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Abstract

Functionalized fullerenes represent a new class of photosensitizer (PS) that is being investigated
for photodynamic therapy (PDT) of various diseases including cancer. We tested the hypothesis
that fullerenes could be used to mediate PDT of intraperitoneal (IP) carcinomatosis in a mouse
model. In humans this form of cancer responds poorly to standard treatment and manifests as a
thin covering of tumor nodules on intestines, and other abdominal organs. We used a colon
adenocarcinoma cell line (CT26) stably expressing luciferase to allow monitoring of IP tumor
burden in BALB/c mice by non-invasive real-time optical imaging using a sensitive low light
camera. IP injection of a preparation of N-methylpyrrolidinium-fullerene formulated in
Cremophor-EL micelles, followed by white-light illumination delivered through the peritoneal
wall (after creation of a skin flap) produced a statistically significant reduction in bioluminescence
and a survival advantage in mice.
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Introduction

The management of serosal surface malignancies, including recurrent peritoneal
carcinomatosis resulting from ovarian, gastrointestinal cancers and peritoneal sarcomatosis,
is typically palliative in nature (1, 2). Therefore, the development of new effective and safe
therapies to address this pattern of cancer spread would be highly significant. One such
therapy that has been studied in animal models and in clinical trials is photodynamic therapy
(PDT) (3). PDT has the potential to combine selective destruction of cancerous tissue
compared to normal tissue with the ability to treat and conform to relatively large surface
areas. Moreover, the intrinsic, physical limitation in the depth of visible light penetration
through tissue limits PDT damage to deeper structures, thereby providing additional
potential for tumor cell selectivity. Intraperitoneal (IP) PDT has shown promise in phase |
and Il clinical trials of PDT using the first generation photosensitizer (PS) Photofrin (4).
However, the toxicity of this treatment was not insignificant and this led to a suboptimal
therapeutic index for IP PDT (5, 6).

One possible solution for this problem may be the use of different PS with potentially better
therapeutic indices than Photofrin (7). Here we present results showing that a member of a
new class of PS, a functionalized fullerene, may be suitable for IP PDT. Fullerenes are a
class of closed-cage nanomaterials made exclusively from carbon atoms. A great deal of
attention has been focused on developing medical uses of these unique molecules (8).
Fullerenes have the ability to generate ROS after illumination with visible light, suggesting a
possible role of fullerenes in PDT (9). We have previously shown that N-
methylpyrrolidinium-fullerene (BB4) was a powerful PS with an ability to kill cancer cells
in vitro after illumination with white light by induction of apoptosis (10). In addition, we
have shown that BB4 produces Type | reactive oxygen species (ROS) rather than the more
usual Type 1l ROS, singlet oxygen (10). Because BB4 absorbs strongly between 400-550
nm (blue and green light), its photophysical properties are well suited for applications where
controlled necrosis depth (achieved by the reduced tissue penetration of blue and green light
compared to red light) is desirable, such as in disseminated peritoneal cancer. There have
been reports of a novel technique to deliver light in this wavelength range to deeper tissues
that was termed “self-lighting nanoparticles” (11).

In the present study we describe the formulation of BB4 in micelles composed of
Cremophor EL and its use in vitro and in vivo to treat intraperitoneally disseminated
colorectal cancer in a mouse model.

