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bstract

A photosensitizer is defined as a chemical entity able to induce, under light-irradiation effect, a chemical or physical alteration of another chemical
ntity. Thanks to their preferential retention in proliferating tissues, some photosensitizers are therapeutically used such as in photodynamic therapy
PDT). Besides, this method has already been approved for several indications. The selectivity of photosenzitizers for cells in proliferation involves
oth their association with low density lipoproteins (LDLs) and their ability to cross membranes under various pH conditions. The photosensitizers
sed are in most cases based on the porphyrin structure, but other compounds, of which far-red-light absorption properties are most compatible
ith biological tissues irradiation, have been developed, such as phthalocyanines. This paper presents physico-chemical studies of the interaction
f a disulfonated aluminium phthalocyanine (AlPcS2) with human LDLs. The data obtained are compared with the parameters of the interaction
f these lipoproteins with deuteroporphyrin (DP) and chlorin e6 (Ce6). A close attention is paid to the dynamic aspects of these phenomena.
he data obtained on these simple systems then allowed us to interpret the sub-cellular localization of the photosensitizers on a human line of
broblasts, and to evaluate the influence of LDLs on the intracellular distribution of the compounds. This last point is of major importance because
he localization of such photosensitizers (in particular AlPcS2) in endocytic vesicles and their subsequent ability to induce a release of the contents
f these vesicles – including externally added macromolecules – into the cytosol is the basis for a recent method for macromolecule activation,
amed photochemical internalization (PCI). PCI has been shown to potentiate the biological activity of a large variety of macromolecules. The
omprehension of the mechanisms governing this particular sub-cellular localization could allow the design of better candidates for PCI.

2007 Elsevier B.V. All rights reserved.
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. Introduction

With major advances in biotechnology, a variety of
acromolecular therapeutic agents based on poly-nucleic or

oly-amino acids has emerged as a powerful class of drugs
hat can provide solutions to many patho-physiological prob-
ems in medicine. Such therapeutic agents possess an enormous
otential to complement or replace conventional pharmaceutical
herapies that have been based traditionally on low molecu-

ar weight drugs. Their efficacy, however, requires appropriate
elivery systems. Indeed, while they can quite easily reach
xtracellular targets, their great difficulty in reaching their intra-
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ellular targets severely limit the use of such molecules. In
articular, the degradation of macromolecules in endocytic vesi-
les after their uptake by endocytosis is a major intracellular
arrier for the therapeutic application of macromolecules hav-
ng intracellular targets (Barbieri et al., 1993; Wu, 1997; Zabner
t al., 1995). A new interesting approach for inducing the
elease of molecules from endocytic vesicles, based on the
hotodynamic destabilisation of their membrane, is called pho-
ochemical internalisation (PCI) (Berg et al., 1999, 2003; Selbo
t al., 2001). The photodynamic effects are initiated by the
bsorption of light by a photosensitizer. This process leads a non-
oxic molecule (photosensitizer) to produce short-lived reactive
pecies, such as singlet oxygen or free radicals, under light exci-

ation (Fig. 1). Owing to their brief lifetime, these active species
iffuse less than 0.1 �m in a biological environment. Conse-
uently, they can damage biomolecules only in the vicinity of the
hotosensitizer.

mailto:bonneau@mnhn.fr
dx.doi.org/10.1016/j.ijpharm.2007.06.019
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Fig. 1. Photodynamic processes: the Jablonski diagram shows the electronic
states following absorption of light by a photosensitizer. The arrows represent
the different processes (absorbtion: Abs.; fluorescence: Fluo.; phosphorescence:
Phospho.; vibrational relaxation: V.R.). The excited singlet states of the photo-
sensitizer are S1, S2, . . ., and the triplet state (T1) is obtained after intersystem
crossing (ISC). The photochemical reaction pathways occur from the triplet
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tate of a photosensitizer. Two reaction types are involved: a type I mechanism
nvolving electron or hydrogen atom transfer from one molecule to the other and
type II mechanism involving energy transfer to molecular oxygen.

.1. Photosensitizers, selectivity and photodynamic therapy
PDT)

The preferential retention of certain photosensitizers by
umors, as compared to normal surrounding tissues, has been
ecognized for many years. This specificity and the ability of
hese molecules to generate very-short-lived toxic species upon
ight irradiation are the basis of an anti-tumoral therapy, the
hotodynamic therapy (PDT) (Dougherty et al., 1998; Spikes,
982). The light-induced molecular damage leads to the targeted
ell’s death. Only subcellular structures labeled by the photosen-
itizer are primarily damaged by the photodynamic processes.
he intracellular localization of photosensitizers has thus a large

nfluence on PDT effects, is well correlated with the phototox-
city and determines the mechanism of cell death (Hsieh et al.,
003; Kessel et al., 1997).

