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Subcellular Phototoxicity of Photofrin-II and
Lutetium Texaphyrin in Cells In Vitro

H. Liang, D.S. Shin, Y.E. Lee, D.C. Nguyen, S. Kasravi, T. Do, P. Aurasteh and M.W. Berns
Beckman Laser Institute and Medical Clinic, University of California, Irvine, California, USA

Abstract. Three cell types including bovine pulmonary artery endothelium cells (CPAE), rat kangaroo
kidney cells (PTK2), and human larynx epidermoid carcinoma cells (Hep-2) were used to study subcellular
localisation and phototoxicity of Photofrin-II and lutetium texaphyrin (Lu Tex). Cells were examined for
fluorescence after administration of the photosensitisers. Subcellular regions were exposed with a laser
microbeam system that used an argon ion laser pumped dye laser generating a 630 nm for Photofrin-II and
730 nm for Lu Tex. Fluorescence detection suggests that the Photofrin-II is bound primarily to the
mitochondria with some di#use fluorescence in the rest of the cytoplasm. The fluorescence in Lu Tex treated
cells appears to be localised to the lysosomes. The percentage of damaged cells following light exposure to the
di#erent subcellular regions after Photofrin-II or Lu Tex treatment demonstrates that the nuclear region was
the most sensitive target followed by the perinuclear region and peripheral cytoplasm region.

Keywords: Endothelial cell; Fluorescence detection; Laser microirradiation; Lutetium texaphryin; Photo-
dynamic therapy; Photofrin II; Photosensitiser; Subcellular phototoxicity

INTRODUCTION

Since the initial studies on photodynamic
therapy (PDT) in 1972 [1,2], an enormous
amount of basic and clinical research has sug-
gested that PDT has the potential to be a
significant cancer treatment modality [3,4].
E$cacy of PDT is related to the selective
accumulation of the photosensitiser within the
tumours and the subsequent induction of cyto-
toxic singlet oxygen following exposure to
light of the appropriate wavelength. To date,
most clinical PDT has used 630 nm light with
the first generation sensitiser, Photofrin-II.

One aspect of the tumouricidal e#ectiveness
of PDT is related to the depth of light pen-
etration within the tumour mass. The e#ective
penetration at 630 nm is 1–3 mm, whereas at
700–850 nm at least 6 mm penetration of light
is observed [5]. A growing number of second-
generation photosensitisers with longer wave-
length absorption peaks are being synthesised.
The texaphyrins are tripyrrolic pentaaza

expanded porphyrins, which exhibit strong,
low energy optical absorption in the 730–
770 nm range [6]. One of these compounds,
lutetium texaphyrin (Lu Tex) is a pure,
water-soluble photosensitiser with a broad
absorption band centred at 732 nm [7].

One of the suggested mechanisms of PDT
destruction of tumours is that the vascular
endothelium is damaged initially and tumour
cells are destroyed secondarily as a result of
structural damage to capillaries and func-
tional disturbance in the microcirculation
[8–10].

Within the individual cell, the subcellular
sites of photodynamic damage may include the
plasma membrane, lysosomes, and the mito-
chondria [11,12]. Biochemical analysis indi-
cates that membrane bound mitochondrial
enzymes such as cytochrome c, oxidase and
succinate dehydrogenase are inactivated by
PDT [13–15]. Damage to membranes of the
endoplasmic reticulum also has been observed
ultrastructurally [16]. In all of these studies,
the cell damage was assayed by either
microscopy or biochemical analysis after light
exposure to the entire cell or cell population.
Consequently, it was di$cult to determine if
the observed subcellular damage was due to a
primary light plus drug e#ect in the damaged
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organelle or cell region, or due to secondary
e#ects subsequent to absorption of light at a
primary site.

In a recent study using a laser microbeam to
expose subcellular sites, it was possible to
demonstrate that the perinuclear cytoplasm
was highly photosensitised. This observation
correlated with photosensitiser fluorescence in
that region. Surprisingly, it was also deter-
mined that the nucleus was a very sensitive
target following laser microbeam irradiation
[17]. In the present study we have expanded
these early studies to examine the subcellular
phototoxicity of Photofrin-II, the most fre-
quently used photosensitiser, and Lu Tex, a
second generation photosensitiser.

In the present study, we exposed specific
subcellular regions of photosensitised cells to
light using a laser microbeam microscope
system [17]. By correlating subcellular photo-
sensitiser fluorescence, the region of light
exposure, and subsequent cell response, we are
able to achieve a more complete understanding
of PDT-induced cytotoxicity.

