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Abstract
The fluorescence emission of hydrophilic tetrasulphonated aluminium phthalocyaninc (AIPcS+) and hydrophobic zinc phthalocyanine
(ZnPc). bound to the membrane of liposomes, was investigated in vivo in an appropriate tumonr model of the rat bladder and in RR 1022
epithelial cells of the rat. The sensitizers were administered systemically to the rats and phetodynamic therapy (PDT) was performed 24 h
later. During PDT trealment, the fluorescence was measured every 30 s. The fluorescence was excited with 633 nm light from an HeNe laser
and the fluorescence spectra were detected with an optical maltichanncl analyser system. PDT was performed for both seusitizers using 672
nm light from an Ar + dye laser.
The fluorescence changes during PDT were significantly different for the two phthalncyanincs. For AIPcS4,an initial fluorescence intensity
increase, followed by subsequent photobleaching, was observed. In contrast, ZnPc fluorescence showed an exponential decrease and no
increase at the start of treatment. Tumour necrosis 24 h after PDT was significant only for ZnPc.
RR 1022 cells incubated for 24 h with AlPcS4 revealed a granular fluorescence pattern, whereas ZnPc was localized diffusely in the
cytoplasm of the cells. In agreement with the in vivo measurements, subcellular relncalization and a fluorescence intensity increase were
detected exclusively in the case of AIPcS+. Morphological changes at this time were significant only for ZnPc. The subcellular localization
and fluorescence kinetics were obtained using a confocal laser scanning microscope.
Keywordv: Cell culture. Fluorescence kinetics; Fluorescence spectroscopy; Hydrophilic AIPcS,,;Liposomal ZnPc. Lysosomes; Photobleaching; Photodyilwntti¢
therapy: Rat bladder tumour model; Relocali:ation

1, Introduction
Several new classes of photosensitizers have been suggested in recent years for photodynamic therapy (PDT). Of
these, phthalncyanines (Pcs) have received considerable
interest [ 1,2 ]. As a result, the photochemistry, photobiology
and photodynamic efficiency of Pcs have been studied in
detail [3,4]. Most biological studies have been conducted
with water-soluble metaUo-Pcs. In addition, the hydrophobic,
non-sulphonated, zinc(II) phthalocyanine (ZnPc) has been
incorporated into the membranes of liposomes [ 5 ]. The pharmacological properties of liposomally delivered ZnPc and
the low sensitizer dose needed to obtain a satisfactory turnout
reduction after PDT treatment make this drug a promising
candidate for PDT [ 6].
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It is well known that the localization of a sensitizer in
tumour cells influences to some extent the photodynamic
activity. The cellular distribution is certainly determined by
the uptake mechanism, which is mainly influenced by the
composition of the medium and the use of carrier systems.
Most of the hydrophilic photosensitizers are taken up by
pinocytosis and accumulate in extranuclear granules, as
observed for sulphonated aluminium phthalocyanines [7].
Uptake via the low density lipoprotein (LDL) endocytotic
pathway has been demonstrated for iiposomally administered
sensitizers [8], thus a final accumulation in the lysosomal
membrane can be the result.
The intracellular location can change with time [9]. This
phenomenon, which is characterized as relocation or redistribution, is important because the location within the cell
affects the efficiency of PDT. This has been demonstrated on
a poorly differentiated squamous cell carcinoma [ I0]. Pho-

128

A. Rack et al. /Journal of Photochemistry and Phombiology B: Biology 36 (1996) 127-133

tofrin II (PII) was incubated in the cells and the rates of
sensitizer uptake and redistribution were correlated with the
PDT efficiency.
Relocation of sensitizers is observed not only during the
incubation time, but also during PDT treatment [ 11,12 ]. The
light-induced reactions depend on the subceilular localization
of the dye. Interestingly, hydrophilic dyes, which finally
accumulate in large amounts in storage organeiles, are relocalized during PDT, sometimes correlating with fluorescence
intensity increases and spectral changes [ 13 ]. However, the
contribution of relocalization to the overall PDT effect is still
under discussion.
In this paper, wc report on the dynamic fluorescence
changes of hydrophilic tetrasulphonated aluminium phthalocyanine (AIPcS4) and hydrophobic ZnPc administered in
liposomes. Fluorescence spectroscopy during PDT treatment
was investigated in vivo in a rat bladder tumour model. Lightinduced subcellular relocalization and dynamic fluorescence
changes were observed in parallel in cell cultnre using laser
scanning microscopy.

