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ABSTRACT: The effects of Photodynamic Therapy using 2nd generation photosensitizers have been widely
investigated aiming clinical application treatment of solid neoplasms. In this work, ultrastructure changes
caused by the action of two 2nd generation photosensitizers and laser irradiation on CHO-K1 and HeLa (neo-
plastic) cells were analyzed by transmission electron microscopy. Aluminum phthalocyanine chloride, alumi-
num phthalocyanine tetrasulfonate chloride and radiation from a semiconductor laser at a fluency of 0.5 J/
cm2 (Power=26mW; λ=670nm) were used. The results showed induction of apoptosis. Such alterations where
observed in HeLa but not in CHO-K1 cells after Aluminum phthalocyanine tetrasulfonate chloride (AlPcS

4)

photodynamic treatment. The Aluminum phthalocyanine chloride (AlPc) photodynamic treatment induced
necrosis on the neoplastic cell line, and cytoplasm and nuclear alterations on the normal cell line.
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Introduction

Photodynamic therapy (PDT) is a novel treatment
for cancer and certain non-cancerous diseases that are
generally characterized by overgrowth of unwanted or
abnormal cells (Dougherty et al., 1998). The procedure
requires exposure of cells or tissues to a photosensitiz-
ing drug followed by irradiation with light of the ap-
propriate wavelength, usually in the red or near-infra-
red region compatible with the absorption spectrum of
the drug (Dougherty et al., 1998; Weishaupt et al., 1976).

In PDT, photosensitizers are used to absorb energy from
a light source after its administration to tumour cells,
producing reactive oxygen species that will cause cell
death (Wilson and Jeeves, 1987; Gomer et al., 1989).

Apoptosis, a process first described by Kerr et al.
(1972) and also known as "programmed cell death", is
a physiological process of cellular deletion occurring
during embryogenesis, metamorphose, tissue atrophy
and tumour regression (Wyllie and Currie, 1980; Walker
et al., 1988). The morphological characteristics of
apoptosis are: chromatin condensation, nuclear mem-
brane blebbing and the formation of apoptotic bodies
(Cotran et al., 2000). Since the introduction of this term,
cell killing mechanisms are generally classified as oc-
curring through apoptosis or necrosis (Ashkenzi and
Dixit, 1998). The apoptotic process limits leakage of
intracellular material to the immediate environment, and
thereby prevents tissue inflammation (Evan and
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Littlewood, 1998; Kroemer and Reed, 2000; Reed,
2000). In contrast, necrosis results from high levels of
cell damage, in which plasma membrane integrity is lost,
causing cell lyses and thus tissue inflammation
(Kroemer et al., 1998). Although PDT can produce
apoptosis or necrosis, or a combination of the two
mechanism, in many cases it is highly efficient in in-
ducing apoptosis (Oleinick, 1998).

Agarwal et al. (1991) first reported that cells un-
dergo apoptosis after photosensitization with aluminum
phthalocyanine chloride. The phthalocyanines are 2nd

generation photosensitizers used in PDT and can be
easily synthesized with a variety of different side groups
that alter the molecule charge and solubility. These char-
acteristics affect the photosensitizer uptake by tumour
cells (Ali et al., 1988).

The sulfonation of the side chain will render them
soluble in water (Ali et al., 1988). Thus, the uptake ki-
netics and cell retention are different for hydrophilic
and for hydrophobic phthalocyanines (Ben-Hur and
Rosenthal, 1986). This difference will direct the mode
of cell death as a response to photodynamic therapy at a
same light fluency used. Photosensitizers with highly
negative charges are internalized by endocytic mecha-
nisms due to the repulsive forces between it and the

plasma membrane, which is negatively charged (Berg
et al., 1994).