Materials and Methods

Photosensitizers and micelle formulation

The synthesis and molecular characterization of BB4 has been previously described in detail
(12). The BB4 compound was stored as 2.5-mM solutions in DMSO at room temp in the
dark. The UV-visible absorption spectra of the PS were recorded in 1:9 DMSO:water at a
concentration of 10 uM using a HP8453 diode array spectrophotometer (Agilent
Technologies Inc, Santa Clara, CA). Photofrin was a kind gift from QLT Inc (Vancouver,
Canada) and its absorption spectra were taken at 10 uM in PBS.
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For in vitro and vivo experiments a Cremophor micellar preparation of BB4 was prepared by
mixing of 40 pL of 2.5 mM DMSO solution of BB4 with 195 pL of Cremophor EL (BASF,
Ludwigshafen, Germany) (100 mg/mL) solution in tetrahydrofuran (THF, 0.3g of
Cremophor in 3mL of THF). 1 ml of THF was added to this mixture. The resulting solution
was stirred for few minutes until it became one phase and isotropic. The solvent was
subsequently removed by rotary evaporation at room temperature. Then the resulting dry
film was completely dissolved under sterile conditions in 1 mL of sterile 5% dextrose
solution (5DW) to give a solution containing 100 pg BB4 and 20 mg Cremophor; this was
then used for PDT studies. Photofrin in 5DW was used as a comparison photosensitizer in
vitro.

Light source

We used a Lumacare lamp (Newport Beach, CA) fitted with a light guide fitted with a band-
pass filter (400-700 nm) for white light, a 515-555 nm band-pass filter for green light, or a
620-650 nm band-pass filter for red light (see Figure 1C for output spectra). The light
guides were adjusted to give a uniform spot of 3 cm diameter with an irradiance of 150 mW/
cm? as measured with a power meter (model DMM 199 with 201 Standard head, Coherent,
Santa Clara, CA).

The emission spectra of the three LumaCare filters were measured using a spectro-
radiometer (SPR-01, Luzchem Research Inc., Ottawa, Canada). The detectable spectral
range of the spectro-radiometer was 235-850 nm.

Cell lines and culture conditions

We used a colon adenocarcinoma cell line (CT26) (13) (ATCC, Manassas, VA) genetically
modified to stably express luciferase called here CT26Luc. CT26Luc cell line was kindly
provided by Dr. Andrew Kung from Department of Pediatric Oncology, Dana-Farber Cancer
Institute, Boston, MA. VSVG-pseudotyped retrovirus was packaged by triple transfection of
pLNCX-neo, pMD-MLV, and pMD-G (Richard Mulligan, HHMI, Boston, MA) into 293T
cells. CT26 cells were infected with filtered retroviral stocks at a multiplicity of infection of
10 in the presence of 8 pug/ml of polybrene. The CT26Luc cells were cultured in RPMI
medium with L-glutamine and NaHCO3 supplemented with10% heat inactivated fetal
bovine serum, penicillin (100 U/mL) and streptomycin (100 pg/mL) (Sigma, St Louis, MO)
at 37°C in 5% CO, humidified atmosphere in 75cm? flasks (Falcon, Invitrogen, Carlsbad,
CA). Additionally 500 pg/mL of G418 antibiotic (Sigma, St Louis, MO) was added in order
to maintain constant expression of the vector.

ROS studies with probes

3'-(p-aminophenyl) fluorescein (APF), 3'-(p-hydroxyphenyl) fluorescein (HPF) and Singlet
oxygen sensor green (SOG) were purchased from Invitrogen (Carlsbad, CA). APF and HPF
were received as stock solutions in DMF and SOG as a solid, which was dissolved in
methanol. Probes were stored in the dark and at the recommended temperatures. Solutions
for the assay were prepared in flat-bottom 96-well plates (Fisher Sci, Pittsburgh, PA) in
quadruplicate and mixed well before fluorescence quantification. Solutions contained 10uM
APF, HPF, or SOG with 10uM BB4 or Photofrin. The fluorogenic response of the probe
was measured after delivery of 635 nm light (LumaCare) at increasing fluences of 0, 5, 10,
15 and 20 J/cm? in a SpectraMax M5 (Molecular Devices, Sunnyvale, CA) plate reader at
the appropriate wavelengths for each probe. Red light was employed because the probes
(HPF, APF, SOG) can be activated by white (or green) light in the absence of PS.
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In vitro studies of phototoxicity

