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Abstract

In the present study, cellular uptake of a liposomal formulation of ZnPc(CGP 55847) has been studied in human cervix carcinoma cells of
the line NHIK 3025. The cellular uptake of ZnPc is found to be completed after 4--8 h of incubation. The maximum level of ZnPc in the cells
after incubation with 1 p,g/ml ZnPc in E2a medium containing 3% serum is 60 ng/mg protein. The cellular uptake is attenuated by the
presence of serum and at low temperature of the incubation medium, but the activation energy (30 kJ/mol) and fluorescence microscopic
analysis of cells incubated with ZnPc at 0°C indicate that ZnPc is taken up into cells by a diffusion-mediated pathway. Measurements of
subcellular marker enzymes have been performed immediately after light exposure of ZnPc-treated cells. The mitochondrial marker enzyme
(cytochrome c oxidase) and the marker enzyme for the Golgi apparatus (UDP galactosyl transferase), but not those for lysosomes ([3-Nacetyl-D-glucosaminidase) and endoplasmic reticulum (NADPH cytochrome c reductase), are inactivated upon photodynamic treatment.
These results indicate that ZnPc is mainly located in the Golgi apparatus and the mitochondria of NHIK 3025 cells. In contrast, photoactivated
Photofrin is found to reduce the activity ofUDP galactosyl transferase, but not that ofNADPH cytochrome c reductase. The tetraphenylporphine
TPPS/, and light reduce the activity of NADPH cytochrome c reductase, without influencing the activity of UDP galactosyl transferase. TPPS4
and light do not attenuate the activities of UDP galactosyl transferase and NADPH cytochrome c reductase.
© 1998 Elsevier Science
S.A. All rights reserved.
Keywords: Photodynamic;Zinc(II)-phthalocyanine;Intracellularlocalization

1. Introduction

Photodynamic therapy (PDT) of cancer is promising as a
palliative and even a curative treatment for some types of
solid tumours [ 1-3 ]. The therapy is based on selective retention of a sensitizer in the tumour tissue and its photocytotoxic
effect. The most widely used sensitizers for this purpose are
haematoporphyrin derivative (HpD) and a somewhat purified version named Photofrin. However, HpD and Photofrin
are far from ideal. The ratio of the concentration of photosensitizer in the tumour and the normal surrounding tissue is
not significantly larger than one in some cases and the absorption of light is weak in the red area of the spectrum where
light transmission through tissue is optimal [4]. Phthalocyanines (Pcs) have absorption peaks above 600 nrn with
relatively high extinction coefficients [5,6], have been
reported to localize selectively in tumour tissue [ 7 ] and have
been proposed as second-generation sensitizers.
* Corresponding author. E-mail:kristian.berg@labmed.uio.no

The efficiency of a photosensitizer in sensitizing cells to
photoinactivation is dependent upon its ability to be taken up
by the cells as well as its photochemical properties. The rate
of cellular uptake of a drug is highly dependent upon its
lipophilic properties, although other factors also influence the
rate of uptake, e.g., the uptake of Pcs is larger than that of
porphyrins with similar lipophilicity [ 8 ]. This may be related
to differences in the intracellular localization of the dyes and
the local surroundings of photosensitizers influence their
quantum yields of photoinactivation. This topic has not been
thoroughly studied so far, although it seems that some photosensitizers are less photocytotoxic when located in the
plasma membrane than in other cellular compartments [9].
There is also some evidence for a lower quantum yield of cell
inactivation for lysosomally located dyes than that for the
non-lysosomally located ones [10]; and mitochondrially
locating dyes have been found to be highly efficient dyes in
sensitizing cells to photoinactivation [11]. In order to
develop structure-activity-relationship models for photosensitizer targeting of specific subcellular organelles, detailed
knowledge of uptake mechanisms and intracellular localiza-
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tion of a large variety of photosensitizers is needed. Thus, in
the present study the mechanisms for cellular uptake and the
intracellular targets of a liposome-bound Zn(II)-phthalocyanine (ZnPc) have been studied in NHIK 3025 cells.
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2.1. Chemicals

A liposome formulation of Zn (II) -phthalocyanine (ZnPc)
(CPG 55847) was kindly provided by Ciba--Geigy (Basel,
Switzerland). Photofrin was supplied by Lederle Parenterals
(Carolina, Puerto Rico), and the tetraphenylporphines
TPPS4, TPPS2a and TPPS 1were provided by Porphyrin Products (Logan, UT). Nocodazol, cytochrome c, 13-nicotinamide
adenine dinucleotide phosphate, reduced form ([3-NADPH),
and p-nitrophenyl-N-acetyl-13-D-glucosaminide were purchased from Sigma (St. Louis, MO). Uridine diphospho-o[6-3H] galactose was purchased from Amersham Life
Science. All chemicals were of the highest purity available.
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Fig. 1. Relativespectralirradiancefromthe lampusedfor exposureofZnPcloaded cells and fluorescenceexcitation and absorption spectra of ZnPc in
NHIK3025 cells. The cells were incubatedfor 18 h with 5 p.g/ml ZnPc as
describedin Section2.3. The fluorescenceexcitationspectrumfor ZnPcwas
obtained by measuringthe emission at 710 nm. The correctedfluorescence
excitation spectrumwas obtained as described in Section 2.5. The fluorescence and absorptionspectrawere normalizedat 672 nm.
tion was measured with a thermometer (Impex, Produkter
a/s, Norway).

