N

N

Design of photoactivatable drug delivery systems made
of lipids and porphyrins or lipid-porphyrin conjugates
for the controlled release of active pharmaceutical
ingredients

Julien Massiot

» To cite this version:

Julien Massiot. Design of photoactivatable drug delivery systems made of lipids and porphyrins or
lipid-porphyrin conjugates for the controlled release of active pharmaceutical ingredients. Medicinal
Chemistry. Université Paris Saclay (COmUE), 2018. English. NNT: 2018SACLS290 . tel-03375646

HAL Id: tel-03375646
https://theses.hal.science/tel-03375646v1
Submitted on 13 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03375646v1
https://hal.archives-ouvertes.fr

@@= UNIVERSITE

®
universite B as SERRIS | B,

PARIS-SACLAY

PARIS-SACLAY UnlverSIté.PARIS-SACLAY

Conception de nanomédicaments
photostimulables a base de lipides
et porphyrines ou de conjugues
lipide-porphyrine pour la libération
contrblée de substances actives

NNT : 2018SACLS290

Thése de doctorat de I'Université Paris-Saclay
préparée a 'université Paris-Sud (Faculté de Pharmacie)

ED569 : Innovation thérapeutique : du fondamental a I'appliqué (ITFA)
Pdle: Pharmacotechnie et Physico-chimie Pharmaceutique

Thése présentée et soutenue a Chatenay-Malabry, le 12 Octobre 2018, par

Julien MASSIOT

Composition du Jury :

Stéphanie Bonneau
Maitre de conférences,
Université Pierre et Marie Curie (UPMC) Rapporteure

Vincent Sol
Professeur,
Université de Limoges Rapporteur

Michel Linder
Professeur,
Université de Lorraine Examinateur

Nicolas Tsapis
Directeur de Recherche,
Université Paris-Sud (Faculté de Pharmacie) Président

Véronique Rosilio
Professeure,

Université Paris-Sud (Faculté de Pharmacie) Directrice de thése
Ali Makky

Maitre de conférences,

Université Paris-Sud (Faculté de Pharmacie) Co-Directeur de thése

=
(O
. -
®)
=
@)
®)
[®)
)
[®)
)
wn
4
L
—







RESUME

L’objectif des travaux de cette thése était de développer un systéme de délivrance stimulus-sensible
innovant permettant la libération contrélée d’une substance anti-cancéreuse. Ce systeme est basé sur
des veésicules lipidiques pouvant incorporer des porphyrines dans leur bicouche et une substance
active hydrophile dans leur cceur aqueux. Les porphyrines permettent, une fois illuminées, de
fragiliser la bicouche lipidique, assurant la libération du cargo. L’activation du phénomene de
libération repose sur deux mécanismes possibles, I’un photodynamique, 1’autre photothermique. Le
premier génere de I’oxygene singulet qui oxyde les chalnes acyl insaturées des phospholipides. Cette
oxydation aboutit a une augmentation de la perméabilité des liposomes et a la libération de leur cargo.
Le second géneére de la chaleur, responsable d’une plus grande fluidité de la bicouche lipidique qui
favorise elle-aussi la libération.

Nous avons, dans un premier temps, effectué une sélection de phospholipides (degré d’insaturation)
et de porphyrines permettant de construire le systéme. Une étude thermodynamique par calorimétrie
difféerentielle a balayage, une analyse photochimique et une étude de libération de calcéine (une sonde
fluorescente) ont pu étre corrélées a des résultats de simulations de dynamique moléculaire.
L’ensemble a mis en exergue deux observation essentielles : I'importance de la profondeur d’insertion
de la porphyrine dans la bicouche lipidique et de sa proximité avec la double-liaison des
phospholipides. Mais il a également montreé les limites de ce systéme.

Nous avons alors développé deux nouvelles molécules, dérivées de phospholipides naturels auxquels
ont été couplée la pheophorbide a, un dérivé de porphyrine issue de la chlorophyll a. Le choix de
développer de telles molécules repose sur la possibilité d’étendre le mécanisme de libération vers une
combinaison des effets photodynamique et photothermique. En effet, leurs capacités d’auto-
assemblage en font des molécules idéales pour un systeme simple et facilement industrialisable.
Nous n’avons pas pu former d’assemblages supramoléculaires stables, mais nous avons démontré que
le taux de charge en porphyrine de la matrice de liposomes pouvait étre augmenté par rapport a celui
de la porphyrine libre correspondante. Nous avons donc associé ces conjugués a des lipides classiques
(DSPC, cholestérol) et analysé les propriétés de ces mélanges a I’interface air/eau et par des mesures
de DSC. Nous avons mis en évidence les propriétés photodynamiques, mais aussi photothermiques
des systémes congus, capables d’induire une élévation de température de 14°C. Enfin, les deux
conjugués synthétisés ont montré eux-mémes une activité photodynamique phototoxique, additionnée
d’une sélectivité vis-a-vis de cellules du cancer de I’cesophage (Kyse-30) par comparaison avec une
lignée saine (HET-1A). Ces nouvelles molécules offrent donc de nombreuses opportunités pour le
développement de systemes multimodaux, bio-inspirés et biodegradables, pour la délivrance d’un

médicament sous I’effet de la lumiére, localement, au niveau des tumeurs.
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Introduction

Liposomal drug delivery systems are considered nowadays as the most successful nanomedicine
application since the concept of “magic-bullet” was proposed by Paul Ehrlich in early 1900s’. The
number of liposomal drugs on the market, however, remains low, and didn’t raise as expected.
Although liposomes can change the biodistribution of a drug (and thus reduce its toxicity), protect it
from degradation, and favor tumor accumulation by passive targeting (via EPR effect?), there are
still two important issues: first, the liposome circulation lifetime, and second, the rate of release of
the encapsulated therapeutic molecule*. While the first issue is believed to be resolved by addition of
hydrophilic polymer chains (such as polyethylene glycol, increasing liposome residence time from
minutes to hours or days®) at the surface of liposomes, the release of a drug from liposomes can be
improved by an exogenous stimulus.

Light is non-invasive, and its temporal, spatial and wavelength parameters are easy to modulate and
to transfer to clinic. Phototriggered release of encapsulated drugs from liposomes is thus considered
as a potential and interesting modality for drug delivery in a well-controlled manner®’.
Photosensitive liposomes can be activated upon illumination at a specific wavelength to release their
cargo®®. Biodegradable organic dyes that can absorb in the near infra-red region — the range of light
that can penetrate deep enough into a biological tissue — are among the best candidates, once
combined with liposomes, for biocompatible, and efficient light-triggered release systems. For these
reasons, porphyrin and porphyrin derivatives are among the most widely used photosensitizers:°.
Indeed, porphyrin derivatives, either in their free form, or conjugated to a lipid, can be efficiently
incorporated in the lipid matrix of liposomes. Depending on the structure of both the lipid membrane
and porphyrin derivative, and the incorporation rate of the latter, the phototriggering mechanism can
be either photochemical (photooxidative) or photophysical (photothermal) (Figure 1.0).

The first mechanism takes advantage of singlet oxygen generation which oxidizes the unsaturated
acyl chains of the phospholipids, and thus, increases the permeability of the liposomes. In the second
one, the energy absorbed is dissipated thermally and results in an increase of the fluidity of the lipid
bilayer. Both mechanisms, thus, would promote the release of the encapsulated cargo, and these
systems may offer multimodal applications. Indeed, the reactive oxygen species generated by
illumination of the photosensitizer may also contribute to the therapeutic effect by direct cytotoxic
effect. This additional modality of treatment is called photodynamic therapy.
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Figure 1.0. Light-triggered release mechanisms, either photooxidative based (up), or photothermal based (down). Both
can lead, after a second illumination, to an additional modality: photodynamic therapy.

The main objective of this thesis was to design phototriggerable liposomes allowing drug release in
a spatiotemporal manner. Our work was experimentally achieved following two strategies. The first
one was based on the conception of liposomes with photooxidative-based release mechanism. The
second strategy consisted in the development of liposomes with photothermal properties. We first
conducted a mechanistic study in order to get deeper comprehension of the photooxidative-based
release mechanism. Then, we developed two new lipid-porphyrin conjugates and studied their
physico-chemical properties, phototoxic activity, and tried to find the best formulation for light-
triggered release via a photothermal mechanism.

This thesis is divided in 4 chapters.

The first chapter details the state-of-the-art of phototriggerable liposomes based on the combination
of lipids and porphyrin derivatives. It establishes the list of all the light-triggered release mechanisms
and requirements for the development of such system. It also details the different strategies for the
conjugation of porphyrin derivatives to different lipid backbones.

The second chapter reports on the evaluation of the influence of the hydrophobicity of free
porphyrins, when embedded in lipid bilayers composed of phospholipids with different degrees of
unsaturation. The purpose of this mechanistic study, correlated to molecular dynamics simulations,
was to identify the important factors that must be taken into account when building phototriggerable

liposomes based on a photooxidative mechanism.
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The third chapter describes the synthesis of two new lipid-porphyrin conjugates, the assessment of
their self-assembling and photooxidative properties, and their phototoxicity against esophageal
squamous cancer cells.

The fourth chapter is dedicated to the study of possible use of these lipid-porphyrin conjugates for
the conception of phototriggerable liposomes via a photothermal mechanism.

These chapters are followed by a general discussion on the main breakthroughs and critical points of

this experimental work, and a conclusion opening towards new perspectives.
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Chapter 1

1.1. Introduction

In the past few decades, the conception of nanoparticulate drug delivery systems (DDS) such
as liposomes, organic and inorganic nanoparticles has become an integral part of the research for the
development of an efficient anticancer therapy owing to their unique properties in increasing drug
solubility, protecting fragile compounds against their degradability in the bloodstream, and reducing
their side-effects thanks to better controlled biodistribution!!. However, despite many improvements
compared to free injected drugs, these drug delivery systems were still accompanied by systemic side
effects due to nonspecific bio-distribution?, and/or uncontrollable drug release from the surface of
nanocarriers (burst release)’®. To overcome these limitations, smart drug delivery systems
(SDDS)"1416 also known as stimuli-responsive drug delivery systems!”!® have emerged as a
promising nanotechnology compared to conventional nanomedicines, due to their unique
spatiotemporal controlled activation/release mechanism*>"8, Various activation modalities have
been developed in the last years for triggering the release from these nanosystems and can be broadly
classified into two categories, namely internal and external triggers”!’. While the internal stimuli are
dependent on the characteristics of the targeted tissue such as pH!°, temperature?®, enzymatic
expression®! and redox potential??, the external stimuli are independent of the biological systems since
they are externally manipulated’. Among the different described stimuli, light appeared to be as one
of the most versatile triggering methods, since (i) it is non-invasive, (ii) a wide variety of tissues can
be easily irradiated endoscopically, and (iii) the light fluence, the wavelength as well as the
illumination zone can be effectively tuned?.

Although several novel smart drug delivery systems have been designed, most of them are still in
development process or early clinical phases?. This is mostly due to their complexity, since they are
composed of multiple components to provide the desired multifunctional properties®. In fact, the
conception of SDDS presents several shortcomings, including the requirement for multistep synthesis
and purification, complex toxicity studies for the multiple components and potentially heterogeneous
formulations that jeopardize clinical translation as well as production at industrial scale?+2%2
Anselmo et al.?® have excellently reviewed the list of intravenous nanoparticles systems that are
either approved or currently in clinical trials and showed that the total number of FDA approved or
under investigation intravenous nanoparticles do not exceed the number of 50, among which more
than 50% are liposomal formulations. Indeed, compared to other drug delivery systems, liposomes
have an aqueous solution core surrounded by lipid bilayers thus allowing the encapsulation of
hydrophobic and hydrophilic drugs at the same time. Moreover, liposomes are made of biocompatible,
biodegradable materials and can be easily produced at industrial scale, due to their simplicity and to

lower investment costs compared to other nanoparticulate systems. Interestingly, the liposomes
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surface can easily be functionalized with hydrophilic polymers such as PEG>?® and/or a specific
ligand to delay clearance by the reticuloendothelial system and to reach specifically the target
site'®3031 (Figure 1.1). In addition, the incorporation of a photoactive molecule called photosensitizer
(PS) inside the bilayer allows the conception of photostimulable liposomes for cargo release.

Indeed, photosensitizers (PSs) are compounds that are usually used in photodynamic therapy (PDT)
for treating several diseases including cancer and bacterial infections. These compounds are able to
absorb light in visible/NIR regions and transform the light energy into the production of reactive
oxygen species. When a PS is illuminated at a specific wavelength, it is temporarily brought to a
highly excited singlet state, S1 (Figure 1.1), then either goes back directly to its fundamental singlet
state So (through radiative transition called fluorescence), or undergoes intersystem crossing (ISC), a
non-radiative transition, and reaches a lower energy excited triplet state Ti. The environmental
oxygen, naturally found in triplet state (0.), is a fluorescence quencher and thus preferably reacts
with PS in its triplet state. This results in the generation of reactive oxygen species (ROS). Two kinds
of reaction may occur: type | and type 1l which generate free radicals and singlet oxygen (*Oy),
respectively®. In type | reaction, an electron or a hydrogen atom is transferred to a neighboring
molecule, and the PS triplet state can thus induce radical species formation and chain reaction. In type
I reaction, a transfer of energy to oxygen (302) takes place, leading to the formation singlet oxygen
(*02). ROS can be used directly as cytotoxic entities as they strongly react with cell components
(protein, DNA) and provoke organelles damage and cell death. This is the mechanism of
photodynamic therapy (PDT)*. Taking advantage of the same mechanism, the production of ROS

can be used as a trigger for controlled photoactivated drug release from liposomes.
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Figure 1.1. Scheme of a drug-loaded, multifunctional, phototriggerable liposomes and Jablonski diagram of an excited
photosensitizer.
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1.2. Phototriggering release strategies from liposome containing

porphyrin derivatives

Although different classification systems were adopted for phototriggered liposomes, they can
generally be divided into two main groups depending on the mechanism of interaction between the
porphyrin derivatives and liposome bilayers. The first group consists in liposomes that release their
cargo upon photochemical reaction between the illuminated porphyrin derivatives and the lipid
bilayer. The second group of phototriggerable liposomes is based on a photophysical activation

process (Figure 1.2).

Light-triggered release strategies from porphyrin-containing
liposomes

Photochemical activation
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Figure 1.2. Light-triggered release modalities from porphyrin-containing liposomes.

1.2.1. Photochemical reaction for phototriggered release

The chemical reactions, which are initiated as a result of the absorption of light, are known as

photochemical reactions. Indeed, the phototriggered release of encapsulated drugs from liposomes
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via photochemical reaction is based on the modification of the bilayer integrity upon illumination.
Several photochemical modalities have been proposed for the conception of phototriggerable
liposomes which can be divided into two main groups. The first group is based on the use of
chemically modified phospholipids that can be activated with UV light to experience either
photoinduced crosslinking of lipids via photopolymerization mechanism or conformational change
via a photoisomerization process'4. Since these strategies do not require the presence of any
photosensitizer embedded in the liposomal bilayer, they won’t be discussed in this thesis. Furthermore,
such modalities have been already reviewed by many authors’ 333,

The second group of light activatable liposomes consists in the photooxidation of lipid matrix upon
illumination. Lipid photooxidation is one of the most common mechanism used for the conception of
light-induced drug release from liposomes. This group of liposomes requires the combination of
mono or polyunsaturated phospholipids with a photosensitizer that absorbs efficiently in the near
infrared region (NIR) and possesses a high quantum yield of singlet oxygen. Upon illumination, the
photosensitizers embedded in the lipid matrix generate reactive oxygen species (ROS), such as singlet
oxygen (*O). Singlet oxygen oxidizes the unsaturated chains of phospholipids (PLs), inducing
dramatic alterations of the PL molecular organization and packing, which in turn leads to an increase
in the liposomal membrane permeability’-3®. Depending on the chemical structure of the phospholipid
in the lipid matrix, the light-induced oxidation provokes different chemical modification in the
phospholipids: (i) Lipid peroxidation, (ii) alkyl chain photocleavage and (iii) oxidative dePEGylation.

1.2.1.1. Lipid peroxidation

Lipid induced peroxidation can be generally described as a process under which O, generated by the
illuminated porphyrins via type Il reaction, oxidizes lipids containing carbon-carbon double bonds
with oxygen insertion resulting in lipid hydroperoxides formation. This strategy requires three
elements: PS, light, and a peroxidation target (usually an unsaturated phospholipid). Once the
unsaturated lipid chain undergoes oxidation, the newly formed hydroperoxide (OOH)*’ destabilizes
the lipid chain packing due to the conformational rearrangements®® of oxidized phospholipids to drive
hydroperoxyl groups towards polar headgroups with an increase in area per lipid®*+° | like truncated
PLs do with their carbonyl or carboxylic groups*3. This results in an increase of membrane
permeability which causes cargo leakage®**4#>. Monounsaturated, polyunsaturated phospholipids®
and cholesterol“® are well-known targets for oxidization by O,. These lipids can be embedded in the
liposomal bilayer at different molar ratios in order to modulate the release kinetics of the cargo. In
monounsaturated phospholipid, O, is inserted to one of the C-atoms of the double bonds in a

concerted and specific way known as “ene addition”*. The resulting hydroperoxides have an allylic
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trans double bond*’ (Figure 1.3). Lipid hydroperoxides can also be formed following a different
chemical pathway, upon their interaction with free radicals generated via type | reaction, in which the
PS acts as free radical initiator. To understand the mechanism of oxidization of double bond by singlet
oxygen, and why the double bond is a potential target for oxidization, a brief explanation about the
chemistry of Oz and its reactivity from a thermodynamic point of view is given in this chapter. The
energy of O, is 92 kd/mol above the ground state of triplet oxygen and exists long enough to react
with non-radical, singlet state, and electron-rich compounds containing double bonds such as
unsaturated phospholipids*-*°, The lifetime of singlet oxygen ranges from 50 to 700 ps, depending
on the medium in which it is formed. Also, singlet oxygen has a longer half-life in lipid membrane
than in aqueous media®®, which favors its reactivity with the lipid matrix. In addition, singlet oxygen
reactivity increases in direct proportion to the number of double bonds present in alkyl chains, with
the following values: 1.1; 1.9; 2.9 for 18:1; 18:2 and 18:3, respectively*'.
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Figure 1.3. Monounsaturated and polyunsaturated phospholipids, and other lipid derivatives together with their
corresponding oxidation products. (Note: only the 9-hydroperoxide is presented. While the oxidation of oleate chain
produces a mixture of 9- and 10-hydroperoxides, the linoleate one generates a mixture of 9-, 10-, 12- and 13-
hydroperoxides).

Many systems have been reported based on lipids peroxidation, using a large variety of porphyrin
derivatives (porphyrins, chlorins, phthalocyanines, Figure 1.4, Table 1.1) and phospholipids (Figure
1.3, Table 1.1). Mojzisova et al.*® studied the release of carboxyfluorescein from DOPC liposomes
using three different chlorins: m-THPC (marketed as Foscan®), Chlorin-e6, and the disulfonated
tetraphenyl chlorin (TPCS2a). They emphasized the fact that the deeper inserted PS in the lipid

bilayer, the neutral symmetric m-THPC, was more likely to be efficient in unsaturated lipid
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peroxidation. On the contrary, a negatively charged chlorin was less efficient, because it was localized
closer to the lipid bilayer polar head groups, in a remote position relative to the phospholipid double-
bonds. Pashkovskaya et al.* introduced another strategy, using egg-PC liposomes encapsulating a
water-soluble PS, the trisulfonated aluminium phthalocyanine (AIPCS3) in the aqueous core together
with the cargo to be released. They showed that this system was less efficient for light-triggered
release of hydrophilic cargos (1-aminonaphthalene-3,6,8-trisulfonic acid (ANTS) / p-xylene-bis-
pyridinium bromide (DTX) pair, carboxyfluorescein, calcein and sulforhodamine B) than when the

PS was embedded into the lipid bilayer, as in the case of chlorin-e6.

Rwei et al.>! have recently developed near-infrared (NIR) light-triggered liposomes (Lipo-PS-TTX)
to provide on-demand adjustable local anesthesia using DLPC-containing liposomes, incorporating
a NIR-absorbing phthalocyanine  (NIR-absorbing photosensitizer  1,4,8,11,15,18,22,25-
octabutoxyphthalocyaninato-palladium(ll), PAPC(OBu) and encapsulating Tedrotoxin (TTX) as a
potent anesthetic agent. The efficiency of this system was demonstrated in vitro as well as in vivo. In
in vitro experiments, authors showed that the lipids peroxidation following the illumination of Lipo-
PS-TTX at 730 nm (50 mW/cm?, 10 min) induced the release of 5.6% of TTX after the first
illumination, which remained almost constant over the ensuing 2 hours. The phototriggered release
of TTX was repeatable following a second illumination in the same conditions. Interestingly, there
was no degradation of TTX during the light induced production of singlet oxygen in multivesicular
liposomes. Moreover, the authors demonstrated the spatiotemporal control of TTX release in in vivo
experiments. Indeed, the injection of Lipo-PS-TTX at the rat sciatic nerve induced nerve blockade
lasting approximately 13 h, and this effect could be prolonged for additional ~ 3 hours upon laser
illumination. In another study, the same authors increased the efficiency of a number of triggerable
nerve blocks by co-delivering a second compound, dexmedetomidine (DMED) encapsulated
separately in other liposome suspensions. The addition of DMED to the phototriggered system,
potentiated the effect of local anesthetics due to induced local vasoconstriction®2. Spring et al.>® have
developed a new photoactivatable multi-inhibitor nanoliposome (PMIL) that consists of liposomes
doped with verteporfin in the lipid bilayer and encapsulating PLGA-PEG (poly-(lactic acid-co-
glycolic) acid—polyethylene glycol conjugate) nanoparticles that contain a multikinase inhibitor
(carbozantinib, XL 184). The PMIL illumination in vitro with NIR light induced the slow release of
XL.184 that reached 85% after 312 hours. Interestingly, the authors demonstrated that the release was
mainly due to the generation of photoinduced ROS since the addition of reactive oxygen species
scavenger (sodium azide) suppressed significantly the cargo release. Moreover, the intravenous
injection of PMIL systems in mice triggered photodynamic damage of tumor cells and microvessels,

and simultaneously initiated release of XL184 inside the tumor®2.
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Table 1.1. Light-triggered release systems consisting of PS incorporated into liposomes
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Figure 1.4. Chemical structures of some porphyrin derivatives incorporated into liposomes for phototriggerable
liposomes conception.

1.2.1.2. Alkyl chains photocleavage

The photocleavage-induced controlled release of hydrophilic agents from liposomes involves the
incorporation of photocleavable phospholipid such as plasmalogen with a photosensitizer into the
liposomal membrane. Indeed, plasmalogens possess a labile sn-1 vinyl ether (Figure 1.3) which can
be easily cleaved by the singlet oxygen produced by the activated photosensitizer®*. The plasmalogens
photocleavage provokes the loss of their amphiphilic character with concomitant destabilization in
the liposome 7. The first report on this strategy was published by Anderson et al. in 1992%. In this

study, the authors demonstrated visible light-triggered release of glucose from liposomes composed
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of semi-synthetic plasmalogen lipids (1-alk-1'-enyl-2-palmitoyl-sn-glycero-3-phosphocholine
(PlasPPC)/1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (8:1)) with the photosensitizer zinc
phthalocyanine (ZnPc) incorporated within the hydrophobic region of the membrane. Irradiation of
air-saturated liposomes with visible light at 37 °C for 60 min resulted in the release of 62% of
encapsulated glucose, twice the amount released in the corresponding dark control experiment.

The phototriggered efficiency of the system was later improved by the same authors by incorporating
into liposomes made of 100% plasmalogens (PlsPamCho), different photosensitizers (zinc
phtalocyanine, tin octabuoxyphtalocyanine or bacteriochlorophyll that absorb light between 630 and
820 nm, thus allowing content release by red and NIR light*. Liposomes incorporating
bacteriochlorophyll-a appeared to be the most efficient system by producing 100% of calcein release
within 20 minutes. The releasing rate was two order of magnitude that of liposomes made of egg-
lecithin®®. Despite the release improvement with plasmalogen-containing liposomes compared to
unsaturated phospholipids, it should be noticed that such system is not specific to oxidative cleavage
only, because the vinyl-ether function is also an acid-labile function®"®8. This in turn may lead to loss
in the spatiotemporal control with light. Indeed, these liposomes can release their content in the
endosomal compartment after their endocytosis in a cell, which can be problematic for encapsulated
active ingredients that are fragile at acidic pH.

1.2.1.3. Oxidative dePEGylation

Oxidative dePEGylation is another photoinduced cleavage approach which is based on the use of a
PEG-conjugated lipid possessing a vinyl-ether linkage 1,2-di-O-(1°Z,9’Z-octadecadienyl)-glyceryl-
3-(w-methoxy-poly(ethylene glycolate)) (BVEP) that is incorporated with DOPE phospholipids to
form stable liposomes®°”%8, Indeed, DOPE phospholipids have inverted cone shapes due to their
relatively small headgroup compared to their alkyl tails. They cannot form lamellar phase on their
own but are able to form inverted hexagonal phase (H1)*®. However, when mixed with BVEP which
has a complementary geometrical shape (cone shape), they can form stable lamellar phase. Hence,
the photooxidative PEG cleavage results in the transition from the well-ordered lamellar phase of
lipid bilayers, to an hexagonal phase, ending up into membrane fusion and leakage of the hydrophilic

cargo®.
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1.2.1.4. Other mechanisms of photochemical membrane destabilization

Other mechanism of liposomes bilayer destabilization by activated photosensitizers have been
described in the literature. One of these systems is called “POCKET” liposomes by Sine et al.*®.
These systems consist of DPPC liposomes containing diacetylenic phospholipid 1,2-di-(10Z,12Z-
tricosadiynoyl)-sn-glycero-3-phosphocholine also known as DCggPC. This phospholipid behaves
differently depending on the wavelength of the used light. Indeed, authors demonstrated that while
the illumination at 254 nm of liposomes containing DCgoPC in the absence of a PS induced
photocrosslinking of the corresponding alkyl chains (photopolymerization)®, the visible-light-
mediated release (A = 514 nm) occurred via a mechanism unrelated to polymerization®. However,
the photoactivation of liposomes at both wavelengths induced efficient cargo release®?%4. The same
authors also demonstrated that DCgoPC molecules may segregate together to form domains in the
liposomal membrane called “Pockets” and they hypothesized that 2-(1-Hexyloxyethyl)-2-devinyl
pyropheophorbide-a (HPPH) incorporated as photosensitizer would preferentially partition into the
boundary regions of these domains within the lipid bilayer. It was also hypothesized that the
photoactivation of HPPH caused the destabilization of pockets, resulting in defects in the liposome
bilayer with concomitant calcein release that reached ~ 35% after 5 minutes of laser treatment at 660

nm>,

1.2.2. Photophysical reaction for phototriggered release

The release induced by photophysical reaction from liposomes does not rely on any chemical change
in lipid structure inside the liposomal membrane. This effect is based on the photothermal conversion
of the absorbed light inducing a thermal and/or mechanical stress on the lipid membrane with
subsequent cargo release®. Such strategy requires the use of photosensitizers that have a quenched
fluorescence through concentration effect in the lipid membrane. Indeed, in this situation the absorbed
photonic energy that is usually released as fluorescence and singlet oxygen is dissipated thermally
through vibrational relaxation®®. Such phototriggering modality is of great interest and presents
several advantages compared to those based on photooxidative reaction for hypoxic tumors ablation®®.
Indeed, human solid tumors are less oxygenated than the respective normal tissues due to the
imbalance between oxygen (O2) supply and consumption®”. This so-called tumor hypoxia leads to
resistance to numerous cancer therapies including ionizing radiotherapy, anticancer chemotherapy®’
as well as the photodynamic therapy which in turn reduces the efficiency of the photooxidative

release®®.
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However, this phototriggering release modality is usually uncommon with free porphyrin derivatives
since these latter can only be incorporated at low concentration (< 10 mol %) in the lipid bilayer.
Very recently, in 2017, Zhou et al.*® designed a new programmed multiresponsive nanosystem based
on enzyme, light and temperature multi-sensitive liposome (ELTSL), incorporating
pyropheophorbide-a linked to PEG via a heptapeptide that is cleavable by matrix metalloproteinases
2 (MMP-2), and encapsulating doxorubicin and oxaliplatin prodrug (HOC). The illumination of these
drug delivery systems at 670 nm with a fluence of 300 mW/cm? induced a thermal increase up to

45°C with subsequent release of approximately 85 % of both cargos within 2 minutes®®.

1.2.3. Requirements for successful phototriggerable porphyrin-containing liposomes

In order to formulate successful phototriggerable porphyrin-containing liposomes, several criteria
should be taken into account especially those concerning the selection of photosensitizers and

phospholipids.

1.2.3.1. The choice of the photosensitizer

Several structural and photophysical properties should be taken into account for the selection of PS
for the conception of phototriggerable liposomes:

e A photosensitizer should have a high molar extinction coefficient (g, M™.cm™) in the near
infrared region (NIR), known as the “phototherapeutic window” (650-850 nm). In fact, there
are three main chromophores in the skin (eumelanin, hemoglobin and water) that possess
several strong absorption bands in the visible region from 500-600 nm. The incident light in
this region will be very highly absorbed by the skin and the penetration depth of light will be
too low®®. Porphyrins, chlorins and phthalocyanines have two major absorption bands, a
strong Soret band around 400 nm, and multiple less intense Q bands of lower energy between
450-800 nm. For phototriggerable release, and in order to get deeper penetration of light, the
PS excitation is achieved in the Q-bands region (Figure 1.5).

e A high 02 quantum vyield (®s> 0.5) should be obtained after the illumination of the PS,

which is necessary to induce the photooxidative release.
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Figure 1.5. A. Chemical structures of some porphyrins derivatives. B. Relative absorbance of hemoglobin, oxy-
hemoglobin, melanin and water. C. Absorption spectra of some porphyrin derivatives. The full spectrum corresponds to
that of a porphyrin photosensitizer. The additional peaks correspond to the approximate position of the last Q-band of
each photosensitizer (the peak intensities are not in scale).

The hydrophobicity of the photosensitizer is one of the most important criteria to be taken
into account. In fact, the majority of photosensitizers used in the formulation of
phototriggerable liposomes are porphyrin derivatives. These compounds are hydrophobic and
tend to form aggregates, which reduces their efficient singlet oxygen generation®. Although
several liposomal delivery system containing porphyrin derivatives’®™* have been
successfully formulated and were tested either in vitro/in vivo or FDA approved’?, porphyrins
incorporation into liposomal membrane is still considered as a challenging task and can only
be achieved at very low percentage’. Furthermore, the hydrophobicity of the photosensitizers
can control their partition towards blood proteins and lipoproteins”®"* and consequently the
stability of their entrapment in the lipid bilayer. The hydrophobicity of the photosensitizer
may control its localization in the bilayer and thus its photooxidative permeation efficiency.
In fact, it was always thought that the photopermeabilization efficiency is related to the
importance of the damage in the lipid bilayer that occurs to high extent with a deeply inserted
PS®¢. However, several reports have demonstrated that the efficiency of photoinduced
permeabilization is more related to the asymmetric repartition of the damage in lipid bilayers.
Low dark toxicity: to avoid any side effects after the injection of the phototriggerable

liposomes.
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1.2.3.2. The choice of the phospholipid

The choice of phospholipids depends mainly on the phototriggering mechanism. For example, in
the case of photochemical induced release based on a photooxidative reaction, mono or
polyunsaturated phospholipids should be used. Obviously, the higher the number of olefin double
bonds in the alkyl chain, the more efficient the phototriggered release. However, increasing the
content of unsaturated phospholipids in the lipid membrane decreases the packing order and
causes an increase in membrane permeability. This in turn provokes passive leakage of the cargo.
Recently, Maherani et al.”® have studied the impact of liposome composition on the passive
release of an hydrophilic cargo (calcein) from large unilamellar vesicles made of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
or 1,2-palmitoyl-sn-glycero-3-phosphocholine (DPPC). DOPC liposomes exhibited the highest
release rate of calcein, followed by POPC and DPPC respectively?®.

1.2.4. Limitations of free porphyrin derivative-containing liposomes for light-triggered

release

The efficiency of photooxidation-induced release relies on the quantum yield of singlet oxygen of a
PS present in the unsaturated lipid bilayer. Increasing concentration of the PS in the bilayer induces
aggregation, which directly correlates with a decrease in singlet oxygen quantum yield”’. Overall,
photooxidation must be performed with a limited amount of PS inside the lipid bilayer (as depicted
in Table 1.1), to ensure a maximum quantum yield in singlet oxygen. This limited amount of PS in
the lipid bilayer often results in an incomplete cargo release. Furthermore, photosensitizers embedded
into liposomes have poor entrapment stability and tend to escape from the lipid bilayer due to strong
hydrophobic interactions with blood proteins and lipoporoteins®®"87°, PS escape from the lipid bilayer
is accelerated by membrane peroxidation that makes the lipid matrix more polar, thus less suitable
for PS retention.

In addition to PS loss, the passive leakage of the hydrophilic cargo is also commonly observed
because the presence of unsaturated lipids in the bilayer (as shown in the Table 1.1) significantly
increases membrane fluidity*®8. This uncontrolled release may be a problem, as it may induce severe
undesired side-effects. Furthermore, passive release is against the concept of light-triggered release,
since the original purpose is to deliver the encapsulated drug at the right place and right moment.
Another important limitation for controlled release from lipid vesicles is that photooxidation is a
photochemical reaction, and thus a non-stoppable process. It leads to continuous leakage with time

of the cargo, after the first illumination. This continuous release tends to equilibrate over time due to
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the difference in osmotic pressure between the inner core and the outside environment of vesicles, or

due to pore resealing.

Photooxidative release studies have mostly been conducted in vitro, using fluorescent probes as
cargos (Table 1.1). However, one has to keep in mind that tumor tissues in vivo are generally in
hypoxia conditions, so significant oxidation has little chance to occur®. Only few recent studies®**°
have shown the potential of light-triggered release for in vivo applications in cancer. However, in
both cases, the suggested release mechanism was not clearly demonstrated, and might not be a
photooxidative-based mechanism. Thus, based on these drawbacks, the photothermal release
modality from liposomes appeared to be more promising for in vitro/in vivo applications. However,
as such modality seems to be not achievable with free inserted porphyrin derivatives in the bilayer,
the synthesis of lipid-porphyrin conjugates has emerged as an efficient strategy for the conception of

phototriggered liposomes with multifunctional properties.

