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Relation of Early Photofrin® Uptake to
Photodynamically Induced Phototoxicity and
Changes of Cell Volume in Different Cell Lines

Andreas Leunig, Frank Staub, Jiirgen Peters, Axel Heimann, Christine Csapo,
Oliver Kempski and Alwin E. Goetz

For efficacy of photodynamic therapy, selective uptake and retention of photoactive substances has been
postulated. Therefore, measurements were performed to find out whether the photosensitiser Photofrin® is taken
up differently in malignant and non-malignant cells in vitro. In addition, the sensitivity of malignant cells and non-
malignant cells to photodynamic exposure was investigated, by quantifying viability and volume alterations of the
cells. Bovine aortic endothelial cells, mouse fibroblasts and amelanotic hamster melanoma cells were suspended
in a specially designed incubation chamber under controlled conditions (e.g. pH, pO,, pCO, and temperature).
After establishing constant baseline conditions, the cellular fluorescence intensity per cell volume, indicative of
the uptake of Photofrin®, and cell volume were assessed by flow cytometry, and cell viability was quantified by
the trypan blue exclusion test. Photodynamic exposure of cells was performed using an argon-pumped dye laser
system via a 600 um optical fibre at energy density of 4 Joules at the cell surface (40 mW/cm?, 100 s). In
comparison to endothelial and fibroblast cells, the melanoma cells exhibited no increased uptake of Photofrin®,
and no enhanced sensitivity to photodynamic therapy (PDT). However, the fluorescence intensity/volume of
endothelial cells was two to three times higher at each concentration of the photosensitiser. Following PDT,
reduction in cell viability was dependent on the concentration of Photofrin®, and directly correlated with
fluorescence intensity per cell volume. In addition, the cells of all three lines, treated by PDT, revealed dose-
dependent changes in cell volume. Melanoma cells exhibited the most excessive increase. It is suggested that
selective uptake of photosensitiser in vitro is not characteristic for tumour cells. The high uptake of Photofrin®
by endothelial cells may indicate that the vascular endothelium is a major target for PDT, leading to cessation of
tumour blood flow and subsequent destruction of tumour tissue. In addition, PDT-induced swelling of tumour
cells might represent and effect synergistically impairing tumour perfusion, and thereby promoting tumour death.
Eur ¥ Cancer, Vol. 30A, No. 1, pp. 78-83, 1994

INTRODUCTION drugs, producing transiently toxic oxygen species under laser
PHOTODYNAMIC THERAPY (PDT) is a promising treatment irradiation [1-3]). The mechanisms of tumour destruction in
modality in the management of malignant tumours. Therapy response to PDT are the subject of intensive investigations. In
using haematoporphyrin derivative (HPD) or Photofrin® is  some studies, malignant cells have been shown to take up greater
based on preferential labelling of neoplastic tissue by these amounts of porphyrin or to exhibit a higher sensitivity to PDT
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compared to normal cells in vitro [4-6]. Other studies indicated
that malignant and normal cells accumulate comparable amounts
of porphyrin during incubation in vitro [4, 7-9].

Alternatively, there is increasing evidence of the importance
of the vasculature in determining tumour destruction following
PDT. At the macroscopic level, PDT results in destruction of
tumour vessels but also vessels from normal tissue [10, 11].
Further effects, including stasis of blood flow, haemorrhage,
vasoconstriction, platelet aggregation and platelet thrombus
formation in the microvessels, have been implicated in the
tumoricidal effect of PDT [11-14]. Some investigators supposed
that damage of the endothelium is the primary cause of tumour
response to PDT [15]. Gomer ez al. [16] demonstrated in vitro
that bovine aortic endothelial cells (BAEC) were more sensitive
to photodynamic treatment than smooth muscle or fibroblast
cells although they could not discriminate whether the effect was
due to greater accumulation of the photosensitiser in endothelial
cells as compared to control cells. In contrast to these results
West et al. [17] have shown that BAEC took up two to three
times more haematoporphyrin derivative as did adenocarcinoma
cells. We have designed a study to determine whether differences
either in uptake of Photofrin®, as evaluated by measuring cellular
fluorescence, or in sensitivity to PDT can be demonstrated in
BAEC as compared to amelanotic melanoma and fibroblast cells.