When the cells reached 80% confluence, they were washed with PBS and harvested with 2
mL of 0.25% trypsin-EDTA solution (Sigma). Cells were then centrifuged and counted in
trypan blue to ensure viability and plated at density of 5000/well in flat-bottom 96 well
plates. Cells were allowed 24h to attach. On the following day dilutions of the fullerenes
from DMSO stock solution or in Cremophor as well as Photofrin in 5DW were prepared in
complete RPMI medium and added to the cells for 24h incubation. Prior to illumination the
PS solution was removed and fresh complete medium was replaced and the illumination
(150 mW/cm? white light or 635nm red light) was performed. The light spot covered 4 wells
which were considered as one experimental group. All wells in a group were illuminated at
the same time. The absolute control, DMSO control, Cremophor control and light control
groups received; nothing, DMSO (0.0032%), Cremophor (2 mg/mL) and light (maximal
fluence) respectively. Following PDT treatment the cells were returned to the incubator
overnight and the phototoxicity was measured using a 4h MTT assay read at 560 nm using a
microplate spectrophotometer (Spectra Max 340 PC,). An alternative assay for phototoxicity
was carried out by measuring bioluminescence intensity 24h after light delivery, using cell
lysis and addition of luciferin (Luciferase assay system, Promega Corp, Madison, WI) using
a bioluminescence plate reader (MicroBeta Trilux Model 1450, Wallac-Perkin-Elmer,
Waltham, MA). Each experiment was repeated 2—4 times.

Mouse model of disseminated cancer

All experiments were carried out according to a protocol approved by the Subcommittee on
Research Animal Care (IACUC) at MGH and were in accord with NIH guidelines. Male
BALB/c mice (6-8 weeks old) were purchased from Charles River Laboratories (Boston
MA\). Mice were inoculated with 300,000 CT26-Luc cells suspended in 1ml of PBS into
peritoneal cavity. Tumor burdens were calculated based on bioluminescence readings.
Fullerenes were injected on day 2 (24 hour drug-light interval) or on day 3 (24 hour drug-
light interval) and total abdominal cavity irradiation for PDT was performed on day 3.

Bioluminescence imaging

An ICCD photon-counting camera (Model C2400-30H; Hamamatsu Photonics,
Bridgewater, NJ) was used for bioluminescence imaging. The camera was mounted in a
light-tight specimen chamber, fitted with a light-emitting diode, a set-up that allowed for a
background gray-scale image of the entire mouse to be captured. By accumulating images
containing binary photon information (an integration time of 2 minutes was used), a pseudo-
color luminescence image was generated. Superimposition of this image onto the gray-scale
background image yielded information on the location and intensity in terms of photon
number. The camera was also connected to a computer system through an image processor
(Argus-50, Hamamatsu Photonics). Argus-50 control program (Hamamatsu Photonics) was
used to acquire images and to process the image data collected.

Prior to imaging, mice were anesthetized by i.p. injections of 87.5 mg/kg of ketamine and
12.5 mg/kg xylazine. Mice were then injected with 50mg/kg of luciferin (Gold
Biotechnology, St Louis, MO) dissolved in PBS and placed on their backs on an adjustable
stage in the specimen chamber directly under the camera. A gray-scale background image of
each mouse was made followed by a photon count. This entire photon count was quantified
as relative luminescence units (RLUs) and was displayed in a false color scale ranging from
pink (most intense) to blue (least intense).
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Intraperitoneal Photodynamic Therapy (IPPDT)

The mice bearing CT26-luc tumors were injected IP with 5 mg/kg (1 mL per mouse) of BB4
in Cremophor/5DW. Fullerenes were injected on day 2 (24 hour drug-light interval) or on
day 3 (3 hour drug-light interval) and total abdominal cavity irradiation for PDT was
performed on day 3 after tumor cell injection. Control mice received Cremophor only.
Before illumination mice were anaesthetized with IP injection of 87.5 mg/kg of ketamine
and 12.5 mg/kg xylazine and the hair in the abdominal region was shaved and then depilated
completely. Under the sterile conditions an abdominal skin flap (see Figure 3A) was
surgically created to expose the parietal peritoneal wall. Drops of saline were used to keep
the tissue moist. Immediately prior to irradiation each mouse received IP injection with 2
mL of 0.1% Intralipid (Baxter International Inc., Deerfield, IL). White (400 nm-700 nm),
green (540 nm) or red (635 nm) light was used to irradiate the exposed region of the
abdominal wall. A total fluence of 100 J/cm? was delivered at a fluence rate of 100 mW/
cm2. Immediately after irradiation the skin flap was closed and sutured in place. A
transparent adhesive film dressing (Tegaderm, 3M Health Care Company, St. Paul, MN,
USA) was used to cover the area.