1.3. Lipid-porphyrin conjugates: an emerging supramolecular strategy for

conception of phototriggerable liposomes with multifunctional properties

Recently, a new category of supramolecular photosensitizers'®®! based on lipid-porphyrin conjugates
has emerged as promising approach for the conception of multifunctional drug delivery systems with
phototriggerable release properties and rejuvenated the application of photodynamic therapy for
cancer treatment®2. Among a plethora of lipid-porphyrin conjugates described in the literature, those
developed by Gang Zheng’s group*® appeared to be the most efficient compounds for the conception
of multifunctional drug delivery systems®3, Indeed, these compounds are able to self-assemble into
liposome-like structures called porphysomes® that are formed of non-covalent association of 80,000
lipid-porphyrin conjugates approximately®. The lipid-porphyrin conjugate nanotechnology is a real
benefit for light-triggered API release. Indeed, the covalently bound PS, once incorporated into the
lipid bilayer, is less prompt to leave the lipid matrix through protein interactions’®, because it develops
stronger intermolecular interactions with phospholipids of the bilayer than the free PS. The
nanocarrier can reach the target cell with the initial amount of inserted PS in the bilayer before light-
triggered release is activated. It is also a manner to improve the incorporation rate of PS into
liposomes. In comparison, incorporation of free PS in the lipid matrix is limited to a certain amount
(about 2.5 to 15% mol depending on the PS)® due to rapid aggregation. This uncontrolled aggregation
directly affects optical properties of the PS, and subsequently affects the efficiency of light-triggered

release.
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Interestingly, porphysomes can offer the usual applications of liposomes, such as surface
functionalization for targeting, aqueous core loading, as well as photodynamic therapy. The high-PS
payload enables additional applications, for imaging (MRI), and for photothermal therapy (Figure
1.6). Obviously, lipid-porphyrin conjugates, self-assembled into porphysomes, or combined with
other phospholipids to form high-payload liposomes, are of great interest for light-triggered release.
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Figure 1.6. Porphysome nanotechnology multiple applications. Adapted from Huynh et al.1
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Both light-triggered release mechanisms can be considered when using a lipid-porphyrin conjugate:
either photochemical-based (photooxidative), or photothermal-based (photophysical-based) release.
These mechanisms differ in two requirements: the amount of encapsulated PS in the lipid bilayer, and
light intensity. Photooxidative-induced release depends on the molecular oxygen and the quantum
yield in singlet oxygen of the PS, activated by light in a large range of fluences (2 mW/cm? up to
several hundreds of mW/cm?) (Table 1.1). As previously mentioned, the quantum yield of the PS is
directly correlated to its aggregation state, and monomeric PS is required for efficient photodynamic
effect (as depicted in Table 1.1). On the other hand, photothermal effect relies on the fluorescence
quenching of encapsulated PSs. This is only possible when highly concentrated PS molecules form
closely packed aggregates in the lipid bilayer due to n- m stacking of porphyrin cores®8, In addition,
the second requirement is the use of laser with high-power lasers density (hundreds of mwW/cm? to
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several W/cm?)%8_ In the second part of this chapter, we review the different lipid-porphyrin
conjugates that are described in the literature with special emphasize on those that can self-assemble

into porphysomes and be applied to light-triggered release.

1.3.1. Strategies of modification of lipids by porphyrins

Several strategies have been developed for conjugation of a porphyrin derivative to the desired lipid
(Figure 1.7), including:

(1) binding the porphyrin to the polar head group of the lipid,

(i) direct modifications of the porphyrin itself, by adding hydrophobic moieties (such as

cholesterol or long hydrocarbon chains) conferring lipid-like properties,

(iii)  binding the porphyrin at the extremity of the alkyl chain,

(iv)  full synthesis of a synthetic lipid to obtain “lipid-like”-porphyrin conjugate,

(v) binding the porphyrin along the alkyl chains of the lipid by sn-2 conjugation.

Lipid modification may have significant consequences on the properties of lipid bilayers, including
their thickness, stability and molecule packing parameter. Indeed, porphyrins are large, flat and highly
hydrophobic molecules, so their conjugation to a lipid will induce significant alterations of the lipid

properties.
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Figure 1.7. Lipid-porphyrin conjugation strategies.
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1.3.1.1. At the level of the phospholipid polar head group

The most straightforward strategy for phospholipid modification is by using the free amine of
phosphatidylethanolamine to conjugate molecules, such as fluorescent groups (NBD-lipid) or
polyethylene glycol chain (DSPE-PEG). Riske et al.®” used this strategy to develop PE-porphyrin
molecules (Figure 1.8), by covalently binding protophorphyrin IX to the polar head group of
dimyristoyl-phosphatidylethanolamine (DMPE), each porphyrin bearing two DMPE molecules®’.
Although this was not clearly demonstrated, self-assembling of such PE-porphyrin molecules is quite
improbable, due to structural and geometrical constraints. Indeed, the amphiphilic properties of the
lipid are lost, and the volume of the polar head is significantly affected by the presence of the PS: this
prevents good molecular packing. Generally speaking, an increase of the polar head volume, either
by hydrophobic groups like PS or hydrophilic groups (like PEG chains), results in the formation of
micelles. Riske et al.®” showed that up to 10 mol% PE-porphyrin could be incorporated in giant
vesicles made of lipids such as POPC and DMPC, and that the PS remained exposed at the surface of
the bilayer. In addition, an increase in the lipid bilayer area after irradiation was observed, due to
direct peroxidation of the unsaturated POPC and subsequent hydroperoxide groups formation (Figure
1.8). However, binding the PS to the polar head of lipids may not be the best strategy, as it may
disrupt the lipid bilayer integrity at high incorporation rate and may not be compatible with cargo

release since the PS is not inserted in the vicinity of the lipid matrix.

Figure 1.8. Polar head conjugation (adapted from Riske et al.®")
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1.3.1.2. Porphyrin derivatives conjugation to lipid derivatives: fatty acids and
cholesterol
This coupling strategy consists in adding either one®, or two alkyl tails® to the PS, or a cholesterol

moiety (Figure 1.9).
e Alkyl-tails conjugation

In one application, an hexadecyl alkyl chain was conjugated to methyl-pheophorbide a (Figure 1.9
A). The conjugate showed self-assembling properties into micelles when mixed with egg-PC lipids®.
However, those micelles were not stable and quickly aggregated®®. Temizel et al.®® functionalized
protoporphyrin 1X with two oleylamine chains (Figure 1.9 B) to generate the lipophilic conjugate
PP1X-Ole®. This latter could be efficiently incorporated into a DOPC lipid bilayer (10 mol%) and
showed higher photodynamic activity in vitro compared to free PPIX due to its higher internalization
into cells®. Similarly, Nathan et al.*® proposed a strategy in which 5-(4-carboxyphenyl)-10,15,20-
triphenylporphyrin was covalently bound to the polar head group of a didodecyl-L-glutamide derived
lipid (Figure 1.9 E). This (1:1)-lipid:PS conjugate was successfully incorporated in egg-PC or DPPC
liposomes with an incorporation rate of 10 mol%. Taken together, grafting one or two alkyl chains
on the porphyrin moiety shows limitations, in terms of liposome formulation, and doesn’t show

significant improvement compared to free porphyrins.
e Cholesterol moiety conjugation

Cholesterol, the most commonly found sterol in mammalians membrane, cannot form bilayer on its
own®+%2, However, due to its amphiphilic properties, cholesterol orients along the lipid bilayer normal,
inserting its hydrophobic backbone into the hydrocarbon region while maintaining contact between
its OH group and the polar headgroup region®®. In addition, the OH group can be conjugated via
esterification reaction to a porphyrin derivative possessing a carboxylic group. Nikolaeva et al.,
showed that the conjugation of chlorin-e6 to cholesterol moiety (Figure 1.9 C) allowed the
incorporation of the conjugates into egg-PC vesicles (about 2 mol%) by exposing the porphyrin core
outwards the lipid bilayer®®. The same group synthesized another form of chlorin-cholesterol
conjugates (Figure 1.9 A), by covalent binding of methyl pheophorbide-a derivatives®. Interestingly,
once mixed to egg-PC at different ratios, those conjugates could form micelles, with significant red-
shift of the Q-band (from 667 nm to 710 nm), indicating stacking of the PS in the assemblies. However,
these micelle-like structures were not stable and quickly formed aggregates, making impossible
additional drug encapsulation and light-triggered release. Zheng et al.% showed that cholesteryl oleate,

once conjugated to pyro-pheophorbide a (Figure 1.9 D), could be used as an anchor in the lipid matrix
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core of LDL®>%, This strategy was efficient for better membrane or lipid matrix incorporation, but it

was not investigated for cargo release from liposomal formulations.
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Figure 1.9. Lipid like structures, including A (Ponomarev et al.®) — B (Temizel et al.®%) — C (Nikolaeva et al.%¥)
— D (Zheng et al.®) — E (adapted from Nathan et al.*?)

1.3.1.3. Porphyrin derivatives conjugation to lipid derivatives: Alkyl chains of
phospholipids

Another strategy for covalently linking the PS to the lipids is to use the end of one of the alkyl chains
of a phospholipid. The lipid-porphyrin conjugate developed using this strategy by Tsuchida’s
group®*° was a single tetraphenylporphyrin (TPP-(C1s0H)4) bearing four copies of a synthetic
trimethylolethane-derived phospholipid (Figure 1.10 A). A six-step reaction was required to obtain
this (4:1)-lipid:porphyrin conjugate. The purpose of the modification was to stabilize the porphyrin
molecule from any motion, by placing it at a 90° angle against the four phospholipid acyl chains. This
molecule was able to self-assemble, once dispersed in water, into liposome-like vesicles (Figure 1.10
A), with a much thicker bilayer (10 nm), compared to a common phospholipid bilayer (4 nm)00-101,
The increase in thickness was due to the trimethylolethane group between the polar head and the two
acyl-chain (C18 and C20) of the phospholipid, as well as to the porphyrin itself, giving an overall
molecule thickness of 4.6 nm. This elongated form of the phospholipid made impossible high
curvature in the lipid bilayer, preventing smaller vesicles to form and membrane fusion to occur
between two vesicles. The obtained vesicles thus exhibited good stability. The close vicinity of
porphyrin molecules in the middle of the bilayer favored edge-to-edge arrangement, characteristic of

J-aggregates, like those of bacteriochlorophyll in the chlorosomes of green bacteria'®>1%, These nano-
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objects, each one containing approximately 23,000 porphyrin molecules, were originally developed
as possible blood substitute for oxygen transportation, but also hold promising applications as drug
delivery systems and fluorescent probes. However, the synthetic pathway is too complex for scale up

processes and their phototriggering release ability is not yet studied.
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Figure 1.10. Different conjugation methods of photosensitizers to phospholipid derivatives. A. (adapted from
Komatsu et al.®®) — B (adapted from Liang et al.®*) — C (adapted from Lovell et al.%)

1.3.1.4. Porphyrin derivatives conjugation to phospholipid-like structures

One possible strategy also consists in the full synthesis of lipid-like structures, binding to the
porphyrin moiety. Liang et al.1%*1% developed new lipid-porphyrin-like conjugates (PORSILS) based
on organoalkoxysilylated lipids. Each lipid-like molecule contained two triethoxysilyl groups as a
polar head (Figure 1.10 B), two hydrophobic chains (C16) parallel to the porphyrin moiety
(5,10,15,20-tetraphenylporphyrin), and required a six-step synthesis. PORSIL lipids can self-
assemble into hybrid organic-inorganic vesicle like structures (Figure 1.10 B), named porphyrin
bilayer cerasomes (PBC). They are able to retain hydrophilic cargo such as calcein. These high
porphyrin-content vesicles not only retain the PS fluorescence, but also improve singlet oxygen
generation. This is explained by the high porosity of such nanoparticles, preventing quenching of the
PS in the unwell packed PORSIL bilayer. Cerasomes showed high stability even in the presence of a
detergent. Such high stability may prevent a possible light-triggered release by illumination of
embedded PS. Only a very significant membrane disruption can enable cargo release, as shown in a
similar study using the UV-activatable azo-organoalkoxysilylated lipids (AZOSIL)¥. Although
cerasomes are promising systems, their biocompatibility is still under investigation, and they were

toxic (0.2 mg/mL) on HUVECs cells!. Recently, the authors reported many improvements in terms
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of cerasome toxicity by the development of silica free porphyrin-grafted lipids (PGL), that also

showed similar self-assembling properties'®’.

1.3.1.5. Porphyrin derivatives conjugation to sn-2 position of lyso-phospholipids

Based on the two previous examples, it is now clear that the position of the hydrophobic PS on the
lipid molecule is crucial for the formation of a stable lipid bilayer: when a PS is close to the
hydrophobic alkyl chain, the conjugate inserts more easily in the phospholipid bilayer than when the
PS is bound to the polar head. However, the right strategy for lipid-porphyrin conjugate in order to
ensure both cargo stable encapsulation and light-triggered release still remains unclear. Furthermore,
the two previous examples both involve TPP-core porphyrin, which lacks of efficient absorbance
properties in the 650-800 nm therapeutic window (the Q-band at 650 nm has a very weak extinction
coefficient). This significantly reduces their chances for clinical application. In 2011, Lovell et al.®
demonstrated the successful conjugation of the chlorophyll-based pyropheophorbide a to the sn-2
position of lysophosphatidylcholine (16:0 Lyso-PC)® through a single step esterification reaction
(Figure 1.10 C). The obtained porphyrin-phospholipid conjugates (also named pyro-lipid) were able
to self-assemble into stable liposome-like vesicles (porphysomes), stabilized by the incorporation of
5 mol % of DSPE-PEG2q00. Porphysomes contain about 80,000 highly packed porphyrins and show
tremendous possible applications for photothermal therapy (PTT)%661% photoacoustic imaging®,
PET imaging'%, fluorescence imaging, and photodynamic therapy. These two latter applications can
only be achieved after porphysomes dissociation into monomers. More particularly, they offer a new
modality for light-triggered liposomal release*®7880.110-112 Qnce self-assembled into vesicles, the
well-ordered and densely packed porphyrin molecules exhibit a high fluorescence quenching. Due to
this self-quenching, the absorbed energy, usually released in the form of fluorescence and singlet
oxygen, is this time released as heat. In addition, due to the high porphyrin content, the amount of
light-energy absorbed by one porphysome is so important that thermal release is similar to that of
gold nanoparticles®. This makes porphysomes a potent tool for PTT and the first organic, bio-based,
biodegradable particle in the group of photothermal nanoparticles. Depending on the concentration,
the chemical structure of the conjugated porphyrin as well as on the lipid composition of liposomes,
different functionalities can be finely tuned?®. Subsequently, the phototriggered release mechanism

can be either photooxidative or photothermal.
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1.3.2. Lipid-porphyrin conjugates for light-triggered release applications

Most of the reported studies on porphysomes were achieved using pyro-lipids. However, due to
mismatch between the length of the alkyl chain in sn-1 position and the adjacent porphyrin, several
formulations have been tried in order to obtain stable liposomes. In fact, Lovell et al. have
demonstrated that at least 30 mol% of cholesterol should be added to pure pyro-lipid porphysomes in
order to form stable vesicles that retain their cargo®. The amount of cholesterol required for stable
doxorubicin entrapment was even higher (50 mol%), due to the tendency of doxorubicin to precipitate
into elongated fibrils when encapsulated into liposomes, forcing vesicles to transit from spherical to
elongate ellipsoid shape.

In more recent applications (Table 1.2), liposomes were prepared by combining lower amount of
pyro-lipid (2 mol%) with high transition temperature lipids, such as 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), together with cholesterol (40 mol%) and DSPE-PEGazo00 (5 mol%)*. Low-
content pyro-lipid-containing liposomes enabled phototriggered release of doxorubicin (Figure 1.11
A) within minutes, in physiological conditions (50 % serum, at 37 °C)!. Although in vivo
observations underlined a slight rise in temperature on the tumor site!'!, the release mechanism was

identified as photooxidative-based, due to cholesterol oxidation species detected after illumination?®.
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al.!t), 2 mol% of pyro-lipid with increasing amounts of DOTAP-lipid (B — adapted from Luo et al.&% or 0.1 mol% of
pyro-lipid with 5 mol% of either DLPC, DOPC or SLPC lipids (C — adapted from Luo et al.*5)

In another study, in 2017, Luo et al.® demonstrated that decreasing the rigidity of the lipid membrane
induced improved photooxidative-based release. This was done by replacing 20 mol% of DSPC by
an unsaturated lipid, DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) in the previous
formulation (Figure 1.11 B)®. The authors could identify oxidized DOTAP species after liposomes
illumination, demonstrating that phototriggered release was photooxidatively driven. Similarly, the

photoinduced release could be optimized when different unsaturated lipids were used, such as
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18:1(cis) PC (DOPC), 18:2(cis) PC (DLPC), or 18:0-18:2 PC (SLPC), at lower amount of pyro-lipid“®.
Only 0.1 mol% was required for efficient release within seconds in the same conditions (Figure 1.11
C).

In order to overcome the mismatch problem encountered with pyro-lipids, a new type of
phospholipid-porphyrin conjugate was developed by Lovell et al. with the conjugation of
lysophosphatidylcholine (Lyso-PC) to 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a (HPPH)?8.
HPPH is a photosensitizer which is already used in advanced clinical trials for several types of cancer,
(esophageal, non-small lung, head and neck cancers®®). It possesses an additional 6-carbon alkyl chain
which aligns with the C16 alkyl chain of the covalently bound Lyso-PC (Figure 1.12 A). Molecular
dynamics simulations confirmed the slightly enhanced stability of the HPPH-lipid bilayer, due to a
better alignment of the lipid chains, and the formation of a slightly thicker bilayer compared to the
pyro-lipid bilayer’®. Additionally, successful cargo retain was observed when porphysomes were
formed with 100% of HPPH-lipid, without addition of cholesterol.
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Figure 1.12. (A) HPPH-lipid structure (adapted from Carter et al.”®). Doxorubicin release (B — adapted from Carter et
al.”®) or Calcein ON-OFF release (C — adapted from Carter et al.”®) from DSPC liposomes containing 10 mol% of HPPH-
lipid.

Photothermal-induced release of doxorubicin was possible within minutes (Figure 1.12 B) with
liposomes composed of 10 mol% of HPPH-lipid combined with DSPC (50 mol%), cholesterol (35
mol%) and DSPE-PEG2000 (5 mol%). In addition, authors successfully showed the possible ON-OFF
calcein release (Figure 1.12 C) which supports the photothermal-based release, although no bulk
solution temperature increase was observed. Furthermore, the PS leakage due to interaction with

proteins of serum was prevented due to covalently bond PS to phospholipid.
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Table 1.2. Lipid-porphyrin conjugates for light-triggered release

Light-triggered
release mechanism

mol%  Co-excipient (mol%o) Cargo References
(wavelength /
power)
95 DSPE-PEG2000 (5) / / 6
Fluorescent probes :
Carboxyfluorescein
Hypothesis: thermal
70 egg-PC : chol (18 : 12) 10 kDa Texas Red (405 nm, 1y
210 pW/pm?)
155 kDa TRITC-
dextran
':I’}"'_‘é' 45  DSPE-PEGaoo: chol (5:50)  Doxorubicin / 6
1P - B o i
p 1- DSPC-DSPE-PEGznno-chol e »
2t015  (48:5:45) IRT 5
2- SPM : chol (53:2:45) {608 i, =D e
DSPC- DSPE-PEGz000-chol - Cholesterol oxidation 1
2 (53:5:40) Doxorubicin (665 nm, ~310 mMW/cm?)
2 DSPC : DOTAP : chol Doxorubicin DOTAP photooxidation 80
(38 : 20 : 40) (665 nm, 250 mW/cm?)
DSPC : DOPC : chol - DOPC photooxidation %
01101 5195 40) Doxorubicin (665 nm, ~310 MW/cm?)
95 DSPE-PEG2000 (5) Calcein / %
DSPC : DSPE-PEG2000 : chol : Photothermal (ON-OFF) 8
51040 (555 35) Calcein (658 nm, 240 mW/cm?)
HPPH- = Dspc:DSPE-PEGa:chol [y o Photothermal -
lipid (50:5:35) (658 nm, 200 mW/cm2)
. ) . passive release (leaky
2t05 (IZEP(; . E:;PE PEGz000 : chol Doxorubicin liposomes without 113
T illumination)
Pur- DSPC : DOPC : DSPE- Basic orange / DO e GEToT "
linid 2 PEGano:chol (33:10:5:50) calcein (e Dimi) 1255200
Ip1 : Y mW/cm2)

Note: cholesterol (chol); Tetramethylrhodamine isothiocyanate—Dextran (TRITC-dextran); irinotecan hydrochloride
(IRT), Purpurin-18-Lyso-PC conjugate (Pur-lipid)
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1.3.3. Lipid-porphyrin conjugates: additional applications

As the most promising conjugation strategy for lipid-porphyrin conjugates remains sn-2 position
conjugation, similar strategy was used in order to covalently bind other types of porphyrin derivatives
(Figure 1.13 A). In 2018, Purpurin-181* was covalently bound to Lyso-PC (Pur-lipid) and showed
comparable results in terms of light-triggered release, for both fluorescent probes and anticancer
therapeutic agent such as doxorubicin (Table 1.2). In addition, different liposomal formulations
encapsulating separately different cargos enabled selective cargo release depending on the
wavelength of the laser. Rizvi et al. developed, in 2018, a verteporfin-lipid (LPC-BPD) conjugate!!®
using the same route as previously described (Figure 1.13 B), by covalently binding the PS to Lyso-
PC through Steglish esterification, taking advantage of the carboxylic group of verteporfin.
Verteporfin is a mixture of two regioisomers, so LPC-BPD is also a mixture. However, they
emphasized that verteporfin in free form localized specifically in endoplasmic reticulum (ER) and

mitochondria whereas LPC-BPD accumulated more into lysosomes.

R; =COOMe or lipid

R, =lipid or COOMe

Figure 1.13. A. Lipid-porphyrin conjugates (1. pyropheophorbide a®, 2. HPPH"®, 3. NH-HPPH®, 4. Texaphyrin'’, 5.
Bacteriochlorophyll a8, 6. Purpurint#4) — B. Verteporfin-lipid conjugate, LPC-BPD,
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Adding to the aforementioned applications, porphysomes pave the way for several medical
applications such as theranostics as a single molecule can simultaneously be used for its therapeutics
properties, and as a diagnostic agent. Indeed, the porphyrin ring offers the possibility to host metals
for different properties and additional applications. While pyro-lipid, self-assembled into
porphysomes, has shown potential for photoacoustic imaging®, addition of copper makes PET
imaging applications possible. Manganese (Mn), a paramagnetic contrast agent commonly used for
magnetic resonance imaging (MRI), has already shown promising results when chelated to pyro-lipid
formulated into liposomes!!8. The introduction of an amine group at the extremity of HPPH-lipid C6-
lipid chain promotes more water molecules to penetrate into the bilayer!!® and has shown enhanced
MR signal. Another strategy has been adopted for the improvement of MRI which consisted on the
conjugation of a pentaaza Schiff base macrocycle with 5-coordination pocket named texaphyrin to
Lyso-PC’. This offers stronger coordination with the metal compared with traditional porphyrins
and leads to improved stability and relaxivity of Mn-based MRI agents!'’. In addition, this strategy
was applied to 17 different metals, and makes metal-texaphyrin-lipid self-assemblies potential tools
for numerous applications, such as radiotherapy, radiosensitization, PET and SPECT imaging, MR,

photodynamic therapy, and fluorescence imaging*’.

1.4. Conclusion

Lipid-porphyrin conjugate technology have shown a wide range of applications, especially for the
development of multimodal drug delivery systems, as it enables to combine light-trigger release of
an encapsulated drug, imaging, and intrinsic PDT properties of the PS. However, none of these
systems are yet clinically approved. Moreover, while these technologies showed a versatility in the
phototriggering release several limitations can be underlined.

The encapsulated hydrophilic molecules (either fluorescent probes, or therapeutic molecules) are
mostly comprised in the range of small molecules (250 — 650 g/mol), and to our best of knowledge
only one study was done on the release of larger molecules, from giant unilamellar vesicles.
Macromolecules delivery in a well-controlled manner is of a great importance to ensure endosomal
escape and delivery into the cytoplasm.

Furthermore, it should be noted that in most of the cited works, little attention was given to the
stability of the encapsulated molecules. Indeed, the amount of ROS that can be generated by the PS
during light-triggered release can have a direct impact on the encapsulated cargo structure, and
function. For example, fluorescein-based fluorescent probes are known to be very sensitive to
oxidation, leading to fluorescence signal decay'®'%, However, none of the studies investigated in

this direction.
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Also, the mechanism of photoinduced liposomes permeabilization needs further investigation in order
to find the optimal liposome composition. As previously mentioned, phototriggered release from
liposomes containing porphyrin derivatives via a photothermal conversion mechanism, requires the
use of high concentration of photosensitizers with quenched fluorescence. However, these
compounds, as other dyes, are subject to photobleaching, reducing their photothermal conversion
efficiency. Additionally, the excited states of the closely packed porphyrin derivatives may promote
the formation of reactive oxygen species which reduces the control of the release mechanism in a
spatiotemporal manner. Finally, it should be pointed out that most of the described lipid-porphyrin
conjugation required several steps of chemical synthesis with low yields. Thus, further investigation
should be done in order to improve the synthetic protocols, for minimizing costs and facilitating

clinical translation.
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Chapter 2

Impact of lipid composition and photosensitizer hydrophobicity on the

efficiency of light-triggered liposomal release
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2.1. Introduction

Phototriggerable liposomes are nanocarriers that can be activated upon illumination at a specific
wavelength to release their cargo®®. Composed of biocompatible molecules, i.e., phospholipids (PLs),
these systems provide efficient drug loading capacity, and are able to release their drug payload in a
spatial, temporal, and dose controlled way®4°.

Among the previously mentioned light-triggered release modalities, in chapter 1, photothermal and
photooxidation methods appear as the most advantageous ones, due to the use of some photoactive
molecules that efficiently absorb in the Near Infrared Region (NIR), known as the "phototherapeutic
window"®. Due to this absorption feature, these molecules allow using deeper light penetration into
tissues. In photooxidative liposomes, they can be embedded in a matrix constituted of PLs with

monounsaturated or polyunsaturated fatty acyl chains®®.

So far, a few studies, including molecular dynamic (MD) simulations, have highlighted the
importance of the localization and orientation of PSs in lipid bilayers of liposomes in the efficiency
of light-triggered drug delivery systems’821-123 This theoretical approach elucidated the role of PS
charge state'?? or the presence of PEG (polyethylene glycol) inside lipid bilayers?!. For instance,
hematorporphyrins were shown to reside in the phospholipid headgroup region of POPC in close
contact with carbonyl groups, highlighting the importance of charge state. By combining MD
simulations with fluorescence quenching analysis, Dzieciuch et al.'?! reported that p-THPP
partitioned in PEGylated liposomes in two preferred locations, either close to the center of the bilayer
or wrapped within the PEG chains. Interestingly, liposomes made of coupled porphyrin-phospholipid

were prepared, exhibiting new stable bilayers’®.

In this work, three promising PSs were selected and used at low molar percentage (2.5 mol%) to
avoid both overestimation of release efficiency due to liposomal formulation instabilities®, and PS
aggregation which may significantly alter singlet oxygen quantum yields'®*'%>, m-THPP is the
porphyrin derivative of a commercial chlorin, m-THPC, which is approved in the European Union
for head and neck tumors under the name of Foscan® 1% (Figure 2.1 A-C). Verteporfin is a
benzochlorin derivative monoacid ring A (BPD-MA), which is composed of an equal mixture of two
regioisomers (C and D), each of which consisting of a pair of enantiomers. Verteporfin is clinically
approved by the Food and Drug Administration (FDA) as liposomal formulation (trade name
Visudyne®) for age-related macular degeneration (AMD)*?’, and it exhibits efficient capacity for
phototriggered drug release from liposomes®. Pheophorbide a is a chlorophyll catabolite that has
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shown potential efficiency in photodynamic therapy (PDT) for the treatment of different cancers in

vitro'?12% causing lipid peroxidation in the mitochondrial membrane®*°.

The aim of this work was to investigate the efficiency of these three PSs on photoinduced membrane
permeation using low irradiance rate (i.e., 2 mW/cm?), which is usually used for in vitro PDT
experiments®®-133, We intended to establish the relationship between a well-defined lipid bilayer
composition and the photoinduced drug release capacity of these PSs. Molecular dynamics (MD)
simulations provided atomic rationalization of insertion of the three PSs into bilayers with different
compositions. This supported understanding of photoreaction, photooxidation, and thermotropic
effects.
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2.2. Materials and Methods

2.2.1. Chemicals

Verteporfin (> 94%, Mw = 718.79 g/mol), pheophorbide a (> 90%, Mw = 592.68 g/mol), methyl
linoleate (> 99%, Mw = 294.47 g/mol), calcein (Mw = 622.53 g/mol) HEPES (99.5% pure, Mw =
238.31 g/mol), sodium chloride (NaCl, 99% pure, Mw = 58.44 g/mol), ammonium molybdate (V1)
tetrahydrate (81-83%, Mw = 1235.86 g/mol), L-ascorbic acid (99%, Mw = 176.12 g/mol), 0.65 mM
phosphorus standard solution and hydrogen peroxide (30 wt %) were purchased from Sigma (St.
Louis, MI., USA). m-THPP was a gift of Dr Philippe Maillard (Institut Curie, France)!34,

The 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC, Mw = 788.14 g/mol), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, Mw = 786.11 g/mol) and 1-stearoyl-2-linoleoyl-sn-glycero-3-
phosphocholine (SLPC, Mw= 786.11 g/mol) PLs were purchased from Avanti Polar Lipids
(Alabaster, AL., USA). They were 99% pure and were used without any further purification.
Chloroform, methanol, and tetrahydrofurane (99% pure) were analytical-grade reagents provided by
Merck (Germany). The ultrapure water used in all experiments was produced by a Millipore Milli-
Q® Direct 8 water purification system with a resistivity of 18.2 MQ.cm. The chemical structures of

the studied PSs and PLs are shown in Figure 2.1

2.2.2. Light source

The light irradiation experiments were carried out by means of a homemade lamp composed of 4
Philips TL fluorescent tubes covered by a flat diffusing glass plate and fitted with an orange filter
(A ~ 520680 nm with a Amax = 590 nm) at a 2 J/cm? fluence (Figure S2.1). The illumination duration
(14 min) was kept constant for all experiments, and the samples were illuminated from the bottom of
the glass vials (V =5mL, S =5.5 cm?).

2.2.3. Vesicle suspension preparation

Porphyrin-containing liposomes were prepared by the conventional thin lipid film hydration
method**® followed by vesicle suspension extrusion. In brief, PL/PS couples were solubilized in (9:1
v/v) chloroform:methanol mixtures at a 97.5/2.5 (mol%). After evaporation of the solvent under
vacuum at 45°C, the dry film was hydrated with 1 mL of either HEPES buffer (10 mM HEPES, 150
mM NaCl, pH 7.4, corresponding to ~ 285 mOsmol) or calcein solution (40 mM calcein, 10 mM
HEPES, pH 7.4, ~ 285 mOsmol). The final lipid concentration was 10 mM. The osmotic pressure of
the solutions was measured using a Loser osmometer (Camlab, Cambridge, UK). The mixture was

then vortexed and extruded 19 times through a 200 nm pore-sized polycarbonate membrane, at room

36



Chapter 2

temperature. The hydrodynamic diameter was measured by dynamic light scattering (DLS). The PS
incorporation percentage was determined by UV-visible absorption, after liposome disruption with a
HEPES buffer/methanol/THF (0.2:0.8:1 mL) mixture. The PS content was controlled by measuring
absorbance at a specific wavelength (m-THPP: 417 nm, verteporfin: 689 nm, and pheophorbide a:
667 nm) using a CARY 100 Bio UV-visible spectrophotometer (Varian, USA). By comparison with
standards at specific concentrations, the PS incorporation efficiency (i.e., % of PS inserted into the
liposome bilayer with regards to its initial amount in the chloroform-methanol solution) was
determined by measuring the absorbance of each liposomal sample after their rupture in a
methanol/THF mixture. The molecular state of PS in the liposome bilayer was investigated by UV-
Vis spectroscopy. As deduced from the absorption spectra, the PSs were not aggregated when

incorporated into the lipid matrices.

R;=H, R,=CH; Verteporfin C Pheophorbide a
R;=CH3;,R;=H Verteporfin D
A B C
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Figure 2.1. Chemical structures of the photosensitizers (A, B, C), phospholipids and methyl linoleate (D, E, F, G).
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2.2.4. Dynamic light scattering (DLS) and zeta potential measurements

All DLS measurements were carried out on SOPC liposomes at 1 mM of lipid concentration with a
Zetasizer (Nano ZS90, Malvern). For the (-potential measurements, liposomes (without calcein) at a
lipid concentration of 10 mM were prepared in 5 mM HEPES buffer with low ionic strength (5 mM
NaCl) and diluted to 1 mM of lipids in the same buffer just before measurements. All measurements

were carried out at 25°C.

2.2.5. Differential scanning calorimetry (DSC)

DSC measurements were carried out using a DSC Diamond Perkin-Elmer apparatus. To ensure that
thermal equilibrium was reached, four successive heating/cooling scans were recorded between -10°C
and 15°C at a scan rates of 5°C/min (for the first two cycles), 2°C/min and 1°C/min with an empty
pan as a reference. Each scan was preceded by a 2 min isotherm recording at the initial temperature
to allow the samples to set thermal equilibrium. The same thermal events were observed for all scans
and all the observed transitions were reversible and reproducible. The samples (multilamellar
suspensions) used for the DSC measurements were prepared by rehydration of either pure SOPC thin
films (5 mg) or SOPC:PS (97.5:2.5 mol%) with 45 uL of HEPES buffer. Analyses were performed
in duplicate by placing the samples (~ 15 mg) in hermetically sealed aluminum pans. To monitor the
effect of illumination on the PL thermal behavior, 50 pL of lamellar suspensions (5 mg of SOPC)
were illuminated with orange light at a fluence of 2 J/cm? for 14 min before starting the thermal
measurements. The calibration was carried out with pure cyclohexane (> 99.9% purity, 6.7 °C melting
temperature)**®. Data were collected and processed using Pyris thermal analysis software (version
9.1). The PL transition onset temperatures (Ton) Were determined from the intercept of the baseline
with the tangent to the left side of the peak, while offset temperatures were deduced from the
extrapolation to zero heating rate from scans performed at 1°C min!, 2°C mint and 5°C min%.
Enthalpy variations (AH) were calculated by integrating the area under the transition peaks. The

transition enthalpies were determined from the areas under the curve.

AH = [ Cp.dT (eq. 1)
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2.2.6. Lipid oxidation monitoring by conjugated diene formation

The formation of conjugated dienes arising from the peroxidation of methyl linoleate (ML) following
illumination was monitored by measuring the UV absorbance using a molar extinction coefficient of
27 000 Mt.cm™at 234 nm in ethanol*3":1%8, In order to investigate the impact of the environment on
the oxidation efficiency of the various PSs, the measurements were performed either in ethanol or in
liposome suspensions at different ML concentrations. In ethanol solutions, ML at concentrations
varying from 0 to 5 mM was dissolved in 5 mL of ethanol with 5 uM PS. In the experiments conducted
in liposomes, 10, 20 or 30 mol% ML were added to the initial PL:PS mixture in chloroform:methanol
(9:1; viv). All samples were irradiated for 14 min at 2 J/cm? (~ 2 mW/cm?) and the absorption spectra
were directly collected from 220 to 300 nm using the CARY 100 Bio UV-visible spectrophotometer.
The increase in absorbance at 234 nm was evaluated by subtracting the spectrum of non-irradiated
samples from that of irradiated ones.

The quantum yield of the formed conjugated dienes (®conjugated dienes) Was determined according

to the following equation:

Cconjugated dienesXV (eq 2)

q)conjugated dienes —

Ngpsorbed photons Xt

where Ceonjugated aienes 15 the concentration of formed conjugated dienes determined from the
absorption spectra; V is the volume of the irradiated solution; ngpsorbed protons IS the total number of

absorbed photons per second; and t is the illumination duration.

The Ngpsorbea photons CaN be calculated according to Mojzisova et al.% as follows:

N LIy -
Ngpsorbed photons = EZAE_A X (1 — 10 Absl) (eq 3)

where s is the surface of the illuminated sample (because the sample container is much smaller than
that of the used lamp); Na is the Avogadro's number; LI, is the light irradiance (W/m?) at each
elemental wavelength; E, is the energy (joules) of one photon at the irradiation wavelength; and Abs;
is the absorbance of the illuminated solution at each wavelength. For the determination of the LI, the
spectral irradiance of the lamp was measured using an Ocean Optics Red Tide UV-Vis
spectrophotometer. It is noteworthy that no photobleaching of PSs was observed in ethanol after 14
min of illumination, whereas for the liposome-embedded PSs there was a slight photobleaching,

which did not exceed 5%. To correct the photobleaching of PSs in the calculation of
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D conjugated dgienes IN liposome conditions, the absorption spectra of the different PL-PS liposomes

were recorded before and after irradiation. The amount of absorbed photons was then calculated from

the mean of the two spectra.

