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Abstract Purpose: Pc4 is a silicone phthalocyanine
photosensitizing agent that is entering clinical trials.
Studies were undertaken in mice to develop a suitable
formulation and analytical methodology for use in
pharmacokinetic studies and to de®ne the plasma
pharmacokinetics, tissue distribution, and urinary ex-
cretion of Pc4 after i.v. delivery. Methods: An HPLC
method suitable for separation and quanti®cation of Pc4
was developed and validated for use in mouse plasma,
tissues, and urine. The stability of Pc4 was characterized
in a variety of formulations as well as in mouse plasma.
Before pursuing pharmacokinetic studies, preliminary
toxicity studies were undertaken. These studies utilized
Pc4 formulated in diluent 12:0.154 M NaCl (1:3, v:v).
Pharmacokinetic studies involved Pc4 doses of 40 mg/

kg, 10 mg/kg and 2 mg/kg administered as i.v. boluses
to female, CD2F1 mice . Doses of 40 mg/kg, 10 mg/kg,
and 2 mg/kg were studied with drug formulated
in diluent 12:0.154 M NaCl (1:3, v:v). Doses of 10 mg/
kg and 2 mg/kg were also studied with drug formulated
in a vehicle consisting of polyethylene glycol:Tween
80:0.01 M sodium phosphate bu�er, pH 7.0 (40:0.2:59.8,
v:v:v). Compartmental and non-compartmental analyses
were applied to the plasma concentration-versus-time
data. Concentrations of Pc4 were also determined in a
variety of tissues, including brain, lung, liver, kidney,
skeletal muscle, skin, heart, spleen, and abdominal fat.
Urine was collected from animals treated with each of
the doses of Pc4 mentioned above, and daily, as well as
cumulative drug excretion was calculated until 168 h
after treatment. Results: At a dose of 80 mg/kg, two of
®ve male and two of ®ve female mice were dead by 24 h
after injection. Pathologic examination revealed gross
®ndings of blue discoloration a�ecting many tissues,
with lungs that were grossly hemorrhagic and very blue-
black. Microscopic examination of the lungs revealed
mild acute interstitial pneumonia, with perivascular
edema and in¯ammation, and a detectable margination
of neutrophils around larger pulmonary blood vessels.
Animals sacri®ced 14 days after treatment showed mild
granulomatous pneumonia, characterized by clusters of
multi-nucleated giant cells, with fewer macrophages and
neutrophils. The giant cells frequently contained
phagocytized particles, which were clear and relatively
fusiform. All mice treated with 40 mg/kg or 20 mg/kg
survived and returned to pretreatment weight during the
14 days after treatment. Intravenous bolus delivery of
Pc4, at a dose of 40 mg/kg, produced ``peak'' plasma
Pc4 concentrations between 7.81 and 8.92 lg/ml in mice
killed at 5 min after injection (the earliest time studied
after drug delivery). Sequential reduction of the Pc4 dose
to 10 mg/kg in diluent 12:0.154 M NaCl (1:3, v:v),
10 mg/kg in polyethylene glycol:Tween 80:sodium
phosphate bu�er (40:0.2:59.8, v:v:v), 2 mg/kg in diluent
12:0.154 M NaCl (1:3, v:v), and, ®nally, 2 mg/kg in
polyethylene glycol:Tween 80:sodium phosphate bu�er
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(40:0.2:59.8, v:v:v) resulted in ``peak'' plasma Pc4 con-
centrations between 2.07 and 3.24, 0.68 and 0.98 lg/ml,
and 0.29 and 0.41 lg/ml, respectively. Pc4 persisted in
plasma for prolonged periods of time (72±168 h). Non-
compartmental analysis of plasma Pc4 concentration-
versus-time data showed an increase in area under the
plasma Pc4 concentration-versus-time curve (AUC)
when the dose of Pc4 increased from 2 mg/kg to 40 mg/
kg. Across the 20-fold range of doses studied, total body
clearance (CLtb) varied from 376 to 1106 ml h)1 kg)1.
Compartmental modeling of plasma Pc4 concentration
versus time data showed the data to be ®t best by a two-
compartment, open, linear model. Minimal amounts of
Pc4 were detected in the urine of mice. After i.v. bolus
delivery to mice, Pc4 distributed rapidly to all tissues
and persisted in most tissues for the duration of each
pharmacokinetic study. Tissue exposure, as measured by
AUC, increased in a dose-dependent fashion. Conclu-
sions: The HPLC method developed for quanti®cation
of Pc4 in plasma, urine, and tissues should be suitable
for clinical studies of the drug. Pc4 is widely distributed
and persists in plasma and tissues of mice for prolonged
periods of time. These data are relevant to the design of
forthcoming clinical trials of Pc4.

Key words Pc4 á Phthalocyanines á Photodynamic
therapy á Pharmacokinetics

Introduction

Photodynamic therapy (PDT) is a bimodal therapy that
initially involves the uptake and retention in malignant
tissue of an i.v. administered sensitizing drug, and sub-
sequently the activation of that drug by light of the
appropriate wavelength [17, 21, 23, 40, 46, 51, 54]. The
activated drug is highly reactive, generates singlet oxy-
gen, interacts with cellular targets, and results in cell
death.

Hematoporphyrin derivatives (HpD) [15, 16, 22, 25,
30] and Photofrin [54] are the most frequently used
clinical photosensitizers, although several other com-
pounds are currently in clinical trials [2, 7, 14, 17, 18, 38,
41, 42]. None of these photosensitizers are ideal for
treatment. HpD is composed of an unpredictable mix-
ture of porphyrins [30, 31, 37] and has only low ab-
sorption in the red part of the light spectrum [9, 17, 25],
which contains the wavelengths of activating light opti-
mal for tissue penetration [17, 24, 25]. Both Photofrin
and HpD also produce cutaneous photosensitivity in
patients, and this photosensitivity can last for several
weeks [17].

As a result of the previously mentioned problems with
available photosensitizing agents, alternative compounds
are being investigated for their suitability as PDT pho-
tosensitizers. The phthalocyanine group of dyes are
compounds that appear promising because they, like
HpD, have a maximal absorbance peak between 300 and
400 nm; but, in addition, they also exhibit strong ab-

sorption bands between 600 and 700 nm and can be
synthesized in a purer form than can HpD [8, 10, 35, 36].