The mechanisms enhancing the retention of medically used
hotosensitizers are not fully clear, but some properties of the

roliferating tissue seem to be of importance. The accumulation
f photosensitizers may be favoured by the high number of LDL-
eceptors and/or by the low interstitial pH of targeted tissues
Gullino et al., 1965; Tannock and Rotin, 1989). Indeed, on the
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Fig. 2. Structures of disulfonated aluminum phthalocy
f Pharmaceutics 344 (2007) 78–87 79

ne hand, photosensitizers possess a high affinity for low-density
ipoproteins (LDL) and the increased cholesterol catabolism of
roliferating tissues leads to over-expression of LDL-receptors
Gal et al., 1981; Vitols et al., 1992). Hence, LDL could be
atural carriers of photosensitizers and insure their targeting
o tumor cells (Bonneau et al., 2002, 2004; Jori et al., 1984;

ojzisova et al., 2007; Silva et al., 2006). On the other hand,
he tumor microenvironment, in particular the slightly acid pH
f tumor extracellular medium could play an important role by
overning the physico-chemical properties of photosensitizers
Cunderlikova et al., 1999, 2000). The importance of both these
echanisms is supported by the correlation established between

he accumulation of photosensitizers in tumors and their struc-
ure, in particular their lipophilic character, the distribution of
heir polar and hydrophobic chains around the macrocycle and
he electric charges of these chains (Ball et al., 1999; Boyle and
olphin, 1996; Henderson et al., 1997).
In a recent period, PDT benefits from the development of

aser and optical fibers and is now an established procedure for
he treatment of some cancers (Dougherty et al., 1998; Pass,
993). A first preparation, based on porphyrins, Photofrin®,
as been approved since 1995 to treat some cancers. One of
he disadvantages of such first-generation photosensitizers is
heir absorbance properties in a spectral-range where light is
ighly attenuated by tissues. A second generation of photo-
ensitizers is being developed with improved light absorption
n the red region (Boyle and Dolphin, 1996). Thus, molecules
ith larger macrocycle such as phthalocyanines have been

ynthetized. In parallel, PDT has found new applications to
reat ophthalmic diseases (Ackroyd et al., 2001; Levy and
bochi, 1996). Most of therapeutically used photosensitizers
ave heterocyclic or porphyrin-like ring structures with conju-
ated double bonds (Moan et al., 1979; Niedre et al., 2003).
n this paper, we will focus on three representative tetrapyrrol
hotosensitizers belonging to the major classes of medically
sed drugs: deuteroporphyrin, disulfonated aluminum phthalo-
yanine and chlorin e6 (Fig. 2). All these three molecules are
mphiphilic with an asymmetrical repartition of the charged lat-
ral chains. The charges of the porphyrin and of the chlorin

an be neutralized, whereas those of the phthalocyanine can-
ot. The chlorin presents one more charge than the porphyrin,
nd the macrocycle of the phthalocyanine is larger than the
thers.

anine (a), clorin e6 (b) and deuteroporphyrin (c).
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.2. Photosensitizers, selectivity and photochemical
nternalization (PCI)

The sub-cellular localization of photosensitizers is also of
ajor importance for PCI applications. Indeed, PCI is based

pon the light activation of a photosensitizer specifically located
n the membrane of endocytic vesicles inducing the destabiliza-
ion of these membranes (Dietze et al., 2006; Engesaeter et al.,
006). Thereby endocytosed molecules can be released to reach
heir target before being degraded in lysosomes. Of course, the

ost important constraint of the PCI technology is that the other
rganelles must not be affected. The cell’s death must not be
nduced and the sub-cellular localization of the photosensitizer
nd the light irradiation intensity must thus be controlled. It
hould be noted that a light-induced effect means that the bio-
ogical activity of the photosensitizers can be triggered at specific
ites in the body, simply by illuminating the relevant areas.

The present work aims at studying the interaction of a
hotosensitizer utilized for PCI, the disulfonated aluminium
hthalocyanine, with LDL. The physico-chemical parameters
re compared with those obtained for deuteroporphyrin and
hlorin e6 and the LDL-delivery influence on photosensitiz-
rs’ cellular distribution is evaluated. A particular focus is given
o the kinetics of these interactions in order to apprehend the
ossible influence of the tumor microenvironment.

