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The aggregation process of pyropheophorbide-a methyl ester (PPME), a second generation photosensitizer, was investigated in various
solvents. Absorption and fluorescence spectra showed that the photosensitizer was under a monomeric form in ethanol as well as in
dimyristoyl-L-a-phosphatidylcholine liposomes while it was strongly aggregated in phosphate buffer. A quantitative determination of
reactive oxygen species production by PPME in these solvents has been undertaken by electron spin resonance associated with spin
trapping technique and absorption spectroscopy. In phosphate buffer, both electron spin resonance and absorption measurements led to
the conclusion that singlet oxygen production was not detectable while hydroxyl radical production was very weak. In liposomes and
ethanol, singlet oxygen and hydroxyl radical production increased highly; the singlet oxygen quantum yield was determined to be 0.2 in
ethanol and 0.13 in liposomes. The hydroxyl radical production origin was also investigated. Singlet oxygen was formed from PPME
triplet state deactivation in presence of oxygen. Indeed, the triplet state formation quantum yield of PPME was found to be about 0.23

in ethanol, 0.15 in liposomes (too small to be measured in PBS).

Introduction

Photodynamic therapy (PDT) is a performent treatment for
cancer"*? and other non-oncological diseases such as psoriasis®*.
It is characterized by the concommitant use of a photosensitizing
agent (the photosensitizer) and light above 600 nm where the
endogenous tissular components are more transparent to the
incident radiation>®. The excited photosensitizer interacts with
surrounding oxygen to create active forms of oxygen called
reactive oxygen species (ROS) believed to be responsible for the
cytotoxic action of PDT.

The first photosensitizer approved for PDT was the Photofrin
which presents several drawbacks like a low absorbance at 630
nm, poor tumor selectivity and prolonged skin sensitivity. These
drawbacks led to the development of second-generation
photosensitizers. The properties of chlorophyll a make this
compound and its derivatives good candidates as
photosensitizers’. Among them, pheophorbide-a which presents
selective accumulation in tumors, small toxicity and a
photoxicity on tumor cells which can be 20-fold more efficient
than hematoporphyrin derivatives®. The major advantages of
pheophorbides are their absorption maximum around 660 nm
and their monomeric state in organic solvents’. A series of
effective photosensitizers derived from pheophorbide-a were
synthesized since 1985. They exhibited biological properties
(localization, cytotoxicity, and elimination) more interesting for
their use in PDT than pheophorbide-a'®. For example, the
pyropheophorbides are more stable because of the loss of the
ester fonction. Their photosensitizing efficaciency increases with
the length of the alkyl ether side-chain''. They have similar

photophysical properties (singlet oxygen and fluorescence
yields) as the parent compound but conformation of the alkyl
side chains as well as hydrophobicity influence localization in
the cells.

In view of its potential use in the PDT of -cancer,
pyropheophorbide-a methyl ester (PPME) is an attractive
second-generation photosensitizer'>'*!*. The structure of PPME
differs from that of chlorophyll-a (Fig.1) in the loss of the
magnesium in the center of the molecule, the substitution of the
phytol group (H3oCy) by methyl (CH;) and the loss of a
carbomethoxy group (-COOCH;) at Cy of the isocyclic ring.
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Fig.1 Structure of PPME.
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This photosensitizer has two strong absorption maxima at 410
and 666 nm, in acetone. The molar extinction coefficient of
PPME (gg56mm = 4.75 x 10* M'em™)" is about half that of
chlorophyll-a in acetone (gum= 8.0-8.8 x 10 M'lem™)
probably because of the loss of magnesium and carbomethoxy
group. The loss of the metal ions in the center of the molecule’
as well as the hydrophobicity'® seem to decrease the
photosensitizing activity. The phototoactivation of porphyrins
and their analogues (chlorins, porphycenes, purpurins,
phthalocyanines and naphthalocyanines) can be increased by the
insertion of metal ions into the center of the ring'’. These
porphyrin derivatives displayed absorption bands peaking at
longer wavelengths and showing larger molar extinction
coefficients as compared with porphyrins. Such spectroscopic
properties were important since they guaranteed a higher
probability and efficiency of light absorption. Indeed, lifetime of
the triplet state, triplet state quantum yield and singlet oxygen
quantum yield were enhanced by this modification. The use of
liposomes can also improve the photosensitizer efficiency.

