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Abstract

An improved formulation of the photosensitizer chlorin €6 (Ce6) in combination with the hydrophilic polymer polyvinylpyrrol-
idone (PVP) was investigated for its potential clinical applications in fluorescence diagnosis and photodynamic therapy (PDT) of
cancer. This study reports the comparative preclinical biodistribution and efficacy of Ce6 delivered with or without PVP versus
dimethyl sulfoxide (DMSO). The safety and fluorescence pharmacokinetics of Ce6-PVP in humans was also accessed. Biodistribu-
tion results showed that Ce6-PVP had higher tumor to normal tissue ratio compared to the other formulations. The sensitivity and
specificity derived from the area under the receiver operating characteristics curves showed that the formulations were able to dis-
criminate tumor from peritumoral muscle in the following order: Ce6-PVP > Ce6 > Ce6-DMSO. In vitro PDT results showed that
Ce6-PVP was found to induce selective phototoxicity in leukemic cells compared to peripheral mononuclear blood cells. In addition,
in vivo light irradiation at 1h after Ce6-PVP was found to induce greater tumor necrosis without causing animal toxicity. In
patients, preferential accumulation of Ce6-PVP was observed in angiosarcoma lesions compared to normal skin following intrave-
nous administration. In conclusion, PVP significantly enhanced the Ce6 concentration in tumors compared with Ce6 alone and
increased the therapeutic index of PDT without any side effects in animal model. No serious adverse events were observed in human
as well.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Photodynamic therapy (PDT) is now well established as
a clinical modality for the treatment of lung, esophagus,

Abbreviations: Ce6, chlorin ¢6; PVP, polyvinylpyrrolidone; CCD, cha-
rge-coupled device; DMSO, dimethyl sulfoxide; EB, Evan’s blue; PDT,
photodynamic therapy; PBS, phosphate-buffered saline; ROS, reactive
oxygen species; ROC, receiver operating characteristics.
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bladder, skin and head and neck cancers [1]. It involves
the administration of a photosensitizer, followed by light
irradiation in the presence of molecular oxygen in the tar-
get tissue. The combined action of these results in the for-
mation of singlet oxygen, which is thought to be the main
mediator of cellular death induced by PDT [2]. In addition,
fluorescence diagnosis based on the accumulation of the
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photosensitizer which emits fluorescence upon light excita-
tion, is also emerging as a promising tool for the detection
of small or poorly differentiated neoplastic changes [3].

Among the problems that are not yet adequately solved
in the area of photosensitizer delivery are the difficulties in
preparing pharmaceutical formulations that enable paren-
teral administration of the photosensitizer, poor tumoral
selectivity, and a possible prolonged cutaneous photosensi-
tivity due to slow elimination of the photosensitizer. Chlo-
rins are promising photosensitizers with respect to their
high phototoxic potential and relatively strong absorption
in the red region of the visible spectrum leading to destruc-
tion of diseased tissue in deeper tissue layers. Although
promising, chlorins are in general very lipophilic, making
its administration in vivo relatively complicated. Water-
soluble chlorin derivatives have been known to be prepared
through stabilization and chemical transformation of lipo-
philic chlorophylls into a freely water-soluble sodium salt
mixture. However, aqueous formulations or emulsions
may not be suitable for tetra- or polypyrrole-based struc-
tures such as chlorins as these photosensitizers have an
inherent tendency to aggregate by molecular stacking,
which can severely curtail subsequent photosensitization
processes [4,5]. Therefore, multiple means of delivering
chlorin-based photosensitizers have been explored ranging
from liposomal formulation, glycoconjugation, micro-
spheres, entrapment in biodegradable nanoparticles, to
the use of excipients such as dimethyl sulfoxide (DMSO).
Due to its amphiphilic nature of DMSO, it is used fre-
quently to dissolve chemicals with poor water solubility.
But the toxicological consequence of its interaction with
a photosensitizer still remains unclear. Biocompatible
block copolymers are also used increasingly in the pharma-
ceutical industry to enhance drug solubility and bioavail-
ability [6]. Polymer—photosensitizer conjugation or
encapsulation of the photosensitizer in colloidal carriers
such as oil-dispersions, liposomes and polymeric particles
has been investigated [7,8]. Polymers currently being used
with chlorin derivatives are polyethyleneglycol and N-(2-
hydroxypropyl) methacrylamide (HPMA) [9-11].

In our pursuit for strategies to optimize the photosensi-
tizer chlorin ¢6 (Ce6) for improved fluorescence diagnosis
and photodynamic therapy of cancer, we have investigated
the formulation of Ce6 with polyvinylpryrrolidone (PVP).
Ce6 has improved efficacy and has decreased side effects
compared to first generation photosensitizers from hemato-
porphyrin derivatives. PVP is nontoxic, biocompatible,
generally recognized as safe, and is a widely used soluble
additive in the pharmaceutical area. PVP is known to form
water-soluble complexes with a number of pharmacologi-
cal substances and investigations into the formation of
PVP-complexes with drugs have been described [12,13].
This pharmaceutical formulation was developed with the
rationale to provide a novel photosensitizer with a high
photochemical stability, good solubility both in water
and in biological fluids, high affinity to the target tissue,
large depth of necrosis, efficient generation of the active

species that cause destruction of the pathologically chan-
ged tissue, low phototoxicity in normal tissue as well as
to provide a method of preparation of such photosensi-
tizer. In our previous studies, we have reported the poten-
tial application of Ce6-PVP in the fluorescence diagnosis
and photodynamic therapy of human nasopharyngeal
and bladder carcinomas in preclinical models [14-17] and
in one angiosarcoma patient [18]. The purity of Ce6 in this
formulation contained not less than 75% with the remain-
ing composition consisting of purpurins [19].

