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In cancer photodynamic therapy (PDT), improved efficiency of photosensitizer delivery to tumors
may be obtained by binding them to targetable water soluble polymeric carriers. However, attach-
ment of photosensitizers to macromolecular carriers may alter their spectral and photosensitizing
properties. In this study, a new monosubstituted phthalocyanine derivative, N-glycyl zinc(II)
4,9,16,23-tetraaminophthalocyanine (G-TAPC-Zn) was synthesized by the reaction of zinc(Il) 4,9,16,23-
tetraaminophthalocyanine (TAPC-Zn) with N-fert-butoxycarbonyl-glycine N'-hydroxybenzotriazole
ester followed by deprotection of the fert-butoxycarbonyl (BOC) group. G-TAPC-Zn contains an ali-
phatic amino group suitable for attachment to water soluble polymeric carriers. By aminolysis of a
polymeric precursor, an N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer containing oligo-
peptide (GFLG) side-chains terminated in p-nitrophenyl ester groups, with G-TAPC-Zn a polymeric
derivative of the latter (P-GFLGG-TAPC-Zn) was synthesized. Spectral data indicated that in
aqueous solutions P-GFLGG-TAPC-Zn formed aggregates. The degree of aggregation decreased with
increasing concentration of detergents or organic solvents in buffer solutions. Consequently, the re-
lease of the drug from the carrier catalyzed by thiol proteinases, papain or cathepsin B, took place
only in the presence of detergents or organic solvents, i.c., under conditions with a lower probability
of aggregate formation. Binding of G-TAPC-Zn to HPMA copolymers decreased the quantum yield of
singlet oxygen generation from 0.24 to 0.063 and significantly increased its resistance to photobleaching.

The combination of light and certain absorbing molecules, called photosensitizers, in
the presence of oxygen, can lead to rapid cell destruction. It is most widely believed
that the generation of singlet oxygen is ultimately responsible for the majority of such
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phototoxic cffects, although other reactions, c.g., formation of radicals do indeed
occur! =3, A reactive excited state of molecular oxygen, singlct oxygen, lics only 90 kJ
mol~! above the triplet ground state, enabling photosensitizers to efficiently catalyze its
formation!. Because the lifetime of singlet oxygen is short (it varies from 107® s in an
aqucous cnvironment to 107 — 10755 in a hydrophobic cnvironment?) its diffusion path
in the absence of reactants is short. Consequently, the site of action of a photosen-
sitizers is largely determined by its location!. Selective delivery of photosensitizers to
tumor cells followed by irradiation are the rationale of PDT (refs>®).

Attachment of drugs to macromolecules renders them lysosomotropic’. Conse-
quently, the attachment of photosensitizers to water soluble polymeric carriers results
in the localization of the carrier bound photosensitizer in the lysosomal compartment of
the cell. Additionally attachment of targeting moicties, such as antibodies, or saccha-
rides may dircct the targetable photoactivatable polymeric drug to a subset of cells. A
double targeting cffect can be achicved by the subsequent localized application of light.

Phthalocyanines® have been suggested as effective photosensitizers for PDT(refs®19).
They absorb in the red region of the spectrum, permitting deeper light penetration into
tissues when compared to porphyrins or chlorins. They have large extinction coeffi-
cients, high quantum yields of triplet formation and are nontoxic in the dark®1,

In this study, a new modified phthalocyanine, N-glycyl Zn(Il) 4,9,16,23-tctraami-
nophthalocyanine (G-TAPC-Zn) was synthesized, and attached to N-(2-hydroxypro-
pyl)methacrylamide (HPMA) copolymers via oligopeptide (GFLG) side-chains. The
rate of phthalocyanine release from the polymeric carrier catalyzed by thiol protcinases
(papain and cathepsin B) was evaluated. Spectral, photophysical, photosensitizing, and
photobleaching properties of G-TAPC-Zn and of its polymeric conjugatc were also
cvaluated.