2.2.7. Calcein loading and release from liposomes

Calcein is a water soluble fluorescent probe which is self-quenched when confined in the inner
aqueous core of liposomes’. Its release from the core of liposomes is accompanied by an increase in
its fluorescence intensity due to its dilution in the buffer. To perform calcein release experiments, the
extruded calcein-loaded liposomes were purified by ultracentrifugation, with two successive 1-hour
cycles at 150 000g and at 4°C, using a Beckman Coulter Optima™ LE-80K (Palo Alto, CA, USA)
with a 70.1 - Ti rotor. The supernatant containing free calcein was carefully discarded and the pellet
containing the liposomes was resuspended in HEPES buffer, to obtain a liposome suspension of about
10 mM in lipid. The accurate lipid concentration was determined using total phosphorus analysis**°.
In brief, liposome samples were treated with concentrated sulfuric acid at 220°C for 25 min, followed
by additional 30 min of heating after adding concentrated hydrogen peroxide. After cooling down,
samples were diluted with deionized water, and a complex was formed by addition of 2.5 %
ammonium molybdate, immediately reduced by addition of 10 % ascorbic acid. The blue colored
complex was formed by heating this solution at 100°C for 7 min, and the related absorbance was

measured at 820 nm, once the solution had cooled down.

The calcein release experiments were performed on liposome suspensions diluted in HEPES buffer
to 15 uM of lipids. Estimation of calcein release was done by fluorescent spectroscopy using a Perkin-
Elmer LS-50B computer-controlled luminescence spectrophotometer (Massachusetts, USA)
equipped with a red sensitive R6872 photomultiplier. The emission spectra were obtained before and
after illumination, with excitation at Aexcitation = 490 nm and emission measured at Aemission = 514 nm.
The liposomes were then disrupted by addition of Triton X-100 at a final concentration of 1% (m/v),

to entirely release the calcein content, the release being calculated by the following equation:

F-F,

% calcein = (F ) x 100 (eq.4)

det—Fo

where F is the fluorescence intensity after liposome illumination at different times; Fo is the initial
fluorescence intensity; and Fqet is the fluorescence intensity of calcein after rupture of the liposomes

with 1% of Triton X-100.
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Photobleaching of calcein (<10%) after illumination was taken into account in the % of released
calcein. It should be noted that the kinetic profiles obtained in this work were normalized versus non-
illuminated liposomes to take only the active release of calcein into account.

The time evolution of calcein release (%) for SOPC and DOPC vesicles were fitted with an

exponential function:
%calcein =a+b. e_b't (eq 5)

The evolution of calcein release (%) as a function of time for SLPC formulations were fitted with a

sigmoidal function:

' b/
Yocatcein = @ + 1+e(c/=0/d! (eq 6)

where a' and b' are the coefficients at the base and the max of the sigmoidal curve; c' represents the

critical time at which the % of released calcein reaches (base+max)/2; d' is the rise rate.

2.2.8. Force field (FF) parameters

MD simulations were performed by Dr Florent di Meo and Prof. Patrick Trouillas at the INSERM
UMR 850, School of Pharmacy, Limoges University. The force field (FF) parameters of the three PSs
(m-THPP, verteporfin, pheophorbide a) were derived from GAFF using the antechamber
package!*!. Atomic charges were derived from RESP (Restrained fit of ElectroStatic Potential) based
on calculations achieved within the density functional theory (DFT) formalism with the (IEFPCM)-
B3LYP/cc-pVDZ method, in diethylether'#2. The DFT calculations and the atomic charge fitting were
performed with the Gaussian 09, RevA!*® and RESP-v.III softwares!**, respectively. The two
regioisomers, C and D, of verteporfin (Figure 2.1) were considered for MD simulations.

Lipid FFs available in the Amber16 package were used to describe the three PL types (DOPC, SLPC
and SOPC). Namely, the lipid14'*® FF was used to describe DOPC, whereas the lipid11'4® and
GAFFlipid*” FFs were used to describe both SOPC and SLPC. The lipidll FF is known to
overestimate lipid order, therefore analyses of membrane structural properties must be considered
with care, and structural analyses require further validation upon more accurate FFs. The "three-

point" TIP3P water model**® was used to describe water molecules.
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2.2.9. Molecular dynamic (MD) simulations

Three pure DOPC, SLPC and SOPC bilayer membranes made of 72 lipids, each, were created using
the membrane bilayer builder from the CHARMM-GUI server!*®. Membranes were solvated with a
hydration number of 50 water molecules per one lipid molecule. Na* and CI- ions were added to match
with experimental conditions (i.e., [NaCl] = 0.154 M). MD simulations were carried out using both
the CPU and GPU codes available in Amber16%%%°!, Particle-Mesh Ewald (PME) MD simulations
were first run on the pure DOPC, SOPC and SLPC bilayer membranes that were carefully prepared
as follows: minimization of the water molecule system prior to the entire system minimization; slow
thermalization of water molecules up to 100 K in the (N,V,T) ensemble for 200 ps; thermalization of
the whole system to the final temperature (298.15 K) of the entire system for 500 ps (N,P,T);
equilibration of the density of the system for 5 ns (N,P,T) MD simulations; finally, production of 400
ns MD simulation. PSs were inserted into equilibrated membranes, and the system was relaxed by a
short minimization, so as to prevent any steric clash artifact; 400 ns MD simulations were then carried
out. The total MD simulation time for the three PSs (considering the two regioisomers - C and D - of
verteporfin) with the three lipid bilayer (DOPC, SLPC and SOPC) membranes was ca. 6 ps. The
analyses were used along the last 200 ns of the MD trajectories (series of snapshots of the molecular
systems). This allowed obtaining a complete sampling of structural properties during 200 ns, after the
equilibrium is reached (i.e., within the first 200 ns of the MD simulation). PME MD simulations were
carried out using the SHAKE algorithm and a 10 A noncovalent interaction cut-off. The temperature
was maintained using the Langevin dynamics with a collision frequency of 1 ps?. Anisotropic
pressure scaling was used in which pressure relaxation time was set at 1 ps. The analyses were carried

out using the cpptraj software®,

The z-axis is defined as being perpendicular to the membrane surface. The depth of penetration of
PSs was measured as the z-component of the vector originated at the center-of-mass (COM) of the
lipid bilayer and that is pointing towards the PS COM. The orientation of PSs in lipid bilayer
membrane was assessed as the a-angle between the z-axis and the normal vector to the planar ring.

Entrapment is strongly correlated to the noncovalent interactions existing between PS and lipid tails;
the stronger the interaction energy Enc between PS and lipid tails, the higher the entrapment efficiency.
PS-PL interactions were obtained from MD simulations by calculating noncovalent interaction
energies (Enc) between (i) PSs and PLs, as well as (ii) PSs and lipid tails of PLs only, lipid tails being
defined as the sni;- and sny- chains. Both energy types were derived from the averaged sum of

electrostatic and van der Waals energies per atom.
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2.3. Results and discussion

2.3.1. Characterization of SOPC liposomes incorporating the three PSs

The characteristics of SOPC liposomes doped with PSs are summarized in Table 2.1 The
incorporation of various PSs in the SOPC lipid bilayers did not induce any significant change in their
hydrodynamic radius compared to unloaded liposomes. Whereas, the {-potential of SOPC vesicles
doped with m-THPP was also not significantly modified, both verteporfin and pheophorbide a led to
more negative (-potential values. Apparently, these PSs were not deeply inserted in the bilayer leaflets.
MD simulations agreed with these observations, showing that the distance of PS COM to the
membrane center increased as follows m-THPP < pheophorbide a < verteporfin C/D (Table 2.1).
m-THPP has a relative hydrophobic nature, exhibiting an octanol/water partition coefficient logP

value of 4.8 at neutral pH>31%4,

Table 2.1. Hydrodynamic Radius (nm), Polydispersity Index (PDI), {-Potential (mV) of vesicle suspension and PS
incorporation efficiency (%). The last column corresponds to the location of the PS COM with respect to the middle of
the membrane (z = 0) (<z>), as obtained from MD simulations. For verteporfin the two values are given for the two
isoforms C and D, respectively.

-potential incor I:)osration Distance from
Composition R (nm) PDI &P e membrane
(mV) efficiency center <z> (A)
(%)
SOPC 106+4 0.09+0.02 -17+0.1 -- -
SOPC-m-THPP 105+3 0.09+0.03 -3.8%+0.2 84.6+4.4 96+0.8
SOPC- 16.0+0.9
verteporfin 98+3 0.07+0.04 -19.3+0.6 68.0+4.3 { 18.0 £ 0.6
SOPC- 103+7 007+001 -180+07  751+52 13.2+0.8
Pheophorbide a

The tetrapyrrole ring of this PS is embedded relatively deep in between the lipid tails and adopts a
perpendicular orientation with respect to membrane surface (a-angle of ca. 90°, Figure 2.2). In this
case, van der Waals forces constitute the major contribution to Enc, with a minor contribution of
electrostatic interactions (Table 2.2). This agrees with previous fluorescence quenching
experimentst® showing relatively strong interactions of this compound with phospholipid tails. This
location also agrees with the greater entrapment efficiency observed for m-THPP into SOPC bilayers
(84.6 + 4.4 %), with respect to the other two PSs (Table 2.1).
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Figure 2.2. Orientation distribution of PSs in (a) SOPC, (b) DOPC and (c) SLPC. m-THPP, Pheophorbide-a, verteporfin
C and D are depicted in red, green, blue and cyan, respectively.

Conversely, due to their negative charge, verteporfin and pheophorbide a appeared more anchored to

the polar head region. For these two compounds, the electrostatic contribution to Enc values was much

greater than for m-THPP (Table 2.2).

Table 2.2. Electrostatic (Eeiec, J.mol*.atom™) and van der Waals (Evaw, J.molt.atom™) contributions and standard

deviations (c<eelec> and G<evaws, respectively, in J.molt.atom™) to (A) PS-PLs and (B) PS-lipid tail En.

A
PS Eelec O<Eelec> Evaw O<Evdw>
m-THPP -55.6 8.4 -152.1 7.6
Pheophorbidea -276.7 29.3 -143.6 9.2
Verteporfin C -155.8 17.8 -165.5 8.2
Verteporfin D -196.7 17.1 -167.3 8.0
B
PS Eelec O<Eelec> Evdw O<Evdw>
m-THPP -3.4 2.0 -130.3 7.2
Pheophorbide a -1.5 2.3 -117.2 8.6
Verteporfin C 1.7 1.7 -116.0 7.3
Verteporfin D 2.1 1.1 -98.0 7.1
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The carboxylate moieties of verteporfin and pheophorbide a interact with the ammonium moieties of
PLs (Figure 2.3), but also interestingly with water molecules. Due to the amphiphilic character of
these two PSs, they are partially inserted in the bilayer, the tetrapyrrole ring being located in between
the lipid chains (Figure S2.2-6), adopting an orientation perpendicular to the membrane surface (a-
angle of ca. 90°, Figure 2.2). In SOPC membranes, this orientation is particularly restrained due to
the relatively high order of this bilayer. This less deep insertion of verteporfin and pheophorbide a
compared to m-THPP in turn induced larger loss of PS during liposome extrusion, as exemplified by

the entrapment efficiencies compared to that of m-THPP (Table 2.1).

Water
phase

Polar head
region

Lipid tail
region

.« Polar head
region

Water ]
m-THPP phase verteporfin D

/
Choline ammonium Carboxylate

Figure 2.3. Representative snapshots (top) and zoom (bottom) of (A) m-THPP and (B) verteporfin D interacting with
SOPC membrane. Phosphate and choline ammonium moieties are depicted in orange and ice blue, respectively. Hydrogen
atoms, lipid tails and water molecules are omitted for sake of readability.
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2.3.2. Impact of PS incorporation on the thermotropic behavior of phospholipid

bilayers
To further investigate the incorporation of the different PSs into the lipid matrix and their ability to
affect lipid bilayer properties, we have performed a calorimetric analysis on SOPC lamellar
suspension without and with PSs at 2.5 mol %. The obtained DSC thermograms are shown in Figure.
2.4. The thermogram of pure SOPC exhibits a sharp endothermic peak at a T onset of ~ 6°C with AH
of 5.8 kcal/mol, which corresponds to the main transition of pure SOPC from the gel phase (Lp) to
the liquid crystalline phase (L.)™*®. The incorporation of each PS dramatically alters the SOPC
thermograms (Figure 2.4 B-D). Indeed, they all induced a decrease in the sharpness of the main
transition peak and a shift toward lower transition temperatures, suggesting destabilization of the PL
intermolecular cooperativity®®1%°, This alteration depends on PS chemical structures: m-THPP
produced the strongest effect among the three PSs, inducing an intensive shift of the transition toward
a (lower) Tonset at 1.1°C.

The presence of two peaks rather than one in the absence of m-THPP is attributed to its poor
miscibility in the lipid bilayer at low temperature, leading to the formation of m-THPP-rich and -poor
domains. The SOPC-pheophorbide a sample only leads to a limited Tonset Shift; the homogenous and
symmetric peak is characteristic of a good mixing with SOPC. SOPC-verteporfin systems are
characterized by a broad and asymmetric peak with a Tonset Of 3.7°C indicating partial mixing of
SOPC and verteporfin. This PS might act as a substitutional impurity*®l. Despite the significant
perturbation of the SOPC thermogram in the presence of the three PSs, the overall phase transition

enthalpy of the different systems remained almost constant (Table 2.3).
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Figure 2.4. DSC heating scans of pure SOPC liposomes, SOPC-m-THPP, SOPC-Verteporfin and SOPC-Pheophorbide a
before and after illumination.

In order to assess the thermotropic phase behavior of SOPC-PS upon illumination, DSC scans were
performed after illumination of SOPC lamellar suspensions for 14 min (see Figure 2.4). After
illumination of the pure SOPC, its transition temperature was almost unchanged with a slight decrease
in the transition enthalpy, which remained below 7%, suggesting that the pure PL bilayers remained
almost intact. Conversely, upon illumination of SOPC-PS samples, the overall shape of the
thermograms was dramatically affected with a significant shift of Tonset towards lower temperatures,
and the appearance of a second peak for both m-THPP and pheophorbide a. For SOPC-verteporfin

sample, the peak was altered and became broader with the appearance of a shoulder at about 2°C.

Table 2.3. Tonset temperatures, enthalpies of pure SOPC and SOPC doped with PS before and after illumination.

Before illumination After illumination

Composition Tonset AH Tonset AH

(°C) (kcal/mol) (°C) (kcal/mol)
SOPC 5.8 5.8 6.3 5.4
SOPC - m-THPP 1.1 5.7 0.12 54
SOPC — Pheophorbide a 4.2 5.7 1.1 5.6
SOPC - Verteporfin 3.7 5.7 1.6 54
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These results indicate the formation of new phases upon the illumination of SOPC-PS systems, which
may be related to the formation of new chemical species within the lipid bilayer. Interestingly, such
a behavior was previously observed by Wallgren et al.’®? and Makky et al.** with the incorporation
of defined amounts (0 to 20 mol %) of oxidized PLs with either a carboxyl (1-palmitoyl-2-azelaoyl-
sn-glycero-3-phosphocholine (PazePC)) or an aldehyde (1-palmitoyl-(9-oxononanoyl)-sn-glycero-3-
phosphocholine (PoxnoPC)) group. This incorporation significantly altered the thermotropic phase
behavior of DMPC?%2 and SOPC*® vesicles. Herein, m-THPP appeared to be the most efficient PS in
creating new phases upon liposome illumination followed by pheophorbide a and verteporfin,
respectively. Although the nature of the formed species upon the photosensitization reaction cannot
be predicted from the DSC thermograms, these species are most probably lipid hydroperoxides.
Indeed, upon illumination with adequate wavelength, the PS absorbs radiation energy, creating its
singlet excited state (*PS*)*3. Porphyrin and chlorin 1PS* are good candidates to intersystem crossing
(ISC) processes, leading to the formation of triplet state (3PS*). The 3PS* then react via two different
pathways — either electron/hydrogen transfer (type | reaction) or energy transfer (type Il reaction) to
triplet oxygen - producing free radicals or singlet oxygen, respectively'®. The light-induced oxidation
pathway highly depends upon the solubility and concentration of molecular oxygen. Nevertheless,
type Il reaction is usually favored in lipid bilayers, as singlet oxygen has longer half-life than in
aqueous media®®. The unsaturated alkyl chains of SOPC are substrates for singlet oxygen favoring

the formation of lipid hydroperoxides.

2.3.3. Lipid peroxidation monitoring

ML is a fatty acid methyl ester that contains two unconjugated cis olefinic bonds (see Figure 2.1).
Upon their reaction with singlet oxygen, the latter is added to one of the C-atoms of the double bonds
in a concerted and specific way known as "ene addition", forming trans allylic hydroperoxides®’1¢4,
only 60% of them being conjugated . Since conjugated dienes and hydroperoxides are
simultaneously formed, absorption measurement at 234 nm is considered as a relevant marker to
quantify hydroperoxide formation®. The oxidation experiments of ML were performed in ethanolic
solutions and on SOPC-PS liposome suspensions. Typical absorption spectra of the three PSs in
ethanol (5x10°° M) are presented in Figure 2.5 A.

As shown in Figure 2.5 B, the characteristic absorbance of conjugated diene formation at 234 nm
increased as a function of ML concentration. For all studied PSs, in ethanol and in liposomes, the
concentration of conjugated dienes linearly increased as a function of ML concentration (Figure 2.5

C and D), showing that peroxidation depends on substrate availability.

48



Chapter 2

25~
A 0.10
—— m-THPP Ethanol
Verteporfin 0.09
2.0 4 ——— Pheophorbidea ¢ (g
go.

o
o
=

o
o
&

I_/\
0.5 \A“—L 0.02

[Methyl linoleate]

Absorbance (a.u)
o
1
Normalized absorba
o
[=) o
5 I

0.0 T T T T T T T T 1 0.00 T T ¥ T
300 400 500 600 700 800 220 240 260 280
-6
x10 Wavelength (nm) «10 ° Wavelength (nm)
[ ® m-THPP 6 B m-THPP
- C Verteporfin - D Verteporfin
s ° B Pheophorbide a = st B Pheophorbide a
& 4|  Ethanol E Liposomes
c 2 Fys
2 @
S ]
h=} B -] 3+
2 @
&
S 2) S
3 g 2
c =
S 1t S 1t
ol . . . ) ,
3 b .
0 1 2 3 4 5x10 %0 1 x10°
3 [Methyl linoleate] (M) 5 [Methyl Imoleate] (M)
x10 x10
3.0 3.01
E B m-THPP F N m-THPP
a5k Verteporfin 25k Verteporfin
] B Pheophorbide a @ : B Pheophorbide a
s
2201 Ethanol 820} Liposomes
©
o °
Q
g 15} S5t
2 Ef
S10F 1.0t
3 8
S osh S o5t
| ]
ok . . . . ., Ok \
0 1 2 3 4 5x10 0 1 5 6x10
[Methyl linoleate] (M) [Methyl Iinoleate] (M)

Figure 2.5. ML peroxidation monitoring in ethanol and SOPC-PS liposomes at room temperature. A. Absorption spectra
of the three studied PSs at 5x10°¢ M in ethanol. B. Typical absorption spectra of the conjugated dienes formed in ethanol
upon illumination of ML in the presence of verteporfin (5x10% M) for 14 min (2J/cm?). Concentrations and quantum
yields of the formed conjugated dienes as a function of ML concentration in (C, E) ethanol and (D, F) liposomes for PSs
concentration of 5x10 M.

From these linear plots, ® conjugated dienes Were determined and plotted as a function of ML concentration
(Figure 2.5 E and F). Interestingly, the liposomes charged with PSs exhibited different ML
peroxidation efficiencies compared to those measured in ethanol. The slopes of @ conjugated dienes VErsus
PS concentration in liposomes (60.90, 39.25, 21.56 M for m-THPP, pheophorbide a and verteporfin,
respectively) were at least two order of magnitude higher than those in ethanolic solutions (0.23, 0.17,
0.17 M for m-THPP, pheophorbide a and verteporfin, respectively). Similar results were obtained
by Mojzisova et al.*® who studied DOPC/ML liposomes incorporating different chlorin derivatives.

This was attributed to the longer lifetime of singlet oxygen in lipid membranes than in ethanol
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solutions. Thus, a higher efficiency of singlet oxygen with ML unsaturation is expected in lipid
membranes'®. PS-induced oxidation efficiencies (Figure 2.5 E) were as follows: m-THPP >
pheophorbide a > verteporfin, in agreement with DSC results (see Figure 2.4 and Table 2.3). The
different behavior observed with the three PSs could thus be explained by their confinement in the
lipid bilayer and the production of singlet oxygen and/or free radicals directly in the vicinity of the
unsaturated chains of both PL and ML. As discussed above, m-THPP is incorporated deeper inside
the lipid bilayer than the other two PSs, which is related to their lipophilicity, as confirmed by our
MD simulations and as previously showed by Engelmann et al.’%. The same authors'®® have also
shown that the photodynamic efficacy of PSs is higher for those which can efficiently intercalate in
between lipid tails, at a location where the excited state of a PS has higher probability to interact with
dioxygen to generate singlet oxygen. In turn, singlet oxygen, generated in the hydrophobic interior,

has a greater probability to react with unsaturated chains within the lipid matrix.

2.3.4. Phototriggered release of calcein from liposomes

We demonstrated with the ML oxidation experiments that the peroxidation of unsaturated chains
depends on substrate availability (Figure 2.5 C-F). Peroxidation is a major driving factor for
membrane permeation, which is required for phototriggered release. To investigate the effect of
phospholipid unsaturation chains on the permeation efficiency, liposomes made of various
unsaturated phospholipids (i.e., SOPC, DOPC and SLPC) were doped with the different PSs and
calcein was encapsulated into their aqueous core. Normalized kinetics release profiles upon PL-PS
illumination are shown in Figure 2.6. While no leakage of the dye was observed following
illumination of pure phospholipid vesicles, significant calcein release occurred in PS-containing
liposomes, which increased with time. As depicted in Figure 2.6 and Table 2.4, the leakage was
incomplete for all three PSs and did not exceed 40% after 6 hours in the best case, but the lipid
composition of liposomes appeared to play a crucial role in controlling calcein release kinetics. Indeed,
whereas for SOPC-PS and DOPC-PS the calcein leakage profiles increased exponentially with all
PSs, SLPC-PS vesicles exhibited a slower release profile rate, which can be fitted by a sigmoidal
function (Figure 2.6 B-D).

Table 2.4. Normalized calcein release (%) of different liposomes/PSs systems after 6 hours of illumination.

Photosensitizer SOPC DOPC SLPC
m-THPP 141+3.1 40.2 £6.7 124+19
Pheophorbide a 28.8+4.8 20.8+0.8 12.7+£6.8
Verteporfin 33.1+6.1 33.8+3.8 22.8+10.5
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The system efficiency also seems to depend upon a PS / PL combination. Table 2.4 shows that for m-
THPP, calcein photoinduced release was much more efficient for DOPC vesicles than for SOPC or
SLPC ones. In addition, despite the low absorbance of the DOPC-m-THPP system in the region of
the emission spectrum of the lamp (Figure S2.1), its illumination induced the highest calcein release
after six hours compared to the other PL/PS combinations (Table 2.4). Conversely, for verteporfin
and pheophorbide a, the phototriggered calcein release appeared to be more efficient with SOPC and
DOPC than with SLPC.
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Figure 2.6. Phototriggered release of calcein as a function of time of A) pure PLs, B) PLs doped with m-THPP C) PLs-
verteporfin and D) PLs-pheophorbide a. Solid black lines, dotted black lines and dashed black lines represent the fit of
the calcein release from SOPC, DOPC and SLPC liposomes respectively. The calcein release profiles were normalized
by subtraction of the percentage of calcein released from non-illuminated samples. The data at 0 min in each graph
corresponds to the initial calcein release % before illumination. The gray vertical line corresponds to the duration of light
exposure (14 min). The error bars are the standard deviations (n=3). All measurements were performed at room
temperature.

The difference in calcein release extent between the three PL/PS combinations may be related to
different permeation mechanisms. In fact, membrane oxidation leads to the formation of lipid
peroxides with different structures depending on PL structure and the localization of a PS in the
bilayer. PL peroxide derivatives may induce different effects on membrane properties varying from
structure destabilization to liposome fusion. Hence, to get a better insight into the mechanism of

phototriggered release, the size of the different liposomes was measured before and after illumination
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by DLS. Our results showed that neither the size nor the distribution of the vesicles changed even
after 24h of illumination (Table 2.5), ruling out the fusion hypothesis.

Table 2.5. Photosensitizers incorporation efficiency (%, n=3), mean hydrodynamic radius (nm, n =2), polydispersity
index (PDI) of vesicles suspensions before and after 24 h of illumination.

Before Illumination After Illumination
PS
Llposo_m_es lncor_p_oratlon R (nm) PDI R (nm) PDI
composition efficiency
(%)
SOPC -- 103 0.09 103 0.04
SOPC-m-THPP 84.6 +4.4 107 0.07 107 0.06
SOPC-Verteporfin 68.0 £+4.3 96 0.09 97 0.07
SOPC-Pheophorbide a 75.1+£5.2 97 0.07 97 0.07
DOPC -- 117 0.10 119 0.11
DOPC-m-THPP 95.3+3.1 112 0.08 112 0.06
DOPC-Verteporfin 71.7%+5.6 111 0.07 117 0.07
DOPC-Pheophorbide a 67.6 4.0 110 0.09 113 0.07
SLPC -- 107 0.09 110 0.07
SLPC-m-THPP 87.1+34 105 0.02 106 0.07
SLPC-Verteporfin 50.8+7.3 120 0.05 121 0.07
SLPC-Pheophorbide a 70.3+4.4 120 0.17 118 0.13

Thermal destabilization of the lipid bilayers was also considered. However, the illumination induced
less than 2°C increase in temperature of the liposome suspensions, and the lipids were all already in
the liquid crystal phase. Furthermore, PS-unloaded vesicles illuminated in the same conditions
(Figure 2.6 A) led to non-significant calcein release compared to those containing the PSs. Therefore,
the mechanism of photoinduced calcein release could only be explained by the formation of a
hydroperoxide group on the alkyl chain unsaturation, which altered membrane structure. As m-THPP
is deeply inserted in the lipid bilayers, the generated singlet oxygen has higher potential to react with
the alkyl chain unsaturation due to its longer diffusion path, compared to that produced by the other
PSs in the proximity of polar headgroups where it is more quickly deactivated in the aqueous
environment. The fact that the m-THPP/DOPC vesicles are more efficient than those with SOPC and
SLPC could be explained by the formation of a hydroperoxide group on each alkyl chain, altering
phospholipid packing. A significant area expansion would provoke higher membrane permeability
compared to the SOPC and SLPC liposomes. Recently, Aoki et al.*®” have demonstrated, from surface
pressure measurements combined with polarization-modulated infrared reflection absorption
spectroscopy (PM-IRRAS), that the irradiation of a DOPC / erythrosin monolayer caused a significant
relative surface area increase of ca. 19%%®’. Similarly, using a micropipette setup, Weber et al.**
observed that the formation of PL hydroperoxides caused an increase in the excess area of GUVs of
15.6% and 19.1% for POPC and DOPC, respectively.
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More recently, in 2016, Luo et al.*® demonstrated that the incorporation of DOPC in liposomes
accelerated the light-triggered release of doxorubicin from porphyrin-phospholipid (PoP) liposomes
by one order of magnitude compared to DOPC-free liposomes*. By mass spectrometry, they
confirmed that the light-triggered drug release was related to DOPC oxidation and revealed the
formation of three DOPC oxidized species*®.

The SLPC-PS liposomes exhibited the lowest release efficiency. Such behavior was also observed by
Luo et al.*® who attributed it to the lower probability of singlet oxygen accessing the unsaturated
bonds present on a same chain*®. However, we found that the concentration of conjugated dienes
formed in SLPC-m-THPP liposomes increased linearly as a function of increasing duration (Figure
2.7). This demonstrates the ability of singlet oxygen to induce SLPC diene peroxidation. Therefore,
the lower efficiency of membrane permeation observed for SLPC with respect to SOPC and DOPC
could only be explained by the structure of the PL-hydroperoxides formed. Indeed, Wong-Ekkabut
et al.® investigated the effect of lipid peroxidation on the properties of PLPC (1-palmitoyl-2-
linoleoyl-sn-glycero-3-phosphatidylcholine) lipid bilayers using MD simulations. They focused on
the two main hydroperoxide products of linoleic acid: the 9-trans, cis-hydroperoxide linoleic acid (9-
tc) and the 13-trans, cis-hydroperoxide linoleic acid (13-tc). According to their simulations®, both
PL-hydroperoxides at 11.1 mol% were unable to modify water permeability through PLPC bilayers.
However, increasing the oxidized lipid fraction to 50 mol% in the membrane led to a higher water
permeability compared to unoxidized PLPC, with an increase of two and one order of magnitude for
13-tc and 9-tc, respectively®. Their result suggests a relationship between water permeability of the
bilayer and the position of the hydroperoxide group in the lipid bilayer, inducing a larger area
expansion and a loss of lipid packing with 13-tc compared to 9-tc®.
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Figure 2.7. A. Typical normalized absorption changes of SLPC-m-THPP liposomes as a function of illumination duration.
B. Concentration of formed conjugated dienes in SLPC-m-THPP liposomes as a function of illumination duration. The
dashed line is the linear fit.
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2.3.5. Molecular insights into PS efficiency

PS efficiency in membranes depends on: (i) PS intrinsic parameters (e.g., photophysical, excited- and
ground-state conformational properties); (ii) molecular oxygen diffusion capacity, and (iii) direct
surrounding environment of the PS. The first two points are out of the scope of this work; here we
evaluated PS insertion/location in various lipid bilayers with different packing order. m-THPP inserts
significantly deeper than pheophorbide a and verteporfin into SOPC and SLPC bilayers (Table 2.6
and Figure 2.8). Similar depth of penetration and orientation are observed for the three PSs
respectively, in both SOPC and SLPC bilayers (Table 2.6 and Figures S2.2 to S2.6). Conversely, in
DOPC bilayers, the three PSs exhibit a similar depth of penetration (Table 2.6 and Figure 2.8) likely
owing to the higher fluidity of DOPC that allows higher diffusion motions.

Table 2.6. Location of the COM with respect to the middle of the membrane (z = 0) (<z>, in A) and related standard

deviation (o<, in A) for m-THPP, pheophorbide-a, verteporfin C and D in SOPC, DOPC and SLPC lipid bilayer
membranes.

SOPC DOPC SLPC
<> O« <> O<> <> O<>
m-THPP 96 0.8 122 1.7 76 1.0
Pheophorbide-a 13.2 0.8 11.7 1.8 156 1.0
VerteporfinC 16.0 0.9 115 1.3 205 0.7
VerteporfinD 18.0 0.6 111 1.3 141 0.6

DSC experiments have demonstrated that the presence of PSs in lipid bilayer membranes lead to
structure destabilization. A thorough analysis of the characteristic orientation obtained, e.g., with
verteporfin D, highlighted disorganization of the membrane surface (Figure 2.3). Also, in the more
ordered (SOPC and SLPC) lipid bilayers, the structure destabilization was suggested by the
asymmetric phosphatidylcholine distributions along z-axis, in which the disturbance is on the side
where PSs are located (Figure 2.8). However, due to the small size of the membrane model used in
the MD simulations, the structural destabilization could not be quantitatively evaluated neither by the
calculated area per lipid nor by lipid order profiles (i.e., no significant differences were observed in
the presence of PSs, see Figure S2.7 and Table S2.1).
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Figure 2.8. Density of (a) m-THPP (red), (b) Pheophorbide a (green), (c) verteporfin C (blue) and (d) verteporfin D (cyan)
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region densities (i.e., phosphatidylcholine moieties) are plotted in purple and orange, respectively. SLPC Cy=Cjo and
C1,=Cy3 are plotted in solid and dashed lines, respectively.
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From ML peroxidation experiments, m-THPP appeared to be the most efficient PS in lipid
peroxidation followed by pheophorbide a and verteporfin. This result agrees with their relative
insertion depth in SOPC and SLPC bilayers. However, such observation was not necessarily
correlated with calcein release experiments (Figure 2.6) highlighting the role of lipid environment as
well as the nature of lipid peroxides produced.

It is worth noting that the tetrapyrrole planarity can be altered inside the lipid bilayers. This is known
to dramatically affect photon absorption events and subsequently singlet oxygen generation. The
planarity of pheophorbide a and verteporfin tetrapyrroles is more sensitive to the environment than
m-THPP. The latter is indeed more 7z~conjugated and thus less flexible (Figure 2.9). DOPC allows
more flexibility to the verteporfin and pheophorbide a central core leading to a broader distribution
of tetrapyrrole dihedral angle. SOPC is more prone to disturb tetrapyrrole planarity owing to a slightly
higher order with respect to SLPC. Lipid order is an important parameter since O2-PS energy transfer
occurs within the 3PS state, in which tetrapyrrole planarity is modified with respect to the PS ground
state. The present MD simulations achieved with ground state geometries underlined the different
impacts of the different lipid bilayers on tetrapyrrole planarity even though no straightforward trends
can be dragged out. Such investigation would require the parameterization of triplet excited state PS

force fields that is out of the scope of the present study.
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2.4. Conclusion

In conclusion, the present work highlights the possible use of three clinically approved (or under
investigation) PSs in the conception of phototriggerable liposomes. m-THPP/DOPC appeared to be
the most efficient system, where the phototriggered release of the cargo reached approximately 40%
six hours after illumination at low light fluence. Such phototriggered release would be even more
efficient with encapsulated drugs having smaller molecular weight than calcein (i.e., doxorubicin)
and with a light source of higher irradiance.

Added to its efficiency in photopermeation drug release, m-THPP (or its derivative m-THPC which
has stronger absorption coefficient at 652 nm) incorporated in DOPC liposomes would represent a
promising phototriggerable system with potential dual activity (chemo- and photodynamic therapy)
against relevant cancer tumors.

More particularly, our results showed that, in general, the illumination significantly altered lipid
bilayer properties of the studied systems. The efficiency of membrane degradation and subsequently
drug release highly depends on the PS/PL combination. Among other descriptors, the depth of PS
incorporation in the lipid bilayer is a major contributor to efficiency.
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Chapter 3

Synthesis and characterization of new lipid-porphyrin conjugates
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3.1. Introduction

Porphyrins have received considerable attention as promising photosensitizers (PSs) for the treatment
of small solid tumors by photodynamic therapy (PDT). PDT consists in the combination of a
photosensitizer, oxygen and visible light at the appropriate wavelength to produce reactive oxygen
species that can oxidize several vital biomolecules in cancerous cells and subsequently lead to cell
death. Porfimer sodium (HpD, Photofrin®) was the earliest porphyrin derivative employed in PDT68
and was the first PS approved by FDA in 1995 for early stage lung cancer treatment!®®. Despite its
high singlet oxygen quantum yield'® and its efficiency in the treatment of different cancers, porfimer
sodium has several drawbacks including weak light absorption in the phototherapeutic window and
long-term cutaneous phototoxicity'’>1"2, A large variety of photosensitizers have been developed
afterwards in order to minimize these drawbacks. Nevertheless, only few of them, such as temoporfin
(m-THPC, Foscan®) and the benzoporphyrin derivative monoacid ring A (BPD-MA, verteporfin,
Visudyne®) have been approved as PDT agents for the treatment of head and neck cancer'” and age-

related macular degeneration (AMD)%, respectively.

The poor water solubility of most of these porphyrin derivatives and their tendency to aggregate under
physiological conditions are key limitations to the achievement of an efficient photodynamic activity.
In fact, the hydrophobic nature of most photosensitizers makes their intravenous administration a
difficult task. Furthermore, the monomeric state of PSs is required to maintain their photophysical,
chemical and biological propertiest’®. In addition to their water solubility issue, many

photosensitizers display poor tumor selectivity!”.

