum 

would have been expected. However, a big change was observed when this samples incubated 

whit bacteria were thereafter washed by means of centrifugation, decreasing largely the 

fluorescence emission until an intensity comparable with the one observed for free Hyp 

incubated with bacteria. In the washed we removed the supernatant by suction, thus removing 

the protein that is in suspension and collecting the cells in the pellet. The small but clearly 

detectable emission spectra of the resuspended pellet (blue line in panels A and B) indicated 

that an appreciable fraction of Hyp-2βLG was tightly bound to the bacteria. The position of the 

emission peak for this fraction is very similar in the absence (598 nm) and in the presence of 

DMSO (597 nm). Nevertheless, the vast majority of Hyp was removed in the supernatant due to 

the Hyp-2βLG either was not highly bound to the cells or was in suspension not close enough to 

establish an interaction with cells.  

 
Figure 4.12. Fluorescence emission spectra in PBS buffer (A) and in the 20% PBS–DMSO mixture (B) for Hyp (black), 
Hyp incubated with S. aureus (red), Hyp complexed with 2βLG (green), Hyp complexed with 2βLG incubated with S. 
aureus (orange), Hyp complexed with 2βLG, incubated with S. aureus and washed by centrifugation (blue). The Hyp 
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concentration is 4 μM in all cases and that of βLG, when present, is 200 μM. The insets represent a zoom of the less 
intense signals. Excitation at 554 nm. 
 
Table 4.2 shows the fluorescence decay lifetime in the absence and presence of S. aureus cells. 

The signals of Hyp alone with cells have an extremely weak fluorescent, hence they are 

characterised by an intense scattering signal on the shortest time scale (< 0.5 ns). The lifetimes 

for Hyp alone either in PBS or in the binary mixture are very similar. In 20% DMSO the 

fluorescence lifetimes with and without cells are the same, but in the steady state fluorescence 

spectrum there was a red-shift after the incubation with cells, hence likely there was a re-

distribution of Hyp which lifetime coincides with the one without S. aureus cells. 

When S. aureus cells were incubated with Hyp-2βLG in PBS, time resolved fluorescence emission 

from the PS occurs through a biexponential relaxation with similar weights as, and slightly longer 

lifetimes than, those observed in the absence of bacteria (Table 4.2). This fact indicates that the 

fluorophore was kept in the same type of environment with or without bacteria, provided by 

the protein scaffold. We cannot extract more information about the increase of the shorter 

component when cells were present because of the low signal-to-noise ratio. Similarly, the 

fluorescence decay observed for S. aureus incubated with Hyp-2βLG in PBS–DMSO is essentially 

the same as that observed for Hyp-2βLG in PBS–DMSO and for Hyp in DMSO (Table 4.2). This 

suggests that the patches of DMSO coating the hydrophobic areas of the protein surface, persist 

also when Hyp-2βLG is bound to the bacteria. 

Table 4.2. Lifetimes and amplitudes after the analysis of the time resolved fluorescence decays of Hyp and Hyp-2βLG 
in PBS or 20% PBS–DMSO incubated with S. aureus cells. 

 
Time-resolved 1O2 phosphorescence was measured in an analogous experiment to that of 

fluorescence emission and, it is also observed that when the samples are washed the 1O2 signal 

is killed (Figure 4.13). Therefore, this is an additional experiment that allows us to reach the 

same conclusions: Hyp is kept inside the protein even when the cells are present. The intensity 

difference in the Hyp-2βLG signals was probably an experimental mistake. Clearly, the amount 

Sample Solvent τF1 (ns) τF2 (ns) τF3 (ns) 

Hyp DMSO - - 5.5 ± 0.1 (100%) 
Hyp + S. aureus PBS 0.2 (48%) 4.2 (52%) - 

Hyp PBS- 20% DMSO - 3.5 ± 0.1 
(100%) - 

Hyp + S. aureus PBS- 20% DMSO 0.5 (48%) 3.6 (52%) - 

Hyp-2βLG PBS - 3.9 (35%) 6.7 (65%) 
Hyp-2βLG + S. aureus PBS - 4.6 (45%) 7.0 (55%) 

Hyp-2βLG PBS- 20% DMSO 0.2 (20%) - 5.6 (80%) 
Hyp-2βLG + S. aureus PBS- 20% DMSO - - 5.5 (100%) 
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of photosensitised 1O2 by Hyp-2βLG is considerably higher when a fraction of DMSO is present, 

as it has been shown in Table 4.1. 

 
Figure 4.13. NIR phosphorescence emission at 1275 nm in PBS buffer (A) and in the 20% PBS–DMSO mixture (B) for 
free Hyp alone, incubated with S. aureus and the complex Hyp-2LG alone, incubated with S. aureus and washed by 
centrifugation. The Hyp concentration is 4 μM in all cases and that of βLG, when present, is 200 μM. 
 
The lifetime of triplet decay of Hyp-2βLG bound to S. aureus is 8 ± 1 μs and 9 ± 1 μs in PBS buffer 

and in the binary mixture, respectively. Importantly, these values are very similar to those in PBS 

and PBS–DMSO in the absence of bacteria (Table 4.1). The long lifetime of the triplet state is a 

further evidence that indicates that Hyp remains bound to the protein carrier since the transfer 

to the bacterial membrane would lead to a shorter triplet state lifetime (approx. 1–2 μs). 

Since experimental evidence suggests that the complex between Hyp and 2βLG remains intact 

even after binding to S. aureus, the different type of interaction of the whole complex Hyp-2βLG 

coated by DMSO with the cells is most likely the reason for the reduced efficiency in the 

microbial photoinactivation. In spite of the higher amount of photosensitised 1O2 by Hyp-2βLG, 

the DMSO coating thus appears to decrease the bioavailability of the photoactive compound. A 

possible explanation for this fact is that the DMSO patches interfere, or at least modify, the 

interaction between the complex and the cell wall. 

Bacillus subtilis photodynamic inactivation. The complex Hyp-2βLG was also tested against 

another gram-positive bacteria: B. subtilis. In this case, although the concentration of the protein 

is different, there is still a great excess of protein in order to ensure that Hyp is placed in its 

clefts. Moreover, we decided to test only the complex in PBS buffer due to the decreased in the 

photoinactivation effect when a 20% of DMSO is present. The effect on cells is the same of free 

Hyp and Hyp-2βLG, inducing six orders of magnitude decrease in the survival fraction (Figure 

4.14). However, it seems to decrease the dark toxicity when Hyp is inside the protein as it was 

previously observed for Hyp-apoMb.  
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Figure 4.14. Fluence and Hyp-2βLG effects on B. subtilis photoinactivation. The concentration of Hyp is 4 μM and the 
concentration of βLG is 100 μM. 
 
Unlike in the case of Hyp-apoMb complex, this experiment began with vegetative cells but also 

with endospores. Therefore, at the end of the experiment a spore stain was run in order to know 

whether the spores had also been killed. The stain distinguished between vegetative cells and 

endospores. A primary stain (malachite green) was used to stain endospores, which the cells 

were forced to go into by heating. After decolorising the vegetative cells with water, safranin 

was used to stain these cells. The results indicated that all the endospores were killed in the case 

of free Hyp and almost all in the case of the complex. Visual inspection after 1 day more (i.e., 

after 48 h from the agar seeding in Petri dishes) at 37 ºC did not reveal the growth of new 

colonies. 

4.3.4. Incorporation of retinoic acid to the Hyp-2βLG complex. Study of this multimodal 

system. 

The βLG monomer can accommodate several hydrophobic and linear molecules like fatty acids, 

retinoids, vitamin D, cholesterol or curcumin.12 Most of these molecules are placed in the main 

well-defined binding site in the monomeric unity, where the β-sheets form a flattened and 

conical barrel, called calyx. In most cases, the complex is stabilised by hydrophobic interactions 

in the cavity and hydrogen bonding involving the Glu62 and Lys69 at the entrance.49 However, 

there are other plausible binding sites like the one in the external surface pocket or in the dimer 

interface where Hyp is placed.  

Some of the molecules that can be bound by βLG are retinoic acid, retinol and other retinoids 

derivatives.12,50,51 Many studies have been published about the binding of retinoids to βLG, 

although there are several contradictions about the binding site and thus it is still under 

debate.13,14 Retinol or vitamin A has several isomers, two of these geometric isomers are 

tretinoin and isotretinoin. The first is the all-trans retinoic acid, commercialised under the 

tradename of Retin-A® for the treatment of acne vulgaris or keratosis pilaris, although it also 
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has uses against a subtype of leukaemia. Isotretinoin, also known as 13-cis-retinoic acid, is also 

used for acne, but in this case, it is orally administered for a more severe acne under the 

tradenames of Accutane® or Roaccutane®.52 Due to the elongated and linear form of the 

molecule, we chose to work with tretinoin isomer, abbreviated henceforth as RA, which also has 

fewer side effects in the acne treatment. 

Many studies gather several pieces of evidence regarding the binding of RA to βLG with a binding 

constant (Kd) of ~2 x 10-8 M.50,53,54 Owing to its polyenic structure, RA is quite hydrophobic and 

then poorly soluble and chemically unstable in water which makes its manipulation difficult. A 

nice solution is its complexation with βLG, overcoming the solubility problems, increasing the 

bioavailability and most likely being a potential method to enhance its therapeutic effects. 

Acne is one of the most common multifactorial chronic inflammatory diseases of the 

pilosebaceous follicles, which affects approximately 80% adolescents and young adults in 11–30 

age group. The pathophysiology of acne involves androgen stimulation inducing sebaceous 

hyperplasia, altered follicular keratinisation, hormonal imbalance, immune hypersensitivity, and 

bacterial (Propionibacterium acnes) colonisation.15,16 Not only are many studies about tretinoin 

(RA) alone against acne, whose effectiveness is well documented; but also in formulations with 

novel delivery systems that improve its tolerability against this disease. For instance, Retin-A 

Micro (0.1% gel) contains RA trapped within porous copolymer microspheres or Avita, where RA 

is incorporated within a polyoylprepolymer. Each of these formulations releases RA slowly 

within the follicle and onto the skin surface, which in turn reduces irritancy with the same 

efficacy.55,56  

There are no reports describing the formation of a βLG complex with a double payload of RA 

and Hyp. Such a multimodal complex could be ideally used for the acne treatment, because of 

the successful results of Hyp's activity against acne. The complex will carry two agents with 

different biological effects and targets. On the one hand, Hyp would be actively decreasing the 

colonisation of Propionibacterium acnes (P. acnes) through PDT, as demonstrated by Larissa et 

al.17 This anaerobic gram-positive bacterium is the main responsible for the inflammatory 

manifestations in acne. On the other hand, RA has a clear participation in combating these skin 

disorders as has been previously mentioned. 

Study of the monomeric βLG-RA complex. Although tretinoin is more stable than other cis 

isomers, it is very susceptible to degradation under daylight by oxidation of the conjugated 

double bonds. However, some studies confirm that retinol is protected against enzymatic 

oxidation, heating and irradiation when it is complexed with βLG.57,58 Figure 4.15 shows the 
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normalised absorbance in three different polar solvents, with maxima at 336 nm, 340 nm and 

353 nm in PBS, EtOH and DMSO, respectively. A red shift is observed for an aprotic solvent such 

as DMSO. Moreover, RA is slightly fluorescent in EtOH, but not in DMSO (data not shown). 

 
Figure 4.15. Normalised absorption spectrum of 1 μM RA in PBS, EtOH and DMSO. 

 
RA, though not readily soluble in water, shows a structured band when it is added from an EtOH 

stock in low concentrations and the spectrum is measured immediately (Figure 4.15, grey). As it 

is known, free RA in certain organic solvents, but overall in aqueous solution, is markedly 

unstable. The absorption decays within minutes to a few hours, depending on the solvent, 

temperature, light, and other factors, resulting into a complex mixture of products.57 The 

degradation of RA in water (A) and in EtOH (B) is shown in Figure 4.16, recording the absorbance 

spectra as a function of time. The degraded species or most likely the aggregated RA molecules 

showed a completely different band, with two maxima at ~345 nm and ~436 nm, this last 

maximum is gradually shifted to the red over time. 

 
Figure 4.16. Absorption spectra of 1.7 μM RA as a function of time in A) water and B) EtOH. 

 
However, RA in βLG seems to be stable by comparison with free RA as judged by spectral criteria, 

since the profile of the aggregated species was not observed when the protein is present, even 

after 4 h. This is itself an evidence of a RA-βLG interaction, likely where RA is partially or totally 

protected from the aqueous solvent due to the good stability. Probably the absorbance would 

decay only after protein denaturation. Figure 4.17 shows the absorption spectra of a fixed 

amount of RA titrated with increasing protein concentrations, presenting two maxima: one at 
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280 nm and other at ~350 nm assigned to the protein and to RA, respectively. The important 

feature of the spectrum is the red-shift when βLG was added. It appears to imply that there is 

an interaction, most likely arising from binding of RA to βLG as many aforementioned articles. 

The protein concentration goes from 0 to 100 μM. The affinity seems reasonably high, as the 

spectral shift is complete already at 10 μM βLG (i.e., after the second addition of βLG). 

 
Figure 4.17. Absorption spectra of the RA-βLG complex upon addition of increasing amounts of protein, from 0 to 100 
μM. The concentration of RA was fixed at 6 μM. The inset shows a zoom in the RA absorbance.  
 
Moreover, Figure 4.18 shows how the band of the aggregated RA in water is partially recovered, 

forming a well-structure band at 355 nm upon addition of βLG. The shoulder centred at 430 nm 

is likely due to the still free RA, which disappears almost completely when there is an excess of 

protein. Once again, the radical change of the absorption spectra when βLG is present revealed 

the existence of a ligand-protein interaction. 

 
Figure 4.18. βLG addition effect on the absorption spectrum of free RA in PBS. The inset shows a zoom in from the 
last part of the spectrum from 440 to 630 nm, observing a decrease in the scattering upon protein addition. 
 
In order to prove the binding and determine the binding affinity of RA to βLG, fluorescence 

quenching was measured. Fluorescence quenching is the decrease of the quantum yield of 

fluorescence from a fluorophore induced by a variety of molecular interactions with a quencher 

molecule.59 Based on spectral overlap, Förster resonance energy transfer (FRET) is expected to 

occur between Trp-residues as donors and the RA ligand as acceptor. The βLG monomer 

contains two Trp residues at positions 19 and 61, Trp19 is in an apolar environment within the 
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central hydrophobic β-barrel or calyx, while Trp61 is part of an external loop, partly exposed, 

and its fluorescence might be partially quenched by the proximity of the Cys66-Cys160 

disulphide bond (Figure 4.19).60 Therefore, it is possible to use FRET from the intrinsic Trp 

fluorescence (Trp61 and Trp19) in βLG as a tool to study the interaction of RA with the protein. 

Some of the studies available in the literature suggest that RA is bound to an external surface 

pocket located between the β-barrel and the α-helix, where Phe136 and Lys141 stabilised the 

interaction.13 However, other modelling calculations studies, confirmed that Trp19 is the one 

involved in the energy transfer analysis, which is deep inside of the calyx, and can then interact 

with Lys70.54,61 Moreover, a nice study by Cho et al. supports this last theory.14 These authors 

prepared four different mutants replacing the four amino acids with play a role in the interaction 

with RA. The mutant that shows a marked decrease in its binding is the one lacking the Lys70, 

which allowed to conclude that RA binding must be within the calyx.  

 
 
Figure 4.19. Representation of the main amino acids of βLG monomer involves in the interaction with RA. RA is 
represented in purple sticks in one of the possible binding sites. Orange sticks represent some of the Lys, in blue the 
two Trp present in the protein, in green Phe136 which may interact with RA when it is in the surface pocket and in 
yellowish-green colour is represented the two Cys forming the disulphide bond next to Trp61. 
 
In the titration shown in Figure 4.17, FRET cannot be easily observed because the dimerisation 

process is mixed up with the binding process, and besides the absorbance at 280 nm is way too 

high to allow any reliable conclusion. Therefore, we repeated the titration of a fixed amount of 

15 μM βLG at increasing RA concentrations at pH 7.4 (Figure 4.20). The band in the absorption 

spectrum centred at 355 nm increases upon addition of RA without the appearance of the 

shoulder at 430 nm even when the concentration of RA and βLG is the same. However, it is 

worth noting that at 435 nm the absorbance grows because of the scattering, probably due to 

some free RA molecules forming aggregates. 
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Figure 4.20. Absorption (A) and fluorescence emission (B) spectra of RA‐βLG mixtures at increasing RA concentrations 
(between 0 and 15 μM). The βLG concentration was fixed at 15 μM. Emission spectra are collected after excitation at 
280 nm to avoid the direct excitation of RA. 
 
Because the acceptor is not fluorescent, the fluorescence emission will decrease with increasing 

concentrations of RA due to the quenching of Trp (panel B). The fluorescence emission of βLG 

alone had a maximum close to 340 nm, which indicated that excitation at 280 nm elicited the 

fluorescence of Trp residues mainly, and that the contribution of tyrosine residues in the 305- 

315 nm range (possible since βLG has four Tyr residues), was low and did not display a peak. 

However, it is possible that the shoulder that appeared after the addition of RA is due to the 

fluorescence of these Tyr residues, which is most prominent with 4 or 5 μM of RA when there is 

already an extended quenching of the Trp fluorescence (Figure 4.21). The shoulder at ~315 nm 

is best appreciated with logarithmic scale in Figure 4.21.  

 
Figure 4.21. The same fluorescence emission spectrum of RA‐βLG mixtures that is shown in the previous Figure, but 
in a logarithmic scale. 
 
The results confirm the binding of RA to the βLG monomer since the fluorescence decreased by 

26% and 88% after addition of 2 μM and 15 μM RA, respectively. Nevertheless, the high 

absorbance of RA in the range where Trp emits may lead, and most likely does, to simple 

absorption by RA of photons emitted by Trp. Notwithstanding, FRET is indeed taking place at the 

same time.  

This energy transfer process could be directly monitored measuring the fluorescence lifetime of 

Trp in the RA-βLG complex, since FRET causes the lifetime of the donor (τD) to decrease.  

250 300 350 400 450 500

0.0

0.2

0.4

0.6

λ / nm

A
bs

or
ba

nc
e

300 350 400 450 500

0

20

40

6015 µM βLG
+ 2 µM RA
+ 4 µM RA
+ 5 µM RA
+ 8 µM RA
+ 12 µM RA
+ 15 µM RA

λ / nm

Fluorescence / kcounts

300 350 400 450 500
0.1

1

10

15 µM βLG
+ 2 µM RA
+ 4 µM RA
+ 5 µM RA
+ 8 µM RA
+ 12 µM RA
+ 15 µM RA

λ / nm

lo
g(

Fl
uo

re
sc

en
ce

) /
 c

ou
nt

s

103



Chapter 4   

B 

 

 

 

 

A 

 

 

 

 

 
Figure 4.22. Evolution diagram of the fluorescence lifetime at increasing RA concentrations (between 0 and 15 μM). 
The βLG concentration was fixed at 15 μM. Excitation at 280 nm, detection at 340 nm. 
 
The fluorescence decay revealed two components, likely attributable to Trp 19, since Trp 61 is 

quenched by the proximity of the Cys66-Cys160 disulphide bond.62,63 However, one of the 

components was nearly at the edge of the detection limit. Taking into account that Trp residues 

in many proteins present a multi-exponential decay64,65 and the difficult issue of assigning the 

lifetimes to individual Trps, we opted for analysing the average lifetime (Figure 4.22). The 

average lifetime decreases steadily down to 59% upon addition of RA, which indicates 

quenching, most likely by a FRET mechanism. 

Study of the dimeric βLG-RA complex. On the other hand, the same experiments were carried 

out with a dimeric concentration of βLG, kept constant at 60 μM. The experiments were done 

using a 0.2 cm-pathway cuvette in order to avoid or diminish the inner filter effects. 

 
Figure 4.23. (A) Absorption spectra of RA‐βLG mixtures at increasing RA concentrations (between 0 and 90 μM). The 
βLG concentration was fixed at 60 μM. (B) Evolution of the absorption at 350 and 430 nm upon addition of RA. 
 
Figure 4.23 shows the titration of a fixed amount of 60 μM βLG by increasing RA concentrations 

at pH 7.4. The results were similar to those observed at 15 μM βLG. Nevertheless, a new band 

appeared at 430 nm at RA concentrations above 50 μM. As can be observed in panel B, the band 

at 350 nm (i.e., the maximum of RA absorption) shows a linear growth, while the band at 430 

nm begins to increase only above 40 μM of RA. This fact indicates that RA starts to aggregate 

only when the binding is complete and the protein is saturated.  
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The fluorescence emission is shown in Figure 4.24 after correction by the dilution factor and the 

inner filter effect at 280 nm. As aforementioned, Trp61’s fluorescence might be partially 

quenched in the native structure by the nearby disulphide bond, and thus it can be assumed 

that the main fluorophore is Trp19.66 The graph in logarithmic scale (panel B) helps differentiate 

the transitions. 

 
Figure 4.24. Fluorescence emission spectra of RA‐βLG mixtures at increasing RA concentrations (between 0 and 90 
μM) in a linear (A) and logarithmic scale (B). The βLG concentration was fixed at 60 μM. Excitation at 280 nm. 
 
As can be observed in panel B, the maximum at 335 nm shifts to the blue as RA is increased. Two 

of the plausible explanations are: 1) there is a conformational change of Trp likely due to the 

interaction between RA and βLG or 2) the maximum of Trp contribution is quenched and then 

the band of the Tyr residues (i.e., with a maximum t 310-315 nm) results more prominent, 

leading to a blue-shift. The conformational change of Trp suggested in the first hypothesis could 

also be caused by protein denaturation due to the excess of EtOH in the sample (i.e., the EtOH 

is added since the RA stock is in this media). However a titration of the protein alone with 

increasing amounts of EtOH did not induce the same features (data not shown), which rules out 

this possibility. 

The results unambiguously indicate that binding of RA to the protein occurs, although the 

binding site could not be assigned. The extent of quenching is difficult to quantify because of 

the inner filter effect and the direct excitation of RA at 280 nm at least for the higher RA 

concentrations. This last option could also explain the appearance of a new fluorescence band 

at ~450 nm for RA concentration above 30 μM (panel B, Figure 4.24), due to the formation of 

RA aggregates outside the protein matrix (fluorescence spectrum of RA in water not shown). 

This is in agreement with the onset of the absorption band at 430 nm (Figure 4.18 and 4.23). 

Figure 4.25 shows the average fluorescence lifetime of Trp as a function of the RA concentration. 