In general, during PDT, the tumour is mainly destroyed by the
ROS "' Singlet oxygen ('O,) is considered as the most
important cytotoxic agent involved in PDT**?'. However, the
biological damage might be due to other ROS such as
superoxide anion (O,”) and hydroxyl radicals ("OH). In the
presence of oxygen two types of mechanisms are possible™.
Indeed, the excited sensitizer can react with the substrate or
solvent (mechanism TyPe I) or with oxygen (mechanism Type
II) to form in this case "O,. The Type I reaction is due to either
electron or proton transfers leading to the generation of radicals.
As demonstrated previously'?, 'O, produced by photoexcited
PPME is involved in the necrosis of colon cancer cells (HCT-
116) but photoexcited PPME can also trigger apoptosis of
tumoral cells mediated by *OH or O,” . In vivo however, it is
difficult to draw conclusions on the exact mechanisms which
induce tumour death, because the reaction pathway depends on
the oxygenation of the tumor™?!, the 'O, lifetime in the
particular environment®?® and the stability of the generated
radicals®’. Type I mechanisms are predominant in polar media
while type II mechanisms are predominant in hydrophobic
environments>"?®. Thus, the mechanisms (type I or type II) of
cell destruction depend on the localization of the sensitizer
because it was shown that the photosensitizer localization in
cancer cells is related to its lipophilic or hydrophobic character®.
Consequently, we have detailed the aggregation process of
PPME and the consequences on its ROS production. The study
was carried out in ethanol, aqueous solutions of phosphate buffer
(PBS) but also in aqueous dispersion of small unilamellar
dimyristoyl-L-a-phosphatidylcholine (DMPC) vesicles. Indeed,
to enhance the efficacy of PDT, liposomes come into focus as a
valuable carrier and delivery system, particularly for
hydrophobic  photosensitizers®™.  Using  absorption  and
fluorescence spectroscopy, it was shown that PPME is in a
monomeric form in ethanol and liposomes but strongly
aggregated in PBS. We also studied by transient absorption
spectroscopy and electron spin resonance (ESR) associated with
the spin trapping method, the effect of the aggregation state of
the irradiated photosensitizer on its ROS production. Since
singlet oxygen is initially formed by energy transfer from the
excited triplet state of the photosensitizer to ground-state
oxygen, the triplet state properties of PPME were investigated
using by laser flash photolysis experiments in these three
solvents.

Materials and methods

1. Sample preparation

A stock solution of PPME (Sigma Belgium, 95 % purity) was
made in ethanol (50 uM) and kept in the dark at -20°C. PPME
aqueous solutions were prepared by dilution of this ethanolic

stock solution in such way that the final ethanol concentration
did not exceed 10 %, except for ESR measurements in which
case 20 % of ethanol was used. The sample was kept in the dark
at 25°C. To study 'O, production from irradiated PPME, we
used 9,10 dimethylanthracene (DMA), anthracene-9,10-
diproprionic acid (ADPA), sodium azide (NaNj3) and rose bengal
(RB) from Sigma. The ROS formation was monitored using 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO), sodium benzoate,
2,2,6,6-tetramethyl-4-piperidone  (4-oxo-TEMP), superoxide
dismutase (SOD, bovine erythrocytes) and desferrioxamine from
Sigma.

Unilamellar liposomes were prepared using an extrusion
procedure as described previously’'*2. DMPC (from Sigma) was
dissolved in chloroform (25mg/5ml, HPLC grade) and the
solution was evapored for 30 min. For ESR, PPME, n-doxyl
stearic acid spin probe (n-DSA) and DMA were dissolved with
lipids before evaporation. In that case, the evaporation time was
for 1h30 at least. Multilamellar vesicles (MLV) were prepared
by mechanical stirring (vortex mixer) of the lipid film suspended
in PBS (pH=7.00) at a temperature above 23.9°C, the DMPC
phase transition temperature. To improve incorporation of PPME
into liposomes, 5 cycles of freezing-unfreezing of the solution
were performed by plunging the solution into liquid nitrogen and
then into water at a temperature above the DMPC phase
transition temperature. Unilamellar liposomes were formed by
extrusion of the suspension through polycarbonate filters (0.1
pum pore size, Nucleopores, Pleasanton, CA) using a commercial
extruder apparatus thermostated at a temperature above the
phase-transition temperature of the phospholipids. The procedure
was repeated 10 times and induced unilamellar liposomes with a
mean size of about 90 nm diameter. Liposomes were prepared at
a lipid concentration of 7.4 mM. To remain in the aqueous core,
SOD and desferrioxamine was incorporated to the multilamellar
liposomes before the 5 cycles of freezing-unfreezing.

