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Abstract
The incorporation and subcellular localization of photosensitizers are critical determinants of their efficiency. Here, we correlate these

properties with the interactions of photosensitizers with membrane-models and low density lipoproteins (LDL) in acellular systems. Focus

was given on dynamics aspects. Two amphiphilic photosensitizers, deuteroporphyrin (DP) and aluminum phthalocyanine sulfonated on

two adjacent isoindole units (AlPcS2a) were selected. The phthalocyanine was bound to LDL with an overall association constant around

5 � 107 M�1. Biphasic association kinetics was indicative of two types of sites. The release of the phthalocyanine into the bulk aqueous

medium occurred within less than a second. A similar behavior was found previously for deuteroporphyrin although its affinity was

somewhat higher (5.5 � 108 M�1). Both compounds were previously characterized by high affinity for membrane-models and quick

exchange with the bulk solution. However, they strongly differed by their rate of transfer through the lipid bilayer, in the range of seconds

for the porphyrin, several hours for the phthalocyanine. In the case of the porphyrin, fluorescence microscopy on human fibroblasts

showed diffuse labeling with no significant modification of the distribution upon vectorization by LDL. In contrast, the phthalocyanine

was localized in intracellular vesicles. Vectorization by LDL favored lysosomal localization although little effect was found on the overall

uptake as shown by extraction experiments. The role of lipoproteins in the cellular localization of photosensitizers is significantly more

important for photosensitizers not freely diffusing through bilayers. The dynamics of the interactions of photosensitizers with membranes

appears as an important determinant of their subcellular localization.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Photodynamic therapy (PDT) is a promising treatment

for various oncologic and ophthalmic diseases [1,2]. PDT

is based on the light activation of photosensitizers that are

retained to some extent by proliferating tissues allowing

the formation of a concentration gradient against normal

adjacent tissues [3]. Photodynamic therapy involves a

systemic administration of the photosensitizer to the

patient followed by light irradiation of the targeted tissue
Abbreviations: AlPcS2a, disulfonated aluminum phthalocyanine; cps,

count per second; DP, deuteroporphyrin; HBSS, Hank’s balanced salt

solution; LDL, low density lipoproteins; PBS, phosphate buffer saline;

PDT, photodynamic therapy.
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after a suitable interval of time. A dual selectivity arises

from the drug retention and from the possibility to deline-

ate the zone of light irradiation. As the deleterious toxins

produced by light irradiation are very short lived species

with a limited diffusion, primary molecular damages affect

only subcellular structures labeled by the photosensitizer.

Thus, the intracellular distribution of photosensitizers is a

major determinant of the primary events although the

overall response to those initial damages involves complex

cellular pathways [4]. As a matter of fact, the localization

of photosensitizers in different organelles or other sub-

cellular structures is well correlated with their overall

phototoxicity [5] and the mechanism of cell death [6–8].

The relative photosensitization efficiency and intracel-

lular localization of photosensitizers strongly depend on

their structure, in particular on their hydrophobicity and the



S. Bonneau et al. / Biochemical Pharmacology 68 (2004) 1443–14521444
symmetry of distribution of their polar and hydrophobic

chains around the macrocycle [9–11]. The electric charge

of the side-chains plays an important role [12]. Two major

processes could account for the enhanced retention of

certain photosensitizers by proliferating tissues. On one

hand, lipophilic or amphiphilic photosensitizers possess a

high affinity for low-density lipoproteins (LDL). The

increased cholesterol catabolism of proliferating tissues

results in over-expression of LDL receptors [13,14].

Hence, LDL could act as natural carriers of photosensiti-

zers and insure their targeting to tumor cells [15–18].

However, the role of LDL has been questioned [19]. On

the other hand, the tumor microenvironment, in particular

the relative acid pH of extracellular medium could play an

important role by governing the physico-chemical proper-

ties of photosensitizers. For instance, neutralization of the

negative charges of molecules bearing carboxylic chains at

lower pH strongly increases their lipophilicity [20,21].