. Materials and methods

.1. Chemicals

All the experiments were carried out at pH 7.4 in phosphate
uffer saline (PBS 20 mM Na2HPO4, KH2PO4, 150 mM NaCl).
isulfonated aluminum phthalocyanine (AlPcS2, Fig. 2a) was
repared and characterized as described elsewhere (Ambroz et
l., 1991; Bishop et al., 1993). The cis-isomer, i.e. the �,�-
isubstituted regioisomer with the sulfonated groups on adjacent
soindole units, was isolated using reverse phase HPLC. Chlo-
in e6 (Ce6, Fig. 2b) was purchased from Porphyrin Products,
ogan (UT, USA). Deuteroporphyrin (DP, Fig. 2c) was prepared
s described previously (Brault et al., 1986). The photosensitizer
olutions were handled in the dark to avoid any photobleaching.

Human low density lipoproteins (LDLs) were purchased
rom Calbiochem (San Diego, CA, USA). They were condi-
ioned at a concentration of 9.52 mg/ml (protein content) in
50 mM NaCl pH 7.4 aqueous solution with 0.01% EDTA.
uman serum albumin (HSA) essentially fatty acid free was
urchased from Sigma (Saint Louis, Missouri, USA), and stored
t 4 ◦C.

.2. Steady state fluorescence measurements

Emission and excitation fluorescence spectra were recorded
t 20 ◦C using an Aminco-Bowman 2 spectrofluorimeter (Edi-

on, NJ). Recording was generally started 2 min after the
reparation of the solutions under study. Data were fitted by
sing the Kaleidagraph software (Synergy Software, Reading,
A). The Levenberg–Marquard algorithm was used for non-

o
(
t

f Pharmaceutics 344 (2007) 78–87

inear curve fitting. The Mathcad software (Mathsoft, Inc.,
ambridge, MA) was used for numerical simulations of phthalo-
yanine binding to LDL.

.3. Kinetic measurements

.3.1. Stopped-flow apparatus
The kinetics measurements were performed at 20 ◦C by using

n Applied Photophysics (Leatherhead, UK) stopped-flow appa-
atus with mixing time of 1.2 ms. The mixing ratio was 1/1.
he excitation light provided by a 150 W xenon arc lamp was
assed through a monochromator with slits generally set to give
bandwidth of 4.65 nm. Fluorescence emission was collected

sing a low-cut filter (Oriel, France). The fluorescence signal
as fed into a RISC workstation (Acorn Computers, UK) and

nalyzed using the software provided by the manufacturer. Slow
inetics measurements were performed by the Aminco Bowman
pectrofluorimeter.

.3.2. Theoretical models
Experimental results led us to consider two classes of photo-

ensitizers bound to LDLs (defined as “class P” and “class L”).
ccording to our experimental conditions (LDLs in excess), the
seudo-first-order approximation was assumed. Also, the two
inding classes are considered to be independent.

F + LDL
kaP
�
kdP

PP

F + LDL
kaL
�
kdL

PL

The photosensitizer is designed by P. The constants kaP and
dP correspond to the association and dissociation rate constants
or the “class P” (apoprotein) sites, kaL and kdL are those for
hotosensitizer binding to the lipid phase (“class L”). PF stands
or the free photosensitizer in aqueous solution.

The set of differential equations describing the system is:

dPF

dt
= kdLPL + kdPPP − (k′

aL + k′
aP)PF (1a)

dPL

dt
= k′

aLPF − kdLPL (1b)

dPP

dt
= k′

aPPF − kdPPP (1c)

here k′
aP and k′

aL are apparent association rate constants as
unctions of the LDL concentration according to:

′
aL = kaL × LDL

′
aP = kaP × LDL
The model describing the DP-LDL association is based
n approximations which have been fully described elsewhere
Bonneau et al., 2002) but cannot be extended here. For associa-
ion of AlPcS2 to LDL, a bi-exponential signal is thus expected,
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ccording to the following equation:

F = A0 − A1 × exp(−k1 × t) − A2 × exp(−k2 × t) (2a)

The rate constants k1 and k2 (abbreviated k1,2) are:

1,2=1

2

[∑
k ±

√
(
∑

k)
2−4(kdPkdL + k′

aLkdP+k′
aPkdL)

]
(2b)

here

k = kdP + k′
aP + kdL + k′

aL

The amplitudes of the different terms are:

0 = PF(t=0)
kd1kd2

k1k2

1 = PF(t=0)
(k1)2 − k1(kdP + kdL) + kdPkdL

k1(k2 − k1)