It is worth noting that the average fluorescence lifetime at zero RA concentration (2.1 ns) is 

much shorter than that observed at 15 µM (3.8 ns, Figure 4.22)  According to Ahmadi et al.67 the 

micro-environment of Trp residues may be altered when protein dimers are formed, which 
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seems to be the case in our system. Moreover, the fluorescence is quenched by RA to a lesser 

extent than at 15 µM, which is also consistent with the change of Trp microenvironment induced 

by the formation of dimers. 

 
Figure 4.25. Evolution diagram of the fluorescence lifetime at increasing RA concentrations (between 0 and 30 μM). 
The βLG concentration was fixed at 60 μM. Excitation at 280 nm, detection at 340 nm. 
 
Although the present results do not allow us to either discern the site of RA binding to the 

protein or quantify the efficiency of the quenching process, the existence of an interaction 

between βLG and RA has been unambiguously demonstrated by spectroscopic experiments. This 

agrees with previous reports in the literature, although given the complexity of the system it is 

not surprising that even today the topic is under debate.  

Study of the addition of RA upon the Hyp-2βLG complex. The study of the double payload 

complex may bring a new insight into the system since the properties and characteristics of Hyp-

2βLG system have already been established. 

 
Figure 4.26. Absorption spectra of Hyp-RA‐βLG mixtures, obtaining after different addition’s orders. Upon 60 μM of 
βLG, first was added 8 μM of Hyp and secondly 30 μM of RA (blue line). On the other case, upon the same amount of 
protein (60 μM of βLG), first was added 30 μM of RA and secondly 8 μM of Hyp (red line). 
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The study of the RA-βLG complex in the monomeric and dimeric protein suggested that the 

binding site is the same in both conditions and it is not largely hindered in the dimer. Therefore, 

the order of addition between RA and Hyp should render the same results, since it has been 

demonstrated that Hyp does not bind to the monomeric pocket. Figure 4.26 shows the 

absorption spectra of the Hyp-RA-βLG complex prepared in different orders. An excess amount 

of Hyp was used for the experiment in order to ensure that Hyp was in both pockets of the dimer 

(Figure 4.5). 

Figure 4.27 shows the fluorescence emission of the Hyp-RA complex built in different orders. 

There are no substantial differences either in absorption or in fluorescence depending on the 

RA and Hyp addition’s order. 

 
Figure 4.27. Fluorescence emission spectrum of Hyp-RA‐βLG complex constituted in different addition’s orders. Upon 
60 μM of βLG, first was added 8 μM of Hyp and secondly 30 μM of RA (blue line). On the other case, upon the same 
amount of protein (60 μM of βLG), first was added 30 μM of RA and secondly 8 μM of Hyp (red line). 
 
Therefore, for further experiments, the chosen order was to first prepare the protein-Hyp 

complex and then study the titration with increasing amounts of RA. Figure 4.28 shows the 

results of such study using 1 μM Hyp and 60 μM βLG, the same ratio used in section 4.3.1, for 

which mostly all the Hyp molecules are located in the highest affinity cavity (i.e., in the narrow 

cleft) of the protein dimer.  

 
Figure 4.28. Absorption (A) and fluorescence emission (B) spectra of Hyp-RA‐βLG mixtures at increasing RA 
concentrations (between 0 and 40 μM). The βLG and Hyp concentration were fixed at 60 and 1 μM, respectively. 
Emission spectra were collected after excitation at 554 nm. 
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It is worth noting that the difference in the absorbance at 554 nm is mostly due to some 

scattering and not to light absorption by RA (Figure 4.28, panel A). Surprisingly, the fluorescence 

of Hyp after excitation at 554 nm decreased upon addition of RA, which suggests some sort of 

quenching (panel B). An alternative explanation in terms of an inner filter effect by RA (plausible 

because the absorbance at 554 increases upon addition of RA) was safely ruled out after 

correcting the fluorescence intensity by the fraction of light absorbed by RA. Fluorescence 

quenching is the decrease of the quantum yield of fluorescence from a fluorophore induced by 

variety molecular interactions with quencher molecule, such as excited-state reaction, 

molecules rearrangement, energy transfer, ground state complex formation and collision 

quenching.68 The different mechanisms of quenching are usually classified as either dynamic 

quenching or static quenching. Dynamic or collisional quenching refers to a process that the 

fluorophore and the quencher come into contact during the transient existence of the excited 

state. Static quenching refers to fluorophore–quencher complex formation.69 In general, 

dynamic and static quenching can be distinguished by the difference of their fluorescence, or by 

their different dependence on temperature and viscosity.59 

In order to elucidate the process which was taken part, the fluorescence quenching data were 

analysed by Stern-Volmer plots (Figure 4.28).  

 
Figure 4.29. Stern-Volmer plot of the fluorescence intensities ratio or excited state lifetimes of the Hyp-βLG complex 
in the absence (I0 or τ0) and presence of different RA concentrations. 
 
The Stern-Volmer relationship for dynamic quenching is given by Eq. 4.1: 

𝐼𝐼0
𝐼𝐼

= 1 + 𝐾𝐾𝐷𝐷𝑄𝑄     Eq. 4.1 

where I0 and I are the fluorescence intensities of Hyp in the absence and presence of RA, 

respectively, Q is the concentration of RA and KD is the dynamic Stern-Volmer quenching 

constant, related to the lifetime of the fluorophore. According to this equation, a linear 

relationship is expected in case of simple dynamic quenching. This is indeed the case when the 

Stern-Volmer plot is constructed from average fluorescence lifetimes (Figure 4.29). However, 
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the intensity data show a non-linear relationship with an upward curvature, indicating that in 

addition to collisional dynamic quenching non-luminescent aggregates are also formed (static 

quenching). An alternative explanation could be that RA forms aggregated, which would also 

lead to a non-linear Stern-Volmer plot.70 However, this explanation is inconsistent with the linear 

plot observed using lifetimes. 

The titration experiments were repeated for two higher concentrations of Hyp, namely 4 and 8 

μM, maintaining the same βLG concentration and the same order of addition (Figure 4.30). 

 
Figure 4.30. Absorption (A,C) and fluorescence emission (B,D) spectra of Hyp-RA‐βLG mixtures at increasing RA 
concentrations (between 0 and 50 μM). The βLG was fixed at 60 and Hyp concentration was 4 μM for panel A and B, 
and 8 μM for panel C and D. Emission spectra were collected after excitation at 554 nm. 
 

 
Figure 4.31. Stern-Volmer plot of Hyp-βLG complex with different Hyp concentrations (1, 4 and 8 μM) upon addition 
of increasing RA concentrations. Left panel shows until 20 μM of RA, whereas right panel shows until 40 μM RA. 
 
Figure 4.31 shows the corresponding Stern-Volmer plots for three different Hyp concentrations. 

The curves present a first lineal part until 20 μM of RA (left panel), when either a static or 
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dynamic quenching process is dominant. Both processes may be competitive when the 

concentration is higher than 20 μM RA and the Stern-Volmer exhibits a nonlinear dependence 

(right panel). This increasingly upward trend is much more evident for 4 and 8 μM than for the 

lower Hyp concentration. Therefore, we decided to restrict the fit to the linear region in order 

to find the KD using Eq. 4.1. The values found were independent of Hyp concentration, namely 

KD = 2.3 x 104, 2.4 x 104 and 2.3 x 104 M-1, for 1, 4 and 8 μM Hyp, respectively.  

The value of static quenching constant, KS, was obtained fitting the whole set of date with Eq. 

4.2: 

𝐼𝐼0
𝐼𝐼

= 1 + (𝐾𝐾𝐷𝐷 + 𝐾𝐾𝑆𝑆)[𝑄𝑄] + 𝐾𝐾𝐷𝐷𝐾𝐾𝑠𝑠[𝑄𝑄]2   Eq. 4.2 

where KS is the static fluorescence quenching constant and it is related to the critical 

concentration of the quencher above which the static quenching occurs. A plot was constructed 

showing (I0/I-1)/ [Q] versus [Q] (not shown). A linear relationship was observed, from which KS 

was determined to be 1.6 x 104, 4.9 x 104 and 4.6 x 104 M-1, for 1, 4 and 8 μM Hyp, respectively. 

The increase in KS at higher concentration of Hyp is consistent with the binding of two Hyp 

molecules by the βLG dimer at high Hyp concentrations.  

Although it is difficult to elucidate the mechanistic details of the quenching, it is clear that both 

dynamic and static quenching occur.  

A final study was done in order to assess whether RA can migrate from the protein to bacteria 

cells. An assay was carried out taking advantage of the facts that Hyp sticks to the protein and 

its fluorescence is quenched by RA. We reasoned that RA migration would restore the 

fluorescence of Hyp in the protein. This is exactly what was observed as shown Figure 4.32, 

where the fluorescence emission of Hyp-RA‐βLG complexes containing 20 and 40 μM RA was 

recorded in the absence and presence of S. aureus bacteria. 

 
Figure 4.32. Fluorescence emission spectrum of Hyp-RA‐βLG complex keeping constant the βLG and Hyp 
concentration at 60 μM and 8 μM, respectively. Additionaly, 20 μM (red line) or 40 μM (black segmented line) of RA 
was added. Blue lines shows the fluorescence emission upon addition of S. aureus cells for both complexes. 
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For both complexes, the fluorescence increased in the presence of cells, indicating that RA 

quenching process was no longer taking place. It is worth noting that the final fluorescence 

intensity was not the same for the complexes, indicating that RA was not completely removed 

from the complex, at least for the highest concentration. 

Quenching process of the excited states of Hyp by RA was also studied by LFP. Figure 4.33 shows 

the time-resolved triplet absorption transients at 520 nm of Hyp-βLG complexes adding different 

amounts of RA and comparing with the transients in the presence of S. aureus cells.  

 
Figure 4.33. Time-resolved triplet absorption transients at 520 nm of Hyp-βLG complexes (60 μM of βLG and 15 μM 
of Hyp) with different RA concentrations (black transients). Each spectrum was compared with the complex in the 
same conditions but after 30 min of incubation with S. aureus cells (red transients). Transients were acquired after 
the excitation at 532 nm, 100 shots and with a T/div scale of 5 μs. 
 
By comparing the black transients (without cells) in the four panels, it may be concluded that 

the production of triplet hypericin is quenched upon addition of RA. This is consistent with (and 

a consequence of) the quenching of fluorescence (i.e., of the singlet state, which is the precursor 

of the triplet state). Upon addition of cells, no change was observed in the absence of RA, 

consistent with Hyp remaining in the protein. When the complex contained RA, recovery of the 

triplet signal was observed, consistent with the migration of RA to the cells. Recovery was total 

at low RA concentration but only partial at higher concentrations, in agreement with the 

fluorescence studies.  

To summarise, it has been successfully demonstrated that Hyp, RA and βLG form a ternary 

complex, the structure and stoichiometry of which depends on the concentrations of the two 
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ligands. Moreover, the fact that the Hyp photophysical properties are silenced (i.e., quenched) 

by RA while not in contact with bacteria, makes this system very attractive for the treatment of 

bacterial infections as it is photochemically unreactive until it is close to the target. 

4.4. Conclusions 

Hyp successfully binds to the milk whey protein βLG at the two hydrophobic cavities located at 

the interface of the protein homodimer, which can confer water-solubility and biocompatibility 

to the PS. The Hyp-2βLG system preserves the photophysical properties of the natural Hyp, 

although the presence of the wide cleft, capable of accommodating more than one PS molecule, 

and the partial exposure of bound Hyp to the aqueous environment, in general, lower and 

worsen the photophysical properties. Taking advantage of the known peculiar solvation 

properties of βLG, we show that it is possible to coat the dimeric protein with the co-solvent 

DMSO, which provides a better environment for the bound Hyp molecules and disrupts the Hyp 

aggregates. While this increases fluorescence, triplet, and singlet oxygen yields, it turns out that 

the presence of DMSO is detrimental to antibacterial treatments. Surprisingly, the complex 

resulted to be more effective against S. aureus cells when there is no DMSO. This most likely 

arises from a change in the interaction between Hyp-2βLG and the cellular constituents, which 

prevents the DMSO coated nanostructure from reaching more photosensitive regions in the 

bacterial wall. It has been demonstrated that the nanostructured complex has an interesting 

potential in dairy industry processes. It has been suggested to be introduced as an effective 

disinfectant for food manufacturing and handling materials. 

The second part of the chapter demonstrated the formation of a complex between βLG and RA. 

RA seems to be placed close to the Trp19 cavity as demonstrated by a FRET process between 

this Trp and RA. The study of the RA-βLG complex in the monomeric and dimeric protein 

suggested that the binding site is the same in both conditions and it is not largely hindered in 

the dimer. 

Finally, the double payload system formed by Hyp and RA bound to the protein was studied. 

Surprisingly, the fluorescence of Hyp was quenched by RA, which renders a photochemically safe 

delivery nanosystem. Both types of quenching (dynamic and static) were demonstrated to occur. 

The photophysical properties of the Hyp-βLG complex were restored in the presence of S. aureus 

bacteria due to the transfer of RA from the protein complex to the cells, which suggests a strong 

potential for the treatment of bacterial infections with this dual RA-Hyp system. 
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Liposomes with Protoporphyrin IX and CPT-11 
as a drug delivery system with dual 

therapeutic activity in cancer 
 

 

 

Liposomes with their high loading capacity and their flexibility to accommodate 

different agents either hydrophilic or hydrophobic came into focus as valuable 

carriers for their use in PDT combined therapies. This chapter describes the 

development of a liposomal formulation containing PpIX and the chemotherapeutic 

drug CPT-11. The photophysical properties and their effect in vitro against cancer 

cells were assessed in order to prove the effectiveness of the dual therapy in 

comparison with the individual treatments.  
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5.1. Introduction 

Despite being one of the first DDS used and studied, liposomes are still a common resource 

because of the many opportunities they offer. These spherical vesicles can be formulated in 

different sizes, composition, charge and lamellarity, which ultimately modulate their ability to 

incorporate drugs, thereby increasing the efficacy and reducing the side effects and toxicity of 

the encapsulated agent.1 Moreover, liposomes are non-toxic per se, flexible, biocompatible, 

completely biodegradable, and non-immunogenic for systemic and non-systemic 

administrations.2  

Despite extraordinary advances over the last decade, cancer chemotherapy still has two major 

limitations: the low selectivity of the drugs, leading to serious side effects, and the emergence 

of resistance, which limits the effectiveness of the drugs. Because such limitations affect 

increasingly larger segments of the population as it grows older, alternative approaches and 

strategies must be sought that could positively impact on these issues. PDT is a particular form 

of chemotherapy in which light is used to activate a photosensitising drug, which confines the 

therapeutic effect to the illuminated region. Several characteristics make it particularly 

attractive: the safety of photosensitising drugs in the absence of light, the absence of clear 

resistance mechanisms due to its multitargeted action, and the absence of severe side effects, 

which enable virtually unlimited repeat treatments. PDT has not yet reached the necessary 

development to become first-choice treatment except for a very small number of indications. 

However, during the last years it has been considered a perfect treatment modality to use in 

combination with chemotherapy. Combination therapies are a current cornerstone of cancer 

therapy, either combining similar drugs that work on different targets (e.g., co-administration of 

two chemotherapeutic agents), or combining drugs whose mechanisms of action go through 

completely different pathways (e.g., co-administration of a chemotherapeutic agent and a PS). 

This chapter will focus on this last scenario.  

PDT in combination with conventional and approved antineoplastic drugs may overcome some 

of the limitations of chemotherapy, without overlapping toxicities. The advantages of combining 

both modalities are that they target different key signals transduction pathways and should be 

more efficient in destroying cancer cells, eluding the cellular resistance mechanisms. Indeed, 

few reports and preclinical studies show that the combined treatment allow the reduction of 

the dosage of individual drugs and consequently the lessening of important side effects, while 

the overall efficacy is preserved or even increased.3–7 
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Furthermore, the recent advances in nanotechnology enable the incorporation of various 

pharmaceutical components in a single nanoplatform, which facilitates the selective delivery of 

the drug and the PS to the same cell and with the optimum ratio. Moreover, encapsulation in 

nanocarriers can significantly improve the accumulation of the therapeutic agent in the target 

tumour tissue through the EPR effect and protect both agents from their inactivation in the 

biological environment.8 Liposome size, surface charge, and bilayer fluidity can be modulated by 

handling properly bilayer lipid composition and by choosing suitable preparation conditions, 

which determines the behaviour of the vector both in vitro and in vivo. The control of the 

physical parameters can be responsible for improving the efficacy of the encapsulated drug. 

Thus, liposomes with rigid bilayers are, for instance, more stable in vivo because the penetration 

and adsorption of blood opsonins to their surface becomes hindered. Consequently, the use of 

rigid liposomes decreases their uptake by the reticuloendothelial system, resulting in a decrease 

of their clearance from the bloodstream, solving the problem of the small circulation half-life of 

conventional liposomes.9 Knowledge of how the lipid composition affects their properties as a 

DDS is a cornerstone in order to yield the perfect carrier.  

Therefore, herein we present a dual liposome system that co-encapsulates PpIX as the PDT agent 

and irinotecan (CPT-11) as the chemotherapeutic drug. This system has been characterised and 

compared with the properties of its unimodal counterparts (i.e., liposomes that encapsulate only 

one agent). Moreover, we studied the photophysical properties and their 1O2 production. The 

cell studies, most of them carried out at the Universidad Autónoma de Madrid by the group of 

Dr. Angeles Villanueva, provided us with the cell viability results and the study of the cell 

morphology. Also for cell studies, unimodal and bimodal liposome preparations were studied 

and compared. Moreover, two different scenarios were constructed to reflect the importance 

of administering both agents in the same vehicle: unimodal liposomes given in combination or 

bimodal liposomes which contain both agents in the same carrier. Finally, the optimised system 

was functionalised and covalently linked to a monoclonal antibody for active targeting.  

5.2. Experimental section 

5.2.1. Materials 

The phospholipids L-α-distearoyl-phosphathidylcholine (DSPC), L-α-dioleoyl-phosphathidyl-

serine (sodium salt) (DOPS), and cholesterol (CHOL) were purchased from Avanti Polar Lipids 

(Birmingham, USA). Irinotecan hydrochloride trihydrate (CPT-11) was acquired from Afine 

Chemicals Limited (Hangzhou, China), with a purity grade of ≥ 99%. PpIX was obtained from 

Frontier Scientific (Lancashire, United Kingdom). D,L-lactic acid was purchased from Sigma-
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Aldrich Chemical Co. (St. Louis, MO, USA). Tetrahydrofuran HPLC grade without stabiliser (THF), 

the solvent in which the liposomes were disrupted, was acquired from Scharlab (Barcelona, 

Spain). Meso-tetraphenylporphyrin (TPP), quinine sulphate monohydrate and Rose Bengal (RB), 

used as references, were acquired from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All 

other chemicals were commercially available reagents of at least analytical grade. Milli-Q water 

(Millipore Bedford, Massachusetts system, resistivity of 18 MΩ cm) was used. 

The dialysis tubing cellulose membrane with a cut-off of 12-14 kDa was purchased from Sigma 

Aldrich. Polyester Chromafil® filters from Macherey-Nagel (Düren, Germany) were used for 

sterilising the formulations with a pore size of 0.20 μm and a diameter of 25 mm.  

5.2.2. Preparation of unimodal and bimodal liposomes 

Intermediate unilamellar liposomes (IUVs) were prepared by microemulsification method, using 

a ternary mixture of DSPC:DOPS:CHOL in a molar ratio of 65:35:30. In order to obtain the 

unimodal liposomes, the appropriate amount of CPT-11 or PpIX were added to the ternary lipid 

mixture, maintaining the lipid:drug molar ratio at 7.5:1 or 150:1, respectively. Separately, the 

bimodal liposomes were prepared to add both agents to the ternary lipid mixture keeping the 

previously mentioned lipid:drug molar ratio. The mixture of lipids and drug(s) were dissolved in 

the minimum amount of chloroform, together with a small amount of methanol to obtain a clear 

solution. The organic solvents were evaporated by rotary evaporation yielding a thin lipid film 

on the sides of a round bottom flask. Formulations containing PpIX prior to CHCl3 evaporation 

were kept protected from light during 1 h in order to facilitate the contact lipids/PS. The dried 

film was maintained overnight in a vacuum desiccator with P2O5 to remove all the solvent traces. 

The multilamellar vesicles (MLV) were formed by hydrating the film with the appropriate volume 

of 10 mM (pH 4.4) lactate buffer to a final lipid concentration of 10 mg/mL. MLVs dispersions 

remained during 15 min in a thermostatic bath, with a temperature set above the Tm. Then, the 

mixture was vortexed during 30 min, alternating periods of 30 s in the bath and 30 s vortexing. 

At this point, MLVs dispersions were frozen (liquid N2) and thawed (water bath) five times, bath-

sonicated for 15 min at T > Tm and, finally, microemulsified (EmulsiFlex B3 device, Avestin, 

Ottawa, Canada). Microemulsification was carried out by pumping the fluid 10 cycles through 

the interaction chamber at 110 kPa.  

Control blank liposomes (i.e., liposomes without encapsulated drugs) were prepared in the same 

way but without the addition of PpIX or CPT-11. All liposome preparations were sterilised by 

filtration with a 0.20 μm diameter filter and stored in the dark at 4 ºC. 
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5.2.3. Liposome characterisation 

Determination of the total CPT-11 and PpIX content 

THF was added to a known aliquot of liposome suspension (liposome aliquot/THF; 1:50 v/v), in 

order to disrupt the bilayer and release the loading. The vials were closed, stirred and heated 

above the Tm for 30 min, which enabled a quick rupture of the bilayers.  

The concentration of both PpIX and CPT-11 was quantified spectrophotometrically by using 

calibration curves obtained under the same conditions. PpIX was quantified by fluorescence 

emission (Spex-Fluoromax 4, Horiba Jobin Yvon, Edison, NJ) at λmax 632 nm (λexc 504 nm), whereas 

the CPT-11 was quantified by absorbance measurements (Varian Cary 6000i, Varian Inc., Palo 

Alto, CA) at λmax 368 nm. 

In the case of bimodal liposomes, the PpIX concentration was also evaluated by fluorescence at 

λmax 632 nm (λexc 504 nm), while CPT-11's determination was more elaborate because both 

agents absorb at 368 nm. Thus, the content of CPT-11 was determined by measuring the total 

absorbance at 368 nm and subtracting the absorbance of PpIX. 

Determination of the non-encapsulated PpIX and CPT-11 fraction 

The fraction of non-encapsulated CPT-11 was quantified by filtration and centrifugation with 

Centricon YM-10 Filter Devices (EMD Millipore Corporation, Billerica, Massachusetts), which 

have hydrophilic cellulose membranes that allow molecules < 10 kDa pass through. An aliquot 

of 200 μL of the liposome suspension was introduced in these devices and was centrifuged at 

14,000g for 30 min at 4 ºC (refrigerated centrifuge 3-30KS, Sigma, Osterode am Harz, Germany). 