Photofrin1, a preparation made of porphyrin dimers and

oligomers that received the first approval for tumor treat-

ment belongs to this category. Thus, a gradient of pH

between bulk and intracellular aqueous phases could favor

the penetration of this class of photosensitizes within cells

[22–24].

The present work aims to correlate the subcellular

localization of photosensitizers with their affinity for

membranes and LDL and, more importantly, with the

dynamics of these interactions. As most of these pro-

cesses are rapid, we privilege a relatively short incuba-

tion time of the cells with the photosensitizer. Focus is

given on two amphiphilic photosensitizers: deuteropor-

phyrin (DP) and disulfonated aluminum phthalocyanine

with sulfonate groups on adjacent isoindole units

(AlPcS2a). Their structures are given in Fig. 1. DP, a

dicarboxylic porphyrin, can be considered as the arche-

type of Photofrin1 components. AlPcS2a is a second-

generation photosensitizer with interesting photody-

namic properties [25,26]. These two amphiphilic mole-

cules are characterized by an asymmetrical distribution
Fig. 1. Structures of deuteroporphyrin (a) and d
of the polar groups around the macrocycle. They strongly

differ, however, by the possibility of neutralization of the

negative charges carried by their side-chains and their

ability to cross membrane barriers.
2. Materials and methods

2.1. Chemicals

All the physico-chemical experiments were performed

in pH 7.4 phosphate buffer saline (PBS). DP was prepared

as described previously [20]. Its purity was determined to

be better than 99% by HPLC. A stock solution (10�3 M)

was prepared in distilled tetrahydrofuran (THF) and kept at

�18 8C. Experimental solutions were obtained by evapor-

ating an aliquot of the stock solution to make a film that

was dissolved in PBS. They were used without delay and

renewed frequently. This procedure was found to minimize

aggregation and adsorption of DP on glass. The porphyrin

solutions were handled in the dark to avoid any photo-

bleaching. Disulfonated aluminium phthalocyanine was

kindly furnished by David Phillips (Imperial College of

Science, London). It was prepared and characterized as

described elsewhere [27,28]. The cis-isomer with sulfo-

nated groups on adjacent isoindole units (AlPcS2a) was

used. It consists of the a-, a- di-substituted regioisomer

that was isolated using reverse phase HPLC. Its structure is

shown in Fig. 1b. Human low-density lipoproteins (LDL)

were purchased from Calbiochem (San Diego, CA, USA).

The material was conditioned at a concentration of

9.62 mg/ml (protein content) in 150 mM NaCl pH 7.4

aqueous solution added with 0.01% EDTA.

2.2. Steady state interactions

Emission spectra were measured using an AMINCO-

Bowman 2 spectrofluorimeter (Edison, NJ) equipped with

a xenon arc lamp. Recording was generally started 2 min
isulfonated aluminum phthalocyanine (b).
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after the preparation of the solutions under study. Data thus

obtained were treated as described elsewhere [18,20,29].

2.3. Dynamics of the interactions

Fast kinetics measurements were performed using an

Applied Photophysics (Leatherhead, UK) stopped-flow

apparatus with mixing time of 1.2 ms. The excitation light

provided by the 150 W xenon arc lamp was passed through

a monochromator with slits generally set to give a band-

width of 4.65 nm. Fluorescence emission was collected

above 590 nm using a low-cut filter (Oriel, France). The

fluorescence signal was fed on a RISC workstation (Acorn

Computers, UK). At least five traces were averaged for

each experiment. Analysis of data was carried out by using

the software provided by the manufacturer. It was based on

the non-linear curve fitting Marquard algorithm that also

provides uncertainties on the parameters obtained.

Steady state and dynamic measurements were per-

formed at 25 8C in phosphate buffer saline, pH 7.4.