In this report, we further investigated the uptake and
photodynamic activity of the newly improved formulation
of Ce6-PVP. The weight ratio of the sodium salt of Ce6
and PVP remained at 1:1 and the purity level of Ce6 was
optimized to 92-99%. Recently, we have reported the effi-
cacy of this new Ce6-PVP formulation for fluorescence
diagnosis and PDT of small cell lung carcinoma and non-
small cell lung carcinoma [20]. We now present the compar-
ison of in vitro photocytotoxicity data on leukemic cells
and peripheral mononuclear blood (normal) cells using
Ce6 and Ce6-PVP. We compared the sensitivity and spec-
ificity of temporal fluorescence intensities of Ce6, Ce6-PVP
and Ce6 delivered using DMSO in normal tissue versus
tumor tissue as well as the biodistribution in various
organs. PDT was also performed to compare the efficiency
in inducing tumor necrosis of the human bladder carci-
noma xenografts. This study also examines the fluorescence
distribution of Ce6-PVP in angiosarcoma lesions and nor-
mal skin in patients.

2. Methods
2.1. Photosensitizers and chemicals

The original Ce6-PVP also known as Fotolon or Photo-
lon (hereafter designated as 75% Ce6—PVP) preparation
was prepared at RUE Belmedpreparaty, Minsk, Belarus
[21]. The new formulation of Ce6-PVP manufactured by
ORPEGEN Pharma GmbH, Heidelberg, Germany was rel-
atively free of impurities, and the purity of the drugis around
92-99%. In both cases it was a co-lyophilisate of Ce6 sodium
salt and PVP (pharmaceutically grade polymer, molecular
mass ~ 12,000 g/mol) in a 1:1 mass ratio. Ce6 sodium salt
lyophilized without further addition of PVP and is readily
soluble in aqueous solution. An alternate source of Ce6 in
the acetic acid form was obtained from Frontier Scientific
(Logan, Utah). It was dissolved in dimethyl sulfoxide
(DMSO) (Sigma, USA) to give a 1 mM stock solution; and
diluted further with 0.9% sodium chloride (NaCl) to consti-
tute a 10% DMSO concentration in the final preparation
immediately before intravenous adminstration.

2.2. In vitro photosensitizing efficacy
To distinguish between necrotic and apoptotic cells fol-

lowing PDT, Annexin V binding and propidium iodide
(PI) uptake were assessed by flow cytometry using a commer-
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cially available kit according to the instructions by the man-
ufacturer. Peripheral mononuclear blood (PMN) cells
obtained from healthy volunteers and a K562 leukemic cell
line were used for this experiment. Cells were incubated with
10 uM of either Ce6 or Ce6-PVP for 30 min before exposure
to a light dose of 1 J/cm?. Cells were harvested and resus-
pended in binding buffer provided in the kit. Designated con-
centration of the Annexin V stock solution and PI stock
solution were added to the cell suspension. After incubation
for 10 min in the dark, the cells were immediately analyzed
with a FACScan flow cytometer (Becton Dickinson)
equipped with an excitation laser line at 488 nm. The FITC
— Annexin V (green fluorescence) and the PI (orange fluores-
cence) were collected in log scale through 530 + 20 and
575 £+ 15 nm band pass filter, respectively.

2.3. Animal model

Male Balb/c athymic nude mice, 6-8 weeks of age,
weighing an average of 24 g were obtained from the Ani-
mal Resource Centre, Western Australia. MGH, poorly
differentiated human bladder carcinoma cells were used
to induce subcutaneous tumor xenografts. The cells were
cultured as a monolayer in RPMI-1640 medium supple-
mented with 10% fetal bovine serum, 1% non-essential
amino acids (Gibco, USA), 1% sodium pyruvate (Gibco,
USA), 100 units mL~"' penicillin—streptomycin  (Gibco,
USA) and incubated at 37 °C, 95% humidity and 5%
CO,. Before inoculation, the cell layer was washed with
phosphate-buffered saline (PBS), trypsinized, and counted
using a hemocytometer. Approximately 3.0 x 10° MGH
cells suspended in 150 pl of Hanks’ Balanced Salt Solution
(Gibco, USA) were subcutaneously injected into the lower
flanks of the mice. The animals were used for experiments
when the tumors measured around 7-10 mm in diameter.
This ensured that the tumor sizes was kept consistent to
minimize variations due to the degree of vascularization
of the implants. All procedures were approved by the Insti-
tutional Animal Care and Use Committee, SingHealth,
Singapore, in accordance with international standards.