MATERIALS AND METHODS

Photosensitisers

A stock solution of Photofrin-II (Quadra
Logic Technologies, Inc., Vancouver, British
Columbia, Canada) was prepared according to
the manufacturer’s directions using sterilised
5% dextrose to give a final concentration of
a 2.5 mg/ml. Lu Tex (Pharmacyclic Corp.,
Sunnyvale, CA, USA) was prepared in 5%
mannitol and filter sterilised.

Just prior to cell exposure to the drug,
culture media containing 0.15 �g/ml of
Photofrin-II or 1 �g/ml of Lu Tex were pre-
pared in the dark. The experimental cells were
treated with either Photofrin-II or Lu Tex in
the dark. After 4 h the medium containing
photosensitiser was replaced by fresh medium
free of photosensitiser.

Cells and Cell Culture

Three cell types were used in these studies.
Bovine pulmonary artery endothelium cells

(CPAE) were obtained from the American
Type Culture Collection (ATCC). This is an
endothelial cell line derived from the main
stem pulmonary artery of a young, female cow
(Box taurus). The cells were grown in Eagle’s

minimal essential medium with 20% fetal
bovine serum at 37�C and 5–7% CO2 atmos-
phere. The cells were maintained and sub-
cultured for 2–3 weeks before being discarded
and replaced with fresh cells from the same
passage.

Rat kangaroo (Potorous tridactylis) kidney
cells (PTK2) were originally obtained from the
ATCC and grown as a monolayer in modified
Eagle’s minimal essential medium with 10%
fetal bovine serum. The cells were subcultured
once a week into T-25 culture flask and main-
tained in an incubator at 37�C with 5–7% CO2

[18]. These cells have been growing in our
lab for over 25 years and their flat nature
facilitates selective microbeam exposure to
subcellular targets.

Hep-2 cells from human larynx epidermoid
carcinoma were originally obtained from the
ATCC and grown as a monolayer in Eagle’s
minimum essential medium with 2 mM
-glutamine and Earle’s BSS adjusted to con-
tain 1.5 g/l sodium bicarbonate, 0.1 mM non-
essential amino acids, and 1.0 mM sodium
pyruvate. The medium contained 10% fetal
bovine serum. As with the CPAE and PTK2

cells, these cells are relatively flat facilitating
laser microbeam irradiation of selective
subcellular regions.

Twenty-four hours prior to the experiments,
cells were injected into standard Rose culture
chambers at a density of �1�103 cells/ml.
Prior to laser microirradiation, the cells were
exposed to fresh culture medium containing
0.15 �g/ml Photofrin-II or 1 �g/ml Lu Tex for
4 h, and then exposed to fresh medium free of
sensitiser. Fresh photosensitiser-free medium
was applied to the cells approximately ten
minutes before microirradiation. Cells exposed
to the laser but not the sensitiser served as
controls. In addition, cells treated with the
photosensitiser and exposed to microscope
illumination, but not exposed to laser
irradiation, served as controls.

The chambers were covered with aluminium
foil immediately after injecting the photosensi-
tiser in order to protect the cells from ambient
light. Single cells were selected for laser micro-
irradiation that were normal in size, well
attached to cover glass, and exhibiting healthy
morphology (minimal number of cytoplasmic
vacuoles). A Zeiss diamond marking objective
was used to circle each preselected cell by
etching a small circle (at 1 mm diameter)
around the desired cell. Cells that did not have
any neighbouring cells within the marked
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circle were chosen for irradiation. The same
criteria for cell selection was applied to
experimental and control cells.

Fluorescence Microscopy

A Zeiss Axiovert inverted fluorescence micro-
scope was used to visualise subcellular fluor-
escence of the two sensitisers. Cells were
examined for fluorescence at 1 h intervals
for 4 h after the initial administration of the
photosensitiser. For Photofrin-II, each cell was
excited at 365 nm. For Lu Tex, a wavelength
of 470 nm was used. In both cases excitation
filters were employed with a 75 W arc lamp
as light source. An image was recorded of
the fluorescence within the cell using a
cooled charge-couple device (CCD) (Princeton
Instruments TE/CCD-576E/UV) and stored in
IP Lab format in a Macintosh IIfx computer.
A phase-contrast picture of each cell was also
taken for reference. Images were digitally
processed improving contrast and reducing
background light.