2.4. Microscopy equipment

The instrumental set-up was based on a Nikon Eclipse

TE 300 DV inverted microscope equipped with a high

numerical aperture phase oil objective (CFI Plan apochro-

mat DM 60� n.a.: 1.4, Nikon France). An Osram HBO

100 W mercury lamp was used for fluorescence excitation.

The mercury rays were isolated with narrow band inter-

ference filters mounted on a filter wheel positioned along

the excitation path (l 10-2, Sutter Instrument Company).

Neutral density filters (ND � 8) were used to reduce

excitation level. Image acquisition (1000 ms integration

time) was performed with a back illuminated cooled

detector (CCD EEV, NTE/CCD-1024-EB target with uni-

chrome coating and ST-133 controller, 16 bit depth at

100 khz or 1 Mhz digitization rate, Roper Scientific,

France). The detector was placed on the lateral video port

of the microscope in conjunction with a 2.25� magnifica-

tion relay lens). Data acquisition, processing and analysis

were performed with Metamorph software, supplied by

Universal Imaging Corporation (Roper Scientific, France).

2.5. Cell culture and experiments

Cells from the human fibroblast cell line HS68 were

grown at 37 8C in DMEM (Dulbecco’s Minimum Eagle

Medium) supplemented with 10% fetal calf serum (FCS)

and 100 U/mol Penicillin/Streptomycin. The incubator was

filled with a humidified atmosphere of air and 5% CO2. The

cells were passaged every 6 days and used between the

13th and the 19th passages.

2.5.1. Microscopy experiments

Two days before experiments, the cells were seeded at

10000 cells/ml on a 0.17 mm thick cover glass. Then, the
cover glass was washed with Hank’s balanced salt solution

(HBSS) and the cells incubated with the photosensitizer in

the same medium for 15 min at 37 8C. For the first experi-

ment series, the photosensitizers were used alone. Their

concentrations were adjusted to [DP] = 2.5 � 10�7 M and

[AlPcS2a] = 1 � 10�6 M. The higher concentration of the

phthalocyanine compensates its lower fluorescence. In a

second experiment series, the photosensitizers were first

incubated with 1 � 10�7 M LDL for 15 min. As inferred

from the kinetics experiments described in the result

section, this time is more than sufficient to achieve loading

of LDL with the photosensitizers. Then, the cells were

incubated with these solutions for 15 min at 37 8C as

before. A third series, used as control, involved experi-

ments carried out by using the same protocol but without

photosensitizer. In all cases, after incubation, the cells were

washed twice with HBSS.

2.5.2. Subcellular localization

After cell treatments, the red fluorescence emission of

the photosensitizers was collected through a bandpass filter

(645 � 75 nm, Omega). A bandpass filter (330–380 nm

and a dichroic mirror at 400 nm were used for excitation.

This wavelength range was chosen for all the experiments.

It was found to provide sufficient emission signals for

photosensitizers as well as for the organelle-specific probe

LysoTracker1 green (Molecular Probes). This makes it

possible to excite the photosensitizer and the organelle

probe without changing the excitation set-up, minimizing

the delay between fluorescence image acquisitions.

LysoTracker1 green was used to check lysosomal loca-

lization of AlPcS2a. Before incubation with the photo-

sensitizer, the samples were washed twice and incubated

30 min with LysoTracker1 green (200 nM). A bandpass

filter (535 � 45 nm, Omega) was used to isolate the green

fluorescence emission of the probe. The emission wave-

lengths of phthalocyanine and LysoTracker1 green were

different enough to allow their successive characterization

by using green and red bandpass filters, respectively. It can

be mentioned that the fluorescence emission band of

LysoTracker1 green falls in a region without significant

absorption of AlPcS2a. This makes unlikely any non-

radiative energy transfer from the organelle probe to the

phthalocyanine in colocalization experiments.

2.5.3. Quantification of photosensitizer uptake

Twenty-four hours before the experiment, HS68 were

seeded at a density of 14,000 cells/cm2 in 35 mm Petri

dishes. The cells were used at about 70–80% of confluence.