Histology studies

Statistics

Results

To determine the extent of apoptotic or necrotic cell death in PDT treated tumor tissue a
FragEL™ DNA fragmentation (TUNEL) detection kit (KlenowEL DNA®, Calbiochem/
EMD4Biosciences, Gibbstown, NJ) was used. Intraperitoneal tumor samples were harvested
24h after PDT, fixed in 10% formalin and embedded in paraffin using standard histology
protocol. Tissue sections of 2—4 pm thickness were cut and TUNEL staining was performed
according to manufacturer’s protocol. Additional pre-treatment with DNAse was used as a
positive control. A glass cover slip was mounted over the specimen using DPX mounting
media and the images were analyzed with microscopy (Axiophot, Carl Zeiss Microscopy,
Thornwood, NY). Additional slides were stained for H&E according to standard protocol.

Mean values of bioluminescence RLU were compared with 1-way ANOVA (Microsoft
Excel) and Kaplan-Meier survival curves were compared with a log-rank test using the
website http://bioinf.wehi.edu.au/software/russell/logrank/ provided by the Walter and Eliza
Hall Institute of Biomedical Research Bioinformatics Center. P values less than 0.05 were
considered significant.

BB4 mediates PDT via type | and type Il mechanisms

We have previously shown that BB4 (see structure Figure 1A) can produce superoxide as
well as singlet oxygen (10). The ability of BB4 to produce different reactive oxygen species
was monitored using SOG, HPF and APF fluorescence probes in order to better understand
the relative contribution of each ROS to PDT effectiveness. It is known that SOG is
relatively specific for singlet oxygen (0,), HPF is relatively specific for hydroxyl radical
(HOs), while APF is sensitive to both 10, and HO» (14). It is also known that the probes can
to some extent be activated by light in the wavelength range that they absorb (peak at 510-
nm) (15); this means that white or green light should not be used to activate the PS in these
experiments. Therefore we used red light even though it can be seen from the absorption
spectra of both PS (Figure 1C) that this wavelength is sub-optimal. The results from BB4
were contrasted with the ROS production by Photofrin (see structure in Figure 1B).

A roughly comparable light-dose-dependent increase in fluorescence from all three probes
(SOG, HPF and APF) was observed when BB4 was illuminated, indicating similar abilities
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to produce 10, and HO- (Figure 1D). However, Photofrin showed a much greater increase
of SOG fluorescence in a light dose-dependent manner than BB4, with a lesser contribution
from APF and almost no fluorescence signal from HPF (Figure 1E) indicating that Photofrin
cytotoxic effects are mainly due to high production of singlet oxygen while BB4 produces a
marked proportion of hydroxyl radicals.

Effectiveness of BB4-mediated PDT against CT26-Luc colon adenocarcinoma cells

Comparison

The effectiveness of BB4 was tested against the mouse colon adenocarcinoma cell line,
CT26 that was modified to express luciferase and thereafter named CT26-Luc. In the firstin
vitro experiments we compared the effectiveness of PDT mediated by BB4 dissolved in
DMSO as well as formulated for in vivo use in Cremophor micelles. There was no dark
toxicity after 24h incubation in case of DMSO formulation while the Cremophor BB4
solution led to 10% of killing in dark conditions. Both formulations tested were effective in
producing PDT-induced loss of mitochondrial activity in a light dose-dependent manner
against CT26-Luc cells (Figure 2A). The Cremophor formulation however, was dramatically
more effective giving over two logs of killing (limit of detection of MTT assay) of CT26-
Luc cells compared to about 0.5 log of killing for BB4 in DMSO, as measured by
mitochondrial activity.