Microirradiation of Subcellular Components

A laser microbeam system was used that
employed an argon ion laser (Coherent Innova
90) pumped dye laser (Coherent 599 dye)
using {2-{2-{4-(dimethylamino)phenyl}ethanol}-
6-methyl-4H-pyran-4-ylidene}-propanedinitrile
(DCM) to generate a 630 nm beam for
Photofrin-II and LDS 722 (pyridine 2) to gener-
ate a 730 nm beam for Lu Tex. Each of these
wavelengths matched the absorption peak of
the respective sensitisers. The beam was
directed through a Zeiss Axiovert inverted
fluorescence microscope and focused to a near
di#raction limited spot using a Zeiss Neofluar
100� phase-contrast objective with a numeri-
cal aperture of 1.3. For each cell, the laser
beam was focused on the centre of the nucleus,
the perinuclear cytoplasm or the peripheral
cytoplasm. The laser spot was approximately
0.5 �m in diameter for the 630 nm microbeam
irradiation and 0.6 �m for the 730 nm micro-
beam. A Newport Corporation model 1815 opti-
cal power meter and power detector model
818-UV (Irvine, CA) were used to measure laser
power at the entrance to the objective. To
determine the actual power reaching the
irradiated sample, the dual objective trans-
mittance measuring technique of Misawa et al.
[19] was used. This method eliminates internal
reflection errors that are encountered in a

direct objective-to-power measurement in air.
Using this method it was determined that each
cell was exposed to 9 mW of power at a power
density of 4.6�106 W/cm2 for Photofrin-II and
3.2�106 W/cm2 for Lu Tex. The total irradi-
ance (energy densities) per experiment were
obtained by varying exposure time. The par-
ameters used are listed in Table 1 and Table 2.

Immediately before laser irradiation, a
phase-contrast image of the cell was made
using the CCD camera. Each chamber was
labelled and placed in the CO2 incubator after
the irradiation. Each cell was followed and
recorded at 24 h and 48 h after irradiation.

RESULTS

Fluorescence Detection

The CCD camera system provided images of
subcellular fluorescence in photosensitiser-

Table 1. Power parameters used in laser micro-
irradiation (Photofrin-II experiments)a

Time exposure
(s)

Energy density
(�107 J/cm2)

300 138.0
180 82.8

60 27.6
50 23.0
40 18.4
30 13.8
20 9.2
10 4.6

5 2.3
3 1.4
1 0.5

aPower=9 mW; power density=4.6�106 W/cm2.

Table 2. Power parameters used in laser micro-
irradiation (Lu Tex experiments)a

Time exposure
(s)

Energy density
(�107 J/cm2)

15 4.8
13 4.2
10 3.2

8 2.6
7 2.2
5 1.6
3 1.0

aPower=9 mW; power density=3.2�106 W/cm2.
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treated and untreated control cells. Figure 1(a)
is a phase-contrast image of CPAE cells 4 h
after exposure to medium containing 0.15 �g/
ml of Photofrin-II. Figure 1(b) is an image of
the same cell demonstrating a large amount
of fluorescence in the perinuclear area that
extents towards the periphery of the cell.
Figure 1(c) is the phase-contrast image of con-
trol non-Photofrin-treated CPAE cells and
Fig. 1(d) is the corresponding image demon-
strating a lack of fluorescence. Figure 2(a) and
(b) are paired phase contrast and fluorescence
images of PTK2 cells 4 h after treatment in
medium containing Photofrin-II. Figure 3(a)
and (b) are paired images of Hep-2 cells. In
these two cell types, fluorescence distribution
is similar to the aforementioned CPAE cells,
i.e. a large amount of fluorescence in the peri-
nuclear region. Control PTK2 cells (Fig. 2c and
d) and Hep-2 cells (Fig. 3c and d) demonstrate
either no detectable or weak autofluorescence.

Fluorescence detection of Lu Tex-treated
CPAE and PTK2 cells have also been studied.
Figure 4(a) is a phase-contrast image of CPAE
cells 4 h after exposure to medium containing
1 �g/ml Lu Tex. Figure 4(b) is the correspond-
ing fluorescence image of these same cells.
Figure 4(c) and (d) are paired images of control
CPAE cells without treatment of Lu Tex.

Figure 5(a) and (b) are paired Lu Tex treated
PTK2 cells. The paired control PTK2 cells are
shown in Fig. 5(c) and (d). It is evident that in
both Lu Tex-treated CPAE and PTK2 cells,
fluorescence was dispersed throughout the
cytoplasm and localised primarily in the lyso-
somes. Control CPAE and PTK2 cells show
either no detectable or weak autofluorescence.

In summary, the pattern of fluorescence of
Photofrin-II is di#erent from that of Lu Tex.
The fluorescence detected in Photofrin-II
treated cells suggests that the sensitiser is
bound primarily to the mitochondria with
some di#use fluorescence in the rest of the
cytoplasm. However, the fluorescence in Lu
Tex treated cells appears to be localised to the
lysosomes. In all three cell types treated with
either Photofrin-II or Lu Tex, no fluorescence
was detected in the nucleus.