In order to overcome these drawbacks, several strategies have been adopted during the last years,
including porphyrin glycosylation'’51"7 PEGylation’® and their incorporation into nanocarriers such
as organic?1%18 and inorganic nanoparticles?>181182 and liposomes’+82183-185  Among these
strategies, embedding PSs in liposomal bilayers seems to be the strategy of choice for several reasons.
Indeed, liposomes are composed of biocompatible, biodegradable materials and can be easily
produced at industrial scale, due to their simplicity and to lower investment costs compared to other
nanoparticulate systems?+2627. Added to these advantages, several studies have shown the efficiency
of liposomes in improving the solubility and selectivity of PSs®®'8. Indeed, the selective
accumulation of liposomes in tumors is at least partially related to the leaky tumor vasculature which
allows liposomes to extravasate across the leaky tumor vessels'®’. Despite these improvements,
liposomal delivery systems showed low loading efficiency of PSs within their lipid bilayers and rapid
clearance of PSs from the blood due to their transfer to serum components®3®°, Thus, the focus on PS
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drug delivery has recently shifted towards the development of new nanocarriers composed of only
one building block with self-assembly properties, allowing high PS payload, and facilitating their

clinical translation as well as their production at industrial scale”.

As previously described in the chapter 1, lipid-porphyrin building blocks synthesized by Gang

Zheng’s group®®®

are able to self-assemble into liposome-like nanoparticles named “porphysomes”
which possess multifunctional properties, including photothermal therapy (PTT), photodynamic
therapy (PDT), phototriggered drug release and photoacoustic imaging (PAI)®%>78, Thanks to their
organic nature, porphysomes are enzymatically biodegradable and induce minimal acute toxicity
during their retention in mice®. These lipid-porphyrin conjugates were synthesized through
esterification of the sn-2 position of lysophosphatidylcholine with either pyropheophorbide a or

bacteriochlorophyll a®.

Considering these advantages, we believe there is still considerable room for the development of new
lipid-porphyrin conjugates, the study of their self-assembling properties and their PDT efficiency.
Thus, the aim of this work was to synthesize a new kind of lipid-porphyrin conjugates based on
various lipid backbones linked to a PS via a peptide bond instead of the ester bond used in
porphysomes®8, To do so, two new lipid-porphyrin conjugates were synthesized by coupling Pheo-
a, a photosensitizer derived from chlorophyll-a, to either chemically modified lyso-
phosphatidylcholine (Lyso-PC) or egg lyso-sphingomyelin (Lyso-eSM). The physicochemical
properties of these compounds and their self-assembling properties were assessed, as well as their
efficiency in vitro on esophageal squamous cell carcinoma (ESCC) cell lines.
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3.2. Material and methods

3.2.1. Chemicals

Pheophorbide a (Pheo-a, > 95%, mixture of diastereomers, Mw = 592.69 g/mol) was purchased from
Frontier Scientific (Logan, UT), and 6-(Fmoc-amino)hexanoic acid (> 98%, Mw = 353.42 g/mol)
from Novabiochem (Laufelfingen, Switzerland). N,N'-Dicyclohexylcarbodiimide (DCC, > 99%, Mw
= 206.33 g/mol), Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (HATU, >97%, Mw
= 380.23 g/mol), 4-(Dimethylamino)pyridine (DMAP, > 99%, Mw = 122.17 g/mol), Dowex®
50WX8-100 ion exchange resin (hydrogen form), N,N-Diisopropylethylamine (DIPEA, 99%, Mw =
129.24 g/mol), HEPES (99.5%, Mw = 238.31 g/mol), sodium chloride (NaCl, 99%, Mw = 58.44
g/mol), Ammonium molybdate(V1) tetrahydrate (81-83%, Mw = 1235.86 g/mol), L-Ascorbic acid
(99%, Mw = 176.12 g/mol), 0.65 mM Phosphorus standard solution, hydrogen peroxide (30 wt %),
chloroform anhydrous (>99%, stabilized with amylenes) and methanolic hydrogen chloride (0.5N)
were provided by Sigma (St. Louis, MO, USA).

The phospholipids 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (16:0 Lyso-PC, 99%,
495.63 g/mol), 1-stearoyl-2- oleoyl-sn-glycero-3-phosphocholine (SOPC, 99%, Mw = 788.14 g/mol),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, 99%, Mw = 790.15 g/mol), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000]-ammonium salt (DSPE-
MPEG2000, 99%, Mw = 2805,497 g/mol) and egg sphingomyelin (Egg SM, 99%, Mw = 710.965)
were purchased from Avanti Polar Lipids (Alabaster, AL). Chloroform, methanol and anhydrous
N,N-dimethylformamide (DMF, 99.8% pure) were analytical-grade reagents purchased from Carlo
Erba (Val de Reuil, France). The ultrapure water (y = 72.2 mN/m at 22° C) used in all experiments
was produced by a Millipore Milli-Q® Direct 8 water purification System, with a resistivity of 18.2
MQ.cm.

3.2.2. Synthesis of compound 1
16:0 Lyso-PC (150 mg, 0.3 mmol) and Fmoc-6-Ahx-OH (212 mg, 0.6 mmol) were mixed in 5 ml of

anhydrous chloroform and stirred until clear mixture was obtained. DMAP (110 mg, 0.9 mmol) and
DCC (120 mg, 0.6 mmol) were added separately, in cold anhydrous chloroform. Glass beads (2 mm,
previously washed with ethanol, and dried under vacuum) were added and the mixture was brought
back to room temperature and sonicated for 8 hours. Temperature was kept under 25 °C. Fmoc-6-
Ahx-OH (50 mg, 0.15 mmol) was added after 2, 4 and 6 hours of sonication. Once the 8 hours
sonication were over, the mixture was stirred at room temperature for an additional 12 hours. It was
then incubated with DOWEX (Dowex® 50WX8 hydrogen form) for 45 minutes to remove DMAP,

filtered, and concentrated under vacuum until a white precipitate appeared. The 1-2 ml mixture was
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then centrifuged for 5 min at 2000 g and the yellow liquid crude mixture was purified by
chromatography on silica gel (eluted with chloroform-methanol-water 65:25:4, volume ratio; Rf =
0.35-0.4). Pure compound 1 (207 mg, white powder, yield 83 %) was dried under vacuum, lyophilized
overnight, and stored at -20 °C. NMR (details in Figure S3.1): 'H NMR (CDCls, 300 MHz) § (ppm)
7.76 (d, 2H, J = 7.5 Hz), 7.61 (d, 2H, J = 7.1 Hz), 7.42 (m, 4H), 5.46 (br s, 1H), 5.23 (m, 1H), 4.38-
4.10 (br m, 7H), 3.96 (m, 2H), 3.77 (br m, 2H), 3.32 (s, 9H), 3.17 (m, 2H), 2.29 (m, 4H), 1.58 (m,
6H), 1.26 (br s, 26H), 0.89 (t, 3H, J = 6.5 Hz); *3C NMR (CDCls, 75 MHz) § (ppm) 167.59, 165.52,
144.04, 141.26, 127.64, 127.03, 125.14, 119.93, 70.72, 66.33, 59.37,54.37,47.29, 40.81, 34.08, 31.91,
29.71 (br), 29.36 29.18, 26.11, 24.89, 22.68, 14.11. MS (ESI)* for [CasH72N2010P]"; calculated:
831.4925 [M+H]"; observed: 831.4912.

3.2.3. Synthesis of compound 2 (PhLPC)

Compound 1 (133 mg, 0.16 mmol) was dissolved into 4 mL of DMF anhydrous, 2 mL of DIPEA and
was stirred for 5 hours at room temperature to complete the full Fmoc deprotection. Pheo-a (95 mg,
0.16 mmol) and HATU (75 mg, 0.2 mmol) were combined in 4 ml of anhydrous DMF, stirred for 1
hour at room temperature under Argon, in the dark, and then added to the deprotected compound 1.
The mixture was stirred in the dark at room temperature, under Argon, for 24 hours. DMF was then
removed under vacuum. The crude was resuspended in minimum amount of chloroform and purified
by chromatography on silica gel (eluted with chloroform-methanol-water 65:25:4, volume ratio; Rf
=0.5). Compound 2 was obtained (120 mg, dark-green powder, yield 63 %). NMR (details in Figure
S3.2): *H NMR (DMSO-ds, 400 MHz) § (ppm) 9.34 (s, 1H), 8.93 (s, 1H), 8.80 (s, 1H), 7.86 (m, 1H),
6.40 (s, 1H), 6.15 (m, 1H), 6.03 (bd, 1H, J = 11.5 Hz), 5.01 (br s, 1H), 4.58 (d, 1H, J = 6.9 Hz), 4.19
(d, 2H, J=9.3 Hz), 4.05 (br m, 3H), 3.86 (s, 3H), 3.72 (br m, 2H), 3.50 (m, 5H), 3.27 (br s, 5H), 3.13
(s, 9H), 2.91 (br m, 2H), 2.80 (s, 3H), 2.11 (br m, 6H), 1.81 (d, 3H, J = 6.9 Hz), 1.60 (m, 2H), 1.42
(m, 5H), 1.31 (m, 2H), 1.08 (m, 2H), 1.06-0.85 (br s, 26H), 0.706 (t, 3H, J = 7.1 Hz), 0.17 (s, 1H);
13C NMR (DMSO-ds, 100 MHz) § (ppm) 189.18, 173.05, 172.52, 172.23, 171.36, 169.27, 161.90,
154.43, 150.00, 148.70, 144.57, 141.30, 137.05, 135.72, 135.10, 131.89, 128.62 (CH), 128.26, 122.80,
105.21, 104.20 (CH), 96.48 (CH), 93.70 (CH), 70.57 (CH), 65.47, 64.30, 62.60, 62.33, 58.30, 53.10
(3xCH3), 52.62 (CH3), 51.30 (CH), 49.41 (CH), 38.26, 33.22, 32.47, 31.12, 28.78, 28.51, 28.24, 25.71,
24.24, 24.10, 22.82 (CHa), 21.94, 18.31, 17.13 (CHs3), 13.77 (CH3), 11.75 (CHs), 11.53 (CHs), 10.36
(CHs). MS (MALDI-TOF)* for [CesHosNsO12P]"; calculated: 1183.48 [M+H]"; observed: 1183.66;
UV-Vis (CHCI3:MeOH; 9:1, V:V): Amax, nm (g (103.M.cm™) 410 (87.5), 507 (10.1), 538 (9.2), 610
(8.2), 667 (41.8).
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3.2.4. Synthesis of compound 3

Egg SM (400 mg, 0.56 mmol) was dissolved in anhydrous methanolic hydrogen chloride (40 mL, 0.5
M) in a sealed vessel and stirred at 50 °C for 7 days. The crude mixture was then dried under vacuum,
resuspended in minimum amount of chloroform-methanol (9:1), and purified by chromatography on
silica gel (eluted with chloroform-methanol-water 65:25:4, volume ratio; Rf = 0.1). The concentrated
product was then dissolved in 5 mL of methanol and stirred in the presence of Amberlite IRA-400
anion-exchange resin for two hours. The solution was then filtered. The filtrate was concentrated
under vacuum and compound 3 was obtained (165 mg, white powder, yield 65 %). NMR (details in
Figure S3.3): 'H NMR (MeOD, 300 MHz) & (ppm) 5.96-5.86 (m, 1H), 5.51 (dd, 1H, J=15.2, 6.6
Hz), 4.33 (m, 2H), 4.08 (br m, 3H), 3.71 (br s, 2H), 3.40 (br s, 1H), 3.27 (s, 9H), 2.11 (m, 2H), 1.45
(br m, 2H), 1.30 (br s, 22H) , 0.91 (t, 3H, J = 6.6 Hz); 3C NMR (MeOD, 75 MHz) § (ppm) 137.29
(CH), 128.25 (CH), 70.66 (CH), 67.31, 56.92 (CH), 54.79 (3xCH3), 33.45, 33.07, 30.80, 30.66, 30.46,
30.17, 23.74, 14.46 (CHs); MS (ESI)* for [C23Hs0N20sP]*; calculated: 465.3457 [M+H]*; observed:
465.3456).

3.2.5. Synthesis of compound 4 (PhLSM)
Pheo-a (160 mg, 0.27 mmol) and HATU (100 mg, 0.27 mmol) were mixed in 4 ml of anhydrous DMF

and stirred for 1 hour at room temperature under Argon, in the dark. Compound 3 (115 mg, 0.25
mmol) was dissolved in anhydrous DMF with 0.5 ml of DIPEA, and then added to the Pheo a- HATU
mixture, and stirred in the dark, at room temperature and under Argon for 24 hours. DMF was then
removed under strong vacuum. The crude was resuspended in minimum amount of chloroform and
purified by chromatography on silica gel (eluted with chloroform-methanol-ammonia 70:30:4,
volume ratio; Rf = 0.3). Compound 4 was obtained (78 mg, white powder, yield 30 %). NMR (details
in Figure S3.4): *H NMR (DMSO-dg, 400 MHz) § (ppm) 9.51 (s, 1H), 9.11 (s, 1H), 8.82 (s, 1H), 7.96
(m, 1H), 6.61 (s, 1H), 6.38 (s, 1H), 6.18 (d, 1H, J = 18 Hz), 6.06 (m, 1H), 5.42 (br m, 1H), 5.26 (br
m, 1H), 4.53 (br s, 1H), 4.05-4.01 (br m, 3H), 3.87 (br m, 1H), 3.83 (s, 3H), 3.57 (s, 3H), 3.52 (s, 2H),
3.44-3.40 (br, m, 4H), 3.31 (s, 3H), 3.11 (s, 9H), 2.95 (s, 3H), 2.14 (br, m, 2H), 1.75 (s, 3H), 1.59-
1.61 (br, m, 3H), 1.50 (s, 3H), 1.20-0.50 (br, m, 27H), 0.3 (br s, 1H); 3C NMR (DMSO-ds, 100 MHz)
o (ppm) 189.34, 173.24, 169.59, 155.52, 154.57, 145.02, 141.55, 137.23, 136.04, 135.36, 132.07,
132.01, 131.03, 130.72, 128.80, 128.41, 123.09, 105.11, 104.46, 96.57, 93.79, 69.90, 65.51, 58.42,
54.53,53.21,52.66,51.42,49.76, 31.17, 30.88, 28.69, 22.82, 21.98, 21.84, 18.38, 17.28, 13.87, 11.93,
11.66, 10.60; MS (MALDI-TOF)" for [CssHssNeOoP]"; calculated: 1039.60 [M+H]"; observed:
1039.58; UV-Vis (CHCI3:MeOH; 9:1, V:V): Amax, nm (g (103.M™.cm™) 409 (89.1), 505 (12.8), 536
(11.2), 610 (10.0), 667 (40.3).
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3.2.6. Surface pressure measurements

Surface pressure-molecular area isotherms (n-A) of pure components or their mixtures with DSPC
were recorded using a thermostat-controlled KSV-Nima Langmuir film balance (Biolin Scientific,
Finland), composed of a teflon trough (775.75 cm?) equipped with two 145 mm Delrin barriers. Pure
components or mixtures in a chloroform/methanol (9:1) solution (4.0 x 10'® molecules) were spread
onto the aqueous buffer solution (10 mM HEPES, 150 mM NaCl, pH = 7.4). After deposition, the
solvents were allowed to evaporate for 15 min before compression of the monolayer at a rate of 5.0
Az/molecule/min. All experiments were performed at 22.1 + 0.7°C and the results reported are mean
values of at least three measurements. From the surface pressure—area data, the surface compressional
moduli K of monolayers were calculated, using Eq. 7 with A the molecular area and dr, the surface

pressure change:
dam
K=-A (E)T (eq.7)

The excess free energy of mixing (AGEX) of Pheo-a derivatives and DSPC was calculated according
to Eq. 8:

AGE* = [T(Ay, — X34, — XpAr)dm (eq. 8)

where A12, A1 and A are the experimental molecular areas of the binary mixture and pure compounds,
respectively. X3 and X are the molar fractions of the phospholipid and the photosensitizer,
respectively. AG™° values were plotted as a function of the monolayer composition, for surface
pressures of 5, 10, 15, 20, 25 and 30 mN.m 2.

3.2.7. X-ray reflectivity experiments (XRR) at the air/buffer interface

XRR experiments were carried out at the beamline ID10B of the European Synchrotron Radiation
Facility (ESRF, Grenoble). The samples were irradiated with a monochromatic synchrotron beam
with an energy of 8 keV (L = 1.55 A). The XRR experiments were performed on monolayers of Pheo-
a derivatives spread on the surface of HEPES buffer (HEPES 10 mM, KCI 150 mM, pH 7.4) and
compressed to a surface pressure of 30 mN/m. The film balance was kept in a He atmosphere during
the measurement to minimize the radiation damage. XRR was measured with a linear detector
(Vantec-1, Bruker AXS, USA). After subtraction of the diffuse intensity background (at as # i), the
specular reflectivity was analyzed using the Parratt formalism®® with a genetic minimization
algorithm implemented in the MOTOFIT software package!®.
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3.2.8. Differential scanning calorimetry (DSC)

DSC measurements were carried out using a DSC Diamond Perkin-Elmer apparatus. Four scans of
consecutive heating and cooling cycles between -10 °C and 15 °C were recorded to make sure that
the thermal equilibrium was reached. Different scan rates were recorded, 5 °C/min (for the first two
cycles), 2 °C/min and 1 °C/min. An empty pan was used as a reference. In addition, before each scan,
a 2 min isotherm was recorded at the initial temperature to ensure that the samples were at thermal
equilibrium. Multilamellar suspensions were prepared by hydration of a film made of
SOPC:photosensitizer (97.5:2.5 mol%) with 45 puL of HEPES buffer (hydration rate of 90%). For
each sample, a total mass of ~ 15 mg was placed in hermetically sealed aluminum pans. Samples
were prepared in triplicate to check the reproducibility. To monitor the photooxidation of SOPC
caused by the embedded photosensitizers, 50 pL of lamellar phase suspensions (5 mg SOPC) were
illuminated for 14 min before starting the thermal measurements. Illumination was done with a
homemade lamp composed of 4 Philips TL fluorescent tubes covered by a flat diffusing glass plate
and fitted with an orange filter (. ~ 520-680 nm with a Amax = 590 nm) at a fluence of 2 J/cm!®,
Calibration was carried out with pure cyclohexane (> 99.9% purity, 6.7 °C melting temperature)*3°.
Data were collected and processed using Pyris thermal analysis software (version 9.1). Phospholipid
transition onset temperatures (Ton) were determined from the intercept of the baseline with the tangent
to the left side of the peak.

3.2.9. Preparation and characterization of liposomes and self-assembled structures
Liposomes incorporating Pheo-a derivatives were prepared by the thin lipid film hydration method**®
followed by extrusion of the vesicles suspension. In brief, a mixture of DSPC (95 mol%), DSPE-
mPEG2000 (2.5 mol%) and the studied photosensitizer (2.5 mol%) was prepared in
chloroform:methanol (9:1 v/v). After removing the organic solvent under vacuum at 45 °C, the
resulting film was rehydrated with 1 ml of DPBS to get a final 5 mM concentration of lipids. The
mixture was vortexed and sonicated at 60 °C for 5 min. The suspension was then extruded 19 times
through a 200 nm pore-sized polycarbonate membrane, while maintaining the temperature at 80 °C.
The self-assembled structures were prepared following the same procedure after hydration of the
lipid-porphyrin conjugate dry film with HEPES buffer. The hydrodynamic diameter and the zeta
potential were measured by dynamic light scattering (DLS) (Nano ZS90, Malvern). All measurements
were carried out at 25 °C. The mean diameter of the vesicles was 180 = 10 nm, and their zeta potential
was slightly negative (Table S3). The PS content in the liposome bilayers was evaluated by measuring
the absorption of each liposomal sample, after disruption by addition of a methanol/THF mixture. PS

loading efficiency (%) was determined as previously described in the chapter 2%,
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3.2.10. Cryo-TEM

The self-assembled structures made of lipid-porphyrin conjugates were deposited on perforated
carbon-coated, copper grid (TedPella, Inc) which was immediately plunged into a liquid ethane bath
cooled with liquid nitrogen (180 °C) and then mounted on a cryo holder'®, Cryo-Transmission
electron microscopy (TEM) measurements were then performed using a JEOL 2200FS (JEOL USA,
Inc., Peabody, MA, U.S.A.) working under an acceleration voltage of 200 kV (Institut Curie).
Electron micrographs were recorded by a CCD camera (Gatan, Evry, France).

3.2.11. Cell culture

The immortalized esophageal squamous cell line HET-1A, used as a model for normal esophageal
squamous epithelium, was purchased from the American Type Culture Collection (Manassas, VA)%.
The human esophageal squamous cell carcinoma'®® Kyse-30 was obtained from Sigma Aldrich. Cells
were grown in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal
bovine serum (FBS), 100 1U/ml penicillin and 100 pg/ml streptomycin (GIBCO, Invitrogen) in a
humidified incubator with 5% CO> at 37 °C. Cells were passaged every three days using 0.25%

trypsin/ethylenediamine tetraacetic acid (EDTA) when confluence was at 70 to 80%.

3.2.12. Cytotoxicity and phototoxicity studies

Cells were seeded into 96-well plates (4000 cells, 100 pL cell culture medium per well) and incubated
overnight in the humidified incubator. On the day of experiments, free porphyrin derivatives (in
DMSO) or DSPC-porphyrin derivatives liposomes (in PBS buffer) at different concentrations were
added to the wells in the dark. Each well contained a final volume of 200 pl of full medium. The final
porphyrin concentrations ranged from 0 to 5 uM. Cells were incubated again for 24 hours to ensure
full internalization of the porphyrin derivatives. The following day, the culture medium was replaced
with fresh one. Cells were then either incubated in dark for cytotoxicity tests or illuminated for 14
min for phototoxicity assessment. Cells illumination was carried out at the bottom of the culture plates
with orange light in sterile conditions ** and cells were incubated again for additional 72 hours. The
cell viability was then determined by the MTT assay. Briefly, MTT was added to each well at the
final concentration of 0.5 mg/mL in full medium and incubated at 37 °C with 5% CO- for 1h30. The
medium was then removed, and the blue formazan product formed was dissolved in 200 pL DMSO.
After 5 min shaking, the optical density (OD) at 570 nm of each well was measured using an ELISA
plate reader (LT-5000 MS, Labtech). For each plate, each concentration was analyzed in triplicate.
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3.2.13. Analysis of PSs intracellular distribution with confocal laser scanning

microscopy (CLSM)
Cells (2 x 10° cells) were deposited on 25 mm glass cover slips housed in 6-well plates and left to
grow for 24h with 5% CO, at 37 °C. Cells were then incubated in full RPMI medium for 24h with
the appropriate treatment (free PSs in DMSO or embedded into liposomes) and then rinsed with fresh
full media. Prior to imaging, cells were incubated 15 min with 200 nM of MitoTracker® Green FM
(ThermoFisher scientific, Invitrogen) in DPBS at 37 °C with 5% CO,. After washing twice with
DPBS, cells were incubated for 10 min with 10 pg/mL WGA Alexa Fluor 555 (ThermoFisher
scientific, Invitrogen) in DPBS at 37°C with 5% CO.. Cells were rinsed twice with DPBS, and cover
slides were transferred to the confocal microscope chamber, supplemented with full culture medium.
Samples were then imaged with an inverted Leica TCS SP8 microscope gated-STED (Leica,
Germany) using a HC PL APO CS2 63x/1.40 oil immersion objective lens. The instrument was
equipped with a 405 nm diode for porphyrin excitation, and a WLL Laser (490 nm excitation
wavelength for MitoTrackerGreen and 555 nm for AlexaFluor 555). Far red, green and red
fluorescence emission were collected respectively with a 650-800 nm, a 505-550 nm and a 560-630
nm wide emission slits under a sequential mode.
The statistical co-localization analysis of the photosensitizers with mitochondria and cell membrane
was performed using ImageJ statistical plugin JACoP***. JACoP is a commonly used tool for the
calculation of colocalisation coefficient such as Manders’ Co-localization Coefficient (MCC)*.

MCC was calculated for more than 20 cells.
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3.3. Results and discussion

3.3.1. Synthesis of the lipid-porphyrin conjugates

Two lipid-porphyrin conjugates with different lipid backbones were synthesized (Scheme 1). One
backbone was based on sn-1-palmitoyl lysophosphatidylcholine. This lipid was modified by the
introduction of 6-(Fmoc-amino)hexanoic acid via direct acylation of the secondary alcohol groups at
sn-2 position using sonication in the presence of glass beads, where the reaction is believed to take
place. Such procedure aims to avoid intramolecular acyl migration as demonstrated previously by
Rosseto et al.1®>!% and Oneill et al.'®’. Afterwards, the amino group was deprotected and followed
by attachment of Pheo-a using HATU as coupling reagent to give PhLPC (compound 2, yield 65%).
The second lipid backbone, which is based on a Lyso-eSM was prepared by acidic hydrolysis of egg
sphingomyelin (N-hexadecanoyl-D-erythro-sphingosylphosphorylcholine) in anhydrous methanolic
hydrogen chloride at 50 °C following the same procedure as Bittman et al.*®. The mild acidic
hydrolysis allowed the preparation of Lyso-eSM with low extent of C-3 epimerization compared to
the conventional hydrolysis methods. The Pheo-a was then coupled via peptidic coupling using the
same procedure as for PhLPC, to yield compound 4 (PhLSM, yield 30%).
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Scheme 1. Synthesis route for the lipid-porphyrin conjugates PhLPC (A) and PhLSM (B)
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3.3.2. Characterization of the self-assembling and photophysical properties of the lipid-
porphyrin conjugates
The ability of the synthesized compounds to self-assemble into organized structures similar to those
reported for porphysomes was assessed after hydration of films made of PhLPC or PhLSM. The
extruded suspensions were then analyzed by dynamic light scattering (DLS) and cryo-electron
microscopy (Cryo-TEM). Interestingly, these suspensions were monodisperse (Pdl < 0.2) and

exhibited an average size of approximately 200 nm (Figure 3.1).
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Figure 3.1. Dynamic light scattering profile of self-assembled PhLPC (A) and PhLSM (B) structures.

Cryo-TEM micrographs revealed that both lipid-porphyrin conjugates could self-assemble into
liposome-like structures with a dense bilayer of lipid-porphyrin conjugates surrounding an aqueous
core (Figure 3.2 C-D). The thickness of the bilayers was approximately 4-5 nm for both compounds,
similar to that of ordinary phospholipid bilayers®1% However, whereas self-assembled PhLPC
showed spherical shape, PhLSM ones exhibited ovoid shape with undulated bilayer. The impact of
PhLPC and PhLSM vesicles on their photophysical properties was studied by recording their
absorption and fluorescence spectra before and after their solubilization in HEPES
buffer/methanol/THF (0.2 : 0.8 : 1 mL) mixture.
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Figure 3.2. Schematic representation of (A) PhLPC and (B) PhLSM. Cryo-TEM images of self-assemblies made of pure
(C) PhLPC and (D) PhLSM in HEPES buffer. Absorbance and fluorescence spectra of PhLPC (E, G) and PhLSM (F, H)
vesicles, respectively before (solid line) and after (dashed line) their solubilization in HEPES/MeOH/THF (0.2, 0.8, 1
mL) mixture. The insets in (G) and (H) correspond to the quenched fluorescence spectra of PALPC and PhLSM in buffer
respectively.

As shown in Figure 3.2 and Table 3.1, lipid-porphyrin conjugates exhibited similar absorption and
fluorescence spectra to that of Pheo-a in organic solvents (Figure 3.3). This result indicates that
linking Pheo-a to the lipid backbones did not induce any change in the photophysical properties of
the PS when the PS-lipid conjugates were in their monomeric state. Conversely, nanoassemblies of
both compounds showed several interesting features. First, absorption spectra of both lipid-porphyrin
vesicles revealed a broadening of porphyrin Soret and Qmax-bands with a significant red shift of
approximately 12 nm for the latter.

Table 3.1. Soret band, Q-band and the corresponding absorption coefficient (¢) of monomeric (after vesicles
solubilization in HEPES buffer/methanol/THF (0.2 : 0.8 : 1 mL) mixture) and aggregated forms (in HEPES buffer) of
Pheo-a, PhLPC and PhLSM respectively. Values in brackets are the bandwidths (nm) at half height.

Monomers

Compounds Pheo-a PhLPC PhLSM

Amax (Soret) [nm] 411 410 406
gsoret [M1.cm™] 9.9 x 10* 8.8 x 10* 8.9 x 10*
Amax (Q) [nm] 667 (21) 667 (20) 667 (21)
g0 [M1.cm?] 3.4 x 10 4.1 x 10* 3.9 x 10*

Vesicles or aggregates

Amax (Soret) [nm] 386 392 404
gsoret [M1.cm™] 3.1x10* 5.3x 10* 3.8x10*
Amax (Q) [nm] 674 (39) 679 (30) 676 (33)
g0 [M1.cm?] 0.7 x 10* 2.5x 10 1.6 x 10*
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Compared to pure Pheo-a aggregates in buffer (Figure 3.3), the Soret and Qmax-band of the lipid-
porphyrin vesicles were sharper, indicating that they formed more organized aggregates within their
vesicular structure. The extent of the intermolecular interaction between lipid-porphyrin conjugates
within the dense bilayers of the lipid-porphyrin vesicles were further analyzed by investigating their

fluorescence quenching.
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Figure 3.3. Absorbance spectra of Pheo-a aggregates in HEPES buffer (full line), or solubilized in HEPES
buffer/methanol/THF (0.2 : 0.8 : 1 mL) mixture (dashed line).

As shown in the insets to Figures 3.2 G,H, the fluorescence spectra of the vesicles were extensively
quenched, compared to the corresponding monomers. Interestingly, the full fluorescence intensity of
lipid-porphyrin conjugates could be efficiently restored with approximately 1000-fold intensity
increase, after solubilization of the lipid-porphyrin conjugates in organic solvent. Similar behavior
has been described by Lovell et al.® for nanoassemblies made of pyro-lipids (pyropheophorbide-a
linked to Lyso-PC via ester bond) that could be used as efficient photothermal and photoacoustic
agents for tumor thermal ablation and photoacoustic imaging®. Taken together, the strong quenching
of fluorescence emission and the red shifted absorption of the studied compounds are proof of the
strong intermolecular interactions existing between chromophores within the lipid-porphyrin vesicles.
However, despite these interesting properties, these vesicles were not stable and formed larger
aggregates of undefined structure within few days (Figure 3.4). These results are in line with those
obtained by Zheng’s group®’® with pyro-lipids assemblies to which addition of DSPC, cholesterol
and DSPE-PEG was necessary to retain efficiently an encapsulated hydrophilic cargo, and to promote
higher stability of the vesicles®4¢78,
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Figure 3.4. Cryo-TEM images of PhLPC (A) and PhLSM (B) aggregates.

In fact, the bilayer instability of the lipid-porphyrin conjugates can be due to the mismatch between
the length of the alkyl chain in sn-1 position and the adjacent porphyrin, leading to an inadequate

packing parameter for bilayer stability. The packing parameter is defined as
P=Y/,, (eq.9)

where v is the hydrocarbon chain volume, a is the area of the polar headgroup and | the length of the
hydrocarbon chain'®. P is useful to determine the preferential organization of a surfactant at high
concentration in a liquid medium. Phospholipids form bilayers because their P value usually lies
between 0.5 and 1'*°. In the case of PhLSM, the porphyrin is grafted in the vicinity of the polar
headgroup thus increasing its polar group area, and subsequently decreasing P to a value lower than
0.5 (conical or truncated conical shape). Conversely for PhLPC, the porphyrin is conjugated to the
hydrophobic chain in sn-2, which may induce an increase in the hydrophobic volume leading to a P
value higher than 1 (inverted conical shape)?®. It has also been shown that when lipid molecules with
complementary shapes are associated together, the value of P becomes additive resulting in the
formation of intermediate blocks that can form a stable bilayer?®. So, since the two studied lipid-
porphyrin conjugates cannot form stable bilayers on their own, they could be mixed with unmodified

phospholipids to counterbalance the effect of the length mismatch between alkyl chains.

3.3.3. Interfacial behavior of lipid-porphyrin conjugates
To further investigate the effect of the organization of the lipid-porphyrin conjugates on their self-
assembling properties, we studied the interfacial behavior of the two compounds at the air-buffer
interface using a Langmuir trough. The n-A isotherms for Pheo-a and the lipid-porphyrin conjugates
(PhLPC and PhLSM) spread at the air-buffer interface are shown in Figure 3.5 A and the main
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characteristics are summarized in Table 3.2. The data show that the three compounds formed stable
monolayers and reveal interesting differences between them. The influence of the attachment of Pheo-
a to the Lyso-eSM backbone or to the sn-2 aliphatic chain of Lyso-PC is readily apparent on the graph
showing significant differences in isotherm shape, surface pressure and molecular area at collapse
between compounds. The surface pressure corresponding to the lateral pressure in membranes or
phospholipid vesicles is close to 30 mN/m?°1:202_ At this surface pressure, the molecular area of Pheo-
a (Aso) was 53 A2, Considering the approximate dimensions of Pheo-a as determined using the Visual
Molecular Dynamics (VMD) software?®, the experimental interfacial molecular area of the PS was
much smaller than that expected for a Pheo-a molecule lying flat on the surface (~ 156 A?).
Conversely, the experimental Azo value for Pheo-a was in good agreement with the calculated value
of the surface area of a Pheo-a molecule with carboxylic and ester groups facing the air/water interface
(~ 55 A?). This arrangement would result from the formation of closely packed films of Pheo-a

molecules, controlled by strong attractive n-r interactions between the rings of neighboring molecules.
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Figure 3.5. (A) =n-A isotherms and the corresponding (B) compressional modulus for pure Pheo-a, PhLPC, and PhLSM
spread at the air-buffer interface.

Both lipid-porphyrin conjugates formed more expanded monolayers with larger molecular areas at
the surface pressure onset (Ao) for PhLPC (116 A?) and PhLSM (94 A?) compared to Pheo-a (80 A?).
Surprisingly, while the molecular area expansion for PALSM was maintained even at higher surface
pressure, that of PhLPC at 30 mN/m was significantly reduced as compared to pure Pheo-a. In
addition, while Pheo-a and PhLSM showed similar collapse surface pressure and similar n-A
isotherms profile, PhLPC exhibited a completely different isotherm profile, with dissimilar shape,

surface pressure and molecular area from those of the two other compounds.
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Such behavior could be explained by different molecular arrangements of the studied molecules at
the air/buffer interface. Apparently, grafting Pheo-a to the Lyso-SM backbone did not affect its
interfacial arrangement at the air/water interface and the area expansion of its isotherm could be only
explained by the presence of the PC headgroup in the vicinity of the chromophore. However, the
longer C6 carbon chain linker of PhLPC, bearing the Pheo-a at its extremity would provide more
flexibility to the attached chromophore to adopt distinct local orientation at different surface pressure.
Indeed, the onset of the surface pressure for the PhLPC is observed at a larger molecular area (~116
A?) than the other compounds due to the presence of the acyl chain bearing Pheo-a at the interface.
Upon further monolayer compression, the molecular area of PhLPC decreased significantly to reach
a collapse molecular area of ~50 A? which lies between that of Pheo-a and PhLSM. However, it
should be noticed that this molecular area is smaller than that of monounsaturated phospholipids (Ac
~ 60-70 A?). Such behavior could be explained by the reorientation of the Pheo-a to align with the
sn-1 C16 carbon chain with subsequent solubilization of molecules into the subphase during the
compression. To gain further insight into the structural characteristics of the lipid-porphyrin
conjugates, the compressibility moduli of their monolayers were calculated and plotted as a function
of surface pressure. As shown in Figure 3.5 B and Table 3.2, a similar compressional modulus range
is revealed for Pheo-a and PhLSM with a Kmax value approaching ~ 200 mN/m. However, PhLPC
exhibits a much lower value (~ 80 mN/m). According to Davies and Rideal?*, the values for PhLSM
and Pheo-a would correspond to the liquid condensed state (100 mN/m < Kmax < 250 mN/m) of a
monolayer, while that of PhLPC would indicate a monolayer in liquid-expanded state (Kmax < 100

mN/m). Thus, PhLPC formed a less organized monolayer than the other studied compounds.