A number of phthalocyanines have been synthesized
and evaluated for their use in PDT [3, 4, 12, 27, 32, 39,
45, 49, 50, 52, 55, 59]. Silicone phthalocyanine (Pc4;
Fig. 1) is a highly e�cient photosensitizer in vitro of a
variety of hamster, mouse, and human cells and has been
found more suitable for this use than aluminum-
tetrasulfonated phthalocyanine [3, 20, 29, 47, 56, 59].
Initial in vivo tests of Pc4 delivered su�cient photo-
sensitizer to the tumor to provide good responses upon
irradiation with 675 nm light [3]. In fact, Pc4 has proven
superior to Photofrin in PDT against several mouse and
rat tumors [3, 20, 29, 47], yet Pc4 causes less cutaneous
photosensitivity than does Photofrin [3]. Furthermore,
Pc4 and Photofrin are claimed to di�er in their cell-
killing mechanisms [20, 47, 56]. Pc4 is claimed to work
primarily by a nonvascular, direct, cell-killing mecha-
nism and this has raised the possibility that Pc4 may be
e�ective for a di�erent range of tumors than is Photo-
frin. In view of these data, Pc4 has been developed for
clinical use, and initial clinical trials are beginning.

In addition to its potential antineoplastic use, Pc4 has
been selected by the New York Blood Center for de-
velopment as an agent for photodynamic purging of
viruses from red cell concentrate [5, 33, 34], because Pc4
has proven particularly e�ective in killing human im-
munode®ciency virus (HIV) and other lipid envelope
viruses [6, 28, 62] as well as blood-borne parasites [19,
26, 60]. Based on each of these considerations, we un-
dertook de®nition of the plasma pharmacokinetics and
tisssue distribution of Pc4. Our goals were to develop an
analytical methodology that would be applicable to bi-
ological matrices and to develop information in a pre-
clinical model that would be useful in planning and
interpretation of clinical trials with Pc4. Those studies
form the basis for this report.

Materials and methods

Reagents

Pc4 was obtained from the Developmental Therapeutics Program,
National Cancer Institute (Bethesda, Md., USA) both as bulk
compound and as lyophylized preparations (Pc4, 1 mg/vial, lot

Fig. 1 Structure of the silicone phthalocyanine Pc4 (NSC 676418)
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#NSC001,12-20-95, Pharmacia and Pc4, 0.5 mg/vial, lot
#96B14FY, 3/8/96, Pharmacia and Upjohn, Bridgewater, NJ) de-
veloped as potential formulations for clinical testing. Diluent 12, a
mixture of cremophor:ethanol (1:1, v:v), and an additional vehicle,
consisting of polyethylene glycol:Tween 80:0.01 M sodium phos-
phate bu�er, pH 7.0 (40:0.2:59.8, v:v:v; Pc4 vehicle, lot #2256-52, 2/
8/96, Pharmacia), were also obtained from the Developmental
Therapeutics Program. Nile Blue HCl (internal standard) was ob-
tained from Aldrich Chemicals (Milwaukee, Wis., USA). Methanol
was obtained from Fisher Scienti®c (Pittsburgh, Pa., USA). Ethyl
acetate and glacial acetic acid (Baker Analyzed) were obtained
from J.T. Baker (Phillipsburg, N.J., USA).

Mice

Speci®c-pathogen-free, male and female, adult CD2F1 mice (5±6
weeks of age) were obtained from the Animal Program adminis-
tered by the Animal Genetics and Production Branch of the Na-
tional Cancer Institute. Mice were allowed to acclimate to the
University of Maryland at Baltimore Animal Facility for at least 1
week before studies were initiated. To minimize exogenous infec-
tion, mice were maintained in conventional cages in a separate
room and handled in accordance with the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Animals
(NIH No. 85-23, 1985). Ventilation and air ¯ow in the Animal
Facility were set to 12 changes/h. Room temperatures were regu-
lated at 72 � 2 °F (22 � 1 °C), and the rooms were on automatic
12-h light/dark cycles. Mice received Teklad LM-484 sterilizable
mouse/rat diet 7012 (Harlan Teklad Diets, Madison, Wis., USA)
and water ad libitum except on the evening prior to dosing, when
all food was removed and withheld until 4 h after dosing. Sentinel
mice (CD-1 mice housed in cages containing one ®fth bedding re-
moved from study mice cages at cage change) were maintained in
the animal room and assayed at monthly intervals for speci®c
murine pathogens by murine antibody pro®le (MAP) test (Litton
Bionetics, Charleston, S.C., USA). These mice remained free of
speci®c pathogens throughout the study period, indicating that
study mice were free of speci®c pathogens. In preliminary toxicol-
ogy studies, groups of ®ve mice of each sex were treated with
speci®ed doses of Pc4. In pharmacokinetic studies, three mice were
studied at each time point after delivery of speci®ed doses and
formulations of Pc4.

Pc4 administration

For studies in which Pc4 was given i.v. at doses of 80 or 40 mg/kg,
drug was initially dissolved to a concentration of 16 mg/ml in di-
luent 12 and then diluted further with sterile 0.154 M NaCl to a
®nal concentration of 4 mg/ml. Using this solution, Pc4 was de-
livered i.v. in volumes of 20 or 10 ml/kg of body weight so as to
deliver doses of 80 or 40 mg/kg. For studies in which Pc4 was given
i.v. at doses of 10 mg/kg or 2 mg/kg, drug was dissolved respec-
tively at 1 mg/ml or 0.2 mg/ml, either in diluent 12:0.154 M NaCl
(1:3, v:v) or polyethylene glycol:Tween 80: sodium phosphate
bu�er (40:0.2:59.8, v:v:v), so that the desired dose could be deliv-
ered in a volume of 10 ml/kg of body weight.