2.4. Fluorescence imaging and image analysis

Mice were randomly assigned to receive a dose of 2.5 mg/
kg of the Ce6-PVP, Ce6 or Ce6-DMSO via tail vein injec-
tion. At 0, 1, 3 and 6 h post-drug administration, mice were
sacrificed and the skin overlaying the tumor was carefully
removed to expose the tumor and normal peritumoral mus-
cle for fluorescence imaging. A commercially available fluo-
rescence endoscopic system (Karl Storz, Tuttlingen,
Germany) was used to perform the macroscopic fluorescence
digital imaging. A modified xenon short arc lamp (D — Light
system in blue light mode, Karl Storz) filtered by a band pass
filter (375-480 nm) was used for the excitation of the photo-
sensitizer in tissue. Fluorescence was captured via a sensitive
CCD camera (Tricam SL PAL, Karl Storz) attached to an
endoscope integrated with a long pass filter (cut-off wave-

length 560 nm). The red channel registered the photosensi-
tizer fluorescence and the blue channel captured the
diffusely back-scattered excitation light. The distance
between tissue surface and probe lens was standardized
before imaging. This was done to minimize variations due
to geometrical factors such as fluorescence excitation and
collection angles. In addition, a short exposure of the surface
of tumor and peritumoral muscle to the excitation light (10 s)
was performed to avoid excessive photobleaching effects.
The intensities of the red (IR) and blue channels (IB) of the
fluorescence images were extracted using the software
Microlmage (Olympus Optical Co. (Europa) GmbH, Ger-
many) according to the following equation:

IRy = [IR,/IB,] — [IR,0/IBy)
(equimolar dose of Ce6 administered) (1)

with IR = normalized relative fluorescence intensity of tu-
mor or peritumoral muscle at time, ¢, after drug adminis-
tration; IR = intensity of red channel; IB = intensity of
blue channel; ¢t = time in hours after drug administration;
to = time before photosensitizer administration. The red-
to-blue intensity ratio algorithm is independent of the
observation geometry, the distance between the endoscope
tip and the observed tissue as well as the fluctuation of the
excitation irradiance [22].

2.5. Nonlinear regression and statistical analysis of
fluorescence intensity

The normalized relative fluorescence intensities (after
substraction of background signal of fluorescence intensi-
ties) versus time obtained from Eq. (1) were analyzed by
means of nonlinear regression method (Graph-Pad
Prism"™ Version 4.03) by fitting a three parameter mono-
exponential decay curve to fit the K, decay rate constant (in
h™'). Bi-exponential decay curves fit the data more poorly
than the mono-exponential ones and were therefore not
considered for the analysis. The validity of K in the
mono-exponential model was verified with the test of runs
in each case. For all of the fits, the test of runs did not
detect any deviation from the model of monoexponential
decay. To compare the fits of the Ce6 formulations to each
data set, the K was compared using extra sum-of-squares F
test by comparing a global fit (one shared best-fit K value
for all the data sets) to individual fits (a different best-fit
K value for each data set). For all the formulations, the
F tests showed that the individual fits for tumor, peritu-
moral muscle and skin were determined as the preferred
fit in the analysis. These ratios for tumor and peritumoral
muscle from 1 to 6 h post-drug administration were then
analyzed for sensitivity and specificity in demarcating
tumor from peritumoral muscle by fitting the data into
the receiver operating characteristic (ROC) curve (Graph-
Pad Prism™ Version 4.03). The ROC curve illustrates
the tradeoff between sensitivity and specificity by plotting
the tumor fluorescence against the peritumoral fluorescence
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for the different possible probability thresholds of a fluores-
cence diagnostic test of the various Ce6 formulations.
White light imaging was used to confirm the presence of
tumor and peritumoral muscle.

2.6. Chemical extraction and spectrofluorimetry analysis

After imaging at 1, 3 and 6 h, the following tissues were
removed and rinsed with PBS: tumor, muscle, skin, liver,
spleen, kidney, brain, heart, lung, large intestine and small
intestine. The organs were then blotted dry on tissue paper,
weighed and frozen at —80 °C until extraction. Samples of
each tissue (15-35 mg) were mixed with 1-2 mL of Solv-
able™ (Packard Instrument, USA) and incubated at 50 °C
for 16 h in the dark as described previously by Bellnier
et al. [23]. Solvable™ contains 3% N,N-dimethyl lauryl
amine oxide, 3% alkyloxypolyethyleneoxyethanol and 2%
sodium hydroxide in water. We have confirmed that this
method did not affect the fluorescence property of Ce6
(unpublished data). The fluorescence (e, = 665 nm) of the
solubilized samples was measured by a spectrofluoropho-
tometer (model RF-5301 PC, Shimadzu; /. = 400 nm).
The level of fluorescence intensity of the tissue samples is
proportional to the tissue concentration of Ce6. The back-
ground fluorescence before drug administration was also
subtracted and was normalized to the weight of organs.
Dunn’s multiple comparison test was performed on the var-
ious groups. Statistical significance was accepted at p < 0.05