EXPERIMENTAL

Materials and Methods

4-Nitrophthalic acid, zinc sulfate and N-hydroxybenzotriazole were from Aldrich Chemical Co., GF,
LG, N-tert-butoxycarbonyl-glycine, and papain were from Sigma. Cathepsin B (from bovine spleen)
was a kind gift from Dr M. Baudys. Highly purified Rose bengal, used as a standard for the meas-
urements of quantum yields of singlet oxygen photogencration, was kindly provided by Dr D. C.
Neckers. All other chemicals used were obtained in the purest from commercially available. All sol-
vents were of AR grade and were used directly without further purification.

All amino acids except glycine were of L-configuration. Single letter abbreviations were used for
amino acids: G glycine; F phenylalanine; L leucine. Abbreviations BOC and ONp were used for tert-
butoxycarbonyl and p-nitrophenoxy, respectively.

Buffers (aqueous): B 0.1 v NaH,PO,/Na,HPO,, pH 7.4; C 0.058 M Na,IIPO,, 0.005 M citric acid,
0.002 M ethylenediaminetetraacetic acid (EDTA), pH 7.0; CTAB-B: 0.01 M cetyltrimethylammonium
bromide (CTAB) in buffer B; D 0.051 M Na,HPO,, 0.024 M citric acid, 0.002 v EDTA, pH 5.0.
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Fourier transform infrared spectra (KBr; ¥, cm™') were recorded on a Beckman FT 2100 ap-
paratus. 'Hl NMR spectra were recorded in CD3SOCD; on a Varian VXR-500 instrument (500 MHz);
chemical shifts are given in ppm (d-scale). Absorption and fluorescence properties were measured
with Perkin-Elmer Lambda 6 and/or Lambda 9 spectrophotometers, and a MPF-66 fluorescence spec-
trophotometer. Elemental analyses (C, H, N) were performed by Atlantic Microlab, Inc. or Galbraith
Laboratories, the content of Zn was determined on a Perkin-Elmer 3100 atomic absorption spectro-
photometer. The wcight- and number-average molccular weights of HPMA copolymers were esti-
mated by size exclusion chromatography on a Superose 6 column using a Pharmacia Fast Protein
Liquid Chromatography system (0.05 M 2-amino-2-hydroxymethyl-1,3-propanediol (Tris) + 0.5 M
NaCl, pH 8, as cluent) calibrated with poly(HHPMA) fractions.

Synthesis

Zine(Il) 4,9,16,23-tetraaminophthalocyanine (TAPC-7n). TAPC-Zn was prepared by a two step
synthesis as previously described!! (Scheme 1). First, zinc(1l) 4,9,16,23-tetranitrophthalocyanine
(I'NPC-Zn) was prepared from 4-nitrophthalic acid, zinc sulfatc heptahydrate, ammonium chloride,
ammonium molybdatc and excess urea in 82% yicld. In the second step, the nitro groups of TNPC-
Zn were reduced with sodium sulfide. Briefly, a mixturc of fincly groud TNPC-Zn (1 g), sodium
sulfide nonahydrate (5 g), and water (25 ml) was stirred under reflux for 24 h. The solid product was
isolated by centrifugation, treated with 1 M hydrochloric acid (75 ml), then with 1 M sodium hydroxide
(50 ml). The dark green zinc complex was purified by repeated treatment with water, and dried in
vacuo over phosphorous pentoxide; yicld 0.9 g (90%). For Cjy3l,0N2Zn . 2 H,0 (673.4) calculated:
57.03% C, 3.56% H, 24.95% N, 9.71% Zn; found: 57.27% C. 3.54% H, 24.85% N, 10.31% 7Zn. IR
spectrum: 3 420 — 3 220, 1 608 (NH,), 1 340 — 1 250 (-C-N), 1 490 (aromatic ring), 1 520, 1 335
(NO,). 'l NMR spectrum: 6.21 s, 8 H (NH,); 7.39, 8.40 and 8.88 d, 12 H (substituted benzene).