2.2. Cell culture
2.4. Cytotoxicity assay

The established cell line NHIK 3025, derived from a carcinoma in situ of the cervix [ 12], was used. The cells were
subcultured twice a week (split ratio 1:100) in E2a medium
[ 13] containing 10% human serum and 10% horse serum.
The cells displayed a doubling time of 18 h.
2.3. Labelling with photosensitizer and irradiation

The cells were inoculated in 10 cm 2 dishes (Falcon, UK)
or in 25 cm 2flasks (Nunc, Denmark) containing E2a medium
with 11.5% serum (6% human serum and 5.5% horse serum)
and left at 37°C for 4-5 h for proper attachment to the substratum. Subsequently, the cells were washed three times with
E2a medium with 3% serum and then exposed to the photosensitizer in E2a medium with 3% serum (2% human serum
and 1% horse serum) or as otherwise described. The following concentrations of sensitizers were used: ZnPc (CPG
55847), 1 or 5 t~g/ml; Photofrin, 6 Ixg/ml; TPPS4, 75 Ixg/
ml; TPPS2a, 3.2 txg/ml; TPPS~, 3.1 txg/ml.
If not otherwise described, the cells were incubated with
photosensitizer for 18 h, washed three times in E2a medium
containing 11.5% serum and incubated in the same medium
for 1 h before light exposure. The cells were subsequently
exposed to red light (Phillips TL 20 W/09) filtered through
a Cinemoid 35 filter (Fig. 1 ). In some experiments the cells
were exposed to 1 t~g/ml nocodazole for 1 h before light
exposure. Cells incubated with Photofrin, TPPS4, TPPS2a or
TPPS~ were exposed to blue light (Appl. Photophysics,
model 3026, London). The fluence rates reaching the cells
were 1.35 and 1.5 m W / c m 2 from the red and the blue lamps,
respectively. The temperature of the medium during irradia-

2X 103 cells were seeded out in 25 cm 2 flasks (Nunc,
Denmark) and treated as described above. Cytotoxicity was
determined by measuring the colony-forming ability of the
cells as previously described [ 14]. After the light exposure
the cells were incubated for 7-8 days at 37°C. The colonies
were fixed with ethanol (96%), stained with methylene blue
and scored manually.
2.5. Fluorescence and absorption measurements o f
cell-bound ZnPc

2 X 106 cells were seeded in 20 cm 2 dishes (Falcon, UK)
and treated with 5 Ixg/ml ZnPc for 18 h as described above.
After incubation the cells were washed three times with ice
cold Dulbecco's phosphate-buffered saline (PBS) and
scraped off the dishes in 2 ml of PBS. The cell suspensions
were centrifuged and resuspended in 2 ml PBS before ZnPc
was measured spectrofluorometrically (Perkin-Elmer LS-5).
The fluorescence was measured by exciting the samples at
344 nm and by detection of the emission at 672 nm. Cut-off
filters were used both on the excitation (345 nm) and on the
emission (545 nm) sides. Subsequently, absorption was
measured in a Perkin-Elmer Lambda 15 spectrophotometer
equipped with an integrating sphere. The fluorescence excitation spectra were corrected for the low excitation coefficient
of the quantum counter rhodamine above 600 nm. This was
performed by multiplying the spectra with the ratio between
the absorption and the fluorescence excitation spectra of
monomeric A1PcS4 in the wavelength range 580-700 nm.
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2.6. Quantitative measurements of cell-bound ZnPc
5 × 105 cells were seeded out in 10 cm 2 dishes and labelled
with ZnPc. At the end of the incubation time the cells were
washed three times with ice-cold PBS. The cells were scraped
off the substratum in 1 ml PBS and 20 ixl 5 M KOH was
added and mixed into the solution. ZnPc was measured
spectrofluorometrically (Perkin-Elmer LS-5) using a 1 ml
cuvette. The fluorescence was measured by exciting the sampies at 344 nm and by detecting the emission at 672 nm. Cutoff filters were used both on the excitation (345 nm) and on
the emission (545 nm) sides. For quantification, a standard
of known concentration of ZnPc (in PBS) was added to the
samples to increase the fluorescence by 50-100%. Dishes
without cells but otherwise treated as described above always
showed fluorescence intensities less than 4% of those of the
corresponding dishes with cells. For quantification of cellular
uptake of ZnPc this background was subtracted. The cell layer
was approximately 10-20% from being confluent when
scraped off the substratum. When the cells were incubated
outside an incubator containing CO2, 25 mM Hepes was
added to the E2a medium, or the E2a medium was replaced
by 5 mM glucose in PBS. Protein was measured by the BioRad assay according to Bradford [ 15].
2.7. Fluorescence microscopy
1 X 104 cells incubated in 10 cm 2 dishes were treated with
ZnPc as described above and then washed once in PBS. A
cover glass was gently put on the top of the PBS layer and
surplus PBS sucked off. The cells were subsequently studied
by a Zeiss Axioplan microscope equipped with epifluorescence. A HBO/100 W mercury lamp was used for excitation.
The microscope was equipped with a cooled charge-coupled
device (CCD) camera (RE2, Astromed, Cambridge). A
computer controlled the camera operation and was used for
digital image processing and storage. The microscope was
equipped with a 365 nm bandpass excitation filter, a 395 nm
beam splitter and a 610 nm cut-off emission filter.
In some of the experiments 10 × 104 cells were inoculated
in 25 cm 2 flasks and incubated with ZnPc at 18°C. In the
beginning of the incubation period the flasks were flushed
with 5% COz and then closed. After incubation, the tops of
the flasks were cut off to permit microscopic studies of the
cells.

