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Abstract A new concept in photosensitizing tumor
cells is photosensitizer synthesis in situ. Aminolevulinic
acid (ALA) is a precursor of protoporphyrin IX (PP
1X), a potent photosensitizer. The goal of our study was
to examine dark toxicity, phototoxic potential, meta-
bolism of ALA and morphological alterations in Waf
bladder cancer cells. Dark toxicity of Waf cells was
observed after incubation with ALA, beginning at
a concentration of 15 mM. Photodynamic treatment
with ALA at concentrations of 1, 5 and 10 mM showed
a drug- and light-dose-dependent cell survival rate in
comparison to a control group. Two incubation times
of 3.5 and 5.5 h were compared for cell survival. After
a longer incubation time of 5.5h, cell survival was
decreased in all experiments; this is consistent with our
extraction data where higher fluorescence was found
after 5.5 than after 3.5 h. The results show that ALA-
induced photosensitization has a high potential for
photodynamic therapy (PDT) of superficial bladder
carcinoma.
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Introduction

Various cancers in different specialties such as cuta-
neous, endobronchial, esophageal, gastrointestinal,
gynecological, CNS, and head and neck malignancies
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and also benign diseases are treated with photo-
dynamic therapy (PDT) [6, 19]. In urology it is used for
the treatent of superficial bladder carcinoma, especially
carcinoma in situ [4, 12, 20]. Thus far, photosensitizers
have been administered in their active form. The most
frequently administered photosensitizer is a hema-
toporphyrin derivative (HPD), a mixture of porphyrins.
Since it has several drawbacks, such as chemical impu-
rity, weak absorption of the therapeutically used red
light, and skin phototoxicity, new photosensitizers are
being sought. An alternative approach in PDT is to
achieve photosensitizer synthesis in situ with a precur-
sor that is either preferentially localized or preferen-
tially converted to active photosensitizer by target cells.
Aminolevulinic acid (ALA) is an endogenous substance
in heme synthesis that takes place in mitochondria.
Exogenous ALA is not phototoxic and can be used as
an indirect photosensitizer [5,13,14]. When meta-
bolized it reveals its active form, protoporphyrin IX
(PP IX) [5,13,14]. PP IX is an effective and well-
known photosensitizer which is associated with the
extreme skin phototoxicity seen in patients with por-
phyria. ALA is used clinically after topical application
to treat skin lesions, such as basal or squamous cell
carcinoma, actinic keratoses, Bowen’s disease, xero-
derma pigmentosum, cutaneous T-cell lymphoma and
skin metastases [3, 13, 22-24]. Complete response in
Bowen’s disease was found to be 89%, and in more
than 100 basal cell carcinomas complete response was
found in between 50% and 100% of lesions after
a single treatment [3, 13,22, 23]. It was shown that
ALA is converted to PP IX in abnormal epithelium,
thus avoiding damage to normal skin after PDT
[8,13]. ALA was also used clinically for PDT of oral
and colon cancer after systemic administration [9, 16].
For photodynamic diagnosis, ALA was instilled into
the urinary bladder, where a highly selective accumula-
tion of PP IX in urothelial neoplasia was found by
fluorescence detection [15]. In the light of these prom-
ising results, the potential use of ALA for PDT of
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superficial bladder cancer should be examined. In our
study we investigated dark toxicity, phototoxic efficien-
cy, uptake and metabolism of ALA and morphological
alterations in a human bladder carcinoma cell line.

Materials and methods

Cell line

Experiments were carried out with Waf human bladder carcinoma
cells, grade 3. Cells were grown as monolayer culture in DMEM
medium containing 10% fetal calf serum (FCS) plus 2% glutamin
and 1% penicillin/streptomycin. Cells were kept in a dark incubator
at 37°C in humidified air with 5% CO,.

Photosensitizer

ALA and PP IX were purchased from Sigma (Deisenhofen,
Germany). For incubation ALA was dissolved in culture medium
without FCS. Physiological pH was adjusted with NaOH. PP IX
was dissolved in dimethylsuifoxide (DMSO). A stock solution of
1 mg/mi was prepared and stored at 4 °C in the dark. The character-
istic absorbance and fluorescence spectra were recorded on a spec-
trophotometer (DU 64 Beckman, Fullerton, CA, USA).