MATERIALS AND METHODS

Cell culture

Amelanotic hamster melanoma cells (A-Mel-3), an established
cell line derived from a spontaneous amelanotic melanoma in a
Syrian golden hamster [18, 19], mouse fibroblasts (1929) and
BAEC were used for the investigations. A-MEL-3 and 1929
[20, 21] were grown in 175-cm? culture flasks (3028, Falcon,
Oxnard, U.S.A.) using RPMI-1640 medium (Seromed, Berlin,
Germany). The medium was supplemented with 10% fetal calf
serum (FCS, Gibco, Grand Island, U.S.A.), 100 U/ml penicillin
and 50 pg/ml streptomycin (Sigma Chemical Co., St Louis,
U.S.A.). BAEC were isolated according to a modified method of
Maruyame et al. [22]. Segments of bovine aorta were filled
with Medium 199 (Sigma) containing 0.25% collagenase (CLS
type 2, Worthington Biochemical, Freehold, U.S.A.) under
sterile conditions. The aorta was placed in a plastic bag and
incubated in a water bath at 37°C for 10 min. Thereafter, the
effluent was collected into centrifuge tubes (2070, Falcon)
containing 10 ml Medium 199 with 20% FCS to inactivate
collagenase and the cells were sedimented at 1800 rpm for
10 min. The pellet was washed twice with 5 ml of Medium 199
with 20% FCS, and the cells were resuspended in 2 ml of fresh
culture medium. The yield of this procedure was in the range of
0.5-3 x 108 cells/ml. The cell suspension was resuspended in
10 ml Medium 199 and divided between two 25-cm? plastic
tissue culture flasks (3813, Falcon). All cell cultures were
kept in an incubator (Heraeus, Hanau, Germany) at 37°C, in
humidified room air with 5% CO,. Cells were subcultivated
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three times a week. Only confluent monolayers obtained 2 days
after subcultivation were used. For the experiments, cells were
harvested with 0.05% urypsin-0.02% EDTA (Boehringer,
Mannheim, Germany) in phosphate-buffered saline and sub-
sequently resuspended in culture medium containing FCS for
inactivation of trypsin. Washing twice in serum-free medium
ensured removal of FCS. The final cell density was 0.5-1 x 10¢
cells/ml. Subsequently, the cell suspension was transferred into
a specially designed incubation chamber [23,24] in which pH,
20, and temperature were controlled continuously by respective
electrodes and a thermocouple, and maintained at pH 7.4, pO,
100 mmHg, pCO, 35 mmHg and temperature 37°C. A gas-
permeable silicon rubber tube served as a membrane oxygenator
to supply the medium with mixtures of O,, CO; and N,. The
pH of the medium was controlled by adjustment of the CO,
supply. Sedimentation of the cells was prevented by a magnetic
stirrer. Suspended cells were collected from the incubation
chamber via inserted stainless steel cannulas.

