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effects using fractionated laser light

.\bstract
Photodynamic
eradication
of tumour
cells depends on the presence of a photosensitizer
and light delivery
to the cells. The present study
investigated
the influence offs-actionated
light (on-off
mode) on cell killing
as documented
by a colony-fol-ming
ahsay. Photohensitizers
were
wTHPC
( ethanol soluble,
Foscana ) and m-THPC-MD ( water soluble, both from Scotia Pharmaceuticals, Guildford,
UK). Fractionated
laser light at a wavelength
of 652 nm with a light duration
of 0.05 s was more effective
than continuous
illumination
at the same power density
t’or both photosenaitizers.
We propose that fractionated
laser light is more toxic due to short phases of recovery
during the dark intervals,
probably
resulting
in more singlet oxygen
under these conditions.
By use of FoscanB,
for example,
and fractionated
laser light, a Gmilar
cffcct is expected
for the treatment
of solid turnours.
In this cast WC expect improvements
in photodynamic
therapy
(PDT)
for patients by
lowering the concentrations of photosensltizer and/or by reducmg the applied light dose.
0 lYY8 Elsevier
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1. Introduction
Since the Federal Food and Drug Administration
of the
USA gave its approval to photodynamic
therapy (PDT) as
an alternative form of therapy against cancer in 199.5, PDT
has increasingly
been used as a routine clinical application.
PDT works using a photosensitizer.
which can be applied
topically or systemically and is non-toxic to the patient. Toxicity develops only after exposure to light of a defined wavelength and only in the irradiated
area. Most
work
has been
done using haematoporphyrin
derivatives ( HPD) [ l-41, but
recently improved
photosensitizers
have been developed.
They are already more effective at lower concentrations,
and
represent pure substances
( ZnPC I 5-8 ] or mTHPC [9-l 51,
for example).
Most of thcsc findings wcrc cstablishcd with
continuous delivery of laser light. PDT and effects by using
light other than continuously
showed partial improvement
[ 161, while others did not see an advantage of fractionation
laser light exposure compared to continuous exposures [ 17191. Andreoni et al. 1201 irradiated cell cultures
after incubation with HPD at 63 1 nm under continuous
exposure
and
at 337.1 nm using pulsed exposures. The latter method had a
more pronounced effect on cell toxicity. The aim of this study
was to investigate the effect of both continuous and fraction* Corresponding

author.
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ated light at 652 nm under comparable
and well-controlled
conditions.
We investigated
two second-generation
photosensitizers (derivatives of chlorin. see Ref. 12 I 1 for a review
of second-generation
photosensitizers)
for alternative light
application. We established conditions for sub-lethal cell killing by homogeneous
light application.
Using fractionated
laser light we could demonstrate a considerable enhancement
of the PDT effect in vitro. A series of preclinical and clinical
consequences for PDT may arise because of these findings
and these will be discussed.