Many of the sensitizers used in the experimental or
clinical PDT, localize in the plasma membrane, mito-
chondria, endoplasm reticulum and lysosomes (Santus
et al., 1991; Moan and Berg, 1992). PDT with most of
the sensitizers tested, acts via singlet oxygen produc-
tion. Because of the short half live of this excited spe-
cies in cells (<0.1 µs) and short radius of action (<0.02
µm) (Moan and Berg, 1991), damage will occur mainly
next to the region the sensitizer is concentrated. Incu-
bation time of cells with photosensitizer, is another pa-
rameter that will affect the mode of cell death during
exposure to light. For short period of incubation, the
plasma membrane is an important site of damage
(Christensen et al., 1985). Prolonged incubation with
Photofrin®, the first PDT photosensitizer to win approval
by regulatory agencies in several countries (Lipson et
al., 1961), tends to localize in the mitochondria mem-
brane (Berns et al., 1982; Hisazumi et al., 1984).

The aim of the present study, was to describe the
ultrastructural changes caused in a normal and a neo-
plastic cell line after PDT with two phthalocyanines
(hydrophobic and hydrophilic photosensitizers), to de-
termine the mode of cell death caused by the treatment.

FIGURE 1. Number of living cells
(HeLa) after photodynamic treat-
ment with AlPc at different times.
A decrease to ~5% on the num-
ber of living cells at 24 h after
treatment can be observed (mean
± se, n=4).

Time Number of cells Mean ±±±±± SE Number of cells Mean ±±±±± SE

(h) (Laser treatment) (Laser + AlPc treatment)

0 50000 50000 50000 50000 50000±0 50000 50000 50000 50000 50000±0

24 49000 49000 50000 49000 49250±250 1200 1900 1000 7000 2775±1421.5

48 47000 49000 49000 49000 48500±500 4200 3000 4000 2500 3425±404.9

72 49000 49000 49000 47000 48500±500 2500 1500 6000 3700 3425±968.9
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Material and Methods

Photosensitizers.

Aluminum phthalocyanine chloride (AlPc) (Sigma,
USA) was kindly provided by Msc. Maria Angélica
Gargione Cardoso (Univap - São José dos Campos, SP,
Brazil) and Aluminum phthalocyanine tetrasulfonate
chloride (AlPcS4) was purchased from Porphyrin Prod-
ucts, INC.

Cell Culture.

Epithelial-like cells derived from Chinese hamster
ovary (CHO-K1) (ATCC CCL-61; American Type Cul-
ture Collection, Rockville, MD) and cells from a
epitheloid carcinoma of human cervix (HeLa) (ATCC
CCL-2; American Type Culture Collection, Rockville,
MD), were kindly provided by Dr. Técia Maria Ulisses
de Carvalho (UFRJ - Rio de Janeiro, RJ, Brazil). These
cells were routinely cultured in Ham-F12 and MEM
media (GibcoBRL - Grand Island, NY), respectively.
They were supplemented with 10% fetal bovine serum

(FBS) (GibcoBRL), 1% antibiotic-antimycotic (Gibco)
and kept in a humidif ied 5% CO

2
 atmosphere at 37°C.

Cell phototoxicity after irradiation.

The cells were plated at a number of 5x104 cells/ml
in each well of a 24 wells plate (Nunc, Denmark) as
follows: six wells for light and photosensitizer and, six
wells for light only (control). After 24 h of culture, cells
were incubated with 10 µM of AlPc or AlPcS

4
 in cul-

ture medium without serum for 60 min. Cells were
washed twice with phosphate buffered saline (PBS) and
200 µl of fresh PBS was added for irradiation. Dark
barriers were placed between wells to avoid scattered
light during irradiation. Another dark barrier with an
orifice of the diameter of the well, was placed on the
top of the 24 wells plate for the same purpose. The irra-
diation was done in the dark with a semiconductor laser
of InGaAlP as active medium (Thera Lase - DMC
Equipamentos LTDA, São Carlos, SP, Brazil) operating
at 670 nm in a continuous wave mode. An irradiation
time of 35 sec was used to deliver 0.5J/cm2 (Power = 26
mW). After irradiation, PBS was removed and culture

FIGURE 2. Number of living cells (HeLa)
after photodynamic treatment with AlPcS4

at different times. It can be observed a
decrease to 78% of living cells within 24 h
(mean ± se, n=4).