2. Materials and methods
2.1. Chemicals

Liposomally delivere6 ZnPc (CGP 55 847) was obtained
from Ciba-Geigy (Basel, Switzerland) and injected intravenously at a concentration of 0.3 mg (kg body weight) - ~into
the animals. For the subceilular localization studies, cells
were incubated with 10 -5 M ZnPe.
Hydrophilic AIPcS4 was obtained from the Russian Academy of Sciences, General Physics Institute, Moscow, Russia.
Stock solutions of the sensitizer were made up in phosphatebuffered saline (PBS) and sterilized by filtration using a 0.2
p.m filter. The dye was injected intravenously into the animals
and applied at a concentration of 5 mg (kg body weight) - ~.
In parallel, cell cultures were incubated with 10- ~ M AIPcS4
for the study of subcellular light-induced reactions.
2.2. Cell cultures

2.3. Turnout model

AY 27 cells, originating from a chemically induced bladder
carcinoma of Fischer CDF rats, were injected at the cranial
site into the bladder of Fischer CDF rats. During injection of
the cell suspension, the animals were anaesthetized. After 7
days of tumour growth, the sensitizers were injected intravenously at the concentrations mentioned above. PDT was
performed 24 h after administration of the photosensitizer.
The tumour was irradiated with 672 nm light for AIPcS4 and
ZnPc. The total irradiation was 25 J cm -2 (ignoring the
integrating sphere effect of the bladder). PDT effectiveness
was observed as turnout necrosis, which was evaluated
histologically 24 h after PDT treatment.
2.4. Experimental set-up f o r in vivo irradiation a n d
fluorescence spectroscopy

During intrabladder irradiation and fluorescence spectroscopy, the animals were generally anaesthetized and the bladder was filled with saline to give a final sphere with a mean
diameter of approximately I 1 ram. The experimental set-up
is shown in Fig. !. Two fibres were placed through the channel of a catheter into the bladder. The excitation fibre with an
isotropic diffuser at the end was adjusted into the centre of
the bladder. Fluorescence excitation was performed with an
HeNe laser (633 nm) and PDT irradiation with light from an
Ar + dye laser. For both fluorescence excitation and therapy,
the light was transmitted by the same fibre. During PDT
treatment, every 30 s the light path from the Ar + dye laser
was interrupted with a shutter and the fluorescence emission
spectrum was measured. The fluorescence intensity was
detected with the second fibre adjusted to an optical multichannel analyser system (Biospec, Moscow). The control of
the measurements and the calculation of the fluorescence
spectra were performed with the program MOSA.2. The
detection fibre was fixed independently from the excitation
fibre for maximum fluorescence intensity. A cut-off filter in
front of the CCD camera minimized the backscattered HeNe
light. It was ensured that, during PDT treatment and fluorescence spectroscopy, the position of the fibres did not change.
~mtuO

Cultures of epithelial cells from the rat (RR ! 022, ATCC
No. CCL47) were grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with ! 0% foetal calf serum
(FCS) and antibiotics at 37 °C and 5% CO2. For microscopic
investigations, the cells were cultured on microscope slides;
25 cells mm -2 were seeded 24 h before incubation with the
sensitizers. The medium was removed and the cells were
incubated for another 24 h with 10 -5 M AIPcS4 or 10 -5 M
ZnPc (DMEM, 5% FC~, 37 °C, 5% CO:). The incubation
period coincided with the late lag phase and the early growth
phase 1141. The microscopic experiments were performed
immediately after removing the incubation medium and rinsing twice with PBS.

mlbmltlt

Fig. I. Experimentalset-upfor intrabladderPDTand fluorescencespectroscopy (for detailssee text).
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Fluorescence spectra during PDT treatment were recorded
for ten animals for both photosensitizers. Three animals,
which received no photosensitizer, served as controls. The
dosimetry of the PDT light was calculated to give a power
density of 80 mW cm -2 (ignoring the integrating sphere
effect of the bladder). The transmitted power of the HeNe
laser was 4 roW.