N-(tert-Butoxycarbonyl)glycine N'-hydroxybenzotriazole ester (N-BOC-G-HBA). A solution of di-
cyclohexylcarbodiimide (4.17 g, 0.02 mol) in THF (50 ml) was added dropwise to a solution of N-
BOC-glycine (3.50 g, 0.02 mol) and N-hydroxybenzotriazole (HBA) (2.76 g, 0.02 mol) in THF
(50 ml) cooled to 0 °C; the reaction mixture was stirred 2 h at 0 °C and another 2 h at room tem-
perature (RT). N,N'-Dicyclohexylurea that precipitated was filtered off, and the filtrate was evap-
orated to dryness. The white solid residue was recrystallized from THE-hexane (1 : 1, v/v) to give
3.66 g (63%) of N-BOC-G-HIBA; m.p. 125 — 126 °C. For C3H,(N, (292.3) calculated: 53.36% C,
5.47% H, 19.16% N; found: 53.43% C, 5.57% 11, 19.16% N. IR spectrum: 3 450 — 3 420 (-NH-),
1 750 (COO-=N), 1 715 (O-CONH), 2 975 — 2 850 (C-CHj;), 1 630 (substituted benzenc), 855 (O-N).
'"H NMR spectrum: 1.38 s, 9 H (+-Bu); 3.58 d, 2 H (-CH,-); 7.05 t, 1 H (-NH-); 7.41, 7.54, 7.70
and 7.98 t, 1 H; t, 1 H; d, 1 H; d, 1 H (substituted benzence).

N-(tert-Butoxycarbonyl)glycyl zinc(ll) 4,9,16,23-tetraaminophthalocyanine (N-BOC-G-TAPC-Zn).
A solution of N-BOC-G-HBA (0.13 g, 0.446 mmol) in THF (10 ml) was added to a solution of
TAPC-Zn (300 mg, 0.446 mmol) and tricthylamine (0.05 g, 0.49 mmol) in DMF-THEF (15 ml : 25 ml)
and the reaction mixture was stirred at RT for 24 h. All volatiles were rotocvaporated, the dark green
solid residue was washed with dicthyl ether and chloroform (to remove unrcacted N-BOC-G-HBA
and N-hydroxybenzotriazole), treated in a Soxhlet apparatus with ethyl acctate for 48 h, and dried in
vacuo at 60 °C to give 350 mg of N-BOC-G-TAPC-Zn (95%). IR spectrum: 1 695 (O-CONH,
CONIH). 'H NMR spectrum: 1.47 s, 9 H (1-Bu); 6.26 d, 6 11 (NH,).

N-Glycyl zinc(ll) 4,9,16,23-tetraaminophthalocyanine (G-TAPC-Zn). A solution of N-BOC-G-
TAPC-Zn (0.35 g, 0.421 mmol) in trifluoroacetic acid (15 ml) was stirred 1 h at 0 °C and an addi-
tional 1 h at RT. The reaction mixture was alkalized with aqueous sodium carbonate to pH 9 — 9.5,
and the precipitate washed with water until sodium carbonate and sodium trifluoroacetate were
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removed. After drying in vacuo, 260 mg of G-TAPC-Zn were obtained (85%). A solution of
G-TAPC-Zn (100 mg, 0.0685 mmol) in DMF (50 ml) was refluxed for 2 h in the presence of zinc
acetate (90 mg, 0.205 mmol). The volume of the mixture was reduced by rotoevaporation to 5 ml,
and poured into water (200 ml). The precipitated dark green solid was extensively washed with
water, isolated by centrifugation and dried in vacuo at 60 °C; €75 = 1.19 . 10°| mol™! cm™! (DMSO).
For C34H3N 3Zn . 2 H,0 (730.4) calculated: 8.95% Zn; found: 8.22% Zn. IR spectrum: 1 670
(-CONH-). 'H NMR spectrum: 6.37 d, 8 H (NH,); 7.68 s, 1 H (CO-NH); 7.38, 8.41, and 8.92 m, 4 H;
m, 4 H; m, 4 H; (in the ring).
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Synthesis of monomers. N-(2-Hydroxypropyl)methacrylamide (IIPMA, ref.!?) and N-methacryloyl-
glycylphenylalanylleucylglycine p-nitrophenyl ester (MA-GFLG-ONp, ref.'®) were prepared as pre-
viously described.