Time Number of cells Mean ±±±±± SE Number of cells Mean ±±±±± SE
(h) (Laser treatment) (Laser + AlPcS

4
 treatment)

0 50000 50000 50000 50000 50000±0 50000 50000 50000 50000 50000±0

24 50000 49000 50000 49000 49500±288.7 47000 48000 48000 47000 47500±288.7

48 47000 49000 48000 49000 48250±478.7 48000 47000 47000 48000 47500±288.7

72 47000 47000 48000 45000 46750±629.1 48000 46000 45000 46000 46250±629.1
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medium with 10% FBS was added to the cells for 24,
48 and 72 h of culture in a humidified 5% CO

2
 at 37ºC.

After each period of incubation, the number of living
cells were counted by the Trypan blue exclusion test.

Photodynamic treatment.

Cells were plated at a number of 5x104 cells/ml in
10 mm diameter Petri dish (Nunc, Denmark). Follow-
ing an overnight culture, cells were incubated with 10
µM of AlPc or AlPcS4 in culture medium without se-
rum for 60 min. Following washing and replacement
with PBS, cells were irradiated in the dark with a semi-
conductor laser of InGaAlP as active medium (Thera
Lase - DMC Equipamentos LTDA, São Carlos, SP, Bra-
zil) operating at 670 nm in a continuous wave mode.
An irradiation time of 183 sec was used to deliver 0.5J/
cm2 (Power = 26 mW). Control cells were performed
without photosensitizer and laser irradiation.

Electron microscopy.

After irradiation, PBS was replaced by medium
with serum. After 24 h of culture, cells were washed
twice with PBS and fixed with 2.5% glutaraldehyde and
4% freshly prepared formaldehyde in phosphate buffer

0.1M (pH 7.2) for at least 2 h at 4ºC. Cells were de-
tached from the dish with a cell scraper, centrifuged
three times (1500g, 10 min) with 0.1M fresh phosphate
buffer and post fixed in 1% osmium tetroxide in phos-
phate buffer for 30 min. Finally, cells were wahsed again
and dehydrated in acetone and embedded in Epon. Af-
ter sectioning, cells were contrasted with uranyl acetate
for 30 min and lead citrate for five min. Transmission
electron microscopy was performed using a Zeiss 900
and a Zeiss EM10 microscope.

Results

Cell phototoxicity after irradiation.

As can be observed in Fig.1, photodynamic treat-
ment of HeLa cells with AlPc, caused a steep decrease
in the number of living cells after 24 h of culture, with
damage to approximately 95% of the cell population.
Such fall in the number of living cells was not observed
after phototreatment of HeLa cells with AlPcS

4
 (Fig.

2). In both cases, the control treatments with light only
present no reduction of living cells.

The photodynamic treatment of CHO-K1 cells with
AlPc present a steeper decrease, reaching approximately

FIGURE 3. Number of living cells (CHO-
K1) after photodynamic treatment with
AlPc at different times. Within 24 h of in-
cubation, about 99% of cells are dead
(mean ± se, n=4).

Time Number of cells Mean ± SE Number of cells Mean ± SE
(h) (Laser treatment) (Laser + AlPc treatment)

0 50000 50000 50000 50000 50000±0 50000 50000 50000 50000 50000±0

24 50000 50000 47000 49000 49000±707.1 0 900 600 300 450±193.6

48 50000 50000 47000 40000 46750±2358.5 750 500 900 1000 787.5±108.7

72 49000 50000 34000 40000 43250±816.1 450 1000 900 1000 837.5±131.3
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1% of living cells after 24 h of treatment (Fig. 3). The
irradiation of this cell line after AlPcS

4
 incubation,

caused a low toxic effect (Fig. 4). The effect of this treat-
ment was observed on 10% of the cells population within
24 h (Fig. 4). As expected, no alteration was observed
in control CHO-K1 cells.

Electron Microscopy

After photodynamic treatment with AlPc, HeLa
cells presented condensed chromatin, cell elongation,
cytoplasm condensation and cisterns under the plasma
membrane (Fig. 5). Such features were not observed in
control cells (Fig. 6) where intact cytoplasm, mitochon-
dria and homogeneous chromatin dispersed in the
nucleus were seen. In Figure 7 condensation of chro-
matin in the periphery of the nucleus (piknotic nucleus),
a characteristic feature of apoptosis can be observed.
Extensive cytoplasm vacuolization and leakage of the
nuclear chromatin can also be observed.

