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Hypericin (Hyp) is a hydrophobic natural photosensitizer that is considered to be a promising molecule
for photodynamic treatment of tumor cells and photo-diagnosis of early epithelial cancers. Its
hydrophobicity is the main driving force that governs its redistribution process. Low-density lipoproteins
(LDL), a natural in vivo carrier of cholesterol present in the vascular system, have been used for targeted
transport of Hyp to U87 glioma cells. For low Hyp—LDL ratios (<10 : 1), the cellular uptake of Hyp is
characterized by endocytosis of the [Hyp—LDL] complex, while Hyp alone can enter cells by passive
diffusion. Photo-induced cell death and the mitochondrial membrane potential, observed for glioma cells
after various times of incubation with the [Hyp—LDL] complex or Hyp alone, were monitored by flow-
cytometry analysis using Annexin-V-FITC propidium iodide and DiOCg(3) staining. Differences of the

results are discussed in view of the respective dynamic subcellular distributions of the drugs that were
obtained by co-localization experiments using confocal fluorescence microscopy. In order to give clear
evidence of specific intracellular localization and to identify possible Hyp aggregation in cellular
organelles, fluorescence resonance energy transfer (FRET) between selected fluorescent organelle probes
and Hyp was also assessed. It is shown, that the observed photo-induced cell deaths can be correlated
with the sub-cellular distribution of the active fluorescent monomer form of Hyp in lysosomes (as

determined from steady-state fluorescence experiments), but that possible aggregation of Hyp in some
organelles, as determined from FRET experiments, should be taken into account for interpretation of the
real dynamics of the subcellular redistribution. Results of the present study underline the fact that photo-
induced cell death processes are strongly influences by dynamics of Hyp subcellular redistribution
processes involving monomer-aggregate equilibrium. Such an observation should be taken in
consideration for further optimization of Hyp in vivo PDT applications.

Introduction

The photosensitizer hypericin (Hyp) is a natural occurring plant
pigment historically used in folk medicine. In the last few
decades, it became the subject of interest of photo-physical and
photo-biological research. Hyp exhibits a number of potential
pharmacological applications including antiviral activity, anti-
depressant properties and others.! In the field of cancer therapy,
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two main potential medicinal applications of Hyp have been
described: first, its photosensitizing activity has been character-
ized by high singlet oxygen production, minimal dark toxicity,
tumor selectivity and high clearance rate from the host body that
makes it a promising drug for application in PDT.>”” Secondly,
its specific accumulation, observed in several types of tumor
cells, can also be used for photo-diagnosis of early epithelial
cancer.®” The cell death mechanisms of Hyp following photo-
activation have recently been reviewed.! However, the precise
description of some relevant mechanisms of Hyp cellular photo-
toxicity processes is still not complete. The sub-cellular localiz-
ation and distribution of the photosensitizer play key roles for
applications in PDT, since it is known that short lifetimes of
photo-induced reactive oxygen species (ROS) limit their diffu-
sion to a distance of a few nm. Consequently, there have been
many attempts to determine the specific sub-cellular localization
of Hyp in several cell lines.'®'® Most of these studies denoted
perinuclear localization, which was later defined more precisely
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as the locus of Golgi apparatus and endoplasmic reticulum.'”-'®

Some other studies have described lysosomes as the potential
Hyp subcellular target with regard to its specific binding with
extra-cellular lipoproteins, especially LDL.'® Hyp has also been
reported to accumulate in mitochondria that are considered as a
key sub-cellular locus for apoptotic process.'®!'2%2! In all
cases, the hydrophobic character of Hyp appears as the driving
force for its cellular membrane attraction because of their lipid
composition.”? From our point of view, these different reported
results might be explained by the fact that the intracellular distri-
bution of Hyp is actually dependent (i) on the time of incu-
bation, (ii) on the concentration of the drug, as well as (iii) on
the delivery system.'> Moreover, as shown in our previous work,
the fluorescence intensity of Hyp is not in itself sufficient to
determine its sub-cellular localization since a high intracellular
concentration of Hyp leads to fluorescence quenching as a result
of its aggregation.>® Ritz et al. have previously reported such a
Hyp fluorescence decrease in U373 MG cells®* and Theodossiou
et al. have already discussed possible aggregations of Hyp in
PAM 212 murine keratinocytes.>> Hence, selective accumulation
of Hyp in some subcellular organelles, such as mitochondria,
might be underestimated due to local aggregation. Moreover,
dynamics of such an aggregation process will strongly influence
the specific subcellular locus where photo-activation takes place.

