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Water-soluble aluminium phthalocyanine-polymer
conjugates for PDT: photodynamic activities and
pharmacokinetics in tumour-bearing mice

N Brasseur, R Ouellet, C La Madeleine and JE van Lier

MRC Group in the Radiation Sciences, Faculty of Medicine, Université de Sherbrooke, Sherbrooke, Québec, J1H 5N4, Canada

Summary The potential use of unsubstituted aluminium phthalocyanine (AICIPc) as a sensitizer for photodynamic therapy (PDT) of cancer
has not been fully exploited in spite of its higher efficiency as compared to the sulphonated derivatives. This is largely due to the strong
hydrophobic character of AICIPc which renders the material difficult to formulate for in vivo administration. We prepared two water-soluble
derivatives of AICIPc by axial coordination of polyethyleneglycol (PEG, MW 2000) or polyvinylalcohol (PVA, MW 13 000-23 000) to the central
aluminium ion. Their photodynamic activities were evaluated in vitro against the EMT-6 mouse mammary tumour cells and in vivo against the
EMT-6 and the colon carcinoma Colo-26 tumours implanted intradermally in Balb/c mice. Pharmacokinetics were studied in the EMT-6
tumour-bearing mice. After 1 h incubation, the light dose required to kill 90% of cells (LD,) was at least three times less for AICIPc
(Cremophor emulsion) as compared to AIPc—PEG and AIPc—PVA, while after 24 h incubation all three preparations were highly phototoxic.
All three dye preparations induced complete EMT-6 tumour regression in 75-100% of animals at a low drug dose (0.25 pmol kg*) following
PDT (400 J cm~2, 650—-700 nm) at 24 h pi. Complete tumour regression in the Colo-26 tumour model was obtained in 30% of mice at a dose
of 2 umol kg=. In the non-cured animals, AIPc—PVA induced the most significant tumour growth delay. This dye showed a prolonged plasma
half-life (6.8 h) as compared to AICIPc (2.6 h) and AIPc—-PEG (23 min), lower retention by liver and spleen and higher tumour-to-skin
and tumour-to-muscle ratios. Our data demonstrate that addition of hydrophilic axial ligands to AlPc, while modifying in vitro and in vivo
kinetics, does not reduce the PDT efficiency of the parent molecule. Moreover, in the case of the polyvinylalcohol derivative, axial coordination
confers advantageous pharmacokinetics to AlPc, which makes this photosensitizer a valuable, water soluble candidate drug for clinical PDT
of cancer.
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Among the second-generation photosensitizers (PS) developed fi@vel and in tumour-bearing mice (Brasseur et al, 1987, 1988;
the treatment of neoplastic diseases by photodynamic therafdaquette et al, 1988; Berg et al, 1989; Chan et al, 1990, 1991;
(PDT) (Kessel, 1996; Ochsner, 1997), metallo-phthalocyanineMargaron et al, 199§. The potential of the water-soluble
(MePc) have been proposed (Spikes, 1986; van Lier, 199Gluminium sulphophthalocyanine (AIPcS) to generate activated
Rosenthal, 1991) as an alternative to Photofrin (PII), the only P8xygen species (Sharman et al, 1999) and to induce a photo-
currently approved for clinical use. Their stronger absorptiordynamic response in vivo has been widely evaluated, and a
in the red part of the spectrum (molar extinction coefficient,mixture of AIPcS bearing 2-4 sulphonato groups per Pc
2.5x10° Mtcnrtat 675 nm), where the depth of light penetration (Photosense) is used extensively and successfully in clinical PDT
in tissues is twice that obtained at 630 nm with PIlI (Svaasandn Russia (Zharkova et al, 1994). Furthermore, the di-sulphonated
1984), together with their chemical homogeneity and their lowederivative has been shown to induce tumour regression mainly via
potential to induce cutaneous photosensitivity (Roberts et al, 198@irect tumour cell kill rather than damage to the tumour vascula-
Tralau et al, 1989) are major advantages over PII. ture, as observed for PII (Chan et al, 1996; Margaron et alp1996
Unsubstituted MePc are not soluble in physiological solvent§he unsubstituted AICIPc has, however, attracted less attention
and their in vivo administration relies upon their incorporation intoeven though it has been shown that this compound formulated as ¢
carriers, such as the liposomal formulation of ZnPc (Isele et alCremophor emulsion was preferentially retained by a gliosarcoma
1995), or their chemical conversion into water-soluble dyes by thand was able to induce tumour necrosis in this model (Dereski
attachment of selected substituents onto the benzene rings of tbeal, 1994). More recently, we demonstrated that the Cremophor-
macrocycle. An inverse relationship was related between thBormulated AICIPc was more effective in inducing tumour regres-
degree of substitution by sulphonato groups of MePc and thesion in EMT-6 tumour-bearing mice than the mono- through
hydrophobicity and photodynamic activities, both at the cellulartetrasulphonated derivatives, while exerting relatively minor
effects against normal tissues (Chan et al, 1997). The low dosage
required together with the absence of systemic toxicity, even at
much higher doses, renders the AICIPc Cremophor emulsion one
of the most potent photosensitizer preparations currently available
in terms of therapeutic window. However, Cremophor oil is known
Correspondence to:: JE van Lier to induce unwanted side-effects in patients (Dye and Watkins,
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Figure 1  Structural formula of AIPc—PEG (5) (x = -O-PEG) and AlPc-PVA
(10) (x = -(CH,),CONH(CH,),NH-PVA). See also Schemes 1 and 2
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Figure 2 UV-vis spectrum of AIPc—PEG at 1 min, 30 min, 45 min, 1 h, 16 h
and 24 h after dilution at 2.8 10° M in DMF. The peaks characteristic for the
monomeric dye at 604 and 670 nm increase while the peak of the aggregate
at 634 nm decreases