The control group of CHO-K1 cells presents nor-
mal mitochondria with evident cristae and intact plasma
membrane (Figs. 8 and 9). Citoplasm condensation, or-
ganelle swelling and loss of microvilli, was observed

on CHO-K1 cells that were phototreated with AlPc
(Fig.10). The mitochondria of AlPcS

4
 phototreated

CHO-K1 cells presented lower electron-density when
compared to control cells and there was also mitochon-
drial cristae disruption (Fig. 11).

Discussion

PDT is a very promising form of treatment spe-
cially for cancer. Our analysis show that most of the
cells from both cell lines died after 24h of PDT. This
effect was much more distinct with AlPc than with
AlPcS4. This result conf irms previously work by
Kolárová et al. (1999) performed with MCF7 cell line.

It is known that laser radiation can stimulate cell
proliferation, a mechanism dependent on the fluency
applied. In this work, the fluency used (0.5 J/cm2) has
an inhibitory effect rather than a stimulatory effect ac-
cording to Al-Watban and Andrés (2000), who observed
a bioinhibitory effect of He-Ne laser (632.8) in the re-
gion of 300 to 600 mJ/cm2 in CHO cells.

It is widely accepted that non-ionized species can
cross the plasm membrane more easily than charged

Time Number of cells Mean ± SE Number of cells Mean ± SE
 (h) (Laser treatment) (Laser + AlPcS

4
 treatment)

0 50000 50000 50000 50000 50000±0 50000 50000 50000 50000 50000±0

24 50000 50000 47000 48000 48750±750 45000 46000 45000 44000 45000±408.2

48 47000 49000 49000 46000 47750±750 46000 46000 47000 44000 45750±629.1

72 48000 48000 48000 49000 48250±250 48000 48000 48000 48000 48000±0

FIGURE 4. Number of living cells (CHO-K1)
after photodynamic treatment with AlPcS4 at
different times. Within 24 h it can be observed
a decrease on the number of living cells to 90%
followed by a subsequent increase on the num-
ber of living cells next to control (mean ± se,
n=4).
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compounds (Mazière et al., 1991; Pottier and Kennedy,
1990). Thus, AlPcS

4
 that is soluble in water (Zhorina et

al., 1994) is not capable of penetrating into the cell by
means of passive diffusion. It is endocytosed (Roberts
and Berns, 1989; Moan and Anholt, 1990) by the cell
and therefore localized in endosomes and lysosomes.
Many authors consider that the cell uptake of the sensi-
tizer is more efficient for lipophilic photosensitizers due
to the better penetration through the cell membranes
(Horobin and Radish, 1990).

The ultrastructural morphologic aspect of the HeLa
cells phototreated with AlPc, reinforces the results ob-
tained with Trypan blue exclusion test, since, a great
number of cells with plasma membrane damage, char-
acteristics of irreversible cellular lesion, and karyorrhe-
xis nucleus were observed. These are characteristics of
the cell necrosis process.

Despite the knowledge that AlPc localizes prefer-
entially in the mitochondrial membrane and that after
laser irradiation activation of proteins leads to the
apoptotic process, the initial localization of the
photsensitizer in the plasm membrane and the interac-

tion time in our experiments suggest a process of cell
death with necrosis like characteristics. This was prob-
ably due to the free radicals generated after PDT, lead-
ing to oxidation of the side chains of the amino acid
residues that promote proteins cross-linking and oxida-
tion of the protein structure that results in its fragmen-
tation (Bertlett and Stadtman, 1997). The oxidative
modification enhances the degradation of critic enzymes
by the multicatalytic proteasome complex (Mitch and
Goldberg, 1996), devastating the hole cell. The
subcelular location of a photosensitizer has a strong in-
fluence on whether and to what extent cells undergo
apoptosis in response to photoinactivation (Oleinick et
al., 2002). Dellinger (1996) describes apoptosis in
photoirradiated CV-1 cells after 24 h of Photofrin incu-
bation. When the photosensitizer was incubated for only
1 h, plasma membrane as the primary localization site
of Photofrin, necrosis was the predominant form of cell
death. Luo et al. (1996) suggest that photosensitizers
that devide to membrane loci and mediate the mem-
brane photodamage, can evoke a necrotic response rather
than an apoptotic response. Meanwhile the sensitizers

FIGURE 5. Control HeLa cells (no light,
no photosensitizer). Nuclear chromatin
(N) homogeneously dispersed, intact
mitochondrial (arrowhead) and plasma
membrane. X 6,670.