2 = PF(t=0)
(k2)2 − k2(kdP + kdL) + kdPkdL

k2(k1 − k2)

The amplitude ratio is given by:

A2

A1
= (k2)2 − k2(kdP + kdL) + kdPkdL

(k1)2 − k1(kdP + kdL) + kdPkdL
(3)

In addition, in our previous paper (Bonneau et al., 2002) we
ave designed a method based on the transfer of photosensi-
izers from LDL to HSA allowing further estimate of the rate
onstants. The transfer of the photosensitizers from preloaded
DL to HSA was assumed to occur via the aqueous phase. The
xpected experimental signal is a bi-exponential, giving a direct
ccess to the dissociation rate constants from “class P” and “class
” binding:

1 = kdP (4a)

2 = kdL (4b)

.3.3. Analysis of the kinetics data
The analysis of the experimental bi-exponential curves (direct

ssociation of P to LDLand P transfer from LDL to HSA) using
he software provided by the manufacturer gives access to the
xperimental rate constants. Eqs. (4a) and (4b) give two possible
ttributions for kdP and kdL values. Data obtained for the direct
ssociation were then fitted (by Eq. (2b)) according with these
wo possible attributions of kdP and kdL. It is to be noted that
he Eq. (2b) has an important number of unknown parameters
kaP, kdP, kaL and kdL) that must be reduced to permit a significant
on-linear regression. Thus, to reduce the degree of freedom, the
wo values attributed to kaP and kdP (or the inverse) have to be
nown. The study of the kinetics of the transfer from preloaded

DL to HSA has to be performed before the analysis of the P-
DL association data. The association rate constants were thus
ttributed, and the ambiguity for dissociation rate constants has
een solved by the fact that one of the two possible attributions

m

l
w
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roved to be incompatible with our experimental results (see
ection 3).

To further sustain the above models and the approximations
ade to analyze data, the kinetics of the interactions of the por-

hyrin with LDLs and the kinetics of the transfer of the porphyrin
rom LDLs to albumin were simulated by using the Mathcad
athematical software. The program involves the original set

f differential equations without any assumptions and does not
resuppose pseudo-first-order conditions.

.4. Cell culture and experiments

.4.1. Cell culture and treatments
Cells from the human fibroblast cell line HS68 were grown

t 37 ◦C in DMEM (Dulbecco’s Minimum Eagle Medium) sup-
lemented with 10% fetal calf serum (FCS) and 100 U/mol
enicillin/Streptomycin in a fully humidified atmosphere of 5%
02 in air. The cells were passaged every 6 days and used
etween the 13th and the 19th passages.

For the microscopy experiments, the cells were seeded at
0,000 cells/ml on a 0.17 mm thick cover glass 48 h before exper-
ments. Then, the cover glass was washed with Hank’s balanced
alt solution (HBSS) and the cells incubated with the photo-
ensitizer in the same medium for 15 min at 37 ◦C. For each
hotosensitizer (AlPcS2, Ce6 or DP), two different types of
xperiments were performed: the photosensitizers were used
lone or preloaded on LDL. In the second experiment series,
he photosensitizers were first incubated with LDL for 15 min.
s inferred from the kinetics experiments described in Section 3,

his time is sufficient to achieve loading of LDLs with the photo-
ensitizers. A third series, used as control, involved experiments
arried out by using the same protocol but without photosensi-
izer. In all cases, after incubation, the cells were washed twice
ith HBSS.

.4.2. Fluorescence microscopy
Microscope experiments were made by using a Nikon Eclipse

E 300 DV inverted microscope with an 100× oil objective.
ppropriate fluorescence emission filters were used. Image

cquisition was obtained with a back-illuminated cooled detec-
or (CCD EEV: NTE/CCD-1024-EB, Roper Scientific, France).
ata acquisition, processing and analysis were performed with
etamorph software, supplied by Universal Imaging Corpora-

ion (Roper Scientific, France).
After cell treatments, the red fluorescence emission of

he photosensitizers was collected through a bandpass filter
645 ± 75 nm, Omega). A bandpass filter (330–380 nm) and
dichroic mirror at 400 nm were used for excitation. For all

he experiments, this wavelength range was found to provide
ufficient emission signals for photosensitizers as well as for
he organelle-specific probe LysoTracker® green (Molecular
robes). This makes it possible to excite the photosensitizer
nd the organelle probe without changing the excitation set-up,

inimizing the delay between fluorescence image acquisitions.
In the cases where LysoTracker® green was used to check

ysosomal localization of the photosensitizer, the samples were
ashed twice and incubated 30 min with LysoTracker® green
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Table 1
Affinity constants of the deuteroporphyrin, the chlorin e6 and the disulfonated phthalocyanine for LDL

nP KPi KP KL

Deuteroporphyrin (DP)
4 (8.8 ± 0.2) × 107 M−1 (3.5 ± 0.8) × 108 M−1a (2.3 ± 0.4) × 108 M−1