AlIPc—PEG and —PVA conjugates. The photodynamic activity of
these two analogues was evaluated and compared with that of the
unsubstituted AICIPc in vitro against the EMT-6 mouse mammary
tumour cell line and in vivo against the EMT-6 and the colon carci-
noma Colo-26 tumours implanted intradermally (i.d.) in Balb/c
mice. Pharmacokinetics were performed in the EMT-6 tumour-
bearing mice. In spite of differences in the biodistribution pattern
of the three dye preparations, the coordination of polymeric, axial
ligands to AlPc does not reduce its photoefficiency and results in
potent, water-soluble photosensitizer preparations.

MATERIALS AND METHODS

Chemistry

General

The UV-vis spectra were recorded with a Hitachi U-2000 spectro-
photometer. All solvents and chemicals were purchased from
Aldrich Chemical Co. (Milwaukee, WI, USA) and were used
without further purification. PEG with a MW 2000 g and an
average degree of polymerization of 43, PVA (MW 13x28¥)

and AICIPc, were obtained from Aldrich. The Bolton-Hunter
reagent was obtained from Pierce (Rockford, IL, USA).

Reaction of AICIPC with PEG-2000

In order to activate the PEG)(to react with AICIPc, the material
was converted in a three-step reaction to a phenoxy derivdjive (
(Scheme 1). Briefly this involved substitution of the free hydroxyl
groups with chloro groups through a reaction with thionyl chloride
to yield2, followed by a reaction with 4-benzyloxyphenol to yield
the protected benzylphenoxy-PEG derivati3¢ (Casnati et al,
1997) which upon hydrolysis gives the activated phenoxy-PEG

1980). On such account we conjectured that the coordination of@). Reaction of4 with AICIPc, silver carbonate and silver

biologically acceptable polymer on the centraf*Abn would

perchlorate under Koenigs—Knorr conditions in DMF (Egan,

confer water solubility to AlPc without changing the electronic1972; Wulff and Réhle, 1974) afforded the axial substituted
structure and photochemical properties, and without adding anflPc—PEG §) (Figure 1). The mass spectra of all PEG derivatives
isomerism. By adapting the reaction of Koenigs—Knorr, it wasfailed to show any molecular ions above 2500. Evidence of the
possible to attach a phenolic polyethyleneglycol (PEG) or aeaction with AICIPc was ascertained by the water solubility of the
phenolic polyvinylalcohol (PVA) via a coordination bond, axial coordinated AIPc—-PEGS) and its characteristic UV-vis

replacing the CI substituent of AICIPc, to obtain water-solublespectrum (Figure 2). The peak at 670 nm, typical for monomeric
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AlPc, increases with time after dilution 8fin DMF, suggesting  After incubation, the cells were rinsed twice with PBS, refed with
aggregation of AIPc—PEG in aqueous solution. Direct mixing ofLOOul Waymouth’s medium and exposed to red light. The light
AICIPc and PEG did not give a blue aqueous solution, confirmingource consisted of two 500 W tungsten/halogen lamps (GTE

that PEG alone was not able to solubilize AICIPc. Sylvania, Montreal, Canada) fitted with a circulating, refrigerated,
aqueous Rhodamine filter. The fluence rate calculated over the
Reaction of AICIPc with PVA absorbance peak of the aluminium phthalocyanine (660—700 nm)