Synthesis of polymer precursor. Poly[HPMA-co-(MA-GFLG-ONp)] was prepared by radical pre-
cipitation copolymerization!? of HPMA (0.73 g, 96 mole %) and MA-GFLG-ONp (0.12 g, 4 mole %)
in acetone at 50 °C for 24 h using 2,2'-azobis(isobutyro)nitrile as the initiator. The ratio of monomers
to initiator and solvent was 12.5 : 0.6 : 86.9 wt.%. The copolymer was filtered off, washed with
acetone and dry diethyl ether and desiccated. The copolymer was then reprecipitated from a methanolic
solution into an excess of acetone, washed and dried. The content of ONp groups determined spec-
trophotometrically (€570 = 0.95 . 10° 1 mol™! cm™!, DMSO0) was 3.34 mole %. The weight-average
molecular weight (31 000) and polydispersity (1.5) were dctermined, after aminolysis of the co-
polymer with 1-amino-2-propanol, by size exclusion chromatography as described above.

Synthesis of HPMA copolymer—N-glycyl Zn(l1l) 4,9,16,23-tctraaminophthalocyanine conjugate
(P-GFLGG-TAPC-Zn). An amount of 500 mg (0.106 mmol ONp groups) of poly[HPMA-co-(MA-
GFLG-ONp)] was dissolved in DMSO (8 ml). A solution of G-TAPC-Zn (0.093 g, 0.127 mmol) in
DMSO (2 ml) was added, and the reaction mixture stirred for 24 h at RT. p,L-1-Amino-2-propanol
(50 ul) was added to aminolyze the remaining ONp groups, and the mixture was stirred for additional
30 min. The copolymer was precipitated into an excess of acctone—diethyl ether (3 : 1, v/v), filtered,
washed with acctone and diethyl ether, and desiccated. The copolymer was then dissolved in 15 ml
methanol and applicd to a Sephadex LH-20 column (50 x 3 ¢m). The polymer band was collected,
cevaporated to dryness, dissolved in deionized water (250 ml), and filtered. The filtrate was frozen
and lyophilized to give 0.47 g of P-GFLGG-TAPC-Zn. This copolymer, poly[HHPMA-co-MA-
GFLGG-TAPC-Zn], contained 2.06 mole % G-TAPC-Zn as determined spectrophotometrically (€75,
= 1.19 . 10° 1 mol~! em™!, DMSO).

Enzymatic Cleavage of P-GFLGG-TAPC-Zn

Papain (EC 3.4.22.2) and bovine splcen cathepsin B (EC 3.4.22.1) were used in the cleavage experi-
ments. The concentrations of the enzymes in stock solutions were determined spectrophotometrically
using €477 = 5.78 . 101 mol™! em™ in buffer C and €4, = 5.15 . 10*1 mol™! em™ (ref.’ ) in buffer
D, respectively. The activity of papain (in buffer C, 107.7 U mg™') and cathepsin B (in buffer D,
13.5 U mg™!) were determined using N-benzoyl-L-arginine p-nitroanilide as substrate!®,

Cleavage of P-GFLGG-TAPC-Zn by papain. The solution of enzyme, ethylenediaminetetraacetic
acid (EDTA) and cetyltrimethylammonium bromide (CTAB) was bubbled with N, on ice for 5 min.
Glutathione was added and the solution was preincubated for 5 min at 37 °C to activate the enzyme.
Stock polymer solution was added, the sample {lushed with N, and incubated in the dark at 37 °C.
The final concentrations in the incubation mixtures were: papain 1.29 . 1073 mol 17!, glutathione
5.08 . 10~ mol I"!, EDTA 2.0 . 10~ mol I"!, G-TAPC-Zn 2.34 . 10~ mol I"!, CTAB 1.2 . 107 mol I"!.
A separate sample was used for cach time interval. At a choscn time, 0.40 ml of sample was diluted
with 2.1 ml of buffer C and applied on a Sephadex PD-10 column equilibrated with buffer C and 1 ml
fractions were collected. The absorbance at 706 nm of each fraction was recorded and the percent of
cleaved G-TAPC-Zn was calculated from the decrease of absorbancy of the polymer fractions.