After washing with HBSS, cells were incubated for 15 min

with 1 ml of either 2.5 � 10�7 M DP or 1 � 10�6 M

AlPcS2a solubilized in HBSS or preloaded in 1 � 10�7 M

LDL in HBSS. After incubation, cells were twice washed

with 1 ml of HBSS and then scrapped in 900 ml of pure

water leading to cell lysis. The disrupted cell solution was

collected and added with 100 ml of a 3% Triton X-100
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aqueous solution. Then, 150 ml were saved for protein

determination according to the method of Lowry [30].

The remaining solution was used for the fluorimetric

measurement of DP or AlPcS2a concentrations (lexc =

396 and 375 nm, lem = 621 and 675 nm, respectively).

Solutions of known photosensitizer concentrations were

used as standards. Data, expressed as mmol of DP or

AlPcS2a per gram of protein, are the mean (� S.D.) of

experiments performed in triplicate.
Fig. 2. (a) Basic structure of the amphiphilic photosensitizers used showing

their common characteristic: a hydrophobic macrocycle bearing polar

chains on one side. (b) Scheme of a low-density lipoprotein with potential

binding sites for the amphiphilic macrocycles. The equilibrium with water-

solubilized molecules involves the rate constants kon and koff. (c) Scheme of

a membrane illustrating the steps involved in the passage of an amphiphilic

macrocycle through a phospholipidic bilayer. The transfer is governed by

the rate constant kt. In this picture, the relative sizes of the macrocycle and

the bilayer are respected.
3. Results and discussion

3.1. Interactions of photosensitizers with membrane-

models and LDL

In a first step, our aim was to fulfill the set of steady state

and dynamic data available on the interactions of the

photosensitizers with membranes and LDL, i.e. the major

structures involved in the cellular transport of these mole-

cules. The interaction of deuteroporphyrin with mem-

brane-models has been thoroughly described in previous

papers. This molecule possesses a high affinity for lipidic

phosphatidylcholine unilamellar vesicles [29]. Owing to its

asymmetrical structure, it localizes in each membrane

leaflets with its polar carboxylic chains directed towards

water interfaces (see Fig. 2). Both the entrance and the exit

steps (see Fig. 2), characterized by the rate constants kon

and koff, respectively, are extremely fast [29,31]. Although

the transfer through the membrane bilayer (kt) depends on

the bilayer thickness [24] and cholesterol content [32], its

rate can be assumed to be fast enough with regards to the

duration of cellular experiments. Importantly, the rate of

the transfer through the bilayer was found to drastically

depend on pH leading to a strongly favored relocation from

moderately acidic to neutral or slightly alkaline compart-

ments [24,32]. The interaction of AlPcS2a with lipidic

vesicles has been described elsewhere [33]. As for deuter-

oporphyrin, both the entrance and the exit steps from the

outer hemileaflet of the vesicles were found to be very fast.

The loss of a water molecule coordinated to the aluminum

ion allows the molecule to penetrate somewhat deeper

within the outer monolayer. The affinity of AlPcS2a for

these membrane-models was also high, nearly 10 times

higher than that of deuteroporphyrin. However, contrary to

what observed for DP, kinetic experiments showed that the

transfer across the membrane of AlPcS2a was extremely

slow. Even for thin bilayers, it extends over hours [33].

Typical values for the half-reaction times characterizing

these steps are reported in Table 1.

More recently, we studied the interactions of deutero-

porphyrin with LDL under steady state and dynamic

conditions [18]. We characterized binding sites near the

apoprotein as well as incorporation of the molecules into

the phospholipid outer layer of LDL (see Fig. 2). The

overall affinity of DP for LDL was found to be very high
(5.8 � 108 M�1). Importantly, the kinetics of the entrance

and exit steps were found to be very fast, indicating that

quick changes in the distribution of photosensitizers

among LDL, various carriers and bulk medium could arise

before LDL endocytose takes place.