2. Determination of PPME incorporation limit in liposomes

In the presence of DMPC liposomes, PPME partition properties
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Fig.2 Influence of DMPC concentration on fluorescence emission of
PPME (2.5 uM) at 681 nm (at 26°C).

between lipid bilayers and water aqueous phase were monitored
by recording absorption and fluorescence spectra of selected
solutions made with various lipids concentrations at constant
PPME concentration. In general, incorporation of a dye in
liposomes led to an increase of the fluorescence intensity in
comparison with its intensity in aqueous solutions. This increase
was studied as a function of the lipid concentration at constant
PPME concentration (2.5 puM) in order to establish the ratio
between lipids and dye at which all PPME in suspension may be
considered as bound to liposomes®. Fig. 2 shows the evolution
of PPME fluorescence (2.5 pM, 26°C) at 681 nm in the presence
of increasing lipids concentrations. When the total lipid
concentration was increased above 0.34 mM, the emission
fluorescence reached a maximum corresponding to total PPME
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incorporation inside the liposomes. Under the present
experimental conditions, this corresponds to a lipid to PPME
ratio of 135 at 26°C.

3. Fluorescence, absorption measurements and electron spin
resonance spectroscopy

The absorption spectra were recorded using a Kontron double
beam spectrophotometer (Uvikon 941). The solutions were
placed in a quartz (Suprasil) cell (0.4 cm width x 1 cm path
length, Hellma, Belgium) except for PPME solutions in PBS
where the cell used had a 10 cm path length. The fluorescence
measurements were carried out on a SLM-Aminco 500
spectrofluorimeter (SLM instruments).

The ESR measurements were performed at 9.56 GHz with a
Bruker ESP 300E spectrometer equipped with a variable
temperature controler accessory locked at a constant temperature
above the DMPC transition temperature. Measurements were
performed by using a 50-G scan range at 20mW microwave
power and 1-G modulation amplitude for experiments with
liposomes and 2-G modulation amplitude for PBS experiments.
The solution was irradiated directly inside the microwave cavity
of the spectrometer.

The irradiation of the samples was realized in air using a
spotlight Pradovit RA 150 W (Leitz) with a cut-off filter which
eliminate light under 630 nm. The RB needed a 475 nm cut-off
filter.

The stearic acid spin labels were dissolved with DMPC in
chloroform before drying the solution under vacuum. The molar
ratio of label to lipid was 0.01 to ensure complete intercalation
of 5-, 7-, 12-, 16-DSA in the membrane™.

4. Nanosecond laser flash photolysis

Nanosecond absorption measurements were carried out using a
laser photolysis equipment described previously®>>°. Briefly, the
excitation source was a Q-switched Nd/YAG laser (Quantel YG
441) of 2 ns full width at half maximum with third harmonic
(355 nm) generation. The 355 nm beam was directed onto one
side of a square silica cell containing the sample. The variations
were monitored at right angles to the excitation in a crossbeam
arrangement using a xenon flash lamp, a monochromator, a
photomultiplier and a digitized oscilloscope interfaced with a
microcomputer. The time and the spectral resolutions of this
setup were 2 ns and 1 nm, respectively.

The triplet quantum yield of PPME was determined using a
comparative method®”*. In this method, anthracene in deaerated
cyclohexane was used as reference according to the following
equation :

PPME ,_Anthracene _Anthracene
PPME _ . Anthracene AAT (e “EF )
P

D - ( 1 )
T
AA Anthracene(aPPME SPPME)

where @A™ and OFPME are the triplet quantum yields for
anthracene and PPME, respectively, AA™"™ and AA"™ME
are the absorbance variations measured just after the laser pulse,
due to the formation of the triplet state for anthracene and PPME
respectively, e and e;"™E the res]gective triplet molar
extinction coefficients, e and ex M the respective
ground state molar extinction coefficients. This method of
determining quantum yields is valid if only a small fraction of
the molecules are excited so that the absorbance change obtained
remains linear with the laser energy’®. &"™F at 450 nm is
equal to 3300 M'em™! and ™™™ is equal to 0 at 422 nm, The

triplet quantum yield value of anthracene was taken as 0.71°"%,
5. Singlet oxygen production during PPME irradiation

To study the production and diffusion of 'O, generated by
photoexcited PPME, the oxidation of a specific 'O,-scavenging

agent, the substrate (A), was followed by absorption
spectroscopy. DMA was chosen for the experiments in ethanol
and liposomes and ADPA in PBS for solubilization reasons.