tion. The cells were incubated for 3 h in a solution containing
0.1% Brij 35, 100 mM acetate buffer (pH 4.6), 0.1% Triton
X-100 and 2 mM p-nitrophenyl-N-acetyl-13-glucosamine
according to Beaufay et al. [ 16]. The reaction was stopped
by adding ice-cold 0.5 M Na2CO3. The method is based on
the formation of p-nitrophenol (from the substrate p-nitrophenyl-N-acetyl-[3-D-glucosaminide) which can be registered spectrophotometrically at 410 nm. The amounts of
photosensitizers in the cells did not influence the
measurements.
2.8.2. NADPH cytochrome c reductase
5 0 X 104 cells were seeded out in 10 cm 2 dishes and treated
with sensitizer as described above. The NADPH cytochrome
c reductase activity was measured as described by Beaufay
et al. [16]. The method is based on the formation of the
reduced form of cytochrome c, cytochrome Cred, induced by
NADPH, which can be recorded spectrophotometrically at
550 nm.
2.8.3. UDP galactosyl transferase
50 X 104 cells were seeded out in 10 c m 2 dishes and treated
with sensitizer as described above. The UDP galactosyl transferase activity was measured as described by Brandli et al.
[ 17 ]. The method is based on binding of radioactive-labelled
uridine diphospho-D- [ 6-3H] galactose (Amersham) to ovalbumin, which can be detected with an MR 300 automatic
liquid scintillation system.
2.8.4. Cytochrome c oxidase
75 c m 2 flasks, confluent with cells, were treated with ZnPc
as described above. At the end of the incubation period, the
cells were trypsinized, pelleted and seeded out on 10 cm 2
dishes (Falcon 1008) (1 X 106 cells in MEM containing 10%
serum). Immediately after the irradiation, the mitochondria
were isolated from the cells by electropermeabilization. The
permeabilized cells were ruptured by repeated pumping
through a needle followed by differential centrifugation. The
probes were first centrifuged at 2500 rpm for 7 min in a
Hettich microlitre centrifuge. Then the supernatant was centrifuged at 1500 rpm for 20 min in the same centrifuge. The
cytochrome c oxidase activity was then measured as
described by Gibson and Hilf [ 18]. The method is based on
spectrophotometric recording of the disappearance of cytochrome Cred (reduced form of the substrate cytochrome c
(Sigma)) at 550 nm.

2.8. Enzyme analysis
2.8.1. ~-N-acetyl-D-glucosaminidase ( fl-A GA )
A confluent 75 cm 2 culture flask (Nunc) was treated with
ZnPc as described above. At the end of the incubation period,
the cells were washed and incubated for 1 h in sensitizer-free
E2a medium containing 11.5% serum. Then the cells were
trypsinized, pelleted and seeded out in 10 cm 2 dishes (Falcon
1008, UK) with E2a medium containing 11.5% serum. The
cells were irradiated and pelleted immediately after irradia-

3. Results
3.1. Cellular uptake and effiux of ZnPc in NHIK 3025 cells
The cellular uptake of 1 Ixg/ml ZnPc in NHIK 3025 cells
at 37°C was measured for up to 24 h (Fig. 2(a) ). The uptake
was approximately linearly increasing with time for the first
2-4 h of incubation. A plateau of about 60 ng/mg protein
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presence or absence of 3% serum (data not shown). However, cells exposed to 1 i~g/ml ZnPc for 18 h followed by
1 h in sensitizer-free medium were highly sensitive to light
exposure (Fig. 3). 90% of the cells were inhibited from
forming colonies after 90 s of light exposure, corresponding
to 0.16 J / c m 2.
It has previously been shown that the temperature of the
medium surrounding the cells during light exposure can be
of great importance for the cytotoxic effect of photodynamic
therapy. NHIK 3025 cells treated with haematoporphyrin
were about twice as sensitive to PDT when exposed to light
at 0°C than at 37°C [ 19]. Cells were treated overnight with
1 ixg/ml ZnPc followed by 1 h in sensitizer-free medium
prior to light exposure on ice or at 34-35°C (Fig. 3(a)). In
contrast to the results with haematoporphyrin and light, the
temperature during light exposure had only a slight and insignificant influence on the photocytotoxic effect of ZnPc. The
temperature of the medium was monitored during light exposure and was found to increase during light exposure in the
medium of cells exposed to light on ice (Fig. 3(a), inset).

(hours)

Fig. 2. Time course of cellular uptake (a) and efflux (b) of ZnPc in NHIK
3025 cells. (a) The cells were incubated with 1 p~g/ml ZnPc in E2a medium
in the presence of 3% serum and cell-bound ZnPc analysed as described in
Section 2.6. (b) NHIK 3025 cells were incubated with 1 i~g/ml ZnPc for
18 h. The medium was then replaced by ZnPc-free medium and cell-bound
ZnPc analysed as described in Section 2.6• Bars, SD from three dishes.

ZnPc was reached within 8 h. Longer incubation times had
no further effect on the cellular level of ZnPc. The absorption
and the corrected fluorescence excitation spectra for ZnPc
bound to NHIK 3025 cells were almost similar, and showed
a main peak at about 672 nm (Fig. 1 ).
The intracellular concentration of ZnPc could be estimated
from the mean diameter of NHIK 3025 cells ( 15 ttm), the
number of cells per mg protein ( = 1.7 × 10 6 cells/mg protein) and the data in Fig. 2(a). At a maximum level of 60
ng/mg protein ZnPc reached after 4-8 h of incubation with
1 ~xg/ml ZnPc, the intracellular concentration of ZnPc could
thus be estimated to 150 tLg/ml, i.e. about 150 times larger
than the concentration in the incubation medium.
After 18 h of incubation with 1 tzg/ml ZnPc, the medium
was replaced with fresh medium without ZnPc to evaluate
the kinetics of ZnPc efflux (Fig. 2(b)). The efflux was
clearly biphasic with a small fraction (25%, upon extrapolation of the regression line to the ordinate) lost within 1 h
of incubation in sensitizer-free medium. The efflux of the
remaining ZnPc seems to follow first-order kinetics, with half
the cell-bound ZnPc released in 5 h. 24 h after removing ZnPc
from the medium, less than 3% ZnPc remained cell-bound.
No changes in the intracellular localization of ZnPc during
the efflux could be observed by fluorescence microscopy
(data not shown).