FIGURE 6. HeLa cells 24 h after photo-
dynamic treatment with AlPc. The cells
presents cisterns below plasma mem-
brane (arrowhead) and random fragmen-
tation of the condensed chromatin (N).
X 6,670.

FIGURE 7. HeLa cell 24 h after photody-
namic treatment with AlPcS4. The nucleus
presents condensed chromatin at its pe-
riphery (N). Extensive cytoplasm vacu-
olization and leakage of the nuclear chro-
matin (arrow) can be observed. X 6,670.
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that locate in mitochondria like Photofrin®, are more
likely to induce apoptosis during exposure to light. The
CHO-K1 cells showed the same plasma membrane in-
tegrity observed with the neoplastic cell line. Damage
to the plasma and nuclear membrane, and a condensa-
tion of the chromatin after the photodynamic treatment
with AlPc were seen. In this work, we can observe dam-
age to the membrane in both cell lines, as evidenced
with the phototoxicity test with AlPc.

Malignant cells often exhibit resistance to undergo
apoptosis, an effect associated with the ability to sur-
vive to chemotherapy (Vaux and Strasser, 1996;
Hickman et al., 1994). PDT of HeLa cells with AlPcS4,

shows ultrastructure features that suggest apoptotic cell
death. A characteristic of this kind of death is the con-
servation of membrane integrity.

According to Zhang et al. (1998), the relation be-
tween the mode of cell death (apoptosis or necrosis) and
the dose of PDT, may be dependent mainly on the cell
line and the photosensitizer used. As cited, being AlPcS

4

hydrophilic, it is located in endosomes and lysosomes
due to its uptake by the cells. This photoactivation would
lead to a necrotic cell death. However, our results dem-
onstrate cell apoptosis occurring in the neoplastic cell
line. This may be related to the fact that lesion to the
lysosomes membrane are followed by enzyme leakage

FIGURES 8-9. Control CHO-K1 cells (no light, no photosensitizer). Intact mitochondrial (arrowhead)
and plasmatic membrane. N, nucleus. Fig. 8, X 12,000. Fig. 9, X 30,000.

FIGURE 10. CHO-K1 cell 24 h after photodynamic treatment with AlPc. Swelling of the nuclear mem-
brane cistern (arrow). Chromatin condensation can be also observed in the nucleus (N). X 6,670.

FIGURE 11. CHO-K1 cell 24 h after photodynamic treatment with AlPcS4. Cell with intact plasmatic
membrane but with disruption of mitochondrial cristae (arrows). N, nucleus. X 13,000.
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to the cytoplasm. The activation of these enzymes causes
enzymatic digestion of cellular components evidenced
by nuclear alterations (Cotran et al., 2000) like picnotic
nuclei and the characteristic ladder pattern of DNA frag-
mentation. Such process was confirmed by Arends et al.
(1990) who propose the concept that apoptosis is marked
by internucleosomal cleavage of DNA, a process prob-
ably dependent of gene expression and mediated by Ca2+-
dependent endonucleases. In the same way, the photo-
sensitizer LuTex has been shown to bind to lysosomes of
EMT6 cells in vitro and to induce apoptosis upon
photoactivation (Woodburn et al., 1997). To further evalu-
ate the role of the subcelular localization of photosensi-
tizers in the killing of V79 cells by PDT, Noodt et al.
(1999) compared two lipophilic porphyrins (3 - THPP
and Photofrin) that localize to intracellular membranes,
including mitochondria, and two hydrophilic sulfonated
porphines (TPPS2a and TPPS4), that are taken up into ly-
sosomes by endocytosis. PDT with either of the mem-
brane-localizing photosensitizers resulted in increasing
numbers of cells becoming apoptotic (TUNEL positive)
during the first 12 h, but apoptotic bodies were not ob-
served. In contrast, after photoactivation of the lysosome-
localized photosensitizers, apoptotic cells were not de-
tected until after 12 h but extensive fragmentation of the
cells into apoptotic bodies was found. These data pro-
vide evidence for at least two distinct pathways by which
PDT can induce apoptosis.