Here, we report on the association of AlPcS2a to LDL in

order to supplement the set of data available for the two

molecules considered.

3.1.1. Steady state interactions of AlPcS2a with LDL

The fluorescence emission spectra of AlPcS2a (1.75 �
10�7 M) in PBS and in presence of various LDL concen-

trations (0, 1, 1.5, 2, 3, 4, 5 and 10 � 10�8 M) are given in

Fig. 3. The excitation wavelength was 375 nm. Upon LDL

addition the intensity of the fluorescence emission is

increased significantly and slightly shifted from 677 to

674 nm. Similar changes were recorded upon binding of

AlPcS2a to lipidic vesicles [33]. The plot of the fluores-

cence intensity versus the LDL concentration shows some

leveling off (see Fig. 4a). However, screen effects limited

the range of usable LDL concentrations. The value of the

plateau is best obtained from an inverse plot (see Fig. 4b).
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Fig. 3. Emission spectra of AlPcS2a (1.75 � 10�7 M) in buffer and in the

presence of LDL (0, 1, 1.5, 2, 3, 4, 5, 10 � 10�8 M). The arrow indicates

increasing LDL concentrations. The excitation wavelength was set at

375 nm.

Fig. 4. Fluorescence changes of AlPcS2a (1.75 � 10�7 M) in presence of

increasing concentrations of LDL. (a) Direct plot. The horizontal dashed

line corresponds to the value extrapolated from the inverse plot shown in (b)

for large LDL concentrations. The other dashed line corresponds to the

initial slope of the curve. The two lines intercept for a LDL concentration of

about 3 � 10�8 M. The maximum capacity of LDL to bind phthalocyanine

is the ratio between AlPcS2a concentration and this value, i.e. about six

molecules. (b) Inverse plot. F and F0 are the fluorescence emission

intensities of AlPcS2a at 675 nm with and without LDL, respectively.
T
a

S
t

D
P

A
l

T
h

o
v

th ex (1 Excitation was set at 375 nm.
This value is reported in Fig. 4a as a dashed line. The

intercept between the plateau value and the initial slope of

the curve shown in Fig. 4a corresponds to a LDL con-

centration of about 3 � 10�8 M. This indicates that each

lipoprotein could bind about six phthalocyanine molecules

at best. The half-plateau value was reached for a LDL

concentration of about 2 � 10�8 M, which corresponds to

an overall association constant around 5 � 107 M. Dupli-

cation of experiments with other sets of phthalocyanine

and LDL concentrations led to consistent values for this
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association constant. Analysis of data according to fully

developed equations as we reported elsewhere [20,29] was

not feasible however. Indeed, these procedures required

that the amount of free sites on lipoproteins largely exceed

that of occupied sites. These conditions would have been

fulfilled through the use of smaller phthalocyanine con-

centrations. However, this possibility is limited because of

the poor fluorescence of phthalocyanines.

3.1.2. Kinetic measurements

In stopped-flow experiments we measured signals that

can be more easily amplified and averaged. Furthermore,

attention was given on rates rather than on amplitudes.

These measurements are less subjected to sensitivity pro-

blems and screen effects than those performed in steady

state conditions.

In a first series of experiments, we mixed an AlPcS2a

solution (4.4 � 10�8 M after mixing) with various LDL

solutions (final concentrations 0.5, 0.75, 1, 1.25, 1.5 �
10�7 M) in the stopped-flow apparatus and fluorescence

changes were recorded upon time. A typical signal is

shown in Fig. 5a. In these experiments the binding capacity

of the LDL greatly exceeds the number of bound mole-

cules. Consequently, the kinetics of the interactions of

AlPcS2a with LDL was considered to obey pseudo-first

order conditions. The signal was nicely fitted by a biex-

ponential curve (see Fig. 5b). This suggests that two

different localizations of the phthalocyanine were

involved, in keeping with results obtained with deutero-

porphyrin. The binding process was fairly fast. At the LDL

concentration (1 � 10�7 M) used for the cellular studies
Fig. 5. Dynamics of the interactions of AlPcS2a with LDL. (a) Fluorescence chan