3.2. Cell inactivation after photochernical treatment
The clonogenicity of the NHIK 3025 cells was not influenced by treatment with 25 Ixg/ml ZnPc for 18 h in the
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Fig. 3. Survival curves for NHIK 3025 cells incubated for 18 h with 1 ixg/
ml ZnPc and exposed to light as described in Section 2.7. (a) The cells were
placed on ice 15 min before irradiation ( D ) or taken out of the incubator
immediately before irradiation ( 0 ) . The temperature in the medium was
measured in parallel flasks (inset)• (b) The cells were incubated in sensitizer-free medium for 1 h before light exposure in the presence ([i]) or
absence ( 0 ) of 1 p,g/ml nocodazole. Cells were also treated with nocodazole and light in the absence of ZnPc ( A ) . The cells were incubated in
nocodazole-free medium immediately after light exposure. Bars, SD from
three fasks.
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This might have influenced the outcome of the experiments,
although reduction of the temperature of the medium from
37 to 20°C during light exposure induced a clear reduction in
cell survival in the case of haematoporphyrin [20].
The unpolymerized form of tubulin has previously been
shown to be targeted by several photosensitizers in combination with light [21-25]. The rapid and highly reversible
inhibition of tubulin polymerization by nocodazole [26]
makes this drug suitable for studying photochemical effects
on the same target. Treatment of ZnPc-loaded cells with
nocodazole shortly before light exposure increased the photosensitivity of the cells slightly, but not significantly (Fig.
3(b) ). Nocodazole given alone before light exposure was
non-toxic to the cells (Fig. 3(b)).

3.3. Serum dependency on cellular uptake of ZnPc
It has previously been shown that ZnPc incorporated into
small unilamellar liposomes interacts with the lipoproteins in
serum and is almost exclusively bound to the three major
lipoprotein components VLDL, HDL and LDL [27]. The
rate of transfer of ZnPc from liposomes to LDL is highly
dependent on the type of liposome, ranging from a few
minutes to several hours for completion [ 28 ]. The uptake of
ZnPc in the NHIK 3025 cells was measured after incubation
with ZnPc in the absence and presence of serum (Fig. 4). In
the absence of serum, the rate of ZnPc uptake was increased
more than two-fold. The rate of cellular uptake of ZnPc incubated in 3% serum was independent of a 4 h pre-incubation
period of ZnPc in the incubation medium before exposure to
cells (Fig. 4).
The photoinactivation efficiency appears to be related to
the intracellular ZnPc concentration: for a 2 h incubation in
the absence of serum, the dose of light that killed 90% of the
cells (Dlo) was 1.6-2.1-fold higher than in the presence of
serum (data not shown). In accordance with the uptake studies, cell survival was independent of a 4 h pre-incubation
period of ZnPc in the medium before exposure to cells.

3.4. Temperature dependency of cellular uptake of ZnPc
The temperature dependency of the cellular uptake of ZnPc
was determined by comparing the rates of uptake at 37 and
0°C. The rate of ZnPc uptake was substantially reduced by
lowering the incubation temperature to 0°C (Fig. 5). Linear
regression analysis indicates an initial rate of ZnPc uptake of
17 ng/mg protein × h at 37°C (based on a linear uptake for
only the first 2 h, r2=0.998) and 3.5 ng/mg protein×h at
0°C ( r 2 = 0.71 ). The activation energy can be estimated from
these results to be about 30 kJ/mol assuming a linear Arrhenius plot within this temperature range.
The temperature dependency of the cellular uptake of ZnPc
was also studied by fluorescence microscopy (Fig. 6). In
cells exposed to a 1 h pulse at 0°C with the sensitizer the
fluorescence could be seen as a rim around the cells, implicating primarily plasma membrane localization of the sensi-
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Fig. 4. Serum dependency on cellular uptake of ZnPc. NHIK 3025 cells were
incubated with 1 ixg/ml ZnPc and analysed for cellular uptake of ZnPc as
described in Section 2.6. Symbols: O, incubated in E2a medium in the
absence of serum; am, incubated in E2a medium containing 3% serum; rq,
incubated in E2a medium containing 3% serum, but ZnPc was added to the
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Fig. 5. Temperature dependency of cellular uptake of ZnPc. NH|K 3025
cells were incubated with 1 ~g/ml ZnPc in E2a medium with 3% serum at
0°C (©) or at 37°C ( 0 ) and cell-bound ZnPc analysed as described in
Section 2.6. Dotted lines indicate linear regression analyses based on results
from the first 2 h of incubation for cells incubated at 37°C and all the results
for cells incubated at 0°C. Bars, SD from tl~ee dishes.

tizer. When this treatment was extended to 4 h, the cells
fluoresced more intensely and the fluorescence clearly originated from intracellular areas. A similar pattern was
observed in cells treated with ZnPc at 18°C, although the
fluorescence intensity was higher than when the cells were
incubated at 0°C. In cells treated at 37°C the fluorescence
from ZnPc was clearly increasing with time, but the fluorescence pattern seemed to depend less on the time of incubation.
The intracellular localization of ZnPc was mainly extranuclear, inhomogeneous and covering most of the cytoplasm.
However, after 18 h of incubation the fluorescence pattern
was more granular than after 1-4 h of incubation.
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UOP galactosyl
transferase

3.5. Inactivation o f intracellular enzymes

Photosensitized damage to enzymes known as markers for
subcellular organelles gives information about the intracellular localization of the sensitizer [29]. The enzymatic activity of U D P galactosyl transferase associated with the Golgi
apparatus was reduced by approximately 60% after the treatment with ZnPc and 3 min of light, while the activity o f the
mitochondrial cytochrome c oxidase was reduced by approximately 40% after 2 min of light (Fig. 7). Lysosoma113-AGA
and N A D P H cytochrome c reductase located in endoplasmic
reticulum showed no significant loss in enzymatic activities
after treatment with ZnPc and light (Fig. 7).
For comparison, the inactivation of subcellular marker
enzymes as performed with ZnPc and light was also carried
out using other photosensitizers with different intracellular
localizations, i.e., Photofrin, TPPS4 and TPPS2a (Fig. 8).
Neither UDP galactosyl transferase nor N A D P H cytochrome
c reductase was affected by TPPS4 and light, while photoactivated TPPS2a was able to inactivate N A D P H cytochrome c
reductase, but not UDP galactosyl transferase (Fig. 8). Light
exposure in the presence of TPPS2a has previously been
shown to relocate the dye from lysosomes to membranous
extralysosomal areas after small light doses [ 14]. However,
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Fig. 8. Surviving fractions and relative activities of UDP galactosyl transferase and NADPH cytochromec reductasein NHIK 3025 cells immediately
after treatment with Photofrin, TPPS~and TPPSz~.The cells were treated as
described in Section 2.8. Bars, SD from three dishes.
UDP galactosyl transferase was not inactivated even when
cells treated with TPPS2a were first exposed to a small light
dose sufficient to release TPPS2a from lysosomes and then to
a second larger dose of light (data not shown). UDP galactosyl transferase was not inactivated by TPPS~ and light (data
not shown). In the case of Photofrin and light, N A D P H cytochrome c reductase was not significantly affected, in contrast
to UDP galactosyl transferase activity which was reduced by
40% (Fig. 8).