Taking into account that (i) LDLs have been described as the
natural in vivo delivery system of Hyp and that (ii) cancer cells
(particularly glioma cancer cells) are characterized by over-
expression of LDL-receptors in comparison with the normal
cells,>*?® the LDL endocytosis pathway should also play an
important role in the cellular accumulation and subsequent sub-
cellular distribution of Hyp.?** Accordingly, we have observed
that over-expression of the LDL receptors on the cellular cyto-
plasmic membrane leads to an increase in the intracellular
accumulation of Hyp'® and that, for a low Hyp-LDL ratio
(10: 1), the cellular uptake of Hyp is characterized by endocyto-
sis of the [Hyp-LDL] complex.'®* Therefore, in this study,
photo-induced cell death was monitored in U-87 MG glioma
cells as a function of the incubation time with either free Hyp or
with the [Hyp—-LDL] complex (Hyp—LDL ratio 10 : 1). It should
be noted that if the addition of free Hyp in the extra cellular
medium leads to some aggregate formation in equilibrium, with
very low Hyp monomer concentration, it does not preclude the
fast cellular uptake of its monomer fluorescent form, since the
very high affinity for cellular lipids membrane induces a fast dis-
placement of the monomer—aggregate equilibrium.?® Results of
photo-induced cell death were compared and discussed in view
of the respective dynamics of Hyp sub-cellular distribution as
observed in fluorescence microscopy.

Materials and methods
Chemicals

Hypericin, low-density lipoproteins, MitoTracker® Green FM,
LysoTracker® Green DND-26, ER-Tracker Green, NBD Cg¢-cera-
mide bound to bovine serum albumin (BSA), Dulbecco’s
modified Eagle’s medium (D-MEM), fetal bovine serum (FBS),
phosphate saline buffer (PBS), penicillin/streptomycin, sodium
pyruvate, glucose and SYTOX Green were purchased from

Gibco Invitrogen (France). Ultroser® G was purchased from Pall
Life Sciences (France) and Annexin-V-FITC from Becton, Dick-
inson (Canada). DiOCg4(3) and CCCP (carbonyl cyanide 3-chloro-
phenylhydrazone) were purchased from Sigma-Aldrich Co.

Cell culture

U87 glioma cells were grown in standard conditions: 10%
bovine fetal serum (FBS), 1% penicillin/streptomycin, 1%
sodium pyruvate and D-MEM medium containing L-glutamine
and high glucose (4500 mg ml™"). One day before experiment,
culture medium was changed for 2% Ultroser™ G medium, a
serum substitute that is used to replace FBS in cell culture media
in order to avoid a lipid depletion condition. Cells were seeded
in Petri dishes or culture flasks at a density of 10° cells per 1 ml.
All cultures were kept in dark condition, 5% CO, and 95%
humid atmosphere.

Cells response to Hyp photo-activation

Cells were irradiated using a 600 nm (maximum of Hyp absorp-
tion) monochromatic homemade diode illuminator with 4 J cm™
light dose. Cellular response was observed 24 h after irradiation
and compare with non-treated cells keep in dark conditions
(control).