AIS4Pc
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2.5. Fluorescence microscopy
I
The subcellular localization of the photosensitizers and the
dynamic fluorescence changes during light exposure were
evaluated using a laser scanning microscope (LSM 410
invert, Zeiss, Germany). Confocal fluorescence images were
obtained by exciting the cells with an internal HeNe laser
(633 nm), with detection of the fluorescence above 665 nm
with a photomultiplier (beam splitter FT 655 nm, long-pass
filter RG 665 nm). The fluorescence distribution was
recorded with the red channel of the microscope. Simultaneously, the phase contrast images were detected with the
green channel. The scanning time for one image was ! s. A
40 × magnification phase contrast objective lens (aperture,
0.75 mm) was used together with a zoom factor of three to
five.
The subeellular fluorescence patterns of the sensitizers
were detected before and every second within a 79 s irradiation time of the scanning laser beam. Because of the ~canning
mode, the exact dosimetry is not easy to calculate; however,
approximately 0.2 J cm -2 was applied every second to the
monolayer; thus a total irradiation dose of 16.3 J cm -2 was
delivered to the cells. Image processing software was used
for the registration of the time series. The subeellular fluorescence kinetics during light-induced treatment were calculated in the case of AIPcS4 in a special defined region of
interest (ROD.

3. Results
3. i. Fluorescence spectroscopy during lightoinduced
reactions in rive
Fig. 2 shows the fluorescence emission spectra of AIPcS4
observed from the bladder tumour of the animal. The fluorescence was excited at 633 nm, as described in Section 2.
PDT treatment was performed with 672 nm light. The fluorescence emission spectrum reveals a main peak at 690 nm.
The peak at 633 nm is due to the remaining transmittance
from the HeNe laser. During PDT, the fluorescence spectrum
was recorded every 30 s. After 30 s of irradiation, which
corresponds to a light dose of 2.5 J cm -2, the fluorescence
intensity is increased by a factor of two as shown in Fig. 2.
After a higher light dose, the fluorescence intensity decreases.
The intensity after the total administered light dose (25 J
cm - 2, 300 s irradiation) is approximately the same as before
PDT treatment. Although the reflectance does not remain
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Fig. 2. Fluorescencekineticsof AIPcS.aduringintrab|adderinadiafion.
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Fig. 3. Fluorescence kinetics of liposomal ZnPc during intrabladder
irradiation.
constant during PDT treatment, the initial fluorescence
increase is reproducible and is observed in all cases of ten
treated rats. Control animals, which received no sensitizer,
show autofluorescence in the red spectral region and no fluorescence modifications during light exposure.
Fig. 3 shows the fluorescence emission spectra of liposomally administered ZnPc in the bladder of rats. The fluorescence was again excited at 633 nm and PDT treatment was
performed at 672 nm. The main fluorescence band is blue
shifted by about 8 nm compared with that of AIPcS4. The
fluorescence spectra were again recorded every 30 s during
PDT. Interestingly, a similar fluorescence intensity increase
at the start of treatment is not observed. During lightexposure,
the fluorescence intensity decreases exponentially. This
effect is again reproducible for the ten treated rats. As demonstrated in Fig. 3, the reflectance at 633 nm does not remain
constant during PDT treatment.
Turnout necrosis, which was evaluated histologically 24 h
after PDT treatment, was significant in the case of ZnPc [ 15 ].
However, rats treated with AIPcS4 did not show significant
turnout necrosis 24 h after PDT. In both cases, the normal
bladder epithelium remained intact.
3.2. Dynamic fluorescence changes in vitro during lightinduced reactions
Fig. 4(a) shows the subeellular localization of AIPcS4 in
RR 1022 cells (after 24 h incubation). The green channel of
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Fig. 4. ( a)Subeellularfluorescenceof AIPcS4in RR 1022cellsbeforePDT. Cellswere incubatedfor 24 h with 10" s M AIPcS4.Greenchannel,phasecontrast;
red channel, fluorescence. (b) Subeellulatfluorescenceof AlPcS4 in RR 1022 cells after 5.1 J cm-= of irradiation (for details see (a)).(c) Subcellular
fluorescenceof liposomalZnPc in RR 1022cells before PDT. Cellswere incubated24h with 10-SMZnPc. (d) Subcollulerfluorescenceof liposonmlZnPcin
RR 1022cells after 5. I J/cm2 irradiation.
the LSM was taken for the phase contrast image of the cells
and the red channel for fluorescence localization (for excitation and detection, see Section 2). Before PDT, the subcellular fluorescence of AIPcS4 is correlated with
extranuclear granules localized predominantly at one site of
the cytoplasm in the vicinity of the nucleus. During PDT with
633 nm light, the fluorescence intensity is markedly increased
at the start of treatment (Fig. 4 ( b ) , after 5.1 J c m - 2 of irradiation ), similar to our recent observations [ 16 ]. At this time,
morphological changes are only marginal and predominantly
observed at the cytoplasmic level. Some vacuoles and granules disappear attd the nucleus becomes pycnotic. As demonstrated by sections along the optical ax~s (z direction),
fluorescence formation in the nucleus is not observed.
For a detailed observation of the subeellular fluorescence
changes, a ROI was defined in the vicinity of the nucleus and
the images were detected every second (after 0.2 J cm -2 of
irradiation) during PDT. This is demonstrated in Fig. 5 and
the corresponding fluorescence kinetics are given in Fig. 6.
The initial fast fluorescence intersity increase, which reaches
a maximum after 5.1 J c m - 2 of irradiation (25 s ), is followed
by a subsequent photobleaching process. We conclude that
at least two processes are responsible for the dynamic behaviour of AIPcS4. After the totally administered light dose of
16.3 J cm -2 (79 s of irradiation), significant cell damage at