The filtrate was resuspended in 10 mM lactate buffer and the absorbance was measured at 369 

nm and compared with its calibration curve (0.002–0.01 mg/mL). The percentage encapsulation 

and drug concentration were obtained from the difference between total and non-entrapped 

CPT-11. 

On the other hand, the fraction of non-encapsulated PpIX was determined by centrifugation of 

a known aliquot of liposomes at 5000 rpm during 10 min (refrigerated centrifuge 3-30KS, Sigma, 

Osterode am Harz, Germany). Non-encapsulated PpIX forms aggregates in the external aqueous 

buffer and precipitates, accumulating in the pellet during centrifugation, unlike IUVs. Once the 

supernatant was removed, the pellet was resuspended in a known volume of THF and then its 

fluorescence was measured and compared with its calibration curve (0.0001–0.001 mg/mL, slits 

3) at λmax 632 nm (λexc 504 nm). The percentage encapsulation and drug concentration were 

calculated from the difference between total and non-entrapped PpIX. 
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Determination of the lipid content 

The amount of lipids in the liposome suspensions was measured following Stewart’s method.10 

This methodology is based on the formation of a reddish complex between the phospholipid 

and ammonium ferrothiocyanate, which is soluble in chloroform. Calibration curves for each 

lipid composition (0.01–0.1 mg lipid) were obtained. Chloroform and ammonium 

ferrothiocyanate (1:1, v/v, usually 2 mL) were added to 10-12 μL aliquots of the sample in order 

to form this colorimetric complex. The organic phase, extracted after vortexing and 

centrifugation 2000 rpm during 20 min (centrifuge Nüve NF 400R, Ankara, Turkey), was used to 

select the absorbance maximum. Measurements were carried out in a Beckman DU40 

spectrophotometer (Beckman Coulter, Inc., Fullerton, California), reading at 465 nm. The lipid 

concentration was ultimately determined by comparison with the calibration curve.  

Vesicle Size and ζ potential 

The size and size distribution of liposomes were determined by photon correlation spectroscopy 

(PCS), while the ζ-potential were measured using laser Doppler electrophoresis. In both cases, 

the instrument was a Zetasizer Nano-ZS (Malvern Instruments Ltd, Malvern, UK) equipped with 

an optic unit containing a 4 mW He-Ne laser (Spectra Physics, Santa Clara, USA) and an 

electrophoresis cell. The device was calibrated with standard carboxy-modified polystyrene 

latex samples. Measurements were performed at 25 ºC and λexc= 633 nm, using liposomal 

suspensions containing ~0.2 mg lipid/mL of 10 mM, pH 4.4, lactate buffer. 

Control of the liposome suspensions stability 

The stability of liposomes during storage was controlled by measuring their size over time. In 

addition, absorbance spectra were collected to monitor whether any turbidity or scattering 

increased over storage time. 

Drug loading and entrapment efficiency calculation 

Drug loading (DL) and entrapment efficiency (EE) of the PS and the chemotherapeutic drug were 

calculated as follows: 

𝐷𝐷𝐷𝐷 % (𝑤𝑤/𝑤𝑤) =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝑃𝑃𝑃𝑃 𝑒𝑒𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑚𝑚𝑚𝑚)

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑚𝑚𝑚𝑚) · 100 

𝐸𝐸𝐸𝐸 % (𝑤𝑤/𝑤𝑤) =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝑃𝑃𝑃𝑃 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑚𝑚𝑚𝑚)

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝑃𝑃𝑃𝑃 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑚𝑚𝑚𝑚) · 100 

The theoretical value of drug encapsulated was the total drug concentration measured and 

quantified before the sterilisation by filtration in order to know which percentage is lost. 
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5.2.4. Cell cultures 

The tumour epithelial HeLa cells (human cervix adenocarcinoma, ATCC CCL-2) were purchased 

from American Type Culture Collection (USA). Cells were grown as monolayer attached cultures 

in DMEM supplemented with 10% (v/v) Fetal Calf Serum (FCS), 50 U/mL penicillin and 50 μg 

streptomycin/mL (whole media), all acquired from Thermo Fisher Scientific (Merck Millipore, 

Billerica, MA, USA). Cells were cultured under a 5% CO2 atmosphere plus 95% air at 37 ºC, and 

maintained in a SteriCult 200 (Hucoa- Erloss, Madrid, Spain) incubator. Depending on the 

experiment, cells were seeded in 25 cm2 flasks (F25) or in 24-well plates with or without 10 mm 

square coverslips. Subconfluent cell cultures were used with a cell density of at least 3000 

cell/cm2 72 h before starting the experiments. The cell density was assessed with a Bürker 

counting chamber. All the plastic materials were purchased from Corning (Nueva York, EE UU).  

Photodynamic treatments in vitro 

Cells seeded in 24-well plates (with or without coverslip) or F25 flasks, depending on subsequent 

processing, received photodynamic treatments with either the PpIX unimodal liposomes or the 

bimodal liposomes with CPT-11. Accordingly, cells were incubated for 24 h with 2.5 μM PpIX 

liposome suspension in lactate buffer, washed three times with medium (not serum 

supplemented) and maintained in whole medium during irradiation and post-treatment time. 

Irradiations were performed by means of a red light-emitting diode (LED Par 64, Showtec; 

Shoreham, UK) device (λ= 633 ± 9 nm) with a fluence rate of 7 mW·cm-2. Cells were irradiated 

for 4.5 min, corresponding to total light dose of 2 J·cm-2 (total light dose (J·cm-2)= fluence rate 

(W·cm-2) x treatment time (s)). Either immediately or at different times after irradiation different 

methodological protocols were performed. Besides, experiments were carried out by incubation 

with the corresponding blank or empty liposomes or the loaded liposomes without irradiation 

(dark toxicity), in order to examine possible cytotoxic effect exercised by the lipid or the PS. 

Cell viability studies 

Dark- and photo-toxicity was assessed by the MTT colorimetric assay 24 h after treatments. This 

method evaluates the number of viable cells based on the mitochondrial activity, involving a 

reduction of the MTT to its insoluble formazan, a purple colour compound only soluble in organic 

solvents. Immediately prior to use, a stock solution of dimethylthiazolyl-diphenyl-tetrazolium 

bromide (MTT, Sigma-Aldrich, 1 mg/mL) in PBS was prepared and sterilised by filtration. Five 

hundred microliters of this MTT solution (50 μg/mL MTT in whole medium) was added to each 

culture dish without coverslip. Cells were incubated for 3 h, then the reduced formazan was 

extracted with 500 μL DMSO and the absorbance was measured at 542 nm in a SpectraFluor 
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spectrophotometer (Tecan Group Ltd, Männedorf, Switzerland). Cell survival was expressed as 

the percentage of absorption of treated cells in comparison with that of control cells. Data 

corresponded to mean values±standard deviation (SD) from at least two different experiments.  

Morphological studies 

Morphological changes were assessed at different times after incubation and irradiation in the 

case of PpIX and bimodal liposomes, by neutral red (NR) staining observed using bright field or 

differential interference contrast (DIC) microscopies. For NR staining, cells grown in square 

coverslips were fixed with methanol at -20 ºC for 5 min and then stained (Panreac Quimica; 0.1% 

solution in distilled water, 2 min). After washing and air drying, preparations were mounted in 

DePeX (Serva, Heidelberg, Germany). Cells were also observed under DIC microscopy using an 

inverted microscope, without being processed, to avoid possible morphological artefacts. These 

studies reveal the morphological alterations that characterise the main cell death mechanisms. 

Optical microscopy  

Routine observation of the cell cultures during their maintenance and the effect of the different 

treatments were done with an inverted microscope Olympus CKX1 (Tokyo, Japan). Living cells 

were captured with an inverted microscope Leica DMI 6000B equipped with a Leica DFC420 C 

digital camera (Leica) and images were processed using the Photoshop CS5 software (Adobe 

Systems, USA). 

Statistical calculations 

For statistical calculations, one-way ANOVA with post-hoc Tukey Kramer Multiple Comparisons 

test was used. P values < 0.05 (*), < 0.01 (**), and < 0.001 (***) were considered as statistically 

significant. The software GraphPad Prism (GraphPad Software, La Jolla, CA, USA) were used for 

the analysis. 

5.2.5. Preparation of trastuzumab-conjugated bimodal liposomes 

The monoclonal antibody (mAb) used is Trastuzumab (Herceptin®, ~148 kDa, abbreviated 

henceforth as TZ), a recombinant humanised IgG1 monoclonal antibody with high affinity for the 

extracellular part of HER2 receptor. It was approved by the FDA in 1998 for therapy against 

metastatic breast cancers overexpressing the HER2 receptors.11 TZ was purchased from 

Carbosynth (Berkshire, UK). When it was received, the sample was diluted in PBS pH 7.4 and 

aliquoted in small volumes (each vial contained 20 mg/mL) and stored frozen. The lipid L-α-

distearoyl-phosphoethanolamine-N- [maleimide(polyethylene glycol)-2000] (ammonium salt) 

(DSPE-PEG2000-Mal) was acquired from Tebu-bio (Barcelona, Spain). The minitrap Sephadex G25 

column was acquired from GE Healthcare Life Sciences (Barcelona, Spain). 
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Preparation of maleimide-functionalised liposomes 

IUVs were prepared by microemulsification method as it was previously described, but using a 

quaternary mixture of DSPC:DOPS:CHOL:DSPE-PEG2000-Mal in a molar ratio of 65:35:30:2. The 

DSPE-PEG lipid represented a 1.5% of the total lipid. The dried film was also hydrated with 10 

mM (pH 4.4) lactate buffer to a final lipid concentration of 10 mg/mL. The protocol continued as 

was described above. These liposomes were prepared 1 day before the reaction with the 

thiolated TZ, to avoid undesirable reactions with the free maleimide group. 

Antibody thiolation 

The mAb were thiolated using Traut’s reagent (2-iminothiolane) at a Traut’s:TZ molar ratio of 

16:1. Traut’s reagent solution was prepared immediately before its use, dissolved in 50 mM 

phosphate buffer at pH 8 to a concentration of 2 mg/mL. TZ and Traut’s reagent were mixed 

together in the same buffer and incubated at RT in the dark for 1.5 h under argon atmosphere. 

The antibody was purified by dialysis (MW cut off 12000-14000) in phosphate buffer with 0.11 

M NaCl and 10 mM EDTA to pH 6 to remove the non-reacted Traut’s reagent. The thiolated TZ 

was prepared just before addition of the liposomes. 

Conjugation of thiolated TZ to bimodal liposomes 

Thiolated TZ and bimodal liposomes were mixed in a glass vial at a DSPE-Mal:TZ molar ratio of 

10:1. The air phase was replaced with argon, the bottle capped, and the reaction was let 

overnight at RT in the dark under gentle stirring. After overnight conjugation, the 

immunoliposomes were purified using size exclusion chromatography Sephadex column G-25, 

eluted with the same phosphate buffer at pH 6.  

5.3. Results and discussion 

5.3.1. Physicochemical characterisation 

The co-encapsulation of Irinotecan (CPT-11) and PpIX in liposomes was studied. CPT-11 is an 

antineoplastic agent belonging to the family of topoisomerase I inhibitors that arrest the 

synthesis of DNA and possess strong antitumor activity. This molecule of the camptothecins’ 

family is converted to its 100-fold more active metabolite SN-38 by a human carboxylesterase 

(hCE), primarily in the liver, but also in tumours.12 Contrary to its metabolite, CPT-11 is quite 

soluble in water because of the positive charge of its piperidine group (pKa ~11, Figure 5.1). 

Despite CPT-11 already being a first-line drug approved for the treatment of a variety of human 

tumours (e.g., colorectal, lung and gynaecological cancers) there are some limitations that 

hamper its broader use as a free molecule.12 For instance, the chemical instability of the lactone 
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ring, which opens to the inactive carboxylate form at physiological pH, requires protecting the 

molecule from the external environment to maximise its pharmacological potential (Figure 5.4). 

In addition, severe side effects have also been reported, limiting its application.12 Therefore, 

encapsulating CPT-11 in liposomes is a potential strategy to overcome these drawbacks. Indeed, 

FDA approved a liposome formulation of irinotecan (Onivyde®) for the treatment of metastatic 

pancreatic cancer in October 2015, which was later granted by the EU agency.1 

 
Figure 5.1. Chemical structures of the antineoplastic agent, CPT-11 and the PS, PpIX used in this chapter. CPT-11 (A) 
and its active metabolite, SN-38 (B) and one of most known porphyrins, PpIX (C).  
 
On the other hand, the PS chosen as partner was PpIX, one of the most common porphyrins in 

nature. It is usually coordinated with iron atoms forming the prosthetic group of several 

proteins. PpIX is a highly coloured pigment that is hardly soluble under physiological conditions 

due to the two negative charges conferred by the propionic acid groups (Figure 5.1). The poor 

solubility in water strongly limits their free administration in aqueous environments, and 

therefore its encapsulation in nanocarriers arises as a convenient strategy. 

The spectroscopic characteristics of these free drugs are shown in Figure 5.2. The absorption 

and fluorescence spectra of CPT-11 in water show maxima at 368 nm and 430 nm, respectively. 

PpIX shows a Soret band absorption at 411 nm and four Q bands at about 505, 540, 580 and 632 

nm in THF. The fluorescence spectra peaks at 632 nm.  

 
Figure 5.2. Absorption (solid line) and fluorescence emission (dashed line) spectra of CPT-11 (blue) and PpIX (green) 
solutions, in buffer at pH 4.4 and THF, respectively. In vertical dashed lines are pointed the wavelengths used for the 
measurements of the entrapment efficiencies either for CPT-11 or PpIX. 
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As depicted in Figure 5.3, PpIX aggregates in water, which results in a completely structureless 

bands in absorption and in a much weaker and broader fluorescence emission (Figure 5.3).13 

Encapsulation of PpIX in liposomes restores the photophysical properties of the monomeric 

form, which is itself a clear advantage.14,15  

 
Figure 5.3. Normalised absorption (A) and fluorescence emission (B) spectra of PpIX in different media. In water, PpIX 
forms strong aggregates that almost lose the spectroscopic characteristics. 
 
The lipid formulation for the encapsulation of CPT-11 by extrusion has already been optimised 

in the group, turning out to be DSPC:DOPS:CHOL (65:35:30 molar ratio).16,17 DSPC is a synthetic 

phosphatidylcholine with two saturated fatty acids chains of C18, which give rigidity to the 

bilayer and increase the gel-to-liquid phase transition (Tm). Moreover, the absence of 

unsaturated bonds prevents the possible oxidative reactions, which can cause permeability 

changes and ultimately destabilise the liposome bilayer. In addition, the double bonds create 

spaces among the tightly packed tails.18 Consequently, the more unsaturated lipids the bilayer 

contains, the more permeable the bilayer becomes. Therefore, a 65% of DSPC yielded a tight 

package bilayer and together with a high Tm, quite stable over time. For all these reasons, this 

lipid avoids the slow leakage outside the bilayer when the formulation includes an amphiphilic 

drug such as irinotecan.  

CHOL molecules are localised in the bilayer with its hydroxyl group facing the water phase. Thus, 

it usually increases the rigidity of the bilayer, modifying its molecular packing. CHOL provides a 

rigid structure that makes the lipid bilayer more condense as compared with pure phospholipids 

above the Tm. However, below the Tm, CHOL induces the opposite effect , because it intercalates 

in the gel phase lipid, creating certain disorders.18  

Finally, the incorporation of DOPS in the lipid bilayer is of utter importance since the negative 

charge of the C18 monounsaturated phosphatidylserine lipid interacts with the positive charge 

of the encapsulated CPT-11 and helps keep the drug inside. Moreover, the double bonds and 

the low Tm (-11 ºC) slightly increase the permeability of the bilayer to the desired degree. All in 

all, the systems provides optimal efficiencies for the encapsulation of the hydrophobic PpIX.  
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Irinotecan, as well as its active metabolite SN-38, undergoes a pH-dependent equilibrium, 

consisting of an opening lactone ring at pH above 6.8, producing the inactive carboxylate form. 

Consequently it becomes more hydrophobic with logP0/w values ranging from -0.684 at pH 4.4 

to 1.087 at pH 7.4 (Figure 5.4).17 Moreover, in its carboxylate form, the molecule turns out to be 

a zwitterion, losing the interaction with the DOPS lipids in the bilayer and its biological activity. 

Altogether, keeping the buffer at pH 4.4 is crucial for the proper drug encapsulation. 

 
Figure 5.4. pH-dependant equilibrium of CPT-11. The biologically active form of the lactone is opened when the pH is 
neutral/basic. 
 
Regarding the lipid composition DSPC:DOPS:CHOL (65:35:30) there are no antecedents of the 

double encapsulation of both CPT-11 and PpIX, taking into account the chemical differences 

between both molecules. Table 5.1 summarises all the attempts tested for the liposome 

formation with the lipid composition aforementioned. 

Table 5.1. Some physicochemical characteristics of the different conditions tested. All the formulations have the same 
lipid composition DSPC:DOPS:CHOL (63:35:30) and the same lipid concentration of ~10 mg/mL.  
 

Formulation Lipid:Druga Method EE % Z-ave 
(nm) Notes 

1 CPT-11 7.5:1 Extrusion 85 153 ± 13 already described 
2 PpIX 100:1 Extrusion 52 155 PS retained in the filters 

3 PpIX 100:1 Microemulsification 
110 kPa 10 cycles 95 126 Size and PId higher than 

the following 

4 PpIX 100:1 Microemulsification 
110 kPa 10 cycles 98 101 1 h lipids/PS before the 

film formation 

5 CPT-11 7.5:1 Microemulsification 
150 kPa 10 cycles 86 293 High PId and second 

small population 

6 CPT-11 7.5:1 Microemulsification 
110 kPa 25 cycles 85 189 

both are similar 
7 CPT-11 7.5:1 Microemulsification 

110 kPa 10 cycles 86 179 

8 
CPT-11 7.5:1 Microemulsification 

110 kPa 10 cycles 
84 

214 separated filmb 
PpIX 50:1 56 

9 
CPT-11 7.5:1 Microemulsification 

110 kPa 10 cycles 
75 

153 combined filmc PpIX 50:1 96 
a Referred to the molar ratio 
b The separated film was done as follows: 1. First the film of the half amount of lipids + CPT-11 was hydrated with 
buffer and then with this suspension was hydrated the second film, which was done with the remaining amount of 
lipids + PpIX. 
c The combined film was done with both agents (PpIX and CPT-11) at the same time. 
d Polydispersity Index 
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Due to the high hydrophobicity of PpIX, the method was modified to achieve homogenous sized 

liposomes since a great amount of PS was retained in the polycarbonate filters of the extruder 

(formulation # 2). In the case of CPT-11, the best conditions set in the emulsiflex were 110 kPa 

and 10 cycles (formulation # 7, Figure 5.5 A), as it was for PpIX. It is worth noting that keeping 

the suspension of PpIX in CHCl3 for 1 h (protected from light) facilitates the contact lipid/PS 

during the film formation. This procedure afforded an easier film hydration and a smaller size's 

population size (formulation # 4, Figure 5.5 A), leading to an optimal protocol for the further 

bimodal formulations.  

 
 
Figure 5.5. Photography of the unimodal preparations after the film hydration (A) and the separated film preparation 
when the PpIX dried film is hydrated with the CPT-11 and half of the lipids suspension (B). 
 
A passive method of encapsulation in liposomes consists of the concomitant introduction of the 

PS, the drug and lipids. Clearly, the preparation of a unique film (formulation # 9) by a passive 

method resulted in a much better encapsulation of the PpIX compared to entry #8, where two 

different films were prepared separately with each drug and then mixed (Figure 5.5 B). The low 

PpIX encapsulation observed in formulation # 8 suggests that CPT-11 molecules were partially 

intercalated in the bilayer, hindering the later PpIX incorporation. 

The ratio between PS and drug inside bimodal liposomes was prepared according to the IC50 

values found previously in PpIX and CPT-11 unimodal liposomes (Figure 5.15). Blank liposomes 

(i.e., without the encapsulation of any drug) were always prepared as controls. Table 5.2 

summarises the most important physicochemical characteristics for either bimodal or unimodal 

formulations, including blank liposomes. 
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Table 5.2. Physicochemical characteristics of blank, unimodal and bimodal liposomes with CPT-11 and PpIX loaded. 
The lipid composition was DSPC:DOPS:CHOL 65:35:30. 
 
Encapsulated 

drug 
Z-ave 
(nm)a PIb ζ-pot 

(mV)c 
DL % 

(w/w)d 
EE % 

(w/w)e 
[CPT-11] 

(mM)f 
[PpIX] 
(μM)f 

[lipid] 
(mg·mL-1) 

- 96 ± 12 0.23 ± 0.04 -59 ± 4 - - - - 7.3 ± 0.2 

CPT-11 189 ± 17 0.19 ± 0.10 -58 ± 7 12.5 ± 5.1 82 ± 9 1.26 ± 0.23 - 6.8 ± 0.6 

PpIX 93 ± 10 0.23 ± 0.03 -59 ± 6 0.5 ± 0.1 98 ± 3 - 65 ± 14 7.2 ± 0.5 

both 169 ± 18 0.19 ± 0.03 -57 ± 3 
11.1 ± 1.1 85 ± 7 1.21 ± 0.09 - 

7.5 ± 0.3 
0.5 ± 0.1 89 ± 7 - 63 ± 9 

a Particle size measured as Z average mean       
b Polydispersity Index       
c Zeta-potential       
d Bulk encapsulated drug concentration in the liposomes suspension     
Values reported are the mean ± SD (standard deviation) of at least three independent experiments 
 
The encapsulation of CPT-11 resulted in an increase in liposome size but with a lower 

polydispersity index compared to those formulations without this drug. Although the size was 

somewhat higher, probably because the methodology of vesicle homogenisation was changed, 

the entrapment efficiency was in agreement with previous observations.16 When PS was 

encapsulated, the size and the polydispersity were comparable with blank liposomes' values, 

the former being remarkably smaller than those formulations with CPT-11. The zeta-potential 

was maintained constant in all formulations, which indicates that the agents were mainly inside 

the liposome, without interfering with the external surface charge of the lipid bilayer. The 

negative charged surface endows the liposomes with a greater stability in suspension, avoiding 

the aggregation due to the repulsion between charges. In all cases, the entrapment efficiency 

was above 80% (looking at the average values), being slightly lower for the CPT-11 formulations. 