Table 3.2. Molecular area at surface pressure onset (Ao), molecular Area (Asop) at 30 mN/m, molecular Area (Ac), surface
Pressure (m¢) at collapse, and maximal compressional modulus Kmax for compounds monolayers.

Monolayer Az (A?)

2 2
composition Ao (A ) at 30 mN/m Ac (A ) e (MN/m) Kmax (MN/m)
Pheo-a 80 53 41 50.2 198.5
PhLPC 116 60 50 41.5 82.6
PhLSM 94 72 64 515 205.4
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3.3.4. Analysis of the fine structures of Pheo-a derivatives monolayers

To get a better understanding of the fine structures perpendicular to the plane of Pheo-a derivatives
monolayers, the specular X-ray reflectivity (XRR) was measured on monolayers compressed to a
surface pressure of 30 mN/m. Figure 3.6 A, shows the XRR curves of Pheo-a, PhLPC and PhLSM
monolayers spread onto HEPES buffer, fitted using a two-slab model. The corresponding electron
density profiles (p) reconstructed from the best fit results (solid red lines in Figure 3.6 A) along the
z-axis are also shown in Figure 3.6 B. The thickness (d), electron density (p) and root mean square
roughness (o) of each interface are summarized in table 3. Pheo-a exhibited total thickness dpheo-a Of
15.7 A. The hydrophobic core had a thickness of 9.5 A and an electron density of 0.436 e” x A3,
Since these values are consistent with those reported for other porphyrin monolayers?®, it is plausible

that Pheo-a molecules take an upright orientation with respect to the interface (Figure 3.6 C).
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Figure 3.6. (A) XRR curves of a Pheo-a derivatives monolayers at a surface pressure of 30 mN/m. The solid lines
represent the best model fits to the experimental data. The experimental errors are within the symbol size. (B) The
reconstructed electron density profiles along the Z-axis. (C) Schematic representation of the orientation of Pheo-a
derivatives at the air/buffer interface.
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In fact, this result agrees well with the area per molecule and compression modulus determined from
n-A isotherms (Figure 3.5). The thickness and electron density of the hydrophobic regions of the
PhLPC monolayer are drceniec) 11.6 A and prceniecy = 0.373 e- x A~ | respectively. Interestingly,
the corresponding values for the PhLSM monolayer are duceenism) 9.4 A and prcenismy of 0.391 €7 x
A3 respectively. The puc values of both compounds are higher than those reported for saturated?°6:2°7
or monounsaturated*? alkyl chains of phospholipids. This could suggest the presence of porphyrin
core within the alkyl chains. Although the thickness of hydrophobic region of PhLPC is larger than
that of PhLSM, it is notable that the total thickness of PhLPC (denipc = 21.5 A) is 2 A thicker than
that of PALSM (dpnism = 19.5 A). This could be explained in terms of the conformational difference
of the porphyrin. In the case of PhLPC, sn-1 C16 carbon chain and porphyrins are aligned (Figure 3.6
C, middle) while such an alignment is sterically prohibited in the case of PhLSM. In order to validate
the fitting quality, the average number of electrons per molecule was calculated from the fit and
compared to that calculated from the chemical formula of the studied compounds. As shown in Table
3.3, there is a good agreement between the calculated number of electrons and the theoretical one for
Pheo-a and PhLSM. Conversely for PhLPC, there is a significant difference between the number of
electrons calculated from the molecular formula and that from the fit. This discrepancy could be
interpreted by the error in PhLPC molecular area evaluation, due to its solubilization into buffer

subphase.

Table 3.3. Best fit parameters for the XRR Results for Pheo-a derivatives monolayers at 30mN/m as presented in Figure
3.6.

Average :
o A aumber of Theoretical
d(A) plexAZ) ¢ (A) e’/molecule Q;Jmt;er Olf
from the fit  ©' orecUi®
Pheophorbide-a
Hydrophobic core 95+0.3 0.436 £0.007 4.1+0.1 342 314
Hydrophilic groups 6.2+05 0.372+0.010 4.1+05
Buffer 0 0.335 45+0.6
PhLPC
Hydrophobic
chains 11.6+05 0.373+0.001 4.4+0.8 462 638
Choline headgroup 9.8+£05 0.369+0.001 3.6+05
Buffer 0 0.335 3.1+0.1
PhLSM
Hy%ﬁ;‘?!‘fb'c 94+06  0391+0001 43%0.1 546 560
Choline headgroup 101+£06 0.387+0.001 4.6+0.8
Buffer 0 0.335 3.1+0.1

76



Chapter 3

3.3.5. Miscibility of Pheo-a derivatives with phospholipids

We then evaluated the behavior of porphyrin derivatives when mixed with lipids in order to determine
if these compounds could form stable systems when incorporated in a liposomal bilayer. To do so,
we chose DSPC as phospholipid, and mixed it with increasing molar percentage of lipid-porphyrin
derivatives. The recorded n-A isotherms of pure DSPC and its mixture with Pheo-a, PhLPC and
PhLSM at the air/buffer interface are shown in Figure 3.7. A, B and C, respectively. Pure DSPC
formed a condensed phase as previously reported>32%, DSPC/Pheo-a mixtures did not behave in the
same manner when the molar percentage of Pheo-a increased. Indeed, the isotherms for mixtures
containing up to 10 mol% Pheo-a were shifted toward larger molecular areas than that of pure DSPC,
but remained still in between the isotherms of the pure components up to 30 mN/m. However, at
higher surface pressures, the isotherms of DSPC/Pheo-a exhibited slight shoulders at approximately
33 mN/m, 40 mN/m and 44 mN/m for monolayers containing 2.5%, 5% and 10% of Pheo-a
respectively. This behavior could be related to the solubilization of some Pheo-a in the aqueous phase.
Interestingly, the isotherms for the mixtures with a Pheo-a content higher than 10% were shifted
toward larger molecular areas than that of the pure Pheo-a indicating unfavorable interactions
between the two components.

A similar behavior was observed for mixed DSPC/PhLSM monolayers. However, unlike
DSPC/Pheo-a mixtures, the isotherms for DSPC/PhLSM monolayers exhibited shoulders at higher
surface pressure (around 40 mN/m). Furthermore, the isotherms were all intercalated between those
of the pure components, even at 50 mol% PhLSM, which would account for a better miscibility of
DSPC with PhLSM than with the free Pheo-a.

The compression isotherms of DSPC-PhLPC mixtures exhibited sharp inflection followed by a
plateau region at ~ 43 mN/m. This sharp inflection is observed at a surface pressure close to that of
pure PhLPC collapse and lower than that of pure DSPC. This could be interpreted as a demixing
between the two compounds, with subsequent loss of PhLPC from the monolayer in the aqueous
subphase. Similar behavior has been observed by Kinnunen’s group who demonstrated that addition
of oxidized phospholipids to phospholipid monolayers induced phase separation and their
solubilisation in the subphase, with subsequent micelles formation due to the presence of polar groups
(either carbonyl or carboxylate) on the sn-2 chain®!. In the case of PhLPC, the driving force for the

phase separation would be due to the strong attractive n-m interaction between Pheo-a cores.

The isotherms of the mixtures were further analyzed in terms of compressibility modulus as shown
in Figures 3.7. D-F. In fact, for the three mixtures, adding a porphyrin or a porphyrin derivative to a

DSPC monolayer induced a decrease in their rigidity with a more significant decrease in the presence
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of PhLPC, as expected from the low surface compressional modulus of this conjugate. In addition,
compared to DSPC/Pheo-a mixtures, the sharp inflection point observed for the isotherms of PhLPC
mixtures at high surface pressure (~ 40mN/m) is clearly revealed by a minimum in K at ~ 44 mN/m,
close to the mc of pure PhLPC, followed by an increase until the K values superimpose with those of
pure DSPC. This is another indication of the complete expulsion of PhLPC from the monolayers at

high surface pressure.
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Figure 3.7. n-A isotherms of mixed monolayers of Pheo-a (A), PhLPC (B) and PhLSM (C) with DSPC at various molar
%. Their corresponding compressional modulus and excess free energy of mixing (AG®®) are shown in (D-F) and (G-I)
respectively.

In order to analyze quantitatively the thermodynamics of interaction between the binary mixtures, the
excess free energy of mixing (AG®*) was calculated up to a surface pressure of 30 mN/m. As inferred
from Figures 3.7. G-I, the AG®* values of binary mixtures of DSPC-Pheo-a and DSPC-PhLPC at

different surface pressures are positive for the various PS molar fractions denoting repulsive
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interactions between DSPC and PS compounds in the mixtures. However, the situation is different
for DSPC-PhLSM mixture. Indeed, this latter exhibited positive AGF values up to 10% PhLSM,
which then decreased down to values close to 0 at 50%. In addition, it should be stressed that AGF®
values were the highest for DSPC-Pheo-a followed by DSPC-PhLPC and DSPC-PhLSM, thus
indicating that interactions in the mixed films containing lipid-porphyrin conjugates were less
repulsive than those in monolayers containing Pheo-a. Taken together, these results indicate that the
three Pheo-a derivatives cannot be homogeneously mixed with DSPC and tend to segregate in the

lipid monolayer.

3.3.6. The incorporation of lipid-porphyrin conjugates into liposomes

In a next step, we investigated the incorporation efficiency of Pheo-a derivatives into liposomes and
evaluated their impact on their stability. DSPC liposomes doped with 2.5 mol% of DSPE-PEG2q00
and increasing molar percentages (2.5-20 mol %) of Pheo-a derivatives were prepared and
characterized. As shown in Figure S3.5, the highest Pheo-a loading rate was 5 mol%, but the
liposomes increased in diameter and polydispersity. An important loss of material was also observed
on the polycarbonate membrane during extrusion (Figure S3.5). A higher loading efficiency was
achieved with PhLPC and PhLSM, with monodisperse vesicle suspensions and no significant material
loss during extrusion.

We measured the fluorescence of DSPC liposomes incorporating the different PSs at 2.5 mol %. As
depicted in Figure 3.8, the three PSs showed fluorescence quenching. The highest values were
obtained for PhLSM and PhLPC. Such fluorescence quenching could be explained by the aggregation
of the PSs into organized patterns in the bilayer due to their high packing density. Similar behavior
has been observed by Gang Zheng’s group with other lipid-porphyrin conjugates when incorporated

within liposomal bilayers, and it was attributed to the formation of J-aggregates®4102209,
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Figure 3.8. Fluorescence spectra of (A) Pheo-a, (B) PhLPC and (C) (PhLSM) incorporated at 2.5 mol% into PEGylated
DSPC liposomes in HEPES buffer before (black line) and after their rupture into organic solvent (colored lines). The
displayed number in each spectrum corresponds to the enhancement of PS fluorescence intensity after liposomes rupture.
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3.3.7. Thermotropic behavior of phospholipid bilayers incorporating lipid-porphyrin

conjugates
PS aggregation in the membrane of liposomes could be an issue for liposomal delivery of
photosensitizing agents for PDT applications. Indeed, the aggregation of PSs such as Pheo-a induces
a decrease in the quantum yield of triplet state ( @), thus reducing the quantum yield of singlet oxygen
(t02)""1%8 'which is responsible for the photodynamic activity. Therefore, in order to investigate the
impact of the PSs incorporation percentage on their oxidative potential upon illumination, we
performed a calorimetric analysis of SOPC lamellar suspensions incorporating different molar
percentage of either PhLSM or PhLPC. SOPC was chosen in these experiments because it contains
an unsaturated alkyl chain that is a good substrate for the formation of lipid hydroperoxides'® upon
interaction with singlet oxygen during the photodynamic reaction. The formation of such species can
induce a phase separation within the lipid matrix that can be easily detected by DSC. Although
qualitative, such method allows the determination of the optimal molar percentage of embedded PSs
for efficient photodynamic activity.

First, the impact of PSs incorporation percentage on the phase behavior of the SOPC membrane was
assessed. Figure 3.9 shows the heat capacity (Cp) scans for the various lamellar suspensions.
Compared to pure SOPC which exhibited a sharp endothermic peak at ~6 °C, both conjugates caused
a broadening of the main transition peak and a shift toward lower temperatures in a concentration-
dependent manner. This suggested the destabilization of the intermolecular cooperativity of SOPC
molecules. Such tendency was more pronounced for PALSM, which could be explained by its higher
disordering effect on the hydrocarbon chains of phospholipids and/or its higher incorporation
efficiency than that of PhLPC.

DSC scans were also performed after illumination of the SOPC lamellar suspensions in the conditions
described in the experimental section. Compared to the pure SOPC sample, the illumination of
samples containing up to 2.5 mol % of either PhLPC or PhLSM induced dramatic changes in the
thermograms. The main transition peaks of both SOPC-PhLPC and SOPC-PhLSM samples were
broadened with a significant shift of Tonset towards lower temperatures and the appearance of a second
peak/shoulder at lower temperature. These results indicate the formation of new phases upon illumination
of the SOPC-PS systems, which could be related to the formation of new chemical species within the
lipid bilayer, as demonstrated in the previous chapter'®.
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Figure 3.9. DSC heating scans for pure SOPC lamellar suspensions incorporating increasing molar percentages of PhLPC
or PhLSM before (A,C) and after (B,D) illumination.

It should be noticed, however, that the impact of the illumination was more pronounced in PhLPC samples
than in those of PhLSM. This could be explained by the longer spacer of PhLPC compared to PhLSM,
which would allow the Pheo-a moiety to be more deeply inserted into the lipid bilayer. Hence, the singlet
oxygen generated upon illumination would have greater probability to oxidize the unsaturated chains
within the lipid matrix. The illumination of samples containing more than 2.5% mol of PSs did not induce
a significant change (Figure 3.9, Table 3.4) in their thermal behavior, which could be due to PS
aggregation in the lipid membranes. Based on the aforementioned, we formulated liposomes with only
2.5% mol of PS and their photodynamic efficiency was then evaluated in vitro on esophageal cell

lines.
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Table 3.4. Tonset, Tpeak temperatures and enthalpies of SOPC doped with PhLPC, or PhLSM before and after illumination

Before Illumination After Illumination
PhLPC (%) 1 2.5 5 10 1 2.5 5 10
Tonset (°C) 4.5 3.9 2.5 2.5 0.9 0.4 2.5 2.5
Tpeax (°C) 59 55 5.1 4.6 59 5.5 5.2 4.3
AH (kcal/mol) 6.0 5.8 59 6.1 53 5.4 5.8 6.0
PhLSM (%) 1 2.5 5 10 1 2.5 5 10
Tonset (°C) 5.0 4.5 4.0 23 0.9 0.2 4.0 24
Tpeak (°C) 59 5.5 54 4.2 5.8 5.4 53 4.1

AH (kcal/mol) 4.9 52 5.8 5.8 4.9 5.0 5.6 5.7

3.3.8. Phototoxicity of lipid-porphyrin conjugates in esophageal squamous cell
carcinoma (ESCC) cell lines

The phototoxicity of Pheo-a derivatives (Pheo-a, PhLPC and PhLSM), free or incorporated in
DSPC/DSPE-PEG2000 liposomes (95/2.5 mol%), was investigated on Kyse-30 and HET-1A cells.
After overnight incubation with either free or incorporated PSs, the cells were illuminated for 14 min,
and the phototoxicity of the three compounds was quantified by the MTT test (Figure 3.10). The
cytotoxicity in darkness was found to be negligible with a survival percentage close to 100% for the
three PSs in the 0.1-5 uM concentration range (Figure S3.6). As shown in Figure 3.10, free or
liposomal Pheo-a exhibited a strong phototoxicity on both cell lines with a half maximal inhibitory
concentration (IC50) of 0.20 and 0.15 uM, respectively (Figure 3.10, Table 3.5). These IC50 values
for Pheo-a are in agreement with those previously reported by Rapozzi et al.** for other cancer cell
lines.

The 1C50 of the lipid-porphyrin conjugates was in all cases significantly higher than that of Pheo-a,
thus indicating a decrease in Pheo-a phototoxic activity when in the form of lipid conjugates (Table
3.5). This behavior could be related to lipid-porphyrin conjugate aggregation in aqueous media, which
in turn would reduce their photodynamic activity. The same explanation could be applied to these
compounds when incorporated in liposome bilayers. Indeed, although the Pheo-a conjugates
incorporated in liposomes maintained their photoactivity at this percentage of incorporation, as
demonstrated by DSC experiments, the fluorescence intensity of embedded conjugates was partially
quenched, and this effect was higher than with Pheo-a (Figure 3.8). This fluorescence quenching is
explained by the aggregation of Pheo-a conjugates within the lipid bilayer because of n- & stacking

of porphyrin cores.
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Table 3.5. Phototoxicity (IC50, uM) of Pheo-a derivates either free or incorporated into PEGylated DSPC liposomes on
HET1A and Kyse 30 cell lines.

IC50 (UM)
Pheo-a PhLPC PhLSM
Free Liposomes Free Liposomes Free Liposomes
HET-1A 0.21+0.01 0.15+0.01 2.52+0.08 2.95+0.14 >3 2.04+0.15

Kyse-30 0.20£0.04  0.15+0.01 1.37£0.04  1.90+£0.06  2.10+0.04 1.00+£0.04

This in turn would cause a decrease in the quantum yield of the singlet oxygen and thus, a decrease
in the photodynamic efficiency of lipid-porphyrin conjugates as compared to Pheo-a incorporated in
liposomes. However, it should be noted that despite this decrease in phototoxicity for both lipid-
porphyrin conjugates compared to Pheo-a, they can still be considered as strong photosensitizers with
IC50 values between 1 and 2 uM for the cancerous Kyse-30 cell line. Interestingly, PhLPC and
PhLSM exhibited a selective phototoxicity toward this cell line, especially when incubated with the
cells in their free form. Indeed, whereas the 1C50 of the free PhLPC and PhLSM were 1.4 uM and
2.1 uM in Kyse-30 cells, respectively, they were higher for HET-1A cells, with 2.5 uM and > 5uM
respectively. This striking result could be explained by different cellular uptake and/or subcellular
localization in cancerous cells compared to healthy ones. Indeed, several studies have shown that PSs
internalization mechanism and subcellular localization are major determinants of their

phototoxicity!’6210-212,
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Figure 3.10. Phototoxicity HET-1A (black line) and Kyse-30 (red line) incubated with free Pheo-a (A), PhLPC (C), or
PhLSM (E), or encapsulated in liposomes (B, D, F respectively).
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3.3.9. Cellular uptake and subcellular localization

In order to evaluate the cellular uptake of the different PSs, as well as their subcellular distribution,
we applied confocal laser scanning microscopy on HET-1A and Kyse-30 cells after overnight
incubation with the studied PSs, either free or incorporated into DSPC liposomes. Figure 3.11 shows
that the nucleus remained dark in all cases, and that the fluorescence signal of the three PSs was
mainly inside the cytoplasm, indicating their effective internalization. The fluorescence distribution
of free Pheo-a dissolved in DMSO versus liposomal formulation revealed in both cases a broadly
diffused fluorescence with no obvious difference between the two cell lines. In comparison with
Pheo-a, the cellular distribution of fluorescence of free lipid-porphyrin conjugates was punctuated,
which could be related to PSs localization into specific intracellular compartments such as
mitochondria or lysosomes. Similar tendency was observed for lipid-porphyrin conjugates embedded

into liposomes.

Pheophorbide a PhLPC PhLSM

Pheo-a Pheo-a + MTG PhLPC PhLPC + MTG PhLSM PhLSM + MTG

Kyse-30
DMSO

Kyse-30
Liposomes

HET-1A
DMSO

HET-1A
Liposomes

Figure 3.11. Confocal microscopy images of Kyse-30 and HET-1A cells treated with the free photosensitizers (red)
dissolved in DMSO or incorporated into liposomes. The second column for each compound corresponds to the images
merged with those in the presence of Mitotracker (green).
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Since the pure Pheo-a and its derivatives may have higher affinity for mitochondria compared to other
cell organelles’*®'78 we investigated the co-localisation of the PSs with mitochondria using
Mitotracker-green. The images in Figure 3.11 and their statistical analysis performed using ImageJ
statistical plugin JACoP and the Manders’ coefficient of co-localization (MCC), show that Pheo-a
exhibited higher MCC (0.41-0.50) than the lipid-Pheo-a conjugates in both cell lines, without
significant difference between Kyse-30 and HET-1A cells (Table 3.6).

Table 3.6. Manders’ coefficient of co-localization (MCC) of photosensitizers with Mitotracker (green).

MCC
Pheo-a PhLPC PhLSM
Free Liposomes Free Liposomes Free Liposomes
HET-1A 0.41+0.06 0.43+0.07 0.24+0.09 0.17£0.05 0.14+0.03 0.18+0.08
(n=26) (n=25) (n=26) (n=28) (n=28) (n=27)
Kvse-30 0.43+0.06 0.50+0.08 0.36+0.09 0.32+0.07 0.21+0.09 0.37+0.09
y (n=22) (n=27) (n=26) (n=25) (n=26) (n=23)

This could explain the higher photoactive efficiency of Pheo-a compared to the conjugated molecules,
but also its non-selectivity towards the cancerous cell line?'*2!4, The Pheo-a conjugates exhibited the
lowest MCC values for HET-1A cells. Moreover, the MCC evolution of Pheo-a conjugates in both
cell lines with the different formulations seemed to correlate with their IC50 values. This result would

indicate the preferential affinity of PhLPC and PhLSM for the mitochondria in the cancerous cell line.

3.4. Conclusion

In this work, we have synthesized and characterized two new lipid-porphyrin conjugates
which exhibit self-assembly properties. These molecules were designed in the aim to improve the
photosensitizers loading efficiency in liposome bilayers and enhance PS photodynamic activity
against cancerous cells. The addition of the lipid backbone exacerbated the amphipathic character of
the photosensitizer, while maintaining its photodynamic activity. Both conjugates were able to self-
assemble in buffer, however they were unstable and formed aggregates with unclear structure within
few days. Such instability could be related to mismatch between the length of the alkyl chain in sn-1
position and the adjacent porphyrin, which would affect the lipid packing parameter. Both lipid
porphyrin conjugates could be incorporated efficiently in lipid vesicles, with higher loading rates than
Pheo-a. We determined the maximal molar ratio of the PS-conjugates for maintaining their
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photodynamic activity. The phototoxicity of free or incorporated lipid-porphyrin conjugates was
studied in two esophageal squamous cell lines. Although less photoactive than free Pheo-a, both lipid-
porphyrin conjugates exhibited higher selectivity towards cancerous cells.

Interestingly, lipid-porphyrin conjugates carried by liposomes exhibited high fluorescence
quenching yields. This means that upon their illumination, the absorbed photon energy could be
dissipated into heat. Thus, although their photodynamic efficiency (IC50) was lower than that of
Pheo-a, their self-quenching property in lipid vesicles could be taken advantage of, for use as efficient
cytotoxic photothermal agents (PTT). Moreover, such systems could be used for phototriggered
release of encapsulated chemotherapeutic agents. Although they were not explored in this work, these
aspects will be investigated in the next chapter. Hence, liposomes containing lipid-porphyrin
conjugates would present a promising photoactivatable drug delivery system with multifunctional

properties (PDT, PTT and phototriggered release of an anticancerous drug) against cancer tumors.
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Chapter 4

New lipid-porphyrin conjugates for the conception of phototriggerable
liposomal drug delivery systems via photothermal conversion
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Chapter 4

4.1. Introduction

In PDT and in photooxidative-triggered release of a drug, PS aggregation is an issue. However, in
some cases, aggregation can be desirable, as it favors non-radiative deexcitation pathways of
photosensitizers, responsible for heat generation. Applications of porphyrin and porphyrin derivatives
related to their photothermal properties are emerging®2%. They rely on two criteria: high local
concentration of the PS, and light illumination with high fluences (hundreds of mW/cm? to several
W/cm?). Porphyrins can be specifically used for photothermal therapy (PTT), a treatment Killing cells
by sudden increase in heat 2217, Indeed, an increase of the temperature from 37°C (physiological
conditions) to 42-45°C is sufficient to induce, for example, cancer cells death?!8, Photothermal effect
is generally segmented into three processes depending on the temperature: when local temperature
rises to 42-45°C (clinical hyperthermia), cell death is mainly caused by protein denaturation®®. When
the temperature reaches 55°C, photothermal effect induces a rapid coagulation of proteins, and results
in cell death. This process is also called thermal ablation??, At temperatures higher than 100°C, water
vaporization from the tissues induces strong dehydration??!,

Pharmaceutical formulations proposed for PTT are nowadays mainly based on the use of metal
nanoparticles. These particles are efficient, but their potential toxicity is high, and their adequacy to
carry drugs for additional chemotherapy is poor. Using an approach in which metal particles would
be replaced by biocompatible and biodegradable porphyrin is attractive. As in photodynamic therapy,
PTT using these molecules can also be used to trigger cargo release 222223,

Porphyrins, which are hydrophobic and easily aggregate, have already shown potential as
photothermal agents®®11821% The main strategy for inducing sufficiently high aggregation state of
these molecules in a controlled manner is to use porphyrin conjugates with self-assembling properties.
Peptide conjugates??*, polymeric conjugates??>2?’, and phospholipid conjugates®®® have indeed
proven to be efficient as PTT agents. Lipid-porphyrin conjugates can self-assemble into liposome-
like structures, or have to be combined with conventional lipids to form liposomes, whose aqueous
core can be used to host hydrophilic drugs®’8. The photothermal effect can then be exerted to trigger
or accelerate the release of the encapsulated drug®®:’8

We conjugated pheophorbide a (Pheo-a) to lyso-phosphatidylcholine (PhLPC) and lyso-
sphingomyelin (PhLSM)??%. The resulting lipid-porphyrin conjugates can self-assemble into
liposome-like structures which were not stable in the long term. Hence, their combination with other
lipid derivatives was required in order to obtain stable formulations. In this chapter, we first identified
the most compatible lipids for the formulation of stable PS-loaded liposomes. The potency of these
vesicles for photothermal-triggered release of a hydrophilic fluorescent probe, calcein, was evaluated,
and the quantification and stability of the photothermal effect was estimated.
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4.2. Material and methods

4.2.1. Chemicals

PhLPC and PhLSM were prepared as previously described??8. Pheophorbide a (Pheo-a, > 95% pure,
Mw = 592.69 g/mol) was purchased from Frontier Scientific (Logan, UT). HEPES (99.5% pure, Mw
= 238.31 g/mol), sodium chloride (NaCl, 99% pure, Mw = 58.44 g/mol), cholesterol (=99% pure,
Mw = 386.65 g/mol), cholesteryl hemisuccinate (CHEMS, >99% pure, Mw = 486.73 g/mol),
octadecylamine (stearylamine, 97%, Mw = 269.51 g/mol), calcein (Mw = 622.53 g/mol), and
Sepharose 4B, and Triton™ X-100 were purchased from Sigma (St. Louis, MO, USA).

The phospholipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, 99% pure, Mw = 790.15
g/mol), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000]-
ammonium salt (DSPE-mPEG2000, 99% pure, Mw = 2805,497 g/mol) were purchased from Avanti
Polar Lipids (Alabaster, AL). Chloroform and methanol were analytical-grade reagents purchased
from Carlo Erba (Val-de-Reuil, France). The ultrapure water (y = 72.2 mN/m at 22° C) used in all
experiments was produced by a Millipore Milli-Q® Direct 8 water purification System, with a
resistivity of 18.2 MQ.cm.

4.2.2. Liposomes preparation and characterization

Liposomes were prepared by the thin lipid film hydration method'® followed by extrusion of the
vesicles suspension. Mixtures of lipids and the studied photosensitizer was prepared in
chloroform:methanol (9:1 v/v). After removing the organic solvent under vacuum at 45°C, the
resulting film was rehydrated with 1 mL of 50 mM calcein in HEPES buffer, to get a final
concentration of lipids of 5 mM. The mixture was vortexed and sonicated at 60°C for 5 min. The
suspension was then extruded 19 times through a 200 nm pore-sized polycarbonate membrane, while
maintaining the temperature at 80°C. Liposomes were then separated from non-encapsulated free
calcein by size exclusion chromatography using a home-packed column with Sepharose 4B gel. The
hydrodynamic diameter was measured by dynamic light scattering (DLS) (Nano ZS90, Malvern). All
measurements were carried out at 25 °C. The PS content in the liposome bilayers was evaluated by
measuring absorbance at 667 nm; using a CARY 100 Bio UV-visible spectrophotometer (Varian,

USA); of each liposomal sample, after disruption by addition of a methanol/THF mixture.

4.2.3. Cryo-TEM

Samples were deposited on a perforated carbon-coated copper grid (TedPella, Inc), which was
immediately plunged into a liquid ethane bath cooled with liquid nitrogen (180°C) and then mounted

on a cryo holder®®. Cryo-Transmission electron microscopy (TEM) measurements were performed
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using a JEOL 2200FS microscope (JEOL USA, Inc., Peabody, MA, U.S.A.) working under an
acceleration voltage of 200 kV (Institut Curie, Orsay). Electron micrographs were recorded by a CCD

camera (Gatan, Evry, France).

4.2.4. Surface pressure measurements

Surface pressure-surface area isotherms (wn-A) of pure components or their mixtures with
phospholipids were recorded using a thermostated KSV-Nima Langmuir film balance (Biolin
Scientific, Finland), composed of a teflon trough (775.75 cm?) equipped with two 145 mm-long
Delrin barriers. Pure components or mixtures in a chloroform/methanol (9:1) solution (4.0 x 10
molecules) were spread onto the aqueous HEPES buffer solution (10 mM HEPES, 150 mM NaCl,
pH = 7.4). After deposition, the solvents were left to evaporate for 15 min before compression of the
monolayer at a rate of 5.0 A2’molecule/min. All experiments were performed at 22°C and the results

reported are mean values of at least three measurements.

4.2.5. X-ray reflectivity experiments (XRR) at the air/buffer interface

XRR experiments were carried out at the beamline ID10B of the European Synchrotron Radiation

Facility (ESRF, Grenoble). The samples were irradiated with a monochromatic synchrotron beam
with an energy of 8 keV (. = 1.55 A). The XRR experiments were performed on monolayers of
PhLSM:Cholesterol (50:50 mol%) mixture spread on the surface of HEPES buffer (HEPES 10 mM,
KCI 150 mM, pH 7.4) and compressed to a surface pressure of 30 mN/m. The measurement was
conducted before and after 10 min of illumination, with a 120 mm-diameter deep red led (spectrum
660-670 nm), with an output power of 12 W. During measurement, the film balance was kept in a
He atmosphere to minimize the radiation damage. XRR was measured with a linear detector (Vantec-
1, Bruker AXS, USA). After subtraction of the diffuse intensity background (at o # ai), the specular
reflectivity was analyzed using the Parratt formalism® with a genetic minimization algorithm

implemented in the MOTOFIT software package'®°.

4.2.6. Quantification of calcein release

Quantification of calcein release was done by fluorescence spectroscopy using a Perkin-Elmer LS-
50B computer-controlled luminescence spectrophotometer (Massachusetts, USA) equipped with a
red sensitive R6872 photomultiplier. The emission spectra were obtained before and after
illumination, with excitation at Aexc = 490 nm and emission measured at Aem = 514 nm. The

illumination of PhLSM:Cholesterol (50:50 mol%) was performed at a wavelength of 660 nm and an
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estimated fluence = 80 mW/cm? using a laser diode. The illumination of DSPC:Chol:PhLSM
(67.5:30:2.5 mol%) vesicles was performed at a wavelength of 670 nm and an output power of 25
mW (estimated fluence = 125 mW/cm?) using a laser diode module with a laser diode driver and a
temperature controller (LDM90, LDC220C, TED200C from Thorlabs Inc. Newton, New Jersey,
United States). The calcein release experiments were performed on liposome suspensions diluted in
HEPES buffer to 10 uM of total lipids. The liposomes were then disrupted by addition of Triton X-
100 at a final concentration of 1% (m/v), to release the remaining calcein. The release was calculated
using Eq. 4 (p40).

4.2.7. Evaluation of the photothermal effect

Temperature increase was measured in real-time during illumination by means of a thermocouple
probe located into the middle of glass cuvette containing 1ml of the liposome suspension, under
stirring. PhLSM concentration was estimated by measurement of the absorption of the suspension (e
=8.9x 10* M.cm™ and 3.9 x 10* M.cm™ at 667 nm, and 410 nm, respectively) 22 after disruption
of the liposomes into HEPES buffer/methanol/THF (0.2:0.8:1 mL) mixture. Photothermal effect was
measured for 10 minutes under illumination by a monochromatic laser at 670 nm, and an output
power of 400 mW. The illuminated surface was approximately 0.5 cm?, which gives an approximate
fluence of ~800 mW/cm?. In order to check the reproducibility of the photothermal effect, three cycles
of 10 min on/10 min off illumination were carried out, and the consecutive temperature increase and

decrease was measured.
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4.3. Results and discussion

4.3.1. Self-assembling properties of lipid-porphyrin conjugates when mixed with other

lipids

The ability of the two lipid-porphyrin conjugates to form stable liposomes-like structures, once
combined with conventional lipids, was estimated based on the definition of the packing
parametert9%:229230 p defined p73.

For PhLPC, the porphyrin moiety is conjugated to the hydrophobic chain in sn-2 position, which may
induce an increase in the hydrophobic region (Figure 4.1 A). This produces an apparent increase in
the lipid chain volume, compared to the polar head volume (P>1). On the contrary, for PhLSM
(Figure 4.1 B), the porphyrin is grafted in the vicinity of the polar headgroup of the phospholipid and
contributes to enlarge it (P<1). Thus, PhLPC and PhLSM would exhibit inverted conical and
truncated conical shapes, respectively.

Stable lipid bilayers exist when P is in the range of 0.74-12%, Due to their molecular shape, PhLPC
and PhLSM cannot form stable bilayers. The vesicles obtained quickly aggregate, as reported in the
previous chapter??®. In order to form liposomes with these molecules, it is necessary to mix them to
lipids with complementary shape. Molecule pairing as depicted in Figure 4.1 was previously
described by Khandelia et al.% for cholesterol and oxidized phospholipid species.
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Figure 4.1. Pairing strategy of PhLPC (A) and PhLSM (B) when mixed with other lipids having complementary packing
parameters.
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4.3.1.1. PhLPC formulations

Two strategies were explored to form liposomes with PhLPC. In the first one, PhLPC was mixed in
equimolar percentage (50:50 mol%) to DSPE-PEGgzo, a phospholipid modified by a long
polyethylene glycol (PEG) chain. This PEGylated phospholipid is widely used in liposomal
formulation in order to prolong liposome circulation time in the bloodstream*?3-23%, However, the
efficiency of this strategy depends on the molar % of the incorporated DSPE-PEG into the lipid
bilayer as well as on the PEG chain length?**. Indeed, depending on these two parameters, PEG
polymer can adopt either a “mushroom” or a “brush” conformation?**2*®, Increasing the molecular
weight of PEG chains extends the existence of the brush regime and lowers the mol% of DSPE-PEG
at which the mushroom-to-brush transition occurs. This transition was predicted to occur at less than
4 mol % and 2 mol % for PE-PEG2000%*® and PE-PEGso00?®" respectively. Garbuzenko et al. showed
that in mushroom regime (DSPE-PEGz000 < 4% mol), the DSPE-PEG2000 did not affect the additive
packing parameters in the lipid bilayer and exhibited a P value of 1.044%8, Conversely, in the brush
regime the P value decreased exponentially to reach a value of 0.487 at 30 mol%?.