Because we planned to use the luminescence imaging for in vivo tumor monitoring it was
necessary to show that the loss of bioluminescence signal from CT26-Luc cells correlated
with PDT-mediated cytotoxicity as measured by loss of mitochondrial activity in the MTT
assay. As can be seen in Figure 2B there were no significant differences between the loss of
viability curves determined by both assays.

of BB4 in Cremophor PDT with Photofrin PDT

In the next set of in vitro experiments we compared the effectiveness of BB4 in Cremophor
with the cytotoxic effects of PDT mediated by a clinically approved PS, Photofrin. The
CT26-Luc cells were irradiated with white and 635 nm red light. As can be seen in Figure
2C BB4-Cremophor mediated PDT with white light was significantly better than Photofrin
under identical conditions. When we compared the effectiveness of both PS receiving
635nm red light irradiation the effectiveness of both PS was significantly reduced compared
to that seen with white light reflecting the reduced absorption spectrum of both PS in the red
region (Figure 1C). Nevertheless, BB4 in Cremophor was still slightly more effective than
Photofrin when irradiated with 635nm red light (Figure 2D).

BB4-Cremophor mediated PDT on CT26-Luc mouse colon carcinoma model of IP
disseminated cancer

In a set of in vivo experiments we used a novel skin flap model to expose the surface of the
peritoneal cavity for transperitoneal illumination (Figure 3A). Previously IP PDT in animal
models had been carried out using light (green or red) delivered by fiber optics with
diffusing tips that had been inserted transcutaneously through the abdominal wall (16, 17).
After IPPDT treatment the skin flap was replaced and sutured in place and the mice
recovered well from the procedure (Figure 3B). Figure 3C shows the appearance of the
exposed intraperitoneal organs and Figure 3D displays the explanted intestines showing the
tumor nodules typical of the disease.

The effects of PDT treatment (carried out on day 0 equivalent to day 4 after tumor cell
injection) with white light were monitored using a bioluminescence camera and the CT26-
Luc tumor model that expresses luciferase protein. The results are shown in Figure 4. Figure
4A (upper panel) shows the appearance of a representative untreated mouse with CT26-Luc
tumor lesions and Figure 4A (lower panel) shows the appearance of a representative mouse

Nanomedicine. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mroz et al.

Page 7

with CT26-Luc tumor after PDT mediated by BB4 in Cremophor and white light each
captured on days 0, 3, 7, and 11 of the experiment. The bioluminescence signal after
injection of luciferin from the CT26-Luc untreated tumor gradually increased from day 0
though days 3, 7 and 11 (as the lesions progressed) in control animals. In the case of PDT
treated mice the bioluminescence signal significantly (P<0.05) decreased on day 3 compared
to that seen on day 0. Although the bioluminescence increased on day 7 it was only about
15% of that seen in untreated mice (P<0.001). Similarly on day 11 the luminescence from
the treated tumor was still much lower (30%, P<0.001) than that seen in untreated tumors.
The increase reflected the gradual regrowth of remaining tumor cells that had escaped being
killed by BB4-PDT. The dynamics of mean bioluminescence changes are graphically
depicted in Figure 4B.

BB4-Cremophor mediated PDT with white light leads to significant survival advantage

We asked a question how a short (3 hours) drug-light interval compared with the long (24
hours) drug light interval employed in the experiments described above. Furthermore we
also investigated how different wavelengths of light compared in their effectiveness in this
mouse cancer model. Kaplan-Meier analysis of the survival curves is presented in Figures
5A and 5B. In Figure 5A we compared the effects of IP BB4-PDT on mouse survival
mediated by green and white light after a 3h drug-light interval. As can be seen only PDT
mediated by white light allowed for some survival advantage. In Figure 5B we compared the
effectiveness of IP BB-PDT mediated by white, green and red light after 24h incubation
with PS. PDT with red light was highly toxic to mice and led to deaths in 2-3 days after
treatment (P<0.001). We checked that this systemic toxicity was not due to the red light
activating some endogenous PS in the mouse abdomen by repeating the red light study with
injection of Cremophor alone (no BB4). Mice showed no toxicity but also no response of
tumor after transperitoneal red light alone (data not shown). PDT mediated by green light
after 24h post PS administration allowed for some survival advantage while PDT with white
light was able to significantly prolong mice survival for over 7 days compared to control.
The p values of the log-rank test comparisons are shown in Table 1.