For these particular CPT-11 formulations, most of the drug was lost in the sterilisation process, 

by filtration through 0.20 μm filters, necessary for further cellular assays. Thus, the CPT-11 non-

encapsulated after the filtration was <5% in all cases. It is worth noting that for the evaluation 

of lipid concentration at 465 nm, the absorption of PpIX did not interfere at these 

concentrations. 

 
Figure 5.6. Photograph of one of the batches with the four formulations from left to right are: blank liposomes, CPT-
11 unimodal, PpIX unimodal and bimodal liposomes. 
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Figure 5.6 shows the appearance of the four optimised preparations. The blank and PpIX 

liposomes were quite translucent, indicative of a smaller size, while the preparations that 

contain CPT-11 had a rather milky appearance. 

One of the most attractive characteristics of this lipid formulation is its Tm at 46.0 ± 1.3,16 which 

is above the physiological temperature (40 – 44 ºC). The choice of the lipids and their molar ratio 

in the formulation allows the control and modulation of their Tm and can render structures stable 

enough at physiological temperature. Remarkably, when Tm is not too far from the physiological 

temperature, the cargo release could be triggered by hyperthermia. Therefore, these liposomes 

could be considered temperature-sensitive liposomes (TSL), which could allow the release in 

anatomical regions subjected to local hyperthermia such as cancer tumours.19  

Formulation stability. Liposomes are thermodynamically unstable colloidal systems and they 

tend to aggregate over time. Factors that can affect the degree of aggregation include 

temperature, ionic strength and surface charge.20 Additionally, unsaturated fatty acids are prone 

to undergo oxidative reactions, which can cause permeability changes within the liposome 

bilayer. Interactions of drugs with phospholipids also alter the chemical stability, hence the 

stability profile of a single drug may be entirely different from its liposome preparation stability 

profile.21 Ultimately, liposomes tend to fuse and grow into bigger vesicles, which is a 

thermodynamically more favourable state. Fusion and breakage of liposomes on storage also 

poses a critical problem, leading to drug leakage from the vesicles. Therefore, it is essential to 

develop stability protocols, such as visual appearance and size distribution, which are important 

parameters to evaluate physical stability. 

Taking into account all these considerations, the lipid formulation developed is quite stable. The 

high zeta-potential (> 30 mV negative or positive) of these liposomes which tend to repeal each 

other, provides an additional stability in solution. However, the ideal stabilisation method is 

lyophilisation since the dry state increases the shelf-life of the final product.22 These 

formulations, once lyophilised, can be stored at room temperature for an extended time. 

Unfortunately, lyophilisation of these preparations causes the loss of approximately 20% of CPT-

11 entrapment and the increase in the liposome size. 

Figure 5.7 shows size and zeta-potential evolution diagrams over time. The size of blank and 

PpIX liposomes was remarkably stable for eight weeks after preparation. Whereas both 

preparations with CPT-11 increased their size at the third week. 
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Figure 5.7. Size (Z-average mean, left panel) and zeta-potential (right panel) evolution diagrams over the time of the 
four liposome formulations. 
 
The zeta-potential increased slowly over time for all the formulations that contained a drug, 

either the antineoplastic agent or the PS (Figure 5.7, right panel). It remained almost stable until 

the second week of their preparation. The bimodal and the CPT-11 unimodal formulations 

showed a considerably less negative zeta-potential after 7-8 weeks from their preparation, most 

likely because of a positively charged CPT-11 leakage. Curiously, blank liposomes exhibited an 

initial zeta-potential decreased (increased in the negative scale) that ultimately returned to the 

early values. On the other hand, the physical stability of vesicles can also be assessed by 

measuring the absorbance at 450 nm over time, which is also known as the suspension turbidity 

(Figure 5.8). 

 
Figure 5.8. Normalised absorbance at 450 nm over the time of the four liposome preparations. 

 
The turbidity of the four preparations was remarkably stable for eight weeks after preparation. 

In contrast to the CPT-11 size increase shown in the evolution diagram, we did not observe any 

considerable change in the turbidity measures. These results suggest that liposomes do not form 

large aggregates over that period of time, which are the main cause of the scattering increase. 
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5.3.2. Spectroscopic and photophysical properties 

The absorption spectrum of the bimodal preparation presents the typical bands of both agents, 

although it is difficult to observe the Q-bands of PpIX and the double maxima band of the CPT-

11 due to the scattering of the vesicles (Figure 5.9). The spectra of both agents in solution are 

also shown as a comparison. 

 
Figure 5.9. Absorption spectrum of the bimodal liposomes, both in buffer and once they have been disrupted in THF 
(1:50; liposomes aliquot:THF). The spectra of both agents in solution are also shown for comparison. 
 
More details could be extracted from the fluorescence spectra of the liposomes, again either in 

buffer or in THF, when they were disrupted. Figure 5.10 shows the fluorescence spectra of the 

unimodal liposomes; panel A presents the CPT-11 region and panel B the PpIX region. As was 

expected, CPT-11 inside the liposome showed exactly the same profile as when in free aqueous 

solution. This phenomenon was completely different when the liposomes were disrupted in THF. 

It is worth noting that PpIX inside the liposomes shows a monomeric fluorescence profile but 

with a 3 nm shift to the red, in comparison with free PpIX in THF. The red-shift is likely indicative 

of a more hydrophobic environment.  

 
Figure 5.10. Fluorescence emission spectra of the CPT-11 (A) and PpIX (B) unimodal liposomes. Free drugs in solution 
spectra are shown for comparison. The λexc for CPT-11 was set at 360 nm and at 504 nm in the case of PpIX.  
 
Figure 5.11 shows the same spectra but for the bimodal liposomes. The scenario presented the 

exact same characteristics for both agents as in their unimodal counterparts. 
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Figure 5.11. Fluorescence emission spectra of the bimodal liposomes, showing the CPT-11 (A) and PpIX (B) spectral 
region. Free drugs in solution spectra are given for comparison. The λexc for CPT-11 was set at 360 nm and at 504 nm 
in the case of PpIX. 
 
The fluorescence and 1O2 quantum yields (ΦF and ΦΔ) were determined by comparing the signals 

for a set of sample and reference solutions in order to avoid scattering problems, as discussed 

in section 2.2.2. Figure 5.12 shows the absorbance and fluorescence emission spectra of the 

samples, indicating the λexc for the measurement of ΦF and ΦΔ and their respective fluorescence 

references. In all cases, the absorbance spectra of diluted blank liposomes were also recorded 

for scattering subtraction.  

 
Figure 5.12. Absorption (A and C) and fluorescence emission (B and D) spectra of bimodal liposomes (blue line) and 
their respective references for the ΦF measurement. The grey line correspond to the scattering correction absorption 
of the liposomes. The vertical dashed lines in the absorption spectra indicate the excitation wavelength used for the 
determination of ΦF and ΦΔ. The references used were quinine in H2SO4 0.5M (red line) and TPP in toluene (orange 
line) for CPT-11 and PpIX, respectively.  
 
Fluorescence decay kinetics in liposomes revealed only one component for CPT-11 and two 

components for PpIX (Figure 5.13, Table 5.3), indicating two different populations of the excited 
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singlet state of PpIX (1PpIX*) in the vesicles. The time constant for CPT-11 liposomes was exactly 

the same as in buffer solution (3.5 ns), which clearly indicates that CPT-11 inside the vesicles was 

exposed to the aqueous core. Likewise, PpIX showed two components, the main one with a 

lifetime slightly higher than in THF (11.6 ns), indicating that the environment of PpIX in the 

bilayer was more hydrophobic than THF. The second component (~4.3 ns) can be assigned to a 

minor population of aggregated PpIX molecules inside the bilayer. 

 
Figure 5.13. Time-Resolved Fluorescence decays of unimodal and bimodal liposomes in lactate buffer, showing CPT-
11 (A) and PpIX (B) spectroscopic region. Panel A: λexc 375 nm, λobs 430 nm and panel B: λexc 502 nm, λobs 700 nm. The 
black line corresponds to instrumental response factor (IRF). 
 
PpIX was encapsulated at a concentration ~20-fold lower than CPT-11. As the steady state 

fluorescence emission revealed, the PpIX seems to be completely monomeric inside the bilayer. 

On the other hand, CPT-11 presents lower ΦF than in the aqueous buffer probably due to self-

quenching processes caused by the high local concentration.  

Table 5.3. Fluorescence quantum yields and fluorescence lifetimes, with their relative amplitudes, of CPT-11 and PpIX 
loaded in liposomes in lactate buffer. The respective values of both agents free in solution are also presented. 
 

Sample Solvent λexc (λobs) 
/ nm τ1 / ns (A%) τ2 / ns (A%) ΦF

a 

free CPT-11  buffer 

375 
(430) 

3.5 (99.9%) 24.7 (0.1%) 0.62 ± 0.01 

CPT-11 liposomes buffer 3.5 ± 0.1 
(100%) - 0.44 ± 0.08 

Bimodal liposomes buffer 3.5 ± 0.1 
(100%) - 0.38 ± 0.06 

free PpIX THF 

502  
(700) 

11.6 (100%) - 0.13 ± 0.01 

PpIX liposomes buffer 16.6 ± 0.1 
(79.7%) 

4.1 ± 0.2 
(20.3%) 0.18 ± 0.04 

Bimodal liposomes buffer 16.2 ± 0.5 
(71.3%) 

4.6 ± 0.3 
(28.7%) 0.19 ± 0.05 

a ΦF was found at λexc 365 nm and 504 nm for CPT-11 and PpIX, respectively, as it is shown in Figure 5.12. 
Results are the mean ± SD of at least two independent experiments.  
 
Quenching the drugs triplet state with oxygen led to the production of the cytotoxic species 1O2 

as unequivocally demonstrated by the observation of the specific NIR phosphorescence of this 

species at 1275 nm. The temporal profile of the signals (St, Figure 5.14) shows the typical rise-
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and-decay function that characterises 1O2 kinetics (Eq. 2.3). The signals at different oxygen 

concentrations are presented, allowed an unequivocal assignation of the triplet, because of the 

fact that the presence of oxygen quenches the triplet state. Surprisingly, CPT-11 shows a clear 

transient of 1O2 production, although with a lower signal-to-noise ratio due to the lower ΦΔ 

compared with PpIX. 

 
Figure 5.14. Time-resolved 1O2 phosphorescence at different oxygen concentrations in aqueous suspensions of 
bimodal liposomes. Panel A shows the CPT-11 signals after the λexc at 355 nm, and panel B the PpIX signals after the 
λexc at 532 nm. In addition, panel B shows an extra liposome formulation coated with a 1.5% of a PEG2000 lipid (dark 
green line), which would be ultimately used for the target moiety coupling.  
 
Data analysis (Table 5.4) of the signals presented in Figure 5.14 confirmed the assignment of the 

triplet and 1O2 populations in bimodal liposomes.  

Table 5.4. Time constants of 1O2 luminescence of bimodal liposomes under different oxygen concentrations. 
 

Sample λexc / nm Atmosphere  τT / μs τΔ / μs 

Bimodal 
Liposomes 355 

air 5.6 1.8 
O2 2.8 2.0 
Ar 11.2 2.1 

Bimodal-DSPE-
PEG2000 

532 

air 7.3 1.7 

Bimodal 
Liposomes 

air 7.5 1.7 
O2 3.9 1.2 
Ar 17.2 1.7 

 
Table 5.5. Time constants of 1O2 luminescence and ΦΔ of unimodal and bimodal liposomes. Data of the free CPT-11 
and free PpIX in lactate buffer and in THF, respectively are shown as reference. CPT-11 was excited at 355 nm, while 
PpIX at 532 nm and 1O2 phosphorescence was recorded at 1275 nm. 
 

Sample Solvent λexc / nm τT / μs τΔ / μs ΦΔ 
free CPT-11  buffer 

355 
2.6 3.9 0.31 ± 0.04 

CPT-11 liposomes buffer 5.2 ± 0.5  2.0 ± 0.3  0.05 ± 0.01 
Bimodal liposomes buffer 5.0 ± 0.5  1.9 ± 0.6  0.13 ± 0.03 

free PpIX THF 
532 

0.3 21.3 0.5623,a 
PpIX liposomes buffer 6.4 ± 0.3  2.3 ± 0.1  0.63 ± 0.05 

Bimodal liposomes buffer 7.7 ± 0.4  1.7 ± 0.1  0.15 ± 0.02 
a Value found in literature in PBS with Triton X-100. 
Results are the mean ± SD of at least two independent experiments, except for the free drugs in solution. 
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Finally, data analysis of the time constant of 1O2 luminescence and the 1O2 quantum yield of the 

unimodal and bimodal liposomes are shown in Table 5.5.  

 
The fact that the τΔ of CPT-11 was slightly lower in liposomes than in free solution pointed out 

that 1O2 was a bit quenched before its decay. Because of the amphiphilic nature of CPT-11, this 

is located partially in the lipid bilayer with the piperidine group exposed to the aqueous core of 

the liposome. This might be the major population of CPT-11 molecules in liposomes due to the 

single fluorescence lifetime collected. Whereas other CPT-11 molecules, the minority, could also 

be found in the intraliposomal region interacting electrostatically with DOPS lipids, improving 

the formulating stability. Thus, most likely the newly formed 1O2 is quenched by the lipids of the 

surroundings. Triplet excited states of the encapsulated drugs showed longer lifetime values 

than in homogeneous solution, which indicates that oxygen was somewhat hampered in the 

liposomes. Therefore, the ΦΔ was reduced for both liposome formulations in comparison with 

their quantum yield in buffer solution (ΦΔ = 0.31). This reduction was attributed not only, but 

mainly, to CPT-11 interactions caused by the high local concentration, but also to the slightly low 

local oxygen concentration inside this system. This last hypothesis can be further supported by 

the longer τT lifetime. The ΦΔ reduction was more relevant in the unimodal liposomes, and 

although there is not a clear explanation, the presence of both drugs in the same system might 

somewhat reduce the CPT-11 interactions, reverting in an increase in the quantum yield. No 

other remarkable differences in the reported values were observed between unimodal and 

bimodal liposomes, regarding the CPT-11 observation.  

Concerning the PpIX observation at 532 nm, the τΔ was very similar to those found for CPT-11, 

regardless of the λexc, denoting that 1O2 might easily escape from inside the liposome and diffuse 

out to the aqueous medium during its lifetime.24 This is supported by the fact that the 1O2 

diffusion length is about 0.4 μm in pure lipids and 0.2 μm in water. Taking into account that the 

diameter of liposomes is about 0.1 μm, 1O2 can diffuse back and forth over the liposome.25 Triplet 

excited states of the encapsulated PS showed longer lifetime values than in homogeneous THF 

solution, which indicates that oxygen was slightly hampered in the liposomes, just as in the 

previous scenario. However, the 1O2 quantum yield is remarkably different in the unimodal 

compared to the bimodal liposomes. One plausible explanation is that the presence of the CPT-

11, which is also placed in the bilayer, facilitates PpIX aggregation, due to the high local 

concentration of drugs in the bilayer, and thus considerably decreasing the ΦΔ. While in the case 

of unimodal PpIX liposomes, the PS can be well-accommodated in the monomeric form, and 

even increase the ΦΔ above the value in solution found in the literature. 
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5.3.3. Cell viability studies 

The results of this section were obtained by Dr. Angeles Villanueva and Dr. Ana Lázaro at the 

Universidad Autónoma de Madrid and are included here to facilitate the interpretation of 

results. 

HeLa cells were incubated in the dark with various concentrations of CPT-11 and PpIX unimodal 

liposomes for 24 h. Afterwards, cells with PpIX liposomes were exposed to 2 J·cm-2 of red light 

and cell viability was assessed 24 h after the treatment in the case of PpIX liposomes and after 

the incubation for CPT-11 liposomes (Figure 5.15). These results allowed the assessment of the 

half-maximal inhibitory concentration (IC50), the most widely used and informative measure of 

a drug's efficacy. It indicates how much drug is needed to inhibit a biological process by half, in 

this case, that causes a 50% reduction in cell viability. 

 
Figure 5.15. Cell viability or cell survival (expressed in percentage) after incubation with unimodal PpIX and CPT-11 
liposomes at various concentrations. Evaluation of the cell viability through the colorimetric MTT assay that was 
carried out 24 h after the incubation. In the case of PpIX liposomes, the cells were exposed to red light irradiation (2 
J·cm-2) before the MTT assay. 
 
The optimal concentrations were 50 μM for CPT-11 and 2.5 μM for PpIX liposomes, the ratio 

being PpIX:CPT-11 1:20, which is of utter importance for the co-encapsulation of both agents in 

the bimodal liposomes.  

 
Figure 5.16. Cell viability after the treatment with unimodal and bimodal liposomes in dark and after the light exposed 
conditions (2 J·cm-2). The samples were analysed 24 h after the different treatment through the MTT assay. (ns: not 
significant) 
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Once the optimal concentrations were found, the cell viability was assessed following the 

protocol above (MTT assay) after 24 h from the treatment, comparing unimodal liposomes, 

unimodal combination given at the same time and bimodal liposomes (Figure 5.16). 

The irradiation of control cells did not produce any considerable differences in the cell viability 

in the experimental conditions. Blank liposomes showed a slight decrease in cell viability, 

probably due to the high concentration of lipids in the cell in order to achieve the IC50 of CPT-11, 

which is particularly high. The CPT-11 unimodal liposomes did not show a different effect neither 

in the dark, nor after the red light irradiation. It has been proven that the CPT-11 administered 

in liposomes has significantly decreased cell viability compared to the CPT-11 delivered in 

solution.26–29 Moreover, recent reviews have highlighted important advantages of liposomal 

formulations of chemotherapeutic agents, with an increased efficacy and reduced toxicity 

compared to un-entrapped drugs in cancer therapy.30,31 PpIX unimodal liposomes were not 

cytotoxic in the dark (viability of 92.7%), while after the PDT treatment, the viability decreased 

remarkably.  

The analysis of combined treatments was evaluated according to the method written by 

Valeriote and Lin:32 

Synergism: [A + B] < [A] x [B]  

Additivity: [A + B] = [A] x [B] 

where [A] and [B] represent the cell viability for the individual treatment of compounds A and B 

(CPT-11 and PpIX), whereas [A + B] represents the cell viability for the combined treatment, 

either the administration of the bimodal liposomes or the unimodals combined (labelled in the 

graph as combined). 

 

Both the combination of unimodals and the bimodal liposomes in dark conditions showed the 

same effect as CPT-11. However, upon irradiation the cell viability decreased considerably, 

leading to an additive-synergistic effect for the combination of both unimodal liposomes and to 

a clear synergistic effect for the bimodal liposomes. Therefore, the fact that both agents were 

encapsulated in the same carrier may imply a more effective therapy. 

5.3.4. Subcellular localisation and morphological changes 

The results of this section were obtained by Dr. Angeles Villanueva and Dr. Ana Lázaro at the 

Universidad Autónoma de Madrid. 
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Figure 5.17 shows the subcellular localisation of the unimodal liposomes 24 h after the 

incubation by confocal microscopy and its overlapping with DIC.  

 
Figure 5.17. Subcellular localisation of the PS/drug administered individually in liposomes. The samples were analysed 
24 h after incubation by confocal microscopy (left panels) and merged with DIC (right panels). The arrows show the 
intracellular limits of the cells. Scale bar= 10 μm. 
 

 
Figure 5.18. Subcellular localisation of the PS/drug administered simultaneously in bimodal liposomes. The samples 
were analysed 24 h after incubation by confocal microscopy looking at the PpIX's fluorescence (a), the CPT-11's 
fluorescence (b), the merging of both fluorescences (c) and finally merging with DIC microscopy (d). Scale bar= 10 μm. 
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PpIX, when administered in unimodal liposomes, was distributed all over the cytoplasm with a 

special accumulation in the vicinity of intracellular limits indicated in the figure with arrows. It 

was practically absent in the nuclei. CPT-11, when given as a unimodal liposome, was distributed 

diffusely as a granular pattern all over the cell, either in the nuclei or in the cytoplasm, but with 

a major concentration in what appeared to be the Golgi apparatus and lysosomes. 

Figure 5.18 shows an equivalent scenario for the drugs administered together in the bimodal 

liposomes. The subcellular localisation was similar to those obtained for the unimodal 

liposomes, demonstrating that the entrance route to the cell and accumulation places were 

similar for both types of liposomes. 

Figure 5.19 shows the cellular morphology after 12 h from incubation with liposomes (except 

for control sample) and the PDT treatment, by direct visualisation with DIC and after the neutral 

red (NR) staining.  

 
Figure 5.19. Morphological changes of HeLa cells after the treatments in phase contrast or DIC and after NR staining. 
The cells were incubated with unimodal or bimodal liposomes and visualised directly by DIC microscopy after 12 h 
from irradiation or after 24 h from the NR staining. The arrowheads point out apoptotic cells, the asterisks some 
altered metaphases and arrows cells in division. Scale bar = 25 μm and 5 μm in the metaphase zoom. 
 
The treatment with CPT-11 or PpIX in HeLa cells resulted in different cellular morphologies 

revealed by DIC and NR for general morphology. CPT-11 produced an increase in the cellular 

size, resulting in larger and flatter cells than the control ones. It is worth noting that there were 

fewer cells in division, and the few metaphases were altered because of the increased size and 

the appearance of fragmented chromosomes not properly aligned in the equatorial plate (Figure 

5.19, asterisk or zoom). Moreover, some typical apoptotic features can be appreciated in DIC 

images, such as rounded morphology with chromatin condensed and fragmented, and packed 

into apoptotic bodies (Figure 5.19, arrowhead). The fact that CPT-11 liposomes triggered the 
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apoptotic pathway as the main mechanism in HeLa cells death was supported by indirect 

immunofluorescence staining of diffuse green cytoplasmic fluorescence for Bax around the blue 

nuclear emission by H-33258.29  

PpIX liposomes produced an increase in number of cells in division, resulting in a higher number 

of metaphases (round-shaped cells), possibly because of a metaphase arrest (Figure 5.19, 

asterisks). Moreover, many cells had undergone apoptosis 12 h after PDT, as deduced again from 

cell shrinkage, chromatin condensation and nuclear fragmentation. In the NR image after 24 h, 

it seems that cells in the temporal metaphase arrest resulted in some normal metaphases, but 

the majority presented altered features, better seen in the zoom of the metaphase, where the 

chromosomes were not aligned as it happened for CPT-11 treatment. Contrary to CPT-11 

treatment, PpIX did not produce a cellular size increased. 

The treatment with bimodal liposomes resulted in a combination of individual effects on both 

PpIX and CPT-11.  

For a better understanding of some cell death mechanisms, the cells were also observed under 

light microscopy (phase contrast or DIC) 10 days after treatment (Figure 5.20). An inverted 

microscope was used, without being processed, to avoid possible morphological artefacts.  