Flow-cytometry

Cell death was monitored with standard Annexin-V-FITC (PS
staining) and propidium iodide (PI) (DNA staining)** (BD Phar-
mingen™). Annexin-V-FITC (5 pl) and PI (5 pl) were added for
10° cells. Cells were then analyzed by MACSQuant® Analyzer
(Miltenyi Biotec, Germany). The 488 nm line of Argon laser
was used for excitation. Annexin-V-FITC fluorescence emissions
were measured in FITC channel (channel B1, band pass filter
500-550 nm) and PI emission (A, 620 nm) was measured in
PI/PE-CyS5 channel (channel B3, band pass filter 655-730 nm)
to avoid contribution of Hyp red fluorescence (Aya.x 600 nm).
Early apoptotic cells are stained with Annexin-V-FITC only
while late apoptotic or necrotic cells are both stained with PI and
Annexin-V-FITC. The mitochondrial membrane potential AY,,
was monitored by selective accumulation of DiOCg(3), a mem-
brane-permeant cationic lipophilic probe. DiOCg(3) (1 nM) was
added to cells 5 min before analysis by MACSQuant® Analyzer
(Miltenyi Biotec, Germany). Green emission of DiOCg(3) was
measured in the FITC channel. Cells incubated with CCCP
(50 uM) were used as a positive control for total depolarization
of the mitochondrial membrane potential.>®

Sub-cellular distribution

Cells were incubated for 1 h, 3 h, 6 h and 24 h with either
500 nM Hyp free in DMSO (<0.5%), or with previously solubilized
500 nM Hyp within LDLs (Hyp—LDL ratio 10: 1). The specific
fluorescent organelle probe was then added 15 min before
measurements. Respective probe concentrations are 100 nM for
MitoTracker® Green FM, 300 nM for LysoTracker® Green
DND-26, 5 uM for NBD Cg-ceramide and 1 uM for
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ER-Tracker™ Green. Cells were washed before observation by
an epifluorescence microscope Optiphot-2 equipped with a
Nipkow coaxial-confocal attachment (Technical Instrument).
Fluorescence images were taken using a water-immersion objec-
tive (Zeiss, Neofluar, x63, N.A. 1.2), a TE cooled CCD camera
(Micromax, Princeton Instruments) and standard filters system:
FITC filter set for green fluorescence detection (Aeye
450-490 nm, Aey, = 520-570 nm) and rhodamine filter set for
red fluorescence (Aexe = 530-560 nm, Ao, > 600 nm). Acqui-
sition time was set to 5 s. Image processing was performed by
IPLab software (Scanalytics).

Co-localization analysis

Co-localization analysis was performed on fluorescence images
obtained above using the Image J software and a special MBF
Image J for Microscopy Collection developed by Tony Collins.
Mander’s coefficients, defined as follow, were used for co-local-
ization analysis:>®

M= (Ri‘Gi)/\/[ZRizzGiz} (1)
Mired = Z(Ri -Gi)/ ZRiz 2)
Mageen = »_(Ri- G)/ > G/ 3)

D
1

Where R; and G; are the signal intensity of the pixel number
obtained for the red and the green channel, respectively.
M-values are thus ranging from 0 to 1. Absolute co-localization cor-
responds to M = 1. As showed by Bolte and Cordelieres,?’ the
Mreq correlation coefficient, displays how well the red pixels
co-localize with some green ones, and the M,Green correlation
coefficient displays how well the green pixels co-localize with
some red ones. Overlap coefficient does not depend on the rela-
tive strengths of each channel, but can be affected by the back-
ground signal. Prior to co-localization analysis, all microscopy
images were processed using the Richardson—Lucy deconvolu-
tion algorithm in order to eliminate blur and noise present in
images. The point spread functions (PSF) used in deconvolution
were extracted individually from each image using a method pro-
posed by Boutet de Monvel ez al.,*® namely by cropping an
approximate PSF directly from images considering the point-like
structures within experimental images.