The PVA was activated as a phenoxy derivative attached twas 10 mW cn? for a maximum total fluence of 36 J cinThe
the PVA via an amine substituent (Scheme 2). Briefly, the PVAcells were incubated at 32 and 5% carbon dioxide overnight
(6) was reacted with 2-fluort-methylpyridinium p-toluene- before assessing cell viability. Fifty-microlitres of a fivefold
sulphonate to activate the hydroxyl groups, i.e. compolind diluted MTT stock solution (Aldrich, Milwaukee, WI, USA; 5 mg
(Jiang et al, 1990), that were then attacked by the nucleophiliml* PBS) in Waymouth’s medium were added to each well. After
1,3-diaminopropane to give the polyamino-P8AAn average of 3 h, 100ul sodium dodecyl sulphate (SDS; Gibco) 10% in 01
ten amines per PVA was calculated after the reaction with sodiurnydrochloric acid was added in the wells. Plates were incubated
benzenetrinitrosulphonate (Fields, 1972). Compo8invdas then  overnight at 37C whereafter the absorbance was read at 595 nm
coupled via an amide linkage using the Bolton-Hunter reagent, tby means of a microplate reader (Bio-Rad, Mississauga, Ontario,
yield the activated phenolic PVA) This phenolic polymer was Canada). The average absorbance of the blank wells in which cells
condensed with AICIPc as described for PEG above to give therere omitted was subtracted from the readings of the other wells.
axial substituted AlIPc—PVAO (Figure 1), which was character- The average absorbance of the control cells, which were incubated
ized by its UV-vis absorption spectrum. Details of the synthetiavith dye-free Waymouth's 1% FBS, represents 100% cell survival.
procedures will be published elsewhere. The light dose required to inactivate 90% of the cells () @as

The final stock solutions of the conjugates remained stablesxtrapolated from the survival curves. Eightfold replicates were
even after 3 months at room temperature, as evidenced by then per drug and light dose and each experiment was repeated a
absence of precipitate (0.4n-filter) and integrity of the absorp- least three times.
tion spectrum.

Tumour models
Biological studies Experiments were performed on male BALB/c mice (18-22 g)
) (Charles River Breeding Laboratories, Montreal, Canada) bearing
Drug formulation the EMT-6 or the Colo-26 tumour following a protocol approved

AICIPc was formulated in an oil emulsion containing 10% py the Canadian Council on Animal Care and an in-house ethics
Cremophor EL (Sigma) and 3% 1,2-propanediol (Sigma) incommittee. The animals were allowed free access to water and
phosphate-buffered saline (PBS). After dissolution of AICIPc in &g throughout the course of the experiments. Before tumour
minimal volume of ethanol, Cremophor and 1,2-propanediol Wel¢mplantation, hair on the hind legs and back of the mice was
added under sonication, whereafter ethanol was evaporated unggmoved by shaving and chemical depilating (Nair, Whitehall,
vacuum. The solution was diluted with PBS pH 7.4 and filteredyjississauga, Canada). One EMT-6 tumour (2-3 for the biodistrib-
(Millipore, 0.22um). AlPc—PEG and AlPc-PVA were prepared tjon) was implanted on each hind thigh by i.d. injection fl®?

in PBS. The final concentrations of the polymeric Pcs were deteisg||s suspended in 0.05 ml growth medium. In the case of the
mined spectroscopically 24 h after dilution in DMF to ensureco|o-26 tumour, one tumour was implanted i.d. on the right hind

complete monomerizatiore € 2.5 x 10° M~ cnr* at ~670 nm).  thigh only, by inoculation of ¥ 1° Colo-26 cells, to allow for a
Solutions were kept in the dark and stored at room temperature. |onger follow-up of the tumour regrowth after PDT.

Cells o _ Biodistribution

Mouse mammary tumour, EMT-6 cells were maintained iNyjice were used 10 or 11 days after cell inoculation when the
Waymouth's medium (Gibco, Burlington, Canada) supplementedymour diameter and thickness reached 4-8 mm and 2-4 mm
with 15% fetal bovine serum (FBS, ICN, Aurora, Ohio) and 1%yespectively. Tumour-bearing mice were injected intravenously
L-glutamin (Gibco). Mouse colon a_denocarcmoma, Colo-26 cell%_vl) via the caudal vein with @gmol kg of dye (0.2 ml per 20 g
(Tsuruo et al, 1983) were obtained from Dr B Henderson,ogy weight). At different time intervals after dye administration
(Rosswell Park Cancer Institute, Buffalo, NY, USA) and main-(5 min to 1 week), blood was collected by intracardiac puncture by
tained in vivo by successive intradermal inoculation of thawegyneans of a heparinized syringe, whereafter the animaist(per
cells and freezing of fresh cells prepared from homogenize§me interval) were sacrificed. The blood was centrifuged in

tumours. Eppendorf tubes for 5 min at 20@@nd the plasma was collected.
One hundred microlitres of plasma or blood were mixed with
Cellular photoinactivation 1.9 ml DMF. Organs and tissues of interest were removed, washed