2.7. PDT treatment on murine xenograft model

A dose of 5 mg/kg of the photosensitizer was adminis-
tered intravenously through the tail vein. The mice were
anaesthetized with 80-100 pl of a cocktail of ketamine
hydrochloride (50 mg/ml, Trittau, Germany) and valium
(1:1 vol/vol) through intraperitoneal injection. A portable
diode laser (Ceralas PDT 665, Biolitec) emitting at a wave-
length of 668 4+ 3 nm was used for irradiation. The peak
power output was calibrated to 1.65W at the fiber tip
before commencement of irradiation. The laser energy with
a total fluence of 100 J/cm? was delivered to the surface of
the tumor via a silica fiber frontal light distributor (FD
model, Medlight, Switzerland). The fiber was positioned
to produce a 1.0 cm? circular spot of light irradiation. A
fluence rate of 83 mW/cm? was measured using a power
meter (LaserCheck, Coherent, USA). PDT treatment was
performed after a drug-light interval (DLI) of either 1 or
3 h on anaesthetized mice.

2.8. Assessment of tumor response post-PDT

The evaluation of tumor cell death was performed using
Evans Blue (EB) (Merck, Germany) vital staining. At 48 h
post-PDT, 1% EB in PBS was injected intraperitoneally at
a volume of 0.4 mL. Six hours later, mice were sacrificed
and the tumors were excised. Then, around 2-3 mm thick
cross-section slices were cut and imaged under a stereo-

scopic microscope (Stemi 2000C, Zeiss, Germany). The
unstained area was attributed to tissue cell death, whereas
the stained area indicated viable tissue. Digital images were
saved in JPEG format, and all analyses were carried out
using NIH Image] 1.37v software. Each image captured
had the same calibration values to allow uniformity in
the processing of the images. The tumor was outlined using
the freehand drawing tool to measure the total tumor area.
Similarly the necrotic area of the tumor was measured. The
percentage of tumor cell death was calculated as the necro-
tic area divided by the total tumor area multiplied by 100.

2.9. Clinical study

The clinical study was approved by the Clinical Ethics
Committee, National Cancer Centre Singapore. Fluores-
cence imaging was performed on 3 patients with histologi-
cally confirmed angiosarcoma that underwent PDT. All
were male with a median age of 61 years. Patients were
intravenously administered with 2-4 mg/kg of 75% Ce6—
PVP prepared in 0.9% NaCl. The solution was intrave-
nously injected over 10 min of infusion. Fluorescence imag-
ing was performed on various parts of the lesion and
normal skin from 1-3 h post-drug administration (before
PDT) and 5, 6 and 48 h post-drug administration (post-
PDT). Fluorescence intensities were tabulated as follows:

In = IR, /1B, (3)

with I, = normalized fluorescence intensity after time, ¢;
IR = intensity of red channel; IB = intensity of blue chan-
nel; ¢+ =time in hours after drug administration. All pa-
tients had to remain in minimum ambient light for 48 h.

3. Results
3.1. In vitro photosensitizing efficacy

Ce6-PVP and Ce6 were evaluated for their photocyto-
toxicity against K562 leukemic cell line and peripheral
mononuclear cells (Fig. 1). Necrotic cells were identified
through PI staining and apoptotic cells were identified
through Annexin V staining, detected by flow cytometry
after PDT. Cells illuminated without the photosensitizers
and cells kept in the dark in the presence of the photosen-
sitizers did not present any significant loss of viability. For
the K562 cell line, total dead cells were estimated to be
around 90% and 100% for Ce6-PVP and Ce6, respectively.
On the contrary, under the same treatment condition, the
peripheral mononuclear blood cells treated with Ce6—
PVP exhibited relatively lower percentage of total dead
cells (70%, p <0.01) compared to Ce6 (90%).

3.2. Biodistribution of Ce6 formulations
The amount of photosensitizers from tumor, peritumoral

muscle and skin was quantified using the chemical fluores-
cence extraction technique and cuvette-based spectrofluori-
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Fig. 1. (A) Representative of flow cytometry analysis of PDT induced apoptosis and necrosis for PMN blood (normal) cells (left panel) and K562
leukemic cells (right panel) after treatment with Ce6 and Ce6-PVP. Induction of apoptosis and necrosis, was detected through the accumulation of
Annexin-V and propidium iodide (PI) stained cells, respectively. Cells were incubated with a concentration of 10 uM of either Ce6 or Ce6-PVP for 30 min
before light irradiation of 1 J/cm?. Three main subpopulations, corresponding to viable cells (lower left quadrant), apoptotic cells stained with Annexin-V
(upper right quadrant), and dead/necrotic PI-stained cells (lower right quadrant), can be readily differentiated. (B) In terms of apoptosis, both Ce6 and
Ce6-PVP demonstrated lower percentage of apoptotic cell death in PMN cells compared to K562 leukemic cells. However, Ce6 displayed higher
photocytotoxicity in both PMN and K562 cells compared to Ce6-PVP, indicating the potency of Ce6. (C) When the total percentage of cell death
(apoptosis and necrosis) was tabulated, Ce6 was found to induce significant cell death in PMN cells compared to Ce6-PVP, indicating toxicity to normal
cells, while for K562 cells photocytotoxicity was comparable between the Ce6 and Ce6-PVP. For K562 cells, data for Ce6-PVP represent a mean value of
6 replicates while data for Ce6 represent a mean value of three replicates. For PMN cells, data for Ce6-PVP represent a mean value of 15 replicates taken
from five volunteers while data for Ce6 represents a mean value of six replicates taken from two volunteers. Bars = SD. Statistical significance was

calculated by two-way ANOVA with Bonferroni post-hoc test ("p < 0.05 and **p < 0.01 with respect to Ce6-PVP).