Measurements of cell fluorescence, volume and viability

Measurements of cell fluorescence and cell volume were
performed by flow cytometry (Fluvo Metricell, HEKA-Elec-
tronic, Lambrecht/Pfalz, Germany) [25]. This system allows
simultaneous measurements of fluorescence and volume of up to
5000 cells/s. Fluorescence of Photofrin® was excited with a
high pressure mercury arc lamp (HBO-100, Osram, Miinchen,
Germany) at wavelengths between 300 and 500 nm. Maximal
excitation of Photofrin® was found for 388 nm. Excitation was
induced through a 500-nm short-pass filter. Maximal emission
of Photofrin® at 630 nm was measured by using a 580-nm long-
pass filter to collect the emitted red fluorescence above 580 nm.
Red fluorescence was calibrated by measurement of 5.72 um
solid latex polystyrol particles (Polysciences Inc., Warrington,
U.S.A.). The results of the fluorescence measurements were
given in relaton to the solid fluorescent particles. The cell
fluorescence intensity (CFI) was calculated in relative units from
constant fluorescence quantum yields emitted by the excited
latex beads. In addition, CFI was expressed per cell volume
since large cells accumulate more Photofrin® per cell than do
small cells [7]). Cell volume was measured according to the
Coulter principle, employing a hydrodynamic focusing tech-
nique providing a volume resolution of ~1% [25] that was
calibrated electrically. The measurements of fluorescence and
volume of 40 000 cells lasted for less than 30 s. Cell viability was
measured by the trypan blue exclusion test (Boehringer). One
hundred cells were counted (three times) under the microscope
and the percentage of blue cells per hundred determined.

Experimental groups

A 30-min period preceded the measurements to ensure stable
baseline values of cell size and cell viability prior to Photofrin®
incubation. Preparations with unstable cell volume or impaired
cell viability were discharged. The means of three measurements
of cell volume and viability were taken as references. Following
baseline measurements, Photofrin® was added to the cell suspen-
sion at concentrations of 1.5, 3, 4.5 or 15 pg/ml. It was received
from Cyanamid Lederle (Wolfratshausen, Germany)ata concen-
tration of 2.5 mg/ml in isotonic saline solution, and stored as 1-
ml samples at —20°C. The cells were kept in the dark after
exposure to Photofrin®. Fifty microlitre aliquots (5 X 10* cells)
of the suspension were taken at intervals between 1 and 240 min
after addition of Photofrin® for immediate measurement of: (a)
CFI and cell volume prior to PDT; (b) cell viability by trypan
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blue exclusion test (Boehringer); (¢) CFI and cell volume after
PDT; (d) and cell viability after laser illumination. For PDT,
50 pl of the cell suspension were withdrawn from the chamber
and introduced into an illumination chamber of 7 mm diameter
and 1 mm depth. Laser illumination was performed at 630 nm
with an argon-pumped dye laser (Aesculap Meditec, Her-
oldsberg, Germany) via a 600 micron optical fibre for a period
of 100s (40 mW/cm?, 4 Joule). CFI, cell volume and cell
viability were measured 5 min after PDT. A minimum of four
individual cell samples were analysed for each experimental
concentration.

Stauistics

The results are expressed as median and standard error of the
median. The data were analysed for statistical significance using
the Kruskal-Wallis test for non-parametric one-way analysis of
variance and multiple comparisons on ranks for unpaired
samples [26). Correlations were analysed with the Spearman test.
Probability values smaller than 1% were considered significant.

RESULTS
Cell volume and cell density remained constant during the
control period and 93.0 + 1.2%,90.0 = 1.1%and 87.0 + 0.6%
of the A-Mel-3, 1.929 and BAEC populations, respectively, were
viable. Without addition of Photofrin®, fluorescence was not
detected in any of the cell types.

During incubation with Photofrin®, cell volume and cell
viability remained constant. CFI increased in all cell lines in a
dose-dependent manner as shown for BAEC (Fig. 1). Fifty per
cent of the maximum CFI was obtained 5 min after addition of
Photofrin®. After 60 min of incubation, maximum CFI was
reached. No further increase could be measured during the
entire course of the experiments. In comparison to A-Mel-3 and
1.929, the CFI values of BAEC were higher by a factor of 2-3
(P<0.01) during the whole observation period and at each
concentration of Photofrin®. As indicated by the CFI values,
differences in Photofrin® uptake between A-Mel-3 and 1.929
cell lines were not observed. However, all cell lines revealed a
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Fig. 1. Uptake of Photofrin® by BAEC as shown by CFI measure-
ments. Cells were exposed to 1.5 (), 3.0 (O), 4.5 (A) or 15 (O) pg
Photofrin®/ml in growth medium containing no fetal calf serum.
5 x 10° cells were utilised per single volume measurement. Each
point represents the median and the standard error of the median of
four experiments (*P<0.001 versus ¥ at 1-240 min). The cellular
fluorescence intensity was calibrated with 5.72 pm solid latex poly-
styrol particles to minimise fluctuations of the optical system and cell
volume was calibrated electrically. In addition, CFI is expressed per
cell volume. This allows comparison of large cells, accumulating
more Photofrin® per cell, with small ones.
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Fig. 2. CFI of Photofrin® after 60-min incubation as related to the