Cell survival was estimated by means of the colourimetric MTTwith saline (0.9%) and blotted dry. Whole tumours (2-3), aliquots
(3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) of other organs and minced skin (80-150 mg) were homogenized
assay (Tada et al, 1986). Briefly, 26 10° EMT-6 cells per with a 20-fold volume of DMF using a Polytrofitted with a

well were inoculated in 100l Waymouth’s growth medium in  PT 10/35 rotor (Brinkmann, Mississauga, Canada). After over-
96-multi-well plates and incubated overnight at@7and 5% night incubation at room temperature, the homogenates were
carbon dioxide. The cells were rinsed twice with PBS and incueentrifuged at 4C (3500 rpm for 20 min). The dye concentration
bated with 10Qul of the drug at M in Waymouth’s medium in the clear supernatant was assayed by fluorescence
containing 1% FBS for 1 or 24 h at°® and 5% carbon dioxide. (Fluorescence spectrophotometer F-2000, Hitachi, Tokyo, Japan)
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that appeared macroscopically as flat and necrotic tissues within a
10 | few days after PDT. Animals were considered cured when a
complete tumour regression, defined as the absence of a palpable
tumour, was seen at 3 weeks after PDT. In the case of the Colo-26
tumour, the percentage of cured animals was low. Therefore, the
anti-tumour activity was further evaluated in non-cured mice
through a growth-delay analysis. Tumour volume was measured
1 . . ‘ externally with a calliper according to an hemiellipsoid model [V
20 30 = 1/2 (4v3) x (1/2) x (w/2) x h, | = length, w = width, h = height].

Jom—2 No correction was made for skin thickness. Tumour regrowth
Figure 3  Effect of light dose (J cm=) on EMT-6 cell survival after 1 h (top) curves were plotted for each treaFed_ tL.JmOUI’ and the time_ in days
Ao (bottom) e bation with 1 i AICIPE (@), AIPCPEG (o) and P for a tumour to grow to 20 times its initial volume at the time of
AlPc—PVA () phototreatment (Vo) was determined. Then, the measng.m.)

was calculated for each treatment group= (6-8). In the case of

the controls, the volume of 45 untreated tumours was plotted

against the time post-inoculation and the time in days required to
(A, 606 nm,A_ ~680 nm; band pass 5Snm and 10 nm respecieach 20 times the mean initial volume of the treated tumours
tively). Calibration curves were established by adding knowrbroup at the time of phototreatment (Vo: 8.9.6 mn?) was deter-
amounts of dye to 100l plasma or blood or 80-150 mg of tissué mined from the regression curve (Figure 6A). The significance of
samples from control mice, whereafter the tissues were treated g% gifference in tumour growth time between the treated and the

described above. No fluorescence was found in control tisSUgontrol group and among the treated groups was assessed by the
samples to which no dye had been added. Plasma half-lives wegg,dent's-test for unpaired values.

calculated by means of the Pharmkit program (version 3.00;
Johnston and Woollard R, 1990).

Cell survival (%)

o
=
o

RESULTS

Photodynamic therapy

For PDT studies, mice were used 6-8 days after tumour inocul
tion (tumour size: 3-5 mm diameter, 2—3 mm thickness). Animal$hotosensitization of EMT-6 cells by AlPc derivatives is shown
were given an i.v. injection of drugs at 0.25+tfol kg* (0.2 ml in Figure 3 after 1 and 24 h incubation withusk dye. No dark

per 20 g body weight) and the right tumour was treated with redytotoxicity was observed under these conditions. The light dose
light 24 h later. In the case of the EMT-6 tumour, the left tumourequired to kill 90% of cells (L[) after 1 h incubation was
served as a control and animals were discarded from the analyd4i8.5 J cr? for AICIPc and more than 36 J ctfior AIPc—PEG and
when the control tumour underwent spontaneous regression @iPc—PVA. Increasing the incubation times to 24 h decreased the
showed abnormally slow growth. This was never observed witt D, to 4.5, 6 and 8.5 J cfirespectively.