metry (Fig. 2). The amount of Ce6-PVP accumulation was
significantly higher in the tumor, muscle and skin in com-
parison to Ce6 at all time points. Ce6-DMSO tumor accu-
mulation was observed to increase 24-fold compared to Ce6
at 1 h. Similarly, Ce6-DMSO accumulation was higher in
muscle and skin at 3 and 6 h post-administration compared
to Ce6. The tumor to normal peritumoral muscle ratio for
Ce6-PVP was higher compared to Ce6 (Table 1) suggesting
that Ce6-PVP has a good tumor tissues accumulation ratio,
with no significant accumulation in other normal tissue.
Although Ce6-DMSO showed the highest tumor to normal
peritumoral muscle ratio, it also resulted in higher accumu-
lation in other normal organs (Fig. 3 and Table 1). Fig. 3
shows comparative biodistribution of Ce6-PVP, Ce6 and
Ce6-DMSO in eight organs using chemical extraction
method. The data demonstrates that the amount of drug

was comparable in all the organs between Ce6 and Ce6—
PVP. In contrast, the amount of the Ce6-DMSO accumula-
tion was significantly 10-fold higher in the liver, spleen, kid-
ney, brain, heart and lung. The most significant amount of
photosensitizer detected from all of the tested formulations
was concentrated in the small and large intestines with rel-
atively similar concentrations. The accumulation of Ce6—
PVP in tumor significantly exceeded liver, spleen, kidney,
brain, and heart tissues compared to Ce6.

3.3. Sensitivity and specificity of Ce6 formulations

Fig. 4 displays a ROC curve that illustrates the ability of
Ce6, Ce6-PVP and Ce6-DMSO induced fluorescence to
discriminate between tumors and peritumoral muscle. Area
under the ROC curve was used to compare the sensitivity
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using chemical extraction method. For all data points, n = 4 + SD. Statistical significance was calculated by two-way ANOVA with Bonferroni post-hoc

sk

test ("p <0.05; “p <0.01,

» <0.001 with respect to Ce6). All Ce6-DMSO data points were statistically significant with respect to Ce6.

Table 1
Comparison of tumor to normal tissue ratio in various organs after intravenous administration of 5 mg/kg Ce6-PVP, Ce6 or Ce6-DMSO

Muscle Skin Liver Spleen Kidney Brain Heart Lung
Ce6-PVP 1.8 1.5 2.0 23.5 10.1 16.6 15.5 2.9
Ce6 1.0 0.4 1.2 29 3.0 3.9 3.1 43
Ce6-DMSO 2.6 1.0 1.2 8.5 15.6 0.9 3.1 5.9

“Ratio was calculated by dividing the fluorescence intensity span of tumor to the fluorescence intensity span of the various tissues from 1 to 6 h post-drug
administration. The span was tabulated using nonlinear regression analysis.
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Fig. 3. Comparison of biodistribution of Ce6-PVP, Ce6 and Ce6-DMSO in normal tissue of various organs in mice using chemical extraction method.
Each data point represents a mean of 3 animals & SD.

and specificity of the temporal fluorescence of the three for-
mulations. A non-discriminative fluorescence has an area
of 0.5. A perfect discriminative fluorescence has an area
of 1.00. The area under the ROC curve was 0.98 + 0.02
for Ce6-PVP (p=0.0001), 0.954+0.05 for Ceb6

(p =0.003) and 0.83 £ 0.1 (p =0.0246) for Ce6-DMSO.
The optimal cut-off level of fluorescence intensity that max-
imizes 100% sensitivity for Ce6-PVP yielded 83% specific-
ity, but a lower specificity of 73% and 58% for Ce6 and
Ce6-DMSO, respectively. To further evaluate the effect
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Fig. 4. ROC curves comparing fluorescence intensities of Ce6-PVP, Ce6
and Ce6-DMSO for classifying tumor from peritumoral muscle. The areas
under the curve (AUC) were then compared in order to make a fair
judgment of the effectiveness of Ce6 formulations without being con-
stricted to single values of sensitivity and specificity, which largely depend
on the cut-off fluorescence intensity value chosen to distinguish normal
from malignant tissue. The closer the curve comes to the 45-deg diagonal
solid line, the less accurate the fluorescence diagnostic. The following is a
rough guide for classifying the accuracy of fluorescence intensities based
on the AUC: 1-0.9 =excellent; 0.9-0.8 =good; 0.8-0.7 = fair; 0.7-
0.6 = poor; and 0.6-0.5 = fail. The AUC for Ce6-PVP, Ce6 and Ce6—
DMSO were 0.98 4+0.02, 0.95 4+ 0.05 and 0.83 £ 0.1, respectively. The
ROC curves also potentially demonstrate how the fluorescence diagnostic
scheme can be adjusted to obtain the desired degree of sensitivity at the
cost of specificity. Ce6-PVP induced fluorescence showed the highest
sensitivity and specificity in detecting tumor from peritumoral muscle.