CHO-K1 cells present a differentiated morphologi-
cal aspect as compared to HeLa cells, where only mito-
chondrial alteration is observed. However, maintaining
the cell membrane integrity as a whole. This resistance
to therapy was explained by Penning et al. (1992) who
reported that CHO-K1 treated cell survives PDT, due
to an increase on Ca2+ that may be activating a cell res-
cue response.

The kinetics of the process depend upon a variety
of factors, including the dose or the inducing agent and
the ability of different cell types to carry out steps in
the process (Oleinick et al., 2002).

Many authors have tested PDT with ALA in sev-
eral types of normal and neoplastic cells in vitro and
demonstrated a significant response to the therapy by

malignant cells and a low response by normal cells
(Rossi et al., 1996).

The oxygen free radicals partially reduced are
highly toxic molecules that cause lesion to cell mem-
branes and other cell constituents (Cotran et al., 2000).
Mitochondria and lysosomes have been identified as key
components in the induction of apoptosis (Kessel, 1997;
Kessel et al., 1997).

In photodynamic therapy not only the response to
the treatment but also the mode of cell death expressed
as apoptosis or necrosis, will vary according to struc-
tural characteristics of the photosensitizer molecule to-
gether with the interaction time of the photosensitizer
with the cells, yonder the intensity and duration of the
stimulus.

We can conclude that the time of cell exposure to
the photosensitizer determinates its localization in the
cell. The parameters of incubation and radiation used,
lead the neoplastics cells phototreated with AlPcS4 to
an apoptosis cell death. Thus, the photodynamic induc-
tion of apoptosis by AlPcS4, render this photosensitizer
more advantageous in relation to AlPc for clinic appli-
cation of photodynamic therapy since, this cell death
does not induce acute inflammation in the adjacent tis-
sue. Furthermore, the effects of the therapy in the cell
ultrastructure with the parameters used, are more in-
tense in the neoplastic cells than in the normal cell line
used in this work indicating higher susceptibility of tu-
morous cells to PDT.

Acknowledgements

This work was supported by Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP). We are also
grateful to Dr. Antonio Claudio Tedesco (Universidade
de São Paulo - Ribeirão Preto), Dr. Pedro Duarte Novaes
(Faculdade de Odontologia de Piracicaba/Unicamp), Bi-
ologist and technician Eliene Romani (Faculdade de
Odontologia de Piracicaba /Unicamp), Msc. Maria
Angélica Gargione Cardoso (Universidade do Vale do
Paraíba), and Dra. Técia Maria Ulisses Carvalho
(Universidade Federal do Rio de Janeiro).

References

Agarwal ML, Clay ME, Harvey EJ, Evan HH, Antunez AR, Oleinick NL (1991). Photodynamic therapy induces rapid cell death by
apoptosis in L5178Y mouse lymphoma cells. Cancer Res. 5: 5993-5996.

Al-Watban FAH, Andres, BL (2000). Effect of He-Ne Laser (632.8 nm) and Polygen TM on CHO cells. Journal of Clinical Laser Medicine
& Surgery. 18(3): 145-150.

Ali H, Langlois R, Wagner JR, Brasseur N, Paquette B, van Lier JE. (1988). Biological activities of phthalocyanines. X. Syntheses and
analyses of sulfonated phthalocyanines. Photochem Photobiol. 47: 713-717.



309ULTRASTRUCTURAL EFFECTS IN CHO-K1 AND HeLa CELLS

Arends MJ, Morris RG, Wyllie AH (1990). Apoptosis: The role of the endonucleases. Am J Pathol. 136: 593-608.
Ashkenzi A, Dixit VM (1998). Death Receptors: signaling and modulation. Science. 281: 1305-1308.
Ben-Hur E, Rosenthal I (1986). Photosensitization of Chinese-Hamster Cells by Water-Soluble Phthalocyanines. Photochem. Photobiol.