2. Materials

and methods

MCF-7, an oestrogen-dependent
human bre,ast carcinoma
cell line, was used for our studies. Cells were cultivated in
Opti-MEM
medium (Gibco, Base], Switzerland)
supplemented with 10% foetal calf serum, 25 IU ml ’ penicillin
and 25 mg ml ~ ’ streptomycin. The cells were mcubated in a
gas incubator at 37”C, 5% CO, atmosphere and 100% humidity. After seven to eight days in culture the cells reached
confluence and exhibited the features of contact-inhibited
monolayers. The monolayers were washed once with Hank’s
solution (Balanced salts HBSS, Gibco. Base], Switzerland)
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and dissociated with trypsin EDTA in 25 cm’dishes (Falcon,
Becton Dickinson UK, Base], Switzerland) for 3 min at 37”C,
5% CO2 and 100% humidity. For the colony-forming test,
500 cells were seeded into Petri dishes of 6 cm diameter and
incubated 24 h later with either photosensitizer prior to laser
irradiation. After light exposure the cells were washed and
supplied with fresh medium. IO days after light exposure the
cells were fixed and stained according to the May-GriinwaldGiemsa (azur-eosine-methylene
blue) procedure and survival was determined on the basis of a colony-formation
assay. For each experiment, five Petri dishes were used and
colonies of at least 50 cells were counted under a dissection
microscope. The number of colonies was expressed as a fraction of the untreated control.
2.2. Photosensitizer
For theseexperiments we usedtwo photosensitizersfrom
the secondgeneration, namely ethanol-solublemctu-tetrahydroxyphenylchlorin (mTHPC, Foscan@) and its methoxyPEG2000 water-solublederivative (mTHPC-MD) both from
Scotia PharmaceuticalsLtd., Guildford, UK.
2.3. Luser system
We useda lasersystem (argon ion laser,Coherent Innova
3 10, pumping a standing-wave dye laser, Coherent 599,
GMP, Renens, Switzerland) which was connected to the
experimental PDT laboratory via an optical glassfibre. Petri
disheswere mechanically suspendedand irradiated from the
bottom to avoid light modifications that may originate due to
medium covering the cells. Laser light was modified by an
interconnectedshutterremotecontrol (Uniblitz T 132) allowing light fractions in the range of milliseconds.The on and
off times were equal for both modes.The fluence rate was
8.80 W m ~’ for all illuminations.
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Whitney U-test. Each experiment was repeated four times
with each photosensitizer.

3. Results
3. I. Preceding conditions for the experiments
Based on previous results we establishedconditions for
sub-lethal killing of the cells [ 221. These conditions were
essentialin order to establishsignificant differences between
the two methodsof illumination. MCF-7 cultures were incubated in medium containing 2.0 p,g ml - ’ of the photosensitizer mTHPC for 24 h. Dark toxicity was tested in parallel
and was not found to be significantly enhancedfor mTHPC
(Fig. I ). The effect of laser light alone was tested as well
prior to the experiments.Although not significantly different,
a tendency of enhancedcell killing was observedwhen fractionated light dosesof 2.7 J cm-’ were applied (data not
shown).
3.2. Experiments with mTHPC
Both continuous and fractionated laser light (duration of
illumination time 0.05 s,followed by a dark phaseof the same
length) were given for 5 or 2 min. Comparedto the untreated
controls, both fractionated and continuouslight of a duration
of 5 min induced 100% cell killing (data not shown). A
difference was observed when illuminating for 2 min (Fig.
I). In all experiments, the total illumination time of both
continuous and fractionated light applications was identical.
Here the fractionated form had a significantly higher effect.
The same effect, but less prominent, was observed with
shorter light durations (Table 1).

2.4. Experimentul upproach
Experimental groups consistedof control cultures (without treatment), Petri dishescontaining photosensitizerin the
medium but not irradiated, cultures that were irradiated with
laser light but without photosensitizer, and finally the test
group with the same concentration of the photosensitizer
(incubated for 24 h) and with 1aserirradiation at a wavelength
of 652 nm, which interacts with mTHPC. Sub-lethal doses
for MCF-7 cells were determined in order to assessmore
quantitatively the effects of fractionated laserlight. 10 days
after irradiation all cultures werechemically fixed and stained
according to the Giemsa-May-Griinwald procedure.
2.5. Stutistical methods
Each experiment consisted of five Petri dishes. The
counted colonies were statistically analysed by the Mann-

tmnblmnt

Fig. I. Effects of continuous and fractionated
laser irradiation on MCF-7
cells using m-THPC ah photosensitizer.
An untreated control was used for
each experiment.
Each experiment was performed four times under the same
conditions.
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Survival of MCF-7

cells after continuous
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Average

Control
m-THPC2~gml~‘(4h)+laser2mincontin.(l.06Jcm-~)
m-THPC 2 pg ml - ’ (4 h J + laser fract. 0.05 s ( 1.06 J cm -‘)
m-THPC2ygml-‘(4h)+laserfract.30s(2min)
(l.O6Jcm-‘)
m-THPC-MD
2 pg ml- ’ (4 h) + laser 5 min contin. (2.7 J cm-‘)
m-THPC-MD2~gml~‘(4h)+laserfract.0.05n(5min)
(2.7Jcm-‘)

275rt6
%3+10
60*4
70+ 13
209k4
18Ok6

3.3. Experiments with mTHPC-MD
Investigations with mTHPC-MD were carried out under
analogous conditions. A short incubation time of 4 h with this
photosensitizer showed more pronounced effects with fractionated laser light than continuous light delivery (Table 1).
Following prolonged incubation time (24 h) and illumination
for 2 min with either continuous or fractionated light, the
PDT effect was more pronounced and very similar results
were obtained to those from experiments with mTHPC
(Fig. 2).