concentration of Photofrin® incubated with BAEC (O), A-Mel-3 (@)

and 1929 (A). Correlation of Photofrin® medium concentration (1.5,

3.0, 4.5 or 15 pg Photofrin®ml) and CFI had an r value of 0.92

(BAEC), 0.94 (A-Mel-3) and 0.93 (L929), with P<0.001. Each point
represents four experiments.

linear relationship between CFI and extracellular concentration
of Photofrin® and regression analysis resulted in a statistically
significant correlation for A-Mel-3 (r=0.94), 1.929 (r=0.93) and
BAEC (r=0.92) (Fig. 2).

Laser illumination of the cells incubated with Photofrin®
reduced cell viability, which was dependent upon the CFI value
(Fig. 3). In comparison to A-Mel-3 and 1929, cell viability of
BAEC was significantly reduced with less than 10% of BAEC
surviving after drug doses of 4.5 or 15 ug/ml Photofrin®.
Correlation of viability with CFI prior to laser irradiation
revealed respective r values for BAEC, A-Mel-3 and L1929
of 0.86, 0.91 and 0.89, with P<0.001 (Fig. 4). After laser
illumination, CFI fell significantly for A-Mel-3 by 15.5 + 5.6%,
for 1.929 by 21.2 + 7.9% and for BAEC by 10.4 = 7.4% of the
values prior to PDT. This phenomenon was neither photosen-
sitiser dose- nor time-dependent. In addition, preincubation of
A-Mel-3, L929 or BAEC with Photofrin® and subsequent
illumination with laser light provoked significant changes of cell
volume. At Photofrin® concentrations of 3.0 pg/ml, cell volume
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Fig. 3. Surviving fraction (5 min after PDT) of A-Mel-3 (O), L929
(8) and BAEC (W). Cells were incubated with 1.5, 3.0, 4.5 or 15 pg
Photofrin®/ ml medium. Laser irradiation (40 mW/cm?, 100 s) was
performed after 60-min incubation with Photofrin®. Each symbol
represents four experiments (* P<0.01 versus O and 8).
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Fig. 4. Surviving fraction (5 min after PDT) of A-Mel-3 (O), L929
(A) and BAEC (D) as a function of CFI after Photofrin® incubation.
Cells were incubated for 1-4 h with 1.5, 3.0, 4.5 or 15 pg Photofrin®/
ml medium. Laser irradiation (40 mW/cm?, 100 s) of cell samples was
performed at intervals from 60 to 240 min. Correlation of the CFI
prior to treatment and laser irradiation revealed respective r values
for BAEC, A-Mel-3 and L929 of 0.86, 0.91 and 0.89, with P<0.001.
For A-Mel-3, L929 and BAEC, four experiments were performed for
each concentration.

of BAEC increased by 20.0 = 5.5% S min after PDT. However,
at4.5 pgand 15 g Photofrin®/ml, when all BAEC were killed,
the increase in cell volume was either less pronounced, by
11.0 = 8.1%, or cell volume was reduced to 94.3 *+ 2.7%.
1.929 and A-Mel-3 tended to swell more compared to BAEC
when incubated at higher concentrations of Photofrin®. At
4.5 wg Photofrin®ml, cell volume of 1.929 and A-Mel-3
increased after PDT by 21.8 *+ 9.4% and 24.8 * 5.7%, respect-
ively (Fig. 5). However, when A-Mel-3 tumour cells were
exposed to 15 wg Photofrin®ml and subsequently irradiated,
cell volume increased by 59.3 = 11.6% of initial cell volume.