All i.v. doses of Pc4 were administered as boluses through a tail
vein. Due to the potential for Pc4 to photosensitize skin, all animals
were dosed, handled, and housed after dosing in rooms that had
their ¯uorescent lights covered with sheets of Lee ®lter #124 (Bal-
timore Stage Lighting, Baltimore, Md., USA). This ®lter transmits
light almost exclusively between 450 and 600 nm, which is not
absorbed by Pc4.

Sampling

In all studies, blood was sampled at 5, 10, 15, 30 min, and 45 min
and 1, 1.5, 2, 3, 4, 6, 8, 16, 24, 48, 72, 96 h, and 120 h after dosing.
In both studies using the polyethylene glycol:Tween 80:sodium
phosphate bu�er vehicle and the study using a 40-mg/kg dose of

Pc4 in diluent 12:0.154 M NaCl, additional groups of mice were
sampled at 144 h and 168 h after dosing. In all studies except the
one in which Pc4 was delivered at 2 mg/kg in diluent 12:0.154 M
NaCl (1:1, v:v), brains, hearts, lungs, livers, kidneys, spleens,
abdominal fat, skeletal muscles, skin, and gastrointestinal tracts
were collected at the same times noted for blood samples. In each
study, blood and tissues from mice killed 5 min after delivery of the
appropriate vehicle served as controls. Blood was collected by
cardiac puncture into heparinized syringes, transferred to Eppen-
dorf microcentrifuge tubes and stored on ice until centrifuged at
13 000 g for 5 min to obtain plasma. Tissues were rapidly dissect-
ed, placed on ice until weighed, and then snap frozen in liquid
nitrogen. Sets of animals to be sampled at 120, 144, or 168 h after
dosing were gang-housed in metabolism cages, and daily urine
output was collected on ice until animals were killed for blood and
tissue sampling. Plasma, tissues, urine, and dosing solutions were
stored frozen at )70 °C until analysis.

Analysis of Pc4

Plasma and tissue concentrations of Pc4 were determined by HPLC.
Due to the light-absorbing properties of Pc4, all sample preparation
was performed in darkened rooms, the HPLC system used for these
assays was housed in a darkened room, and the window on the
autosampler that handled samples was covered with an opaque
shield. Brie¯y, 200-ll samples of plasma were placed into Eppendorf
microcentrifuge tubes, and 5 ll of internal standard was added to
each tube. The internal standard consisted of a 10-lg/ml solution of
Nile Blue HCl. The tubes were vortexed, 1 ml of ethyl acetate was
added to each tube, and the tubes were then shaken on a Vortex
Genie 2 (Model G-560, Scienti®c Industries, Bohemia, N.Y., USA),
set at position 5, for 10 min. After shaking, tubes were centrifuged
at 13 000 g for 10 min, and the resulting upper, organic layers were
transferred, with glass Pasteur pipets, into 12 ´ 75-mm glass tubes.
Each remaining aqueous residue was then extracted in a similar
fashion with two additional 1-ml aliquots of ethyl acetate, with the 3
ethyl acetate fractions from each sample being pooled. The ethyl
acetate extracts were evaporated to dryness under N2, resuspended
in 250 ll of methanol, and the resuspended material was trans-
ferred, with glass Pasteur pipets, into glass microvial inserts. Two
hundred microliters of each sample was injected by autosampler
onto the HPLC system described below.

Tissue samples were thawed, immediately transferred to
17 ´ 100-mm polypropylene tubes that were held in an ice bath,
and homogenized, using a Polytron (Brinkman Instruments,
Westbury, N.Y., USA), in 3±9 parts (weight to volume) of phos-
phate-bu�ered saline (1.2 mM KH2PO4, 2.9 mM Na2HPO4,
154 mM NaCl, pH 7.4, Bio¯uids, Rockville, Md., USA). Two
hundred microliters of each homogenate was placed into Eppen-
dorf microcentrifuge tubes, mixed with 5 ll of internal standard,
extracted with ethyl acetate and prepared for injection onto the
HPLC as described for plasma samples. Analyses of tissue samples
containing very high concentrations of Pc4 were modi®ed by using
10 ll of a 25-lg/ml solution of Nile Blue internal standard and
injecting only 25 ll of resuspended sample onto the HPLC.

The HPLC system employed consisted of a Waters WISP 710B
autosampler (Waters Associates, Milford, Mass., USA) and a
Waters M-45 pump ®tted with a l Bondapak C18 column
(3.9 ´ 300 mm, Waters Associates) that was protected with a 1.5-
cm Brownlee RP18 NewGuard cartridge (Applied Biosystems, San
Jose, Calif., USA). The isocratic mobile phase, consisting of
methanol:distilled, deionized water:glacial acetic acid (80:20:1,
v:v:v), was pumped at 1 ml/min. Column eluent was monitored
with a Waters 440 absorbance detector ®tted with a 658-nm ®lter
and slit kit. The detector signal was processed with a Waters 740
Data Module so as to integrate the area under each peak. Under
these conditions, the retention times of Pc4 and internal standard
were approximately 4.5 min and 5.3 min, respectively (Fig. 2). Pc4
concentration in each sample was calculated by determining the
ratio of Pc4 peak area to that of the corresponding internal stan-
dard peak and comparing that ratio with a concomitantly per-
formed standard curve prepared in the appropriate matrix.
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Standard curves were performed in triplicate and included Pc4
concentrations of 2.5, 5, 10, 30, 100, 300, 1000, 3000 ng/ml, and
10 000 ng/ml. There was <10% decomposition of a 4-mg/ml so-
lution of Pc4 prepared in diluent 12:0.154 M NaCl (1:3, v:v) and
stored for up to 48 h at 22 °C and in the dark. There was minimal
decomposition observed in 50-ng/ml solutions of Pc4 prepared in
mouse plasma and stored at 4 or 22 °C for 1, 2, 4, or 24 h. Simi-
larly, there was no decomposition of a 50-ng/ml solution of Pc4 in
ethyl acetate stored at 22 °C for 2 h. This time was chosen because
it was felt to be the maximum time that the Pc4 would be in ethyl
acetate before being evaporated to dryness and resuspended in
methanol. Finally, no decomposition was observed over 10.5 h in a
50-ng/ml solution of Pc4 that was prepared in methanol and re-
peatedly injected by autosampler onto the HPLC system used in
these studies. There were no endogenous materials in mouse plas-
ma, mouse tissues, or dosing vehicles that interfered with the de-
termination of Pc4 or internal standard. In plasma, the limit of
quanti®cation was 5 ng/ml (48), and the assay was linear between
5 ng/ml and 10 000 ng/ml. In tissues, the limit of quanti®cation
was 30 ng/g, and the assay was linear to 10 000 ng/g. Recovery
from spiked samples of plasma containing 50 ng/ml of Pc4 (n = 3)
was 81%. The coe�cient of variability for the analysis in plasma
was <15% with regard to both intraday analysis of any concen-
tration on the linear portion of the standard curve or interday
comparison of standard curves.