4. Discussion
Fractionated energy sources or energy pulses are known
from biological experiments and from radio-oncological
treatments. Tumours are treated more effectively with fractionated X-ray irradiation rather than with single-dose treatments [ 231. Concerning our experiments with fractionated
light application during PDT, we made use of previous experiments describing the biological effects of the two photosen-
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Fig. 2. Effects of continuous and fractionated
laser irradiation
on MCF-7
cells using m-THPC-MD
as photosensitizer.
An untreated control was used
for each experiment.
Each experiment
was performed
four times under the
same conditions.

value

Survival
100
32
21.8
25.4
75.9
65.4

(% )

P

< 0.03
5 0.05
5 0.03
IO.03
i 0.03

sitizers in vitro [ 22,241. In fact a slightly higher dark toxicity
of mTHPC-MD compared to mTHPC was found in the experiments here. A longer incubation time with mTHPC-MD in
vitro was needed compared with mTHPC. For example, when
the incubation time with mTHPC-MD was increased up to
24 h, the PDT effect under given conditions was similar. This
could be caused by the altered nature of the chlorin molecule,
namely, its water solubility, due to the attached polyethyleneglycol chain. Basic mechanisms for this behaviour, however, are not yet understood.
Using sub-lethal conditions in vitro we dernonstrated that
fractionated light (on-off cycles) was significantly more efficient in cell killing compared to continuous light applied at
the same power density (Figs. 1 and 2). With both kinds of
photosensitizers, mTHPC and mTHPC-MD, 0.05 s fractions
have been shown to improve PDT signilicantly. Even light
fractions of a duration as long as 30 s were more effective
than continuous light application. but those of 0.05 s duration
seemed to be best. These findings are in agreement with the
observation of Andreoni et al. [ 20 1. although their pulsed
lasers had a wavelength different from that of continuous
light. We are far from understanding the basic mechanism
for the enhancement of PDT activity through light fractionation. One possible explanation may be the partial recovery
of targeted cells between light pulses. During exposure this
short recovery time may lead to a more toxic effect due to
greater production of singlet oxygen and/or free radicals.
Photochemically generated singlet oxygen, however, is the
main component responsible for cytotoxicity induced by PDT
[ 251. This will be a matter for further investigations, including studies with cell organelles such as the mitochondria. We
recently found that mitochondria from norma. rat liver were
heavily affected under PDT conditions and using mTHPC
[ 261. It may well be that fractionation protocols will be
developed that are even more effective in enhancing a given
PDT effect. In a theoretical study related to vascularized
tissues. optimal fractionation times ranged between 30 and
60 s and a strong relationship with the distance between
capillaries and cells was claimed [ 271, The fact, however.
that PDT conditions in vitro are significantly improved due
to shorter fractions of light is very promising for future clinical applications in PDT. This might be especially true for
Foscan@. which is already in clinical use. If similar improvements can be found in vascularized solid tumours in animal

models or during clinical treatment, advantages are obvious.
First, a potential reduction in the amount of photosensitizer
per kilogram body weight may be possible. This will be
important because lower concentrations will enable the treatment to be used for more patients, as higher concentrations
may be associated with additional health problems. The
effects of a range of conditions of light delivery including
fractionation or otherwise modulated light need to be established in greater detail. The mechano-electronic laser-light
shutter systems applied in this study are limited and new kinds
of laser sources for PDT are needed. A promising combination may consist of a powerful diode laser system, delivering
computer-controlled laser fractions.
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