The absolute value of the singlet oxygen quantum yield of
PPME (®™™E(10,)) in homogeneous medium was calculated
using RB as standard (@®%8('0,) is 0.86 in ethanol). In the
presence of the substrate, 'O, generated by a photosensitizer
(Sens) upon continuous stationary irradiation undergoes several
decay processes®®*. According to literature®,

dla]

oo = Kg[A] and In[A]=In[A}) kgt 2)

With

1 r
kg =1D(10,)—L———
s =1 2)kd+(k,+kp)[A] ®)

where I is the light intensity absorbed by the photosensitizer, k, is
the rate constant of the substrate oxidation by 10,, kg, the rate
constant of singlet oxygen deactivation by the solvent and k;,, the
rate constant of 'O, physical quenching by A. In our
experiments, (k+kp)[A] may be negliged compared to kg. ki
became :

_ 1 kp
kS =1d( Oz)g 4)

®PPME(10,) can be obtained using the equation :

RB
Ksppme 1

PPME 1 RB /1
03] (0,)=07"(0,) . [PPVE 5)
s,

where I'® and I are the total light intensities absorbed by RB
and PPME respectively and kgrp or kg,ppyE are the slopes of the
kinetics of the substrate disappearance photosensitized by either
RB or PPME.

In DMPC liposomes, 'O, produced by photoexcited PPME
solubilized in the lipidic bilayer ([PPME] = 10°M, [liposomes] =
7.38 x 10°M), can diffuse through liposomes®. The technique
used to determine ®FME(O,) was the same than in
homogeneous solvents but the rate of 'O, deactivation by the
solvent, kg, was represented, taking into account the
heterogeneity of the environment™® by

kg =gMOkMO 1 gvk) ©6)

where kg™ and kq' are, respectively, the partial cor%lstoants for
'0, quenching in water and in the vesicle phase and g ,~ and g’
are the corresponding weighting factors related by

g0+ g'=1 (7

The rate of DMA photobleaching due to irradiation of the
photosensitizer in liposomes is given by :

dIDMA] _ v o('0,)1

dt k,[DMA]+ g0k 1 g vk

®)
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If the kinetics is first order, we can simplify the previous
equation

dIDMA]_ | ivag o('0y)I

—————2° _-K,DMA] (9)
dt gHZOkld{zO+gka

To determine the values of the weighting factors, isotopic
lifetime enhancement by solvent deuteration was used®. ®('0,)
in liposomes can be calculated in the same way than in

homogeneous solvent using ®"ME(10,) in ethanol as a reference
yield :
) PPME, lipo;PPME, ethanol, PPME, lipo
(DPPME, hpo(loz) KO 1 kd
@PPME ethanol (102) - KOPPME,ethanollPPME,lipokPPME,ethanol (10)
d
RESULTS

1. Aggregation process

At room temperature, pheophorbides are monomeric in organic
solvents® and aggregated in polar solvents particular in aqueous
solutions*'. This properties is of importance due to its relation
with  the hotodynamic  activity = of  hydrophobic
photosensitizers®™. It is thus of importance to detail the
aggregation properties of PPME. The experiments have been
undertaken in three different medium ethanol, aqueous solutions
of phosphate buffer and DMPC liposomes.

The absorption spectrum of PPME in ethanol is typical of
pyropheophorbides** with two main absorption bands centred at
410 nm (molar extinction coefficient 97000 M lem™) and 666
nm (molar extinction coefficient 48000 Mcm™) and three
weaker peaks with maxima at 508, 538 and 609 nm respectively
(Fig. 3A). PPME solutions in ethanol followed the Beer-Lambert
law up to 50 uM, revealing that PPME is monomeric under such
conditions**. PPME has a fluorescence maximum in ethanol at
676 nm (Fig. 3B). The fluorescence spectra of PPME in PBS and
DMPC liposomes are similar to that in ethanol but with a 5 nm
red shift.

The shape of the absorption spectrum of PPME in PBS depended
on the photosensitizer concentration. By comparison with the
PPME aborption spectrum in ethanol, both an absorption
decrease, a spectral broadening and a bathochromic shift of the
PPME absorption bands were observed. These changes were
assigned to aggregates formation, which was confirmed by the
strong quenching of the dye fluorescence.