Colo-26 tumour model in control animals. Tumours were illumi-

nated with a 8 mm diameter beam of 650-700 nm IightBiodistribution studies

(200 mW cm? for a total fluence of 400 J cf) generated by a

1000 W Xenon lamp, equipped with a 10 cm circulating waterPlasma clearance of AICIPc and AlPc conjugdesnd 10 is

filter and two glass filters (Corion LL650 and LS700, Holliston, shown in Figure 4. The half-life was 23 min, 2.6 h and 6.8 h for
MA, USA). A positive tumour response was assigned to tumouré&lPc—PEG §), AICIPc and AlPc—PVA 10) respectively. A high

agellular photoinactivation
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Figure 5 Tissue concentrations in %ID g (mean * s.e.m.) of AICIPc (O), AIPc-PEG (o) and AlPc-PVA (0J) as a function of time after i.v. injection of 2 pmol
kg™ in EMT-6 tumour bearing mice (n = 4)

Table 1  Tumour-to-plasma and tumour-to-tissues ratios for AICIPc,
AlPc-PEG and AlPc-PVA as a function of time (h) after i.v. injection of

2 umol kg in EMT-6 tumour-bearing mice (n = 4) -
800 1 Controls
6h 24h 48 h 168 h
AICIPc in Cremophor emulsion &~ 600 -
Tumour-to-plasma 0.4 >> >> >> £
Tumour-to-skin 35 5.3 33 2.0 £
Tumour-to-tumour skin 1.0 1.0 0.7 0.9 g
Tumour-to-muscle - 16.9 19.5 >> 2 400 1
>
AlPc-PEG in PBS 5
Tumour-to-plasma - >> - >> g
Tumour-to-skin - 8.8 - 1.2 = 200 1
Tumour-to-tumour skin - 19 - 13
Tumour-to-muscle - >> - >>
01 n=45
AlPc-PVA in PBS
Tumour-to-plasma 0.1 1.3 21.3 >> T T T T T T " T - ;
Tumour-to-skin _ 125 9.8 8.2 0 5 10 15 20 25 30 35 40 45 50 55
Tumour-to-tumour skin 0.6 0.6 0.7 0.7 Days post-inoculation
Tumour-to-muscle 12.6 26.9 32.3 27.0

Figure 6 Growth of Colo-26 tumour in control mice (n = 45)
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Table 2 Tumour response induced in Balb/c mice by AlPc- and Pll-mediated PDT (24 h p.i., 200 m W cm~2, 400 J cm)

PDT treatment n Vo?@ Tumour response (% of mice) Oedema ¢
Drug dose Regrowth to
pmol kg * 20 Vo©
(mg kg ) mm?3 (sem) Regression ° Cure® days (s.e.m.)
EMT-6 tumour
AICIPc! 0.25 8 8.7 (0.7) 100 100 + NA
AlPc-PEG 0.25 8 14.9 (1.1) 100 75 ++ NA
AlPc-PVA 0.25 8 11.9 (0.9) 100 100 +++ NA
Plle (5) 10 NA 70 70 . NA
Colo-26 tumour
Controls - 45 8.9 (0.6)" - - - 15.0 (0.3)
AICIPC 2 10 10.3 (1.2) 80 30 ++ 23.5(2.1)
AlPc-PEG 2 9 8.3 (0.5) 100 30 4 30.1(1.7)
AIPc-PVA 2 9 10.3 (1.4) 90 30 . 32.4 (3.4)
Pll (10) 8 7.9 (0.7) 100 0 +++ 24.0 (0.8)

aTumour volume at the time of PDT. Flat and necrotic within 3-5 days after PDT. “Complete tumour regression at 14 days (EMT-6, PlI) or 21 days (EMT-6, Pc)
or 30 days minimum (Colo-26) post-inoculation. ‘Observed 24 h after PDT, (+) light oedema, (++) oedema, (+++) extensive oedema. ¢Time required for a tumour
to reach 20 times the volume at the time of PDT, cured mice were excluded from this analysis. fFrom Chan et al (1997). 9From Brasseur et al (1996). "Mean
tumour volume of the 4 treated groups of non cured tumours (n = 27) was used to calculate 20 Vo in the control group (n = 45). 'Damage to surrounding muscle,
limiting leg mobility and lasting for at least 35 days post-PDT was observed in 30% of mice.

8901 ppotofrin 801 acipe
6001 6001 ;
|
4007 /CF/ 400 J
2007 2007
_ 0] n=8 0] n=7
£ 0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55
£
E
£ 800 800
= AlPc-PEG AlPc—PVA
’
600 //Y ] 600 ; /’ /D
o [ e /
Jo 4 é /] /.
4001 ] il | 4001 [ / /
P Do # /}4 / /
. f /et 7/
2001 / 1/ 2001 /o 4 /
AFA S & ol
‘o__—__—f:f?nﬁ- ~ cedid___ o
01 o6 07 T n=6
0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55