FRET experiments

Detection of the accumulation of Hyp in different organelles was
monitored by FRET measurements between specific fluorescent
organelle probes (donor) and Hyp (acceptor). Evidence for
FRET was given by the decrease in the fluorescence lifetime of
the donor (i.e. the organelle specific fluorescent probe). Time
resolved fluorescence microscopy can be used in this prospect.*
The frequency based lifetime measurement technique used in
our studies was already described in our previous paper.”* Two
fluorescent organelle probes have been used: LysoTracker®
Green DND-26 (to study Hyp localization in lysosome) and
NBD Cg-ceramide (to study Hyp localization in Golgi appar-
atus). Co-localization experiments for mitochondria and
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Fig. 1 (A) Flow-cytometric dot plot analysis of U87 glioma cells
stained with propidium iodide and Annexin-V-FITC after incubation
with Hyp (500 nM) or [Hyp—LDL] complex (Hyp—LDL ratio: 10:1,
500 nM Hyp). First row: blank - control cells, cells after 24 h incubation
with Hyp (dark condition), cells after 24 h incubation with [Hyp-LDL]
(dark condition). Second row: cells irradiated (600 nm, 4 J cm™) 1 h
after incubation with Hyp and then observed 24 h after irradiation, cells
irradiated (600 nm, 4 J cm™2) 6 h after incubation with Hyp and then
observed 24 h after irradiation, cells irradiated (600 nm, 4 J cm™2) 24 h
after incubation with Hyp and then observed 24 h after irradiation. Third
row: cells irradiated (600 nm, 4 Jem™2) 1 h after incubation with [Hyp—
LDL] and then observed 24 h after irradiation, cells irradiated (600 nm,
4 J cm™) 6 h after incubation with [Hyp—LDL] and then observed 24 h
after irradiation, cells irradiated (600 nm, 4 J cm™2) 24 h after incubation
with [Hyp—LDL] and then observed 24 h after irradiation. (B) Corres-
ponding histogram of necrotic cells (% of the total population).

endoplasmatic reticulum could not have been performed by
FRET due to the very short lifetime of the corresponding orga-
nelle probes (<1 ns), which exceeded time resolution of the
experimental set up.
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Results and discussion
Cells response to Hyp photo-induced processes

U87 MG cells were irradiated at 600 nm (4 J cm™2) after 1 h, 6 h
or 24 h incubation with either Hyp or the [Hyp—LDL] complex.
Photo-induced cell death was then further analyzed 24 h after
irradiation by flow cytometry assessment (Fig. 1). For cells incu-
bated with Hyp, photo-induction of cell death is rather limited
and appears to be more efficient for shorter incubation times
(20% necrotic cells for 1 h incubation) than for longer ones
(respectively 13% and 7% for 6 h and 24 h incubation). On the
other hand, photo-induced cell death is more pronounced for
cells incubated with the [Hyp—LDL] complex and is increased
along with the incubation time (respectively 27%, 36% and 44%
for 1 h, 6 h and 24 h incubation). Accordingly, depolarization of
the mitochondrial membrane (A'%¥,,), which is one of the indi-
cators of the apoptotic and necrotic cell death pathway, is not
observed for cells treated with Hyp alone.* Hyper-polarization
can even be observed for cells irradiated after 1 h incubation.
Such hyper-polarization can be interpreted as the result of anti-
apoptotic responses of the cells. On the other hand, photo-
induced mitochondrial depolarization increases along with the
incubation time for cells treated with the [Hyp—LDL] complex
(Fig. 2). Thus, for quite low irradiation levels (4 J cm™2), cellular
delivery of Hyp by LDL appears to increase photo-induced cell
death.

Intracellular localization of Hyp — co-localization experiments

Localization of Hyp in U887 MG cells was studied by steady-
state fluorescence imaging with co-localization analysis. Extra-
cellular medium with Ultroser-G instead of bovine fetal serum
was used in order to avoid competitive entrapment of Hyp in the
lipid phase of the serum. Under these conditions, a rapid cellular
uptake of Hyp is observed after 1 h incubation with 500 nM
Hyp (Fig. 3a—c). Fig. 3a illustrates the efficiency of the co-local-
ization analysis method:*® a diffuse correlation plot with low
values of all Mander’s coefficients are observed, which reflects