The increase of a lipid concentration ranging from 0 mM to 0.34
mM for a constant PPME concentration of 2.5 uM induced a red
shift of the absorption spectra peak at 668 nm towards 672 nm
(data not shown). In a vesicle suspension, in which all drug
molecules were bound to the bilayers, the addition of
photosensitizer-unbound molecules resulted in a spectrum which
was the superposition of PPME spectrum in water and PPME
spectrum in DMPC liposomes. Above 0.34 mM lipid
concentration, no further shift was observed. Under these
conditions, PPME (2 uM) in DMPC liposomes (0.5 mM),
represented in Fig.3A, was completely incorporated in the
bilayer. The shape of this absorption spectrum did not vary with
PPME concentrations in the range 0.5 uM-3.5 uM at a constant
lipid concentration of 0.5 mM revealing that PPME was also
under a single form in liposomes, with a molar extinction
coefficient of 41000 M'em™ % 10 % at 672 nm. The shape of the
absorption spectrum was similar that in ethanol (Fig. 3A) with
only a red shift of 6 nm of the different peaks.
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Fig.3 A) Absorption spectra of PPME (2 uM) in ethanol, phosphate
buffer (pH=7.00) and liposomes. B) Absorption spectra of PPME in PBS
at different concentrations. C) Fluorescence spectra of PPME (2 uM) in
ethanol, liposomes and PBS.



CREATED USING THE RSC ARTICLE TEMPLATE - SEE WWW.RSC.ORG/ELECTRONICFILES FOR FURTHER DETAILS

2. PPME localization in liposomes

In order to compare the rates of n-DSA ESR signal decay in a
homogeneous solvent due to PPME irradiation, four spin-labeled
stearic acids having their nitroxyl group at various positions (Cs,
C;, Cyn, Cy6) among the carbon chain were used. In the bilayers,
the four spin labels were oriented with their long axes parallel to
the phospholipid chains yielding informations on the
environment of the Cs, C;, Cy,, Ci¢ carbon respectively. The
interaction between PPME and n-DSA was first examined in
ethanol. The ESR spectra of the stearic acid spin probes
dissolved in ethanol consisted of three symmetric absorption
lines (data not shown). In a Nj-saturated ethanol solution
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containing 50 uM PPME and 70 uM n-DSA, the irradiation of
the solution caused a slow decrease of the amplitude of the ESR
signal. The decay rate was first order and was dependent on
PPME concentration. No variation of the n-DSA signal
amplitude was observed in the absence of PPME or irradiation.
PPME can thus transfer an electron to n-DSA whose ESR signal
decreased®. The amplitude of the ESR signal decay was the
same for all n-DSA.

The ESR signal amplitude of n-DSA incorporated in liposomes
disappeared by irradiation in the presence of PPME (Figure 4).
The rates of the process followed first order kinetics and in the
order : 7-DSA>12-DSA>5-DSA>16-DSA. Like in ethanol,
PPME transfered an electron to n-DSA as well on 5, 7, 12 or 16
carbon. Fig. 4 shows that PPME is completely localized in the
liposomes bilayer whatever depths™*.

3. Reactive Oxygen Species (ROS) production

To characterize the production of free radicals following the
irradiation of PPME in liposomes and PBS, the ESR spin
trapping technique was used*’. DMPO was chosen as a spin trap.
Irradiation of PPME in liposomes with red light (A>650 nm) in
the presence of DMPO (50 mM) produced a four — line ESR
spectrum with hyperfine splittings (@~ = a = 149 G)
characteristic of the DMPO-OH spin adduct (Fig.5A). No
signal was observed without irradiation.

The addition of 0.1 M sodium benzoate, hydroxyl rgdical ("OH)
quencher, abolished the ESR signal of DMPO-OH adduct (75
% of reduction) as shown on Fig 5A. The addition of water
soluble ADPA, an 'O, quencher, led also to a signal reduction
but only of 16%. The use of 0.6 mM DMA ('O, quencher, inside
liposomes) led to 10 % reduction of the ESR signal. Moreover,
in presence of sodium benzoate (0.1 M), ADPA (7.5 uM) and
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Fig.5 A) ESR spectra of a 10 uM solution of PPME in presence of DMPO
(50 mM) in DMPC liposomes: a. before irradiation, b. after 6 min
irradiation, c. after 6 min irradiation in presence of sodium benzoate (0.1
M), d. after 6 min irradiation in presence of ADPA (75 uM), e. after 6 min
irradiation in presence of sodium benzoate (0.1 M), ADPA (75 uM) and
DMA (0.6 mM), f. after 6 min irradiation in presence of SOD (200U/ml), g.
after 6 min irradiation in presence of desferrioxamine (500 uM). B) ESR
spectra of a 10 pM solution of PPME in presence of DMPO (50 mM) in
phosphate buffer pH 7: ethanol mixture (80%:20%) : a. in the absence of
irradiation, b. after 6 min irradiation, c. after 6 min irradiation in presence
of sodium benzoate (0.5 M).