of PVP on the retention rate of Ce6 fluorescence in com-
parison to Ce6 alone or Ce6 delivered using DMSO, the
decay rate constant (K) of the photosensitizer fluorescence
in tumor tissues has been estimated from 1 to 6 h post-drug
administration. Fluorescence intensity of Ce6-PVP
(K =0.1386 4 0.04 h~ ') was retained longer in tumor com-
pared to Ce6 (0.1755+0.04h"') and Ce6-DMSO
(0.2007 + 0.08 h™'). As such, the half-life was calculated
to be 5.0, 3.9 and 3.4 h for Ce6-PVP, Ce6 and Ce6-DMSO,
respectively.

3.4. In vivo photodynamic therapy on tumor xenografts

The extent of tumor necrosis was identified using vital
staining with EB at 48 h post-PDT (Fig. 5). The results of
these experiments are presented in Table 2. Complete tumor
necrosis was achieved when irradiation was performed at 1 h
drug-light interval using Ce6-PVP. At 3 h drug-light inter-
val, Ce6-PVP-treated tumors exhibited 40 & 9.8% necrosis.
No adverse side effects were observed in any animal at post-
PDT after the administration of Ce6-PVP. At the same drug
and light dose, complete tumor necrosis was observed for
only 67% of Ce6-treated animals at 3 h drug-light interval.
Severe side effects were observed for animals treated at 1 h
drug-light interval post-Ce6 administration and animals
treated at 1 and 3 h post-Ce6-DMSO administration.

3.5. Fluorescence imaging of angiosarcoma lesions

Patients with angiosarcoma were given 2-4 mg/kg of 75%
Ce6-PVP through intravenous administration. No side
effects or complications were observed during or after intra-
venous drug administration, other than transient pain at the
lesion sites during PDT. The clinical outcome for one patient
is noteworthy, with distinct untreated lesions spontaneously
regressing following PDT of selected lesions as reported [18].
We hypothesized that this could be due to a PDT-activated
immune response. The photosensitizer accumulation in tis-
sue can be visualized through its typical red fluorescence
after blue light excitation (Fig. 6). Clear demarcation of
the lesion was observed in the fluorescence image indicating
excellent selectivity of the photosensitizer. Fluorescence in
the lesion was more intense compared to the fluorescence
in the normal skin. The intensity in the lesions increased rap-
idly over the first 3 h to reach maximum intensity (Fig. 7). At
the S5th hour, immediately after PDT, 75% Ce6—PVP fluores-
cence was found to decrease in the tumor (tumor to normal
ratio = 1.9). At 48 h, the overal fluorescence was lower but
still sustained in the lesions. Fluorescence intensity was low
at all times in the normal skin compared to the lesions.

Fig. 5. A representative macroscopic view of whole MGH tumor xenograft stained with Evans Blue dye at 48 h post-PDT after treatment at 1 h drug-light
interval mediated PDT with Ce6-PVP (A) and control tumor (with Ce6-PVP, no light irradiation) (B). Necrotic tumor tissue appeared white and was
almost devoid of vital staining. Shrinkage of tumor blood vessels was observed on the surface of tumor (arrow).
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Table 2

A comparison of the percentage of necrotic tumor and survival of mice
evaluated at 48 h post-PDT after the administration of 5 mg/kg Ce6-PVP,
Ce6 or Ce6-DMSO with irradiation at a fluence and fluence rate of 100 J/
cm? and 85 mW/cm?, respectively

Photosensitizer ~ Percentage of necrotic Survival® (%)
tumor tissue (%)
Drug-light interval (h) Drug-light interval (h)
1 3 1 3
Ce6 NA® 100° 0 67
Ce6-PVP 100 40 £9.8 100 100
Ce6-DMSO NAP NA® 0 0

Each data point represents a mean of 3-5 animals.

? The survival of mice was expressed as the number of mice which
recovered from treatment at 24 h post-treatment.

® Tumor necrosis could not be evaluated in animals that died due to
treatment toxicity.

¢ Necrotic tissue was evaluated from the 67% animals that survived
PDT.