IP BB4-PDT with white light leads to significant necrosis within peritoneal tumor lesions

To better understand the differences in the effectiveness of different light wavelengths we
sacrificed some of PDT treated mice to harvest the intraperitoneal lesions. Figure 3C shows
a picture of intraperitoneal lesions growing within intestine loops in the abdominal cavity.
We isolated colon loops with tumor lesions (Figure 3D) and subsequently processed selected
samples for histology.

The histological analysis by H&E staining revealed tumor formation in case of untreated
control animals (Figure 6A) while PDT with green and white light led to different degree of
tissue damage (Figure 6 B & C respectively). The white light treated sample showed the
most pronounced PDT related tissue damage, while the green light PDT led to only slight
damage within tumor lesions. It can be seen that in case of white light the damage to tumor
lesion is significant and suggestive of necrosis. To further investigate the mode of death in
the observed tissue damage areas we used TUNEL staining to assay for apoptosis and
compare it with DNAse treatment of the same samples for a positive control. The untreated
control sample pre-treated with DNAse (Figure 6D) stained almost homogenously, while the
green light PDT treated sample (Figure 6E) revealed a mixture of apoptosis and necrosis on
the outskirts of the lesion with a strongly necrotic tumor center. The white light PDT (Figure
6F) led to almost no apoptotic cells within the lesion. Those findings were in marked
contrast with the lack of significant staining in DNAse negative sections. The relatively low
staining signal from control section (Figure 6G) confirms high viability of non-treated
control lesions while the lack of TUNEL staining after PDT with green (Figure 6H) and
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white light (Figure 61) confirms the impressions from H&E histology that necrosis rather
than apoptosis was the main mode of cell death in vivo after IP BB4-PDT. It can be also
seen that within the necrotic areas there are islands of surviving cells grouped around tumor
vessels that may be responsible for tumor regrowth.

Discussion

The discovery of fullerenes in 1985 (18) has been hailed as the beginning of the
nanotechnology revolution. Many groups have attempted to demonstrate whether fullerenes
have a role to play in biomedical therapy (19-22). Using fullerenes as PS for mediating PDT
of cancer is a relatively new approach (9). We have shown in the present report that not only
can a fullerene be active in PDT of an animal model of cancer, but that BB4 and white light
can also give significant anti-cancer therapeutic benefit in the highly challenging model of
disseminated peritoneal carcinomatosis in the mouse.

We had previously shown that BB4 formulated from DMSO into culture medium could be
effective in mediating in vitro PDT of cancer cells including CT26 (10). However the
pronounced tendency of fullerenes to aggregate prompted us to consider formulating BB4 in
Cremophor micelles. This made BB4 at least ten times more effective in mediating PDT in
vitro and allowed us to use this formulation in our in vivo experiments. Many other reports
of hydrophobic PS being used as PS for PDT have used Cremophor formulation (23, 24) as
well as other different micellar preparations (25).