CREATED USING THE RSC ARTICLE TEMPLATE - SEE WWW.RSC.ORG/ELECTRONICFILES FOR FURTHER DETAILS

DMA (0.6 mM,) no ESR signal was observed. The addition of
SOD (a specific O,” scavenger, 200 U/ml) and desferrioxamine
(a highly Fe** chelator, 0.5 mM) to the solution before the 5
cycles of freezing-unfreezing induced strong decrease of the
signal (around 75 %, data not shown).

As shown in Fig. 5B, a typical ESR spectrum of DMPO-
hydroxyethyl radical adducts (a~ = 15.8 G, a" = 22.8 G) was
obtained after PPME irradiation for 6 min in phosphate buffer
pH 7 in presence of 20 % of ethanol and 50 mM of DMPO.
Adding 0.5 M sodium benzoate, SOD (200 U/ ml) or
desferrioxamine decreased the ESR signal intensity. Moreover,
the irradiation of PPME for 10 min in phosphate buffer pH 7 in
the presence of 20 % of ethanol and 10 mM of 4-oxo-TEMP, a
specific 'O, spin trap, abolished the ESR signal (data not
shown). The ESR error was estimated about 10 %.

4. Singlet oxygen production during PPME irradiation

The value of singlet oxygen quantum yield (& ('0,)) was
determined in ethanol, liposomes and PBS. The 'O,-scavenger
used was DMA for solubilization in ethanol and DMPC
ligosomes and ADPA for PBS solutions.

®PMEC0,) in ethanol was obtained by comparing the decay
slopes of DMA in the presence of Ehotoexcited PPME to the
decay slope in the presence of RB* (Fig.6A) as described in
section Materials and methods. The kinetics was of first order
(Fig. 6A) confirming that 'O, is predominantly deactived by the
solvent. The ®"ME('0,) was found to be 0.2 (with a relative
error of 10%).

In order to ascertain that DMA absorbance decay during PPME
irradiation was only due to the reaction of DMA with '0,, NaNj,
another 102 quencher, was added to the solution of PPME and
DMA. The ratio of the rate constant of DMA disappearance with
or without NaNj;, named respectively k and k’, followed the
Stern-Volmer equation :

k kN

]

Complete quenching was observed for a NaN; concentration of 8
mM (data not shown) and the rate constant ky of the reaction
between NaN; and 'O, was found to be 1.5 x 10> M'em’, a
value in agreement with the value found in the literature (2.2 x
108 m's Y™,

The incorporation of a photosensitizer in the lipidic bilayer of
liposomes enhanced the singlet oxygen quantum yield®.
Because of diffusion, the rate of 'O, deactivation by the solvent ,
kg, must take into account the heterogeneity of the
environment®™*S, To find g"° and g", we changed the nature of
the solvent to induce a variation of the isotopic lifetime®.
Phosphate buffer was replaced by deuterium oxide (D,O, Fig.
6B). The ratio of the rates of DMA destruction in H,O and D,0
was measured to be equal 2.8. This experimental value can be
related to the weighting factor by the equation :

gHZOk(liDZO +gvk(‘{ ~

g

=28 (12)
HzOk(l;IZO 4 gvk&/

where k"°=2.5x10°s!, k' =4 x 10*s™, 4 k,PP=1.8 x 10* s
Taking into account that g™° + g'=1, it can be found that g™
=0.28 and g'=0.72. This value is characteristic of a
photosensitiser embedded in the lipidic bilayer.

In the same way than in ethanol, the addition of NaNj, in the
aqueous solution outside liposomes, quenched the DMA
consumption (data not shown).
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Fig.6 A. Evolution in ethanol of DMA absorbance at 398 nm in the presence
of photoexcited PPME (e) and in the presence of photoexcited RB (m). B.
Evolution of DMA absorbance at 402 nm in the presence of photoexcited
PPME embedded in liposomes and solubilized in phosphate buffer pH 7 (e)
and in deuterium oxide (m). C. Evolution of DMA absorbance at 402 nm in
presence of photoexcited PPME in ethanol (e) and liposomes (m). [DMA] =
0.6 mM, [PPME] = 10 uM, [liposomes] = 7.38 mM.