10�7 M). (b) Residuals from a biexponential fit of the signal shown in (a). (c) Fluo

LDL towards albumin in excess (1 � 10�4 M). The rate of transfer is limited by th

text). (d) Residuals from a biexponential fit of the signal shown in (c). Excitatio
reported below, the half times corresponding to the two

exponential steps are 0.14 � 0.02 and 0.2 � 0.03 s,

respectively.

The rate of release of AlPcS2a from LDL was measured

according to the well-described procedure of transfer to

albumin [18,24,29,33]. The lipoproteins (7.5 � 10�8 M)

were preloaded with AlPcS2a (2.2 � 10�8 M). This solu-

tion was mixed with albumin (1 � 10�4 M) that possess a

good affinity for AlPcS2a [34]. Owing to the presence of

albumin in large excess, equilibriums are strongly shifted

towards binding to this protein. Assuming that the transfer

occurs through the aqueous phase, the kinetics give access

to the exit rate constants. A detailed analysis of the method

was reported before [18]. As shown in Fig. 5c,d, a biex-

ponential signal was recorded. Rate constants of 6.8 � 0.7

and 0.8 � 0.1 s�1 were obtained from the fit. They can be

attributed to release of the phthalocyanine from two types

of sites on LDL, in agreement with results obtained for the

entrance process. The half times corresponding to the two

release steps are given in Table 1. Again, it can be pointed

out that they are extremely short.

3.2. Cellular experiments

3.2.1. Cell incorporation of deuteroporphyrin

After 15 min incubation of HS68 fibroblasts with a

deuteroporphyrin solution, the fluorescence of the por-

phyrin is found to be relatively diffuse, suggesting mem-

brane and cytosolic incorporation (Fig. 6a). A network

structure suggestive of mitochondria appears to be more

intensely labeled. No fluorescence was found in the
ges accompanying the association of AlPcS2a (4.4 � 10�8 M) to LDL (1 �
rescence changes accompanying the transfer of AlPcS2a pre-incubated with

e release of the phthalocyanine bound to LDL into the aqueous solution (see

n wavelength: 375 nm.
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Fig. 6. Fluorescence microscopy study of the incorporation of DP into

HS68 fibroblasts (excitation: 330–380 nm; emission: 645 � 75 nm). (a)

Cells incubated with DP alone (2.5 � 10�7 M) for 15 min. Fluorescence

intensity range among the cell: 0–310 cps (counts per second). (b) Cells

incubated with DP (2.5 � 10�7 M) pre-associated to LDL (1 � 10�7 M).

Fluorescence intensity range among the cell: 0–160 cps.
Fig. 7. Quantification of the effect of LDL on the cell incorporation of DP

and AlPcS2a. (a) Fluorescence microscopy. Ten areas of 0.25 mm2 in sites

labeled by the photosensitizer were delimited on each cellular view. Each

cell was credited with the average fluorescence intensity (expressed as

counts per second, cps) measured on these areas. For each of the experi-

mental conditions shown in the figure, 10 different cells were considered to

determine a mean intensity and its standard error. The concentrations were

the following: [DP] = 2.5 � 10�7 M; [AlPcS2a] = 1 � 10�6 M; [LDL] = 0 or

1 � 10�7 M. Excitation: 330–380 nm; emission: 645 � 75 nm. (b) Extrac-

tion experiments. The amount of photosensitizer incorporated by cells is

determined by fluorescence measurements on the extracts as described in

the text. Data are normalized to the cellular protein content. The concen-

trations of photosensitizers and LDL were the same as in (a).
nucleus. The distribution of the porphyrin was not modified

upon vectorization by lipoproteins (see Fig. 6b). The

average fluorescence intensity of the cells incubated with

deuteroporphyrin bound to LDL (DP–LDL) was around

160 cps (count per second) whereas that of cells incubated

with the porphyrin alone (DP) was around 310 cps

(Fig. 7a). Then, the cellular incorporation of the porphyrin

in the presence of LDL is somewhat lower. This result

was further confirmed by porphyrin extraction as shown in

Fig. 7b.

