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Abstract Pharmacokinetics and phototoxicity of purpu-
rin-18 (Pp18) in human colon carcinoma cells (Colo-205)
was studied using liposomes as delivery vehicles. Cyto-
toxicity was measured using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay and
neutral red uptake assay, and mode of cell death was
assessed by the study of cell morphology and nuclear
staining with Hoechst 33342-propidium iodide. Ppl8
solubilized in dimethyl sulfoxide saline solution was
observed to aggregate (Q-band absorption 740 nm),
resulting in very poor cellular uptake. Pp18 incorporated
in liposome remained in monomeric form (Q-band
absorption 695 nm), but due to the presence of an
anhydride ring in the molecule it readily yielded another
photosensitizer, chlorin p6 (Q-band absorption 662 nm).
Measurements at various pH showed that Ppl8 in
liposome was stable at acidic pH (6.5). Incubation of
cells with 6.0 pM Pp18 in liposome at pH 6.5 showed a
rapid cellular uptake. Spectrofluorometric measure-
ments showed the presence of both Pp18 and chlorin p6,
indicating conversion of some amount of Ppl8 into
chlorin p6 in the cells. Fluorescence microscopy revealed
that the fluorescence was localized mainly in the cyto-
plasm, sparing the nucleus. Illumination of cells to white
light after 4-h incubation with Ppl8 liposome prepara-
tion was observed to lead to dose-dependent decrease in
cell viability. At low irradiation time, cells displayed
formation of plasma membrane blebs and micronuclei
typical of apoptotic cell death. In contrast, at higher
irradiation time, cell swelling and vacuolization in nu-
cleus was observed, suggesting cell death due to necrosis.
Irradiation with narrow bandwidth light showed that at
low pH, the relative phototoxicity due to ppl8 was
higher than that due to chlorin p6. It is suggested that
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the pH-dependent conversion of pp18 to chlorin p6 can
be exploited to increase PDT selectivity.
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Introduction

Photodynamic therapy of cancer is based on selective
localization of a photosensitizer in a tumor, followed by
the generation of reactive oxygen species when the tu-
mor area is exposed to visible light of appropriate
wavelength. The tumor selectivity of a photosensitizer is
believed to depend on its chemical character. It is gen-
erally accepted that tumor selectivity increases with the
hydrophobic character of the photosensitizer [1]. The
low solubility of hydrophobic photosensitizers in aque-
ous media, however, leads to its aggregation and thus
hampers its systemic delivery. The aggregation of the
photosensitizer also reduces its photosensitizing efficacy,
because only monomeric species are photoactive. To
overcome these problems, liposomes have been used as
delivery systems in several studies [2]. For example,
Damoiseau et al. [3] have reported an increase in
photosensitizing efficiency of Bacteriochlorin by lipo-
some-incorporation in WiDr cells. It has been shown
that hypocrellin-A incorporated in egg phosphatidylch-
oline liposome maintains its monomeric state and gives
rise to higher tumor uptake as compared to the photo-
sensitizer in dimethyl sulfoxide-solubilized saline [4].
Similar results have been reported for different photo-
sensitizers with different tumor models [5-7].

In the present study, we investigated the photody-
namic efficacy of purpurin-18 (Ppl18) after incorpo-
rating it in phosphatidylcholine liposome. Ppl8 is a
hydrophobic chlorophyll derivative with a strong
absorption band in the red region (695 nm). However,
due to the presence of an anhydride ring in the
molecule it readily yields another photosensitizer,



chlorin p6, the Q-band absorption for which is at
662 nm. We studied this conversion at different pH
and observed that Ppl8 remains stable in liposome at
pH 6.0-6.5. This liposome preparation was used to
study cellular uptake and phototoxicity in colon car-
cinoma cells. The mode of cell death was evaluated by
examining cell morphology and DNA fragmentation
microscopically.

Materials and methods
Cell culture

Human colon (Colo-205) cells were purchased from the
National Centre for Cell Sciences (NCCS), Pune, India.
The cells were maintained in Rosewell Park Institute
medium (RPMI) supplemented with 10% fetal bovine
serum (FBS), antibiotics, and 2.2 g 17! sodium bicar-
bonate. The cells were grown in monolayers at 37°C in a
5% CO, humidified incubator (Nuaire, USA).