Thus, based on the additivity rule of packing parameters between amphiphilic molecules with
complementary molecular shapes, we investigated the ability of PhLPC to form supramolecular
structures after extrusion of hydrated films made of an equimolar percentage of PhLPC and DSPE-
PEGa2000. The DSPE-PEG2000/PhLPC dispersions obtained were apparently monodisperse, with an
average hydrodynamic diameter of 218 nm. However, the nano-objects observed by cryo-electron
microscopy (Cryo-TEM) did not resemble to lipid vesicles (Figure 4.2 A-B). Furthermore, the calcein
presumably encapsulated in these particles was lost during separation by size exclusion
chromatography. This formulation was thus considered as inefficient to form vesicle-like structures.
We hypothesized that at such high concentration of DSPE-PEG2000, the PEG chains undergo steric
exclusion from the lipid bilayer surface, thus inducing a decrease in the bilayer compressibility by
destabilizing its structure with subsequent micelles formation 232240, As PhLPC was already unstable
and aggregated, DSPE-PEG2000 Was not sufficient for stabilizing the membrane.

The second strategy was to use other lipids with voluminous ionized polar head at physiological pH.
To do so, we selected two lipids: cholesteryl hemisuccinate (CHEMS, Figure 4.1 A), and stearylamine
(SA, Figure 4.1 A). CHEMS is an acidic cholesterol ester (pKa~ 5.8) that self-assembles into bilayers
at alkaline and neutral pH?*!. CHEMS is commonly used in combination with
dioleoylphosphatidylethanolamine (DOPE) to form pH-sensitive liposomes?#?243, Indeed, at acidic
pH the negatively charged group of hemisuccinate is protonated leading to a decrease in the polar
headgroup area and thus an increase in its packing parameter. Consequently, liposomes become

unstable and disintegrate. Stearylamine is an alkylated ammonium molecule that is positively charged
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at pH lower than 9.5 and exhibits interesting properties in the formation of stable non-containing
phospholipid bilayers when mixed with equimolar percentage of cholesterol?**. Based on these
properties, and on the similarity in the geometrical shape of PhLPC and DOPE or cholesterol, mixing

PhLPC with either CHEMS or SA may allow the formation of stable lipid bilayers.

After hydration with 50 mM calcein solution of a film either composed of equimolar PhLPC and
CHEMS or PhLPC and SA in the presence of 2.5 mol % of DSPE-PEG200, the formulated
suspensions gave monodisperse suspensions with a size of 153 nm and 217 nm, respectively, as
determined by dynamic light scattering (Figure 4.2 D, F). However, in both cases, calcein could not
be encapsulated in the so-formed assemblies. This indicates that these nano-assemblies were not
vesicle-like structures. For CHEMS, cryo-TEM showed similar pattern as the one obtained with
DSPE-PEG2000, With highly condensed structures, and no apparent bilayer. Conversely, in the case of
SA, the cryo-TEM pattern was significantly different, and showed obvious presence of bilayers.

However, the morphology looks like open sheet-like bilayers, which would explain the impossibility
to encapsulate the cargo.
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Figure 4.2. Cryo-TEM images of PhLPC formulations obtained with DSPE-mPEG2000 (A), CHEMS (C) and Stearylamine
(E), and the corresponding DLS measurements (B, D and F respectively).
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4.3.1.2. PhLSM formulations

As explained above, PhLSM would exhibit a conical/truncated conical shape, due to the presence of
the porphyrin moiety close to the phosphatidylcholine polar head. It must be combined with
molecules that possess an inverted cone shape for complementary shape strategy. An example of
cone-shape lipid is cholesterol. Cholesterol is also known to rigidify lipid bilayers and decrease their
permeability.

When a film formed of equimolar PhLSM and cholesterol was hydrated with a calcein solution,
successful cargo encapsulation was observed. Dynamic light scattering measurement indicated a
monodisperse suspension, with an average diameter of 282 nm. Cryo-TEM revealed the presence of
liposomes, however consisting of a mixture of multilamellar and unilamellar vesicles (Figure 4.3 A).
When DSPE-PEG2000 (2.5 mol%) was added, the multilamellar population disappeared, and the
average diameter decreased to 183 nm (Figure 4.3 E,F). This decrease in thickness could be related
to the presence of the PEG chains that prevent stacking of bilayers, favoring formation of unilamellar
vesicles (Figure 4.3 C,G). A slight increase in lipid bilayer thickness was observed on cryo-TEM
images (n analyzed vesicles = 40-50): indeed, the thickness of the bilayer was ~ 4 nm in the DSPE-

PEG2o00-free bilayer, and it increased to 4.5 nm in the presence of the polymer.
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Figure 4.3. Cryo-TEM images (A and E), DLS measurements (B and F) and local bilayer organization (C and G) of
PhLSM and cholesterol liposome-like structures without and with the presence of DSPE-PEGypo respectively.
Fluorescence spectra of PhLSM : Chol vesicles without (D) or with the presence of DSPE-PEG2o00 (H), before (solid line)
and after addition of detergent (dash line). Insets represent the quenched fluorescence of PhLSM in intact vesicles.
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Based on geometrical calculation we estimated the number of lipid molecules (n) in the PhLSM:Chol

formulation using the following equations®4>246:

_ M,
=

eq (10)
Where My is the mean molecular weight of a vesicle, and M, is the mean molecular weight of
PhLSM:Chol (50:50 mol%, M, = 712.47 g/mol) mixture.

My is given as:

Ny [gﬁ(”o3 -]

M, = = eq (11)

where ro and r; denote the external and internal radii of the vesicle, respectively, Na is the Avogadro’s
number (Na = 6.022 x 102 mol ™), and v is the partial specific volume of lipid mixture in the vesicle
membrane. v value has been previously determined to be approximately 0.985 cm?®.g™* for vesicles
made of egg PC and cholesterol mixture?*>24, The thickness of the bilayer was determined by cryo-
TEM to be ~ 4 nm. Thus, the mean values of ro and r; are 141 and 137 nm respectively. Introducing
these values in the first equation, the number of lipids/vesicle could be calculated to be n = 8.33 x 10°
lipid molecules. Assuming that PhLSM and cholesterol are homogenously distributed in 1:1
stoichiometry in all liposomes, thus the number of PhLSM per liposome is nphism = 4.17 X 10°. This
high incorporation rate of porphyrin derivatives in liposomal bilayer is essential for the conception
of vesicles with photothermally-induced release properties. Since PhLSM could successfully form
liposome-like structures in the presence or absence of DSPE-PEG, these two formulations were
further investigated in terms of fluorescence quenching, cargo encapsulation, phototriggered release
and photothermal conversion.

The fluorescence quenching in both of PhLSM formulations was high, however it was 5 fold higher
for PhLSM:Chol compared to PhLSM:Chol:DSPE-PEG2o0o Vvesicles (Table 4.1, Figure 4.3 D,H). This
strong quenching suggests an aggregation of Pheo-a into highly packed patterns due to the strong =-
7 stacking of porphyrin cores. Such fluorescence quenching is of great interest for the conception of
phototriggerable liposomes with photothermal conversion ability. Thus, due to its significantly higher
fluorescence quenching properties, only the free-DSPE-PEG2000 formulation was kept for the rest of

this work.
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Table 4.1. Formulation compositions, size measured by DLS with the corresponding polydispersity index (Pdl), type of
structure obtained, successful encapsulation of the fluorescent probe calcein (- : no calcein was encapsulated; + : calcein
was successfully encapsulated), fluorescence quenching (Faet/ Fo, where Fo is the fluorescence of the PS in the intact
suspension, and Fqe is the fluorescence signal after addition of 1% of Triton X-100)

. Size
Formulation ) . Fluorescence
. (nm; Structure  Encapsulation .
composition (mol%o) Pd1) qguenching

PhLPC : DSPE-PEG2000 undefined
(50 : 50) 218 (0.1) aggregates - 40
PhLPC : CHEMS : DSPE-PEG2000 undefined
(48.75: 48.75 : 2.5) 153 (0.1) aggregates - 181
PhLPC : SA : DSPE-PEG2000 “unfolded”
(48.75 : 48.75 :2.5) 217(0.1) bilayer - 215
PhLSM : Chol
(50 - 50) 282(0.1) MLV + LUV + 572
PhLSM : Chol : DSPE-PEG2000
(48.75 : 48.75 :2.5) 183 (0.1) LUV + %3
PhLSM : DSPC : Chol : DSPE-
PEGa000 (2.5 : 65 : 30 : 2.5) 187.(0.1) LUV + 330
Pheo-a : DSPC : Chol : DSPE- 204 (0.1) LUV + 7

PEGao00 (2.5 : 65 : 30 : 2.5)

Abbreviations: Multilamellar vesicles (MLV), Large unilamellar vesicles (LUV)
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4.3.2. Interfacial behavior of PhSLM- cholesterol mixtures

4.3.2.1. Surface pressure-area isotherms

In order to get a better insight into the miscibility of PhLSM and cholesterol, the pure compounds
and their equimolar mixture were spread at the air/buffer interface, and the monolayers were
compressed until collapse. The recorded n-A isotherms are shown in Figure 4.4 A. The compression
isotherm of pure cholesterol shows a very steep slope, indicating the formation of a condensed
monolayer with low compressibility?*”2*8, As demonstrated in the chapter 3, PhLSM exhibited
similar compressibility behavior to that of the free Pheo-a with formation of a more expanded
monolayer due to the presence of the PC headgroup in the vicinity of the chromophore. When
cholesterol was added to PhLSM in equimolar conditions, the isotherm was shifted to smaller areas
compared to pure PhLSM, but its shape remained identical. To better understand the significant
changes observed in the lipid-porphyrin conjugate monolayer characteristics after addition of
cholesterol, the compressibility moduli of the isotherms were calculated and plotted as a function of

surface pressure.
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Figure 4.4. n-A isotherms(A) and compressional modulus (B) of monolayers made of pure PhLSM, pure Cholesterol or
equimolar mixture of both compounds.

As shown in Figure 4.4 B, there was no significant change between monolayers made of pure PhLSM
or mixed with equimolar amount of cholesterol, with a Kmax value of about 200 mN/m, which
corresponds to the liquid condensed state of a monolayer (100 mMN/m < Kmax < 250 mN/m)?%. In
order to gain more information on the stability of the mixtures, excess free energy of mixing (AG®)
was calculated at 30 mN/m. The AG®* values were negative, indicating attractive interactions
between PhLSM and cholesterol (Table 4.2).
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Table 4.2. Molecular area at surface pressure onset (Ag), molecular Area (Aso) at surface pressure of 30 mN/m, molecular
Area (Ac), surface Pressure (mc) at collapse, maximal compressional modulus Kmax and excess free energy of mixing
(AG®) for pure compounds and mixed monolayers.

compl\(;lsoi?i(())lr{:1 )Efr:m%) Ao (A?) atABSS) r(n'al\\?m Ac (A%) (mlzclm) (rr}1( l\rln/a rxn) (JA/ri(E))I(;*
PhLSM 04 72 64 515 205 /
Cholesterol 42 39 37 45.6 555 /
Ph'zsso'v:' jsg)ho' 65 50 38 493 222 773
DS(%:: :3%;‘0' 52 42 35 51.1 346 /
Dspéé ng' :ZF.’Q)LSM 49 40 36 46.1 412 -387

Note: * excess free energy of mixing (AGexc) was calculated at 30 mN/m, for mixtures of PhALSM with the corresponding
lipid (or lipid mixture)

4.3.2.2. Analysis of the fine structures of the PhLSM-Cholesterol monolayer

The fine structures perpendicular to the plane of the PhLSM-cholesterol monolayer were investigated
by specular X-ray reflectivity (XRR) at 30 mN/m. Figure 4.5 A shows the XRR curves of PhLSM-
cholesterol and pure PhLSM monolayers spread onto HEPES buffer, fitted using a two-slab model.
The corresponding electron density profiles (p) reconstructed from the best fit results (solid red lines
in Figure 4.5 A) along the z-axis are shown in Figure 4.5 B. The thickness (d), electron density (p)
and root mean square roughness (o) of each interface are summarized in Table 4.3. PhLSM-
Cholesterol monolayer exhibited a total thickness dehism-cholesterol OF 21.9 A. The hydrophobic region
had a thickness of 12.6 A and an electron density of 0.392 e” x A3, These values are higher than those
obtained with the PhLSM monolayer. However, the thickness of the hydrophilic region of this
mixture is reduced compared to that of pure PhLSM. This thickening of the hydrophobic region with
the concomitant reduction in the thickness of the head group region could be related to a decrease in
the PhLSM molecular tilt with subsequent upward shift which results in reducing the electron density
of the polar region.
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Figure 4.5. (A) XRR curves of PhLSM and PhLSM:Cholesterol equimolar mixture monolayers compressed to a surface
pressure of 30 mN/m. The solid lines represent the best model fits to the experimental data. The experimental errors are
within the symbol size. (B) The reconstructed electron density profiles along the Z-axis. (C) Schematic representation of
the orientation of PhLSM alone, or when mixed with cholesterol at the air/buffer interface.

Table 4.3. Best fit parameters for the XRR Results for PhLSM or PhLSM-Cholesterol monolayers at 30 mN/m as
presented in Figure 4.5.

d (A) pexA3) c (A)
PhLSM*
Hydrophobic chains 94+0.6 0.391 £ 0.001 43+£0.1
Hydrophilic groups 10.1+£0.6 0.387 £ 0.001 46+0.8
Buffer 00 0.335 3.1+£0.1
PhLSM-cholesterol
Hydrophobic chains 126 +£0.5 0.392 £ 0.003 48+0.1
Hydrophilic groups 9.3+0.6 0.375+£0.001 33+£04
Buffer 0 0.335 3.1+£0.1

(*) Values for PhLSM were taken from the previous measurement in chapter 2.
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4.3.3. Light-triggered release of calcein from PhLSM-lipid mixtures

4.3.3.1. Calcein-loaded Cholesterol: PhLSM (50:50) vesicles

Cholesterol:PhLSM (50:50 mol%) vesicles containing calcein were prepared. As depicted in Figure
4.6 A, 1 min illumination was sufficient to induce an increase of the calcein fluorescence signal. It
may be noticed that a small shift in fluorescence emission spectra of calcein after illumination
occurred (Figure 4.6 A, blue curve), which might indicate a slight degradation of the fluorescent
probe!®12% during illumination, probably due to the release of ROS by the Pheo-a moiety of PhLSM.
By using Eq. 4, the total calcein release was calculated and is plotted versus time in Figure 4.6 B. A
fast release step was observed during the first 15 min following illumination, with approximately 15%
calcein release, but there was no more than 20% total release over a 2 hours period. During the same
time period, almost no calcein release was observed from non-illuminated liposomes (about 2% after
2 hours). The passive release of the cargo from these liposomes may thus be considered as negligible.
This is in agreement with the formation of a tightly packed cholesterol-PhLSM monolayer, as inferred
from the results of XRR.

In order to investigate a possible ON-OFF release mechanism, several illuminations were conducted
on the same sample. Interestingly, multiple phases of release were observed (Figure 4.6 C). Each 1
min illumination induced a burst release of calcein. However, after this sudden increase of
fluorescence intensity, no more calcein release occurred before the following illumination. This
interesting behavior could allow the design of ON-OFF triggerable systems for finely controlled
release. ON-OFF behavior was reported by Carter et al. "® who studied the release of calcein after
illumination of liposomes made of DSPC, cholesterol, and 10 mol% of a HPPH-lipid consisting of
HPPH chromophore linked to a Lyso-PC via an ester bond.
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Figure 4.6. Calcein fluorescence emission spectrum (A). Calcein fluorescence in Cholesterol:PhLSM (50:50 mol%)
liposomes before illumination (black) and 30 min after 1 min of illumination (blue); the red curve shows the total
fluorescence after addition of 1% of Triton TX-100. Calcein release with (blue) and without (black) illumination is shown
in B. Multiple illumination (C) shows an ON-OFF release process, where each illumination is shown with a red rectangle
at 0, 120 and 180 min.

Error bars is the standard deviation from multiple experiments (n=3); Liposomes were illuminated with a 660 nm laser
diode at an estimated fluence of 80 mW/cm?.
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4.3.3.2. PhLSM:DSPC:Chol:DSPE-PEGz2000 (2.5:65:30:2.5) liposomes

In a next step, we wanted to assess the possible phototriggered release from liposomes containing
lower amount of PhLSM in combination with cholesterol. However, the low PhLSM concentration
did not allow transposition of the mixed monolayer to a bilayer system, as cholesterol cannot form
bilayers on its own. It was necessary to add a phospholipid and we chose DSPC, a commonly used
phospholipid in approved liposomal formulations?4%-21, With two saturated stearyl chains, DSPC has
a transition temperature of 55°C?°2 which limits the passive drug release at physiological temperature.
As shown in Figure 4.7 A, when mixed with cholesterol (30 mol%), DSPC forms a condensed
monolayer with a molecular area at the surface pressure onset Ao ~52 A2. The combination of DSPC
with cholesterol allows the formation of liquid ordered phase®* and is frequently used for liposomal
drug delivery systems to reduce their passive permeability and increases their stability?>3. The n-A
isotherm was slightly shifted to smaller molecular area, sign of a more condensed organization state
of the monolayer. A slight increase in compressional modulus was observed (Figure 4.7 B). More
importantly, excess free energy of mixing (AG®) was negative (Table 4.2), indicating that PALSM
was able to mix favorably with DSPC and cholesterol. Thus, a transposition to bilayer systems such

as liposomes was conceivable.
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Figure 4.7. n-A isotherms(A) and compressional modulus (B) of pure PhLSM, DSPC:Cholesterol (70:30 mol%) and
DSPC:Cholesterol:PhLSM (67.5:30:2.5 mol%).

Liposomes made of DSPC:Cholesterol:PhLSM:DSPE-PEG2000 (65:30:2.5:2.5) were prepared.
Encapsulation of calcein and quenching of PhLSM fluorescence were successful (Figure 4.8 A).
PhLSM fluorescence increased about 300-fold after disruption by the detergent (Table 4.1). The

strong quenching of PhLSM at low concentration can be explained by the propensity of the lipid-
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porphyrin conjugate to segregate into the DSPC membrane, as shown in the chapter 322, The
liposomes were illuminated for various periods of time. After 1 min illumination, 80% of the calcein
was released (Figure 4.8 B, black histograms).

Next, we evaluated the potential of this system for ON-OFF release: calcein fluorescence intensity
was followed after 30 min or 1 hour following illumination. This formulation showed similar behavior
to that of PhLSM:Chol liposomes. Indeed, as depicted in Figure 4.8 B, while short illumination time
(from 10 to 30 s) was followed by additional calcein release after 30 min or 1h, longer illumination
times (45 or 60 s) induced immediate maximum release after illumination. No further change in
release occurred thereafter. This is very promising for a potential ON-OFF release system with low
amount of PhLSM. In the aim to assess if this mechanism of release was specific to PhLSM or could
be obtained with any other photosensitizer, we substituted PhLSM by Pheo-a in DSPC:cholesterol
(67.5:30 mol%) vesicles. As shown in Figure 4.8 C, the amount of calcein released after illumination
was about 25 %, independently of the duration of the illumination (black histograms). Besides, when
calcein release was monitored with time after illumination, linear release was observed after 30 min
and 1 hour (Figure 4.8 C, in red and blue respectively), with maximum release at 1 hour. The
significant difference in triggered release between the two photosensitizers suggests a difference in

release mechanism, which will be discussed below.
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Figure 4.8. Fluorescence emission spectrum of PhLSM (A) in PhLSM:DSPC:Chol:DSPE-PEG2000 (2.5:65:30:2.5)
liposomes, before (solid line) and after (dash line) addition of 1% of Triton TX-100. The calcein release regarding the
duration of illumination is shown in black for PhLSM (B) or Pheo-a (C) liposomes. Release after 30 min or 1 hour
following the illumination is shown in red and blue respectively.

Liposomes were illuminated with a 670 nm laser diode at an estimated fluence of 125 mW/cm?
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4.3.4. Study of the mechanism of light-triggered release from liposomes containing
PhLSM and cholesterol

In light-triggered release of a cargo from liposomes containing porphyrin derivatives, two
mechanisms may occur upon illumination, either (i) a photochemical reaction which leads to the
formation of ROS species that oxidize the lipid matrix, or (ii) a photophysical reaction effect which
is based on the photothermal conversion of the absorbed light inducing a thermal and/or mechanical
stress on the lipid membrane. In order to investigate if a photochemical reaction was responsible for
the cargo release we measured the fine structures of a PhLSM:cholesterol monolayer before and after
illumination. Indeed, in the liposomal formulations, no unsaturated phospholipid was incorporated in
the lipid bilayer. So the only target for ROS was the double bond of the cholesterol as demonstrated
by other authors®. If any oxidation occurred, the formation of hydroperoxide group in cholesterol
molecules would alter the fine structures of the monolayer. However, as shown by the almost identical
Fresnel reflectivity curves of this monolayer compressed at 30 mN/m before and after illumination
(Figure 4.9), the illumination did not apparently induce any structural alteration of the lipid matrix.
Hence, the release mechanism upon illumination of liposomes containing PhLSM and cholesterol

was more probably due to a photothermal effect.
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Figure 4.9. (A) XRR curves of a PhLSM:Cholesterol equimolar mixture monolayer at a surface pressure of 30 mN/m,
before (black circle) and after (red circle) illumination. The solid lines represent the best model fits to the experimental
data. The experimental errors are within the symbol size. (B) The reconstructed electron density profiles along the Z-axis

In order to investigate the photothermal mechanism, the increase of the temperature of different
vesicle suspensions containing either the same PS concentration of PhLSM or Pheo-a was monitored

during illumination using a thermocouple probe (Figure 4.10 A). Upon illumination,
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PhLSM:cholesterol (50:50) vesicles induced a temperature increase of 10°C above the initial
temperature (25°C). For DSPC-cholesterol-PhLSM or DSPC-cholesterol-Pheo-a, the temperature
increments were 8.1°C and 1.5 °C, respectively. There is good correlation between the photothermal
effect of PhLSM and light-triggered release of calcein. In addition, the results demonstrate the bilayer
concentration-dependence of this relationship. For Pheo-a, the almost negligible temperature increase
also agrees with the release profile of calcein. In fact, the linear release of the probe with time and
the poor fluorescence quenching of Pheo-a (Table 4.1) both suggest a photooxidative-based release.
PhLSM liposomes thus appear as promising systems with dual activity: photothermal therapy and
light-triggered release of an encapsulated drug.

However, the stability of an organic NIR photothermal agent is crucial for biomedical applications,
where longer time illuminations, or repeated illumination cycles?®* are needed. PhLSM:Cholesterol
(50: 50) liposome suspensions at different concentrations were subjected to three consecutive laser
illumination cycles of 10 min each, separated by a 10 min break (Figure 4.10 B). At first, the
photothermal effect did not seem concentration-dependent. Indeed, independently of the
concentration used >100uM, the maximum temperature increase was ~ 14°C. However, for low
concentrations, the photothermal effect decreased after each cycle, but with higher concentration, the
heating cycles were fully reproducible. This can be explained by a possible partial photobleaching of
the Pheo-a moiety during illumination. This phenomenon might be attenuated in the case of higher

dye concentration that prohibits the deep light penetration in the sample due to strong light absorption.
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Figure 4.10. Photothermal effect of (A) PhLSM:Cholesterol (50:50 mol%), PhLSM:DSPC:Cholesterol:DSPE-PEG2q00
(2.5:65:30:2.5) and Pheo-a:DSPC:Cholesterol:DSPE-PEG20o (2.5:65:30:2.5) liposomes with a final concentration of 50

pUM of PS. Photothermal effect of different cycles (B), at three different concentrations of PALSM in PhLSM:Cholesterol
(50:50 mol%) liposomes.

Liposomes were illuminated with a 670 nm laser diode at an estimated fluence of 800 mW/cm?
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This phenomenon has already been described by Ng et al.,, who underlined the potential of
bacteriopheophorbide-lipid dye conjugate, associated with conventional phospholipids of different
transition temperatures, to promote better light propagation into samples (and tissues)?®. In addition,
the stability of photothermal cycles would enable the use of such formulations for photoacoustic
imaging. Indeed, the temperature rise in the tissue induces thermoelastic expansion, and results in the
emission of acoustic waves that can be detected with a ultrasound transducer®*. As ultrasound scatters
far less than light in biological environment, the photoacoustic technique provides a high-resolution

imaging tool.

4.4, Conclusion

The aim of this work was to achieve phototriggerable release of an encapsulated cargo from novel
liposome-like structures via a photothermal mechanism. To do so, we used the newly synthesized
lipid-porphyrin conjugates PhLPC and PhLSM. In the previous chapter, we have demonstrated that
both compounds were able to self-assemble into supramolecular structures that resemble lipid
vesicles but were unstable and formed aggregates. This was attributed to the length mismatch between
the alkyl chain in sn-1 position and the sn-2 adjacent porphyrins. In order to overcome this problem,
we followed the pairing strategy by using lipids that exhibit complementary packing parameters.
Whereas the combination of PhLPC with CHEMS or stearylamine failed to form vesicles, mixing
PhLSM with cholesterol at equimolar percentage lead to the formation of stable vesicles that
encapsulated efficiently calcein in their aqueous core. Interestingly, these vesicles showed
phototriggered release behavior with an ON-OFF mechanism, which was attributed to their
photothermal conversion. Indeed, the illumination of the vesicle suspension induced an increase in
temperature of approximately 14°C.

Such phototriggerable system may offer multiple possible applications. In addition to the phototoxic
photothermal effect and to light-triggered release, the stability of photothermal cycles may allow
photoacoustic imaging. Encapsulation of a hydrophilic drug instead of the fluorescent probe could
thus allow the development of a multifunctional drug delivery system. Finally, the fluorescence and
ROS production of the PS can be restored after degradation of the drug delivery system (by
internalization into cell), which increases the field of applications of such systems (light triggered
release, PTT, PDT, photoacoustic imaging, fluorescence imaging).
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5. General discussion

Building an efficient photoactivatable liposomal drug delivery system relies on several factors,
especially the choice of the phospholipid and photosensitizer. The photosensitizer should have strong
absorbance properties in the near-IR region, a high quantum yield in singlet oxygen, well-defined
hydrophobic properties, and a low toxicity in the dark. In addition, the phospholipid used for liposome
formulation should possess at least one unsaturation that can be photooxidized upon PS illumination.
Although several works have been reported on the impact of phospholipid oxidation on the
photoinduced permeability of liposomes, to the best of our knowledge there is no previous work
listing the structural and physicochemical properties of phospholipids and photosensitizers required

for the formulation of effective phototriggerable liposomes.

The first objective of this thesis, as described in chapter 2, was to analyze the consequences of using
different degrees of unsaturation for the phospholipids, and different degrees of hydrophobicity for
porphyrin derivatives. This mechanistic study showed that, when using free porphyrin derivatives
embedded into liposomes, the hydrophobicity and amphiphilic properties of the PS controlled its
depth of penetration into the bilayer, and thus, its proximity to the unsaturated bond of the
phospholipid to be oxidized. Independently of the singlet oxygen quantum yield, the efficacy of
peroxidation relies essentially on porphyrin localization and orientation inside the lipid matrix &1~
123 Our experimental results have been correlated with molecular dynamics simulation. Altogether,
the results confirmed the observations made by other authors, that light-triggered release based on
lipid photooxidation by free porphyrins embedded in liposome walls presents several drawbacks.
Indeed, we showed that the limited amount of encapsulated PS, which is essential to preserve their
photophysical properties, resulted in incomplete cargo release®®4°, and that a significant passive

release of the cargo occurred due to the bilayer-forming unsaturated lipids’®.

Taking into account these drawbacks, we moved towards the development of lipid-porphyrin
conjugates, not only to tackle these issues, but also to develop more efficient phototriggerable
liposomes. Lipid-porphyrin conjugates are one important card in the so called “all in one” strategy.
These single building blocks can play the roles of drug, imaging agent, release-triggering agent, and
may pave the way for the conception of new light-triggered release systems with multifunctional
properties (Figure 5.1). In fact, these building blocks were first synthesized by Gang Zheng’s group
who discovered the propensity of these compounds to self-assemble into liposome-like systems
named “porphysomes”, possessing multifunctional properties, including photothermal therapy (PTT),

photodynamic therapy (PDT), phototriggered drug release and photoacoustic imaging (PAI)®.
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Figure 5.1. Comparative properties and applications of porphyrin and lipid-porphyrin conjugates embedded into liposome
bilayers. Note: Photochemical (PC) and Photophysical (PP) triggered release

Additionally, when combined with phospholipids, lipid-porphyrin conjugates showed ability to
release encapsulated drugs either by photooxidative-based*¢®!1 or photothermal-based
mechanisms’® depending on their molar percentage in the lipid bilayer and the nature of the bilayer-
forming phospholipids. They enabled significant increase in the total PS payload inside the bilayer
and prevented the leakage of the PS due to hydrophobic interactions with proteins in the blood

circulation.

Inspired by the results obtained with 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a (HPPH)-
lipid and pyropheophorbide-a (pyro)-lipid by Lovell’s " and Zheng’s groups® in the conception of
liposomes with multifunctional properties, we designed two new lipid-porphyrin conjugates with
different chemical structures (Figure 5.2). These conjugates, PhLPC and PhLSM, were synthesized
by coupling pheophorbide-a (Pheo-a), to chemically modified lyso-phosphatidylcholine (Lyso-PC)
and egg lyso-sphingomyelin (Lyso-eSM) respectively.
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Figure 5.2. Chemical structures of the lipid-porphyrin conjugates designed in this work, compared to those synthesized
by Lovell’s and Zheng’s groups. PhLPC promotes deeper insertion of the PS compared to HPPH-lipid, and PhLSM
exhibits a double bond on the lipid chain close to the PS (unlike pyro-lipid) and high propensity to form domains.

Our motivations for the synthesis of these derivatives were threefold:

I.  Firstly, to simplify the synthetic protocols as compared to those reported in the literature for
other lipid-porphyrin conjugates®®%. Preparing in advance the lipid backbone theoretically
allows any PS possessing a carboxylic group to be conjugated afterwards, via a simple peptide
bond. Indeed, compared to other lipid-porphyrin conjugates (i.e., HPPH and pyro-lipids), our
strategy of synthesis allows avoiding the intramolecular acyl migration commonly observed
with Steglich esterification of lysophospholipids®®. In fact, as reported in chapter 3, two lipid
backbones were prepared with yields of 83 % and 65 % respectively. Afterwards, Pheo-a was
coupled to each of them. While PhLPC was produced with higher yield®82%¢ than that
reported in the literature (i.e., 65 % vs 45 %), PhLSM was obtained with lower yield (~ 30%).
This lower yield could be due to the limited accessibility of the amino group in the lyso-
sphingomyelin to the carboxylic group of the PS. Synthesis of a lipid-porphyrin conjugate
with the PS moiety close to the polar head (such as in PhLSM), could be conducted by using
the same strategy as for PhLPC, and Lyso-PC could be esterified with a Fmoc-glycine with a
high yield. However, we chose to use a Lyso-SM instead of the Lyso-PC (which was a novel

strategy) for the following reasons:
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a. The presence of a 4,5-trans-double bond in close vicinity (Figure 5.2) to the amino
group where Pheo-a is linked may increase the light-triggered release phenomenon via
peroxidation. In a study published in 2016, thus shortly after we started to develop
PhLSM, Carter et al. who took part to the pioneer discovery of lipid-porphyrin
conjugates, showed an increase in the release rate of irinotecan encapsulated in
vesicles containing pyro-lipid (2 mol%) embedded into sphingomyelin:cholesterol
(53:45 mol%) bilayers, compared to DSPC:Cholesterol:DSPE-PEG2000 (48:45:5
mol%) ones*'?2. However, the peroxidation of the trans double bond in the
sphingomyelin chain is still controversial in the literature. Whereas, it was reported
that the trans double bond is six times more resistant to peroxidation than the cis
double bond found in unsaturated phospholipids®’2>°, Ayuyan et al. demonstrated

that sphingomyelin can be easily peroxidized in GUVs containing egg-SM?,

b. It has been demonstrated in several studies, that the sphingomyelin structure allows
H-bonding at the membrane-water interface, owing to the C2 amide linkage and the
C3 hydroxyl group in its backbone. This in turn could affect interactions between
phospholipids and cholesterol, thus leading to the formation of tightly packed gel-like
ordered domains called raft?®:2%2, Following the same line of thinking, we thought that
using Lyso-SM backbone would allow the formation of tightly packed PhLSM

molecules that could in turn enhance its photothermal conversion efficiency.

Secondly, to allow deep incorporation of the PS inside the bilayer in the case of PhLPC, by
the presence of a six-carbon spacer, for higher photooxidative release efficiency and limitation
of PS transfer to LDL and albumin when injected in the blood stream. However, since no
stable formulation could be prepared with this compound at high loading rate, such hypothesis

could not be verified neither in vitro nor in vivo.

Thirdly, to offer more stability to the compounds when injected into the bloodstream. While
in all reported lipid-porphyrin conjugates, the photosensitizers are connected to the lyso-
phospholipid via an ester bond, we chose an amide bond. Indeed, the amide bond is more
difficult to be hydrolyzed and degraded by enzymes in vivo than the ester bond. Moreover,
amide bonds could be cleaved in specific tissues where the peptidase activity is high such as
in some cancers (i.e., esophageal squamous-cell carcinoma, ESCC), thus allowing a selective

and activatable photodynamic activity.
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After successful synthesis, the self-assembling properties of both compounds were investigated
(Chapter 3). Interestingly, both lipid-porphyrin conjugates were able to self-assemble into liposome-
like structures. However, these assemblies were unstable and formed aggregates of undefined
structures shortly after their preparation. This was explained by the mismatch between the length of
the alkyl chain in sn-1 position and the adjacent porphyrin, leading to an inadequate packing
parameter for bilayer stability. In addition, it should be noted that Pheo-a consists in a mixture of
diastereoisomers. This may have a direct incidence on the propensity of PhLPC and PhLSM to self-
assemble. Indeed, in the case of PhLPC, the modified lipid was prepared via direct acylation of the
secondary alcohol groups at Lyso-PC sn-2 position using sonication in the presence of glass beads to
avoid intramolecular acyl migration as demonstrated previously by Rosseto et al'%.

For PhLSM synthesis, Lyso-SM was first obtained by direct hydrolysis of egg-SM. Although this
synthetic pathway is efficient (65% yield) and minimizes cost, the hydrolysis leads to two different
epimers!®. The conjugation of the Pheo-a to either lipid backbones leads thus to the formation of
lipid-conjugates with 2 and 4 different diastereoisomers for PhLPC and PhLSM respectively. This
can result in inefficient packing and might explain the instability of the self-assembled vesicles.
Similar behavior was observed with other lipid-porphyrin conjugates such as pyro-lipids, wherein
authors found that adding high amount of cholesterol in the presence of DSPE-PEG was necessary in
order to form stable formulations®. The authors later improved their system by synthesizing another
lipid-porphyrin conjugate, HPPH-lipid, where the mismatch problem between the two lipid chains
was overcome, thanks to the hexyl ether moiety of HPPH 8. Liposomes containing 95 mol% of
HPPH-lipid in the presence of DSPE-PEG2o00 could be successfully prepared and doxorubicin-loaded
liposomes were subsequently formulated with only 10 mol% of HPPH-lipid in DSPC:Chol:DSPE-
PEG2000 (50:35:5 mol%) liposomes. However, owing to the synthesis difficulties observed with this
compound and to the presence of epimers mixture of HPPH, the authors finally concluded that mixing
pyro-lipid with phospholipids and cholesterol would be more relevant for an easy clinical

translation!!®.