Days post-inoculation

Figure 7 Growth of Colo-26 tumour in mice treated with AICIPc, AIPc-PEG and AlPc-PVA at 2 pmol kg~ and Photofrin at 10 mg kg following PDT at day 6 or
7 after tumour inoculation (n = 6-8). Cured mice were excluded from this analysis
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retention of the dye by the organs of the reticulo-endotheliaporphyrin ether (DHE). In contrast, a water-soluble silicon-naph-
system, i.e. liver and spleen, was seen with all three preparatiotizalocyanine (SiNc) obtained by coordination of two PEG ligands
but was much more elevated for AICIPc and AIPc-PEG(MW 1900) in axial positions to the central metal ion (Bellemo
(Figure 5). Uptake by the lungs was also higher while eliminatioret al, 1992) showed poor tumour selectivity and no photothera-
by the kidneys was somewhat lower for AICIPc and AlPc—PEQGpeutic activity in a MS-2 fibrosarcoma transplanted in Balb/c
as compared to AIPc—PVA. Tumour uptake of AICIPc increasednice, while hydrophobic derivatives of SiNc delivered in lipo-
gradually from 30 min to 6—24 h post-injection (pi), whereafter itsomes (Cuomo et al, 1990) or in Cremophor emulsion (Brasseur
decreased. In the case of AIPc—PVA, the tumour uptake was highet al, 1994) are good tumour photosensitizers. Modified PVA
at 24 h pi and remained stable for 1-week pi. Tumour and tumoufMW 10 000) was also loaded with benzoporphyrin derivative
skin retentions of AIPc—PEG were much lower as compared t@M-PVA-BPD) and tested at a molar ratio of 1:25 in the
AICIPc and AlIPc—PVA. For these two dyes respectively, the skirhabdomyosarcoma implanted in DBA/2 mice (Davis et al, 1993).
overlying the tumour accumulated equivalent or higher amount ofAlthough the level of M-PVA-BPD in tumour tissue was lower
dye than the skin removed at sites away from the tumour (legjhan that of free BPD, it was shown by an in vivo/in vitro assay
This correlates with high vascularization of the skin surroundinghat the conjugate was bound more tightly to the tumour cells and
the tumour. Retention of AlPc by normal skin and muscle wa®ffected higher tumour cell kill when activated by light.

low for all preparations. Tumour-to-tissue ratios are presented in We now described the conjugation of PEG and PVA to AICIPc
Table 1. The highest tumour-to-skin and tumour-to-muscle ratiosia an axial coordination bond. The photodynamic potential of the
were obtained for AIPc—PVA. polymeric AlPc conjugates was first evaluated at the cellular level.
The AICIPc emulsion was more phototoxic than AIPc-PEG and
AlPc—PVA after 1 h incubation, reflecting its faster rate of cellular
uptake. However, after 24 h incubation, differences in photo-
Table 2 presents the tumour response induced by AlPc-mediatedtivity among the three dye preparations were much less
PDT in the EMT-6 and Colo-26 tumour models implanted in Balb/gpronounced. AICIPc¢ photoactivity is consistent with literature data
mice. Complete EMT-6 tumour regression was achieved in 75% dBen-Hur and Rosenthal, 1986; Chan et al, 1987; Daziano et al,
animals or more with 0.25mol kg for all three dye preparations. 1996; Rasch et al, 1996). However, among the phthalocyanines
For comparison, similar tumour control was obtained with 5 mgevaluated in our laboratory, these AlPc derivatives are not the most
kg™ Photofrin. In the Colo-26 tumour model, complete tumouractive on cell cultures. The monosulphododecafluoro zinc Pc
regression was found in 30% of mice witphuRol kg™ for all three  derivative, ZnPcE S,, for example, was much more active (D
dyes. However, differences were noted in the tumour growth delag4 h inc.: 0.25 J cm) but this substantial cellular photoinactiva-

(t in days) measured in the non-cured animals (Figure 6 and Tpn correlated with high level of mortality after PDT in mice
Table 2). Significantly longer delays were obtained for all three dygAllémann et al, 1997). In contrast, in terms of drug dosage
preparations as compared to the control tumoBrs 0.01). In  required for efficient in vivo PDT, AICIPc and its two polymeric
addition, AIPc—PVA (= 32.4+ 3.4) and AlPc-PEGr £ 30.1+ 1.7) conjugates are among the most active phthalocyanines tested tc
gave rise to better growth delay as compared to AlGIP@B8.5+ date in our laboratory (Larroque et al, 1996; Chan et al, 1997;
2.1, P = 0.04). In the case of Photofrin, no tumour cure wasHu et al, 1998). This again confirms that the level of in vitro
observed with 10 mg kgwhile the tumour growth delay extended photoinactivation is not predictive for in vivo photoefficacy.

to 24+ 0.8 days, which was different from the contrct (5+ 0.3, Biodistribution studies performed in EMT-6 tumour-bearing