An attempt was made to determine the binding of Pc4 to
plasma proteins. In these studies, solutions of Pc4 (50 ng/ml) were
prepared in 0.154 M NaCl or mouse plasma and placed into Am-
icon Centrifree ultra®ltration devices (Amicon Division of W.R.
Grace, Beverly, Mass., USA). Ultra®ltrates were prepared by
centrifugation at 2000 g for 20 min. Concentrations of Pc4 in 200-
ll aliquots of both the original sample and the ultra®ltrate were
determined with the HPLC assay described above.

In another approach, 250-, 1000-ng/ml, and 10 000-ng/ml so-
lutions of Pc4 were prepared in either plasma or phosphate-buf-

fered saline, and 0.9 ml of each solution was placed into one half of
lucite chambers (Bel-Art Products, Pequannock, N.J., USA) that
were separated by 25 000 mw cuto� Spectra/Por 7 Molecularpo-
rous Dialysis Membrane (Spectrum, Houston, Tex., USA). Phos-
phate-bu�ered saline (0.9 ml) was placed into the other half of the
dialysis chambers, and the equilibrium dialysis apparatus were al-
lowed to incubate in the dark for 24 h at 37 °C. At the end of this
incubation, solutions from each half of each dialysis chamber were
aspirated and 200-ll aliquots were assayed for Pc4 with the HPLC
assay described above.

Pharmacokinetic analysis

Time courses of plasma concentrations of Pc4 were analyzed by
both non-compartmental and compartmental methods. Area under
the curve from zero to in®nity AUC0±inf and terminal half-life (t1/2)
were estimated by non-compartmental analysis with the LaGrange
function [58] as implemented by the LAGRAN computer program
[44]. CLtb was calculated from the de®nition:

CLtb � Dose

AUC

and steady-state volume of distribution (VdSS) was calculated from
the formula:

VdSS � CLtb=kel

where kel is the elimination constant.

Fig. 2 HPLC tracings of A control mouse plasma, B control
mouse plasma to which Pc4 and internal standard had been added,
and C plasma obtained from a mouse 60 min after i.v. injection of
Pc4 at a dose of 10 mg/kg and formulated in diluent 12:0.154 M
NaCl (1:3, v:v)
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In addition, two- and three-compartment, open, linear models were
®t to individual concentrations of Pc4 in plasma versus time.
Compartmental modeling used the program ADAPT II [11] with
generalized least squares estimation. Model discrimination was
based on Akaike's Information Criteria (AIC) [1], de®ned as:
AIC = 2p + n(lnWSSR), where p represents the number of pa-
rameters in the model, n represents the number of observations,
and WSSR represents the weighted sum of squares residuals.

Results

Plasma pharmacokinetics

Because no information was available with regard to the
toxicity of Pc4 after i.v. administration to mice, pre-
liminary e�orts were directed at de®ning a suitably high,
but not lethal, i.v. dose. Pc4 was dissolved in diluent
12:0.154 MNaCl (1:3, v:v). Doses of 80, 40, or 20 mg/kg
were delivered in a maximum volume of 10 ml/kg to
groups of ®ve female and ®ve male CD2F1 mice. With a
dose of 80 mg/kg of Pc4, two of ®ve female and two of
®ve male mice were dead or moribund by 24 h after
injection, but all of the control mice injected only with
vehicle survived with no adverse e�ects. Mice that died
or were killed because they were moribund after re-
ceiving 80 mg/kg were necropsied. Gross examination
revealed a blue discoloration a�ecting many tissues, al-
though this discoloration was not evident at microscopic
examination. The most signi®cant changes were present
in the lungs, which were noted to be hemorrhagic and
very blue-black. Microscopically there was a mild, acute
interstitial pneumonia characterized by an increase of
neutrophils within the alveolar septae, with occasional
neutrophils and ®brin within the alveolar spaces. Gross

and microscopic changes in mice that received 80 mg/kg
and survived for 14 days before being killed for patho-
logic evaluation were markedly di�erent from those
observed in the animals that died or were killed because
they were moribund 24 h after dosing. In the lungs of
these animals, there was a mild, granulomatous pneu-
monia characterized by clusters of multi-nucleated giant
cells that frequently contained phagocytized particles,
which were clear and relatively fusiform. All mice in-
jected with a Pc4 dose of 40 mg/kg survived and re-
turned to their pretreatment weight, as did all mice
injected with a dose of 20 mg/kg. Mice receiving 40 mg/
kg retained blue discoloration of skin, which was espe-
cially noticeable in the ears and tails. At 14 days after
dosing, kidneys and lungs from mice given 40-mg/kg
doses of Pc4 were blue-gray. In contrast, tissues of mice
killed 14 days after receiving 20 mg/kg of Pc4 appeared
normal to gross inspection.

On the basis of the above-mentioned observations,
40 mg/kg was selected as the highest dose to be used in
studies investigating the pharmacokinetics and tissue
distribution of Pc4 after i.v. administration. Subsequent
i.v. studies using 10- or 2-mg/kg doses of Pc4 were un-
dertaken to evaluate the linearity of Pc4 pharmacoki-
netics over a reasonably broad, yet relevant, range of
doses. The plan for sequential pharmacokinetic studies
involved 40 mg/kg, 10 mg/kg, and 2 mg/kg in diluent
12:0.154 M NaCl and then 10 mg/kg and 2 mg/kg in
polyethylene glycol:Tween 80:sodium phosphate bu�er.
It was felt that this scheme would allow at least pre-
liminary investigation of any potential di�erences in Pc4
pharmacokinetics due to formulation.