It has been shown that fullerenes in organic solvents are highly efficient in generating 10,
(Type 2 mechanism) after light absorption due to their high triplet yield (reaction 1) (26).
However when fullerenes are in aqueous solvents or biological environments their
photochemistry changes to a Type 1 mechanism typified by generation of superoxide by
electron transfer from the fullerene radical anion (BB4*™) to ground state oxygen (reactions
2 or 3 and 4) (27). It is not clear exactly why this change in solvent should have a big effect
on the photochemical mechanism but it can be hypothesized that may be connected with the
tendency of the fullerene to be more aggregated in aqueous and biological environments.
There exists evidence that aggregated photosensitizers are more likely to carry out type 1
photochemistry compared with perfectly soluble monomeric forms (28). Another possibility
is that different reactions can take place at membrane interfaces (29). It is also at present
unclear where the electron comes from in reaction 2 when the photosensitization takes place
with the probes in aqueous solution. In biological environments it has been suggested that
reducing agents such as NADH and FADH, may be the source of the electron (30, 31), but
in the probes experiments there were no such reducing agents present. Another possibility is
that two fullerene molecules in the triplet state (or one in the triplet state and one in the
ground state) carry out a single electron transfer to form a pair consisting of a radical anion
and a radical cation (eq 3) (32—34). The radical anion can go on to participate in eq 4 while
the fate of the radical cation remains uncertain.

Our finding that fullerenes also generate hydroxyl radicals can therefore be explained by the
following hypothesized series of reactions.

BB4+hv — ’BB4 ()

3BB4+e*” — BB4* 2
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(or)2°BB4 — BB4* +BB4"* ®)
BB4*”+0, — BB4+0,"" (4)
20, +2H" = 0,+H,0, (5)

BB4*~+H,0, — BB4+OH +HO* ®6)

Although it has not yet been conclusively proven, it is possible that the highly reactive HO®
is proportionately more cytotoxic than 10, on a molecule for molecule basis. Furthermore, it
is reasonably well-accepted that type 1 photochemistry is less dependent on the surrounding
oxygen concentration than is type 2 photochemistry (35, 36). Fullerenes may be able to be
relatively more effective in hypoxic tumors growing in such regions as the peritoneal cavity
where pO2 levels are lower than in well-perfused tissues (37).

We devised a new approach to carrying out IP PDT in mice. This was necessitated by the
requirement to use white light to maximize light absorption by the fullerene. Collimated
laser light can be readily coupled into fiber optics that can be transcutaneously inserted into
the abdomen (16, 17), whereas this procedure is not readily feasible with non-coherent white
light. However the relatively simple procedure of creating a temporary skin flap to allow
light delivery through the transparent abdominal wall was well tolerated by the mice. It
should be noted that this procedure would not be feasible in humans due to the presence of a
muscle layer covering the abdominal wall. We used bioluminescence imaging combined
with tumor cells stably expressing firefly luciferase to monitor tumor growth and quantify
tumor burden. This is especially important in cases such as disseminated intraperitoneal
tumor where it is impossible to measure tumor dimensions (38, 39). Bioluminescence
imaging of disseminated peritoneal tumor has been used to study response to therapies such
as radioimmunotherapy with 1125-labeled antibodies (40) and conjugates between daidzein
and alliinase (41).

We found that red light in combination with IP BB4 produced rapid fatalities amongst the
mice due to systemic toxicity that was not found with red light alone. This somewhat
surprising finding is presumably due to excessive light penetration into abdominal organs
and has been reported by other studies comparing red and green light for IP PDT in small
animal models (42).

The predominant observation of necrosis rather than apoptosis as a mode of cell death in
vivo may be due to direct cellular uptake of the BB4 delivered IP and not uptake mediated
by tumor blood vessels. Many reports of apoptosis after PDT in vivo have been carried out
after PS were injected 1V. The histological slides revealed that the surviving tumor cells
were grouped around tumor blood vessels suggesting that because the BB4 was
administered by IP injection, it did not efficiently reach tumor blood vessels. It could be
envisaged that a dual BB4 administration schedule consisting of IP injection with a 24 hour
drug-light interval and an 1V injection with a short (15 minute) drug-light interval might be
able to produce both cellular and vascular PDT and maximize tumor destruction. Such a
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dual vascular-cellular targeted PDT regimen mediated by two drug-light intervals of IV
injected verteporfin has previously been reported (43).