 
Figure 5.20. Morphology of HeLa cells under light microscopy (DIC) 10 days after the different treatment using an 
inverted microscope. Scale bar = 25 μm. Blue arrows show the senescent cells, confirmed by the β-galactosidase 
assay. 
 
10 days after the CPT-11 liposomes treatment, scarce cells can survive producing large and flat 

cells (blue arrow) which, after the positive result of β-galactosidase assay (after five days from 

treatment, data not shown), were proven to be senescent cells. Furthermore, some resistant 

cells were seen with a similar size to the control cells that proliferate. The image of PDT 

treatment with PpIX liposomes after 10 days shows many attached cells, therefore the cells that 

survived continued proliferating. In the case of bimodal liposomes treatment, there was a huge 

amount of dead cells through apoptosis and the scarce, still living cells were senescent (blue 

arrow). Through β-galactosidase assay, fewer senescent cells were seen in the case of bimodal 

liposomes compared to those exposed to CPT-11 liposomes (data not shown). 

CPT-11lipos PpIXlipos-PDT Bimodales

25 µm
*
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5.3.5. Active targeting with Herceptin® 

A great deal of effort has been made over the years to develop liposomes that have targeting 

vectors attached to the bilayer surface. Although all particles reach the target site (e.g., tumour) 

via passive targeting (EPR effect), the addition of ligands to the particles does not increase the 

amount that reach the target. But ligand-mediated targeting does increase the receptor-

mediated uptake of particles by the target cells themselves, depending on factors such as: 

vasculature permeability; tumour penetrability; antigen density; ligand affinity; binding site 

barrier.30 Targeting efficiency is related to receptor density at the cell surface.  

Numerous procedures for the conjugation of antibodies to liposomes have been developed.33–

36 Briefly, there are four categories defined by the particular functionality of the antibody being 

modified, namely amine modification, carbohydrate modification, disulphide modification, and 

noncovalent conjugation.37 Clearly, the most useful procedure involved the modification of the 

antibody and a lipid in the liposome with crosslinkers, which, when activated, react with each 

other to form a permanent covalent link. One of the most widely used approaches has been the 

reaction of sulfhydryl groups with maleimide groups, because it is relatively clean, fast and 

efficient.37,38 Therefore, this was the approach used but, because the frequency of sulfhydryl 

occurrence is usually low, we decided to thiolate the primary amines first, with 2-iminothiolane 

(Traut’s reagent, Figure 5.21).  

 
Figure 5.21. Scheme of the TZ’s thiolation reaction with Traut’s reagent (2-iminothiolane).39 

 
Traut’s reagent is fully water-soluble and reacts with primary amines in a pH range from 7-10, 

despite the fact that the imidothioester is not highly stable in solution.39 One advantage of using 

this reagent is that the modification in the mAb preserves the positive charge of the original 

amine. After the reaction in 50 mM phosphate buffer at pH 8, the thiolation degree was not 

assessed because of the small reaction volume. Moreover, in the purification dialysis, EDTA was 

added to avoid the oxidation and formation of disulphide crosslinks of the sulfhydryl groups. 

EDTA chelate metal ions that together with the oxygen removed during the reactions prevent 

metal-catalysed oxidation of sulfhydryls.39  

Targeted liposomes are obtained either by incorporation of mAb-lipid conjugates during 

liposome preparation or by incorporation of lipids with reactive groups during liposome 
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preparation and subsequent mAb coupling. The last alternative usually renders better results.40 

A major problem in the preparation of protein-liposome conjugates is the tendency of the 

conjugates to crosslink, resulting in the formation of large aggregates that are cleared rapidly in 

vivo. The crosslinking effect is intrinsic to all reactions involving multivalent ligands and can be 

controlled by reducing the number of reactive functions on the liposome or antibody (for 

example, reducing the degree of thiolation, or by reducing the initial protein/lipid ratio).37 

Another recurrent solution is to use PEG-lipids to control the crosslinking reactions. Access to 

the liposome surface in the presence of PEG-lipids is strongly affected by size; consequently, 

single antibodies may penetrate the polymer cloud and react at the surface but the much larger 

antibody-PEGylated liposome conjugates will not, because of steric interactions between the 

PEG-lipids incorporated into the membranes. Typically, 1-2% PEG-lipids (PEG molecular weight 

2000) in our antibody-conjugated formulations are used, in order to control aggregation but still 

retain reasonable binding and coupling efficiency.41,42 Taking advantage of the fact that there is 

a commercial lipid with a maleimide terminal group, we ran the synthesis of liposomes with a 

1.5% of DSPE-PEG2000-Mal of the total lipid (Figure 5.22).  

 
Figure 5.22. Bimodal liposome representation that contains a 1.5% of DSPE-PEG2000-Mal for further reaction with the 
free thiol groups of TZ. 
 
The scheme reaction between the thiolated TZ and liposomes is shown in Figure 5.23, where the 

free maleimide group of the liposomes reacts with the sulfhydryl on the protein, obtaining a 

stable conjugate with a thioether bond. This conjugation efficiency is highly dependent on the 

pH of the conjugation mixture, yielding good results between 6.5-7.5, although the reaction 

favours primary amines in a more alkaline pH. However, the pH-dependent equilibrium of the 

CPT-11 strongly limited the pH work conditions. Different conditions of this reaction were 

tested, changing the pH and the ionic strength of the buffer or the molar ratio of DSPE-Mal:TZ. 

However, the best conditions were obtained by the coupling reaction in phosphate buffer at pH 

6 with 0.11 M NaCl, whereby considerably increased ionic strength (higher osmolarity) and pH 

can help maintain the CPT-11 in the active form inside the bilayer. The lactone of CPT-11 opens 

at pH above 6.8 approximately (Figure 5.4), therefore at pH 6 there is still a great portion of CPT-

11 molecules that should be in the active form, having a positive charge that interacts with the 

negatively charged DOPS lipid. 
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Figure 5.23. Scheme of the coupling reaction between the activated bimodal liposomes and the thiolated TZ, yielding 
stable thioether linkages.  
 
After the conjugation and purification through the SEC G-25 column, the fractions were analysed 

by absorbance and fluorescence spectroscopy (Figure 5.24 and 5.25). 

 
Figure 5.24. Absorption spectra of the fractions collected from the Sephadex G-25 column. The left panel shows the 
purification fractions after the reaction with 50 mM phosphate buffer and 0.15 M NaCl at pH 8. The right panel shows 
the purification fractions after the reaction with 50 mM phosphate buffer and 0.11 M NaCl at pH 6. 
 
The absorbance analysis of the fractions collected, clearly showed that CPT-11 was outside the 

liposomes in the fractions where the protein was not present. In the left panel, CPT-11 was 

mostly collected in fractions F4 and F5 when the reaction was carried out at pH 8 with irinotecan 

in carboxylate form. In the right panel at pH 6, mainly with the active form of the compound, 

the absorbance does not clearly show the presence of irinotecan. Besides the pH difference of 

the buffers in the coupling reaction, the liposome concentration in the right panel was clearly 

higher. For a further confirmation that CPT-11 was outside the liposomes, the fractions shown 

in the right panel were also analysed by fluorescence.  

Figure 5.25 shows the fluorescence of Trp residues of the protein, CPT-11 and PpIX of each 

collected fraction. While for Trp and PpIX the higher fluorescence was registered in fractions F1 

and F2, for CPT-11 it was fractions F4 and F6 which had higher signals.  

 

 

 

H
N

O

N

O

O

S

SH
+

H
N

O

N

O

O

300 400 500 600 700 800
0.0

0.5

1.0

1.5

2.0

2.5

3.0 pre-column
F1
F2
F3
F4
F5
F6
F8
F9

λ / nm

A
bs

or
ba

nc
e

300 400 500 600 700 800

F1
F2
F3
F4
F6
F7
F10

pre-column

λ / nm

146



  PpIX and CPT-11 dual liposomes 

 
Figure 5.25. Fluorescence emission spectra of Trp, CPT-11 and PpIX in the fractions collected from the Sephadex G-
25 column, when the reaction was carried out at pH 6 with 50 mM phosphate buffer and 0.11 M NaCl. The λexc was 
280, 365 and 504 nm for Trp, CPT-11 and PpIX, respectively.  
 
Therefore, although there appear to be fractions with liposomes linked to TZ (fraction F1 and 

F2), the large majority of CPT-11 molecules were diffused outside the liposomes. According to 

the CPT-11 fluorescence on fractions F1 and F2 and when interpolated in the calibration curve, 

only 20% still remained inside the liposomes. The concentration gradient achieved with the 

increased osmolarity of the buffer was not enough to maintain the drug inside the bilayer. At pH 

lower than 6, TZ begins to be unstable. Taking everything into consideration, the covalent linkage 

of the bimodal liposomes to TZ was in detriment of the good results obtained until now. There 

seems to be a strong pH limitation between the stability of the antibody and the co-

encapsulation of both PS and CPT-11 inside the bilayer, which led us to conclude the study at 

this stage. 
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5.4. Conclusions 

We have investigated the photodynamic activity of the dual system PpIX and CPT-11 delivered 

to cancer cells using an optimised liposomal formulation. Additionally, we have prepared 

unimodal liposomes loaded separately with each drug to compare their photophysical 

properties.  

Liposomes of DSPC:DOPS:CHOL 65:35:30, prepared by a microemulsification method, had a 

diameter of around 95 nm that grew to 175 nm when they contained CPT-11. In all cases, the 

liposomes had a pronounced negative zeta-potential and an entrapment efficiency above 80%. 

It is worth noting that the molar ratio of both drugs was maintained in bimodal liposomes, 

according to the IC50 relationship.  

The unique fluorescence lifetime of CPT-11 revealed a preferential location in contact with the 

aqueous core of liposomes. Moreover, the fluorescence spectrum showed the same profile as 

the CPT-11 in buffer solution, which was in agreement with the previous observation. CPT-11 

self-quenching is denoted by the lower ΦF value in comparison with free drug in solution. 

Surprisingly, CPT-11 was able to photosensitise 1O2 when excited at 355 nm. The relatively low 

ΦΔ is in agreement with the self-quenching as well, reasonably explained by the high local 

concentration.  

Absorption and fluorescence spectra, as well as fluorescence quantum yields of PpIX inside the 

liposomes, indicated that it was not appreciably aggregated in the lipid bilayer. However, a 

minor fluorescence component is likely explained by the existence of some PpIX aggregated 

molecules. On the other hand, the presence of highly concentrated CPT-11 could facilitate the 

PpIX self-aggregation, which can also account for the remarkable decrease of ΦΔ in bimodal 

liposomes. However, the low ΦΔ value did not affect the PDT efficiency of this formulation, 

which was in agreement with the PpIX release as confocal images proved.  

Interestingly, the treatment with bimodal liposomes rendered a combined effect of both PpIX 

and CPT-11. The analysis of cells 10 days after the treatment resulted in a huge amount of dead 

cells through apoptosis, and the scarce, still living cells were senescent. Through β-galactosidase 

assay, fewer senescent cells were seen in the case of bimodal liposomes compared to those 

exposed to CPT-11 liposomes. 

Finally, the results obtained for the covalent conjugation of the TZ antibody to the bimodal 

liposomes were discouraging. There seems to be a strong pH limitation between the mAb 

stability and the co-encapsulation of both PS and CPT-11 inside the bilayer.  
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Taking everything into consideration, the results presented here showed the development of a 

dual therapy DDS, targeting different cellular/molecular pathways. As we previously expected, 

the combined therapy in cancer may be more efficient in destroying cancer cells and in eluding 

the cellular resistance mechanisms. It has already been confirmed that the combination of 

phototherapy and chemotherapy, when carefully planned, has been shown to be an effective 

tumour treatment option pre-clinically and clinically. Chemotherapy can enhance the efficacy of 

PDT by targeting surviving cancer cells or by inhibiting regrowth of damaged tumour blood 

vessels.45 

We have proved that phospholipid-cholesterol liposomes possess optimum properties for the 

encapsulation of both PpIX and CPT-11. Although the development of new anticancer DDSs have 

undergone a spectacular increase over the last years,7,44–46 to our knowledge, it is the first time 

that deep research has been carried out using bimodal liposomes with PpIX and CPT-11. We also 

demonstrated that there was a clear improvement in the cytotoxic effect in cells when the 

bimodal liposomes were administered instead of the combination of unimodal liposomes. 

Moreover, given the clinical expectations of the individual therapies, this combination is easily 

translatable for clinical uses, reducing doses and lessening noxious side effects. Nevertheless, 

several studies in vivo need to be done before its clinical use, in order to ensure the positive 

results and effectiveness of this combined therapy. Furthermore, deeper studies should be 

carried out for the effective active targeting of this system. 

 

Finally, no studies were done with unimodal liposomes related to administrations at different 

times in order to know whether the previous administration of the PS or the chemotherapeutic 

drug results in an improvement in the effectiveness. In that case, one of the liposomes would be 

administered first and after a certain incubation time, the other liposomes will be delivered. 
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Liposomes with Protoporphyrin IX and 
Doxorubicin as a drug delivery system with 

dual therapeutic activity in cancer 
 

 

 

With the same aim as the previous chapter of assessing the improved effectiveness 

of the dual therapy in comparison with the individual treatments, we have also 

prepared a second liposomal formulation. The liposomes containing PpIX and the 

chemotherapeutic drug doxorubicin have been studied, evaluating their 

physicochemical characteristics, photophysical properties and photobiological 

activity. Moreover, their covalent conjugation with an active targeting moiety, such 

as a monoclonal antibody, was also considered. 
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6.1. Introduction 

Doxorubicin (Dox) is the best known and most widely used member of the anthracycline 

antibiotic group of anticancer agents, originally isolated from Streptomyces peucetius var. 

caesius.1 It was first introduced in the 1970s and has since been widely used as a main first line 

anticancer drug because of its broad reactivity spectrum and its excellent antineoplastic activity 

against a multitude of human cancer diseases.2 For instance, leukaemia, lymphomas, breast, 

uterine, ovarian, and lung cancers.3–5 The mechanism of action has been extensively 

investigated. Dox is a DNA-intercalating agent and a topoisomerase II inhibitor.6 Moreover, it is 

also known to form free radicals, which produce lipid peroxidation and can damage DNA with 

double and single strand breaks and cause lesions in the bases.7 However, the clinical use of Dox 

is hampered by acute and subacute side effects such as vomiting, bone marrow suppression, 

alopecia and drug-induced dose-limiting irreversible cardiotoxicity and myelosuppression, 

which may lead to congestive heart failure and death in worst cases.8 An approach to 

ameliorating Dox-related toxicity is to use drug carriers, which engender a change in the 

pharmacological distribution of the drug, resulting in a reduction of drug levels in the heart. 

Nowadays, there are some approved Dox-liposome formulations such as Doxil in USA and Caelyx 

and Myocet in Canada and Europe, which were approved in 1999 by the FDA and in 2000 by the 

European Medicines Evaluation Agency (EMA).9 

Therefore, with regard to the prior chapter, the goal is to use PDT in combination with Dox in 

liposomes, reducing the drug dose and looking for additive or synergetic effects. Herein, we 

present a dual liposome system that co-encapsulates PpIX as the PDT agent and Dox, using a 

completely different lipid formulation from chapter 5. This system has been characterised and 

compared with the properties of its unimodal counterpart (i.e., liposomes that only encapsulate 

one agent). Moreover, we studied the photophysical properties and their 1O2 production. The 

cell studies, most of them carried out at the Universidad Autónoma de Madrid by the group of 

Dr. Angeles Villanueva, provided us with the cell viability results and the study of the cell death 

mechanisms. Also for cell studies, unimodal and bimodal liposomes were studied and compared. 

Moreover, two different scenarios were constructed to reflect the importance of administering 

both agents in the same vehicle: unimodal liposomes given in combination or bimodal liposomes 

which already contain both agents in the same carrier. Finally, the optimised system was 

functionalised and covalently linked to a monoclonal antibody through a pegylated lipid for 

active targeting. Preliminary results in two cell lines, with positive and negative overexpression 

of HER-2 receptors, are presented in order to evaluate the improved selectivity. 
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6.2. Experimental section 

6.2.1. Materials 

The phospholipid egg L-α-phosphatidylcholine (EPC), with a purity grade of a 95%, and 

cholesterol (CHOL) were purchased from Avanti Polar Lipids (Birmingham, USA). Doxorubicin 

hydrochloride (Dox) was acquired from Apollo Scientific (Manchester, United Kingdom) with a 

purity grade of > 99%. The PS protoporphyrin IX (PpIX) was obtained from Frontier Scientific 

(Lancashire, United Kingdom). The citric acid monohydrate and sodium carbonate anhydrous 

were purchased from Panreac (Barcelona, Spain). Tetrahydrofuran (THF) HPLC grade without 

stabiliser, the solvent in which the liposomes were disrupted, was acquired from Scharlab 

(Barcelona, Spain). Meso-tetraphenylporphyrin (TPP) and Rose Bengal (RB) used as references, 

were acquired from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All other chemicals were 

commercially available reagents of at least analytical grade. Milli-Q water (Millipore Bedford, 

Massachusetts system, resistivity of 18 MΩ cm) was used. 

The dialysis tubing cellulose membrane with a cut-off of 12 kDa was purchased from Sigma 

Aldrich. Polyester Chromafil® filters from Macherey-Nagel (Düren, Germany) were used for 

sterilising the formulations with a pore size of 0.20 μm and a diameter of 25 mm. 

6.2.2. Preparation of unimodal and bimodal liposomes 

Intermediate unilamellar liposomes (IUVs) were prepared by microemulsification method, using 

a binary mixture of EPC:CHOL in a molar ratio of 7:3. Contrary to the methodology of chapter 5, 

the PS was first encapsulated by a passive method, whereas Dox was encapsulated using active 

loading methods once the liposomes were already formed. 

In order to obtain blank or PpIX unimodal liposomes, the binary mixture of lipids and the 

appropriate amount of PpIX were dissolved in the minimum amount of chloroform, together 

with a small amount of methanol to obtain a clear solution. The PS was added to the binary lipid 

mixture, maintaining the lipid:PpIX molar ratio at 25:1 The organic solvents were evaporated by 

rotary evaporation yielding a thin lipid film on the sides of a round bottom flask. Formulations 

containing PpIX prior to CHCl3 evaporation were kept protected from light during 1 h in order to 

facilitate the contact lipids/PS. From now on, the protocol followed to obtain size homogenously 

IUVs was the same of section 5.2.3, but hydrating the film with the appropriate volume of 300 

mM (pH 4.0) citrate buffer to a final lipid concentration of 20 mg/mL. Microemulsification was 

also carried out by pumping the fluid 10 cycles through the interaction chamber at 110 kPa, as 

was previously reported. 
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Dox was then encapsulated in blank or PpIX liposomes in response to a transmembrane pH 

gradient, thus obtaining the Dox unimodal and bimodal liposomes. Briefly, the pH of the 

liposome suspension, initially at pH 4.0, was raised to pH 7.8 with 0.5 M Na2CO3. In this step, the 

lipid and PpIX concentration were diluted by almost half (lipid:PpIX molar ratio of 50:1 aprox.), 

creating a pH gradient across the vesicles, acidic inside and slightly basic outside. An aqueous 

solution of Dox was subsequently heated to 60 ºC for 5 min, and then added dropwise to a 

preheated (60 ºC) vial of liposomes suspension, adding the appropriate amount of Dox to 

achieve a lipid:Dox molar ratio of 250:1. This mixture was incubated under intermittent gentle 

shaking for 20 min. at 60 ºC. All liposomes preparations were sterilised by filtration with a 0.20 

μm diameter filter and stored in the dark at 4 ºC. 

6.2.3. Liposome characterisation 

Determination of the total Dox and PpIX content 

THF was added to a known aliquot of liposome suspension (liposome aliquot/THF; 1:50 v/v) in 

order to disrupt the bilayer and release the loading. The vials were closed, stirred and heated 

above the Tm for 30 min, which enabled a quick rupture of the bilayers.  

The concentration of both PpIX and Dox was quantified spectrophotometrically by using 

calibration curves obtained under the same conditions. PpIX was quantified by fluorescence 

emission (Spex-Fluoromax 4, Horiba Jobin Yvon, Edison, NJ) at λmax 632 nm (λexc 504 nm), 

whereas the Dox was also quantified by fluorescence at λmax 588 nm (λexc 470 nm). 

 

In the case of bimodal liposomes, the Dox concentration was also evaluated by fluorescence at 

λmax 588 nm (λexc 470 nm), while PpIX's determination was more elaborate because both agents 

emit at 632 nm if excited at 504 nm. Thus, the PpIX’s content was determined by measuring its 

fluorescence at 690 nm upon excitation at 632 nm and comparing with a calibration curve 

obtained under the same conditions.  

Determination of the non-encapsulated PpIX fraction or the encapsulated fraction of Dox 

The fraction of non-encapsulated PpIX was determined as described in section 5.2.3. Size 

exclusion chromatography was used to separate free Dox from liposome-encapsulated 

molecules. A PD-10 desalting column (disposable PD 10 Desalting Columns, GE Healthcare Bio-

Sciences AB, Uppsala, Sweden) containing Sephadex G-25 was used, which allows a rapid 

separation of high molecular weight substances from low molecular weight ones, namely the 

Dox fraction in the extra-liposomal media. A known aliquot of liposome suspension was added 

to the PD-10 column and eluted with a mixture of citrate buffer with the necessary amount of 
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Na2CO3 0.5 M until a pH 7.8 was reached (the same media as that of the liposome suspensions). 

The liposome band was collected in a graduated cylinder in order to measure the volume. From 

this diluted suspension, a known aliquot was taken and placed in vials, then the appropriate 

amount of THF was added in order to disrupt the bilayer and release the loading (liposome 

aliquot/THF; 1:50 v/v). The quantification at this point followed the protocol aforementioned 

for the Dox total content.  

Determination of the lipid content 

The amount of lipids in the liposome suspensions was measured following the Stewart’s 

method, detailed in section 5.2.3.10  

Vesicle Size and ζ potential 

The equipment and followed protocol was the same as that described in section 5.2.3. 

Control of the liposome suspensions stability 

The stability of liposomes during storage was controlled by measuring their size over time. 

Moreover, absorbance spectra were collected to monitor any turbidity or scattering increase 

over storage time. 