Intravenous bolus delivery of Pc4, at a dose of 40 mg/
kg, produced ``peak'' plasma Pc4 concentrations

Fig. 3 Concentrations of Pc4
detected in plasma of female
CD2F1 mice given Pc4 i.v. at
various doses and in di�erent
formulations. (s) 40 mg/kg in
diluent 12:0.154 M NaCl; (n)
10 mg/kg in diluent 12:0.154 M
NaCl; (e) 10 mg/kg in poly-
ethylene glycol:Tween 80:sodi-
um phosphate bu�er; (+)
2 mg/kg in diluent 12:0.154 M
NaCl; and (h) 2 mg/kg in
polyethylene glycol:Tween
80:sodium phosphate bu�er.
Symbols represent the means of
three mice at each time point.
The inset displays data for the
®rst 8 h after injection on an
expanded scale
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between 7.81 and 8.92 lg/ml in mice killed at 5 min after
injection (Fig. 3). Sequential reduction of the Pc4 dose
to 10 mg/kg in diluent 12:0.154 M NaCl (1:3, v:v),
10 mg/kg in polyethylene glycol:Tween 80:sodium
phosphate bu�er (40:0.2:59.8, v:v:v), 2 mg/kg in diluent
12:0.154 M NaCl (1:3, v:v), and, ®nally, 2 mg/kg in
polyethylene glycol:Tween 80:sodium phosphate bu�er
(40:0.2:59.8, v:v:v) resulted in ``peak'' plasma Pc4 con-
centrations between 2.07 and 3.24, 0.68 and 0.98, and
0.29 and 0.41 lg/ml, respectively (Fig. 3, Table 1). Pc4
persisted in plasma for prolonged periods of time
(Fig. 3, Table 1). In mice injected with a Pc4 dose of
40 mg/kg, plasma concentrations of Pc4 remained above
the lower limit of quanti®cation of the assay for at least
168 h. In mice injected with doses of 10 mg/kg in either
vehicle employed or with a dose of 2 mg/kg in poly-
ethylene glycol:Tween 80:sodium phosphate bu�er ve-
hicle, plasma concentrations of Pc4 remained above the
lower limit of quanti®cation of the assay for at least
120 h. When a Pc4 dose of 2 mg/kg was delivered in
diluent 12:0.154 M NaCl (1:3, v:v), plasma concentra-
tions of Pc4 remained above the lower limit of quanti-
®cation for at least 96 h.

Non-compartmental analysis of plasma Pc4 concen-
tration-versus-time data showed an increase in AUC
when the dose of Pc4 increased from 2 mg/kg to 40 mg/
kg (Table 2). The AUC associated with 2-mg/kg doses
delivered in the two vehicles employed were very similar
(Table 2). The increased AUC associated with a 10-mg/
kg dose of Pc4 delivered in diluent 12:0.154 M NaCl

(1:3, v:v) was proportionally greater than the AUC as-
sociated with a 2-mg/kg dose in the same vehicle
(Table 2). In contrast, the AUC associated with the 10-
mg/kg Pc4 dose delivered in the polyethylene gly-
col:Tween 80:sodium phosphate bu�er was only 2.5
times greater than the AUC associated with a 2-mg/kg
dose of Pc4 formulated in that vehicle (Table 2). Fur-
thermore, when the dose of Pc4 was increased to 40 mg/
kg, there was a less than twofold increase in AUC above
that produced by the 10-mg/kg dose formulated in di-
luent 12:0.154 M NaCl and a less than eightfold increase
in AUC above that produced by the 2-mg/kg doses
formulated in either vehicle (Table 2). Across the 20-fold
range of doses studied, CLtb varied from 376 to 1106 ml/
h/kg.

Compartmental modeling of plasma Pc4 concentra-
tion-versus-time data showed the data to be ®t best by a
two-compartment, open, linear model. The parameters
in this model were the volume of the central compart-
ment (V), the elimination constant (ke), and the transfer
constants between central and peripheral compartment
(kcp), and between peripheral and central compartment
(kpc). The individual model parameters resulting from
®tting of a two-compartment, open, linear model to the
plasma Pc4 concentration-versus-time data from each
study are displayed in Table 3, as are the values for t1/2a,
t1/2b, CLtb, and Vdss that were derived from these
parameters.

Unfortunately, Pc4, at the concentrations used to
study plasma protein binding, bound quantitatively to

Table 1 Concentrations of Pc4 in plasma of mice injected with various i.v. doses and formulations. SD standard deviation, ND not done