that the actual absolute non co-localization of the two organelle
specific fluorescent probes (Lysotracker Green for lysosome
staining and the Mitotracker Red for mitochondrial staining).
Fig. 3b and corresponding Table 1 represent the results of the
co-localization analysis of Hyp in mitochondria, lysosome,
Golgi apparatus and endoplasmic reticulum respectively obtained
after 1 and 24 h of incubation with either Hyp or the [Hyp—
LDL] complex. From a general point of view it is clear that intra-
cellular Hyp staining is not limited to a specific compartment
since Magreen values obtained for cells stained with the different
organelle specific fluorescent probes are all equal or close to
1. This means that some Hyp fluorescence can be observed in all
subcellular organelle. However, M4 allows us to determine in
which organelle the fluorescence of Hyp is the most pronounced.
Actually, one hour after incubation, relative distribution of free
Hyp appears to be mainly localized within lysosome (Mg =
0.83) and endoplasmic reticulum (M,q = 0.89) and to a much
less extent within the mitochondria (Mj,q = 0.42) and Golgi
apparatus (Mj..q = 0.3). The situation is quite different for cells
incubated with the [Hyp—LDL] complex since, after one hour of
incubation, Hyp appears to be mainly located in the mitochon-
dria (Mg = 0.93) and endoplasmic reticulum (Mi.q = 0.95)
and to a less extent in lysosome (0.53) and Golgi apparatus
(M1eq = 0.49). Thus, after 1 h of incubation, the main significant
difference is that preferential lysosomial fluorescence is observed
for cells incubated with free Hyp while preferential mitochon-
drial fluorescence is observed for cells incubated with the [Hyp—
LDL] complex. This situation is changed after 24 h of incu-
bation: for cells incubated with free Hyp, mitochondrial staining
is increased (Mi.q = 0.98 instead of 0.42), lysosomial and Golgi
apparatus staining are decreased (respectively, Mi.q = 0.62
instead of 0.83 and Mg = 0.14 instead of 0.3) and endoplasmic
reticulum staining is not significantly changed (Mi.q = 0.93
instead of 0.89). For cells incubated with the [Hyp-LDL]
complex, lysosomial staining is increased (M.q = 0.79 instead
of 0.53), mitochondrial and Golgi apparatus staining are
decreased (respectively, M}.q = 0.79 instead of 0.93 and M q =
0.33 instead of 0.49) and endoplasmic reticulum staining is not
significantly changed (Miq = 0.98 instead of 0.95). Thus,
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Fig. 2 Assessment of the mitochondrial membrane potential (A¥,,) of U87 MG cells 24 h after irradiation (600 nm, 4 J cm™?). Flow-cytometric his-
tograms of the DiOCg(3) fluorescence correspond to: (1) Control cells, (2) cells incubated with CCCP, (3) cells incubated for 1 h with Hyp before
irradiation (4) cells incubated for 6 h with Hyp before irradiation, (5) cells incubated for 24 h with Hyp before irradiation, (6) cells treated 1 h with
[Hyp-LDL] before irradiation, (7) cells treated 6 h with [Hyp—LDL] before irradiation, (8) cells treated 24 h with [Hyp—LDL] before irradiation.
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Fig. 3a Illustration of the method used for co-localization analysis of
specific organelle probes with Hyp in U87 glioma cells by microscopic
fluorescence imaging. U87 MG cells were stained both with the lysoso-
mal fluorescence probes Lysotracker Green (image in green) and with
the mitochondrial fluorescence probes Mitotracker Red (image in red).
Correlation plot of red and green pixels of the images and overlap image
(right) are also presented. Pearsons, Mandersons co-localization coeffi-
cients were calculated from these two images (see Materials and
methods). M values give evidences for non-co-localization of these two
probes and display their respective specificity for lysosomes and
mitochondria.