Drug loading and entrapment efficiency calculation 

Drug loading (DL) and entrapment efficiency (EE) of the PS and the chemotherapeutic drug were 

calculated as follows: 

𝐷𝐷𝐷𝐷 % (𝑤𝑤/𝑤𝑤) =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝑃𝑃𝑃𝑃 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑚𝑚𝑚𝑚)

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑 (𝑚𝑚𝑚𝑚) · 100 

𝐸𝐸𝐸𝐸 % (𝑤𝑤/𝑤𝑤) =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝑃𝑃𝑃𝑃 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑚𝑚𝑚𝑚)

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑/𝑃𝑃𝑃𝑃 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑚𝑚𝑚𝑚) · 100 

The theoretical value of drug encapsulated was the total drug concentration measured and 

quantified before the sterilisation by filtration in order to know which percentage is lost. 

6.2.4. Cell cultures 

The tumour epithelial HeLa cells (human cervix adenocarcinoma, ATCC CCL-2) and BT-474 cells 

(ATCC HTB-20) were purchased from American Type Culture Collection (USA). Cells were grown 

as monolayer attached cultures in DMEM supplemented with 10% (v/v) fetal bovine serum 

(FBS), 50 U/mL penicillin and 50 μg streptomycin/mL (whole media), all acquired from Thermo 

Fisher Scientific (Merck Millipore, Billerica, MA, USA). Cells were cultured under a 5% CO2 
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atmosphere plus 95% air at 37 ºC, and maintained in a SteriCult 200 (Hucoa- Erloss, Madrid, 

Spain) incubator. Depending on the experiment, cells were seeded in 25 cm2 flasks (F25) or in 

24-well plates with or without 10-mm square coverslips. Subconfluent cell cultures were used 

with a cell density of at least 3000 cell/cm2 72 h before starting the experiments. The cell density 

was assessed with a Bürker counting chamber. All the plastic materials were purchased from 

Corning (Nueva York, EE UU).  

Photodynamic treatments in vitro 

Cells seeded in 24-well plates (with or without coverslip) or F25 flasks, depending on subsequent 

processing, received photodynamic treatments with either the PpIX unimodal liposomes or the 

bimodal liposomes with Dox. Accordingly, cells were incubated for 24 h with 2.5 μM PpIX 

liposome suspension in aqueous buffer, washed three times with medium (not serum 

supplemented) and maintained in whole medium during irradiation and post-treatment time. 

Irradiations were performed by means of a red light-emitting diode (LED Par 64, Showtec; 

Shoreham, UK) device (λ= 633 ± 9 nm) with a fluence rate of 7 mW·cm-2. Cells were irradiated 

for 4.5 min, corresponding to total light dose of 2 J·cm-2 (total light dose (J·cm-2)= fluence rate 

(W·cm-2) x treatment time (s)). Either immediately or at different times after irradiation different 

methodological protocols were performed, carrying out the MTT 24 or 72 h after the treatments. 

Besides, experiments were done by incubation with the corresponding blank or empty 

liposomes or the loaded liposomes without irradiation (dark toxicity), in order to examine 

possible cytotoxic effect exercised by the lipid or the PS. 

Cell viability studies 

Dark- and photo-toxicity was assessed by the MTT colorimetric assay 24 and 48 h after 

treatments. This method evaluates the number of viable cells based on the mitochondrial 

activity, involving a reduction of the MTT to its insoluble formazan, a purple colour compound 

only soluble in organic solvents. Immediately prior to use, a stock solution of dimethylthiazolyl-

diphenyl-tetrazolium bromide (MTT; Sigma-Aldrich, 1 mg/mL) in PBS was prepared and sterilised 

by filtration. Five hundred microliters of this MTT solution (50 μg/mL MTT in whole medium) 

was added to each culture dish without coverslip. Cells were incubated for 3 h, then the reduced 

formazan was extracted with 500 μL DMSO and the absorbance was measured at 542 nm in a 

SpectraFluor spectrophotometer (Tecan Group Ltd, Männedorf, Switzerland). Cell survival was 

expressed as the percentage of absorption of treated cells in comparison with that of control 

cells. Data corresponded to mean values ± SD from at least four different experiments.  
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Morphological studies 

Morphological changes were assessed at different times after incubation and PDT in the case of 

PpIX and bimodal liposomes, by differential interference contrast (DIC) microscopy. An inverted 

microscope was used to analyse the samples at different times without being processed, to 

avoid possible morphological artefacts. These studies consist on the morphological alterations’ 

analysis that characterises the main cell death mechanisms. 

Optical microscopy  

Routine observation of the cell cultures during their maintenance and the effect of the different 

treatments were done with an inverted microscope Olympus CKX1 (Tokyo, Japan). Living cells 

were captured with an inverted microscope Leica DMI 6000B equipped with a Leica DFC420 C 

digital camera (Leica) and images were processed using the Photoshop CS5 software (Adobe 

Systems, USA). 

Statistical calculations 

For statistical calculations one-way ANOVA with post-hoc Tukey Kramer Multiple Comparisons 

test were used. P values < 0.05 (*), < 0.01 (**), and < 0.001 (***) were considered as statistically 

significant. The software R Development Core Team, a language and environment for statistical 

computing (R Foundation for Statistical Computing, Vienna, Austria) were used for the analysis. 

6.2.5. Preparation of trastuzumab-conjugated liposomes 

Trastuzumab (Herceptin®, ~148 kDa, abbreviated henceforth as TZ) was purchased from 

Carbosynth (Berkshire, UK) and was stored aliquoted at -20 ºC. The lipids DSPE-PEG2000-Mal and 

L-α-distearoyl-phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000] (ammonium 

salt) (DSPE-PEG2000) were acquired from Tebu-bio (Barcelona, Spain). The Sepharose CL-6B was 

acquired from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) with a bead diameter of 40- 165 

μm and a separation range of 10- 4000 kDa. 

Preparation of maleimide-functionalised liposomes 

IUVs were prepared by microemulsification method as was previously described, but using a 

ternary mixture of EPC:CHOL:DSPE-PEG2000-Mal in a molar ratio of 7:3:0.16. The DSPE-PEG lipid 

represented a 1.6% of the total lipid. With this lipid, blank liposomes and bimodal liposomes 

were prepared, in the latter case using the same lipid:drug molar ratio of 25:1 and 250:1 for PpIX 

and Dox, respectively. Moreover, bimodal liposomes with a PEG-lipid but without the Mal 

termination (DSPE-PEG2000) were also prepared as a control. The dried film was also hydrated 
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with 300 mM (pH 4.0) citrate buffer to a final lipid concentration of 20 mg/mL. The protocol 

continued as was described above. These liposomes were prepared 1 day before the reaction 

with the thiolated TZ, to avoid undesirable reactions with the free maleimide group. 

Antibody thiolation 

The mAb were thiolated using Traut’s reagent (2-iminothiolane) at a Traut’s:TZ molar ratio of 

16:1. Traut’s reagent solution was prepared immediately before its use, dissolved in 50 mM 

phosphate buffer at pH 8 to a concentration of 2 mg/mL. TZ and Traut’s reagent were mixed 

together in the same buffer and incubated at RT in the dark for 1.5 h under argon atmosphere. 

The antibody was purified by dialysis (MW cut off 12000-14000) in an aqueous mixture of pH 

7.8. This aqueous mixture was equal to the extraliposomal medium, thus to a certain amount of 

300 mM citrate buffer at pH 4 the necessary amount of 500 mM sodium carbonate was added 

until reach the pH 7.8. 10 mM EDTA was also added to remove the non-reacted Traut’s reagent. 

The thiolated TZ was prepared just before addition of the liposomes.  

Conjugation of thiolated TZ to bimodal liposomes 

Thiolated TZ and bimodal liposomes were mixed in a glass vial at a DSPE-Mal:TZ molar ratio of 

10:1, and following the exact procedure detailed in chapter 5, subsection 5.2.5. However, the 

purification was carried out through size exclusion chromatography using Sepharose CL-6B that 

was eluted with the same aqueous mixture at pH 7.8. 

6.3. Results 

6.3.1. Physicochemical characterisation 

Dox is an amphipathic molecule that possesses a water-insoluble aglycone group, the 

adriamycinone, and a water-soluble sugar named daunosamine. However, the molecule is 

considered hydrophilic at physiological pH since it presents a positive charge on the sugar moiety 

(Figure 6.1). The most lipophilic molecular form of Dox is dominant at moderately alkaline pH, 

between 8.2 and 10.2, the pKa values of the amine and the phenol in position 11 respectively. 

The hydrophilicity of Dox is also dependent on the drug concentration, since beyond a 

concentration of 30 μM Dox molecules less hydrophilic dimers are prone to form (stacking 

effect), which precipitate in aqueous solution. The pH increase (i.e., of the neutral form 

percentage) is in favour of the stacking phenomenon.8,11 
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Figure 6.1. Chemical structure of Dox, a well-known chemotherapeutic drug of the anthracycline family.8 

 
There are two proposed mechanisms by which doxorubicin acts in cancer cells: 1) intercalation 

into DNA and disruption of topoisomerase-II-mediated DNA repair and 2) generation of free 

radicals which lead to damage in cellular membranes, DNA and proteins. In brief, Dox is oxidised 

to a semiquinone, an unstable metabolite, which is converted back to Dox in a process that 

releases ROS. These species can lead to lipid peroxidation, membrane and DNA damage, 

oxidative stress, and trigger apoptotic pathways to cell death. Alternatively, Dox may interact 

with DNA by intercalation and inhibition of macromolecular biosynthesis, arresting the 

progression of topoisomerase II and breaking the DNA chain for replication.1 However, although 

this overall mechanism is well-known, there are still some mechanistic details under discussion. 

On the other hand, the PS chosen as partner was PpIX, as in the previous chapter. The 

spectroscopic characteristics of these free drugs are shown in Figure 6.2. 

 
Figure 6.2. Absorption (solid line) and fluorescence emission (dashed line) spectra of Dox (blue) and PpIX (green) 
solutions, in water pH 7.8 and THF, respectively. The vertical dashed lines show the wavelengths used for the 
measurements of the entrapment efficiencies either for Dox or PpIX. 
 
The absorption and fluorescence spectra of Dox in water shows maxima at 480 nm and 588 nm, 

respectively. PpIX shows a Soret band absorption at 411 nm and four Q bands at about 505, 540, 

580 and 632 nm in THF. The fluorescence spectrum peaks at 632 nm. The fluorescence overlap 

of both agents makes the individual characterisation tricky. Therefore, we decided to follow Dox 

at 588 nm where PpIX does not emit, and excite PpIX at 632 nm because at ~580 nm (a Q band 

maximum) there was still a low absorption from Dox. 
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In the case of Dox, any group variation on the chromophore ultimately leads to changes in the 

absorption and fluorescence spectra. One clear example is the pH change, since the 

deprotonation of the phenol group in basic conditions leads to a red-shift absorbance and a 

dramatic decrease in the fluorescence emission (Figure 6.3).8 

 
Figure 6.3. Absorption (A) and fluorescence emission (B) spectra of Dox at different pHs. 

 
It is also known that these changes in the spectroscopic properties go along with a change of 

colour.8 Dox appears orange at pH 4, orange-reddish at pH 7, violet at pH 11 and blue at pH 13 

or above (Figure 6.4).  

 
Figure 6.4. Dox colour change with pH, appearing orange at pH 4, orange reddish at pH 7 and violet at pH 11. 

 
As mentioned above, one approach to ameliorating Dox-related toxicity is to use drug carriers. 

One possible DDS for Dox are liposomes. Indeed, currently there are some approved Dox-

liposome formulations such as Doxil, Caelyx (these two in pegylated form) or Myocet (non-

pegylated form). Many advantages have already been confirmed such as higher drug levels in 

tumour tissue with Doxil® than with free Dox in multiple cancer models.12,13 Moreover, the Dox-

induced cardiotoxicity, one of typical side effect of free Dox treatment, is reduced when the drug 

is encapsulated in any carrier.14–16 Doxil/Caelyx liposomal formulation are composed of 

hydrogenated soya phosphatidylcholine, CHOL and PEG-modified phosphatidylethanolamine 

(55:40:5 molar ratio), whereas Myocet is composed of egg phosphatidylcholine (EPC) and CHOL 

(55:45 molar ratio).  
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For Dox encapsulation in liposomes passive trapping methods are not efficient, obtaining 

maximum yields of 80% and low drug-to-lipid ratios.8 On the contrary, active trapping 

procedures are highly efficient, which is based on the addition of Dox to pre-formed liposomes 

through a trans-bilayer ion gradient. These different loading techniques are usually driven by 

the use of pH-, manganese-, sulphate- or citrate- gradients. All of these concepts follow one 

principle, namely that the free Dox base diffuses inside the liposome in response to one of these 

gradients. Furthermore, once Dox is inside the vesicles, it suffers a modification which inhibits 

the membrane re-permeation, resulting in accumulation of the drug inside the liposomes.2 In 

our case, the transmembrane gradient was caused by a pH- and concentration- gradient, being 

acidic in the interior and slightly basic in the external bilayer of the liposomes. The core of the 

liposomes contained citrate buffer 300 mM at pH 4, whereas the external pH was adjusted, after 

the PpIX or blank liposomes were pre-formed, to 7.8 with 500 mM Na2CO3. This concentration 

and pH gradient helps maintain the drug inside the bilayer. The non-protonated Dox would then 

diffuse into the vesicles, where the lower pH causes the Dox protonation. The positively-charged 

Dox can no longer cross the bilayer and is therefore trapped inside. New extra-liposomal and 

non-protonated Dox can further diffuse into the liposomes due to the gradient. Therefore, a 

“proton pool” inside the liposomes is necessary as a driving force for Dox loading.  

In the previous chapter, the importance of the lipid composition was already mentioned. The 

lipid formulation chosen was EPC:CHOL 7:3, according to the approved lipid formulations and 

some published articles.2,17 On the one hand, natural EPC lipid is a further purification of total 

egg extract, thus it is still a mixture of unsaturated fatty acid chains, mainly of 

phosphatidylcholine (95.5%) and egg sphingomyelin (SM, 0.5%), with mostly 16:0 and 18:1 fatty 

acids. The EPC lipid results in a low Tm of -15 ºC when it is pure. Phosphatidylcholine is the major 

membrane phospholipid in eukaryotic cells, which constitutes a flexible bilayer increasing its 

permeability. In general, longer acyl chains like C18 tend to release the payload less rapidly than 

C14 short acyl chains. On the other hand, CHOL decreases the fluidity and permeability of the 

bilayer a bit at temperatures above the Tm, limiting the cargo rapid leakage. Indeed, CHOL is a 

common constituent of liposomal Dox formulations due to its ability to modulate membrane 

permeability and biological stability.8 Ultimately, a fluid and permeable membrane is needed to 

facilitate the Dox molecules diffusion across the bilayers. Table 6.1 summarises all the conditions 

tested with this lipid formulation EPC:CHOL 7:3.  
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Table 6.1. Some physicochemical characteristics of the different conditions tested. All the formulations have the same 
lipid composition EPC:CHOL (7:3) and the same initial lipid concentration of 20 mg/mL. 

a Referred to the molar ratio  
 
First, the extrusion method was tested in order to assess whether Dox was retained in 

polycarbonate filters and well encapsulated through the gradient aforementioned (formulation 

# 1). Good results were obtained for a lipid:drug molar ratio of 5:1. Therefore, since the final 

goal was the bimodal PpIX+Dox preparation, the microemulsification method was also tested. 

No changes were expected because the liposomal suspension that goes through the emulsiflex 

had previously undergone the Dox encapsulation procedure. We also tested two different ways 

of adding Dox for its encapsulation: 1) in powder or 2) in a concentrated solution (formulations 

# 2 and 3). The addition of Dox powder resulted in poor encapsulation, as judged by visual 

inspection, since most of the drug remained outside the bilayer forming a precipitate 

(formulation # 2). Conversely, when Dox was added in solution, high entrapment efficiencies 

were achieved with good visual results.  

Regarding PpIX encapsulation, entry # 4 tested the lipid composition as an optimum formulation 

for its entrapment. Good entrapment results were obtained maintaining the incubation time 

PpIX/lipids prior to form the dried film, as was done in the previous chapter. This lipid 

composition results in higher liposomes size compared to the ones obtained in chapter 5.  

Finally, a first test was carried out with the dual drug/PS encapsulation maintaining the ratio 

between IC50 Dox:PpIX 1:5, according the IC50 experiments with free drugs (Figure 6.14). The 

dilution step during the adjustment of the external pH must be considered in the formulation 

designed. For this reason, formulation # 5 did not reach the correct ratio between Dox and PpIX. 

Further tests lessening the PpIX:lipid molar ratio were also carried out without improving the 

outcomes. Therefore, in this dual formulation the limiting factor is the PS encapsulation. 

However, some physicochemical characteristics of Dox liposomes with a lower lipid:drug molar 

ratio are presented in Table 6.2. 

Formulation Lipid:Druga Method EE % Z-ave 
(nm)a Notes 

1 Dox 5:1 Extrusion 98 173 - 

2 Dox 5:1 Microemulsification 
110 kPa 10 cycles n/m n/m Encapsulation of solid Dox. A significant  

part of Dox precipitates outside17 

3 Dox 5:1 Microemulsification 
110 kPa 10 cycles 98 161 

Encapsulation of a Dox solution. The 
precipitate of the prior formulation was not 

seen 

4 PpIX 50:1 Microemulsification 
110 kPa 10 cycles 87 145 1 h lipids/PS before the film formation 

5 
Dox 250:1 Microemulsification 

110 kPa 10 cycles 
89 

149 Prepare the PpIX liposomes and then 
encapsulate Dox through a pH gradient PpIX 50:1 99 
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Table 6.2. Physicochemical characteristics of blank and Dox unimodal liposomes, with lower lipid:drug molar ratio 
than in the bimodal formulations. The lipid composition was EPC:CHOL 7:3. 

a Particle size measured as Z average mean       
b Polydispersity Index       
c Zeta-potential       
d Bulk encapsulated drug concentration in the liposomes suspension     
Values reported are the mean ± SD of two independent experiments 
 
Figure 6.5 shows the appearance of these concentrated Dox liposomes.  

 
Figure 6.5. Photograph of blank and concentrated Dox liposomes. 

 
It is worth noting that the dilution process necessary to change the external pH is the reason 

why the lipid concentration at the beginning of the synthesis was 20 mg/mL. Blank liposomes 

(i.e., without the encapsulation of any drug) were always prepared as controls. Table 6.3 

summarises the most important physicochemical characteristics for the optimised preparations 

either bimodal or unimodal formulations, including blank liposomes. 

Table 6.3. Physicochemical characteristics of blank, unimodal and bimodal liposomes with Dox and PpIX loaded. The 
lipid composition was EPC:CHOL 7:3. 

a Particle size measured as Z average mean       
b Polydispersity Index       
c Zeta-potential       
d Bulk encapsulated drug concentration in the liposomes suspension     
Values reported are the mean ± SD of at least three independent experiments 

Encapsulated 
drug 

Z-ave 
(nm)a PIb ζ-pot 

(mV)c 
DL % 

(w/w) 
EE % 

(w/w) 
[Dox] 
(mM)d 

- 190 ± 41 0.39 ± 0.06 -7 ± 6 - - - 
Dox 162 ± 26 0.21 ± 0.04 -3 ± 1 17.7 ± 0.1 99 ± 0 2.40 ± 0.02 

Encapsulated 
drug 

Z-ave 
(nm)a PIb ζ-pot 

(mV)c 
DL % 

(w/w) 
EE % 

(w/w) 
[Dox] 
(μM)d 

[PpIX] 
(μM)d 

[lipid] 
(mg·mL-1) 

- 136 ± 21 0.25 ± 0.06 -4 ± 1 - - - - 11.7 ± 1.0 

Dox 153 ± 31 0.38 ± 0.14 -4 ± 1 0.7 ± 0.2 95 ± 4 148 ± 21 - 10.4 ± 0.4 
PpIX 132 ± 21 0.37 ± 0.08 -9 ± 1 3.6 ± 0.1 91 ± 8 - 721 ± 77 11.3 ± 0.6 

both 124 ± 32 0.28 ± 0.10 -9 ± 2 
0.7 ± 0.1 95 ± 3 137 ± 22 - 

11.6 ± 0.6 
3.3 ± 0.2 90 ± 9 - 685 ± 73 
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Adding Dox to liposomes resulted in an increase in their size and polydispersity index. At the 

time when PpIX was encapsulated, the size was comparable to the value of blank liposomes but 

with higher polydispersity as well. On the other hand, the size and polydispersity of bimodal 

liposomes were remarkably smaller than those of the other formulations, since the co-

encapsulation of both drugs somehow stabilises the preparation. In principle, PpIX and Dox do 

not disturb each other since PpIX is accommodated in the bilayer and Dox in the aqueous core. 

The zeta-potential was near-neutral in all formulations, somewhat more negative for those 

formulations that contained PpIX. This fact indicated that a small fraction of PpIX molecules 

might be in the external part of the bilayer. The overall zeta-potential was slightly negative in all 

formulations due to a small percentage of L-α-phosphatidylserine in the commercial EPC. It has 

been published that neutral PEGylated Dox liposomes show many advantages in comparison 

with their cationic counterparts: a superior therapeutic activity, a drop in the antitumor efficacy 

and low tumour accumulation.18 Moreover, Allen et al. stated that near-neutral surface charge 

increases the circulation half-life of liposomes, which are more stable than negatively-charged 

liposomes when they are injected into the blood circulation.19 In all cases, the entrapment 

efficiency was above 90% (looking at the average values), being slightly lower for PpIX 

formulations. For these particular formulations, most of the drug was lost in the sterilisation 

process by filtration through 0.20 μm filters. Thus, the non-encapsulated PpIX was <3% after 

filtration in all cases. 

Figure 6.6 shows the appearance of the four optimised preparations, presenting similar turbidity 

by visual inspection.  

 
Figure 6.6. Photograph of one of the batches with the four formulations from left to right are: Dox unimodal and PpIX 
unimodal liposomes, bimodal liposomes and blank liposomes. 
 
Formulation stability. As in the previous chapter, the stability of the liposomal suspensions was 

studied assessing the evolution of their size, zeta-potential and turbidity over time. The mostly 

unsaturated nature of the lipid formulation and the near-neutral zeta-potential, which have no 

force to prevent the particles flocculating, would suggest a low stability. Nevertheless, the size 
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and zeta-potential evolution diagrams over time, lead to the opposite conclusion (Figure 6.7). 

The size of all preparations was remarkably stable for eleven weeks after preparation. Only blank 

liposomes showed some disperse values.  

 
Figure 6.7. Size (Z-average mean, left panel) and zeta-potential (right panel) evolution diagrams over time of the four 
liposome preparations.  
 
Likewise, the zeta-potential was surprisingly stable for all preparations during the first seven 

weeks, and then decreased by a mere -3 mV.  

Vesicles physical stability can also be assessed by measuring the absorbance at 450 nm over 

time (Figure 6.8). 

 
Figure 6.8. Normalised Absorbance at 450 nm over time of the four liposomes preparations. 