In order to get a better understanding of PhLPC and PhLSM self-assembling properties, their
interfacial behavior at the air-buffer interface was analyzed by surface pressure measurements. The
n-A isotherms revealed the instability at the interface of PhLPC, which tends to solubilize in the
subphase. This phenomenon was further confirmed by XRR measurements. While PhLSM did not
show this instability, it may be explained for PhLPC, by the long six-carbon spacer bearing Pheo-a at
its extremity, which could provide more flexibility to the attached chromophore to adopt distinct local

orientation during lateral compression. The stability of PhLPC and PhLSM monolayers was then
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examined by performing three compression—expansion cycles (Figure 5.3). The first two cycles were
operated until a surface pressure of 25 mN/m was reached, and the third one until collapse. The shift
towards smaller molecular area observed for PhLPC confirmed the significant loss of material in the
subphase, during the consecutive compression cycles. The difference in molecular area at 25 mN/m
between the first and the third cycle was 12 A2 and 1.5 A2, for PhLPC and PhLSM respectively. This
accounts for the better interfacial stability of PhLSM compared to PhLPC.
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Figure 5.3. Compression-expansion cycles of (A) pure PhLPC and (B) pure PhLSM monolayers on HEPES buffer
subphase at 22 °C.

Next, the photoactivity of these compounds either free or embedded into DSPC liposomes was
assessed in vitro on esophageal squamous cell carcinoma (ESCC) cell lines. Surprisingly, both
conjugates showed selectivity towards the esophageal squamous cancer cell line Kyse-30, compared
with the free porphyrin which was, on the contrary, as toxic for Kyse-30 cells as for normal
esophageal epithelial cells (HET-1A). This selectivity could be attributed to either a specific
enzymatic cleavage of the peptide bond in lipid-porphyrin conjugates releasing the PS or to a
preferential affinity of the PS for specific organelles.

In order to verify the first hypothesis, we assessed the overexpression of proteases in both esophageal
cell lines (Figure 5.4). Immunoblotting analysis revealed overexpression of dipeptidyl peptidase 1V
(DPPIV) in Kyse-30 cell line but it was not detected in HET-1A. To ensure equal protein loading,
actin, used as a positive control, was quantified in both cell lines. This result is in agreement with a
published study showing a significantly high level of DPPIV in adenocarcinoma as well as in

squamous cancer cells from patient with esophagus cancer?3,
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Figure 5.4. Immunoblotting for DPPIV performed on HET-1A and Kyse 30 cell lines (left). The equal loading control
was performed with actin (right).

However, DPPIV was not able to selectively cleave the peptide bond between the porphyrin moiety
and the Lyso-PC or Lyso-SM backbone of PhLPC or PhLSM, respectively. This is due to the fact
that DPPIV requires a specific amino acid sequence, N-terminal residues with HoN-X-Pro/Ala
motifs?®4, Future perspectives in the design of lipid-porphyrin conjugates must include a specific
attention to the linker between the porphyrin moiety and the lipid backbone.

We investigated the second hypothesis by studying the subcellular PS localization by means of
confocal laser scanning microscopy. Our results demonstrated the preferential affinity of PhLPC and
PhLSM for the mitochondria in the cancerous cell line. In fact, the conjugation of PS to a lipid
backbone would affect its cellular uptake as well as its subcellular localization. Indeed, Rizvi et al.
have shown that the conjugation of verteporfin to a Lyso-PC significantly affected its intracellular
distribution after internalization'®. Whereas free verteporfin localized specifically into endoplasmic
reticulum (ER) and mitochondria, the developed verteporfin-lipid (LPC-BPD) conjugate accumulated

more into lysosomes.

As both synthesized lipid-porphyrin conjugates were not able to self-assemble into stable liposome-
like structures due to their apparent packing parameters, we decided to investigate their possible
mixing with other lipid molecules having complementary packing parameters®® (chapter 4). This
would allow the conception of stable formulations with higher phototriggered release efficiency via
photothermal mechanism. Since PhLPC may exhibit an inverted conical shape, its combination with

conical shape molecules was assessed, to form bilayers. However, neither equimolar mixtures of
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PhLPC with DSPE-PEG2000, nor with cholesteryl hemisuccinate (CHEMS) resulted in the formation
of bilayers. Although hydration of a film composed of equimolar PhLPC and stearylamine (SA) led
to the formation of bilayers, as inferred from Cryo-TEM pictures, those did not exhibit vesicle-like
structure and could not retain a cargo. Such failure could be related to either the high molar percentage
of the added lipids (i.e., CHEMS and DSPE-PEG) that may micellize when mixed with PhLPC or to
the mismatch between compounds packing parameters. In this work, only one molar percentage of
either CHEMS or DSPE-PEG was tried thus further investigation with lower incorporation rates
should be done.

In the case of PhLSM, the presence of the Pheo-a moiety in the vicinity of the polar head group may
result in a conical shape. Its association with cholesterol enabled to obtain vesicle-like structures,
successfully encapsulating calcein, a hydrophilic fluorescent probe. This successful combination may
also be due to the hydroxyl group in the SM backbone that favors intermolecular hydrogen bonding
with cholesterol leading to a tight packing?®®. Interestingly, this system proved able to release the
probe within one minute after illumination, by a photothermal-based mechanism. The photothermal
effect of such a system resulted in a temperature increase of approximately 14°C. Assuming that the
temperature of human body is 37°C, after injection of these supramolecular assemblies, the tumor
tissues can thus be heated to ~ 50°C within 6 min after laser illumination. This hyperthermia would
be of great benefices for cancer treatment. Indeed, it has been demonstrated that the cancer cells can
be killed after heating the tumor at 42° C during 15-60 min and this duration can be shortened to 4—
6 min for temperatures over 50 °C2%¢, Furthermore, local hyperthermia can enhance synergistically
the efficacy of conventional chemotherapy?®’2%, To the best of our knowledge, it is the first time
that both photothermal effect and photothermal-induced triggered release can be obtained using a
single formulation of lipid-porphyrin conjugates, while in the case of other lipid-porphyrin conjugates,

the authors were forced to change the lipid composition for each application® 8.

Combinational therapy e.g., photothermal therapy and light-triggered release, has already shown
promising advances, especially in the field of gold nanoparticles 2°. These latter can be roughly
divided into two main categories®: (i) the nonresonant gold nanoparticles (GNPs) and (ii) plasmon
resonant gold nanoparticles. Whereas the small size (d= 2-3 nm) of the first gold nanoparticles
category allows their incorporation in the liposomal bilayer for the conception of photothermally-
controlled release, the photothermal effect of these Nps can be only obtained at short wavelength (A
= 250 nm) which limits their applications for in vivo and clinical uses. Conversely, for plasmon
resonant gold nanoparticles which have diameters in the order of tens of nanometers, their size and

shape can be modified to tune their optical properties through the visible to NIR range. However, due
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to their size, their association to liposomal bilayer is not an easy task and requires several steps of
chemical modification in order to graft them to the lipid membrane. Furthermore, the use GNPs in

vivo raised several concerns regarding their distribution in organs and clearance?’*.

Compared to GNPs , lipid-porphyrin conjugates are organic materials, both biodegradable and
biocompatible®. Moreover, added to their photothermal and phototriggering release properties, lipid-
porphyrin conjugates may recover their photodynamic activity after PS dissociation inside the cells,

thus offering unique multifunctional properties.
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6. Conclusion and perspectives

In this thesis, we have successfully formulated photoactivatable liposomal systems for controlled
drug release based on two strategies. Whereas the first one relied on the photooxidation of
phospholipids, the second one consisted in the design of liposomes releasing their cargo via a
photothermal mechanism.

The photooxidative liposomes were composed of free porphyrin derivatives and phospholipids with
different degrees of unsaturation. Our experimental study, correlated with molecular dynamics
simulation has (i) shown the importance of the deep insertion of a PS in the lipid bilayer, (ii)
demonstrated the higher efficiency of the system when the dye was located close to the unsaturated
bond of the phospholipid, and (iii) confirmed the limitations of photooxidative-based triggered release
using free porphyrin embedded in liposomes.

To achieve photothermal-triggered release of a cargo from liposomes, we synthesized two lipid-
porphyrin conjugates, PhLPC and PhLSM. While both molecules could not self-assemble on their
own into stable vesicle-like structures, PALSM, once mixed with equimolar ratio of cholesterol, could
form stable vesicles. These latter entrapped successfully a hydrophilic cargo and promoted its release
after illumination in a controlled manner via a photothermal-based mechanism. Moreover, this new
system exhibited an ON-OFF drug release process, with a significantly improved release rate
compared to the photooxidative mechanism-based system. Illumination of the PALSM -Chol vesicles
suspension induced an increase in temperature of approximately 14°C, which makes this system also
suitable for PTT applications. To the best of our knowledge, it is the first time that such a dual
modality can be obtained with a single formulation, using lipid-porphyrin conjugates.

Beyond their application in the formulation of phototriggerable liposomes, PhLPC and PhLSM have
brought significant improvements in the field of porphyrin derivatives, compared to the
corresponding free porphyrin, but also to the already published lipid-porphyrin conjugates. Added to
their easier protocol of synthesis and their good yield (Figure 6.1), both lipid-porphyrin conjugates
exhibited higher selectivity towards esophageal squamous-cell carcinoma cell line. Moreover, their
incorporation into DSPC liposomes showed improvement in the total payload (>20 mol%) compared
to the corresponding free Pheo-a. This work confirms the interest of lipid-porphyrin conjugates for

the conception of phototriggerable liposomes with multifunctional properties.
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PhLPC PhLSM

Z two-step synthesis
- high payload in
liposomes (2 20 mol%)
- unstable when self-
assembled
- active for PDT
- Selectivity to Kyse-30
- Fluorescence imaging

- lower yield
(30 %)

- stable for high-payload
formulations (50 mol%)

- active for PTT
(AT ~ 14°C)

- Photothermal-triggered
release

Figure 6.1. Main characteristics of PhLPC and PhLSM, with improvement compared to the free porphyrin and/or lipid-
porphyrin conjugates.

Finally, future research should expand the knowledge on the behavior of the newly developed

molecules:

To obtain stable formulations with lipid-porphyrin conjugates, the packing parameter of both
PhLPC and PhLSM compounds should be more precisely determined. Molecular dynamics
simulations should be conducted on pure lipid-porphyrin conjugates, as well as on lipid
bilayer incorporating them. They will provide important information about the localization
depth of Pheo-a molecule in PhLPC and PhLSM-containing bilayers.

Formulations including PhLSM and cholesterol should be further optimized by changing the
molar percentage of cholesterol and measuring the photothermal conversion and
phototriggered release efficiency. In addition, the thermotropic behavior and mechanical
properties of the vesicles should be studied by differential scanning calorimetry (DSC) and
AFM force-volume mode. These experiments will allow better understanding of the thermal

stability of the lipid bilayer and lateral packing of the components.

Formulations made of PhLPC were not successful for stable cargo encapsulation and light-
triggered release. The current strategy focused on the pairing between PhLPC and lipids
exhibiting complementary molecular shapes such as cholesteryl hemisuccinate (CHEMS) or
stearylamine (SA). However, other molecules, such as BVEP, could be tried to obtain stable
PhLPC formulations. Indeed, BVEP is a PEG-conjugated lipid possessing a vinyl-ether
linkage which is usually employed to stabilize DOPE-containing liposomes. Since PhLPC
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may exhibit similar packing parameter to DOPE, its combination with BVEP could lead to

the formation of stable supramolecular assemblies.

Once the optimal formulations are found, their stability in biological medium should be
studied. In addition, the phototriggered release efficiency of an anticancerous drug such as
doxorubicin should be investigated in vitro and in vivo on xenograft models of esophageal

cancer.
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Appendix I: Immunoblotting protocol

Frozen cell pellets were lysed in cold TGH buffer (1% Triton X-100, 10% glycerol, 10 mM HEPES,
pH=7.4, 150 mM NaCl) supplemented with protease inhibitor (Sigma Aldrich). After 30 min of
incubation on ice, samples were centrifuge for 5 min at 10 000 rpm to remove insoluble material and
the supernatant was collected. The total protein concentration was quantified using BCA protein assay
kit (Thermoscientific, Pierce). 30 mg of proteins were then boiled for 10 min in presence of Laemmli
buffer containing p-mercaptoethanol. SDS-PAGE was performed using precast gels (4-20%
acrylamide, Biorad, France), at 150-200 V for about one hour. Proteins were then transferred to
PVDF membranes. After 1 hour blocking in 5% non-fat dry milk in TBST buffer (Tris buffer saline
containing 0.1% Tween) at room temperature, the membranes were incubated with either anti-human
DPPIV antibody (R&D Systems, Minneapolis, MN; polyclonal Goat IgG), or with monoclonal anti-
Actin antibody (clone AC-40, Sigma Aldrich, Saint Louis, MO, USA), both at a 1:1000 dilution in
5% milk in TBST, at 4°C overnight in a sealed bag. The membranes were then washed 5 times for 10
min in TBST at room temperature before incubation with the appropriate secondary antibody (donkey
anti-goat and goat anti-mouse for DPPIV and Actin respectively, both diluted to 1:2000 in 5% milk
in TBST); for one hour at room temperature. After washing 5 times for 10 min in TBST, the
membrane was incubated 5 min with a chemiluminescent detection solution (Clarity™ Western ECL
substrate, BioRad). Chemiluminescent signals were analyzed using the MF ChemiBis system
(Berthold, Pforzheim, Germany).
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Appendix I1: Supplementary Figures and Tables
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Figure S2.1. Spectral irradiance of the light source used in this study.
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Figure S2.2. Pyrrol labels of verteporfin and pheophorbide-a
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Figure S2.4. Distribution of pheophorbide a moiety positions along z-axis in (a) SOPC, (b) DOPC and (c) SLPC.

134



Appendices

8 | (a) SOPC % | (b) DOPC 8 |(c) SLPC
c c c
S S S ﬂ
5 5 5
2 2 2
g @ g A
° =] ° 3
T ie] i EAt
N N 8 e
: : : Al
5 5 5 . v‘.\ "
Z0 30 20 30=20 10 20 30
z (A) z (A) z (A)
— Pyrrole A — PyrroleC ... cCoo™ .. Cyclohex.
— Pyrrole B Pyrrole D COOMe

Figure S2.5. Distribution of verteporfin MAC moiety positions along z-axis in (a) SOPC, (b) DOPC and (c) SLPC.
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Figure S2.6. Distribution of verteporfin MAD moiety positions along z-axis in (a) SOPC, (b) DOPC and (c) SLPC.
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SOPC DOPC SLPC

<A> O<A> <A> O<A> <z> O<A>
Pure 579 0.9 68.4 1.5 616 1.2
m-THPP 552 0.6 68.8 1.6 60.7 0.7
Pheophorbidea 58.0 0.4 69.1 1.6 598 05
Verteporfin C 549 0.6 69.0 1.6 59.0 0.6
Verteporfin D 56.8 0.5 69.0 1.7 604 04

Table S2.1. Area per lipid (<A>, in A2) and standard deviation (o<as, in A2) of m-THPP, pheophorbide a, verteporfin C
and D in SOPC, DOPC and SLPC lipid bilayer membranes. The origin is defined to the center of the membrane.
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Figure S3.1. NMR characterization of compound 1

!H NMR (CDClI3, 300 MHz) & (ppm) 7.76 (d, 2H, 1'-H, 12-H, J = 7.5 Hz), 7.61 (d, 2H, 21-H, 22-H, J = 7.1 Hz), 7.42 (m,
4H, 3-3*-H, overlapped partially with CDCls), 5.46 (br s, 1H, 6-NH), 5.23 (m, 1H, 10-H), 4.38-4.10 (br m, 7H, 4-H, 5-
CHz, 10-CHy, 11-CH,), 3.96 (m, 2H, 13-CHy), 3.77 (br m, 2H, 14-CH), 3.32 (s, 9H, 15*-15° 3xCH3), 3.17 (m, 2H, 7-
CHy), 2.29 (m, 4H, 9-CH, 16-CHy), 1.58 (m, 6H, 8'-CH, 83-CH, 17'-CH>), 1.26 (br s, 26H, 82-CH3, 172-17*% 12xCHj),
0.87 (t, 3H, 18-CHjs, J = 6.5 Hz); *C NMR (CDCls, 75 MHz) & (ppm) 167.59, 165.52, 144.04, 141.26, 127.64, 127.03,
125.14, 119.93, 70.72, 66.33, 59.37,54.37,47.29, 40.81, 34.08, 31.91, 29.71 (br), 29.36 29.18, 26.11, 24.89, 22.68, 14.11
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Figure S3.2. NMR characterization of Compound 2 (PhLPC).

'H NMR (DMSO-ds, 400MHz) & (ppm) 9.34 (s, 1H, 7-H), 8.93 (s, 1H, 4-H), 8.80 (s, 1H, 14-H), 7.86 (m, 1H, 32-CH=CH>),
6.40 (s, 1H, 9-H), 6.15 (m, 1H, cis 3*-CH=CHH), 6.03 (bd, 1H, trans 3>-CH=CHH, J = 11.5 Hz), 5.01 (b s, 1H, 22-H),
4.58 (d, 1H, 13-H, J = 6.9 Hz), 4.19 (d, 2H, 23-CH,, J = 9.3 Hz), 4.05 (br m, 3H, 24-CH,, 11-H), 3.86 (s, 3H, 10-CHs),
3.72 (br m, 2H, 27-CHy), 3.50 (m, 5H, 25-CH,, 8-CH3), 3.27 (br s, 5H, 61-CHj, 2-CH3), 3.13 (s, 9H, 26*-26% 3xCH3), 2.91
(br m, 2H, 17-CH>), 2.80 (s, 3H, 5-CHs), 2.11 (br m, 6H, 15-CH,, 21-CH,, 28-CH,), 1.81 (d, 3H, 12-CHj3, J = 6.9 Hz),
1.60 (m, 2H, 16-CH,), 1.42 (m, 5H, 62-CHgs, 20-CH>), 1.31 (m, 2H, 29-CHy), 1.08 (m, 2H, 18-CH),1.06-0.85 (br s, 26H,
19-CH,, 30%-30%2 12xCHy), 0.706 (t, 3H, 31-CHs, J = 7.1 Hz), 0.17 (s, 1H, -NH); *3C NMR (DMSO-ds, 100MHz) § (ppm)
189.18, 173.05, 172.52, 172.23, 171.36, 169.27, 161.90, 154.43, 150.00, 148.70, 144.57, 141.30, 137.05, 135.72, 135.10,
131.89, 128.62 (CH), 128.26, 122.80, 105.21, 104.20 (CH), 96.48 (CH), 93.70 (CH), 70.57 (CH), 65.47, 64.30, 62.60,
62.33, 58.30, 53.10 (3xCH3), 52.62 (CH3), 51.30 (CH), 49.41 (CH), 38.26, 33.22, 32.47, 31.12, 28.78, 28.51, 28.24,
25.71, 24.24, 24.10, 22.82 (CH3), 21.94, 18.31, 17.13 (CH3), 13.77 (CH3), 11.75 (CH3), 11.53 (CH3), 10.36 (CH3)
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Figure S3.3. NMR characterization of Compound 3.

10

ppm

IH NMR (MeOD, 300 MHz) & (ppm) 5.86-5.96 (m, 1H, 7:-CH), 5.51 (dd, 1H, 72-CH, J = 15.2, 6.6 Hz), 4.33 (m, 2H,
2-CHy), 4.08 (br m, 3H, 4-CHj, 6-H), 3.71 (br s, 2H, 3-CHy), 3.40 (br s, 1H, 5-H), 3.27 (s, 9H, 11-13, 3xCHs), 2.11 (m,
2H, 8-CH), 1.45 (br m, 2H, NH,), 1.30 (br s, 22H, 91-91 11xCHs) , 0.91 (t, 3H, 10-CH3, J = 6.6 Hz); *°C NMR
(MeOD, 75 MHz) & (ppm) 137.29 (CH), 128.25 (CH), 70.66 (CH), 67.31, 56.92 (CH), 54.79 (3xCH3), 33.45, 33.07,

30.80, 30.66, 30.46, 30.17, 23.74, 14.46 (CH3)
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Figure S3.4. NMR characterization of Compound 4 (PhLSM).

!H NMR (DMSO-ds, 400 MHz) & (ppm) 9.51 (s, 1H, 7-H), 9.11 (s, 1H, 4-H), 8.82 (s, 1H, 14-H), 7.96 (m, 1H, 3!-CH=CH,),
6.61 (s, 1H, -OH), 6.38 (s, 1H, 9-H), 6.18 (m, 1H, cis 32-CH=CHH, J = 18 Hz), 6.06 (m, 1H, trans 32-CH=CHH), 5.42
(br m, 1H, 192-H), 5.26 (br m, 1H, 191-H), 4.53 (br s, 1H, 13-H), 4.05-4.01 (br m, 3H, 23-CH,, 11-H), 3.87 (br m, 1H,
18-H), 3.83 (s, 3H, 10-CH3s), 3.57 (s, 3H, 8-CH3), 3.52 (s, 2H, 24-CH,), 3.44-3.40 (br, m, 4H, 16-CH_, 22CH,, overlapped
partially with D,O of DMSO-dg), 3.31 (s, 3H, 2-CHj3), 3.11 (s, 9H, 25-258, 3xCH3), 2.95 (s, 3H, 5-CHs), 2.14 (br, m, 2H,
15-CHj), 1.75 (s, 3H, 12-CHj3), 1.59-1.61 (br, m, 3H, 17-H, 61-CH), 1.50 (s, 3H, 62-CHs), 1.20-0.50 (br, m, 27H, 21-CHs,
201-2012 12xCH,), 0.30 (br s, 1H); 3C NMR (DMSO-ds, 100 MHz) & (ppm) 189.34, 173.24, 169.59, 155.52, 154.57,
145.02, 141.55, 137.23, 136.04, 135.36, 132.07, 132.01, 131.03, 130.72, 128.80, 128.41, 123.09, 105.11, 104.46, 96.57,
93.79, 69.90, 65.51, 58.42, 54.53, 53.21, 52.66, 51.42, 49.76, 31.17, 30.88, 28.69, 22.82, 21.98, 21.84, 18.38, 17.28, 13.87,
11.93, 11.66, 10.60;
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Figure S3.5. Dynamic light scattering profiles of PEGylated DSPC liposomes incorporating different molar percentage
of photosensitizer. Pictures of the polycarbonate membrane retaining PSs after liposomes extrusion.
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Figure S3.6. Dark cytotoxicity of free or incorporated PSs into PEGylated DSPC liposomes on HET-1A (black line) and
Kyse-30 (red line). The error bars are the standard deviations (n = 3).
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Figure S3.7. Confocal microscopy images of Kyse-30 cells and HET-1A treated with either free photosensitizers (red)
dissolved in DMSO or incorporated into liposomes. The first column of each compound represents the membrane
coloration with WGA Alexa Fluor 555. The second column for each compound corresponds to the merged images with
those in the presence of Mitotracker (green) and PS (red).
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Appendix I11: Publication
Publication 1. Massiot, J.; Makky, A.; Di Meo, F.; Chapron, D.; Trouillas, P.; Rosilio, V. Impact of

Lipid Composition and Photosensitizer Hydrophobicity on the Efficiency of Light-Triggered
Liposomal Release. Phys. Chem. Chem. Phys. 2017, 19 (18), 11460-11473
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Impact of lipid composition and photosensitizer
hydrophobicity on the efficiency of light-triggered
liposomal releasef

Julien Massiot,® Ali Makky, €2 *® Florent Di Meo,* David Chapron,®
Patrick Trouillas® and Véronique Rosilio®

Photo-triggerable liposomes are considered nowadays as promising drug delivery devices due to their
potential to release encapsulated drugs in a spatial and temporal manner. In this work, we have investigated
the photopermeation efficiency of three photosensitizers (PSs), namely verteporfin, pheophorbide a and
m-THPP when incorporated into liposomes with well-defined lipid compositions (SOPC, DOPC or SLPC).
By changing the nature of phospholipids and PSs, the illumination of the studied systems was shown to
significantly alter their lipid bilayer properties via the formation of lipid peroxides. The system efficiency
depends on the PS/phospholipid association, and the ability of the PS to peroxidize acyl chains. Our results
demonstrated the possible use of these three clinically approved (or under investigation) PSs as potential

rsc.li/pccp

Introduction

Photo-triggered release of encapsulated drugs from liposomes
is currently considered as a potential and interesting modality
for drug delivery in a controlled manner."? Indeed, photo-
sensitive liposomes are nanocarriers that can be activated upon
illumination at a specific wavelength to release their cargo.**
Several photo-triggering methods have been proposed for the
conception of liposome-based nanomedicines, such as photo-
polymerization of membrane lipids,** photoisomerizable lipids,*”
photothermal techniques,"® photooxidation of lipids® and/or
photocleavage.®'*"" Using these approaches, light-responsive
liposomes composed of biocompatible molecules, i.e., phos-
pholipids (PLs), possess efficient drug loading capacity, and
are able to release their drug payload in a spatial, temporal,
and dose controlled way."”> Among the above-mentioned light
triggered release modalities, photothermal and photooxidation
methods appear to be the most advantageous ones, due to the
use of some photoactive molecules that efficiently absorb in
the near infrared region (NIR), known as the “phototherapeutic
window”.! Due to this absorption feature, these molecules
allow deeper light penetration into tissues. In photo-oxidative
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+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c7cp00983f
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candidates for photo-triggerable liposome conception.

liposomes, they can be embedded in a matrix constituted of PLs
with monounsaturated or polyunsaturated fatty acyl chains.
Upon illumination, the photosensitive molecules generate reac-
tive oxygen species (ROS), such as singlet oxygen (*0,), that oxidize
the unsaturated chains of PLs. Lipid peroxidation provokes
dramatic alterations of the PL molecular organization, the com-
position of the vesicle membrane and membrane permeability.*>
Indeed, the so-formed hydroperoxyl groups increase the hydro-
philicity of the lipid chains originating from large free energy
penalties. This results in conformational rearrangements'® of
the lipid chains to drive hydroperoxyl groups towards polar
headgroups with an increase in area per lipid***> like truncated
PLs do with their carbonyl or carboxylic groups,'®*® which in
turn provokes an increase in membrane permeability.!*"%?°
Adding to the advantages of photo-oxidative liposomes in
controlled drug release, the incorporation of a photosensitizer
(PS) within the lipid bilayer may also produce a dual effect with
the encapsulated drug via a photodynamic reaction.*>** Despite
the potentiality of these drug delivery systems, most PSs used
so far were either not clinically approved compounds,'"'® new
synthetic derivatives'® or PS-coupled PLs;"***** moreover the
systems were generally illuminated with high irradiance light
sources (>100 mW cm™2).""?° So far, a few studies, including
molecular dynamic (MD) simulations, have highlighted the
importance of the localization and orientation of PSs in lipid
bilayers of liposomes in the efficiency of light-triggered drug
delivery systems (see ref. 25-28). This theoretical approach
elucidated the role of the PS charge state®® or the presence of
PEG (polyethylene glycol) inside lipid bilayers.>® For instance,
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Paper

hematorporphyrins were shown to reside in the phospholipid
headgroup region of POPC in close contact with carbonyl groups,
highlighting the importance of the charge state. By combining
MD simulations with fluorescence quenching analysis, Dzieciuch
1.*° reported that p-THPP partitioned in PEGylated liposomes
in two preferred locations, either close to the center of the bilayer

eta

or wrapped within the PEG chains. Interestingly, liposomes made
of coupled porphyrin-phospholipid were prepared, exhibiting
new stable bilayers.>”

View Article Online

PCCP

With the aim of developing new drug delivery devices that
overcome these limitations, three promising PSs were selected
and used at a low molar percentage (2.5 mol%) to avoid both
overestimation of release efficiency due to liposomal formula-
tion instabilities,' and PS aggregation which may significantly
alter singlet oxygen quantum yields.>*** m-THPP is a porphyrin
derivative of a commercial chlorin, m-THPC, which is approved
by the European Union for head and neck tumors under the
name of Foscan®?! (Fig. 1A-C). Verteporfin is a benzochlorin

m-THPP R;=H, R,=CHj; Verteporfin C Pheophorbide a
R;=CH3,R;=H Verteporfin D
A B C
O o}
D /\/\/\/\/\/\/\/\)J\OX\O’H\O\/\ —
SOPC
o o)
\/\/\/\/:\/\/\/\)J\o/\g\o/ B\o —
DOPC
o 0
E /\/\/\/\/\/\/\/\)J\OX\O/ \O\/\N*/

Methy! linoleate

Fig. 1 Chemical structures of the photosensitizers (A—C), phospholipids and methyl linoleate (D-G).
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derivative monoacid ring A (BPD-MA), which is composed of
an equal amount of two regioisomers (C and D), each of
which consist of a pair of enantiomers. Verteporfin is clinically
approved by the Food and Drug Administration (FDA) as a
liposomal formulation (trade name Visudyne®™) for age-related
macular degeneration (AMD),** and it exhibits efficient capacity
for photo-triggered drug release from liposomes.*' Pheophorbide
a is a chlorophyll catabolite that has shown potential efficiency
in photodynamic therapy (PDT) for the treatment of different
cancers in vitro>>** causing lipid peroxidation in the mitochondrial
membrane.*

The aim of this work was to investigate the efficiency of
these three PSs in photo-induced membrane permeation at a
low irradiance rate (i.e., 2 mW cm™?), which is usually used for
in vitro PDT experiments.>**?® We intended to establish the
relationship between a well-defined lipid bilayer composition
and the photo-induced drug release capacity of these PSs.
Molecular dynamics (MD) simulations provided atomic ration-
alization of the insertion of the three PSs into bilayers with
different compositions. This supported the understanding of
photoreaction, photo-oxidation, and thermotropic effects.

Experimental

Chemicals

Verteporfin (>94%, M,, = 718.79 g mol '), pheophorbide a
(=90%, M,, = 592.68 g mol "), methyl linoleate (>99%, M,, =
294.47 ¢ mol "), calcein (M,, = 622.53 g mol "), HEPES (99.5%
pure, M,, = 238.31 g mol '), sodium chloride (NaCl, 99% pure,
M,, = 58.44 g mol '), ammonium molybdate(vi) tetrahydrate
(81-83%, M,, = 1235.86 g mol '), 1-ascorbic acid (99%, M, =
176.12 ¢ mol "), 0.65 mM phosphorus standard solution and
hydrogen peroxide (30 wt%) were purchased from Sigma (St. Louis,
MLI., USA). m-THPP was a gift from Dr Philippe Maillard (Institut
Curie, France).*

1-Stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC, M,, =
788.14 g mol '), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC,
M, = 786.11 g mol ') and 1-stearoyl-2-linoleoyl-sn-glycero-3-
phosphocholine (SLPC, M,, = 786.11 g mol ') PLs were pur-
chased from Avanti Polar Lipids (Alabaster, AL., USA). They
were 99% pure and were used without any further purification.
Chloroform, methanol, and tetrahydrofuran (99% pure) were
analytical-grade reagents provided by Merck (Germany). The
ultrapure water used in all experiments was produced by a
Millipore Milli-Q® Direct 8 water purification system with a
resistivity of 18.2 MQ cm. The chemical structures of the studied
PSs and PLs are shown in Fig. 1.

Light source

The light irradiation experiments were carried out by means of
a homemade lamp composed of 4 Philips TL fluorescent tubes
covered by a flat diffusing glass plate and fitted with an orange
filter (1 ~ 520-680 nm with a Apa = 590 nm) at a 2 ] cm™>
fluence (Fig. S1, ESIt). The illumination duration (14 min)
was kept constant for all experiments, and the samples
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were illuminated from the bottom of the glass vials (V = 5 mL,
§=5.5 cm’®).

Vesicle suspension preparation

Porphyrin-containing liposomes were prepared by the conven-
tional thin lipid film hydration method*® followed by vesicle
suspension extrusion. In brief, PL/PS couples were solubilized
in (9:1 v/v) chloroform : methanol mixtures at a 97.5/2.5 (mol%).
After evaporation of the solvent under vacuum at 45 °C, the dry
film was hydrated with 1 mL of either HEPES buffer (10 mM
HEPES, 150 mM NaCl, pH 7.4, corresponding to ~ 285 mOsmol)
or calcein solution (40 mM calcein, 10 mM HEPES, pH 7.4,
~285 mOsmol). The final lipid concentration was 10 mM. The
osmotic pressure of the solutions was measured using a Loser
osmometer (Camlab, Cambridge, UK). The mixture was then
vortexed and extruded 19 times through a 200 nm pore-sized
polycarbonate membrane, at room temperature. The hydro-
dynamic diameter was measured by dynamic light scattering
(DLS). The PS incorporation percentage was determined by
UV-visible absorption, after liposome disruption with a HEPES
buffer/methanol/THF (0.2:0.8:1 mL) mixture. The PS content
was controlled by measuring the absorbance at a specific
wavelength (m-THPP: 417 nm, verteporfin: 689 nm, and pheo-
phorbide a: 667 nm) using a CARY 100 Bio UV-visible spectro-
photometer (Varian, USA). By comparison with standards at
specific concentrations, the PS incorporation efficiency (ie.,
% of PS inserted into the liposome bilayer with regard to its
initial amount in the chloroform-methanol solution) was deter-
mined by measuring the absorbance of each liposomal sample
after rupture in a methanol/THF mixture. The molecular state of
PSs in the liposome bilayer was investigated by UV-Vis spectro-
scopy. As deduced from the absorption spectra, the PSs did not
aggregate when incorporated into the lipid matrices.

Dynamic light scattering (DLS) and zeta potential
measurements

All DLS measurements were carried out on SOPC liposomes
with a lipid concentration of 1 mM using a Zetasizer (Nano
7590, Malvern). For the (-potential measurements, liposomes
(without calcein) at a lipid concentration of 10 mM were pre-
pared in 5 mM HEPES buffer with low ionic strength (5 mM
NaCl) and diluted to 1 mM lipid in the same buffer just before
measurements. All measurements were carried out at 25 °C.

Differential scanning calorimetry (DSC)

DSC measurements were carried out using a DSC Diamond
Perkin-Elmer apparatus. To ensure that thermal equilibrium was
reached, four successive heating/cooling scans were recorded
between —10 °C and 15 °C at scan rates of 5 °C min ™" (for the
first two cycles), 2 °C min~" and 1 °C min~" with an empty pan
as a reference. Each scan was preceded by a 2 min isotherm
recording at the initial temperature to allow the samples to set
thermal equilibrium. The same thermal events were observed for
all scans and all the observed transitions were reversible and
reproducible. The samples (multilamellar suspensions) used for
the DSC measurements were prepared by rehydration of either
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pure SOPC thin films (5 mg) or SOPC-PS (97.5-2.5 mol%) with
45 pL of HEPES buffer. Analyses were performed in duplicate by
placing the samples (~15 mg) in hermetically sealed aluminum
pans. To monitor the effect of illumination on the PL thermal
behavior, 50 pL of lamellar suspensions (5 mg of SOPC) were
illuminated with orange light at a fluence of 2 ] cm™> for 14 min
before starting the thermal measurements. The calibration was
carried out with pure cyclohexane (>99.9% purity, 6.7 °C melt-
ing temperature)."’ Data were collected and processed using
Pyris thermal analysis software (version 9.1). The PL transition
onset temperatures (7T,,,) were determined from the intercept of
the baseline with the tangent to the left side of the peak, while
the offset temperatures were deduced from the extrapolation to
zero heating rate from scans performed at 1 °C min™*, 2 °C min ™"
and 5 °C min ', Enthalpy variations (AH) were calculated by
integrating the area under the transition peaks. The transition
enthalpies were determined from the areas under the curve.

AH = [Cp -dT (1)

Lipid oxidation monitoring by conjugated diene formation

The formation of conjugated dienes arising from the peroxida-
tion of methyl linoleate (ML) following illumination was moni-
tored by measuring the UV absorbance using a molar extinction
coefficient of 27000 M~ ' cm™* at 234 nm in ethanol.**>*? In order
to investigate the impact of the environment on the oxidation
efficiency of the various PSs, the measurements were performed
either in ethanol or in liposome suspensions with different
ML concentrations. In ethanol solutions, ML at concentrations
varying from 0 to 5 mM was dissolved in 5 mL of ethanol with
5 uM PS. In the experiments conducted in liposomes, 10,
20 or 30 mol% ML was added to the initial PL:PS mixture in
chloroform : methanol (9:1; v/v). All samples were irradiated
for 14 min at 2 J ecm > (~2 mW cm™?) and the absorption
spectra were directly collected from 220 to 300 nm using a
CARY 100 Bio UV-visible spectrophotometer. The increase in
absorbance at 234 nm was evaluated by subtracting the spectrum
of non-irradiated samples from that of irradiated ones.