between 1 and 24 h, the preferential intracellular fluorescence
localization of Hyp is apparently going in two opposites ways:
for cells incubated with free Hyp, transfer of fluorescence from
lysosome (and Golgi apparatus) to mitochondria is observed
while for cells incubated with the [Hyp—LDL] complex, transfer
of fluorescence from mitochondria (and Golgi apparatus) toward
lysosomes is observed. However, it should be noted that the
absence of Hyp fluorescence (drug accumulation) in lysosomes
for cells after 1 h of incubation with [Hyp—LDL], does not
appear to be in agreement with the specific cellular uptake of
LDL by the endocytosis pathway. As we have previously
reported, accumulation of Hyp in some organelles could lead to
the formation of non-fluorescent aggregates as revealed by the
decrease of its intracellular fluorescence lifetime (from 7.5 ns
down to 2 ns), due to FRET from Hyp monomers to aggre-
gates.”> This could result in incorrect interpretation of fluor-
escents co-localization images. Hence, non-fluorescent aggregate
formation of Hyp should be taken into account to determine the
actual intracellular traffic of Hyp. To overcome such an artifact,
we have taken advantage of possible FRET between lysotracker
green (a specific organelles probes that can act as donor) and
Hyp molecules (that can act as acceptor even when
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Fig. 3b  Fluorescence images of U87 MG cells stained with specific fluorescent organelle probes (Mitotracker for mitochondria, Lysotracker for lyso-
somes, NBDCg for Golgi apparatus and ER-tracker for endoplasmic reticulum) were obtained after 1 h or 24 h incubation with free Hyp. Correlation
plots, between Hyp red fluorescence and green fluorescence of each organelle probe, are given as well as corresponding overlap images.
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Fig. 3¢ Fluorescence images of U87 MG cells stained with specific fluorescent organelle probes (Mitotracker for mitochondria, Lysotracker for lyso-
somes, NBDCq for Golgi apparatus and ER-tracker for endoplasmic reticulum) were obtained after 1 h or 24 h incubation with the [Hyp-LDL]
complex. Correlation plots between Hyp red fluorescence and green fluorescence of each organelle probe are given as well as corresponding overlap

images.

aggregated).*' ™ In this view, further intracellular fluorescence
lifetime measurements were performed for FRET assessment.

Fluorescence lifetime measurements

Taking into account the physical principle of FRET,* the
decrease in the fluorescence lifetime of the donor molecule can
only occur within a small distance between both molecules (less
than ~50 angstroms), which obviously can be considered as an
optimal co-localization parameter. In order to give evidence of
such FRET, the intracellular fluorescence lifetimes of Lysotracker
Green were both measured in the absence, and presence of either
Hyp or the [Hyp-LDL] complex (Fig. 4A). For a short incu-
bation time (1 h), evidence of FRET in lysosomes is only given
for cells treated with the [Hyp—LDL] complex, as shown by the
observed decrease in the intracellular fluorescence lifetimes of
Lysotracker Green (from 4.6 to 3.7 ns). Thus, on the contrary of
what can be observed by the above fluorescence co-localization
experiments, accumulation of Hyp in lysosomes, after 1 h incu-
bation, is actually more pronounced in cells treated with the
[Hyp—LDL] complex than for cells treated with free Hyp, but the

aggregation process reduces its fluorescence. Obviously such a
situation is more in agreement with the endocytosis pathway pre-
viously described for LDL.** In the same way, intracellular fluor-
escence lifetimes obtained with NBDCg4 (Fig. 4B) provides
evidence that Hyp is actually accumulated in the Golgi apparatus
(lifetime decrease from 6.2 to 3 and 4.4 ns for cells incubated
with free Hyp and [Hyp—LDL] complex respectively). In view of
these results the apparent opposite transfer of fluorescence
observed in co-localization experiments should rather be inter-
preted as a consequence of aggregation processes consecutive to
intracellular accumulation of Hyp. The following intracellular
traffic can thus be suggest: For cells incubated with free Hyp,
intracellular aggregation (or accumulation) first takes place at the
mitochondrial level (after 1 h incubation) and then at the lysoso-
mial level (6 h and 24 h incubation) while for cells incubated
with the [Hyp-LDL] complex, aggregation first takes place in
the lysosomes (1 h incubation) and then at the mitochondrial
level. Nevertheless, if we take into account that the monomer flu-
orescent form of Hyp is the only photoactive form, the observed
photo-induced cell death must be correlated with the actual intra-
cellular fluorescent localization. From this point of view, the
evolution of the photo-induced cell death as a function of the
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Table 1 Co-localization analysis of organelle specific fluorescence probes with Hyp fluorescence in U87 glioma cells. M,,q is Mandersons
coefficient of co-localization (min. value 0, max. value 1). The Mireq constant corresponds to the correlation of red pixels (Hyp fluorescence) of the
image with the green pixels (organelle fluorescent probe): this constant displays the overlap coefficient of the fluorescent organelle probe with Hyp
fluorescence. The MsGreen Constant corresponds to the spatial overlap of green channel with red channel: it gives information about the relative
presence of Hyp fluorescence in a given organelle