Taken together these results indicate that LDL’s have

only a marginal effect on cell incorporation and subcellular

localization of deuteroporphyrin even if the porphyrin is

initially bound to the lipoproteins. This result can be easily

explained by considering the dynamics of the interactions

involved. The exchanges of DP molecules between the

lipoproteins and the bulk incubation medium and between

this medium and the plasma membrane of cells are very

fast. As the transfer through the bilayer is also expected to
be fast as shown by experiments on model systems, the

porphyrin molecules associated with the plasma membrane

are likely to quickly enter the cells by passive diffusion.

Then, they will distribute in other membrane structures

within the cells. As a consequence, the binding equilibrium

between LDL and porphyrins will be quickly displaced

toward cellular incorporation, the internal membranes

providing a very large number of accessible sites. Further-

more, even if deuteroporphyrin molecules do enter within
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Fig. 8. Fluorescence microscopy study of the incorporation of AlPcS2a into

HS68 fibroblasts (a) Cells incubated with AlPcS2a (1 � 10�6 M) alone for

15 min. Fluorescence intensity range among the cell: 0–360 cps (counts per

second). (b) Cells incubated with AlPcS2a (1 � 10�6 M) pre-associated to

LDL (1� 10�7 M). Fluorescence intensity range among the cell: 0–760 cps.

In both cases, cells were pre-labeled with LysoTracker1 green (2 �
10�7 M). Fluorescence excitation: 330–380 nm. The red AlPcS2a 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 phthalocyanine is associated to LDL (panel b), it

localizes into lysosomes as illustrated by yellow spots resulting from the

overlay of red and green emissions. In panel a, no or very little overlay can

be seen. Arrows in each panel indicate typical spots.
cells by LDL-mediated endocytose, they will reach endo-

somes and lysosomes from which they will escape. It must

be pointed out that release of carboxylic porphyrins from

the acidic endosomal/lysosomal compartment is strongly

favored due to the pH gradient between these organelles

and the cytoplasm [32,35]. Finally, it should be noted that

some porphyrins could remain associated with lipoproteins

outside the cells. This would explain why the porphyrin

uptake in the absence of LDL was a little more important

than that obtained with LDL. Thus, the incorporation and

cellular distribution of deuteroporphyrin within fibroblasts

is fully consistent with the dynamics of interaction of this

molecule with LDL and membrane-models in acellular

systems. Obviously, the intracellular pattern distribution

may depend on the cell line and/or the incubation protocol.

Intracellular deuteroporphyrin distribution within lympho-

blasts was found to be somewhat different to that reported

here [36]. But in keeping with previous studies on lym-

phoblast lines [37], these differences are not in contra-

diction with a major role of passive transfer through

membranes.

3.2.2. Cell incorporation of disulfonated aluminum

phthalocyanine

As shown in Fig. 8a, when cells were incubated with

AlPcS2a in the absence of LDL, this molecule was found to

be mainly localized within intracellular vesicles. In order

to better identify these vesicles, co-localization experi-

ments were performed with a lysosome specific probe,

LysoTracker1 green. Images were taken with filters allow-

ing the transmission of red and green light in order to

monitor the fluorescence emission of the phthalocyanine

and that of the lysosome probe, respectively. The super-

position of red and green images shows little evidence for

co-localization in this case. Most of the intracellular

vesicles shown on this picture are not lysosomes. As noted

in Table 1, the transfer of AlPcS2a through lipid bilayers is

extremely slow, far beyond the time scale of our experi-

ments. The uptake of AlPcS2a within cells by passive

diffusion is very unlikely. Also, no re-distribution of the

dye by passive transfer through internal membranes is

expected within a short period of time. In the absence

of lipoproteins, bulk endocytose is likely to mostly con-

tribute to AlPcS2a incorporation. Possibly, the phthalo-

cyanine did not reach lysosomes and was still localized

into endosomes during this relatively short incubation

time. However, this bulk endocytose process is efficient.