KLDL

(5.8 ± 1.2) × 108 M−1

Disulfonated aluminium phthalocyanine (AlPcS2)
5 (1.2 ± 0.2) × 107 M−1 (5.9 ± 1.0) × 107 M−1a (4.3 ± 0.3) × 106 M−1

KLDL

(6.3 ± 1.3) × 107 M−1

Clorin e6 (Ce6)
10 (5.0 ± 0.6) × 106 M−1 (5.0 ± 0.6) × 107 M−1a (7.0 ± 0.4) × 106 M−1

KLDL

(5.7 ± 1.0) × 107 M−1

D onneau et al., 2002) and those for the Ce6-LDL interaction from (Mojzisova et al.,
2 e present study.
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Fig. 3. Association of disulfonated aluminium phthalocyanine to LDL. (a)
Quantification of the overall association (“class P” and “class L”) by follow-
ata for the interactions between deuteroporphyrin and LDL are taken from (B
007). The values for the interactions of AlPcS2a with LDL were obtained in th
a Indicates the experiments where the LDL fluorescence was followed.

200 nM) before incubation with the photosensitizer. A band-
ass filter (535 ± 45 nm, Omega) was used to isolate the green
uorescence emission of the probe. The emission wavelengths of
hotosensitizers and LysoTracker® green were different enough
o allow their successive monitoring by using green and red
andpass filters, respectively. Moreover, the fluorescence emis-
ion band of LysoTracker® green corresponds to a region
ithout significant absorption of photosensitizers. This makes
nlikely any nonradiative energy transfer from the organelle
robe to the photosensitizer in colocalization experiments.

. Results and discussion

.1. Physicochemical parameters of the interaction of
hotosensitizers with LDLs

.1.1. Affinity of photosensitizers for LDLs
The affinity of AlPcS2 for LDL was studied with the

ethod developed in our laboratory for the DP-LDL interac-
ions (Bonneau et al., 2002). This approach is based upon the
ecording of both the fluorescence changes of the photosensi-
izers and those of the LDLs induced by the interaction. This

ethod allows a clean differentiation between binding to the
poprotein and incorporation of the photosensitizers into the
ipidic phase of LDLs. This parameter could be crucial, because
he recognition of the LDLs by the cells, resulting in the endo-
ytosis of the lipoprotein and its contents, involves the specific
nteraction of the apoprotein with the B/E-receptor. Therefore,
he integrity of the apoprotein must be preserved.

As for deuteroporphyrin and chlorin e6 (Bonneau et al., 2002;
ojzisova et al., 2007), the disulfonated aluminium phthalocya-

ine is known to have a high affinity for LDLs (Bonneau et al.,
004) (see Table 1). The involvement of apoB in this interaction
as been investigated here (Fig. 3). The binding of AlPcS2 on

he proteic part of LDLs (“class P” binding) involves only five
ites whereas the over-all saturation of LDLs, corresponding to
he plateau of the inset, gives a saturation number at 7 AlPcS2

olecules per LDL. Two AlPcS2 molecules bound to the LDLs

ing the changes of phthalocyanine fluoresecnce intencity. (b) Quantification of
binding of AlPcS2 to “class P” sites on LDL followed by changes of LDL intrin-
sic fluorescence at 330 nm (excitation wavelength 280 nm). The Scatchard plot
is obtained from data computed according to the Halfman and Nishida method
(see Bonneau, 2000).
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re not associated with “class P” sites. This fixation corresponds
o the incorporation of these two molecules in the lipids of LDLs
“class L” fixation). Although the number of “class P” binding is
mall, it is the prevailing process for AlPcS2–LDL association.
owever, it is expected that the recognition of LDLs by cellu-

ar receptors should not be impaired by the fixation of only five
olecules. As a matter of fact, the recognition of LDL by cells

s not modified by the association of porphyrins or chlorins e6
de Smidt et al., 1993; Schmidt-Erfurth et al., 1997), although
he interaction involves respectively 4 and 10 “class P” sites
Bonneau et al., 2002; Mojzisova et al., 2007).