4. Discussion
Photosensitizers may enter cells either by penetrating the
plasma membrane via passive diffusion [ 30,31 ] or by endo-
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cytosis [29]. Plasma membrane transporters have not been
shown to be involved in the cellular uptake of photosensitizers, although the prodrug 5-aminolaevulinic acid seems to be
taken up through [3-amino acid and ~/-aminobutyric acid
transporters in colon adenocarcinomas (Rud and Berg,
unpublished observations). The present results indicate that
cellular uptake of ZnPc is due to a diffusion-controlled process. The uptake of ZnPc was temperature dependent, but the
activation energy for the process was only about 30 kJ/mol,
which is within the range of diffusion-controlled uptake
mechanisms (Fig. 5, [32]). In contrast, active transport
mechanisms are more temperature dependent with activation
energies of about 100 kJ/mol [33]. Furthermore, active
transport is completely inhibited at 0°C, while ZnPc clearly
penetrated the plasma membrane at 0°C (Fig. 6).
Intracellular transport from endosomes to lysosomes and
the Golgi apparatus is inhibited at 18°C, while transport from
the plasma membrane to endosomes is still active [ 34]. Photosensitizers that are located in intracellular membranes, like
in the endoplasmic reticulum and in the Golgi apparatus (see
below), may have been endocytosed and further transported
retrogradely to these organelles. ZnPc given at 18°C should
therefore accumulate in endosomes if this photosensitizer is
transported retrogradely through endosomes to the Golgi
apparatus. However, the intracellular localization of ZnPc
was not influenced by reducing the incubation temperature
from 37 to 18°C (Fig. 6), indicating that endocytosis is not
involved in the cellular uptake of ZnPc.
It has previously been shown that ZnPc almost exclusively
binds to the three major lipoprotein components, VLDL,
HDL and LDL, of serum [27] and that the transfer of ZnPc
from liposomes to serum lipoprotein is highly dependent on
the constitution of the liposomes [ 28 ]. The presence of serum
reduced the rate of ZnPc uptake into NHIK 3025 cells (Fig.
4) as well as their sensitivity to photoinactivation. These
results and the lack of effect of pre-incubating ZnPc in the
serum-containing medium strongly indicate that ZnPc is rapidly transferred from the liposomes to the lipoproteins and
adsorbed to the cells as a complex with the lipoproteins. It
has previously been suggested that several photosensitizers,
including ZnPc [35], are taken up both in vitro and in vivo
through the LDL pathway. However, although ZnPc may be
adsorbed to the plasma membrane complexed with LDL, it
does not seem to follow the endocytosis of LDL, but instead
diffuses across the plasma membrane (Fig. 6). The most
likely explanation is that the LDL-ZnPc complex binds to
the LDL receptor where ZnPc leaves LDL and penetrates the
plasma membrane [36] (Fig. 9). The preferential uptake of
LDL-bound photosensitizers into tumour tissues has been
suggested by many authors to be due to uptake via the LDL
receptor. However, in contrast many of these photosensitizers
are not localized in endosomes or lysosomes [35,37]. Thus,
the alternative pathway as indicated in Fig. 9 may link the
apparently contradictory results together.
The efflux of ZnPc from the NHIK 3025 cells followed
apparently first-order kinetics from 1 to 24 h of incubation in

pit

cytoplasm

Fig. 9. Proposed mechanism for LDL-receptor stimulated cellular uptake of
photosensitizers. The photosensitizer is indicated by a tetrapyrrole structure.