Subcellular Phototoxicity

A laser power of 9 mW (2.3�106 W/cm2) at the
microscope focal point has been used in the
subcellular microirradiation experiments. The
total energy densities (ED) were varied by
changing the duration of laser exposure
(Tables 1 and 2). In the Photofrin-II exper-
iments, a total of 242 CPAE cells were

Fig. 1. Fluorescence image of CPAE cells treated by Photofrin-II. a Phase contrast image of cells 4 h after treatment with
Photofrin-II; b fluorescence image of the same treated cells; c phase-contrast image of control cells without Photofrin-II treatment;
d fluorescence image of the same control cells. Bar=10 �m.
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Fig. 2. Fluorescence image of PTK2 cells treated by Photofrin-II. a Phase-contrast image of cells 4 h after treatment with
Photofrin-II; b fluorescence image of the same treated cells; c phase-contrast image of control cells without Photofrin-II treatment;
d fluorescence image of the control same cells. Bar=10 �m.

Fig. 3. Fluorescence image of Hep-2 cells treated by Photofrin-II. a Phase-contrast image of cells 4 h after treatment with
Photofrin-II; b fluorescence image of the same treated cells; c phase-contrast image of control cells without Photofrin-II treatment;
d fluorescence image of the same control cells. Bar=10 �m.
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Fig. 4. Fluorescence image of CPAE cells treated by Lu Tex. a Phase-contrast image of cells 4 h after treatment with Lu Tex;
b fluorescence image of the same treated cells; c phase-contrast image of control cells without Lu Tex treatment; d fluorescence
image of the same control cells. Bar=10 �m.

Fig. 5. Fluorescence image of PTK2 cells treated by Lu Tex. a Phase-contrast image of PTK2 cells 4 h after treatment with Lu
Tex; b fluorescence image of the same treated cells; c phase-contrast image of control cells without Lu Tex treatment;
d fluorescence image of the same control cells. Bar=10 �m.
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irradiated in the following subcellular regions:
nucleus, n=73; perinuclear cytoplasm, n=99;
peripheral cytoplasm, n=70. For PTK2 cells, a
total of 258 cells were irradiated: nucleus,
n=84; perinuclear cytoplasm, n=124; periph-
eral cytoplasm, n=50. For Hep-2 cells, a total
of 262 cells were irradiated: nucleus, n=109;
perinuclear cytoplasm, n=113; peripheral
cytoplasm, n=40.

In the Lu Tex experiments, a total of 211
CPAE cells were irradiated: nucleus, n=55;
perinuclear cytoplasm, n=69; peripheral cyto-
plasm, n=87. A total of 229 PTK2 cells were
irradiated: nucleus, n=62; perinuclear cyto-
plasm, n=95; peripheral cytoplasm, n=72. The
representative example of the locations of the
laser microspot in each cell region, and the cell
status 24 h after light exposure are presented
at Figs 6–10.

The raw data of cell status at 24 and 48 h
after microirradiation for Photofrin-II are
shown in Tables 3–5 and in Tables 6 and 7 for
Lu Tex.

Individual irradiated cells at 24 and 48 h
were scored with respect to: (a) cytological

evidence of damage such as nuclear pycnosis,
cytoplasmic vacuoles and blebbing of the cell
membrane; (b) cell death, i.e. severe vacuolis-
ation and disintegration of cytosol; (c) survival
without subsequent cell division; and (d) sur-
vival with the ability to undergo a subsequent
cell division. Cell morphology 24 h after laser
microbeam irradiation are shown in Figs 6–8
for Photofrin-II and Figs 9–10 for Lu Tex.

Figure 11 is a graph of the combined data
depicting the percentage of damaged CPAE
cells after light exposure to the di#erent sub-
cellular regions after Photofrin-II treatment.
All the cells in the three di#erent subcellular
irradiation groups were killed by the 300 s
exposure, i.e. ED=138�107 J/cm2. At lower
light doses the region that demonstrated the
greatest sensitivity was the nucleus, followed
by the perinuclear cytoplasm, and peripheral
cytoplasm.