P < 0.01) and from AIPc—PVAR = 0.02) and AlIPc—PEGP(< mice revealed important differences among the three dyes in the
0.01). Oedema was always less important with AICIPc than witliate of plasmatic clearance as well as in the level of tissue uptake.
PII and the two polymeric AlIPc derivatives. Impaired mobility of It is evident that the delivery vehicle and the polymeric moiety
the treated leg reflecting persistent damage to muscle was seenaifiects the tissue distribution of AIPc substantially. It is well
30% of animals, treated with AIPc—PEG atriol kg In contrast,  known that Cremophor increases the plasma circulation time of a
AICIPc and AIPc—PVA at the same dose did not induce damage wrug by altering plasma lipoproteins and promotes its distribution
leg muscle. to neoplastic tissues (Woodburn et al, 1994), as also observed for
the Cremophor emulsion of AICIP¢ ( 2.6 h). However, impor-

tant and persistent retention of AICIPc by the liver (73% at 1-week
pi) could result in hepatic toxicity. In contrast, AIPc-PEG was
Various photosensitizers have been conjugated to polymericleared readily from the circulation, ( 23 min), while the dye
carriers including chlorine taV-(2-hydroxypropyl)methacryl-  retention by the reticulo-endothelial system was rapid and elevated
amide (Krinick et al, 1994) or to cationic, anionic or neutral poly-resulting in a very low tumour uptake. These data are in agreement
L-lysine (Soukos et al, 1997). Substitution of pollysine with a study on the effect of the molecular weight (MW) of the PEG
chlorine conjugates with PEG increases phototoxicity toward®n its half-life in circulation and its body distribution (Yamaoka et
cancer cells (Hamblin et al, 1998; Rizvi and Hasan, 1998). A tetraal, 1994). Small PEG polymers, such as used in our study (MW
substituted PEG conjugate of the meta-(tetrahydroxyphenyl)2000), tend to freely translocate from the circulation to extravascular
chlorine (m-THPC, Foscan, Temoporfin) is under extensive studjissues, whereas large PEGs translocate more slowly. The plasme
and shows extended plasma half-life, tumour selectivity (Morlehalf-life increases from 18 min to 1 day with increasing PEG MW
et al, 1997; Rheinwald et al, 1998; Rovers et al, 1998) and goddom 6000 to 190 000, whereas liver clearance increases with the
PDT efficacy (Kriiger et al, 1998). Three to four methoxy-PEGincreasing PEG MW. The most interesting pharmacokinetic profile
(MW 5000) linked to tetra-(4-hydroxyphenyl)-porphin (Pomer was obtained with AIPc—PVA, which showed the longest plasma
et al, 1995) improved tumour accumulation in human renal celtirculation time {,, 6.8 h). This effect on the rate of plasmatic
carcinoma transplanted in nude mice as compared to dihaematdearance could relate to the higher MW of the polymer

Photodynamic therapy
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(13 000-23 000), when compared to AIPc—PEG as well as to it8rasseur N, Ali H, Langlois R and van Lier JE (1987) Biological activities of
increased hydrophilicity when compared to AICIPc. AIPc—PVA also phthalocyanines — VII. Photoinactivation of V-79 chinese hamster cells by

e . . selectively sulfonated gallium phthalocyanin@gotochem Photobiol 46:
exhibited the lowest retention by the liver, spleen and lungs, the best _..
tumour-to-skin and tumour-to-muscle ratios (12 and 27 respectivelgrasseur N, Ali H, Langlois R and van Lier JE (1988) Biological activities of
at 24 h pi) as well as the highest and most persistent tumour uptake, phthalocyanines — IX. Photosensitization of V-79 chinese hamster cells and
which allows for repeated PDT treatments. EMT-6 mouse mammary tumor by selectively sulfonated zinc phthalocyanines.