Mitotracker®™ Green Lysotracker® Green NBDCg ERtracker® Green

Mand Ml Red M2Green Mand Ml Red MZGreen Mand Ml Red MZGreen Mand Ml Red MZGreen

Hyp

lh 0.56 0.42 1.00 0.78 0.83 1.00 0.52 0.30 1.00 0.92 0.89 0.99
24 h 0.91 0.98 0.99 0.66 0.62 1.00 0.42 0.14 1.00 0.87 0.93 1.00
Hyp-LDL

lh 0.88 0.93 0.99 0.67 0.53 1.00 0.71 0.49 1.00 0.92 0.95 0.99
24 h 0.68 0.79 0.97 0.81 0.79 1.00 0.57 0.33 1.00 0.96 0.98 1.00
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Fig. 4 Intracellular determination of organelle specific fluorescent lifetimes. Panel A corresponds to the determination of Lysotracker® Green
DND-26 fluorescence lifetime and panel B corresponds to the determination of NBDCg fluorescence lifetime. (a) Characteristic intracellular fluorescent
emission spectrum: diode laser excitation (maximum at 442 nm), green fluorescence of the probes (maximum around 510-520 nm) and red fluor-
escence of Hyp (maximum at 600 nm); (b) illustration of the frequency dependent phase shifts and relative modulations of the intracellular fluor-
escence of the probe that were measured in the absence of Hyp (curve 1) and after 1 h incubation with Hyp (curve 2) or the [Hyp—LDL] complex
(curve 3). (c) Calculated intracellular fluorescence lifetimes of the probes as obtained without Hyp () or after 1 h, 3 h and 6 h of incubation with Hyp
(m) or with the [Hyp—LDL] complex ().

incubation time (Fig. 1) clearly appears to be related to the evol- considered as a consecutive effect of the primary photo-
ution of the Hyp monomer localization in lysosomes (Fig. 3 and induced lysosomal damages, than as a consequence of direct
Table 1). Thus, we can consider that cell death photo-induced by =~ mitochondrial photo-damage. Actually, the direct effect of the
low irradiation (4 J cm™2) of U87 MG glioma cells after 1 to photo-activation of Hyp at the mitochondrial level can be
24 h incubation with 500 nM Hyp is triggered at the lysosomial observed in cells after 24 h incubation with free Hyp. In this
level. In view of this, the mitochondrial membrane depolariz- case, fluorescence of the Hyp monomer is mainly localized in
ation, that can only be observed for cells incubated for 6 or 24 h  the mitochondria and not in the lysosomes. Accordingly, photo-
incubation with the [Hyp-LDL] complex, should rather be activation leads to an hyper-polarization of the mitochondrial

1434 | Photochem. Photobiol. Sci., 2012, 11, 1428-1436 This journal is © The Royal Society of Chemistry and Owner Societies 2012



membrane and to decreased cell death when compared to other
cellular samples.

Conclusion

Due to possible aggregation processes and to dynamics of the
intracellular traffic of Hyp, the incubation time before irradiation
is a critical parameter that can affect the specific intracellular
localization of its fluorescent monomer form. Since this
monomer fluorescent form of Hyp is considered to be the only
photoactive form, the dynamics of intracellular traffic also affects
the photo-induced cell death pathway and should thus be care-
fully taken into consideration in view of PDT applications. More-
over, cellular delivery of Hyp, with LDLs that are considered as
their natural vascular transport system, appears as an efficient
way to increase the photo-induced cell death response. Depen-
dence of Hyp uptake on different delivery systems, and related
drug trafficking inside the cell forms the subject of our ongoing
work.

Abbreviations

Hyp hypericin

DMSO dimethyl-sulfoxide

FRET  Fluorescence or Forster Resonant Energy Transfer
LDL low-density lipoprotein

PDT photodynamic therapy

Pts photosensitizer
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