Figure 12 summarises the results for PTK2

cells after Photofrin-II treatment. It was
interesting that there was no significant di#er-
ence between irradiation of the nuclear region
and the perinuclear cytoplasm region though

Table 3. Cell status morphologically in CPAE after treatment of Photofrin-II plus laser microirradiation

Target of
irradiation

Pretreatment
of Photofrin-II

Time of
exposure
(s)

Total no.
of cells
attempted

Cell status after 24 h
(healthy cellsa)

Cell status after 48 h
(healthy cellsa)

No. % No. %

Nucleus No 300 12 12 100 12 100
Yes 180 10 0 0 0 0
Yes 60 10 1 10 1 10
Yes 30 10 2 20 2 20
Yes 20 11 7 64 7 64
Yes 10 10 9 90 9 90
Yes 5 10 10 100 10 100
Yes 5 10 10 100 10 100

Perinuclear cytoplasm No 300 13 13 100 13 100
No 180 13 13 100 13 100
Yes 300 10 0 0 0 0
Yes 180 10 2 20 2 20
Yes 60 10 5 50 3 30
Yes 30 13 8 62 8 62
Yes 20 20 18 90 17 85
Yes 10 10 10 100 10 100

Peripheral cytoplasm No 300 10 10 100 10 100
Yes 300 10 0 0 0 0
Yes 180 20 5 25 3 15
Yes 60 10 8 80 8 80
Yes 30 10 10 100 10 100
Yes 5 10 10 100 10 100

aHealthy cell: cells underwent at least one additional mitosis and cells with no division but morphologically normal, alive
and healthy.
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both of these regions were more sensitive than
the peripheral cytoplasm. Figure 13 presents
the results of Hep-2 cells. The higher sensitiv-
ity of the nucleus over the perinuclear cyto-
plasm was evident with an exposure of 20–30 s,
i.e. ED=9.2�107–13.8�107 J/cm2. No di#er-
ences were observed at the higher doses (up to
60 s exposure) or lower doses (down to 5–10 s
exposure).

The results with Lu Tex are presented in
Figs 14 and 15 for CPAE and PTK2 cells,
respectively. The results indicate that in both
cell types, the nuclear region was the most
sensitive target followed by the perinuclear
region and the peripheral cytoplasm region.

No adverse e#ects to cell survival were
observed in CPAE, Hep-2 and PTK2 control
cells treated by microscope illumination alone.
Also, no light-alone control exposures in these
three cell types resulted in cell damage even
with the maximum total energy doses (Tables
3–7). In addition, it was found that the Lu
Tex-treated CPAE and PTK2 cells were more
sensitive to light exposure than Photofrin-II.
For example, the ED for nucleus irradiation
needed to cause 100% CPAE and PTK2 cell
damage using Lu Tex were 1.6�107 J/cm2 (5 s

exposure) and 3.2�107 J/cm2 (10 s exposure),
respectively. Whereas with Photofrin-II,
82.8�107 J/cm2 (180 s) and 13.8�107 J/cm2

(30 s) were required to induce cell damage.

DISCUSSION

Early cell studies using haematoporphyrin de-
rivative (HPD) demonstrated a perinuclear
pattern of fluorescence due primarily to mito-
chondria, with little or no fluorescence in the
peripheral cytoplasm or the nucleus [11]. In a
more recent study on the subcellular photo-
toxicity of 5-aminolaevulinic acid (ALA) [17], it
was found that ALA induced endogenous pro-
toporphyrin IX production in CPAE, PTK2 and
primary culture neonatal rat myocardial cells
as exhibited by fluorescence primarily confined
to the mitochondria-rich perinuclear cytoplasm.
A study by Uberriegler et al. [20] indicated that
ALA treatment led to a bright fluorescing
perinuclear region in W138 cells. The present
fluorescence study with Photofrin-II together
with these earlier studies confirm that this
photosensitiser results in a perinuclear pattern
of fluorescence. It has been reported that after

Table 4. Cell status morphologically in PTK2 after treatment of Photofrin-II plus laser microirradiation

Target of
irradiation

Pretreatment
of Photofrin-II

Time of
exposure
(s)

Total no.
of cells
attempted

Cell status after 24 h
(healthy cellsa)

Cell status after 48 h
(healthy cellsa)

No. % No. %

Nucleus No 60 9 9 100 9 100
Yes 60 15 1 6 0 0
Yes 50 10 0 0 0 0
Yes 40 10 0 0 0 0
Yes 30 8 0 0 0 0
Yes 20 10 3 30 3 30
Yes 10 12 8 67 8 67
Yes 5 10 10 100 10 100

Perinuclear cytoplasm No 300 10 10 100 10 100
Yes 60 15 0 0 0 0
Yes 30 16 3 19 2 13
Yes 20 19 10 53 7 37
Yes 10 22 17 77 14 64
Yes 5 24 19 79 15 63
Yes 3 8 7 89 6 75
Yes 1 10 10 100 10 100

Peripheral cytoplasm No 300 10 10 100 10 100
Yes 300 10 0 0 0 0
Yes 180 10 7 70 7 70
Yes 60 10 10 100 9 90
Yes 30 10 10 100 10 100

aHealthy cell: cells underwent at least one additional mitosis and cells with no division but morphologically normal, alive
and healthy.
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haematoporphyrin-mediated PDT, fluorescence
and electron microscopy showed immediate
structural changes in mitochondria, with pro-
gressive swelling and destruction of these
organelles [13,14].