 
The turbidity of the four preparations was remarkably stable for eleven weeks after preparation. 

This is in agreement with the size-evolution over time. The suitability of lyophilisation was also 

tested, but unfortunately, the rehydratation of the lyophilised powder resulted in a considerable 

size increase in the vesicles and a low Dox entrapment. 

6.3.2. Spectroscopic and photophysical properties 

The absorption spectrum of Dox unimodal liposomes shows strong scattering, hindering the Dox 

absorption bands, which could be better appreciated once disrupted in THF (Figure 6.9,A). Figure 

6.9 B shows the bimodal absorption in buffer and THF, presenting an undistinguishable Dox 

0 1 2 3 4 5 6 7 8 9 10 11
-14

-12

-10

-8

-6

-4

-2

0

 

 

ze
ta

 po
te

nt
ial

 / 
m

V

nº of weeks after the synthesis

 Blank
 Dox
 PpIX
 Bimodal

0 1 2 3 4 5 6 7 10 11
0

100

200

300

nº of weeks after the synthesis

 

 

Siz
e /

 nm

 Blank
 Dox
 PpIX
 Bimodal

0 1 2 3 4 5 6 7 8 9 10 11
0.00

0.25

0.50

0.75

1.00

Blank
Dox
PpIX
Bimodal

nº weeks after the preparation

No
rm

al
iz

ed
 A

bs
or

ba
nc

e
 a

t 4
50

 n
m

170



  PpIX and Dox dual liposomes 

B 

 

 

 

 

A 

 

 

 

 

B 

 

 

 

 

A 

 

 

 

 

absorption due to its lower concentration in the vesicles. The typical bands of PpIX, including 

the Q-bands, could however be well distinguished. 

 
Figure 6.9. Absorption spectra of Dox unimodal (A) and bimodal (B) liposomes, including their absorption in aqueous 
solution at pH 7.8 and once they were disrupted in THF (1:50; liposomes aliquot:THF). The spectra of both agents in 
solution are given for comparison. Buffer stands for the mixture of citrate buffer and sodium carbonate until reaching 
pH 7.8. 
 
Figure 6.10 shows the fluorescence spectra of the unimodal and bimodal liposomes; panel A 

presents the Dox region and panel B the PpIX region. Dox in either unimodal or bimodal 

liposomes shows the same fluorescence spectrum but with a difference in the relation between 

maxima in comparison with free Dox. This fact likely indicates that a fraction of Dox was partially 

aggregated. Once the liposomes were disrupted in THF, the spectra show the same profile as for 

free Dox in this media. Conversely, PpIX shows a structured fluorescence spectrum even in 

aqueous suspension, which indicates that the molecules are localised in the bilayer without 

forming aggregates. In PpIX unimodal liposomes, the emission band showed well-structured 

bands upon excitation at 504 nm (data not shown). Once again, the spectrum peak was 3- 4 nm 

shifted to the red, compared with free PpIX in THF, as already described in chapter 5. 

 
Figure 6.10. Fluorescence emission spectra of the Dox (A) and PpIX (B) unimodal and bimodal liposomes. Free drugs 
in solution spectra are given for comparison. The λexc for Dox was set at 470 nm and at 632 nm in the case of PpIX. 
Buffer stands for the mixture of citrate buffer and sodium carbonate until reaching pH 7.8. 
 
The determination of fluorescence and 1O2 quantum yield (ΦF and ΦΔ) were determined as 

described in chapter 5. Figure 6.11 shows the absorbance and fluorescence emission spectra of 
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the unimodal liposomes. In all cases, the absorbance spectra of diluted blank liposomes were 

also recorded for scattering subtraction.  

 
Figure 6.11. Absorption (A and C) and fluorescence emission (B and D) spectra of Dox unimodal liposomes (dark red 
line), PpIX unimodal liposomes (blue line) and their references for the ΦF measurement. The grey lines correspond to 
the scattering corrected absorption of the liposomes. The vertical dashed lines in the absorption spectra indicate the 
excitation wavelength used for the determination of ΦF and ΦΔ. The references used were RB in water (dark green 
line) and TPP in toluene (orange line) for Dox and PpIX, respectively.  
 
It was not possible to determine ΦF for the bimodal liposomes due to the overlap of emission 

spectra between Dox and PpIX.  

Fluorescence decay kinetics for bimodal liposomes revealed two components for Dox inside the 

liposomes and two components for PpIX as well (Figure 6.12, Table 6.4), indicating two different 

populations of the excited singlet state in the vesicles. The main component for Dox unimodal 

liposomes showed the same lifetime as in aqueous solution (1.0 ns), which clearly indicates that 

the largest fraction was in the aqueous core. However, both in unimodal and in bimodal 

preparations, another component was detected, likely due to a fraction of aggregated Dox 

molecules. Likewise, PpIX showed two components, the main one with a lifetime slightly higher 

than in neat THF solution (11.6 ns), indicating that the environment of PpIX in the bilayer was 

more hydrophobic than THF. The second component (~5 ns) can be assigned to a minor 

population of PpIX aggregates inside the bilayer. 
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Figure 6.12. Time-Resolved Fluorescence decays of unimodal and bimodal liposomes in aqueous suspension at pH 
7.8, showing Dox (A) and PpIX (B) spectroscopic region. Panel A: λexc 502 nm, λobs 558 nm and panel B: λexc 502 nm, 
λobs 700 nm. The black line corresponds to instrumental response factor (IRF). 
 
Table 6.4. Fluorescence quantum yields, fluorescence lifetimes with their relative amplitudes of the Dox and PpIX 
loaded in liposomes in aqueous suspension. The respective values of both agents in free solution are also presented 
as reference.  
 

Sample Solvent λexc (λobs) 
/ nm τ1 / ns (A%) τ2 / ns (A%) ΦF

a 

free Dox aqueous pH 7.8 

502 
(500) 

1.0 (100%) - 0.04 ± 0.01 

Dox liposomes aqueous pH 7.8 1.0 ± 0.2 
(83.9%) 

3.8 ± 0.5 
(16.1%) 0.04 ± 0.04 

Bimodal liposomes aqueous pH 7.8 0.6 ± 0.1 
(77.9%) 

1.9 ± 0.5 
(22.1%) - 

free PpIX THF 

502  
(700) 

11.6 (100%) - 0.13 ± 0.01 

PpIX liposomes aqueous pH 7.8 15.9 ± 0.4 
(77.6%) 

6.9 ± 0.1 
(22.4%) 0.13 ± 0.02 

Bimodal liposomes aqueous pH 7.8 15.2 ± 0.6 
(79.4%) 

4.6 ± 0.7 
(20.6%) - 

a ΦF was found at λexc 500 nm and 504 nm for Dox and PpIX, respectively, as it is shown in Figure 6.11. 
Results are the mean ± SD of at least two independent experiments. 
 
The aforementioned hypothesis that the largest population of the agents was in a monomeric 

state was confirmed by ΦF measurements. Dox and PpIX in liposomes showed the same ΦF than 

their references in aqueous solution and in THF, respectively. 

Dox is well-known to produce a variety of ROS but its efficiency of 1O2 photosensitisation is low 

(ΦΔ= 0.03 in EtOH)20. Indeed, the signals collected from Dox liposomes cannot be adjusted due 

to the imperceptible 1O2 transient, which was under the detection limit. The temporal profile of 

the 1O2 signals at 1275 nm is presented for PpIX liposomes (unimodal and bimodal preparations, 

Figure 6.13). Variation of oxygen concentration allowed an unequivocal assignation of the 

lifetimes to the triplet state of the PS and to 1O2, because only the triplet state is quenched by 

oxygen (Table 6.5).  
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Figure 6.13. Time-resolved 1O2 phosphorescence under different oxygen concentration in aqueous suspensions of 
PpIX unimodal (A) and bimodal (B) liposomes. The λexc was at 532 nm in both cases. 
 
Data analysis (Table 6.5) of the signals presented in Figure 6.13 confirmed the assignment of the 

triplet and 1O2 populations in bimodal liposomes.  

 
Table 6.5. Time constants of 1O2 luminescence of PpIX unimodal and bimodal liposomes under different oxygen 
concentration.  
 

Sample Atmosphere  τT / μs τT / μs τΔ / μs 

PpIX 
Liposomes 

air 6.7 52.5 2.5 
O2 4.8 22.0 1.9 
Ar 7.7 29.8 2.8 

Bimodal 
Liposomes 

air 6.2 26.2 2.6 
O2 3.2 6.2 2.5 
Ar 7.4 23.6 2.9 

 
Data fitting yielded two triplet lifetimes, which indicates that the PS was localised in two 

different areas of the lipid bilayer. On the contrary, 1O2 decay was monoexponential, with a 

lifetime of ~2.5 μs in the H2O-based suspension. Although a biexponential decay of 1O2 might 

have been expected due to the presence of two independent PS-triplet species, the 

monoexponential decay indicates a single decay pathway for both populations. This fact 

suggests that, in this system, 1O2 decays predominantly in the external aqueous medium and not 

in lipid phase (12.2 μs)21 in agreement with the kinetic model proposed by Lee and Rodgers22. 

The overall conclusion is that 1O2 can escape easily from the liposomes and diffuse into the 

external aqueous phase during its lifetime.23,24  

 

The time constants of 1O2 luminescence and production quantum yields of the unimodal and 

bimodal liposomes are shown in Table 6.6. Two triplet lifetimes were registered, the longest one 

with a maximum 3% relative amplitude and the ~6.5 μs component, the latter being equal to 

the one found in chapter 5. The ΦΔ of PpIX in liposomes is in good agreement with literature 

value in PBS with Triton X-100.  
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Table 6.6. Time constants of 1O2 luminescence and ΦΔ of unimodal and bimodal liposomes. Data of the free Dox and 
free PpIX in aqueous solution and in THF, respectively are shown as reference. Both were excited at 532 nm and 1O2 
phosphorescence was recorded at 1275 nm. 
 

Sample Solvent τT,1 / μs τT,2 / μs τΔ / μs ΦΔ 
free Dox  water - - - 0.0120  

Dox liposomes aqueous pH 7.8 - - - - 
Bimodal liposomes aqueous pH 7.8 - - - - 

free PpIX THF 0.3 - 21.3 0.56a 
PpIX liposomes aqueous pH 7.8 6.6 ± 0.2 17.5 ± 8.3  2.6 ± 0.1  0.55 ± 0.07 

Bimodal liposomes aqueous pH 7.8 6.4 ± 0.1 38.7 ± 19.5  2.7 ± 0.1  0.53 ± 0.02 
a Value found in literature in PBS with Triton X-100. 
Results are the mean ± SD of at least two independent experiments, except for the free drugs in solution. 

6.3.3. Cell viability studies 

The results of this section were obtained by Dr. Angeles Villanueva and Mrs Andrea Tabero at 

the Universidad Autónoma de Madrid and are included here to facilitate the interpretation of 

results. 

HeLa cells were incubated in the dark with different free Dox and PpIX concentrations for 18 h. 

Afterwards, cells with PpIX were exposed to 2 J·cm-2 of red light and cell viability was assessed 

24 h after the treatment (in the case of PpIX) and after the incubation (for Dox; Figure 6.14). 

These results allowed the assessment of the half-maximal inhibitory concentration (IC50), which 

indicates how much drug is needed to cause a 50% reduction in cell viability. 

 
Figure 6.14. Cell viability or cell survival (expressed in percentage) 18 h after incubation with free PpIX and free Dox 
at various concentrations. Evaluation of the cell viability through the colorimetric MTT assay that was carried out 24 
h after the incubation. In the case of PpIX, the cells were exposed to red light irradiation (2 J·cm-2) before the MTT 
assay. (ns: not significant) 
 
The optimal IC50 concentrations of free drugs were extrapolated for liposome concentrations, 

which were 0.5 μM for Dox and 2.5 μM for PpIX, the ratio being Dox:PpIX 1:5. Once the optimal 

concentrations were found, the cell viability was assessed following the protocol above (MTT 

assay) 24 and 72 h after the treatment, comparing unimodal liposomes, unimodal combination 

and bimodal liposomes (Figure 6.15). 
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Figure 6.15. Cell viability 24 h (left panel) and 72 h (right panel) after PDT treatment (2 J·cm-2) with unimodal and 
bimodal liposomes. 
 
The irradiation of control cells did not produce any considerable differences in the cell viability 

in the experimental conditions. Blank liposomes, despite not showing the data, did not present 

any decrease in cell viability. The Dox unimodal liposomes showed a 15% reduction when the 

MTT was carried out 72 h after the irradiation. On the contrary, PpIX liposomes reduced their 

effect on time and cell viability increased by 12% when samples were analysed 72 h after the 

treatment. PpIX unimodal liposomes were not cytotoxic in dark conditions (viability of 92.7%), 

while after the PDT treatment the viability slightly decreased.  

The analysis of combined treatments were evaluated according to the method written by 

Valeriote and Lin, as was done in chapter 5:25  

Synergism: [A + B] < [A] x [B]  

Additivity: [A + B] = [A] x [B] 

Subadditivity: [A] x [B] < [A + B] < [A], when [A] < [B] 

where [A] and [B] represent the cell viability for the individual treatment of compounds A and B 

(Dox and PpIX), whereas [A + B] represents the cell viability for the combined treatment, either 

the administration of the bimodal liposomes or the unimodals combined (referred in the graph 

as combined). 

The MTT carried out 24 h after treatment showed that the cell viability of the combined 

formulations slightly decreased, leading to a subadditive-additive effect. While the analysis of 

MTT at 72 h presented a remarkable reduction in the combined cell viability, yielding a 

synergistic effect. Unlike CPT-11+PpIX liposomes, this system did not present any difference 

between the combined treatments. Therefore, the fact that both agents were encapsulated in 

the same carrier does not seem to imply a greater effect.  

As we have described in chapter 5, the morphological changes of PpIX liposomes 10 days after 

treatment resulted in many resistant cells which continue proliferating under our experimental 
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conditions. These resistant cells also appeared at the 72 h MTT for PpIX liposomes. However, 

with the combined and bimodal system these living cells did not proliferate, demonstrating the 

effectiveness of the combined therapy. The ultimate cell viability values for unimodals combined 

and bimodal liposomes were 28.8% and 27.0%, respectively. 

6.3.4. Subcellular localisation and morphological changes 

The results of this section were obtained by Dr. Angeles Villanueva and Mrs Andrea Tabero at 

the Universidad Autónoma de Madrid. 

Figure 6.16 shows the subcellular localisation of the unimodal liposomes 18 h after incubation 

by confocal microscopy and its overlapping with DIC. PpIX, when administered in liposomes, was 

distributed with a special accumulation in the vicinity of the plasma membrane. In the case of 

unimodal liposomes, Dox was mainly distributed in the nuclei although it can also be observed 

as a dotted pattern in the perinuclear region. 

 
Figure 6.16. Subcellular localisation of the PS/drug administered individually in liposomes. The samples were analysed 
18 h after incubation by confocal microscopy (left panels) and the merging with DIC (right panels). Scale bar= 15 μm. 
 
The localisation of PS/drug in the bimodal liposomes was not assessed because of the 

overlapping of both absorbance and fluorescence. However, most likely the PS/drug are 

localised in the same cellular regions, since the carrier is the same. This was exactly what we saw 

in chapter 5, whereby no clear differences were detected between unimodal and bimodal 

liposomes. 
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Another feature of a good DDS is the enhancement of the drug accumulation in the diseased 

tissue. Some uptake experiments were carried out by flow cytometry, showing that PpIX and 

Dox signals had a higher intensity when they were encapsulated in liposomes. It may be caused 

by a higher accumulation rate or by a slower release from the cell in comparison with the 

administration of the free drugs (data not shown). 

 

The treatment with Dox or PpIX liposomes in HeLa cells resulted in different cellular 

morphologies revealed 24 h from incubation (Dox liposomes) and PDT treatment (PpIX and 

combined liposomes) by DIC (Figure 6.17). 

 
Figure 6.17. Morphological changes of HeLa cells after the treatments in phase contrast or DIC. The cells were 
incubated with unimodal, unimodals combined or bimodal liposomes and visualised directly 24 h after irradiation. 
The arrowheads point out apoptotic cells and arrows, cells in division. Scale bar = 25 μm. 
 
Dox produced an increase in the cellular size, resulting in larger and flatter cells than the control 

ones. It is worth noting that there were practically no cells in division, and the few metaphases 

were probably altered as it happened for CPT-11 liposomes. Moreover, cells with some typical 

apoptotic features can be observed in a low percentage. Some of these features are the rounded 

morphology with chromatin condensed and fragmented, and packed into apoptotic bodies 

(Figure 6.17, arrowhead). The fact that Dox liposomes trigger the apoptotic pathway as the main 

mechanism in HeLa cells death is supported by many articles, principally when it is in 

combination with PDT.16,18,26,27 

PpIX liposomes produced an increase in number of cells in division, resulting in a higher number 

of metaphases (round-shape cells, Figure 6.17, arrows), possibly because of a metaphase arrest. 

Moreover, many cells had undergone apoptosis 24 h after PDT, as deduced again from cell 
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shrinkage, chromatin condensation and nuclear fragmentation (Figure 6.17, arrowhead). 

Contrary to Dox treatment, PpIX did not produce an increase in cellular size. 

The combined treatment, either the bimodal liposomes or the combination of unimodals, 

produced similar effects. Any combined treatment resulted in a combination of individual effects 

of both PpIX and Dox. Therefore, an increase in the cellular size was observed, inherent in Dox 

treatment, and many apoptotic cells. 

6.3.5. Active targeting with Herceptin® 

The active targeting process followed the same protocol that was previously described in 

chapter 5 (subsection 5.3.5). Briefly, TZ was thiolated with 2-iminothiolane in the same 50 mM 

phosphate buffer at pH 8. Moreover, bimodal or blank liposomes were prepared adding 1.6% of 

the pegylated Mal-terminated lipid (DSPE-PEG2000-Mal), in a molar ratio EPC:CHOL:DSPE-PEG2000-

Mal 7:3:0.16. Blank liposomes were also prepared as control. Theoretically, in the reaction with 

thiolated TZ and functionalised liposomes, the free maleimide group of the surface reacts with 

the sulfhydryl on the protein, obtaining a stable conjugate with a thiother bond. This reaction 

was carried out overnight, protected from light, under Ar atmosphere and in the same aqueous 

mixture at pH 7.8. In addition, another batch of bimodal liposomes was also prepared but with 

DSPE-PEG2000, which does not bear the maleimide group, and hence the TZ binding is prevented. 

After the conjugation and purification through a Sepharose CL-6B column, the fractions were 

analysed by absorbance and fluorescence spectroscopy. 

 
Figure 6.18. Absorption spectra of the fractions collected from the Sepharose CL-6B column of actively targeted blank 
liposomes (A) and actively targeted bimodal liposomes (B). The column was eluted with the same extraliposomal 
medium at pH 7.8. 
 
The absorbance analysis of the fractions collected clearly showed that blank targeted-liposomes 

were in F1, the one which contains liposomes and protein. While in the case of bimodal targeted-

liposomes were in F1 and F2 (Figure 6.18). The fractions of both samples were also analysed by 
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fluorescence in order to ascertain that Trp, PpIX and Dox were in each fraction (Figure 6.19 and 

6.20). 

Figure 6.19 shows the fluorescence of Trp residues (from the antibody) of each collected fraction 

in the sample of blank liposomes. Although the highest amount of protein was collected in F2 

and F3, a significant fluorescence was also registered in F1, where the liposomes scattering were 

also observed by absorbance. This light dispersion could also be noted at the beginning of the 

fluorescence F1 signal. 

 
Figure 6.19. Fluorescence emission spectrum of Trp residues of each collected fraction in the sample of blank 
liposomes. The λexc was 280 nm. 
 
Something similar occurred with the sample of bimodal liposomes. The highest intensity signal 

of Trp residues was seen in F3 and F4 fractions, which did not have liposomes (i.e., PpIX or Dox's 

fluorescence were not detected, Figure 6.20). However, F2 still had fluorescence coming from 

PpIX, Dox and Trp residues, thus it was the fraction selected for further cell tests.  

It is worth noting that fluorescence coming from the PS/drug were in the same fractions and 

roughly with the same intensity. This fact is indicative of both agents being trapped in liposomes, 

in contrast to what happened in chapter 5.  

 
Figure 6.20. Fluorescence emission spectra of PpIX, Dox and Trp, in the fractions collected from the Sepharose CL-6B 
column for the sample of bimodal liposomes. The λexc was 280, 470 and 632 nm for Trp, Dox and PpIX, respectively.  
 
The PS/drug concentration was quantified after the TZ covalently bound reaction, and 

fortunately, the ratio Dox:PpIX 1:5 was maintained. Moreover, the lipid concentration was also 

assessed through the normal procedure. The concentration of the conjugated Herceptin were 
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roughly estimated using the extinction coefficient in aqueous suspension (ε280nm = 225,000 M-

1·cm−1)28 and with the scattering absorbance subtraction. The contribution of Dox at 280 nm was 

not considered due to the low concentration in the sample. The TZ concentration was around 

0.8 μM. 

These results are preliminary, and thus further experiments need to be carried out in order to 

optimise the conjugation reaction between the TZ and the functionalised liposomes. Some 

conditions such as the reaction time or the equivalent ratio TZ:DSPE-PEG2000-Mal should be 

modified in order to improve the conjugation yield. 

Before the biological evaluation of these systems, the liposomes were characterised before and 

after the TZ conjugation to ensure similar size and zeta-potential.  

 
Table 6.7. Size and zeta-potential characterisation of blank and bimodal liposomes before and after the TZ conjugation 
reaction. 
 