Cleavage of P-GFLGG-TAPC-Zn by Cathepsin B. Bulfer D (pH 5.0) was used. The procedure was
similar to that described for papain. Final concentrations in the incubation mixtures were: cathepsin
B 2.35. 1075 mol I}, glutathione 5.15 . 107> mol 1!, EDTA 2.0 . 107 mol I}, G-TAPC-Zn 2.34 . 1074
mol I”!, CTAB 1.2.. 102 mol I,
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Photophysical Measurcments

Quantum yields of oxygen uptake during photosensitized reactions, defined as (initial rate of uptake
of oxygen molecules)/(initial rate of absorption of photons), were measured using a recording oxygen
clectrode system as described elsewhere!”. Estimates of quantum yiclds of singlct oxygen generation
by the illuminated sensitizers were made using a modification of the method of Verlhac et al.'®, simi-
lar to that of Murasccco et al.'°, as described elsewhere!”. Furfuryl alcohol was employed as the
substrate for these measurements, as described in the text. The dye, Rose bengal, was used as a
standard®’. Disappearance of sensitizer molecules during photobleaching was assayed spectro-
photometrically after different periods of illumination?'. Illumination for oxygen uptake and photo-
bleaching mcasurements was provided by a 500 W incandescent lamp with bandpass filters
corresponding approximately to the absorption peaks of the sensitizers. Incident light fluence rates,
as measurcd with a calibrated thermocouple, were ~ 5 mW em™2. Errors in the various photochemical
measurements were ~ £10%. Reaction mixtures for the photochemical measurements were prepared
by adding 50 ul of DMSO solution of sensitizers to 3.95 ml of aqucous buffered solution. All meas-
urements were carried out at 25 + 0.5 °C.

RESULTS AND DISCUSSION

The relationship between the structure and biological propertics of HPMA copolymer —
anticancer drug conjugates has been studied in detail??>?*, Scveral attempts to bind
photosensitizers to polymeric carriers with the aim to improve tumor accumulation and
cfficacy of photodynamic therapy were reported'>24 =27, Because of restricted penetra-
tion of light into tissues, there is an urgent nced in PDT to use photosensitizers that
absorb at higher wavelengths, such as phthalocyanines and naphthalocyanines. How-
cver, these compounds arc hydrophobic and do not dissolve in water. Binding to
polymeric carriers would improve their solubility in water, targetability, and decrease
side-cffects, such as skin phototoxicity.

Synthesis of Polymer Bound Phthalocyanines

Wahrle ct al.?® = % synthesized water soluble derivatives of tetraphenylporphyrins,
phthalocyanines, and naphthalocyanines. Attachment of these photosensitizers to
poly(methacrylic acid), and poly(vinyl pyrrolidonc-co-mcthacrylic acid) produced
photosensitizers attached to negatively charged carricrs. To obtain uncharged carriers,
the remaining carboxylic groups in poly(vinyl pyrrolidonc-co-methacrylic acid) were
converted to methyl ester groups using diazomethanc?®. Positively charged carrier —
photosensitizer conjugates were synthesized by reacting chloromethylated polystyrene
with tetrasubstituted photoscnsitizers followed by quaternization of remaining chloro-
methyl groups with trimethyl amine*. In contrast to anionically charged polymers, the
cationically charged polymers did not show aggregation of the photosensitizer moicties
in polar solvents. In all attachment reactions® =%, crosslinking occurred, since symme-
trical tetrasubstituted photosensitizers containing four OH or NH, groups were used.
When low concentrations of photosensitizers were used in the polymer analogous
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rcaction, the gel-point was not rcached and branched water soluble polymer conjugates
were obtained. To avoid the crosslinking rcaction during attachment of photosen-
sitizers, ¢.g., phthalocyanines to polymeric carricrs, unsymmetrically substituted phtha-
locyanine derivatives*'*2 have to be synthesized which contain only onc potential
attachment point, in spite of the difficulties in purifying these compounds™®. To this
end, we have attempted to synthesize a monosubstituted phthalocyanine derivative,
G-TAPC-Zn, which contains an aliphatic amino group (Scheme 1). By reaction of
G-TAPC-Zn with an HPMA copolymer containing tetrapeptide (GFLG) side-chains ter-
minated in reactive p-nitrophenyl ester groups, a polymeric phthalocyanine conjugate,
P-GFLGG-TAPC-Zn, was prepared (Scheme 2). G-TAPC-Zn, as other phthalo-