Time (h) Dose (mg/kg) and Formulation

40
Dil 12:NaCla

10
Dil 12:NaCl

10
PEG:Tween:POb

4

2
Dil 12:NaCl

2
PEG:Tween:PO4

0.083 8.25 � 0.59c,d,e 2.65 � 0.59 0.85 � 0.15 0.37 � 0.07 0.07 � 0.21
0.167 4.31 � 0.44 1.6 � 0.16 0.32 � 0.02 0.28 � 0.04 0.43 � 0.06
0.25 3.15 � 0.17 1.26 � 0.08 0.29 � 0.03 0.19 � 0.01 0.41 � 0.06
0.5 2.18 � 0.62 0.99 � 0.13 0.25 � 0.04 0.12 � 0.03 0.27 � 0.03
0.75 2.0 � 0.28 0.9 � 0.07 0.22 � 0.01 0.14 � 0.01 0.23 � 0.03
1 1.65 � 0.04 0.79 � 0.18 0.23 � 0.40 0.11 � 0.03 0.17 � 0.04
1.5 1.46 � 0.09 0.84 � 0.1 0.26 � 0.07 0.14 � 0.02 0.17 � 0.03
2 1.05 � 0.09 0.8 � 0.05 0.25f 0.11 � 0.02 0.18 � 0.02
3 1.12 � 0.09 0.7 � 0.12 0.29 � 0.05 0.11 � 0.01 0.19 � 0.01
4 1.11 � 0.14 0.68 � 0.03 0.17 � 0.13 0.1 � 0.01 0.17 � 0
6 1.23 � 0.18 0.95 � 0.15 0.42 � 0.11 0.06 � 0 0.16 � 0.02
8 0.97 � 0.29 0.68 � 0.34 0.18 � 0.1 0.06 � 0.01 0.18 � 0.04
16 0.46 � 0.48 0.7 � 0.06 0.41 � 0.01 0.04 � 0.01 0.1 � 0.01
24 0.31 � 0.04 0.26 � 0.12 0.15 � 0.01 0.03 � 0 0.06 � 0.02
48 0.25 � 0.06 0.15 � 0.7 0.12 � 0.08 0.04 � 0 0.03 � 0.01
72 0.1 � 0.04 0.06 � 0.04 0.01 � 0.01 0.04 � 0.02 0.01 � 0
96 0.08 � 0.06 0.08 � 0.1 0.02 � 0.01 0.02 � 0.02 0.01 � 0
120 0.03 � 0.05 0.05 � 0.02 0.03 � 0.03 0.02 � 0 0
144 0.04 � 0.02 ND 0 0 0
168 0.03 � 0.02 ND 0 0 0

aDiluent 12:0.154 M NaCl (1:3, v:v)
b Polyethylene glycol:Tween 80:sodium phosphate bu�er (40:0.2:59.8, v:v:v)
cMean � SD
dlg/ml
e n = 3
f n = 1
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the membranes of Amicon Centrifree devices and to the
membrane separating the 2 halves of the equilibrium
dialysis chambers so that none of the drug present in the
0.154 M NaCl or phosphate-bu�ered saline solutions
was detectable in the ultra®ltrates or dialysates prepared
from those solutions. Therefore, no data describing the
extent of binding of Pc4 to mouse plasma proteins could
be obtained.

Urinary excretion of Pc4

Minimal amounts of Pc4 were detected in the urine of
mice (Table 4). In groups of mice injected i.v. with
40 mg/kg, between 0.014 and 0.093% of the adminis-
tered dose was accounted for by urinary excretion of
parent compound in the ®rst 24 h after injection, and the
cumulative excretion over 144 h and 168 h was 0.107%
and 0.248%, respectively. In mice injected i.v. with
10 mg/kg of Pc4 in diluent 12:0.154 M NaCl (1:3, v:v),
urinary excretion of parent compound accounted for
0.05% of the administered dose in the ®rst 24 h after
injection, and the cumulative excretion over 120 h was
0.116%. In mice injected i.v. with Pc4 at 2 mg/kg in
polyethylene glycol:Tween 80:sodium phosphate bu�er
(40:0.2:59.8, v:v:v), between 0.042% and 0.073% of the

administered dose was accounted for by urinary excre-
tion in the ®rst 24 h after injection, and the cumulative
excretion over 144 h and 168 h was 0.27% and 0.41%,
respectively.

Tissue Pc4 concentrations following i.v. administration

After i.v. bolus delivery to mice, Pc4 distributed rapidly
to all tissues and persisted in most tissues for the dura-
tion of each pharmacokinetic study (Tables 5±8). In mice
receiving 40-mg/kg and 10-mg/kg doses of Pc4 formu-
lated in diluent 12:0.154 M NaCl (1:3, v:v), tissue con-
centrations of Pc4 were ³ those in concomitant plasma
samples by 10 min after injection of drug (Tables 5 and
6). When Pc4 was delivered in polyethylene gly-
col:Tween 80:sodium phosphate bu�er (40:0.2:59.8,
v:v:v), this pattern was altered in that concentrations of
Pc4 in brain were less than concomitant plasma con-
centrations until 8±24 h after injection of drug. Fur-
thermore, delivery of Pc4 in the polyethylene
glycol:Tween 80:sodium phosphate bu�er produced
much lower concentrations of drug in the brain than did
delivery of Pc4 formulated in diluent 12:0.154 M NaCl
(1:3, v:v) (Tables 5±8). Tissue exposure, as measured by
AUC, increased in a dose-dependent fashion (Table 9).

Table 2 Non-compartmental pharmacokinetic analyses of Pc4 plasma concentration-versus-time curves. AUC0±inf area under the curve
from time zero to in®nity, t1/2 terminal half-life, VDSS steady-state volume of distribution, CLtb total body clearance

Dose (mg/kg)

40 10 10 2 2

Vehicle dil 12:NaCla dil 12:NaCl PEG:Tween:POb
4 dil 12:NaCl PEG:Tween:PO4

AUC0±inf 36.2 22.8 12 5.3 4.8
t1/2 (h) 39 24.5 31.8 24.1 46.6
VDSS (ml/kg) 46 900 15 900 41 500 10 700 25 500
CLtb (ml/h/kg) 1106 439 831 376 414

aDiluent 12:0.154 M NaCl (1:3, v:v)
b Polyethylene glycol:Tween 80:sodium phosphate bu�er (40:0.2:59.8, v:v:v)

Dose (mg/kg)

40 10 10 2 2

Vehicle dil 12:NaCla dil 12:NaCl PEG:Tween:POb
4 dil 12:NaCl PEG:Tween:PO4

Parameter
V (ml/kg) 4396 2049 397 2232 5284
ke (h) 0.1713 0.1475 1.526 0.1578 0.0647
kcp (h) 3.321 7.863 43.77 3.42 2.265
kpc (h) 0.5653 1.812 0.585 1.041 0.7944
t1/2a (h) 0.018 0.07 0.02 0.1512 0.22
t1/2b (h) 28.06 25.4 35.6 19.4 41.9
CLtb (ml/h/kg) 753 302 606 352 342
VdSS (ml/kg) 29360 10940 30100 9567 20350

aDiluent 12:0.154 M NaCl (1:3, v:v)
b Polyethylene glycol:Tween 80:sodium phosphate bu�er (40:0.2:59.8, v:v:v)

Table 3 Pharmacokinetic parameters resulting from ®tting of a
two±compartment, open, linear model to plasma Pc4 concentra-
tion-versus-time data. V volume of the central compartment, ke
elimination constant, kcp transfer constants between central and

peripheral compartment and between peripheral compartment
(kpc), t1/2a h, t1/2b h, CLtb total body clearance, VDSS steady-state
volume of distribution
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Discussion

Although it is too early to de®ne the ultimate role of
PDT in cancer treatment, there continues to be much
research activity in this area [17, 21, 40, 46, 51, 54].
Studies are ongoing to de®ne basic cellular and molec-
ular mechanisms underlying the e�ects produced by
PDT. Similarly, there are ongoing e�orts to develop new
PDT-sensitizing agents with superior or more desirable
properties than are available in currently employed
agents [2, 7, 14, 17, 41, 42], and to develop better in-
strumentation with which to deliver the light required to
activate those agents [13, 17, 43, 53, 57, 61].