Fig. 6C shows the loss of absorbance of DMA at 402 nm during
the photosensitizing reaction mediated by PPME bound to
liposomes and irradiated above 460 nm. The OME (10,) in
DMPC liposomes was found to be 0.13 using OME (10,) in
ethanol as a standard.

The irradiation of PPME in phosphate buffer did not modify the
ADPA absorption spectrum (data not shown). We conclude that
PPME in phosphate buffer did not produce any 'O,.

5. Laser flash photolysis study of PPME triplet state

Laser flash photolysis of PPME in argon-flushed ethanol or
water solutions was used to detect the tripet-state formation of
the chromophore. The PPME was excited into Soret band at 355
nm.

Fig. 7A and 7C show respectively the differential absorption
(AA) spectra of PPME in ethanol and DMPC liposomes recorded
at the end of a laser pulse under anaerobic conditions. At any
wavelength, the time evolution of the absorbance changes was
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monoexponential with lifetime of 35 ps in ethanol and 15 ps in
liposomes respectively.

While only triplet state was formed, the following technique was
used. The dependence of the transient signal at 450 nm on the
laser energy was linear up to an incident fluence of 4 mJem™ in
ethanol and 10 mJem™ in liposomes. The monomeric character
of the transient signal observed led us to assign this transient to
the triplet state of PPME. This assignment was confirmed by the
efficient quenching of the transient absorption in presence of
oxygen with a rate constant controlled by the diffusion.

The triplet state absorption spectrum of PPME was determined
by the approximation method described in X. Damoiseau and
al¥’ using A;=AA+aA, with Ar, the triplet state absorbance ; A,
the ground state absorbance and o the fraction of ground state
molecules coverted into triplet at time t. For different values of a
tried, the resulting absolute absorption spectrum of the triplet
was compared with that of the ground state of the dye. Under the
assumption that the triplet absorption spectrum must be positive
and different from that of the ground state, acceptable o values
were found around 0.55 for PPME in ethanol and around 0.45
for PPME encapsulated in liposomes. Under these conditions,
the triplet absorption coefficients of the dye were estimated with
a relative error of 20 %. The triplet-state spectrum of PPME was
characterized by two maxima at 390 nm and 660 nm for ethanol
(Fig. 7B) and only one maximum at 390 nm for PPME in DMPC
liposomes (Fig. 7D).

To determine ®1"*™, the triplet absorption of anthracene and
PPME were monitored at 422 and 450 nm, respectively, their
maxima corresponding to triplet excitation coefficient of 64700
M lem™ for anthacene and 14600 M'cm™ for PPME in ethanol.
The triplet quantum yields of PPME, determined using a
comparative methods®*, were found to be 0.23 in ethanol and
0.15 in DMPC liposomes. No triplet state formation was
observed by laser flash photolysis when PPME is solubilized in
aqueous solution.

DISCUSSION

The photochemical properties of a photosensitizer, especially its

absorption spectrum and its aggregation state, the efficiency of
intersystem crossing to the triplet state and the quantum yield of
10, influence the success of PDT> %,

The aggregation process is, as greviously observed for other
sensitizers like Bacteriochlorin a*’, associated with a decrease of
singlet oxygen production. For PPME, ®('0,) was about 0.2 in
ethanol and 0.13 in liposomes while in PBS, where the dye was
stongly aggregated, there was no detectable production of 'O,.
These results with singlet oxygen are consistent with the ®r
results (Pp was 0.23 and 0.15 respectively in ethanol and
liposomes) and allow to conclude that almost all PPME triplet
molecules reacted with oxygen to form singlet oxygen. This is a
great advantage compared to other sensitizers like
haematoporphyrin®’. Indeed, haematoporphyrin is characterized
by @ = 0.63, a value much higher than that obtained for PPME
but (*0,) was only of 0.32 in H,O. Moreover, we have shown
that the 'O, production was improved in liposomes by
comparison with aqueous solutions. This result is an important
indication for PDT since 'O, is probably the main ROS involved
in the mechanism of cell killing.