Pig. 5. Subeellularfluorescencechangesof AlPcS4in RR 1022cells in the
vicinity oftbe nucleus (ROI). Images were detectedevery second (after
0.2 J cm-2 of igradiation).
the plasma membrane, such as bubbles and blebs, can be
observed (data not shown).
In the case of liposomally administered ZnPc, the sensitizer
is distributed more diffusely in the cytoplasm. In addition,
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Fig. 6. Subcellularfluorescencekineticsof AIPcS4in RR 1022cellsin the
vicinityof the n,,eleus.Fluorescenceintensitycorrespondsto Fig.5.
some fluorescent granules me observed. This is demonstrated
in Fig. 4(c). During light exposure, the fluorescence completely disappears (Fig. 4(d), after 5.1 J cm -2 of irradiation). An initial fluorescence intensity increase and
relocalization are not observed. Compared with AIPcS4, morphological changes after 5. I J c m - 2 of irradiation are more
significant, especially at the membrane level (see Fig. 4(d) ).
Interestingly, this enhanced PDT effect corresponds to the
findings in vivo.

4. Discussion
In this work, we present the detection of the light-induced
reactions of two phthalocyanines which differ significantly
in their hydrophobicity/lipophilicity.The highly hydrophilic
AIPcS4 and iipophilic ZnPc administered in liposomes were
investigated in cell cultures and in a rat bladder tumour model.
It is well known that cellular light-induced reactions are
dependent on the subcellalar localization of the photoscnsitizer. Photobleaching in the sense of photodegradation is
observed for hydrophobic sensitizers such as protoporphyrin
IX (PPIX), although the intermediate formation of photoproducts can be detected [ 17,18]. As main intracellular targets, the plasma membrane, nucleus, mitochondria and
lysosomes have been identified for these compounds
[ 19,201.
It has been shown in this work that ZnPc fluorescence,
which is distributed diffusely at the subeellular level in the
cytoplasm 24 h after incubation, is photobleached monotonously during light exposure. This phenomenon, which was
also observed in rive, confirms the photobleaching behaviour
of other hydrophobic sensitizers, thus indicating the binding
of ZnPc to membrane structures (perhaps iysosomes and
mitocbondria), which are probably the main targets. The
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evaluation of turnout necrosis showed a significant PDT
effect 24 h after treatment, although 100% necrosis was not
obtained for all animals [ 15].
The PDT effect of ZnPc on the vasculawre and turnout
cells has been reported in the IRerature [ 21 ]. In rive fluorescence and photodynamic activity were investigated using a
skinfold chamber mt model with a transplanted mammary
carcinoma. Approximately the same amount of fluorescence
in the tumour and blood vessels 24 h after injection of tbe
sensitizer could be detected. As outlined in Ref. [ 21 ], tunumr
control by PDT with liposomal ZnP¢ therefore requires vascular damage; therefore the endotbelium is probably a target
as well as the tumour cells.
in contrast with hydrophobic sensitizers, hydrophilic dyes,
which accumulate inside extranuclear granules, can be relocalized during PDT. This has been shown for lysosomocopic
dyes, such as meso-tetra(4-sulphonatophenyl)po~Dhyfin
(TPPS4) [ I 1,12] and Nile blue [22], and was confirmed for
AlPcS4 and AIPcS2 [7,16] (see, in addition, Fig. 4(a) and
Fig. 4(b)). From Fig. 4(a), it is evident that AIPcS., reveals
a granular fluorescence distribution in a discrete pefinuclear
region. This was also deduced for A!PcS2 incubated in leukaemic K 562 cells [23]. In Ref. [23], the localization was
associated with lysosomes. During irradiation, fluorescence
redistribution and subsequent monomerization oftbe dye are
correlated with changes in the fluorescence decay from a
biexponential to a monuexponentialbehaviour [ 23 ]. In addition, time-gated microspectrofluorometry indicates changes
in the fluorescence emission spectra [ 13 ]. In association with
relocalization, a new fluorescence band appears, which is blue
shifted by about 30 nm from the main fluorescence peak, and
selectively detected between an early time gate.
From Fig. 2 and Fig. 6, it can be seen that, after the initial
fluorescence intensity increase, the fluorescence subsequently decreases. It should be noted that the fluorescence