DISCUSSION

Photodynamic therapy is now used in phase III clinical trials
in various fields [27, 28], but the mechanism of how PDT
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Fig. 5. Cell volume response of A-Mel-3 (0), L929 (&) and BAEC

(M) S min after PDT. Cells were incubated with 1.5, 3.0, 4.50r 15 pg

Photofrin®/ml medium. Laser irradiation (40 mW/cm?, 100 s) was

performed after 60-min incubation with Photofrin®. The increase in

cell volume is given as a percentage of the control obtained prior to

PDT. Each symbol represents four measurements. (*P<0.01 versus
0, B and M@ at 1.5 pg Photofrin®/ml).

inhibits tumour growth or kills the tumour remain unclear [29].
The selectivity of uptake and retention of HPD reported for
malignant cells has not been convincingly reproduced in vivo.
Moan et al. [9] examined cytofluorimetrically HPD uptake by
mouse embryo fibroblast cells and found that uptake and
retention of HPD did not correlate with the ability of these cells
to produce tumours, although it was suggested that malignant
cells incorporated marginally more HPD per unit volume than
did normal cells [9]. Chang and Dougherty [4] also failed to
show differences in uptake and clearance of HPD between
normal and malignant cells in vitro. In some studies, malignant
cells were found to incorporate higher amounts of porphyrins
and to reveal increased sensitivity to PDT as compared to normal
cells [5, 30-35]. Bohmer and Morstyn suggested that acidic pH,
differences in serum concentrations of malignant tumour tissue,
as well as the increased size of tumour cells may be important
for selective uptake of HPD by malignant cells [7]. Other authors
have demonstrated significant differences between tumour and
normal tissue oxygenation after PDT [36, 37]. It was shown
recently that the subcutaneous microcirculation of the hamster
during PDT reveals haemorrhages and venous thrombosis
within the tumour, and vasoconstriction of normal arterioles
surrounding and supplying the tumour [12]. In addition, exper-
iments were performed to study blood flow in transplantable rat
bladder tumour and in rat jejunum after PDT, using radiolab-
elled microspheres [38, 39]. A comparison of the effect of PDT
on blood flow in normal and tumour vessels using a rat skin flap
model demonstrated a significant reduction of blood flow in both
types of vessels, but no significant difference when exposed to
identical doses of the photosensitiser [10].

We have used a recently established in vitro model to study
uptake and phototoxicity of Photofrin® in cell lines with different
phenotypes, i.e. endothelial versus fibroblast versus melanoma.
A major advantage of this model is the close control of the
extracellular environment as established in previous studies on
volume regulation of glial cells [23, 24, 40, 41].

For assessing cell survival following PDT, viability was
determined using trypan blue exclusion. A comparison of a dye
exclusion, specifically the MTT test, and a clonogenic assay to
assess cell survival after PDT showed that both gave similar
shaped curves, but the dye exclusion method resulted in a
slight overestimate of cell death [42]. Despite the lack of exact
agreement between the assays, both show qualitatively the same
results, and similar shaped curves were obtained with both
assays, suggesting that short-term assays may be applicable for
studies of PDT in vitro [43].

Our results of CFI measurements after incubation with Pho-
tofrin® showed no greater uptake of Photofrin® by A-Mel-3
tumour cells and no increased photosensitivity as compared to
1.929 and BAEC. In contrast, after standard incubation with
Photofrin®, BAEC revealed 2-3-fold higher CFI. This might
imply that the tumour selective effect of PDT in vivo is not due
to greater uptake of the photosensitiser in tumour cells.