The fluorescence pattern in CPAE and PTK2

cells following exposure to Lu Tex appears
to be lysosomal. Other sensitisers such as
chlorin-6, benzoporphyrin, and phthalocyanine
have been reported to cause damage to

Table 5. Cell status morphologically in Hep-2 after treatment of Photofrin-II plus laser microirradiation

Target of
irradiation

Pretreatment
of Photofrin-II

Time of
exposure
(s)

Total no.
of cells
attempted

Cell status after 24 h
(healthy cellsa)

Cell status after 48 h
(healthy cellsa)

No. % No. %

Nucleus No 180 15 15 100 15 100
Yes 60 10 0 0 0 0
Yes 30 10 0 0 0 0
Yes 20 18 6 33 5 28
Yes 10 20 6 55 6 55
Yes 5 20 8 75 8 75
Yes 3 16 13 81 13 81

Perinuclear cytoplasm No 180 10 10 100 10 100
Yes 60 14 0 0 0 0
Yes 30 15 5 33 4 27
Yes 10 25 15 60 14 56
Yes 5 35 28 80 28 80
Yes 3 14 14 100 14 100

Peripheral cytoplasm No 180 10 10 100 10 100
Yes 60 10 8 80 8 80
Yes 50 10 9 90 9 90
Yes 30 10 10 100 10 100

aHealthy cell: cells underwent at least one additional mitosis and cells with no division but morphologically normal, alive
and healthy.

Table 6. Cell status morphologically in CPAE after treatment of Lu Tex plus laser microirradiation

Target of
irradiation

Pretreatment
of Lu Tex

Time of
exposure
(s)

Total no.
of cells
attempted

Cell status after 24 h
(healthy cellsa)

Cell status after 48 h
(healthy cellsa)

No. % No. %

Nucleus No 15 10 10 100 10 100
Yes 5 9 0 0 0 0
Yes 4 21 10 48 8 38
Yes 3 16 16 100 16 100

Perinuclear cytoplasm No 15 10 10 100 10 100
Yes 15 10 0 0 0 0
Yes 10 12 1 8 1 8
Yes 8 18 9 50 9 50
Yes 5 11 10 91 9 82
Yes 3 8 8 100 8 100

Peripheral cytoplasm No 15 10 10 100 10 100
Yes 15 13 0 0 0 0
Yes 10 36 15 42 13 36
Yes 8 18 16 89 16 89
Yes 5 10 10 100 10 100

aHealthy cell: cells underwent at least one additional mitosis and cells with no division but morphologically normal, alive
and healthy.
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Table 7. Cell status morphologically in PTK2 after treatment of Lu Tex plus laser microirradiation

Target of
irradiation

Pretreatment
of Lu Tex

Time of
exposure
(s)

Total no.
of cells
attempted

Cell status after 24 h
(healthy cellsa)

Cell status after 48 h
(healthy cellsa)

No. % No. %

Nucleus No 15 10 10 100 10 100
Yes 10 10 0 0 0 0
Yes 7 10 2 20 2 20
Yes 5 10 4 40 4 40
Yes 3 22 22 100 20 91

Perinuclear cytoplasm No 15 10 10 100 10 100
Yes 15 10 0 0 0 0
Yes 10 10 0 0 0 0
Yes 8 10 4 40 4 40
Yes 5 23 17 74 14 61
Yes 3 32 29 91 28 88

Peripheral cytoplasm No 15 10 10 100 10 100
Yes 13 10 0 0 0 0
Yes 10 10 0 0 0 0
Yes 8 20 12 60 12 60
Yes 7 11 8 73 8 73
Yes 5 11 11 100 11 100

aHealthy cell: cells underwent at least one additional mitosis and cells with no division but morphologically normal, alive
and healthy.

Fig. 6. Cellular damage in single CPAE cells pretreated by Photofrin-II after laser microirradiation. a A single cell with Photofrin-II
treatment just before laser microirradiation (arrow denotes the nuclear region ready to trigger); b the same cell 24 h after 60 s laser
microirradiation. c A single cell with Photofrin-II treatment just before laser microirradiation (arrow denotes the perinuclear region
ready to trigger); d the same cell 24 h after 20 s laser microirradiation. Bar=10 �m.
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Fig. 7. Cellular damage in single PTK2 cells pretreated by Photofrin-II after laser microirradiation. a A single cell with Photofrin-II
treatment just before laser microirradiation (arrow denotes the nuclear region ready to trigger); b the same cell 24 h after 10 s laser
microirradiation. c A single cell with Photofrin-II treatment just before laser microirradiation (arrow denotes the peripheral
cytoplasm region ready to trigger); d the same cell divided to two cells 24 h after laser microirradiation. Bar=10 �m.