For AlPcS2, the intrinsic affinity per “class P” site was
ound to be KPi = 1.2 × 107 M−1, and the total affinity constant
LDL = 6.33 × 107 M−1. It is to be noted that the affinity con-

tant corresponding to the association of AlPcS2 to the lipids
f LDL is lower (KL = 4.3 × 106 M−1). This value is one order
f magnitude smaller than the KL value of DP (see Table 1).
urprisingly, in spite of its large hydrophobic macrocycle, the
hthalocyanine is slightly associated to the LDL lipid phase,
hat has been suggested elsewhere (de Vries et al., 1999; Posse
e Chaves et al., 2000). The affinity of AlPcS2 for phospho-

ipid vesicles (DMPC) has been studied previously (Maman et
l., 1999). The affinity constant obtained was 2.7 × 106 M−1

expressed per phospholipid mole). On the basis of the num-
er of phospholipids at the LDL-surface, a comparison can be
one. The KL value, expressed per phospholipid mole, is around
× 103 M−1. This value is two orders of magnitude smaller than
xpected. This could be explained by the high content in choles-
erol of the LDLs and/or by the presence of non-neutralizable
harges on the lateral chains of AlPcS2. Indeed, these charges
re likely to limit the AlPcS2 incorporation in the hydrophobic
ore of LDLs’ lipids and to favour the interaction with polar
esidues of apoB (i.e. favour “class P” fixation and decrease the
class L” association). As a matter of fact, it should be noted
hat the KL value of AlPcS2 is not so different from that of Ce6,
hich possesses one more charge than DP.
However, in the case of the porphyrin as well as the chlorin,

he KL values in vesicles and in LDLs are in good agreement
Maman et al., 1999; Mojzisova et al., 2007). The lower value for
lPcS2, can then be explained by the larger size of the macro-

ycle, which facilitates the insertion of the molecule into the
ipid bilayer of the vesicles but prevents its incorporation into
he lipid monolayer on the surface of LDLs. In both cases, the
resence of charges on lateral chains limits the association with
he lipids.

.1.2. Dynamics of the LDL–photosensitzier interaction
In order to better characterize the LDL–AlPcS2 interaction

nd to apprehend the potential effects of the microenviron-
ent modifications in tumors on LDL-mediated vectorization of

hotosensitizers, kinetics parameters are considered now. Two
ifferent experiment types have been performed and analysed
ccording to the theoretical model developed in the paragraph

n methods. In these experiments, the binding capacity of the
DLs greatly exceeds the number of bound molecules and the
inetics were considered to obey pseudo-first order conditions.
n both cases, the experiments involved the recording the fluo-
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escence changes of AlPcS2 induced by the modification of its
nvironment (when associated to HSA, to LDL or free in aque-
us solution). The recorded signal always corresponds to the
verage of 10 shoots. These two types of measurements give us
ccess to both the association and dissociation rate constants.

The first type of experiment has given a direct access to the
xit rate constants from “class P” and “class L” fixation, kdP and
dL. A solution of lipoproteins (7.5 × 10−8 M) preloaded with
lPcS2 (2.2 × 10−8 M) was mixed, in the stopped-flow appa-

atus, with albumin (1 × 10−4 M) that possesses a good affinity
or AlPcS2 (Ambroz et al., 1994). Rate constants of 6.8 and
.8 s−1 were obtained from the fit. They can be attributed to the
elease of the phthalocyanine from two types of sites on LDLs, in
greement with results obtained for the steady state and entrance
tudies.

Secondly, we mixed an AlPcS2 solution (4.4 × 10−8 M after
ixing) with various LDL solutions (final concentrations 0.5,

.75, 1, 1.25, 1.5 × 10−7 M). The signal was nicely fitted by a bi-
xponential curve, in agreement with the two different classes of
inding (“class P” and “class L”) evidenced above. The binding
rocess was really fast. The experimental rate constants k1 and
2 and the amplitude ratio A2/A1 were plotted versus LDL con-
entration in Fig. 4. These plots are adjusted with the aid of Eq.
2b) and Eq. (3), respectively. For these non-linear regression,
wo attributions of the experimental dissociation rate constants
or “class P” and “class L” sites are possible: kdP = 6.8 s−1 and
dL = 0.8 s−1, or the inverse one. In fact the kdP value is 0,8 s−1

nd kdL is 6.8 s−1. The inverse attribution is not compatible
ith our experimental results, i.e. no fit is possible with Eq.