The ESR spin adduct generated by photoexcited PPME in
liposomes and DMPO can be attributed to the DMPO-OH spin
adduct. However, there are a number of potential sources for this
signal other than freely diffusing OH' trapping by
DMPO* .Competition experiments must be carried out to choose
between :

DMPO + 03" — DMPO-"OOH (lifetime of the adduct 66 s)
lk=10"M"s" (13)
DMPO-"OH + OH"

DMPO + OH® — DMPO-OH"* (14)

DMPO+'0, — [DMPO-'0,] - DMPO—-OH" + OH"

(15)
k=1.8x10"M s
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Fig.7 A) Differential absorption spectrum of an anaerobic PPME solution in ethanol (20 uM) at the end of the laser pulse. B)
Ground-state (-) and calculated tripet-state (dotted line) absorption spectra of PPME in ethanol (20 uM). C) Differential
absorption spectrum of an anaerobic PPME solution in liposomes (10 uM) at the end of the laser pulse. D) Ground-state (-)
and calculated tripet-state (dotted line) absorption spectra of PPME in liposomes (10 uM), [DMPC] = 7.376 x 10°M.
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Competition experiments performed with sodium benzoate, an
OH'’ scavenger, showed that 74 % of the DMPO-OH spin adduct
signal observed in liposomes was due to trapping of OH’. The
use of 'O, quenchers like ADPA and DMA showed that the
remaining part of the signal must be attributed to the formation
of a complex between 'O, and DMPO and its subsequent decay
to DMPO- OH’ and free OH". This latter result is in good
agreement with the absorption measurements which show a non
negligible 'O, production by photoexcited PPME in liposomes.
Our ESR results in PBS confirmed the absence of 'O,
production. Indeed, no Tempo signal resulting from the reaction
between 'O, and Temp was observed. The only ESR signal
observed was attributed to hydroxyethyl radicals resulting from
the reaction of hydroxyl radicals and ethanol when DMPO was
added to the PPME solution. It completely disappeared when
sodium benzoate was added to the solution. This signal can be
attributed to OH" production after visible irradiation of PPME.
Indeed, OH" reacted with the ethanol present in the solution to
form the hydroxyethyl radicals and then the corresponding
DMPO adduct.

PPME like other pheophorbides a is characterized by an intense
So—S; electronic transition around 660 nm, where the
penetration depth of light into tissues is higher than at 630 nm
(iradiation wavelength used in PDT with photofrin). Contrary to
PPME, other monomeric derivatives of chlorophyll a and
pheophorbides a has a ®('0,) about 0.6%7. The weak value of
the ®(*0,) of PPME is probably due to OH" formed from PPME
photoexcited perharps in its singlet state. Indeed, the mechanism
of OH" generation from photoexcited PPME could be the
following because the SOD and desferrioxamine added to the
solution reduced the ESR spectra of DMPO-OH’ adducts (Haber-
Weiss mechanism).

PPME" + O, 5PPME * + O,

202r +2H" > H202+02
(16)
F63++ 02"—>Fez++02

Fe?* + H,0,— Fe * + OH + OH’

Therefore, PPME does not act simply as a type Il sensitizer.
Moreover, Matroule et al'? have indicated that, in the case of
PPME, 'O, was not the only species responsible for cell death.
According to these authors, other ROS than 'O, are probably
implicated in the apoptosis mechanism. Our ESR spin-trapping
experiments showed unambiguously that photoexcited PPME
was able to produce both OH" and O,

With regard to the essential role of ROS in PDT, this
improvement of OH" and 'O, formation is a potentially useful
information for enhancing the therapeutic applications of PPME.
Solubilization of PPME in liposomes inducing monomerization
might be a way to improve its efficacy in PDT.
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ABBREVIATIONS

ADPA, anthracene-9,10-diproprionic acid ; DMA, 9,10
dimethylanthracene; DMPC, dimyristoyl-L-a-
phosphatidylcholine ; DMPO, 5,5-dimethyl-1-pyrroline-N-oxide
; DSA, n-doxyl stearic acids ; ESR, electron spin resonance ;
NaNj3, sodium azide ; l02, singlet oxygen ; O,”, superoxide

anion ; OH’, hydroxyl radical ; 4-0xo-TEMP, 2,2,6,6-
tetramethyl-4-piperidone ; PBS, phosphate buffer ; PDT,
photodynamic therapy ; PPME, pyropheophorbide-a methyl ester
; RB, Rose Bengal ; ROS, reactive oxygen species ; SOD,
superoxide dismutase ; @ ('O,), oxygen quantum yield ; O,
triplet state quantum yield.
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