Fig. 8. Cellular damage in single Hep-2 cells pretreated by Photofrin-II after laser microirradiation. a A single cell with Photofrin-II
treatment just before laser microirradiation (arrow denotes the nuclear region ready to trigger); b the same cell 24 h after 30 s of
laser microirradiation. c A single cell with Photofrin-II treatment just before laser microirradiation (arrow denotes the nuclear region
ready to trigger); d the same cell divided to two cells 24 h after 10 s of laser microirradiation. Bar=10 �m.
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Fig. 9. Cellular damage in single CPAE cells pretreated by Lu Tex after laser microirradiation. a A single cell with Lu Tex
treatment just before laser microirradiation (arrow denotes the perinuclear region ready to trigger); b the same cell 24 h after 10 s
of laser microirradiation. c A single cell with Lu Tex treatment just before laser microirradiation (arrow denotes the perinuclear
region ready to trigger); d the same cell divided to two cells 24 h after 5 s of laser microirradiation. Bar=10 �m.

Fig. 10. Cellular damage in single PTK2 cells pretreated by Lu Tex after laser microirradiation. a A single cell with Lu Tex
treatment just before laser microirradiation (arrow denotes the nuclear region ready to trigger); b the same cell 24 h after 5 s of
laser microirradiation. c A single cell with Lu Tex treatment just before laser microirradiation (arrow denotes the perinuclear region
ready to trigger); d the same cell 24 h after 5 s of laser microirradiation. Bar=10 �m.
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lysosomes which resulted in hydrolytic enzyme
leakage leading to cell death [21].

Our experimental results indicate that the
light dose needed to kill the cells is less for Lu
Tex than for Photofrin-II. Cells treated with

either of these compounds are far more sensi-
tive to light than cells exposed to ALA.
Photofrin-II and Lu Tex are incorporated di-
rectly into cells and rapidly bind to mitochon-
dria, lysosomes and other cytoplasmic compo-
nents. ALA is converted intracellularly into
monomeric protoporphyrin IX which is the
photoactive species. Di#erences in cell photo-
toxicity between the three compounds may also
be due to di#erences in cellular concentration
of the compounds as well as the quantum
e$ciency of singlet oxygen generation.

The present study confirms previous work on
the subcellular phototoxicity of ALA [17], in
which it was possible to demonstrate a corre-
lation between perinuclear sensitiser fluor-
escence and subcellular site of phototoxicity.
However, of greater interest is the finding
that the nucleus is a very sensitive site despite
the fact that most of the literature and the
fluorescence localisation data suggest that
the nucleus is not a primary target site of
PDT.

Fig. 11. Cellular toxicity at 24 h after subcellular laser micro-
irradiation in CPAE cells treated with Photofrin-II.

Fig. 12. Cellular toxicity at 24 h after subcellular laser micro-
irradiation in PTK2 cells treated with Photofrin-II.

Fig. 13. Cellular toxicity at 24 h after subcellular laser micro-
irradiation in Hep-2 cells treated with Photofrin-II.

Fig. 14. Cellular toxicity at 24 h after subcellular laser micro-
irradiation in CPAE cells treated with Lu Tex.

Fig. 15. Cellular toxicity at 24 h after subcellular laser micro-
irradiation in PTK2 cells treated with Lu Tex.
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This study validates the hypothesis that sub-
cellular fluorescence can be correlated with cel-
lular target site, i.e. perinuclear cytoplasm
versus peripheral cytoplasm. However, the re-
sults demonstrating selective nuclear sensitivity
raises basic questions with respect to localis-
ation of photosensitiser in the nucleus and the
role of the nucleus as a primary subcellular tar-
get. It is possible that the photosensitiser may be
present at a concentration below the detection
of the CCD camera system. Under this condition,
it would be possible that the genetic material in
the nucleus may be sensitive to even small
amounts of generated singlet oxygen.

CONCLUSIONS

The fluorescence detection in CPAE, PTK2, and
He-2 cells after administration of photosensi-
tisers demonstrated that the Photofrin-II is
bound primarily to the mitochondria with some
di#use fluorescence in the rest of the cytoplasm.
However, the Lu Tex appears to be localised to
the lysosomes. The percentages of damaged
cells following light exposure to the di#erent
subcellular regions after Photofrin-II or Lu Tex
treatment indicated that the nuclear region
was the most sensitive target followed by the
perinuclear and peripheral cytoplasmic region.