sensitizer-free medium (Fig. 2(b)). About 25% of cellbound ZnPc was lost in the first hour of incubation in sensitizer-free medium. This fraction was lost more rapidly than
the remaining cell-bound ZnPc, and is most likely due to
ZnPc associated with the plasma membrane. This is in accordance with the previous observation that ZnPc binds to the
plasma membrane, as revealed by measurements of plasma
membrane function after PDT [ 38].
In the case of Pcs and porphyrins it is well known that
aggregates have a low fluorescence quantum yield compared
to monomers [ 39,40]. Aggregated Pcs have absorption spectra that are different from those of monomeric dyes [ 5,41 ].
In the present study the absorption and the fluorescence excitation spectra of ZnPc in NHIK 3025 cells were found to be
similar in shape. This indicates little or no aggregation of
ZnPc in NHIK 3025 ceils even at the high concentrations of
ZnPc used in these studies (Fig. 1). This is to be expected
for an efficient photosensitizer, since only monomeric species
are appreciably photoactive [41--45].
ZnPc in combination with light induced a cytotoxic effect
on NHIK 3025 cells (Fig. 3) as has previously been found
for other cell lines [38,46]. The sensitivity of NHIK 3025
cells to photoinactivation did not increase significantly when
the temperature was lowered during light exposure (Fig. 3),
as has been demonstrated after photoactivation of haematoporphyrin [ 19,20]. It was suggested in the earlier study that
the enhanced sensitivity of the cells to light at reduced temperature was due to reduced rate of repair. Since the temperature was raised to 37°C immediately after the end of the
exposure to light, the repair influencing the survival of haematoporphyrin-treated cells must occur during or immediately after exposure to light. The present results indicate that
such a repair mechanism is not of great importance in ZnPcinduced photoinactivation.
The rapid and highly reversible inhibition of tubulin
polymerization by nocodazole [26] makes this drug suitable
for studying photochemical effects on the same target. Tubulin is the main structural component ofmicrotubules (MTs).
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PDT has been shown to induce accumulation of cells in mitosis subsequently followed by cell death [21,22,24,47,48].
This is due to direct damage of the MT constituents in their
unpolymerized form [ 23 ]. Depolymerization of the MTs
with nocodazole prior to light exposure of sensitizer-loaded
cells has in many cases been found to enhance the cytotoxic
effect of the treatment [22,25]. However, the presence of
nocodazole during PDT did not lead to an increased ability
of ZnPc to sensitize cells to photoinactivation (Fig. 4). The
unpolymerized form of tubulin therefore seems not to be a
target for the ZnPc-mediated photochemical inactivation of
NHIK 3025 ceils. This is in accordance with the observed
reciprocity between the significance of tubulin damage (and
accumulation in mitosis) in photocytotoxicity and lipophilicity of photosensitizer, since ZnPc is a highly lipophilic
photosensitizer. It should be noted that cold treatment induces
depolymerization of MTs [23]. The enhanced sensitivity of
cells to photoinactivation with the more hydrophilic haematoporphyrin at reduced temperature may alternatively be due
to its effect on tubulin.
Photoinactivation of cells and tissues containing photosensitizers is strongly dependent on the localization sites of the
dye [49,50]. In the present work the localization of ZnPc
was investigated by fluorescence microscopy (Fig. 6) as well
as by measurements of photochemically induced damage to
enzymes known as markers for subcellular organelles (Fig.
7). The lack of inactivation of the lysosomal marker enzyme
[3-AGA by treatment with ZnPc in combination with light
indicates low or no lysosomal localization of ZnPc in NHIK
3025 cells. This is in agreement with the uptake studies, which
indicated that endocytosis was not involved in the uptake of
ZnPc in this cell line as well as the intracellular localization
pattern as seen by fluorescence microscopy (Fig. 6). The
marker enzyme for endoplasmic reticulum, NADPH cytochrome c reductase, was not inactivated by ZnPc-PDT, indicating minor localization of ZnPc in endoplasmic reticulum.
However, the activities of UDP galactosyl transferase, which
localizes in the Golgi apparatus, and cytochrome c oxidase,
a marker enzyme for the mitochondria, were found to
decrease in the cells treated with ZnPc and light (Fig. 7).
This is in accordance with the fluorescence microscopic analysis showing a high concentration of fluorescence in an area
close to the nuclear membrane resembling the localization of
the Golgi apparatus, and a widespread extranuclear granular
fluorescence that might resemble the mitochondria (Fig. 6).
Thus, the present results may indicate a Golgi apparatus and
mitochondrial localization of ZnPc in NHIK 3025 cells and
that these organelles are targets in ZnPc-sensitized PDT. Valduga and coworkers found mitochondria and the plasma
membrane to be targeted by ZnPc-PDT [38] in accordance
with the present results. In their study the cells were incubated
for only 2 h before light exposure and more substantial damage to the plasma membrane should be expected than in the
present study. Milanesi and coworkers suggest from ultrastructural analysis that the mitochondria and the cytoplasmic
membrane of tumour cells are damaged in viw) by treatment
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with ZnPc and light [35]. It was shown that ZnPc was distributed throughout the cellular membrane systems in HepG2
cells, but was absent from the cell nucleus [ 51 ].
In order to validate the use of the selected marker enzymes
for analysing subcellular localization of photosensitizers,
several other photosensitizers were used for analysing photochemical inactivation of UDP galactosyl transferase and
NADPH cytochrome c reductase (Fig. 8 ). The present results
indicate that Photofrin is located in the Golgi apparatus,
which is in accordance with previous electron microscopic
analysis of subcellular damage after Photofrin-PDT [52].
Previous works have shown that Photofrin is also located in
mitochondria, but usually not in lysosomes [29,53,54].
TPPS2a was found to inactivate the endoplasmic reticulumlocated NADPH cytochrome c reductase after light exposure.
TPPS2a is primarily located in lysosomes, but is relocated to
nearly all the extranuclear cytoplasm after light exposure
[ 14]. The present results indicate that TPPS2, is relocated to
endoplasmic reticulum after light exposure.
In conclusion, liposome-delivered ZnPc was found to be
taken up into NHIK 3025 cells by a diffusion-mediated pathway and seems to be mainly located in the Golgi apparatus
and the mitochondria of the cytoplasm.

5. Abbreviations
TPPS,
TPPS2,
ZnPc
PBS
PDT

tetraphenylporphine with n sulfonate groups
tetraphenylporphine with two sulfonate groups
on adjacent phenyl rings
zinc-phthalocyanine
Dulbecco's phosphate-buffered saline
photodynamic therapy

Acknowledgements
This research was supported by the Norwegian Cancer
Society. The authors wish to thank Ciba-Geigy (Basel,
Switzerland) for providing ZnPc.

References
[ 1] H.I. Pass, Photodynamictherapy in oncology:mechanismsand clinical use, J. Natl. CancerInst. 85 (1993) 443-456.
[2] I. Amato,Cancertherapy. Hope for a magic bullet that moves at the
speed of light, Science 262 (1993) 32-33.
[3] Q. Peng,T. Warloe,K. Berg,J. Moan,M. Kongshaug,K.E.Giercksky,
J.M. Nesland, 5-aminolevulinicacid-basedphotodynamictherapy- clinical researchand future challenges,Cancer79 (1997) 2282-2308.
[4] S. Wan, J.A. Parrish, R.R. Anderson, M. Madden, Transmittanceof
nonionizing radiation in human tissues, Photochem. Photobiol. 34
(1981) 679-681.
[5] J.R. Darwent, I. McCubbin, D. Phillips, Excited singlet and triplet
state electron-transfer reactions of aluminium (III) sulfonated
phthalocyanines, J. Chem. Soc. Faraday Trans. 2 78 (1982) 347357.