increase of AIPcS4 in the rat bladder has been detected, to
our knowledge, for the first time in an appropriate in rive
model. In the literature, photobleaching in the normal rat
bladder wall, especially in the deeper muscle, has been
reported [24]. Our measurements show that, after a light
dose at which the fluorescence intensity is at a maximum in
vitro ( 5.1 J cm - 2), no significantmorphological changes can
be observed with light microscopy (Fig. 4(b) ). In addition,
the induced tumour necrosis is only minimal 24 h after PDT
treatment with a total light dose of 25 J cm -2.
The initial fluorescence intensity increase ofAlPcS4in vivo
and in vitro raises the question of whether this is due to a
release of the dye from extranuclear granules such as endosomes or lysosomes with or without rupture of the orgnnelles.
Subcellular relecalization due to release is evident from our
cell culture experiment; however, the situation in vivo may
be more complex. In addition to subcallular changes, dye
exchange between the various cell types of tumour tissue can
influence the fluorescence signal even during PDT. Moreover, the contribution of lysosomal damage during PDT to the
overall cell killing effect is still controversial. Experiments
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with cells in different growth states, incubated with TPPS4,
indicated loss of m e m b r a n e integrity in growing cells as well
as in stationary cells, although lysosomal release of the dye
was only observed in growing cells [ 141.
Lysosomal damage s e e m s to be important for lipophilic
dyes which induce permeation of the lysosomal membranes.
In this case, release o f acidic hydrolases into the cytoplasm
[ 25 ] or release of the lysosomal enzymes/3-N-acetyI-D-glueosaminidase (/3-AGA) and cathepsin (L + B) [ 261 can be
observed, e n z y m e s which are supposed to contribute to the
killing effect. However, hydrophilic dyes, which are accumulated in large a m o u n t s in lysosomes, are involved in the
almost complete inactivation of these enzymes, observed in
the case o f TPPS4 [26] and AIPcS4 [27]. A small light dose,
which causes redistribution o f AIPcS,, accompanied by a
more than tenfold increase in the fluorescence quantum yield,
inactivates the e n z y m e s / 3 - A G A and cathepsin ( L + B) 12"71.
As reported in Ref. [27], such small light doses are almost
non-toxic for the cells. Subsequent photodegradation after
the tenfold fluorescence increase is practically non-existent
and redistribution does not result in any significant increase
in the photosensitivity o f the cells [27]. In contrast, we
observed, after relocalization and the initial fluorescence
increase of AIPcS4, subsequent photobleaching correlated
with morphological damage at the plasma membrane. Nevertheless, the P D T efficiency in our rat bladder model was
only marginal with this sensitizer. Possible reasons m a y be
that relocalization does not induce an increase in the photosensitivity or the m e c h a n i s m s in vivo are more complex.
Moreover, as recently reported, the most efficient wavelength
for P D T in the case o f sulphonated hydrophilic Pcs can be
red shifted in vivo as well as in cell culture by 10-15 n m
[ 28,291.

5. Conclusions
W e can conclude that lipophilic ZnPc administered in lipos o m e s induces significant tumour necrosis and cell damage
after P D T treatment and this correlates with the photobleaching behaviour of the sensitizer. The damage of membrane
structures s e e m s to be evident. In coptrast, AIPcS4 reveals a
more complex situation. Relocalization of the photosensitizer
is the first step during PDT, followed by subsequent photobleaching. However, only in the case o f cell cultures can
damage of the cells be observed; the induction of tumour
necrosis failed. T h u s it is questionable whether the photobleaching process in the case of AIPcSa is necessarily correlated with effective damage, probably at the membrane
structures o f the cells. Another explanation for the low phototoxicity in vivo m a y be the choice of irradiation wavelength,
which probably differs from the optimum absorption maxim u m o f the sensitizer in vivo. Moreover, our results confirm
reports in the literature which favour lipophilic over hydrophilic dyes with respect to the induction of tumour necrosis
I301.
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