43: 615-619.
Berg K, Peng Q, Nesland JM, Moan J (1994). Cellular responses to photodynamic therapy. SPIE. 2078: 278-285.
Berns MW, Dalhman A, Johnson FM, Burns R, Sperling D, Guiltiman M, Siemens A, Walter R, Wright W, Hammer-Wilson M, Wile A

(1982). In vitro cellular effects of hematoporphyrin derivative. Cancer Res. 42: 2325-2329.
Bertlett BS, Stadtman ER (1997). Protein oxidation in aging, disease and oxidative stress. J Biol Chem. 272: 203-213.
Cotran RS, Kumar V, Collins T (2000). Robbins Patologia Estrutural e Funcional. 6ed. Guanabara Koogan, Rio de Janeiro, pp.1-17.
Christensen T, Smedshammer L, Wahl A, Moan J (1985). Photodynamic effects and hyperthermia in vitro. Adv Exp Med Biol. 193: 69-78.
Dellinger M (1996). Apoptosis or necrosis following Photofrin photosensitization: influence of the incubation protocol. Photochem

Photobiol. 64: 182-187.
Dougherty TJ, Gomer CJ, Henderson BW, Jori G, Kessel D, Korbelik M, Moan J, Peng Q (1998). Photodynamic Therapy: Review. J Natl

Cancer Inst. 90: 889-902.
Evan G, Littlewood T (1998). A matter of life and cell death. Science. 281: 1317-1322.
Gomer CJ, Rucker N, Ferrario A, Wong S (1989). Properties and applications of photodynamic therapy. Radiat Res. 120: 1-18.
Hickman JA, Potten CS, Merritt AJ, Fisher TC (1994). Apoptosis and cancer chemotherapy. Philos Trans R Soc Lond B Biol Sci. 345: 319-325.
Hisazumi H, Miyoshi N, Ueki O, Nishimo A, Nakajima K (1984). Cellular uptake of hematoporphyrin derivative in KK-47 bladder

cancer cells. Urol Res. 12: 143-147.
Horobin RW, Radish R (1990). Interactions of molecular probes with living cells and tissues. Part 1. Some general mechanistic proposals,

making use of a simplistic Chinese box model. Histochemistry. 94: 205-209.
Kerr JF, Wyllie AH, Currie, AR (1972). Apoptosis: a basic biological phenomenom with wide-ranging implications in tissue kinetics. Br

J Cancer. 26: 239-257.
Kessel D (1997). Subcelular localization of photosensitizing agents. Photochem Photobiol. 65: 387-388.
Kessel D, Luo Y, Deng Y, Chang CK (1997). The role of subcelular localization in initiation of apoptosis by photodynamic therapy.

Photochem Photobiol. 65(3): 422-426.
Kolárová H, Kubínek R, Lenobel R, Bancírová M, Strnad M, Jírová D, LasovskΩ J (1999). In vitro Photodynamic therapy with phthalocyanines

on the MCF7 cancer cells. http://www.photobiology.com/photobiology99/contrib/Kolarova/index.htm. Access in nov. 22nd.
Kroemer G, Reed JC (2000). Mitochondrial control of cell death. Nat Med. 6: 513-519.
Kroemer G, Dallaporta B, Resche-Rigon M (1998). The mitochondrial death/life regulator in apoptosis and necrosis. Annu Rev Physiol.

60: 619-642.
Lipson R, Baldes E, Olsen A (1961). The use of a derivative of hematoporphyrin in tumor detection. JNCI, 26: 1.
Luo Y, Chang CK, Kessel D (1996). Rapid initiation of apoptosis by photodynamic therapy. Photochem Photobiol. 63: 528-534.
Mazière JC, Morlière P, Santus R (1991). The role of low density lipoprotein receptor pathway in the delivery of lipophilic photossensitizers

in the photodynamic therapy of tumours. J Photochem Photobiol B Biol. 8: 351-360.
Mitch WE, Goldberg AL (1996). Mechanisms of muscle wasting. The role of the ubiquitin-proteasome pathway. N Engl J Med. 335: 1897-1905.
Moan J, Anholt H (1990). Phthalocyanine fluorescence in tumors during PDT. Photochem Photobiol. 51(3): 379-381.
Moan J, Berg K (1991). The photodegradation of porphyrins in cells can be used to estimate the lifetime of singlet oxygen. Photochem