RPMI media, phosphate-buffered saline (PBS),
trypsin, nystatin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), and FBS were obtained
from Himedia, Mumbai, India. Neutral Red was
sourced from Loba Chemie, Mumbai, India. Sodium
pyruvate, streptomycin, and phosphatidylcholine were
obtained from Sigma, St. Louis, MO, USA.

Photosensitizer and liposome preparation

Ppl18 was prepared from chlorophyll, following the
method described by Hoober et al [8]. Small unilamellar
liposomes were prepared by injecting a 50-pl ethanolic
solution of phosphatidylcholine (25 mg ml~") containing
Ppl18 into 1.0 ml de-aerated solution of PBS (100 mM,
pH 6.5). To check the stability of Ppl8 at different pH
(6.0-8.0), either phosphate buffer or Tris—HCI buffer was
used. Liposome suspension was stored at 4°C until fur-
ther use. For determining the concentration of Ppl8 in
liposome, a 10-ul liposome suspension was mixed in
1.0 ml acetone, centrifuged, and then the absorbance of
the supernatant was read on a Cintra 20 spectropho-
tometer (GBC, Australia). Photosensitizer concentration
was calculated from the molar extinction coefficient of
Pp18 in acetone at 401 (104,000 M~' cm™') and 695 nm
(41,800 M~ cm™") [8].

Cellular uptake of Ppl8

Cells were incubated in darkness with 6.0 uM Ppl8
in liposome in a medium containing 10% FBS at
pH 6.5. Subsequent to incubation, the culture med-
ium containing the photosensitizer was removed and
the cell monolayer was washed three times with cold
PBS. Cells were harvested using 0.25% trypsin and
resuspended in PBS. The pH of the trypsin solution
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and of the PBS was kept at 6.5 to prevent hydro-
lysis of Ppl8. The fluorescence spectrum of cell
suspension was measured with a Fluorolog-2 spec-
trofluorometer (Spex, USA) using wavelength 407 nm
for excitation.

Photodynamic treatment

Cells were inoculated at a concentration of ~2x10* cells
per well in a 96-well microplate. After overnight incu-
bation, cells were incubated for 4 h in darkness with
6.0 uM Pp18 liposome in a medium containing 10% FBS
at pH 6.5. Subsequently, the medium containing Pp18
liposome was removed, the cell monolayer was washed
with the medium without serum, and a fresh growth
medium at pH 7.4 was added. Cells were then exposed to
white light from two fluorescent tubes covered with a
perspex sheet. The light intensity at the position of the
cells was 10 W m >, as measured by a power meter
model AN/2 (Ophir). The cells were exposed to white
light for different time periods from 0 to 40 min.

Alternatively, the cells in a multiwell plate were irra-
diated with narrow bandwidth light at 670 nm (£ 5 nm)
or 700 nm (20 nm) to determine the phototoxicity due
to chlorin p6 and Ppl8, respectively. Irradiation was
carried out using an LC-122A light source (Ci tek, USA)
equipped with fiber optic probes. The power at the plate
level was measured with a power meter (Ophir) and
adjusted by varying the height of the fiber optic tip and of
the appropriate filters. The fluence was kept nearly the
same (~17 W m~?) for both 670 and 700 nm lights and
the cells were exposed to each radiation for 20 s.

MTT assay

Following irradiation, the media in all the wells were re-
placed with fresh growth medium at pH 7.4. After 24 h,
MTT assay was performed to determine phototoxicity
following the method described by Mosman [9]. Briefly,
100 pl of medium containing 10 Wl MTT (5 mg ml™") was
added to each well and the cells incubated with the mix-
ture for 4 h. The culture medium was removed and the
formazan crystals formed were dissolved using isopro-
panol containing 0.4 N hydrochloric acid. The optical
density was measured at 570 and 690 nm using a Power
Wave 340 microplate reader (Bio-tek Instruments Inc.,
USA). Each experiment included two controls, one in
which cells were treated with dye but not exposed to light,
and another where cells were exposed to light but not
treated with dye. Phototoxicity was calculated as the
percent decrease in MTT reduction with respect to a
control sample, which received no Ppl8 and no light.