It can be noted that the cells incorporate larger amount of

AlPcS2a than DP on a quantitative basis (see Fig. 7b).

When incubation was carried out in the presence of LDL

(Fig. 8b), the cells also exhibited intracellular red-fluor-

escent vesicles. However, as compared to experiments

without LDL, the red fluorescence appeared more intense

(760 cps against 160 cps, see Fig. 7a). Moreover, as shown

by co-localization experiments, the nature of a large part of

the vesicles is different. A significant overlap was found
between the red fluorescence of the phthalocyanine and the

green fluorescence of LysoTracker1 indicating major

localization of AlPcS2a in lysosomes. Thus, the incubation

of cells with lipoprotein-associated AlPcS2a favors incor-

poration by LDL-mediated endocytose, which brings the

phthalocyanine into lysosomes. However, as shown in Fig.

7b, the overall uptake of AlPcS2a is not increased in the

presence of LDL. In fact, non-mediated endocytose of

AlPcS2a from the incubation solution appears as a fairly

efficient process. Association to lipoproteins hampers this

pathway. It can be expected that LDL-mediated endocytose
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just compensates this effect in the present experimental

conditions. The increase of the fluorescence intensity

observed for cells incubated with AlPcS2a associated to

LDL (Fig. 7a) is somewhat misleading. However, it was

previously observed that fluorescence quantum yield of

AlPcS2a is sensitive to concentration effects [38]. Also, the

interaction of AlPcS2a with membranes is affected by pH

through protonation equilibria of ligands bound to the

aluminium ion [33]. These features make difficult a com-

parison of the two images shown in Fig. 8 on a quantitative

basis.

Granular fluorescence pattern and lysosome localization

of sulfonated phthalocyanines or porphyrins have been

observed for various cell lines [39,40] in agreement with

their inability to cross membrane rapidly. The uptake of

non-sulfonated zinc phthalocyanine and its tetrasulfonated

derivative in absence or presence of LDL has been reported

[41]. The first compound required liposomal formulation

due to its high hydrophobicity. The transfer of the photo-

sensitizer from liposomes to lipoproteins is likely to be

important [42,43] and under the control of dynamics

parameters similar to those investigated here. In a general

way, the balance between amphiphilic and hydrophobic

properties of photosensitizers was found to determine the

extent of their LDL-mediated uptake [44].

The subcellular localization of photosensitizers is a

major determinant of their efficacy. It has been noted that

a diffuse cytoplasmic distribution may be a good prog-

nostic for photodynamic activity [12]. Besides, the reten-

tion of photosensitizers such as AlPcS2a in the endosomal/

lysosomal compartment is used in a new technology,

named photochemical internalization (PCI). In this

approach photochemical reactions in non-lethal conditions

lead to rupture of endocytic vesicles favoring access of

macromolecules (proteins, nucleic acids) to their targets

localized in the cytoplasm or the nucleus [45,46].

To conclude, the present results give new insight into the

mechanisms of cellular uptake of lipophilic and amphi-

philic drugs and might reconcile some contradictive obser-

vations on the role of lipoproteins [19]. The knowledge of

the dynamics of interactions of the drugs with LDL and

membranes appears to be essential to understand how they

could be targeted towards pathological growing tissues.

The subcellular localization is under control of the kinetics

of drug-membrane interactions. The appraisal of these

dynamics factors will help in the design of new photo-

sensitizers and delivery systems.
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