4. Discussion

There is a great interest in the synthesis of new genera-
tion photosensitizers with improved PDT characteristics.
Chlorins are particularly strong under investigations in
preclinical and clinical fluorescence diagnosis and PDT of
various malignant neoplasms because of their efficient
photosensitizing properties [24]. Though several methods
have been proposed to enhance the efficacy of Ce6, there
are still no effective pharmaceutical preparations and meth-
ods for parenteral formulations for clinical use. Many
experiments have generated distinct evidence about the
impact of PVP on the drug transporters, metabolic
enzymes, and pharmacokinetics processes. Thus, the pres-
ent study evaluated the effect of PVP on the delivery and
photosensitizing properties of Ce6 photosensitizer in vitro
as well as in the in vivo xenograft tumor model. Prelimin-
ary clinical data on the safety and efficacy of Ce6-PVP are
also presented here.

Often, photosensitizers are administered in relatively
high doses, which leads to nonspecific toxicity in normal
cells. Thus it is of interest to evaluate the intrinsic sensitiv-
ity of normal (PMN cells) and cancerous (K562 cells) leu-
kemia cells to PDT using Ce6 formulated with or without
PVP using in vitro phototoxicity experiment that strictly

White light
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Fig. 7. Scatter plot of red-to-blue intensities in (@) normal skin and (A)
angiosarcoma lesions plotted against time from 3 patients after intrave-
nous administration of 75% Ce6-PVP. Each circle/triangle represents
different lesions or normal skin at the particular time point post-Ce6-PVP
administration. Red fluorescence from the cancerous lesion was found to
be higher than the surrounding normal skin. The average tumor to normal
tissue ratio is indicated on top of the plot.

controlled for light and photosensitizer exposure. In vitro
Ce6-PVP mediated PDT studies demonstrated that leuke-
mic cells were considerably more affected than PMN cells,
supporting the hypothesis that Ce6-PVP accumulated pref-
erentially in tumor cells compared to normal cells. This is
extremely important for the application of PDT in cancer,
since Ce6-PVP is intravenously administered and is sup-
posed to localize and kill only the malignant cells after light
irradiation. A recent in vitro investigation on cervical and
esophageal cancer cell lines determined that the mechanism
of Ce6-PVP (75% purity) induced cell death involves the
induction of ROS via a type I mechanism which resulted
in the rapid increase in lactate dehydrogenase that sug-
gested characteristics of necrotic cell death pathway [25].
In our experiment, more apoptotic cells were observed
and these contrary results may be due to differences in drug
dosage, formulation, light dose/source and cell lines since
work carried out by us and other groups has shown that
the proportion of PDT-induced apoptosis and necrosis is
dependent on the treatment parameters used.

In vivo biodistribution data indicated that the tumor
uptake of Ce6 in the PVP formulation was enhanced com-
pared to Ce6 alone. At the same time, Ce6-PVP accumula-

Fluorescence image

Norrn/a’I skin

Fig. 6. White light image and its corresponding fluorescence image of angiosarcoma lesion and the surrounding normal skin at 3 h post-intravenous
administration of 75% Ce6-PVP. The red fluorescence excited by the Karl Storz endoscopy system revealed the margins of the cancerous lesion.
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tion in the skin was also higher than Ce6 suggesting that
Ce6-PVP has the potential for skin photosensitivity in mice
due to their relatively thin skin. However, this may not be a
significant problem for human skin since human skin is
considerably thicker than mice skin [26]. It was further con-
firmed that Ce6-PVP had preferential tumor accumulation
in comparison with all normal tissues, with tumor to nor-
mal tissue ratio ranging from 1.4 to 25 (Table 1). The small
and large intestines showed the highest fluorescence, as
they are the main routes for drug elimination from the
body. Not surprisingly, Ce6 delivered using DMSO showed
6-fold enhancement of Ce6 accumulation in tumor, muscle
and skin compared to Ce6 alone or Ce6-PVP. This was
mainly due to the membrane penetrant-carrier properties
of DMSO. However, the decay rate constant of Ce6-
DMSO was found to be greater than the decay rate con-
stant of Ce6 and Ce6—PVP in tumor. This resulted in rapid
elimination of Ce6-DMSO from the tumor tissues that
could limit its therapeutic effect. Furthermore, it was an
indication that the penetration effect provided by DMSO
was irreversible in tumor and even in normal cells. More-
over, the enhanced uptake was indiscriminate and also
accumulating in normal organs. This effect was clearly seen
in our in vivo study.

The phototoxicity of Ce6, Ce6-PVP and Ce6-DMSO
was examined in vivo using human bladder tumor-bearing
mice. Ce6-PVP was found to cause greater tumor necrosis
at 1 h compared to 3 h drug-light interval after exposure to
100 J/ecm? delivered at 85 mW/cm? as a single fraction
without causing any side effects to the mice at post-treat-
ment. However, administration of Ce6 alone or Ce6—
DMSO mediated PDT resulted in severe side effects (paral-
ysis and death) at post-PDT. This phenomenon of acute
toxicity in animals with other modes of PDT had been pre-
viously reported [27]. Adverse side effects are mainly due to
PDT induced damage to normal organs [28]. This could be
due to the increased solubility of Ce6 by DMSO and thus
the increased uptake of Ce6-DMSO in normal tissue
(Fig. 3) which resulted in acute toxicity due to irradiation
to the surrounding normal tissue [15]. Furthermore, many
studies have reported adverse results with respect to
DMSO effects on metabolism and toxicity of other xenobi-
otics. It is known that DMSO is not a biologically inert
compound and combinations of DMSO with other toxic
agents could constitute its greatest toxic potential [29].
Therefore, the interaction of DMSO with Ce6 suggests a
serious toxicological implication that needs to be taken
into consideration when giving parenteral administration.
Post-PDT toxicity observed for Ce6 alone can be attributed
to the fact that the chlorins are extremely potent photosen-
sitizer. One known chlorin-based photosensitizer that was
reported to have acute PDT toxicity effect is m-tetrahydr-
oxyphenylchlorin [30]. The data therefore suggest that
using a formulation with PVP, a significant reduction in
the post-PDT systemic toxicity of Ce6 can be achieved.
Because of this reduced toxicity, higher doses of Ce6—
PVP than that of the parent drug can be used in PDT,