Neutral Red uptake

To assess the photo-induced damage to lysosomes, up-
take of neutral red (a lysosomal-specific probe) by cells
was studied [10, 11]. Cells were plated in a 96-well mi-
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croplate treated with photosensitizer and irradiated as
described. Following irradiation, the growth medium
was replaced with a medium containing neutral red
(50 pg ml~') and the cells were incubated for 3 h in
darkness. Subsequently, the cells were washed with PBS
and the neutral red taken up by the cells was extracted
using acidified ethanol. Uptake of neutral red was
monitored using the microplate reader at 540 nm.
Phototoxicity was calculated as the percent decrease in
neutral red uptake with respect to a control sample,
which received no Ppl8 and no light.

Visualization of photosensitizer localization

Cells incubated with photosensitizer were visualized with
a Zeiss Axiovert 135TV fluorescence microscope equip-
ped with a 100x, NA 1.3 oil immersion lens and a filter
cube (390-410 nm for excitation and beyond 590 nm for
emission). The images were recorded with a digital
camera DC 350F (Leica, Germany) and qFluoro stan-
dard software (Leica, Germany).

Morphological changes of cells and nuclei

A monolayer of the photodynamically treated cells and
the control cells was visualized with an Axiovert 135TV
inverted microscope (Zeiss) under phase contrast 100 X,
NA 1.3 oil immersion lens, and images were recorded as
described.

Morphological examination of apoptotic and ne-
crotic cells was carried out as follows: the cells were
trypsinized, suspended in PBS, and combined with
floating cells that detached out in media due to pho-
todynamic treatment. The cells were centrifuged and
fixed in a methanol/acetic acid (3:1, v/v) mixture
overnight. The cells were dropped onto microscope
slides, dried, and stained with a mixture of 1 pg ml~!
each of Bis-benzimidazole Hoechst 33342 (HS) (Sigma)
and propidium iodide (PI) (Sigma) in PBS. The slides
were observed under a fluorescent microscope (Axi-
overt 135TV, Zeiss, Germany) using a fluorescent filter
cube (excitation 340-380 nm, barrier filter 430 nm;
excitation 530-560 nm, barrier filter 580 nm), and
images were recorded. As opposed to PI, HS freely
enters live cells and stains the nuclei of viable cells as
well as of cells that have died by apoptosis or necrosis.
Apoptotic cells can be distinguished from viable and
necrotic cells on the basis of nuclear condensation and
fragmentation, as well as by increased fluorescent
intensity of nuclei stained with HS.

Statistics

All the experiments were done at least three times. The
data in Figs. 3 and 7 represent mean and standard
deviation value obtained from three independent
experiments. The results of all other experiments were
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Fig. 1 a Absorption spectra of PplS8: straight line—in acetone,
dashed line—solubilized in dimethyl sulfoxide and added to RPMI
media containing 10% FBS, dotted line—405 nm excited fluores-
cence emission spectra in acetone. b Absorption spectra (straight
line) and 401 excited fluorescence emission spectra (dotted line) of
chlorin p6 in 0.1 N NaOH in 50% methanol. Inset: Chemical
structure of the photosensitizers

qualitatively reproducible and, therefore, the result of a
representative experiment is shown in figures.

Results and discussion

Chemical structure, absorbance spectra, and 405 nm
excited fluorescence emission spectra of Pp18 and chlo-
rin p6 are shown in Fig. 1. Pp18 is insoluble in aqueous
media and aggregates when solubilized in dimethyl
sulfoxide and added to RPMI media containing 10%
FBS. The aggregated species showed broadening, a shift
in q band absorbance to 740 nm (Fig. 1, dashed line),
and loss of fluorescence. The fluorescence spectra of
liposome preparation containing Ppl8 at different pH
are shown in Fig. 2a. At pH 7, chlorin p6 fluorescence at
668 nm dominated over fluorescence of Pp18 at 708 nm,
indicating hydrolysis of Pp18. Lowering the medium pH
was observed to reduce this conversion and at pH 6.0,
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Fig. 2 Fluorescence emission spectra of Pp18. a Liposome suspen-
sion in Tris—HCI buffer at various pH. b Cell suspension in PBS at
pH 6.5. Cells were incubated in darkness with 6.0 uM Ppl8 in
liposome in growth media for various time periods, released by
trypsinization, and suspended in PBS

fluorescence of only Ppl8 was observed. Therefore,
cellular uptake studies were carried out using Ppl8
liposome preparation made in PBS at pH 6.5. The flu-
orescence spectra of cells at various time intervals fol-
lowing incubation with Ppl8 liposome showed