0 —L—N
Poly[HPMA-co-(MA-GFLG-ONp)]  + H,NCH,CNH -/ P /LNH2
NST—N
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cyanines™, cxhibits strong aggregation effect. Purification is very difficult, since
TAPC-Zn and G-TAPC-Zn eluted in identical bands during flash chromatography and
produced identical spots on TLC. Based on the diffcrences in the solubility of N-BOC-
G-TAPC-Zn and TAPC-Zn, the latter was removed by extraction with cthyl acetate.
However, we can not exclude that the G-TAPC-Zn contained a small amount of di-
substituted (diglycine) derivative, as indicated by the widening of the size exclusion
chromatogram of P-GFLGG-TAPC-Zn in CTAB containing buffcr when compared to
the aminolysed polymeric precursor (results not shown).

Spectral Properties

In aqucous buffer, G-TAPC-Zn had a broad, low, double absorption peak in the red
(Fig. 1, curve 3), characteristic of aggregated phthalocyanines®. In contrast, in DMSO
(Fig. 1, curve 1), it had a sharp peak at 720 nm (v = 1.08 . 101 mol~! cm™!) with a
shoulder on the short wavelength side, as is observed for phthalocyanines monomeric
in solution’. The spectrum in CTAB-B also showed some monomerization of the sen-
sitizer, with a peak at 711 nm (Fig. 1, curve 2). On binding to the copolymer, the red
pcak in DMSO was characteristic of monomeric phthalocyanines and was shifted
slightly to 717 nm (Fig. 2, curve 7). The spectrum in CTAB-B also showed some
monomerization, with a pcak at 706 nm (Fig. 2, curve 2). In aqucous buffer,

0.6 0.6
A A

0.4 0.4

0.2 1 0.2 1

0.0 T T T T 3.0 T T T T

300 400 500 600 ., 800 300 400 500 600 5., 800

I, 1 LG, 2
Speetra of G-TAPC-Zn (5 . 107" mol 17" in dif- Speetra of P-GELGG-TAPC-Zn (5. 10 mol 17Y)
ferent solvents: 7 DMSQ); 2 CTAB-B; 3 bulfer B in different solvents: 7 DMSO; 2 CTAB-B; 3

bufter B
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P-GFLGG-TAPC-Zn had a low, broad red peak at 658 nm with a shoulder on the long
wavelength side (Fig. 2, curve 3), characteristic of the aggregated form. The spectra of
G-TAPC-Zn and P-GFLGG-TAPC-Zn in other aquecous detergents (cetyl pyridinium
chloride, sodium dodecyl sulfate, and Triton-100) were similar to those in CTAB-B
(results not shown). The degree of unimerization increased with increasing content of
CTAB in buffer B (Fig. 3) and with increasing content of DMSO in the mixtures of
DMSO and buffer B (Fig. 4). The high concentrations of detergent or organic solvent
necessary to prevent aggregation (Figs 3 and 4) indicate the strength of the association
of P-GFLGG-TAPC-Zn side-chains.