This finding is in agreement with results from in vivo studies
indicating that the tumour microvasculature may be decisive for
tumour destruction following PDT. Berenbaum er al. studied
cerebral damage following PDT, and demonstrated selective
initial damage to the microvascular endothelium [44]. Gomer et
al. observed in vitro significant differences in cell photosensitivity
when different cellular components of the vascular wall were
examined by spectrofluorophotometry [16]. They specifically
found that the endothelial cells were more sensitive to PDT in
spite of the same cellular level compared to the other cell lines.
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However, in the present study, the endothelial cells were more
sensitive due to an increased uptake of sensitiser as indicated
by cellular fluorescence intensity. This difference in cellular
fluorescence may be explained by the different methods used,
with Gomer et al. [16] measuring fluorescence per protein of the
homogenised cells, while we determined fluorescence intensity
per cell volume. In addition, Gomer ez al. [16] compared cell
lines originating from one species while we investigated cell lines
taken from different species. Qur results were supported by
findings of West et al. [17], who compared bovine aortic endo-
thelial cells and human colon adenocarcinoma cells, and found
that, with both cell lines being in plateau phase, endothelial
cells incorporated two to three times more hematoporphyrin
derivative compared to WiDr (BAEC 204 + 11ng/10® cells;
WiDr 98 + 5ng/10° cells), despite there being no difference in
cell volume between the cells.

The cause of enhanced porphyrin photosensitivity observed
in endothelial cells might be the higher number of low density
lipoprotein (LDL) receptors on endothelial as compared to other
cells [45, 46]. The LDL carrier system is involved in delivery of
porphyrin to tissue [47] and it has been suggested that higher
LDL receptor activity is responsible for high drug uptake in
BAEC [17]. There may be different mechanisms of transport of
HPD into the different types of cell used in our study. Consistent
with this assumption are results of Carrano et al., who described
different mechanisms of photosensitiser uptake into cells of
different lines, both energy-dependent and independent [48].
The enhanced photosensitiser uptake and thereby higher photo-
toxicity for endothelial cells may play a role in the microvascular
damages observed after PDT. In vivo, PDT produces, at a
macroscopic level, destruction of tumour and normal tissue
vasculature 10, 11]. A number of effects have been described,
including stasis of blood flow, haemorrhage, vasoconstriction,
platelet aggregation and platelet thrombus formation [11-14].

An interesting finding was the increase in cell volume after
PDT, which was dose-dependent and also dependent upon CFI
and concentration of extracellular Photofrin®. The cells of the
three lines showed an initial cell swelling, although this only
occurred at low concentrations of Photofrin®, i.e. 1.5 or 3.0 pg/
ml with BAEC. Cell swelling after PDT appears to be a specific
effect because photosensitiser or laser illumination did not
influence cell volume. Cell swelling was most pronounced in A-
Mel-3 tumour cells. The PDT-induced effects, leading to cell
swelling and decreases in cell survival, are not clearly under-
stood. Cell swelling might be attributed to the influx or formation
of additional osmotic substances within the cells, such as lactic
acid, originating from stress-induced glycolysis, or calcium
following depolarisation of the plasma membrane [49]. Alterna-
tively, influx or uptake of electrolytes into the cells after damage
of the plasma membrane might equally contribute to cell swelling
[49-51].

We suggest that swelling of tumour cells is of significant
relevance to the in vivo situation, since experimental [52] and
human tumours [53] exhibit interstitial hypertension after PDT.
Moreover, it was recently observed that PDT induces an increase
of both interstitial fluid pressure and volume of tumour [54]. In
addition, interstitial hypertension is related to tumour blood
flow as shown by Steen et al. [55). Since tumour microvessels
have a high permeability, and tumours lack functioning lym-
phatics, microvascular pressure is likely to alter interstitial fluid
pressure [56]. Several factors are likely to increase the vascular
resistance in tumour vessels after PDT, including vasoconstric-
tion, microembolisation and partial occlusion of vessels by

swollen endothelial and cancer cells. The latter finding might be
a consequence of the preferential uptake of Photofrin® by
endothelial cells and the swelling of tumour cells. We, therefore,
suggest that damage of endothelial cells and swelling of tumour
cells following PDT should be consequential, primary events,
finally leading to cessation of blood flow and subsequent necrosis
of tumours.
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