Light source

An argon-pumped dye laser (Aesculap-Meditec, Model MDS 90,
Germany), emitting a wavelength of 630 nm according to the ab-
sorbance maximum of PP IX, was used for irradiation. Figure 3
shows an absorbance peak at 630 nm. In vivo the optimum
wavelength for PDT with ALA-induced photosensitization is slight-
ly longer. Light was delivered via a 0.6-mm-diameter quartz fiber.
The beam was expanded to a spot size of 35 mm in diameter
covering the monolayer cell culture homogeneously. The fluences
used were 12, 24 and 48 J/cm? at an irradiance of 100 mW/cm?.

Dark toxicity

Cells were incubated with ALA at a concentration between 1 and
40 mM for 3.5 h, kept in a dark incubator for 4 days, fixed with
methanol, stained with Giemsa, counted and compared with a con-
trol group.

Extraction of PP IX

Waf bladder cancer cells were incubated with ALA at concentra-
tions of 1, 5 and 10 mM, the same concentrations that was used for
PDT experiments. After an incubation time of 3.5, 5.5 and 7.5 h, PP
IX was extracted with DMSO and the fluorescence of PP IX was
measured. For comparison the autofluorescence of cells was also
determined. :

PDT

In the log phase cells were trypsinized, counted, inoculated into
35 mm-diameter multiwells at 10° cells/well and allowed to grow for
24 h. Then cells were incubated with ALA at concentrations of 1,

5 and 10 mM for 3.5 or 5.5 h, washed 3 times with culture medium
and irradiated. All experiments concerning the photosensitizer were
carried out under subdued light. After irradiation cells were incu-
bated again for 4 days, fixed with methanol, stained with Giemsa,
counted and compared with a control group. Cells treated with ALA
or light alone served as control group.

Results
Dark toxicity

Cells incubated with ALA at a concentration of up to
10 mM for 3.5 h without light treatment showed no
decrease in cell counts compared with a control group.
Cells incubated at a concentration of 15 mM showed
a cell count of only 15% of control. After incubation
with 40 mM ALA, no cell survival was found (Fig. 1).
Therefore, PDT experiments were carried out at ALA
concentrations of 1, 5 and 10 mM, where no dark
toxicity occurred.

Extraction of PP IX

There was a correlation between the ALLA concentration
for incubation of cells and the PP IX fluorescence. The
higher the ALA concentration the higher the PP IX
fluorescence. Furthermore, the PP IX fluorescence was
dependent on the incubation time. The highest fluores-
cence was found after an incubation time of 5.5 h. After an
incubation time of 7.5 h the fluorescence was decreased
and showed similar values to those after an incubation
time of 3.5 h. These data are shown in detail in Fig, 2.

PDT

The absorbance spectrum of PP IX shows a maximum
at 407 nm and smaller peaks at 505, 540, 577 and
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Fig. 1 Dark toxicity of ALA in Waf human bladder carcinoma cells
(no irradiation)
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Fig. 2 Relative fluorescence of protoporphyrin IX (PP IX) in con-
trol Waf cells and after incubation of Waf cells with ALA at
concentrations of 1, 5 and 10 mM for 3.5, 5.5 and 7.5 h and
extraction of PP IX
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Fig. 3 Absorbance spectrum of protoporphyrin IX (y-axis arbit-
rary units, x-axis wavelenghth in nanometers; numbers following the
wavelengths of the maxima are the absorbance values at these
maxima)

630 nm; for PDT experiments the absorbance at
630 nm was used since red light shows the best tissue
penetration (Fig. 3). After incubation of Waf cells with
ALA at a concentration of 5mM for 5.5h, PP IX
fluorescence could be detected by fluorescence micro-
scopy. For PDT two different incubation times of 3.5
and 5.5 h were compared in order to see if the time of
incubation has an effect on the metabolism of ALA to
PP IX and hence on cell survival. Theoretically the best
timing for irradiation is when the PP IX concentration
reaches its maximum. Both time intervals were chosen
on the basis of an experiment reported in the literature
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and on the basis of our extraction data showing that
ALA is converted to PP IX within this period of time.