Fig. 4 Microphotographs of
Colo-205 cells following 4 h
incubation with 6.0 uM Ppl8 in
liposome in growth medium. a
Phase contrast image. b
Fluorescence image.
Magnification 100X,

bar—30 um
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Fig. 3 Phototoxicity in Colo-205 cells following 4 h incubation
with 6.0 pM Ppl8 in liposome and subsequent white light exposure
at various irradiation doses. Circle—MTT assay, Square—Neutral
red assay. Phototoxicity was calculated as percent decrease in MTT
reduction or neutral red uptake with respect to a control sample,
which received no Ppl8 and no light. The zero dose point shows
phototoxicity in cell sample incubated with Ppl8 but not exposed
to light

fluorescence due to both Pp18 and chlorin p6 (Fig. 2b).
One hour after incubation with Ppl8, the level of Pp18
and chlorin p6 was almost the same; later, at 4 h, both
increased but the increase in 668 nm peak was larger
compared to that for 708 nm. At a longer incubation
time of > 15 h, the level of chlorin p6 increased further
and a decrease was observed in the level of Pp18. These
results show that Ppl8 inside the cells get hydrolyzed
slowly into chlorin p6.

Results of studies on cytotoxicity of Pp18 in Colo-205
cells following exposure to white light at different light
doses are shown in Fig. 3. Percent phototoxicity was
measured with respect to a control sample that received
no drug and no light exposure. No toxicity was observed
in cells treated with the drug but not exposed to light.
Exposure to light was observed to lead to a dose-
dependent decrease in viability. The viability curve
showed a biphasic nature: an initial phase of rapid de-
cline up to 6.0 kJ m~2 followed by a slower phase.
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Fig. 5 Microphotographs of Colo-205 cells showing changes in
cellular morphology following photodynamic treatment. Cells were
incubated with 6.0 uM Ppl8 in liposome for 4 h in growth
medium. Phase contrast images at 100x magnification for (a) cells
kept in dark, (b) cells exposed to white light at 3.0 kJ m~2 and (c)
24 kJ m~2 bar—30 pm

These results indicate saturation of damage at the target
sites beyond 12 kJ m~2 This trend was observed in
both MTT assay and neutral red assay, which are
measures of mitochondrial activity [12] and lysosomal

Fig. 6 Microphotographs of Colo-205 cells showing changes in
nuclear morphology following photodynamic treatment and
staining with HS and PI. Fluorescence images at 100x magnifica-
tion for (a) cells kept in dark, (b) cells exposed to white light at
3.0kJ] m *and (¢c) 24 kJ m™>, bar—30 um

activity, respectively [11]. The observed phototoxicity is
because of the presence of both Pp18 and chlorin p6 in
the cells. In our earlier studies on Colo-205 cells treated
with aqueous solution of 10 uM chlorin p6 for 4 h in
darkness, light exposure at 6 kJ m~2 was observed to
damage only lysosomes but not mitochondria, and
phototoxicity observed was ~30% of control [13]. In
comparison, photodynamic treatment of Colo-205 cells
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Fig. 7 Extracellular pH vs phototoxicity in Colo-205 cells follow-
ing 1 h incubation with 6.0 uM Ppl8 in liposome and subsequent
exposure to 670 or 700 nm light at 0.34 kJ m~2 Phototoxicity was
determined using MTT assay, and was calculated as percent
decrease in MTT reduction with respect to a control sample that
received no Pp18 and no light

at same the light dose under similar conditions but with
6.0 uM  Ppl8 liposome preparation caused higher
phototoxicity (60%), with significant damage to both
mitochondria and lysosomes (Fig. 3). The increase in
effectiveness of photodynamic treatment can be attrib-
uted to the presence of Ppl8 together with chlorin p6
and efficient drug delivery of the photosensitizers in
liposome preparation.