Formulation Encapsulated drug Z-ave (nm)a PIb ζ-pot (mV)c 
Liposomes-PEG-Mal - 144 0.28 -13 
Liposomes-PEG-Mal PpIX + Dox 141 0.26 -11 

Liposomes-PEG PpIX + Dox 155 0.39 -11 
Liposomes-PEG-TZ - 153 0.68 -7 
Liposomes-PEG-TZ PpIX + Dox 158 0.62 -9 

a Particle size measured as Z average mean       
b Polydispersity Index       
c Zeta-potential       
Values reported from one experiment 
 
All liposomes with the pegylated lipid (either DSPE-PEG2000-Mal or DSPE-PEG2000) showed a 

negative zeta-potential around -12 ± 1 mV, which supposed a reduction of 3 mV on average 

compared to those without these lipids. This reduction was due to the negatively-charged 

pegylated lipid, although it just represents 1.6% of the total lipid. Likewise, when the pegylated 

liposomes were conjugated with TZ, the zeta-potential slightly increased. This measurement 

provides information about the conjugation since TZ has an isoelectric point (pI) of 8.5,29,30 with 

an overall cationic nature at pH 7.8. Therefore, the slight increase in zeta-potential value 

supported the successful TZ conjugation with liposomes. On the other hand, the hydrodynamic 

diameter of liposomes with PEG increased around 20 nm compared to those without DSPE-

PEG2000. However, once the liposomes were conjugated with TZ, the size increased 13 nm on 

average for both conjugated liposomes, which nicely corresponds with the TZ size.31  

The bimodal immunoliposomes were tested against HER2-positive breast cancer cells (BT-474) 

and HER2-negative cell line (HeLa). The p185HER2 (human epidermal growth factor receptor 2) 

receptor is upregulated in human cancers of several histology (breast, ovarian, and prostate) 
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with a low basal expression in normal tissues, it allows cancer-specific delivery with HER2 

monoclonal antibody conjugation.18 Focusing on breast cancer, approximately the 20% of cases 

are HER2-positive, and indeed are more aggressive and tend to reoccur more often than HER2-

negative.30  

Many reports describe the better drug accumulation normally because of an increased receptor-

mediated internalisation in tumours and a higher therapeutic efficacy over untargeted 

nanocarriers.32–34  

 
Figure 6.21. Cell viability of two different cell lines (HER2 negative and positive) with TZ-conjugated blank liposomes, 
TZ-conjugated bimodal liposomes and non-targeted bimodal liposomes. The MTT was carried out 24 h after the light 
treatment (2 J·cm-2). (ns: not significant) 
 
Two cancer lines (HeLa and BT-474) were used to investigate the anticancer actions of the 

formulations. HeLa cells are a HER-negative, while BT-474 is a breast cancer line HER2-positive. 

Therefore, a comparative evaluation of cytotoxicity against these cell lines could provide a good 

understanding of the contribution of TZ in targeting HER2-positive breast cancers. Cytotoxicity 

measures were assessed 24 h after incubation and irradiation (2 J·cm-2), comparing bimodal 

liposomes with and without the linked TZ (Figure 6.21). At the same drug concentration as 

before (corresponding to 0.45 μM Dox and 2.5 μM PpIX), BT-474 cell viability after 24 h of 

treatment was 57.3% and 44.7% for bimodal and TZ-linked bimodal liposomes, respectively. The 

results indicated that TZ-linked liposomes were slightly more cytotoxic (p > 0.05) than the non-

actively targeted liposomes. This may be due to the interaction between TZ and HER2 receptors 

in these cells, which makes internalisation of TZ-bimodal liposomes through receptor-mediated 

endocytosis somewhat more efficient. However, TZ-bimodal liposomes did not cause significant 

higher cytotoxicity than the non-targeted liposomes in HeLa cells. HeLa cell viability after 24 h 

of treatment was 46.4% and 47.8% for non-targeted and TZ-linked bimodal liposomes.  
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After treatments with targeted and non-targeted liposomes at different times, changes in cell 

morphology and a decrease in the number of viable BT-474 (HER2-positive) cells were observed 

(Figure 6.22). 

 
Figure 6.22. Morphological changes of BT-474 cells at different times after the light treatment with DIC microscopy. 
The cells were incubated with TZ-conjugated blank liposomes, TZ-conjugated bimodal liposomes and non-targeted 
bimodal liposomes visualised 24 h after the incubation, 5 h and 48 h after the light irradiation. 
 
Blank-conjugated liposomes did not show any significant toxicity, but in comparison with control 

cells there was a lower cell proliferation. Bimodal-conjugated liposomes showed a high toxicity 

even before the irradiation, most likely because of the Dox effect, perceiving a clear apoptotic 

morphology. Moreover, most of the cells after the PDT activity lost their adhesion to the culture 

substrate. Conversely, non-targeted liposomes were somewhat cytotoxic before the light 

treatment, but especially once irradiated. However, 48 h after the treatment there were still 

some cells with a viable morphology. 

On the other hand, the changes in cell morphology after treatments with targeted and non-

targeted liposomes at different times in HeLa (HER2-negative) cells were also observed (Figure 

6.23). 
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Figure 6.23. Morphological changes of HeLa cells at different times after the light treatment with DIC microscopy. The 
cells were incubated with TZ-conjugated blank liposomes, TZ-conjugated bimodal liposomes and non-targeted 
bimodal liposomes visualised 24 h after the incubation, 5 h and 48 h after the light irradiation. 
 
Once again, blank-conjugated liposomes did not show any significant toxicity and they seem not 

to affect the cellular growth, clearly perceived 48 after treatment in comparison with control 

cells. Bimodal-conjugated liposomes showed some toxicity before the irradiation. However, 

some apoptotic features were observed 5 h after irradiation, but still some viable cells were 

detected latter on. Non-targeted liposomes also presented some live cells after the light 

treatment.  

All in all, the main cell death mechanism observed with bimodal liposomes was apoptosis. 

Although the results presented must be considered preliminary and further experiments need 

to be done in order to assess this effect, some promising outcomes were obtained. On the one 

hand, almost no alive cell remained after the treatment with targeted-liposomes. On the other 

hand, the presence of many viable cells were observed with a non-targeted liposome treatment, 

demonstrating some additional effects when the TZ was covalently bound. 

6.4. Conclusions 

We have investigated the photodynamic activity of the dual system PpIX and Dox delivered to 

cancer cells using an optimised liposomal formulation. Additionally, we have prepared unimodal 

liposomes loaded separately with each drug to compare their photophysical properties.  

Liposomes of EPC:CHOL 7:3, prepared by a microemulsification method, had a diameter of 

around 130 nm that grew to 150 nm approximately when they contained Dox. In all cases, the 

liposomes had a near-neutral zeta-potential and an entrapment efficiency above 90%. It is worth 
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noting that in bimodal liposomes the molar ratio of both drugs was kept according to the IC50 

relationship, being 1:5 Dox: PpIX. The results of the turbidity and size measurements over time 

were remarkably stable for all formulations.  

The unique fluorescence lifetime of Dox revealed a preferential location in contact with the 

aqueous core of liposomes, which was in agreement with the ΦF value. Fluorescence decay 

kinetics indicated two different populations of the excited singlet state in the vesicles. The main 

component had the same lifetime as the reference in aqueous solution (1.03 ns), and the other 

component likely due to a fraction of aggregated Dox molecules. The 1O2 signals could not be 

adjusted due to the imperceptible transient which is under the detection limit.  

PpIX, even in aqueous suspension, showed a structured fluorescence profile which was 

indicative that the molecules were well-accommodated in the bilayer. Fluorescence decay 

lifetimes showed a second component that likely corresponds to a minor population (20%) of 

PpIX aggregated molecules. The value of ΦΔ was equal in both unimodal and bimodal liposomes 

or even higher than the literature value in solution, which means a low or non-existent self-

aggregation. 

The dual activity of Dox and PpIX liposomes was evaluated in vitro against HeLa cells by the MTT 

cell viability assay, carried out 24 h and 72 h after the treatment. The results obtained for the 

combination of Dox and PpIX were slightly diverse compared to those obtained for the CPT-11 

and PpIX combination. Unimodal PpIX liposomes upon light rendered a low cell viability 

decrease, which is responsible for the small differences between dark and irradiated samples. 

However, both the combined unimodals and the bimodal liposomes considerably decreased the 

cell viability 72 h after the treatment. The resistant cells after PDT treatment (also observed in 

chapter 5) which continue proliferating under our experimental conditions, clearly cannot live 

after the combined treatment. This proved the effectiveness of the combined therapy, yielding 

a synergistic effect for unimodals combined and bimodal liposomes. However, the overall effect 

achieved was slightly minor to the one observed with bimodal liposomes in chapter 5 (a 

decrease of 27.0% in cell viability compared to a 13% cell viability with CPT-11 and PpIX). 

Furthermore, contrary to what happened in chapter 5, this formulation did not show a different 

effect between the combination of unimodals combination and the bimodal liposomes.  

Finally, the results obtained for the TZ-covalent conjugation to the bimodal liposomes, although 

preliminary, were encouraging. However, further experiments need to be done in order to 

ensure the results presented. A better explanation of the outcomes could probably be further 

discussed in some months. 
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Taking everything into consideration, the results presented here showed the development of a 

dual therapy system, targeting different cellular/molecular pathways. We proved that 

phospholipid-cholesterol liposomes possess optimum properties for the encapsulation of both 

PpIX and Dox. We also demonstrated that there is a clear improvement in the cytotoxic effect in 

cells when the combined liposomes, either bimodal liposomes or a combination of unimodals, 

are administered. 
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General discussion 
 

 

 

A general discussion of the entire work presented along the previous chapters as 

well as a brief discussion about the future research in the combined therapies and 

photodynamic therapy is comprised in this chapter. 

 

 

 

 

 

 



 



  General discussion 

7.1 General discussion and future perspectives 

The results presented along the previous chapters can be considered as an overview of drug 

delivery systems development in PDT, and in some cases used in combination with other 

therapies (Figure 7.1). 

 
Figure 7.1. Brief overview of the fields studied during this thesis. 

 

The work presented deals mainly with the study of two different biodegradable and 

biocompatible nanocarriers as DDSs. Nanotechnology applied in nanomedicine has been 

exploited during many years, offering many advantages in several diseases treatments. Even 

today, is a current important research topic with a high impact on the scientific community.1 

Nanostructures for drug delivery as the ones presented in this thesis offer many advantages: 

 Improve the stability of hydrophobic drugs (most of the PSs) rendering them suitable for 

administration. 

 Improve the biodistribution and pharmacokinetics, resulting in improved efficacy. 

 Reduce adverse effects as a consequence of favoured accumulation at target sites. 

 Decrease the toxicity by using biocompatible nanomaterials. 

Specifically, two different blocks can be distinguished in the thesis with completely diverse 

applications: proteins used for aPDT purposes and liposomes for the in vitro treatment against 

cancer cells. As a first approximation, we have explored the role of both drug and PS and the 

nanocarrier itself for a better understanding on the physicochemical and photophysical 

properties. We also have pursued the adequacy of biodegradable nanoplatforms in their activity 

in vitro, which we have realized that many times there is not a direct correlation between higher 

ΦΔ and more effective cell photoinactivation. 
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Regarding the protein nanocarriers, we have successfully demonstrated the formation of two 

Hyp stable complexes with apoMb and βLG. In both cases, Hyp spontaneously binds the protein 

cavity mainly driven by simply hydrophobic interactions. In apoMb, Hyp binds in the well-defined 

hydrophobic pocket where the haem group is normally placed. Whereas in βLG, Hyp binds into 

the clefts formed at the interface between monomers, more favourable in the narrow cleft 

where the PS is largely occluded from the solvent. Both complexes still preserved the Hyp 

fluorescence, thus can be considered as a nanovehicle in theranostics applications, although this 

possibility has not been further considered. Moreover, it has been assessed the photosensitising 

properties of Hyp yielding a respectable value of ΦΔ= 0.13 approximately in both proteins, in the 

case of βLG coated with DMSO. This ability of 1O2 production led to an effective 

photoinactivation of S. aureus with a light fluence of 18 J·cm-2 for Hyp-apoMb (Figure 7.2, B). 

Conversely, Hyp-2βLG complex only induced a relevant S. aureus inactivation with the same light 

fluence in the absence of DMSO. These results demonstrates that the improved photophysical 

properties of the delivery system are not necessarily translated into more effective 

photoinactivation of bacterial cells, as it has been aforementioned. Indeed, in this particular 

case, the increase observed in fluorescence, triplet, and singlet oxygen yielded in the presence 

of DMSO, turned out to be detrimental to the antibacterial treatment. This most likely arises 

from a change in the interaction between Hyp-2βLG and the cellular constituents, which 

prevents DMSO coated nanostructure from reaching more photosensitive regions in the 

bacterial wall (Figure 7.2, C).  

 
Figure 7.2. Three possible scenarios that demonstrate that high 1O2 production are not translated into more effective 
photoinactivation. Scenario A is related to liposomes activity, B to Hyp-apoMb and Hyp-2βLG in PBS activity and C to 
Hyp-2βLG in the presence of DMSO, because the patches of this solvent persist when the complex is bound to bacteria 
cell, preventing that 1O2 reaches photosensitive regions in bacteria walls. 
 

Likewise, a decrease of 6 log units in the number of B. Subtilis CFUs upon irradiation was induced 

by the Hyp-2βLG complex. It is worth noting that in most cases a slight reduction of the dark Hyp 

toxicity was achieved with protein complexes.  

↑interaction with target environment
Even if ↓1O2 results in a ↑cell damage

Less interaction with target environment
Even if ↓1O2 results in a ↑cell damage

1O2

1O2

1O2

1O2
1O2

No interaction with target environment
Even if ↑1O2 results in a ↓cell damage

A B C

1O2

1O2

1O2
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As many experimental evidences suggested, Hyp remained inside the protein cavity even after 

the incubation with bacteria cells, which likely means that was all the nanosystem the one 

responsible for the efficient photoinactivation (Figure 7.2, B and C).  

It has been demonstrated that both pharmacologically active Hyp compounds precludes its 

aggregation and efficiently photoinactivate S. aureus bacteria upon green light exposure. The 

overall efficiency is the result of a combination of suitable photosensitisation yield and 

interaction with the target environment. Specifically, Hyp-2βLG complex has an interesting 

potential in dairy industry processes, which has been suggested to be introduced as an effective 

disinfectant for food manufacturing and handling materials since the protein is widely found in 

the whey of cow milk.  

 

The second cornerstone in the thesis was to explore the PDT combination with other therapies. 

PDT is an excellent therapeutic partner because is largely non-toxic in the absence of light. In 

the field of antimicrobials and antifungals, there are only a few reports on the combination of 

traditional treatments with aPDT. Unfortunately, little is known about the protocols used and 

only some reports can bring light to the dark.2,3 As a first attempt, the double payload system 

formed by Hyp and RA bound to the βLG protein was studied. First, the formation of a complex 

between βLG and RA, which seems to be placed close to the Trp19 cavity has been successfully 

demonstrated. Surprisingly, the fluorescence of Hyp was quenched by RA, which rendered a 

photochemically innocuous delivery nanosystem. Both types of quenching (dynamic and static) 

were demonstrated to occur. Even more interesting was that the photophysical properties of 

Hyp-βLG complex were restored in the presence of S. aureus bacteria due to the transfer of RA 

from the protein complex to the cells. This fact suggests a strong potential for the treatment of 

bacterial infections. This dual encapsulation of a PS with a conventional drug against acne can 

be exploited as a system for combined therapy which targets different cellular pathways, 

increasing the chances of combating the disease. 

The second main block of the thesis is related to the work with liposomes as nanocarriers for 

combined therapy. In this particular case, liposomes where chosen as nanovehicles for both PS 

and chemotherapeutic drug due to allows the encapsulation of high payloads of either 

hydrophilic or hydrophobic agents.4 Moreover, these nanocarriers can be accumulated 

preferentially at tumour, inflammatory and infectious sites by virtue of the enhanced 

permeability and retention (EPR) effect.  
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Two different formulations has been optimised for this purpose, encapsulating PpIX and two 

different drugs, CPT-11 in the first formulation and Dox in the second one. The bimodal 

formulations with both agents entrapped and their unimodal counterparts, having each drug 

loaded in separate liposomes, have been evaluated in both cases. The photophysical properties 

allowed us to confirm that PpIX loaded into the vehicles was photochemically active, and both 

PS and drug were mainly in the monomeric form. Surprisingly, the CPT-11 ability to 

photosensitise 1O2 when was excited at 355 nm was measured. Just a few articles demonstrated 

that upon UVA excitation the camptothecin (i.e., the irinotecan active core) was able to produce 

singlet oxygen and free radicals.5,6 

The dual activity of CPT-11 or Dox and PpIX delivered in liposomes was evaluated in vitro against 

HeLa cancer cells. In the case of CPT-11 and PpIX, cell viability decreased considerably after the 

treatment with the combination of both unimodal liposomes, which led to an additive-

synergistic effect. Whereas after the treatment with bimodal liposomes, the effect observed was 

clearly synergistic compared to the individual treatments. Therefore, the fact that both agents 

were encapsulated in the same carrier may imply a more effective therapy, ensuring that the 

dual therapy took place in the same cell or surroundings. On the one hand, the fact that ΦΔ of 

PpIX was remarkably higher for the unimodal liposomes did not affect the PDT efficacy of the 

bimodal formulation, because of, as confocal studies proved, PpIX was internalised by cells 

mostly without the vehicle (Figure 7.2, A). For this system, the conjugation with the active 

targeting vector was not achieved.  

The results obtained for the combination of Dox and PpIX were slightly diverse. Unimodal PpIX 

liposomes upon light rendered a low cell viability decrease, which was responsible for the small 

differences between dark and irradiated samples. However, both the combined unimodals and 

the bimodal liposomes considerably decreased the cell viability assessed by the MTT analysis 

carried out 72 h after the treatment. For this particular system, the active targeting vector was 

successfully attached to the liposome surface through a covalently linked between the free 

maleimide group of the liposomes and the sulfhydryl group on the protein. The bimodal 

immunoliposomes were slightly more cytotoxic (p > 0.05) than the non-actively targeted 

liposomes, despite being preliminary results. 

The advantages of combining both chemotherapeutic and PDT modalities are that they target 

different key signals transduction pathways and should be more efficient in destroying cancer 

cells, eluding the cellular resistance mechanisms (Figure 7.3).7 Indeed, few reports and 

preclinical studies show that the combined treatment allows a reduction of the dosage of 
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individual drugs and consequently a lessening of important side effects, while the overall efficacy 

is preserved or even increased.8–12  

 
Figure 7.3. Schematic illustration of the steps followed with a dual drug delivery system through a combined therapy. 
After being injected, the nanocarrier is uptake by cells (better selectively by tumour cells).While the 
chemotherapeutic drug is already active (in the nucleus), the PS needs the light irradiation to generate ROS species 
and cause cell death. The result is the targeting of different cellular/molecular pathways which produce a high cell 
damage eluding the cellular resistance mechanisms. 
 

Furthermore, the high ΦF of the PpIX could be considered for theranostics purposes and be 

useful for diagnose and treat diseases in one step. 

Altogether, the results presented in this thesis proof the importance of the PS localization for a 

better effective PDT treatment, which results in a combination of suitable photosensitisation 

yield and interaction with the target environment. Moreover, the combined therapy requires 

knowledge of different fields, such as cell culture and nanotechnology in order to successfully 

rationalise a good combined therapy nanostructure. In this way, we have developed two 

nanoplatforms that show promising results as nanocarriers for combined therapy. The 

liposomes with the dual payload overcome resistance and improve the effectiveness of the 

individual treatments. 

Many advances has still been done in DDSs in a way to obtain more controllable drug release 

nanostructures such as stimulus-responsive carriers, or introducing a 1O2-sensitive linker which 

trigger the release.13–15 The other major hurdle of DDSs is the demand of a better selectivity over 

malignant tissue thus in recent years most of them has been actively targeted.10  
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1O2
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Conclusions 

1. A stable hypericin-apomyoglobin complex has been successfully assembled. It preserves 

the photophysical and photosensitising properties of hypercicin, effectively 

photoinactivates S. aureus bacteria upon exposure to visible light, and shows lower dark 

toxicity than free Hyp.  

2. A complex between β-lactoglobulin and hypericin has been constructed and successfully 

used to photoinactivate gram-positive bacteria. Coating its surface with DMSO considerably 

improves its photophysical properties, yet detracting from its antibacterial activity. This 

biocompatible complex has potential in dairy industry processes as an effective disinfectant 

for food manufacturing and handling materials. 

3. A ternary complex between retinoic acid, hypericin and β-lactoglobulin has been assembled 

and characterised. Retinoic acid quenches the excited states of hypericin, rendering a 

photochemically innocuous complex. However, in the presence of S. aureus bacteria, 

retinoic acid is transferred from the protein to cells and the photosensitising properties of 

the complex are restored. This ternary nanosystem may be of interest for the combined 

treatment of bacterial infections. 

4. A liposomal formulation has been developed that encapsulates both protoporphyrin IX and 

irinotecan with high efficiency and high drug payloads. The photophysical properties and 

singlet oxygen production ability of encapsulated protoporphyrin IX remain close to those 

in solution, facilitating its photodynamic activity. This dual drug formulation shows a 

synergistic killing effect against HeLa cancer cells. This dual nanosystem may be of interest 

for the combined treatment of cancer. 

5. A liposomal formulation has also been developed that encapsulates both protoporphyrin 

IX and doxorubicin, also with high efficiency and high drug payloads. The photophysical 

properties and singlet oxygen production ability of encapsulated protoporphyrin IX remain 

close to those in solution, facilitating its photodynamic activity. This dual drug formulation 

shows a synergistic killing effect against HeLa cancer cells, however at later times than the 

protoporphyrin IX-irinotecan formulation. This dual nanosystem may therefore be also of 

interest for the combined treatment of cancer.  
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List of abbreviations 

aPDT Antimicrobial photodynamic therapy 

ApoMb Apomyoglobin 

AUC Area under the curve 

CHOL Cholesterol 

CPT-11 Irinotecan 

DDS Drug delivery system 

DIC Differential interference contrast 

DL Drug loading 

DMSO Dimethyl sulfoxide 

DOPS L-α-dioleoyl-phospathidylserine 

Dox Doxorubicin 

DSPC L-α-distearoyl-phospathidylcholine 

DSPE L-α-distearoyl-phosphoethanolamine 

EE Entrapment efficiency 

EPC Egg L-α-phosphatidylcholine 

EPR Enhanced and permeability retention effect 

ER endoplasmic reticulum 

EtOH Ethanol 

FDA Food and drug administration 

Hyp Hypericin 

IC50 Half-maximal inhibitory concentration 

IUV Intermediate unilamellar liposome 

LFP Laser flash photolysis 

mAb Monoclonal antibody 

Mb Myoglobin 

MLV Multilamellar vesicles 

NIR Near-infrared radiation 

NP Nanoparticle 

PDT Photodynamic therapy 
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PEG Poly-(ethylene glycol) 

PpIX Protoporphyrin IX 

PS Photosensitiser 

RA Retinoic acid (Tretinoin) 

ROS Reactive oxygen species 

STED Stimulated emission depletion 

THF Tetrahydrofuran 

Tm Phase transition temperature 

Trp Tryptophan 

TZ Trastuzumab 

UV Ultraviolet 

βLG β-lactoglobulin 

1O2 Singlet oxygen 

3O2 Molecular oxygen 

λ Wavelength 

ФF Fluorescence quantum yield 

ФΔ Singlet oxygen quantum yield 

τΔ Singlet oxygen lifetime 

τT Photosensitizer’s triplet lifetime 

τT Fluorescence emission lifetimes 
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