The studies presented in the current paper were
undertaken to develop information on the new PDT-
sensitizing agent, Pc4, with the intent that such infor-
mation would assist in its clinical evaluation and
development. Relevant results from those studies include
both methodological and pharmacological information

related to Pc4. The HPLC method developed to quantify
Pc4 should be directly applicable to clinical trials. It is
facile, speci®c, and sensitive enough for measurement of
Pc4 in tissue as well as plasma samples from patients
receiving Pc4. Such measurements should facilitate in-
tegration of the pharmacokinetics of the drug with the
clinical e�ects it produces. Obviously, the HPLC method
should be applicable in additional pre-clinical studies
that might be undertaken before, in concert with, or
subsequent to the initiation of clinical trials of Pc4. Al-
though the utility of the HPLC method in studies eval-
uating Pc4 as a means to remove pathogens from red
blood cell concentrates [19, 26, 28, 60] may be less ob-
vious, its availability could conceivably enhance such
work.

The demonstration that a vehicle containing diluent
12 and 0.154 M NaCl allows i.v. delivery of the rela-
tively hydrophobic Pc4 molecule has obvious clinical
impact. In fact, clinical formulation of Pc4 will utilize a
vehicle containing diluent 12 and 0.154 M NaCl.

The pharmacokinetic and preliminary toxicology
data generated by the current studies also have direct
clinical implications. Pc4 is widely distributed to tissues
and persists in them for a prolonged period of time.
Furthermore, the data demonstrate that increased doses
of Pc4 produce increased, although not necessarily
proportional increases, in tissue concentrations and ex-
posures of Pc4. The pulmonary toxicity observed with
the 80-mg/kg dose of Pc4 is likely secondary to precip-
itation of the agent in plasma with subsequent pulmo-
nary sequestration and in¯ammatory reaction.
Fortunately, this reaction was not observed with the 10-
mg/kg and 2-mg/kg doses of Pc4, which are much more
re¯ective of the doses used in preclinical in vivo studies

Table 4 Urinary excretion of Pc4 by mice. ND not done

Dose
(mg/kg)

Vehicle Excretion
0±24 h
(% of dose)

Excretion
0±168 h
(% of dose)

40 dil 12:NaCla 0.014±0.93 0.248
10 dil 12:NaCl 0.05 0.116c

10 PEG:Tween:POb
4 ND ND

2 PEG:Tween:PO4 0.042±0.073 0.41
2 dil 12:NaCl ND ND

aDiluent 12: 0.154 M NaCl (1:3, v:v)
b Polyethylene glycol:Tween80:sodium phosphate bu�er (40:0.2:
59.8, v:v:v)
c 0±120 h

Table 5 Concentrations of Pc4 in plasma and tissue of mice injected with Pc4 dose of 40 mg/kg formulated in diluent 12:0.154 M NaCl
(1:3,v:v)

Time
(h)

Plasma
(lg/ml)

Brain
(lg/g)

Heart
(lg/g)

Lung
(lg/g)

Liver
(lg/g)

Kidney
(lg/g)

Spleen
(lg/g)

Skeletal
muscle
(lg/g)

Fat
(lg/g)

Skin
(lg/g)

0.083 8.25a 5.98 105.02 586.13 92.19 49.17 57.17 6.37 1.85 3.49
0.167 4.31 5.11 59.61 328.54 77.48 40.12 43.62 6.27 5.36 4.29
0.25 3.15 6.07 53.00 236.41 85.67 46.07 57.87 5.19 4.05 3.75
0.5 2.18 4.53 39.41 176.95 95.40 41.45 74.35 6.35 5.72 3.15
0.75 2.00 3.54 51.13 174.31 89.34 48.58 71.06 6.82 5.41 3.74
1 1.65 3.58 49.07 210.82 81.97 51.17 76.90 7.31 9.61 6.77
1.5 1.46 3.19 42.07 119.96 85.35 52.80 79.76 4.29 8.83 5.45
2 1.05 3.52 48.89 101.44 84.87 54.35 70.85 6.10 10.56 5.02
3 1.12 3.72 44.79 117.56 89.80 57.41 96.09 8.05 12.36 4.01
4 1.11 3.11 33.55 112.20 96.20 58.64 114.46 7.27 14.92 6.32
6 1.23 2.71 27.22 156.70 83.57 57.78 116.53 4.64 9.26 5.59
8 0.97 2.68 23.41 122.46 76.54 53.39 145.31 5.69 11.99 5.82
16 0.46 2.07 19.23 127.66 80.30 50.41 125.94 3.40 4.60 4.02
24 0.31 1.78 15.72 75.64 75.42 45.83 97.41 2.05 2.78 3.59
48 0.25 4.65 19.58 84.46 52.36 35.81 77.63 1.87 1.61 2.65
72 0.10 0.69 9.01 96.62 37.32 26.39 72.27 1.67 0.60 2.41
96 0.08 0.99 46.36 89.42 35.95 24.40 37.19 1.43 1.21 1.63
120 0.03 1.33 9.31 47.95 31.56 22.25 42.78 1.36 0.54 1.41
144 0.04 0.51 8.13 5.24 26.51 25.27 70.93 1.00 1.03 1.63
168 0.03 0.30 6.46 3.48 27.02 29.83 39.26 1.08 0.88 1.12

aMean of samples from three mice at each time
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of the drug and of the doses proposed for clinical use.
The concentrations of Pc4 documented in skin have
obvious clinical implications in view of the proposed use
of Pc4 to treat cutaneous malignancies and the potential
for Pc4-related cutaneous photosensitivity. The very
small amount of Pc4 excreted in the urine argues against
renal excretion being a major route of clearance of the
drug and implies that Pc4 might be given to patients
with renal impairment. We did not observe any obvious
metabolites of Pc4 in plasma or tissue of mice given the

drug; however, it is possible that our HPLC method,
which monitored high wavelengths of light, was not
suitable for detection of such chemical entities, especially
if their structures included major alterations of the light-
absorbing phthalocyanine moiety.