2b). Moreover, the amplitude of the second exponential phase
ecreases when the LDL concentration increases, as expected
rom Eq. (3) (Fig. 4). In this figure, the curve corresponds to the
est simulation on the MathCad software, by using the parame-
ers determined from the best fit of kinetics.

All the rate constants, deduced from the two kinetics exper-
ment types, are reported in Table 2. The association affinity
onstants were calculated (K = ka/kd). They are in good agree-
ent with those determined by steady-state measurements.
The major contribution in the AlPcS2–LDL interaction arises

rom the “class P” sites. In order to better apprehend the nature
f this binding, the related association rate constant can be com-
ared to that of a process limited by diffusion of these species
n solution. The theoretical limit is given by:

d = 4π(RLDL + RP)(DLDL + DP)N

here RLDL and RP are the radii of the LDL and phtahlocya-
ine, and DLDL and DP are the diffusion coefficients of LDL
nd phthalocyanine, respectively (Connors, 1990); N is Avo-
adro’s number. The diffusion coefficient of phthalocyanine
as estimated to be (1–1.5) × 10−10 m2 s−1 (Vever-Bizet and
rault, 1993) thanks to the porphyrin’s diffusion coefficient and

aking into account the size of the molecule. The diffusion of
DL is much slower, with a DLDL value of 2 × 10−11 m2 s−1
Lee and Alaupovic, 1974). The radius of LDL is taken as
1 × 10−9 m (Schumaker et al., 1994; Segrest et al., 2001). The
adius of phthalocyanine is 8 × 10−10 m. By using the above
quation with appropriate unit conversion, the diffusion limit is
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Table 2
Values of equilibrium and rate constants of association of disulfonated alu-
minium phthalocyanine with the low-density lipoproteins (np = 5b,b*)

Kinetics constants
kaPi (1.0 ± 0.1) × 107 M−1 s−1a

kaP (5.0 ± 0.5) × 107 M−1 s−1a

kdP 0.8 ± (0.1) s−1a

kaL (3.5 ± 0.4) × 107 M−1 s−1a

kdL 6.8 ± 0.3 s−1a

Equilibrium constants
KPi (1.2 ± 0.27) × 107 M−1a, (1.2 ± 0.2) × 107 M−1b

KP (6.25 ± 1.41) × 107 M−1a, (5.9 ± 1.0) × 107 M−1b*

KL (5.00 ± 0.79) × 106 M−1a, (4.3 ± 0.3) × 106 M−1b

KLDL (6.3 ± 1.3) × 107 M−1b, (6.76 ± 1.49) × 107 M−1a

a Values calculated from the kinetics experiments and the corresponding sim-
u
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ig. 4. Experimental rate constants, k1 (a) and k2 (b), of the AlPcS2–LDL asso-
iation. (c) Amplitude ratio between slow and fast phases of the kinetics of
lPcS2–LDL association.

alculated to be kD = 1.1 × 1010 M−1 s−1. The association rate
onstant experimentally determined is 5 × 107 M−1 s−1. This
alue is relatively far from that of the diffusion limited process.
owever, this binding involves only five well-defined sites, cer-

ainly with sizes of the same order of magnitude than that of the
hthalocyanine. Thus, this lower value is expected.

Furthermore, kaL expressed per phospholipids mole is
.4 × 104 M−1 s−1. This value is relatively close to the one
btained with vesicles, 1.37 × 105 M−1 s−1. The small differ-

nce can be easily explained by the cholesterol content of the
DLs. This indicates that the dynamics of association of the
lPcS2 molecules is not really modified while the dissociation is
reatly favoured in LDLs as compared with vesicles. This obser-

l
m
t

lations. The equilibrium constant are calclated according with K = ka/kd.
b Values calculated from steady-states measurements.

b* Indicates the experiments where the LDL fluorescence was followed.

ation is in good agreement with the above hypothesis saying
hat the penetration of the AlPcS2 molecules in the phospholipid

onolayer on the LDL-surface is limited either by the obstruc-
ion due to the macrocycle size, or by the non-neutralizable
harges of the lateral chains.

.2. Cellular localization of the photosensitizers

HS68 cells have been incubated with photosenstitizers
preloaded or not on LDL) solutions. The concentration of Ce6
as adjusted to 5 × 10−7 M. In a previous study, the same exper-

ments were performed with DP and AlPcS2 concentrations
djusted to [DP] = 2.5 × 1−7 M and [AlPcS2] = 1 × 10−6 M. The
ifferences in concentration compensate differences of fluores-
ence intensity. In all cases, the LDL concentration used for
reloading (1 × 10−7 M) is sufficient to permit the fixation of
lmost all the photosensitizer molecules.