Photochem Photobiol 47: 705-711
P_DT of the EMT-6 t“mour showed th_at water-soluble AIPCBrasseur N, Nguyen T-L, Langlois R, Ouellet R, Marengo S, Houde D and van Lier
conjugates were able to induce substantial tum.our control at the 5 (1994) Synthesis and photodynamic activities of silicon 2,3-
same low drug dose (0.2Bnol kg?') as unsubstituted AICIPc. naphthalocyanine derivativesMed Chem 37: 415420
Due to the well-known immunogenicity of the EMT-6 tumour Brasseur N, Lewis K, Rousseau J and van Lier JE (1996) Measurement of tumor
(Henderson et al, 1985), the photodynamic potential of the conju- vascular damage'ln mice withTc-MIBI following photodynamic therapy.
tes was further evaluated on the Colo-26 tumour model. The, ~/7tochem Photobiol 64: 702-706
ga . . N hgasnati A, Ferdani R, Pochini A and Angaro R (1997) p-(Benzyloxy) calix[8] arene:
absence of immunogenicity of the latter tumour may explain, at  one-pot synthesis and functionalizatiorore Chem 62: 62366239
least in part, the lower level of tumour regression (30% of micehan W-S, Marshall JF, Svensen R, Phillips D and Hart IR (1987) Photosensitising
obtained at higher drug dose@ol kg™). However, significantly activity of phthalocyanine dyes screened against tissue culture cells.
; Photochem Photobiol 45: 757-761
Ionger tumour regrOWth delays were Observeq in the non cqreghan W-S, Marshall JF, Svensen R, Bedwell J and Hart IR (1990) Effect of
FreatEd mice as compr?\red to untreated animals. A two-time sulfonation on the cell and tissue distribution of the photosensitizer aluminum
increase was observed in the case of AIPc—PVA and AIPc—PEG, phthalocyanineCancer Res 50: 4533-4538
while in the case of AICIPc and Pl (10 mgRghe growth delay ~ Chan W-S, West CML, Moore JV and Hart IR (1991) Photocytotoxic efficacy of
was onIy 1.5 times that of the controls. Surprisingly, despite very sulphonated speC|e§ of alumlnqm phthalocyanine against cell monolayers,
o tumour take as compared to AICIPc and AIPc—PVA multicellular spheroids and in vivo tumous.J Cancer 64: 827-832
W 1u ur up i p A . 'Chan W-S, Brasseur N, La Madeleine C and van Lier JE (1996) Evidence for
AlPc—-PEG was able to induce a similar tumour control rate. AlSO, gifferent mechanisms of EMT-6 tumor necrosis by photodynamic therapy with
plasma levels of AIPc—PEG at the time of phototreatment were disulfonated aluminum phthalocyanine or photofrin: tumor cell survival and
below the detection limit. This suggests that the residual amount of ~ blood flow. Anticancer Res 16: 1887-1892

dye present in the tumour is distributed to sites of higher photg="a" W-S: Brasseur N, La Madeleine C, Ouellet R and van Lier JE (1997) Efficacy
and mechanism of aluminum phthalocyanine and its sulphonated derivatives

dy”am"{ sep5|t|V|ty. Wh"e. the photodynamllcl potential of AICIPc mediated photodynamic therapy on murine tumakws.J Cancer 33(11):
was maintained or even increased by addition of a PEG or PVA  1855-1859

molecule, the low extent of oedema induced with the unsubstitute@uomo V, Jori G, Rihter B, Kenney ME and Rodgers MAJ (1990) Liposome-
AICIPc was lost. This does not seem to be related to differential ~ defivered Si(lV)-naphthalocyanine as a photodynamic sensitizer for

i . . experimental tumors; pharmacokinetic and phototherapeutic stBdiés.
dye retention by the muscle or skin, since the uptake by these Ca‘,)wer&, 966-970 P P P

tissues is very similar and quite low for all three dye preparationsavis N, Liu D, Jain AK, Jiang S-Y, Jiang F, Richter A and Levy JG (1993)
However, more important damages to the muscle surrounding the Modified polyvinyl alcohol-benzoporphyrin derivative conjugates as
tumour were observed with AIPc—PEG as compared to AIPc—PVA.  phototoxic agents?hotochem Photobiol 57: 641-647

In conclusion. we have shown that the water-soluble AlPC—PVADaZianO JP, Steenken S, Chabannon C, Mannoni P, Chanon M and Julliard M (1996)
! Photophysical and redox properties of a series of phthalocyanines. Relation

and AIP(_:_PEG conjugates exhlbl_'[ photodynamic aCt'V'“e_S similar with their photodynamic activities on TF-1 and Daudi leukemic cells.
or superior to that of the unsubstituted AICIPc. The relatively low  protochem Photobiol 64: 712-719
drug dosage required to induce tumour control in the two differen®ereski MO, Madigan L and Chopp M (1994) Brain response to photodynamic
models suggests that these Conjugates are among the most active therapy with Phqtofrln, monosulfonated aluminum phthalocyanine and tin
ater-soluble photosensitizers currently under evaluation. Finally, _PUPurin-Froc Spie 2371: 579-581
w p Yy . . yL')ye D and Watkins J (1980) Suspected anaphylactic reaction to Cremophor EL.
AlIPc—PVA has the advantage of lower splenic and hepatic reten- g, yeq 7 280: 1353
tions and less incidence of damage to normal tissues as comparmgn LP (1972) Synthesis and acid-catalyzed hydrolysis of 3-O-glycasyine
to AIPc—PEG. and -threonineCarbohydrate Res 23: 261-273
Fields R (1972) The rapid determination of amino groups with TNBShods
Enzymol 25: 464-468
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