In summary, we have developed a facile and sensitive
HPLC technique for quantifying Pc4 in biological ma-
trices and have applied that method to a series of
pharmacokinetic studies wherein we have characterized
the plasma pharmacokinetics and tissue concentrations

Table 6 Concentrations of Pc4 in plasma and tissues of mice injected with a Pc4 dose of 10 mg/kg formulated in diluent 12:0.154 M NaCl
(1:3, v:v)

Time
(h)

Plasma
(lg/ml)

Brain
(lg/g)

Heart
(lg/g)

Lung
(lg/g)

Liver
(lg/g)

Kidney
(lg/g)

Spleen
(lg/g)

Skeletal
muscle
(lg/g)

Fat
(lg/g)

Skin
(lg/g)

0.083 2.65a 1.55 41.64 72.49 41.54 18.15 31.58 2.93 2.20 1.15
0.167 1.60 1.74 44.92 103.52 34.51 16.93 24.60 2.88 3.25 1.48
0.25 1.26 1.30 33.96 110.71 37.09 19.49 29.37 3.12 2.76 1.29
0.5 0.99 0.96 12.34 60.92 35.70 19.98 27.52 3.18 6.29 1.69
0.75 0.90 1.12 28.34 86.12 37.48 24.25 32.35 7.35 5.86 2.09
1 0.79 0.61 23.17 56.13 37.47 24.13 31.11 5.46 8.30 1.85
1.5 0.84 0.94 31.17 56.37 34.97 25.54 44.05 2.93 6.20 2.10
2 0.80 1.37 20.91 58.62 30.72 26.03 63.24 3.11 18.60 2.19
3 0.70 0.82 19.24 53.08 38.27 28.24 46.20 5.91 5.75 1.95
4 0.68 0.76 10.71 44.84 33.71 24.51 35.45 5.38 2.98 2.02
6 0.95 0.89 5.19 39.48 28.98 25.97 34.60 3.78 11.36 2.24
8 0.68 0.00 14.62 35.67 25.01 21.38 29.18 2.55 8.85 1.93
16 0.70 1.27 13.91 25.44 24.15 19.31 37.74 1.98 6.31 2.35
24 0.26 0.91 10.79 29.00 20.54 15.30 27.88 1.08 3.49 0.95
48 0.15 0.33 11.37 39.64 10.03 7.30 22.66 0.40 2.24 0.85
72 0.06 0.18 7.25 17.18 7.29 6.15 14.27 0.40 1.90 0.47
96 0.08 0.29 4.97 30.79 6.87 6.25 10.36 0.44 0.57 0.39
120 0.05 0.21 7.54 14.36 7.52 7.54 7.60 0.46 1.09 0.40

aMean of samples from three mice at each time

Table 7 Concentrations of Pc4 in plasma and tissues of mice injected with a Pc4 dose of 10 mg/kg formulated in polyethylene gly-
col:Tween 80:sodium phosphate bu�er (40:0.2:59.8, v:v:v). SL sample lost

Time
(h)

Plasma
(lg/ml)

Brain
(lg/g)

Heart
(lg/g)

Lung
(lg/g)

Liver
(lg/g)

Kidney
(lg/g)

Spleen
(lg/g)

Skeletal
muscle
(lg/g)

Skin
(lg/g)

0.083 0.85a 0.25 9.86 44.16 S.L.b 9.18 0.45 2.02 1.29
0.167 0.32 0.18 6.03 28.79 1.51 7.52 0.76 1.16 1.12
0.25 0.29 0.10 8.41 23.48 2.10 9.54 0.41 2.64 1.31
0.5 0.25 0.12 8.02 14.12 2.01 13.68 0.82 4.22 1.53
0.75 0.22 0.10 7.73 13.76 1.93 14.17 0.61 3.28 1.63
1 0.23 0.11 9.21 24.18 2.30 14.25 0.72 3.31 2.77
1.5 0.26 0.09 4.85 18.15 1.21 16.96 0.77 3.26 1.96
2 0.25 0.08 5.05 31.80 1.26 15.56 0.77 3.08 1.80
3 0.29 0.16 4.17 30.26 1.04 17.75 1.32 3.79 2.46
4 0.17 0.21 3.77 22.93 0.94 19.85 1.84 4.10 2.47
6 0.42 0.14 5.12 30.30 1.28 21.80 1.01 4.75 3.18
8 0.18 0.18 2.76 17.13 0.69 16.44 1.11 2.92 2.55
16 0.41 0.21 1.80 19.55 0.45 18.79 0.54 2.55 3.20
24 0.15 0.32 1.70 12.48 0.42 16.54 1.10 2.27 2.86
48 0.12 0.14 1.51 9.25 0.38 8.03 0.38 1.16 2.18
72 0.01 0.09 1.01 5.63 0.25 4.37 0.29 0.68 1.26
96 0.02 0.08 1.23 3.85 0.31 4.31 0.15 0.66 0.66
120 0.03 0.01 0.72 2.08 0.18 2.95 0.17 0.56 0.57
144 0.00 0.00 1.06 1.82 0.26 2.69 0.09 0.30 0.36
168 0.01 0.00 0.03 1.95 0.18 2.51 0.08 0.23 0.31

aMean of samples from three mice of each time
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associated with a variety of doses of Pc4. These data
have assisted in the design of clinical trials of Pc4 that
are being initiated and which are being planned. Fur-
thermore, the HPLC method is being used, or planned
for use, in those studies.
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