The quantum yield of the formed conjugated dienes
(Pconjugated dienes) Was determined according to the following
equation:

Cconjugated dienes X V (2)

¢conjugatcd dienes —
Mabsorbed photons X 7

where Ceonjugated dienes i the concentration of the conjugated dienes
formed determined from the absorption spectra; Vis the volume of
the irradiated solution; 7apsorbed photons 1S the total number of
absorbed photons per second; and ¢ is the illumination duration.
TMabsorbed photons €an be calculated according to Mojzisova

et al.** as follows:

LI, _Abs;
EAX(IA—N)AMQ (3)

N
Nabsorbed photons = N E
A ’
A

where s is the surface of the illuminated sample (because the
sample container is much smaller than the lamp used); N, is
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the Avogadro’s number; LI is the light irradiance (W m™?) at
each elemental wavelength; E; is the energy (joules) of one
photon at the irradiation wavelength; and Abs; is the absor-
bance of the illuminated solution at each wavelength. For the
determination of the LI;, the spectral irradiance of the lamp
was measured using an Ocean Optics Red Tide UV-vis spectro-
photometer. It is noteworthy that no photobleaching of PSs was
observed in ethanol after 14 min of illumination, whereas for
the liposome-embedded PSs there was a slight photobleaching,
which did not exceed 5%. To correct the photobleaching of PSs
in the calculation of @copjugated dienes Under liposome conditions,
the absorption spectra of the different PL-PS liposomes were
recorded before and after irradiation. The amount of photons
absorbed was then calculated from the mean of the two spectra.

Calcein loading and release from liposomes

Calcein is a water soluble fluorescent probe which is self-quenched
when confined in the inner aqueous core of liposomes.** Its
release from the core of liposomes is accompanied by an
increase in its fluorescence intensity due to its dilution in the
buffer. To perform calcein release experiments, the extruded
calcein-loaded liposomes were purified by ultracentrifugation,
with two successive 1 hour cycles at 150 000g and at 4 °C, using
a Beckman Coulter Optima™ LE-80K (Palo Alto, CA, USA) with
a 70.1 - Ti rotor. The supernatant containing free calcein was
carefully discarded and the pellet containing the liposomes was
resuspended in HEPES buffer, to obtain a liposome suspension
with about 10 mM lipid. The accurate lipid concentration
was determined by the total phosphorus analysis.*> In brief,
liposome samples were treated with concentrated sulfuric acid
at 220 °C for 25 min, followed by additional 30 min of heating
after adding concentrated hydrogen peroxide. After cooling down,
samples were diluted with deionized water, and a complex was
formed by addition of 2.5% ammonium molybdate, immediately
reduced by addition of 10% ascorbic acid. A blue colored complex
was formed by heating this solution at 100 °C for 7 min, and the
related absorbance was measured at 820 nm, once the solution
had cooled down.

The calcein release experiments were performed on lipo-
some suspensions diluted in HEPES buffer to 15 uM lipids. The
estimation of calcein release was carried out by fluorescent
spectroscopy using a Perkin-Elmer LS-50B computer controlled
luminescence spectrophotometer (Massachusetts, USA) equipped
with a red sensitive R6872 photomultiplier. The emission spectra
were obtained before and after illumination, with excitation at
Aexcitation = 490 nm and emission measured at Aemission = 514 nm.
The liposomes were then disrupted by addition of Triton X-100 at
a final concentration of 1% (m/v), to entirely release the calcein
content, with the release being calculated by using the following

equation:
F—F,
O/-/caccin - ( —> x 100 4
el Faer — Fo @

where F is the fluorescence intensity after liposome illumina-
tion at different times; F, is the initial fluorescence intensity;
and Fq. is the fluorescence intensity of calcein after rupture of
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the liposomes with 1% of Triton X-100. Photobleaching of
calcein (<10%) after illumination was taken into account in
the % of released calcein. It should be noted that the kinetic
profiles obtained in this work were normalized versus non-
illuminated liposomes to take only the active release of calcein
into account.

The time evolution of calcein release (%) for SOPC and
DOPC vesicles was fitted with an exponential function:

Yocalcein = @ b-e P! (5)

The evolution of calcein release (%) as a function of time for
SLPC formulations was fitted with a sigmoidal function:
b/

o
Pocalcein = @’ + m

(6)
where @’ and b’ are the coefficients at the base and the
maximum of the sigmoidal curve; ¢’ represents the critical time
at which the % of released calcein reaches (base + max)/2; d' is
the rise rate.

Force field (FF) parameters

For MD simulations, the force field (FF) parameters of the three
PSs (m-THPP, verteporfin, pheophorbide a) were derived from
GAFF*® using the antechamber package.’” Atomic charges were
derived from RESP (restrained fit of electrostatic potential) based
on calculations achieved within the density functional theory
(DFT) formalism using the (IEFPCM)-B3LYP/cc-pVDZ method,
in diethyl ether.*® The DFT calculations and the atomic charge
fitting were performed using the Gaussian 09, RevA*® and
RESP-v.III software programs,*® respectively. The two regio-
isomers, C and D, of verteporfin (Fig. 1) were considered for
MD simulations.

Lipid FFs available in the Amber16 package were used to
describe the three PL types (DOPC, SLPC and SOPC). Namely,
the lipid14>' FF was used to describe DOPC, whereas the
lipid11°* and GAFFlipid®® FFs were used to describe both SOPC
and SLPC. The lipid11 FF is known to overestimate lipid order,
therefore analyses of membrane structural properties must be
considered with care, and structural analyses require further
validation upon more accurate FFs. The ‘“three-point” TIP3P
water model®* was used to describe water molecules.

Molecular dynamic (MD) simulations

Three pure DOPC, SLPC and SOPC bilayer membranes made of
72 lipids each were created using the membrane bilayer builder
from the CHARMM-GUI server.>® The membranes were solvated
with a hydration number of 50 water molecules per one lipid
molecule. Na" and Cl~ ions were added to match with the
experimental conditions (i.e., [NaCl] = 0.154 M). MD simula-
tions were carried out using both the CPU and GPU codes
available in Amber16.>**” Particle-Mesh Ewald (PME) MD
simulations were first run on the pure DOPC, SOPC and SLPC
bilayer membranes that were carefully prepared as follows:
minimization of the water molecule system prior to the entire
system minimization; slow thermalization of water molecules
up to 100 K in the (N,V,T) ensemble for 200 ps; thermalization
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of the whole system to the final temperature (298.15 K) of the
entire system for 500 ps (N,P,T); equilibration of the density of
the system for 5 ns (N,P,7) MD simulations; and finally, the
production of 400 ns MD simulation. PSs were inserted into
equilibrated membranes, and the system was relaxed by a short
minimization, so as to prevent any steric clash artifact; 400 ns
MD simulations were then carried out. The total MD simulation
time for the three PSs (considering the two regioisomers - C
and D - of verteporfin) with the three lipid bilayer (DOPC, SLPC
and SOPC) membranes was ca. 6 ps. The analyses were per-
formed along the last 200 ns of the MD trajectories (series of
snapshots of the molecular systems). This allowed obtaining a
complete sampling of structural properties during 200 ns, after
the equilibrium is reached (i.e., within the first 200 ns of the
MD simulation). PME MD simulations were carried out using the
SHAKE algorithm and a 10 A noncovalent interaction cut-off.
The temperature was maintained using the Langevin dynamics
with a collision frequency of 1 ps~". Anisotropic pressure scaling
was used in which the pressure relaxation time was set at 1 ps.
The analyses were carried out using the cpptraj software.>®

The z-axis is defined as being perpendicular to the membrane
surface. The depth of penetration of PSs was measured as the
z-component of the vector originating at the center-of-mass
(COM) of the lipid bilayer and pointing towards the PS COM.
The orientation of PSs in the lipid bilayer membrane was
assessed as the o-angle between the z-axis and the normal
vector to the planar ring.

Entrapment is strongly correlated to the noncovalent inter-
actions existing between PSs and lipid tails; the stronger the
interaction energy E,. between PSs and lipid tails, the higher
the entrapment efficiency. PS-PL interactions were obtained
from MD simulations by calculating noncovalent interaction
energies (E,.) between (i) PSs and PLs, as well as (ii) PSs and
lipid tails of PLs only, with the lipid tails defined as the sn;- and
sn,-chains. Both energy types were derived from the averaged
sum of electrostatic and van der Waals energies per atom.

Results and discussion

Characterization of SOPC liposomes incorporating the
three PSs

The characteristics of SOPC liposomes doped with PSs are
summarized in Table 1.

The incorporation of various PSs into the SOPC lipid bilayers
did not induce any significant change in their hydrodynamic
radius compared to unloaded liposomes. Although, the {-potential
of SOPC vesicles doped with m-THPP was also not significantly
modified, both verteporfin and pheophorbide a led to more
negative (-potential values. Apparently, these PSs were not
deeply inserted in the bilayer leaflets. MD simulations agreed
with these observations, showing that the distance of PS COM to the
membrane center increased as follows m-THPP < pheophorbide
a < verteporfin C/D (Table 1 and Fig. 2). m-THPP has a relatively
hydrophobic nature, exhibiting an octanol/water partition coeffi-
cient log P value of 4.8 at neutral pH.”>*° The tetrapyrrole ring of
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Table 1 Hydrodynamic radius (nm), polydispersity index (PDI), {-potential (mV) of vesicle suspension and PS incorporation efficiency (%). The last
column corresponds to the location of the PS COM with respect to the middle of the membrane (z = 0) ((z)), as obtained from MD simulations. For
verteporfin the two values are given for the two isoforms C and D, respectively

Composition R (nm) PDI

(-Potential (mV)

Distance from membrane

PS incorporation 0
center (z) (A)

efficiency (%)

SOPC 106 £ 4
SOPC-m-THPP 105 £ 3
SOPC-verteporfin 98 + 3

0.09 £ 0.02
0.09 £ 0.03
0.07 & 0.04

SOPC-pheophorbide a

103 £ 7

0.07 £ 0.01

—18.0 £ 0.7

—-1.7 £ 0.1 — —
—3.8£0.2
—19.3 £ 0.6

84.6 £ 4.4
68.0 = 4.3

9.6 £0.8
16.0 £+ 0.9
18.0 £ 0.6

75.1 £ 5.2 13.2 £ 0.8

Water
phase

Lipid tail
region

m-THPP

Choline ammonium

Polar head
region

Polar head
region

Water
phase

verteporfin D

]
Carboxylate

Fig. 2 Representative snapshots (top) and zoom (bottom) of (A) m-THPP and (B) verteporfin D interacting with the SOPC membrane. Phosphate and
choline ammonium moieties are depicted in orange and ice blue, respectively. Hydrogen atoms, lipid tails and water molecules are omitted for the sake

of readability.

this PS is embedded relatively deep in between the lipid tails,
and adopts a perpendicular orientation with respect to the
membrane surface (z-angle of ca. 90°, Fig. S2 in ESIT). In this
case, van der Waals forces constitute the major contribution
to E,., with a minor contribution of electrostatic interactions
(Table 2). This agrees with previous fluorescence quenching
experiments®’ showing relatively strong interactions of this
compound with phospholipid tails. This location also agrees
with the greater entrapment efficiency observed for m-THPP
into SOPC bilayers (84.6 £ 4.4%), with respect to the other two
PSs (Table 1).

Phys. Chem. Chem. Phys.

Conversely, due to their negative charge, verteporfin and
pheophorbide a appeared to be more anchored to the polar
head region. For these two compounds, the electrostatic contri-
bution to E,,. values was much greater than for m-THPP (Table 2).
The carboxylate moieties of verteporfin and pheophorbide a
interact with the ammonium moieties of PLs (Fig. 2), but also
interestingly with water molecules. Due to the amphiphilic
character of these two PSs, they are partially inserted in the
bilayer, the tetrapyrrole ring being located in between the lipid
chains (Fig. S3-S7, ESIt), adopting an orientation perpendi-
cular to the membrane surface (x-angle of ca. 90°, Fig. S2, ESIf).
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Table 2 Electrostatic (Eeec, J mol™ atom™) and van der Waals (Eyqw.
J mol~* atom™?) contributions and standard deviations (”<Eelec> and g
respectively, in J mol™ atom™) to (A) PS-PLs and (B) PS-lipid tail Epc

vaw)’

PS EBetec T {Eoree) Evaw T Evawe)
A

m-THPP —55.6 8.4 —-152.1 7.6
Pheophorbide a —276.7 29.3 —143.6 9.2
Verteporfin C —155.8 17.8 —165.5 8.2
Verteporfin D —196.7 17.1 —167.3 8.0
B

m-THPP —-3.4 2.0 —130.3 7.2
Pheophorbide a -1.5 2.3 —117.2 8.6
Verteporfin C 1.7 1.7 —116.0 7.3
Verteporfin D 2.1 1.1 —98.0 7.1

In SOPC membranes, this orientation is particularly restrained
due to the relatively high order of this bilayer. This less deep
insertion of verteporfin and pheophorbide a compared to
m-THPP in turn induced a larger loss of PS during liposome
extrusion, as exemplified by the entrapment efficiencies com-
pared to that of m-THPP (Table 1).

Impact of PS incorporation on the thermotropic behavior of
phospholipid bilayers

To further investigate the incorporation of the different PSs into
the lipid matrix and their ability to affect lipid bilayer properties,
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we have performed a calorimetric analysis on SOPC lamellar
suspensions without and with PSs at 2.5 mol%. The obtained
DSC thermograms are shown in Fig. 3.

The thermogram of pure SOPC exhibits a sharp endothermic
peak at a T onset of ~6 °C with AH of 5.8 kcal mol™", which
corresponds to the main transition of pure SOPC from the gel
phase (Lg) to the liquid crystalline phase (L,).°* The incorporation
of each PS dramatically alters the SOPC thermograms (Fig. 3B-D).
Indeed, they all induced a decrease in the sharpness of the
main transition peak and a shift toward lower transition tem-
peratures, suggesting the destabilization of the PL intermolecular
cooperativity.**°® This alteration depends on the PS chemical
structure: m-THPP produced the strongest effect among the
three PSs, inducing an intensive shift of the transition toward a
(lower) Tonser at 1.1 °C.

The presence of two peaks rather than one in the case of
m-THPP is attributed to its poor miscibility in the lipid bilayer
at low temperature, leading to the formation of m-THPP-rich
and -poor domains. The SOPC-pheophorbide a sample only
leads to a limited Topnsec Shift; the homogenous and symmetric
peak is characteristic of a good mixing with SOPC. The SOPC-
verteporfin system is characterized by a broad and asymmetric
peak with a Toneee Of 3.7 °C indicating partial mixing of SOPC and
verteporfin. This PS might act as a substitutional impurity.®”
Despite the significant perturbation of the SOPC thermo-
gram in the presence of the three PSs, the overall phase

10 1 Bafsra lluriliiati 10 1
Clofe urpmz?non A Before illumination B
—— Afterillumination —— Afterillumination
8 1 8
) )
< Pure SOPC < SOPC - m-THPP
o 61 o 61
£ £
© ©
O 41 o -
< g’
o o
O 24 O 21
0 v T v T v T T v 1 0 T A T 1
-10 -5 0 5 10 15 -10 -5 0 5 10 15
Temperature (°C) Temperature (°C)
10 5 -
Before illumination 1 Before illumination
= After illumination c —— After illumination D
8 1 8
o i o
%L SOPC - Verteporfin 8 .
S 64 S 641 SOPC -Pheophorbide a
E E
© ©
O 44 -
3 g’
[« o
O 24 O 24
0 L L] L) L] L] 0 L] L) L] L) 1
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Fig. 3 DSC heating scans of pure SOPC liposomes, SOPC-m-THPP, SOPC-verteporfin and SOPC-pheophorbide a before and after illumination.
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Table 3 Tonset temperatures, enthalpies of pure SOPC and SOPC doped
with PSs before and after illumination

Before illumination After illumination

T onset AH T onset AH
Composition (°Q) (keal mol™") (°C) (keal mol ™)
SOPC 5.8 5.8 6.3 5.4
SOPC-m-THPP 1.1 5.7 0.12 5.4
SOPC-pheophorbide a 4.2 5.7 1.1 5.6
SOPC-verteporfin 3.7 5.7 1.6 5.4

transition enthalpy of the different systems remained almost
constant (Table 3).

In order to assess the thermotropic phase behavior of SOPC-
PS samples upon illumination, DSC scans were performed after
illumination of SOPC lamellar suspensions for 14 min (see
Fig. 3). After illumination of pure SOPC, its transition tempe-
rature was almost unchanged with a slight decrease in the
transition enthalpy, which remained below 7%, suggesting that
the pure PL bilayers remained almost intact. Conversely, upon
illumination of SOPC-PS samples, the overall shape of the
thermograms was dramatically affected with a significant shift
of Tonset towards lower temperatures, and the appearance of
a second peak for both m-THPP and pheophorbide a. For the
SOPC-verteporfin sample, the peak was altered and became
broader with the appearance of a shoulder at about 2 °C.
These results indicate the formation of new phases upon the
illumination of SOPC-PS systems, which may be related to the
formation of new chemical species within the lipid bilayer.
Interestingly, such a behavior was previously observed by
Wallgren et al.®® and one of us'® with the incorporation of
defined amounts (0 to 20 mol%) of oxidized PLs with either
a carboxyl (1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine
(PazePC)) or an aldehyde (1-palmitoyl-(9-oxononanoyl)-sn-gly-
cero-3-phosphocholine (PoxnoPC)) group. This incorporation
significantly altered the thermotropic phase behavior of
DMPC®® and SOPC'® vesicles. Herein, m-THPP appeared to be
the most efficient PS in creating new phases upon liposome
illumination followed by pheophorbide a and verteporfin,
respectively. Although the nature of the species formed upon
photosensitization reaction cannot be predicted from the DSC
thermograms, these species are most probably lipid hydro-
peroxides. Indeed, upon illumination at adequate wavelength,
the PS absorbs radiation energy, creating its singlet excited
state (*PS*).®” Porphyrin and chlorin 'PS* are good candidates
for intersystem crossing (ISC) processes, leading to the for-
mation of a triplet state (*PS*). *PS* then reacts via two different
pathways - either electron/hydrogen transfer (type I reaction) or
energy transfer (type II reaction) to triplet oxygen - producing
free radicals or singlet oxygen, respectively.®® The light-induced
oxidation pathway highly depends on the solubility and concen-
tration of molecular oxygen. Nevertheless, type II reaction is
usually favored in lipid bilayers, as singlet oxygen has a longer
half-life than in aqueous media.”® The unsaturated alkyl chains
of SOPC are substrates for singlet oxygen favoring the formation
of lipid hydroperoxides.
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Lipid peroxidation monitoring

ML is a fatty acid methyl ester that contains two unconjugated
cis olefinic bonds (see Fig. 1). Upon their reaction with singlet
oxygen, the latter is added to one of the C-atoms of the double
bonds in a concerted and specific way known as ‘“‘ene addition”,
forming trans allylic hydroperoxides,”"”” with only 60% of them
being conjugated.”" Since conjugated dienes and hydroperoxides
are simultaneously formed, the absorption measurement at
234 nm is considered as a relevant marker to quantify hydro-
peroxide formation.'” The oxidation experiments of ML were
performed in ethanolic solutions and on SOPC-PS liposome
suspensions. The typical absorption spectra of the three PSs in
ethanol (5 x 10°® M) are presented in Fig. 4A.

As shown in Fig. 4B, the characteristic absorbance of conju-
gated diene formation at 234 nm increased as a function of ML
concentration. For all studied PSs, in ethanol and in liposomes,
the concentration of conjugated dienes linearly increased as a
function of ML concentration (Fig. 4C and D), showing that
peroxidation depends on substrate availability. From these
linear plots, @conjugated dienes Were determined and plotted as a
function of ML concentration (Fig. 4E and F).

Interestingly, the liposomes charged with PSs exhibited
different ML peroxidation efficiencies compared to those
measured in ethanol. The slopes of Pconjugated dienes versus PS
concentration plots in liposomes (60.90, 39.25, and 21.56 M~
for m-THPP, pheophorbide a and verteporfin, respectively) were
at least two order of magnitude higher than those in ethanolic
solutions (0.23, 0.17, and 0.17 M~ " for m-THPP, pheophorbide a
and verteporfin, respectively). Similar results were obtained by
Mojzisova et al.'> who studied DOPC/ML liposomes incorpo-
rating different chlorin derivatives. This was attributed to the
longer lifetime of singlet oxygen in lipid membranes than in
ethanol solutions. Thus, a higher efficiency of singlet oxygen
with ML unsaturation is expected in lipid membranes.”?
PS-induced oxidation efficiencies (Fig. 4E) were as follows:
m-THPP > pheophorbide a > verteporfin, in agreement with
DSC results (see Fig. 3 and Table 3). The different behavior
observed with the three PSs could thus be explained by their
confinement in the lipid bilayer and the production of singlet
oxygen and/or free radicals directly in the vicinity of the
unsaturated chains of both PL and ML. As discussed above,
m-THPP is incorporated deeper inside the lipid bilayer than the
other two PSs, which is related to their lipophilicity, as con-
firmed by our MD simulations and as previously showed by
Engelmann et al.”* Ehrenberg et al.”® have also shown that the
photodynamic efficacy of PSs is higher for those which can
efficiently intercalate in between lipid tails, at a location where
the excited state of a PS has higher probability to interact with
dioxygen to generate singlet oxygen. In turn, singlet oxygen,
generated in the hydrophobic interior, has a greater probability
to react with unsaturated chains within the lipid matrix.

Photo-triggered release of calcein from liposomes

We demonstrated with the ML oxidation experiments that the
peroxidation of unsaturated chains depends on substrate

This journal is © the Owner Societies 2017
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Fig. 4 ML peroxidation monitoring in ethanol and SOPC—PS liposomes at room temperature. (A) Absorption spectra of the three studied PSs at 5 x 1076 M

in ethanol. (B) Typical absorption spectra of the conjugated dienes formed in

ethanol upon illumination of ML in the presence of verteporfin (5 x 10~¢ M) for

14 min (2 J cm™2). Concentrations and quantum yields of the formed conjugated dienes as a function of ML concentration in (C and E) ethanol and (D and F)

liposomes at a PS concentration of 5 x 107° M.

availability (Fig. 4C-F). Peroxidation is a major driving factor for
membrane permeation, which is required for photo-triggered
release. To investigate the effect of phospholipid unsaturation
chains on the permeation efficiency, liposomes made of various
unsaturated phospholipids (i.e., SOPC, DOPC and SLPC) were
doped with the different PSs and calcein was encapsulated into
their aqueous core. As for SOPC liposomes, the PS incorporation
efficiency into DOPC and SLPC vesicles was the highest for
m-THPP (Table S2, ESIt). The normalized kinetics release pro-
files upon illumination of PL-PS system are shown in Fig. 5.
While no leakage of the dye was observed following illumination
of pure phospholipid vesicles, significant calcein release
occurred in PS-containing liposomes, which increased with time.
As depicted in Fig. 5B-D, the leakage was incomplete for all three
PSs and did not exceed 40% after 6 hours in the best case,
but the lipid composition of liposomes appeared to play a
crucial role in controlling the calcein release kinetics. Indeed,

This journal is © the Owner Societies 2017

although for SOPC-PS and DOPC-PS vesicles the calcein leakage
profiles increased exponentially with all PSs, SLPC-PS vesicles
exhibited a slower release profile rate, which can be fitted by a
sigmoidal function (Fig. 5B-D).

The system efficiency also seems to depend upon the PS/PL
combination. Table 4 shows that for m-THPP, calcein photo-
induced release was much more efficient for DOPC vesicles than
for the SOPC or SLPC ones.

In addition, despite the low absorbance of the DOPC-m-THPP
system in the region of the emission spectrum of the lamp
(Fig. S1, ESIf), its illumination induced the highest calcein
release after six hours compared to the other PL/PS combina-
tions (Table 4). Conversely, for verteporfin and pheophorbide a,
the photo-triggered calcein release appeared to be more efficient
with SOPC and DOPC than with SLPC.

The difference in calcein release extent between the three
PL/PS combinations may be related to the different permeation

Phys. Chem. Chem. Phys.
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Table 4 Normalized calcein release (%) of different liposome/PS systems
after 6 hours of illumination

Photosensitizer SOPC DOPC SLPC
m-THPP 14.1 + 3.1 40.2 £ 6.7 12.4 + 1.9
Pheophorbide a 28.8 + 4.8 20.8 + 0.8 12.7 + 6.8
Verteporfin 33.1+6.1 33.8+ 3.8 22.8 + 10.5

mechanisms. In fact, membrane oxidation leads to the forma-
tion of lipid peroxides with different structures depending on
the PL structure and the localization of the PS in the bilayer. PL
peroxide derivatives may induce different effects on membrane
properties varying from structure destabilization to liposome
fusion. Hence, to gain a better insight into the mechanism of
photo-triggered release, the size of the different liposomes was
measured before and after illumination by DLS. Our results
showed that neither the size nor the distribution of the vesicles
changed even after 24 h of illumination (Table S2, ESIt), ruling
out the fusion hypothesis. Thermal destabilization of the
lipid bilayers was also considered. However, the illumination
induced less than 2 °C increase in temperature of the liposome
suspensions, and the lipids were all already in the liquid crystal
phase. Furthermore, PS-unloaded vesicles illuminated under
the same conditions (Fig. 5A) led to non-significant calcein
release compared to those containing the PSs. Therefore, the
mechanism of photo-induced calcein release could only be
explained by the formation of a hydroperoxide group on the

Phys. Chem. Chem. Phys.

alkyl chain unsaturation, which altered the membrane structure.
As m-THPP is deeply inserted in the lipid bilayers, the generated
singlet oxygen has a higher potential to react with the alkyl
chain unsaturation due to its longer diffusion path, compared
to that produced by the other PSs in the proximity of polar
headgroups where it is more quickly deactivated in the aqueous
environment. The fact that the m-THPP/DOPC vesicles are more
efficient than those with SOPC and SLPC could be explained by
the formation of a hydroperoxide group on each alkyl chain,
altering the phospholipid packing. A significant area expansion
would lead to a higher membrane permeability compared
to the SOPC and SLPC liposomes. Recently, Aoki et al.”> have
demonstrated, from surface pressure measurements combined
with polarization-modulated infrared reflection absorption
spectroscopy (PM-IRRAS), that the irradiation of a DOPC/
erythrosin monolayer caused a significant relative surface area
increase of ca. 19%.”° Similarly, using a micropipette setup,
Weber et al."® observed that the formation of PL hydroperoxides
caused an increase in the excess area of GUVs of 15.6% and
19.1% for POPC and DOPC, respectively. Also, Luo et al.’
demonstrated that the incorporation of DOPC into lipo-
somes accelerated the light-triggered doxorubicin release from
porphyrin—phospholipid (PoP) liposomes by one order of mag-
nitude compared to DOPC-free liposomes. By mass spectro-
metry, they confirmed that the light-triggered drug release was
related to DOPC oxidation and revealed the formation of three
DOPC oxidized species.

This journal is © the Owner Societies 2017
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The SLPC-PS liposomes exhibited the lowest release effici- unsaturated bonds present on the same chain. However, we
ency. Such behavior was also observed by Luo et al.’ who attri- found that the concentration of conjugated dienes formed in
buted it to the lower probability of singlet oxygen accessing the SLPC-m-THPP liposomes increased linearly as a function of
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Fig. 6 Density of (A) m-THPP (red), (B) pheophorbide a (green), (C) verteporfin C (blue) and (D) verteporfin D (cyan) tetrapyrrole moieties along the z-axis
in SOPC, DOPC and SLPC. C—C double bonds as well as high-density polar head region densities (i.e., phosphatidylcholine moieties) are plotted in
purple and orange, respectively. SLPC Co—C;q and C;,—Cy3 are plotted in solid and dashed lines, respectively.
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illumination duration (Fig. S10, ESIT). This demonstrates the
ability of singlet oxygen to induce SLPC diene peroxidation.
Therefore, the lower efficiency of membrane permeation
observed for SLPC with respect to SOPC and DOPC could only
be explained by the structure of the PL hydroperoxides formed.
Indeed, Wong-Ekkabut et al.'® investigated the effect of lipid
peroxidation on the properties of PLPC (1-palmitoyl-2-linoleoyl-
sn-glycero-3-phosphatidylcholine) lipid bilayers using MD simu-
lations. They focused on the two main hydroperoxide products
of linoleic acid: the 9-trans,cis-hydroperoxide linoleic acid (9-tc)
and the 13-trans,cis-hydroperoxide linoleic acid (13-tc). According
to their simulations,"® both PL hydroperoxides at 11.1 mol% were
unable to modify water permeability through PLPC bilayers.
However, increasing the oxidized lipid fraction to 50 mol% in
the membrane led to a higher water permeability compared to
unoxidized PLPC, with an increase of two and one order of
magnitude for 13-tc and 9-tc, respectively."® Their result sug-
gests a relationship between water permeability of the bilayer
and the position of the hydroperoxide group in the lipid bilayer,
inducing a larger area expansion and a loss of lipid packing
with 13-tc compared to 9-tc."?

Molecular insights into PS efficiency

PS efficiency in membranes depends on: (i) PS intrinsic para-
meters (e.g., photophysical, excited- and ground-state confor-
mational properties); (ii) molecular oxygen diffusion capacity,
and (iii) the direct surrounding environment of the PS. The first
two points are out of the scope of this work; here we evaluated
the PS insertion/location in various lipid bilayers with different
packing orders. m-THPP inserts significantly deeper than
pheophorbide a and verteporfin into SOPC and SLPC bilayers
(Table S1, ESIt and Fig. 6). A similar depth of penetration and
orientation are observed for the three PSs respectively, in both
SOPC and SLPC bilayers (Table S1 and Fig. S3-S7, ESIT). In
contrast, in DOPC bilayers, the three PSs exhibit a similar depth
of penetration (Table S1, ESIt and Fig. 6) likely owing to the
higher fluidity of DOPC that allows higher diffusion motions.

DSC experiments have demonstrated that the presence
of PSs in lipid bilayer membranes leads to structure destabili-
zation. A thorough analysis of the characteristic orientation
obtained, e.g., with verteporfin D, highlighted disorganization
of the membrane surface (Fig. 2). Also, in the more ordered
(SOPC and SLPC) lipid bilayers, the structure destabilization
was suggested by the asymmetric phosphatidylcholine distribu-
tions along the z-axis, in which the disturbance is on the side
where PSs are located (Fig. 6). However, due to the small size of
the membrane model used in the MD simulations, the structural
destabilization could not be quantitatively evaluated neither by
the calculated area per lipid nor by lipid order profiles (i.e., no
significant differences were observed in the presence of PSs, see
Fig. S9 and Table S3, ESIf).

From ML peroxidation experiments, m-THPP appeared to
be the most efficient PS in lipid peroxidation followed by
pheophorbide a and verteporfin. This result agrees with their
relative insertion depth in SOPC and SLPC bilayers. However,
such observation was not necessarily correlated with calcein

Phys. Chem. Chem. Phys.
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release experiments (Fig. 5), highlighting the role of the lipid
environment as well as the nature of lipid peroxides produced.

It is worth noting that the tetrapyrrole planarity can be
altered inside the lipid bilayers. This is known to dramatically
affect photon absorption events and subsequently singlet
oxygen generation. The planarity of pheophorbide a and verte-
porfin tetrapyrroles is more sensitive to the environment than
m-THPP. The latter is indeed more n-conjugated and thus
less flexible (Fig. S8, ESIT). DOPC offers more flexibility to the
verteporfin and pheophorbide a central core leading to a
broader distribution of tetrapyrrole dihedral angles. SOPC is
more prone to disturb tetrapyrrole planarity owing to a slightly
higher order with respect to SLPC. Lipid order is an important
parameter since O,-PS energy transfer occurs within the *PS
state, in which the tetrapyrrole planarity is modified with
respect to the PS ground state. The present MD simulations
achieved with ground state geometries underlined the different
impacts of the different lipid bilayers on tetrapyrrole planarity
even though no straightforward trends can be dragged out.
Such investigation would require the parameterization of tri-
plet excited state PS force fields, which is out of the scope of the
present study.

Conclusion

In conclusion, the present work highlights the possible use of
three clinically approved (or under investigation) PSs in the
conception of photo-triggerable liposomes. In particular, our
results showed that the illumination significantly altered the
lipid bilayer properties of the studied systems; the efficiency of
membrane degradation and subsequently drug release depends
on the PS/PL combination. Among other descriptors, the depth
of PS incorporation into the lipid bilayer is a major contributor to
the efficiency. m-THPP/DOPC appeared to be the most efficient
system, where the photo-triggered release of the cargo reached
approximately 40% six hours after illumination at a low light
fluence. Such photo-triggered release would be even more effi-
cient with encapsulated drugs having a smaller molecular weight
than calcein (i.e., doxorubicin) and with a light source of high
irradiance. Adding to its efficiency in photo-permeation drug
release, m-THPP (or its derivative m-THPC which has a stronger
absorption coefficient at 652 nm) incorporated into DOPC lipo-
somes would represent a promising photo-triggerable system
with potential dual activity (chemo- and photodynamic therapy)
against relevant cancer tumors.
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vésicules lipidiques, il permet la libération d’une
substance anti-cancéreuse hydrophile encapsulée
dans leur ceeur aqueux, sous I’effet de la lumicére.
Des porphyrines, incorporées dans leur
bicouche, permettent, une fois illuminées, de
générer de I’oxygene singulet qui oxyde les
chaines acyl insaturées des phospholipides. Cela
induit une augmentation de la perméabilité des
liposomes et permet la libération de leur cargo.
Nous avons, dans un premier temps, effectué une
sélection de phospholipides et de porphyrines
permettant de construire le systéme. Les résultats
expérimentaux ont pu étre corrélés a une étude
de simulation de dynamique moléculaire.
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profondeur d’insertion de la porphyrine dans la
bicouche lipidique et de sa proximité avec la
double-liaison des phospholipides. Mais il a
aussi montré les limites de ce systéme. Nous
avons alors développé deux nouvelles molécules

derivées de phospholipides naturels auxquels a
été couplée la pheophorbide a. Malgré leur
possible autoassemblage sous la forme de
vésicules, ces derniers n’étaient pas stables et
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libération du cargo. Enfin, les deux conjugués
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aqueous core. Once illuminated, porphyrin
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generate singlet oxygen which oxidizes the
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This induces an increase in the permeability of
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porphyrins to build the system. Our
experimental study could be correlated with
results of molecular dynamics simulations. The
whole work highlighted the importance of the
depth of insertion of porphyrin into the lipid
bilayer and its proximity to the double bond of
phospholipids. But it also showed the limits of
this system. We then developed two new

molecules derived from natural phospholipids,
to which pheophorbide a was coupled. The
conjugates were able to form self-assembled
vesicles but were unstable and quickly
aggregated. We therefore associated these
conjugates with classical lipids (DSPC,
cholesterol) and analyzed the properties of these
mixtures. We highlighted  photothermal
properties of the designed systems, capable of
inducing a temperature rise of 14 °C. The
generation of heat, responsible for a greater
fluidity of the lipid bilayer, subsequently
promoted the encapsulated cargo release.
Finally, the two synthesized conjugates showed
a phototoxic activity (PDT), with selectivity
towards esophageal cancer cells. These new
molecules therefore offer many opportunities
for the development of multimodal, bio-inspired
and biodegradable systems, for the delivery of a
drug under the effect of light.
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