Enzymatic Cleavage

Polymer bound drugs will be taken up by cells by cndocytosis, thus restricting their
localization to the lysosomal compartment. When irradiated, singlet oxygen will be
evolved resulting in the eventual destruction of the organclle and the release of the
degradative enzymes into the cytoplasm!. Theoretically, there is no need to bind
photosensitizers to polymeric carriers via a bond enzymatically cleavable in the lyso-
somes. However, we have shown previously'’, that the photosensitizing efficiency of a
HPMA copolymer—chlorin e4 conjugate increased upon the release of the photosen-
sitizer (chlorin ¢g) from the polymeric carrier catalyzed by cathepsin B, indicating the
influence of polymer aggregation on the process of singlet oxygen generation. Conse-
quently, we bound G-TAPC-Zn via an oligopeptide sequence GFLG, stable in the
blood stream, but degradable by lysosomal cysteine protcinases!®!6. To determine the
cleavability of phthalocyanine from the HPMA copolymer, we incubated P-GFLGG-
TAPC-Zn with papain and cathepsin B. Papain is a plant enzyme, however, its speci-

FiG. 3
Spectra of P-GFLGG-TAPC-Zn
(9.3 . 107 mol I™!) in buffer B con-
taining different amounts of CTAB.
CTAB content (102 mol I!); 10, 2
0.32, 36, 436,572, 6 130, 7274

400 500 600
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ficity is similar to that of cathepsin B, the major cystcine proteinase in the lysosomes.
During incubation of P-GFLGG-TAPC-Zn with both cnzymes in buffer solutions no
release of phthalocyanine from the polymeric carricr was observed (results not shown).
This was probably duc to the formation of aggregates**** (micelles) in which the hy-
drophilic polymeric backbone forms the shell of the micelle, whereas the hydrophobic
side-chains are aggregated in the core of the micelle preventing the formation of the
enzyme-substrate complex. The addition of a detergent (CTAB) decreased the activity
of the enzymes, but the release of phthalocyaninc was obscrved duc to a lower degree
of aggregation. After 48 h of incubation with papain 16.3% of G-TAPC-Zn was re-
leased, whereas cathepsin B released only 8.8% of G-TAPC-Zn under identical ex-
perimental conditions (Fig. 5). The decrease of the rate of clecavage at longer time
intervals corresponded with the decrease of enzymatic activity as determined using N¢-
benzoyl-L-arginine p-nitroanilide as substrate (results not shown). The conditions of
enzymatic cleavage (Fig. 5) used did not prevent the formation of aggregates. This
could contribute to the observed low rate of enzymatically catalyzed phthalocyanine
relecasc. Another factor may be the size of the lcaving group. Both enzymes prefer
hydrophobic amino acid residues in the P, and P, positions of their active site'6,
Consequently, the substrate should line-up in the active sitc in such a way that TAPC-
Zn interacts with the S, subsite of the active site of the enzyme. Steric hindrance may
render the S,'-P,’ interactions cnergetically unfavorable and consequently the forma-
tion of the enzyme substrate complex more difficult. It is interesting to note that
phthalocyanine in the P,’ position decreases the rate of cleavage by cathepsin B to a
greater extent than the HPMA copolymer containing chlorin eg bound via a tetrapeptide
sequence GFLG, where the smaller chlorin eg occupics the P’ position'’. However,
cven the modest rate of phthalocyanine release should improve the quantum yicld of
photooxidation reactions in the lysosomes of target cells, since irradiation may be ap-

Fic. 4
Spectra of P-GFLGG-TAPC-
Zn (9.3 . 10 mol 1! in mix-
tures of buffer B and DMSO.

0.0 v v T - T - T -
300 400 500 600 A nm 800 DMSO content (vol.%): 1 0,
! 230, 350, 460, 570, 6 80,

7 100
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plicd 24 or 48 h after administration!’. Morcover, aggregation of HPMA copolymers
is concentration dependent®® and the actual concentration in the lysosomal compart-
ment may be substantially lower than the concentrations used in vitro.