PDT after an incubation time of 3.5 h

After cell incubation with ALA at a concentration of
1 mM, there was only a slight decrease in cell survival
after irradiation between 12 and 48 J/cm?. After incu-
bation with 5 mM ALA, cell survival after irradiation
at 12 J/cm? was 74.4 + 9.0%, at 24 J/cm? 73.3 + 10.1%
and at 48 J/cm? 10.9 4+ 3.2%. After incubation with
10 mM ALA, cell survival was markedly decreased.
After irradiation at 12 and 24 J/cm?, cell survival was
approximately 25 + 7.5%; at 48 J/cm? only 6.5 + 2.7%
of cells survived. ALA or light alone had no effect on
cell survival in a control group.

PDT after an incubation time of 5.5 h

The cell survival rate showed an ALA- and light-dose-
dependent decrease. Cell survival after incubation with
1 mM ALA and irradiation between 12 and 48 J/cm?
was between 50.8 + 3.8% and 14.6 + 1.2%. After incu-
bation with 10 mM ALA and irradiation at the above-
mentioned fluences, cell survival was markedly de-
creased to values between 104 4 6.1% and 5.9 + 1.8%.
Figure 4 shows Waf human bladder carcinoma cells in
a control group (a) and after incubation with ALA at
a concentration of 10 mM for 5.5 h and irradiation
where all cells were destroyed (b). ALA or light alone
had no effect on cell survival in a control group.

Comparing the two different incubation times, a dif-
ference in survival rate was observed. Cell survival was
decreased in all experiments after an incubation time of
5.5 h as compared to 3.5 h, independent of the ALA
concentration or the light dose. The detailed data for
comparison of cell survival after different incubation
times are listed in Table 1.

Table 1 Comparison of cell survival (% of control) after incubation
with ALA at a concentration of 1, 5, and 10 mM for 3.5 or 5.5 h and
irradiation at 12, 24 and 48 J/cm? (means + SE)

ALA (mM) J/em? Cell survival after an
incubation time of:
35h 55h
1 12 838+ 75 50.8 +3.8
5 12 744 4+ 9.0 27.5+6.7
10 12 21.7+71 104 + 6.1
24 76.5 + 6.2 399 +6.2
5 24 73.3 £ 10.1 187+ 1.5
10 24 300+ 79 50+32
48 64.5 +7.8 146 +1.2
5 48 109 +3.2 100+ 1.2
10 48 654+27 59 +£138




Fig. 4a,b Waf cells a in a control group, b after incubation with
10 mM ALA for 5.5 h and irradiation showing cell swelling and
blebbing as signs of destruction

Discussion

Routine PDT consists of administration of a photo-
sensitizer and subsequent irradiation of the tumor with
light that is absorbed by the photosensitizer [6, 19].
A photochemical reaction in which cytotoxic singlet
oxygen and/or free radicals are produced leads to
tumor necrosis. For endoscopic irradiation, e.g., in the
urinary bladder, laser light that is coupled into a
flexible quartz fiber is used [4, 12, 20]. Thus far, the
photosensitizer most used clinically has been a hema-
toporphyrin derivative (HPD). A new concept in PDT
is the use of endogenous porphyrins as photosensitizer.
ALA is a precursor in heme synthesis that is meta-
bolized to PP IX, a potent photosensitizer. It is re-
ported that only certain types of cells become photo-
sensitized when exposed to ALA and others do not
[14]. For our purpose, potentially treating superficial
bladder cancer with ALA and light, it was of interest to
study dark toxicity, photodynamic efficiency and meta-
bolism of ALA in a human bladder carcinoma cell line.