ACKNOWLEDGEMENTS

We thank Dr Chung-Ho Sun, Ms Marie Hammer-Wilson
for their suggestions and assistance concerning cell cul-
ture and drug treatment, Mr Je#rey Andrews for his
assistance with laser equipment and Dr Tatiana B.
Krassieva for her assistance with fluorescence microscopy.

This work is sponsored by grants from the National
Institutes of Health RO1CA32248 and BRO1192, the O$ce
of Naval Research (ONRN00014-91-C-0134), the Depart-
ment of Energy (DE-F03-91ER61227), and the Beckman
Laser Institute Endowment.

REFERENCES

1. Dougherty TJ. Photoradiation therapy. Am Chem Soc
Abst (Abstract) 1973.

2. Dougherty TJ. Activated dyes as anti-tumour agents.
J Natl Cancer Inst 1974;51:1333–6.

3. Dougherty TJ. Photodynamic therapy. Photochem
Photobiol 1993;58:895–900.

4. Fisher Anita MR, Muree AL, Gomer CJ. Clinical and
preclinical photodynamic therapy. Laser Surg Med
1995;17:2–31.

5. Sessler JL, Musai T, Lynch V et al. An ‘expanded
porphyrin’: the synthesis and structure of a new

aromatic pentadentate ligand. J Am Chem Soc
1988;110:5586–8.

6. Young SW, Wordburn KW, Wright M et al. Lutetium
texaphyrin (PCI-0123): a near infrared, water-soluble
photosensitizer. Photochem Photobiol 1996;63:
892–7.

7. Wilson BC. Photodynamic therapy: light delivery
and dosage for second generation photosensitizers.
In: Bock G, Harnett S (eds) Photosensitizing com-
pound: their chemistry, biology and clinical use. Ciba
Foundation Symposium 146. Chichester: Wiley,
1989:60–77.

8. Nelson JS, Liaw L-H, Berns MW. Tumor destruction
in photodynamic therapy. Photochem Photobiol
1987;46:829–35.

9. Nelson JS, Liaw L-H, Orenstein A. Mechanism of
tumour destruction following photodynamic therapy
with hematoporphyrin derivative, chlorin and phthalo-
cyanine. J Natl Cancer Inst 1988;80:1599–605.

10. Zhou C. Mechanisms of tumour necrosis induced by
photodynamic therapy. J Photochem Photobiol B: Biol
1989;3:299–318.

11. Berns MW, Dahlman A, Johnson FM et al. In vitro
cellular e#ects of hemetoporphyrin derivative. Cancer
Res 1982;42:2326–9.

12. Gomer CJ, Rucker N, Ferrario A et al. Properties and
applications of photodynamic therapy. Radiat Res
1989;120:1–18.

13. Kessel D. Photosensitisation with derivatives of
hematoporphyrin. Int J Radiat Biol 1986;49:901–7.

14. Kessel D. Sites of photosensitisation by derivatives
of hematoporphyrin. Photochem Photobiol 1986;44:
489–93.

15. Hilf R, Smail DB, Murant RS et al. Hematoporphyrin
derivative induced photosensitivity of mitochondrial
succinate dehydrogenase and selected cytosolic
enzymes of R3230 AC mammary adenocarcinomas of
rats. Cancer Res 1984;44:1483–8.

16. Candide C, Maziere J, Santus R et al. Photosensitiz-
ation of Wi26-VA4 transformed human fibroblasts by
low density lipoprotein loaded with Photofrin-II: evi-
dence for endoplasmic reticulum alteration. Cancer
Lett 1989;44:157–61.

17. Liang H, Shin DS, Lee Y et al. Subcellular photo-
toxicity of 5-aminolaevulinic acid (ALA). Laser Surg
Med 1998;22:14–24.

18. Liang H, Wright WH, He W et al. Micromanipulation
of mitotic chromosomes in PTK2 cells using laser-
induced optical forces (‘optical tweezers’). Exp Cell
Res 1991;197:21–35.

19. Misawa H, Koshioka M, Sasaki K et al. Three dimen-
sional optical trapping and laser ablation of a single
polymer latex particle in water. J Appl Phys
1991;70:3829–36.

20. Uberriegler KP, Banieghbal E, Krammer B. Sub-
cellular damage kinetics within co-cultivated W138
and VA13-transformed W138 fibroblasts following
5-aminolaevulinic acid-induced protoporphyrin IX
formation. Photochem Photobiol 1995;60:1052–7.

21. Spike JD. Chlorins as photosensitizers in biology and
medicine. Photochem Photobiol B: Biol 1990;6:
259–74.

Paper received 27 January 1998;
accepted after revision 21 August 1998.

122 H. Liang et al.