158

G.H. Rodal et al. / Journal of Photochemistry and Photobiology B: Biology 45 (1998) 150-159

[6] K. Berg, J. Moan, Optimization of wavelength in photodynamic therapy in: J. Moser (Ed.), Photodynamic Tumor Therapy, 2nd and 3rd
Generation Photosensitizers, Harwood Academic Publishers, Amsterdam, 1998, pp. 151-168.
[7] Q. Peng, J. Moan, G. Farrants, H.E. Danielsen, C. Rimington, Localization of potent photosensitizers in human tumor LOX by means of
laser scanning microscopy, Cancer Lett. 58 ( 1991 ) 17-27.
[8] K. Berg, J.C. Bommer, J. Moan, Evaluation of sulfonated aluminum
phthalocyanines for use in photochemotherapy. Cellular uptake studies, Cancer Lett. 44 (1989) 7-15.
[9] J. Moan, T. Christensen, P.B. Jacobsen, Photodynamic effects on cells
in vitro labelled with hematoporphyrin derivative, Photobiochem.
Photobiophys. 7 (1984) 349-358.
[ 10] J. Moan, K. Berg, H.B. Steen, T. Warloe, K. Madslien, Fluorescence
and photodynamic effects of phthalocyanines and porphyrins in cells,
in: B.W. Henderson, T.J. Dougherty (Eds.), Photodynamic Therapy:
Basic Principles and Clinical Applications. Marcel Dekker, New
York, 1992, pp. 19-36.
[ 11 ] K.W. Woodburn, N.J. Vardaxis, J.S. Hill, A.H. Kaye, J.A. Reiss, D.R.
Phillips, Evaluation of porphyrin characteristics required for photodynamic therapy, Photochem. Photobiol. 55 (1992) 697-704.
[ 12] K. Nordbye, R. Oftebro, Establishment of four new cell strains from
uterine cervix. I, Exp. Cell Res. 58 (1969) 458.
[13] T.T. Puck, S.J. Cieciura, H. Fisher, Clonal growth in vitro of human
cell with fibroblastic morphology, J. Exp. Med. 106 (1957) 145165.
[ 14] K. Berg, K. Madslien, J.C. Bommer, R. Oftebro, J.W. Winkelman, J.
Moan, Light induced relocalization of sulfonated meso-tetraphenylporphines in NHIK 3025 cells and effects of dose fractionation, Photochem. Photobiol. 53 ( 1991 ) 203-210.
[ 15] M.M. Bradford, A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding, Anal. Biochem. 72 (1976) 248-254.
[ 16] H. Beanfay, A. Amar-Costesec, E. Feytmans, D. Thines-Sempoux,
M. Wibo, M. Robbi, J. Berthet, Analytical study of microsomes and
isolated subcellular membranes from rat liver. I. Biochemical methotis, J. Cell Biol. 61 (1974) 188-200.
[17] A.W. Brandli, G.C. Hansson, E. Rodriguez-Boulan, K. Simons, A
polarized epithelial cell mutant deficient in translocation of UDPgalactose into the Golgi complex, J. Biol. Chem. 263 (1988) 1628316290.
[ 18] S.L. Gibson, R. Hilf, Photosensitization of mitochondrial cytochrome
c oxidase by hematoporphyrin derivative and related porphyrins in
vitro and in vivo, Cancer Res. 43 (1983) 4191--4197.
[19] J. Moan, T. Christensen, Photodynamic inactivation of cancer cells in
vitro. Effect of irradiation temperature and dose fractionation, Cancer
Lett. 6 (1979) 331-335.
[20] J. Moan, E.O. Pettersen, T. Christensen, The mechanism of photodynamic inactivation of human cells in vitro in the presence of haematoporphyrin, Br. J. Cancer 39 (1979) 398-407.
[21] K. Berg, J. Moan, Mitotic inhibition by phenylporphines and tetrasulfonated alumiulum phthalocyanine in combination with light, Photochem. Photobiol. 56 (1992) 333-339.
[22] K. Berg, H.B. Steen, J.W. Winkehnan, J. Moan, Synergistic effects
of photoactivated tetra(4-sulfonatophenyl)porphine and nocodazole
on microtubule assembly, accumulation of cells in mitosis and cell
survival, J. Photochem. Photobiol. B: Biology 13 (1992) 59-70.
[23] K. Berg, The unpolymerized form of tubulin is the target for microtubule inhibition by photoactivated tetra(4-sulfonatophenyl)porphine, Biochim. Biophys. Acta 1135 ( 1992 ) 147-153.
[24] K. Berg, J. Moan, J.C. Bommer, J.W. Winkelman, Celhilar inhibition
of microtubule assembly by photoactivated sulphonated meso-tetraphenylporphines, Int. J. Radiation Biol. 58 (1990) 475-487.
[25] K. Berg, Q. Peng, J.M. Nesland, J. Moan, Cellular responses to photodynamic therapy, in: G. Jori, J. Moan, W. Star (Eds.), Photodynamic
Therapy of Cancer, Proc. SPIE 2078, 1994, pp. 278-285.