Photobiol. 53: 549-553.
Moan J, Berg, K (1992). Photocheotherapy of cancer. Experimental research. Photochem Photobiol. 55: 931-948.
Noodt BB, Berg K, Stokke T, Peng Q, Nesland JM (1999). Different apoptotic pathways are induced from various intracellular sites by

tetraphenylporphyrins and light. Br J Cancer. 79: 72-81.
Oleinick NL (1998). Apoptosis in response to photodynamic therapy. Photodynamics News. 6: 8-9.
Oleinick NL, Morris RL, Belichenko I (2002). The role of apoptosis in response to photodynamic therapy: what, where, why, and how.

Photochem Photobiol Sci. 1: 1-21.
Penning LC, Rasch MH, Ben-Hur E, Dubbelman TM, Havelaar AC, Van Der Zee J, Van Steveninck J (1992). A role for the transient

increase of cytoplasmic free calcium in cell rescue after photodynamic treatment. Biochim Biophys Acta. 1107(2): 255-260.
Pottier R, Kennedy JC (1990). The possible role of ionic species in selective biodistributio of photochemotherapeutic agents toward

neoplastic tissue. J. Photochem Photobiol. B Biol. 8: 1-16.
Reed JC (2000). Mechanisms of apoptosis. Am J Pathol. 157: 1415-1430.
Roberts WG, Berns MW (1989). In vitro photosensitization1. Cellular uptake and subcellular localization of Mono-L-Aspartyl Chlorin

e, Cloro-Aluminum Sulfonated Phthalocyanine, and Photofrin. Laser in Surgery and Medicine. 9: 90-101.
Rossi FM, Campbell DL, Pottier RH, Kennedy JC, Dickson EF (1996). In vitro studies on the potential use of 5-aminolaevulinic acid-

mediated photodynamic therapy for gynaecological tumours. Br J Cancer. 74: 881-887.
Santus R, Moliere P, Kohen E (1991). The photobiology of the living cell as studied by microspectrofluorometric techniques. Photochem

Photobiol. 54: 1071-1077.
Vaux DL, Strasser A (1996). The molecular biology of apoptosis. Proc Natl Acad Sci USA. 93: 2239-2244.
Walker NI, Harmon BV, Gobe GC, Kerr JF. (1988). Patterns of cell death. Meth Achiev Exp Pathol. 13: 18-23.
Weishaupt KR, Gomer CJ, Dougherty TJ (1976). Identification of singlet oxygen as the cytotoxic agent in photoinactivation of a murine

tumor. Cancer Res. 36: 2326-2329.
Wilson BC, Jeeves WP (1987). Photodynamic therapy of cancer. In: Ben-Hur E, Rosenthal I eds. Photomedicine, Boca Raton, FL: CRC

Press; 2: 127-177.
Woodburn KW, Fan Q, Miles DR, Kessel D, Luo Y, Young SW (1997). Localization and efficacy analysis of the phototherapeutic lutetium

texaphyrin (PCI-0123) in the murine EMT6 sarcoma model. Photochem Photobiol. 65: 410-415.
Wyllie AH, Currie AR (1980). Cell death: the significance of apoptosis. Int Ver Cyto. 68: 251.
Zhang WG, Weng M, Pang SZ, Zhang MH, Yang HY, Zhao HX, Zhang ZY (1998). A novel photosensitizer, 2-butylamino-2-demethoxy-

hypocrellin A (2-BA-2-DMHA) 1. Synthesis of 2-BA-2-DMHA and its phototoxicity to MGC803 cells. Journal of Photochemistry and
Photobiology B: Biology. 44(1): 21-28.

Zhorina LV, Chernyaeva EB, Agronskaya AV, Galpern MG (1994). Phthalocyanines as second generation photosensitizers for the photo-
dynamic therapy of cancer: fluorescence and absorption spectroscopy. SPIE Cell and Biotissue Optics. 2100: 159-166.