To our best knowledge there have only been four reports of fullerene-mediated PDT of
cancer in vivo - three in animal models and one in patients. Tabata et al reported (44) in
1997 that a Cgg-PEG conjugate injected intravenously into mice carrying a subcutaneous
tumor followed by exposure of the tumor site to visible light exhibited a stronger
suppressive effect than Photofrin. Liu et al (45) prepared Cgo-PEG attached to DTPA-Gd
and carried PDT out MRI imaging and PDT of subcutaneous tumor s using 500-500-nm
light. Chiang and coworkers reported (46), a preliminary in vivo study using hydrophilic
nanospheres formed from water-soluble hexa(sulfo-n-butyl)-Cgg injected either IP or IV
followed by illumination 515-nm or 633-nm lasers. Inhibition of tumor growth was more
effective using 515nm laser than the 633-nm laser. The first fullerene-based clinical PDT
treatment of a human patient with rectal adenocarcinoma was attempted by Andrievsky et al
in 2000 (47).

Our laboratory recently published one of the first reports of fullerenes saving the life of mice
in a study using a tris-cationic functionalized fullerene to mediate antimicrobial PDT (using
white light) of virulent bacteria contaminating an excisional wound (48).

In conclusion we have shown that IP PDT with a fullerene and white light has significant
therapeutic effects in a challenging mouse model of disseminated abdominal cancer, and this
observation suggests that fullerenes continue to be explored as PS for PDT of cancer and
other dread diseases.
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Figure 1.

(A) Chemical structure of BB4. (B) Chemical structure of Photofrin. (C) UV-visible
absorption spectra of BB4 in DMSO:water 1:9 (black solid), Photofrin in PBS (red solid)
and filter emission spectra for broadband white (black dashes), 540 nm green (green dashes)
and 635 nm red (red dashes). (D) Fluorescence generated from ROS probes, HPF, APF and
SOG (10 pM) and BB4 (10 pM) illuminated with 630-nm light. (E) Similar probes with
Photofrin (10puM).
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Figure 2.

(A). Broad-band white light-fluence dependent inactivation of mitochondrial activity of
CT26-Luc cells after 24h incubation with 2 pM BB4 from DMSO or Cremphor stocks. (B).
Comparison of the effectiveness of PDT with white light mediated by BB4 in Cremophor
against CT26-Luc cells measured by inactivation of mitochondrial activity and loss of
bioluminescence signal. (C). Comparison of PDT effectiveness (MTT assay) against CT26-
Luc cells with BB4 in Cremophor and Photofrin (PF) after white light irradiation and (D)
after 635nm red light irradiation.
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Figure 3.

(A). Photograph of mouse prepared for transperitoneal illumination of intraperitoneal CT26-
Luc lesions. A skin flap was created to expose peritoneal surface and underlying abdominal
organs. (B). Mouse recovering after repositioning of the skin flap and suturing after light
irradiation. (C). Intraperitoneal disseminated lesions of CT26-Luc in mouse abdomen. (D).
Isolated loop of mouse colon with several CT26-Luc tumor lesions after IP PDT.
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Figure 4.

(A). Bioluminescence imaging of CT26-Luc tumors growing in a representative control
mouse (upper panel) and a representative IP PDT treated mouse (lower panel). (B).
Quantitative analysis of bioluminescence dynamics in control and white light treated mice
(n=10 per group). * P < 0.05; ** P < 0.001.
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Kaplan-Meier survival curves (n=10 per group). Control mice received Cremophor but no
light treatment. (A). Mice subjected to 540-nm green or broad band white light irradiation
3h after administration of BB4 in Cremophor. (B). Mice irradiated with broad band white
light, 540-nm green light or 635-nm red light 24h after administration of BB4 in Cremophor.
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Figure 6.

Histological staining for H&E (A, B, C) as well as TUNEL with DNAse (D, E, F positive
control) or without DNAse (G, H, I) of sections from tumor samples treated with control (A,
D, G), PDT using green light (B, E, H) and PDT using white light (C, F, I). Scale bar = 1
mm.
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