[26] L.U. Cassimeris, P. Wadsworth, E.D. Salmon, Dynamics of microtubule depolymerization in monocytes, J. Cell Biol. 102 (1986) 20232032.
[ 27] F. Ginevra, S. Biffanti, A. Pagnan, R. Biolo, E. Reddi, G. Jori, Delivery
of the tumour photosensitizer zinc (ll)-phthalocyanine to serum proteins by different liposomes: studies in vitro and in vivo, Cancer Lett.
49 (1990) 59-65.
[ 28] L. Polo, G. Bianco, E. Reddi, G. Jori, The effect of different liposomal
formulations on the interaction of Zn(II)-phthalocyanine with isolated low and high density lipoproteins, Int. J. Biochem. Cell Biol. 27
(1995) 1249-1255.
[29] K. Berg, J. Moan, Lysosomes as photochemical targets, Int. J. Cancer
59 (1994) 814-822.
[30] M. Dellinger, C. Vever-Bizet, D. Brault, O. Delgado, C. Rosenfeld,
Cellular uptake of hydroxyethylvinyldeuteroporphyrin (HVD) and
photoinactivation of cultivated human leukemia (REI46) cells, Photochem. Photobiol. 43 (1986) 639--647.
[31] R.M. Bohmer, G. Morstyr, Uptake of hernatoporphyrin derivative by
normal and malignant cells: effect of serum, pH, temperature, and cell
size, Cancer Res. 45 (1985) 5328-5334.
[32] A. Le Cam, P. Freychet, Neutral amino acid transport, Characterization of A and L systems in isolated rat hepatocytes, J. Biol. Chem.
252 (1977) 148-156.
[33] R.I. Macy, Anonymous Membrane Transport in Biology II, Springer,
Berlin, 1979.
[34] B. van Deurs, O.W. Petersen, S. Olsnes, K. Sandvig, Delivery of
internalized ricin from endosomes to cisternal Golgi elements is a
discountinuous, temperature-sensitive process, Exp. Cell Res. 171
(1987) 137-152.
[35] C. Milanesi, C. Zhou, R. Biolo, G. Jori, Zn(II)-phthalocyanine as a
photodynamic agent for turnouts. II Studies on the mechanism of
photosensitised tumour necrosis, Br. J. Cancer 61 (1990) 846850.
[36] K. Berg, J. Moan, Lysosomes and microtubules as targets for photochemotherapy of cancer, Photochem. Photobiol. 65 (1997) 403409.
[37] P.J. Bugelski, C.W. Porter, T.J. Dougherty, Autoradiographic distribution of hematoporphyrin derivative in normal and tumor tissue of
the mouse, Cancer Res. 41 (1981) 4606-4612.
[38] G. Valduga, E. Reddi, S. Garbisa, G. Jori, Photosensitization of cells
with different metastatic potentials by liposome-delivered Zn(II)phthalocyahine, Int. J. Cancer 75 (1998) 412--417.
[ 39] J. Moan, S. Sommer, Uptake of the components of hematoporphyrin
derivative by cells and tumours, Cancer Lett. 21 ( 1983 ) 167-174.
[40] J.D. Spikes, Phthalocyanines as photosensitizers in biological systems
and for the photodynamic therapy of tumors, Photochem. Photobiol.
43 (1986) 691-699.
[41 ] K. Berg, J.C. Bommer, J. Moan, Evaluation of sulfonated aluminum
phthalocyadines for use in photochemotherapy. A study on the relative
efficiencies of photoinactivation, Photochem. Photobiol. 49 (1989)
587-594.
[42] A. Andeoni, R. Cubeddu, S. De Silvestri, P. Laporta, F.S. AmbesiImpiombato, M. Esposito, M. Mastrocinque, D. Tramontano, Effects
of laser irradiation on hematoporphyrin-treated normal and transformed thyroid cells in culture, Cancer Res. 43 (1983) 20762080.
[43] J.P. Keene, D. Kessel, E.J. Land, R.W. Redmond, T.G. Truscott,
Direct detection of singlet oxygen sensitized by haematoporphyrin
and related compounds, Photochem. Photobiol. 43 (1986) 117-120.
[44] A. Western, J. Moan, Action spectra for photoinactivation of ceils in
the presence of tetra (3-hydroxyphenyl) porphyrin, chlorin e6 and aluminium phthalocyanine tetrasulphonate, in: R.H. Douglas, J. Moan,
F. Dall'Acqua (Eds.), Light in Biology and Medicine, Plenum, New
York, 1988, pp. 85-89.
[45] J. Moan, S. Sommer, Action spectra for hematoporphyrin derivative
and Photofrin II with respect to sensitization of human cells in vitro
to photoinactivation, Photochem. Photobiol. 40 (1984) 631-634.

G.H. Rodal et al. / Journal of Photochemistry and Photobiology B: Biology 45 (1998) 150-159
[46] G. Valduga, G. Bianco, G. Csik, E. Reddi, L. Masiero, S. Garbisa, G.
Jori, Interaction of hydro- or lipophilic phthalocyanines with ceils of
different metastatic potential, Biochem. Pharmacol. 51 (1996) 585590.
[47] J.C. Stockert, A. Juarranz, A. Villanueva, M. Cafiete, Photodynamic
damage to HeLa cell microtubules induced by thiazine dyes, Cancer
Chemother. Pharmacol. 39 (1996) 167-169.
[48] A. Juarranz, A. Villanueva, V. Diaz, M. Cafiete, Photodynamic effects
of the cationic porphyrin, mesotetra(4N-methylpyridyl) porphine, on
microtubules of HeLa cells, J. Photochem. Photobiol. B: Biol. 27
(1995) 47-53.
[49] Q. Peng, J. Moan, M. Kongshaug, J.F. Evensen, H. Anholt, C.
Rimington, Sensitizer for photodynamic therapy of cancer: a comparison of the tissue distribution of Photofrin II and aluminum phthalocyanine tetrasulfonate in nude mice bearing a human malignant tumor,
Int. J. Cancer 48 (1991) 258-264.
[50] K. Benstead, J.V. Moore, The effect of fractionation of light treatment

[51]

[ 52 ]

[53]
[54]

159

on necrosis and vascular function of normal skin following photodynamic therapy, Br. J. Cancer 58 (1988) 301-305.
W.G. Love, E.C. Havenaar, P.J. Lowe, P.W. Taylor, Uptake of
zinc(II)-phthalocyanine by HepG2 cells expressing the low density
lipoprotein receptor: studies with the liposomal formulation
CGP55847, in: G. Jori, J. Moan, W. Star (Eds.), Photodynamic Therapy of Cancer, Proc. SPIE 2078, 1994, pp. 381-388.
C.L. Davies, T. Ranheim, Z. Malik, E.K. Rofstad, J. Moan, T. Lindmo,
Relationship between changes in antigen expression and protein synthesis in human melanoma cells after hyperthermia and photodynamic
treatment, Br. J. Cancer 58 (1988) 306-313.
D. Kessel, Sites of photosensitization by derivatives of hematoporphyrin, Photochem. Photobiol. 44 (1986) 489-493.
R. Hilf, R.S. Murant, U. Narayanan, S.L. Gibson, Relationship of
mitochondrial function and cellular adenosine triphosphate levels to
hematoporphyrin derivative-induced photosensitization in R3230AC
mammary tumors, Cancer Res. 46 (1986) 211-217.