Fluorescence microscopy of urinary bladder of mice
showed strong PP IX fluorescence in the urothelium
but only very little in the underlying muscle of the
bladder after systemic administration of ALA {5, 13].
After intravesical instillation of ALA, urothelial neo-
plasias could be detected by PP IX fluorescence [15].
Therefore, it was expected that exogenous ALA is con-
verted to PP IX by transitional cells and hence intra-
vesical instillation of ALA has the potential to be used
for the treatment of superficial bladder carcinoma. In
vitro experiments on monolayer cell cultures seem to
imitate a topical, intravesical administration where the
photosensitizer is in direct contact with the tumor cells.
For PDT of bladder cancer it might be advantageous
to administer the photosensitizer intravesically in order
to achieve higher photosensitizer concentrations in the
tumor and to minimize side effects both systemically
and to normal bladder wall [1]. The first part of our
study was the investigation of dark toxicity in order to
find the appropriate concentration of ALA for PDT. It
was shown that ALA at a concentration of up to
10 mM exhibited no dark toxicity in our cell line.
Therefore, PDT experiments were carried out at ALA
concentrations of up to 10 mM. An incubation time of
5.5h and irradiation showed a lower cell survival rate
than an incubation time of 3.5 h. In particular, this was
obvious when a lower ALA concentration or light dose
was used. There was a good correlation between the
PDT results after different incubation times and the
extraction data of PP IX. The highest PP IX fluores-
cence was found after an incubation time of 5.5h,
where better PDT results were obtained compared to
a 3.5-h incubation time. Fukuda studied the kinetics of
porphyrin accumulation in vitro and also found that
the total porphyrin synthesized was a function of ALA
concentration and incubation time [7]. The cellular
porphyrin content exhibited a saturation pattern
reaching a plateau in cells exposed for 6 h [7]. This is
consistent with our results showing stronger fluores-
cence after incubation for 5.5 h in comparison to 3.5 h.
linuma investigated the efflux of PP IX after incubation
of different cell lines with ALA [10], demonstrating
that intracellular PP IX accumulation is a dynamic
process that is determined by both the efflux of PP IX
from the cells and the enzyme activities in the heme
biosynthesis pathway [10].

Rebeiz compared the photodestruction of three dif-
ferent cell lines by induction of endogenous accumula-
tion of PP IX [21]. Cells were incubated with ALA
alone or in combination with 1,10-phenanthroline
(Oph), a porphyrin biosynthesis modulator. To confirm
the identity of the accumulated intracellular product
after incubation with ALA, its mobility in high-perfor-
mance liquid chromatography (HPLC) was compared
with that of authentic PP IX [21]. Both substances
exhibited similar retention times [21]. Also the fluores-
cence properties were identical to authentic PP IX so
that the metabolized product was identified as PP IX



[21]. Slower-growing untransformed cells did not accu-
mulate significant amounts of PP IX following ALA
and Oph treatment unless stimulated to proliferate
with a mitogenic lectin [21]. This observation is of
interest concerning tumor selectivity in vivo. Malik
studied porphyrin synthesis after stimulation of differ-
ent leukemic cell lines and B16 melanoma cells [17, 18].
High-metastatic Esb lymphoma cells accumulated
more porphyrin than the low-metastatic Eb cell line
[17]. Survival rates after light exposure were dependent
on the rate of porphyrin accumulation [17].

A direct comparison between the studies is not pos-
sible due to different circumstances. But all authors
conclude that different cell lines might show different
behavior. Therefore, we studied the behavior of bladder
cancer cells. In conclusion, Waf bladder carcinoma cells
metabolize exogenous ALA within 3.5 h to PP IX that
leads to cell death upon irradiation. This effect is even
stronger when an incubation time of 5.5 h is used. Our
results warrant further studies using ALA as a photo-
sensitizer for superficial bladder cancer. In vivo, ALA
might be superior to conventional photosensitizers as
PP IX is synthesized in malignant cells while other
sensitizer mainly localize in the vascular stroma of
tumors [2]. This could also be shown in a rat bladder
cancer model where fluorescence microscopy demon-
strated predominantly cellular rather than stromal PP
IX fluorescence [ 11].
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