allowing the treatment to be potentially repeated many
times to improve efficacy without any adverse effects. How-
ever, it is important to note that PDT performed to date
only used a single dose of Ce6 (e.g., 5 mg/kg). A smaller
dose of Ce6 may preclude PDT related toxicity in the ani-
mals, and this warrants further studies.

The decrease in the constant decay rate of Ce6-PVP in
tumor and muscle compared to Ce6 and Ce6-DMSO could
also reflect the possibility that PVP may have a retention
effect on the uptake of Ce6. At the moment, we hypothesize
that the major therapeutic effect of Ce6-PVP observed in
our study was likely to have been the result of the tradi-
tional role of PVP as a plasma expander [31]. As with
any effective plasma volume expander, PVP decreases the
viscosity of blood by hemodilution and thus may dilute
the active Ce6 in the circulation. Interestingly, PVP has
also been reported to localize in malignant tumors [32]
and remained mainly in blood with no specific normal tis-
sue distribution [33]. Furthermore, the administration of
PVP was found to cause significant decreases in the plasma
concentrations of total cholesterol, phospholipid and tri-
glyceride concentrations in normal rats and hyperlipidemic
human subjects [34,35]. Therefore, another hypothesis that
PVP has a biological effect on the in vivo transport of Ce6
seems to be an appealing one.

The employment of fluorescence stimulation of various
photosensitizing drugs and detection of identified fluores-
cence signals from precancerous and cancerous tissue has
found its wide usage in the clinic [3]. In terms of tumor
imaging, we have shown that Ce6-PVP induced fluores-
cence can be used as a marker in which diagnostic assump-
tions can be reliably based and formulated. Based on ROC
analysis, Ce6—PVP induced fluorescence was found to yield
high sensitivity and specificity in demarcating tumor from
normal peritumoral muscle of the xenograft model com-
pared to Ce6 alone and Ce6-DMSO. These data signify
that fluorescence imaging using Ce6-PVP could be clini-
cally relevant for determining the location of invisible can-
cerous lesions/tissue. In the clinical study, Ce6-PVP
induced fluorescence in angiosarcoma lesions reached a
peak at about 3 h post-drug administration. It was noted
that Ce6-PVP could enhance the image contrast between
the diseased lesion and surrounding normal tissue in the
fluorescence image. The appreciable red fluorescence emis-
sion of Ce6-PVP captured using a CCD camera system
together with digital imaging, can be utilized either for a
directed biopsy or for preoperative planning to demarcate
tumor margins. The routine employment of such systems
is being assessed in studies with other photosensitizers in
various oncologic and non-oncologic applications of the
skin [36]. The loss of fluorescence at 5 h could be attributed
to the photobleaching effect of Ce6-PVP immediately after
PDT. Interestingly, the red fluorescence recovered at 6 h
post-drug administration, suggesting that the circulating
Ce6-PVP in the serum seemed to be redistributed into
the lesions after PDT. At 48 h, the tumor to normal tissue
ratio of fluorescence was found to be similar to the ratio at
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3 h post-drug administration. However, the PDT efficacy at
48 h drug-light interval might not be good due to an over-
all decrease in the photosensitizer level in the lesions, which
may cause a decrease in tumor response due to the photo-
sensitizer threshold that is needed for a good response. We
have reported that PDT performed at 3 h drug-light inter-
val was effective in achieving local control of the angiosar-
coma lesions for up to 14 months [18]. This is in agreement
with other clinical PDT protocols using another hydro-
philic Ce6 derivative (Npe6), where light irradiation is per-
formed around 3-8 h post-drug administration with
minimal systemic photosensitization [37,38]. Further, this
study also confirms that Ce6-PVP has a faster elimination
rate in the normal human skin compared to other porphy-
rin-based photosensitizers [39], indicating that Ce6-PVP
may not cause prolonged substantial skin photosensitiza-
tion in human.

In conclusion, the studies reported herein demonstrated
that Ce6 delivered using PVP has a higher sensitivity and
specificity for tumors and is able to induce cell death in
tumor following PDT without acute toxicity in mice com-
pared to Ce6 alone or Ce6-DMSO. We have also shown
that Ce6-PVP is safe for use in patients and have observed
selective uptake in angiosarcoma lesions compared to nor-
mal skin.
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