After 15 min of incubation of cells with one of these solutions,
he fluorescence of the photosensitizer allows to determine its
ellular localization. The results are depicted in Fig. 5. A partic-
lar attention is paid to the possible influence of LDLs. For DP,
he fluorescence was found to be diffuse, suggesting a membrane
nd cytosol localization (Bonneau et al., 2004). The distribu-
ion of the porphyrin was not modified by its vectorization by
DLs. These results can be easily explained by the rapidity of

he dynamics of the DP-LDL interaction and the high rate of
iffusion of this molecule through membranes. Then, in spite
f their high affinity for DP, LDLs only play a marginal role
n the porphyrin cellular localization. However, this high affin-
ty confers to LDLs an important role as porphyrin carriers in
lood. Kinetics also suggest a high rate of exchange with other
lasma proteins. We could imagine that LDLs efficiently carry
P, or related porphyrins, to the tumoral site where transfer to

he cellular membrane occurs rapidly.

The phthalocyanine, on the contrary, was found to be mainly

ocalized within intracellular vesicles, and the role of LDLs was
ajor. Here, it is to be noted that the disulfonated groups of

he phthalocyanine are permanently charged in cellular condi-
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Fig. 5. Fluorescence microscopy experiments on HS68 fibroblasts: for (a), (b), (c) and (d), cells were pre-labeled with LysoTracker®. Fluorescence excitation:
330–380 nm. The red photosensitizer emission and the green LysoTracker1 emission were collected by using filters at 645 ± 75 and 535 ± 45 nm, respectively. The
overlays of green and red images are shown. When the photosensitizer is localized into lysosomes, its co-localization with LysoTracker® is illustrated by yellow
spots resulting from the overlay of red and green emissions. For DP, no co-localization experiments have been done, and thus only the red fluorescence was collected
(e and f). The image is the depicted in grey levels reflecting the red fluorescence of the photosensitizer. Fluorescence microscopy study of the incorporation of
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lPcS2 into HS68 fibroblasts: (a) cells incubated with AlPcS2 alone; (b) cells i
ncorporation of Ce6 into HS68 fibroblasts: (c) cells incubated with Ce6 alone;
f the incorporation of DP into HS68 fibroblasts: (e) cells incubated with DP; (

ions of pH, whereas DP and Ce6 are weak acids. The AlPcS2 is
ot permeant through membranes, whereas DP, and to a lesser
xtent Ce6, are able to cross biological membranes and then to
scape from endocytic vesicles, when incorporated by endocy-
osis. As shown by the co-localization with LysoTracker® green,
he vectorization of the phthalocyanine by LDLs leads to a lyso-
omal localization resulting from a LDL-mediated endocytosis
rocess. When AlPcS2 is not preloaded on LDL, incorporation
y bulk endocytosis process is efficient, and most of the intracel-
ular vesicles, where AlPcS2 are localized, are not lysosomes.
imilar granular fluorescence pattern and lysosome localiza-

ion of sulfonated porphyrins or phthalocyanines have been
bserved for various cell lines (Bonneau et al., 2004; Moan et
l., 1994; Wessels et al., 1992) in agreement with their inabil-
ty to cross membranes. Indeed, in that case, the photosensitizer
s released from LDLs and stays in the lysosomal membrane
hat acts as a barrier. As compared with the DP case, the equi-
ibrium between cells and LDLs is then balanced in favour of
DL–photosensitizer association. The major cellular incorpo-

ation process is thus endocytosis and the LDL influence is
nhanced.
As expected, Ce6 was found to have an intermediate
ehaviour and a balanced influence of LDL on its localization. In
bsence of LDL, Ce6 is localized in the plasma membrane and
n intracellular vesicles. The co-localization experiment shows

R

A

ted with AlPcS2 pre-associated to LDL. Fluorescence microscopy study of the
lls incubated with Ce6 pre-associated to LDL. Fluorescence microscopy study
s incubated with DP pre-associated to LDL.

hat the most of these vesicles are not lysosomes. When Ce6
as been vectorized by LDLs the sub-cellular localization was
ifferent. The plasma membrane labelling was less visible and
e6 was mainly located in intracellular vesicles, that were iden-

ified for the most part as lysosomes. The influence of the LDLs
s thus well correlated with the importance of the endocytosis
athway (bulk or LDL-mediated) and depends on the rapidity
f the dynamics of the LDL–photosensitizer interaction.
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