Mitochondria, endoplasmic reticulum, and lysosomes
are the primary intracellular target sites responsible for
inducing apoptotic cells death in PDT, whereas damage
to plasma membrane is considered to be the cause of
necrotic cell death [14]. The mode of cell death therefore
depends on the site of photosensitizer localization in
cells [14]. From the phase contrast and fluorescence
images in Fig. 4, it is clear that the fluorescence of
photosensitizers localized in the cytoplasmic region and
spared the nucleus. In order to evaluate the mode of cell
death, we studied the cellular morphology in the control
cells and in the photodynamically treated cells. The cells
treated with Pp18 liposome for 4 h in darkness show no
sign of cell damage (Fig. 5a). Exposure to white light for
5 min was observed to lead to formation of plasma
membrane blebs and shrinkage of cells (Fig. 5b). At
higher irradiation time (40 min), an increase in cell size
due to cell swelling was observed (Fig. 5¢). Plasma
membrane blebbing (zeiosis) is a well-defined charac-
teristic of apoptotic cell death [15]. In contrast, cell
swelling due to loss of plasma membrane integrity is a
morphological change typical of necrotic cell death.

To further confirm these effects, we studied DNA
fragmentation by fluorescence microscopy. The photo-
micrograph of cells stained with DNA-specific fluores-
cence probes HS-PI are shown in Fig. 6. The cells
treated with Pp18 liposome for 4 h in darkness show the
nucleus intact (Fig. 6a), whereas the cells exposed to
white light for 5 min display chromatin condensation
and formation of micronuclei or chromatin bodies
indicative of apoptotic cell death (Fig. 6b). At higher
irradiation time, necrotic cells with vacuolization of
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nucleus are seen (Fig. 6¢). These results together with
the results on cell morphology presented in Fig. 5 sug-
gest that photodynamic treatment with Ppl8 liposome
preparation leads to apoptosis at low irradiation dose
and necrosis at higher irradiation dose. It is likely that a
high dose of PDT resulted in inactivation of the elements
of apoptosis and as a result necrosis ensued.

In Fig. 7 we show relative phototoxicity due to
chlorin p6 and Ppl8 in cells treated with ppl8 liposome
at different pH for 1 h. The phototoxic effect of 700 nm
radiation was higher at a low pH than at physiological
pH, whereas the opposite trend was observed for light of
670 nm At low pH, phototoxicity due to 700 nm was
greater as compared to phototoxicity due to 670 nm
(Fig. 7). These results clearly show that low pH favored
Pp18-mediated phototoxicity due to increase in stability
of Ppl18. Earlier, low pH has been shown to cause an
increase in cellular uptake of the photosensitizers by
increasing its hydrophobicity, and this was suggested to
be a reason for the tumor-selective accumulation of
some photosensitizers [13, 16, 17]. Although the increase
in photosensitizer level would lead to higher tumor cell
damage and increase in PDT selectivity, indirect tumor
cell kill as a result of vascular shutdown has also been
shown to contribute to the anti-tumor effect of PDT
[18], and it is not known whether tumor vasculature
might have a lower pH than normal vasculature.

To conclude, our results show that Ppl8 can be
stabilized in low pH liposomes and taken up efficiently
by cells. The observed changes in cell morphology and
nuclear material suggest that the mode of cell death
depends on irradiation time. We propose that the pH-
dependent conversion of Ppl8 to chlorin p6 may be
useful for photodynamic treatment of solid tumors
where tissue pH is known to be slightly acidic. While
Ppl8 can remain relatively stable in the acidic envi-
ronment of the tumor and would be retained in it due
to its hydrophobic character, the higher physiological
pH in normal tissue would favor its conversion into
chlorin p6. We have recently shown that the binding of
chlorin p6 to the lipid bilayer is less favored at pH > 6
due to its hydrophilic nature [19]. Therefore, it is less
likely to be retained in normal tissues for longer
periods of time. The pH difference in the tumor and in
normal tissue is therefore expected to result in higher
Ppl18 concentration in the tumor at a certain time
point after drug administration. Additionally, the dif-
ference in Q band absorption of Ppl8 and chlorin p6
would allow selective destruction of tumor using nar-
row bandwidth light. This approach needs detailed
in vivo investigations in an appropriate animal tumor
model.
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