Photoproperties

Fluorescence

As with other aggregated phthalocyanines’, no fluorescence could be detected from

G-TAPC-Zn or P-GFLGG-TAPC-Zn in buffer B. In DMSO, G-TAPC-Zn showed a
single fluorescence peak at 749 nm (uncorrected) with a relative intensity of 530, while
the single peak of P-GFLGG-TAPC-Zn was at 747 nm, with an intensity of 160. In
CTAB-B as solvent, G-TAPC-Zn fluoresced at 731 nm, with an intensity of 540;
P-GFLGG-TAPC-Zn emitted at 727 nm, with an intensity of only 80. The fluorescence
propertics of the sensitizers in other aqueous detergents (1-cetylpyridinium chloride,
sodium dodecyl sulfate, and Triton-100) were similar to those observed in CTAB-B. As
for the spectral data presented above, these results indicate that both scnsitizers are
aggregated in buffer B, but at least partially favor the unimer form in DMSO and
aqucous dctergents.

Photogencration of Singlet Oxygen

Tumor damage during PDT with most photosensitizers, including porphyrins, chlorins
and phthalocyanines, appears to be mediated largely by photogencrated singlet
oxygen*®. Thus, it is of interest to determine the quantum yields of singlet oxygen
production by prospective PDT sensitizers on illumination. In the present work this was

30

FiG. 5
Cleavage of P-GFLGG-TAPC-Zn
(%) with 1 cathepsin B and 2 pa-

pain. For experimental details see 0 20 40 60 100
Experimental h
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done using furfuryl alcohol (FA) as the substrate. This compound rapidly reacts chemi-
cally with singlet oxygen, and does not react appreciably with hydrogen peroxide or
superoxide'”. The quantum yields of oxygen uptake during the Rose bengal, zinc phtha-
locyaninc tetrasulfonate (ZnPCS4), G-TAPC-Zn and P-GFLGG-TAPC-Zn sensitized
photooxidation of FA as a function of the alcohol concentration are shown in Fig. 6.
The yiclds for oxygen uptake leveled off at FA concentration range 5 . 1072—1 . 10~}
mol 17! with all of the photogenerated singlet oxygen being trapped by substrate in this
range. Thus the ratios of the quantum yields of singlet oxygen generation will be the
same as the ratios of the quantum yields of oxygen uptake. Using a value of 0.75 for
Rose bengal as a standard?, the quantum yields of singlet oxygen gencration by the
other sensitizers can be calculated to be 0.69 for ZnPCS4, 0.24 for G-TAPC-Zn and
0.063 for P-GFLGG-TAPC-Zn. For comparison, the yicld with Photofrin II (PF II) is
0.16 (rcf.2!). Thus, the yield by G-TAPC-Zn is reduced to ~onc-fourth by binding to the
HPMA copolymer. However, if G-TAPC-Zn is frecd from the copolymer by enzymatic
hydrolysis in tumor cells, this would restore its full photosensitizing efficicncy. We
reported carlicr, that the covalent binding of mesochlorin ¢4 to a HPMA copolymer
reduced its singlet oxygen yield to one-third*’. The mechanism of this effect is not
clear, but it may result from interference with the access of oxygen to the sensitizing
moicty and the diffusion of singlet oxygen out of the copolymer structure®’.

The cfficicncy of singlet oxygen photogencration by G-TAPC-Zn is somewhat
greater than that of PF II, which has been used successfully for the photodynamic ther-
apy of tumors in a large number of patients* ~%. However, the cfficiency of G-TAPC-Zn
in the PDT of tumors may be much greater than that of PF II because of its strong red

04 ;
2
¢
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01 3
4
0-0 : .
1 10 ¢ mmot ! 100

FiG. 6
Quantum yiclds of oxygen uptake (®) during the sensitized photooxidation of furfuryl alcohol (FA)
as a function of FA concentration (cg,). Concentration of reaction components (mol ™) in buffer B:
5. 107%in sensitizer, 2.2 . 107 in oxygen, 1 . 102 in CTAB (cxcept for Rose bengal). Sensitizers
used were: 1 Rose bengal; 2 ZnPCS4; 3 G-TAPC-Zn; 4 P-GFLGG-TAPC-Zn. Rose bengal, used as
a standard, photogenecrates singlet oxygen with a quantum yicld of 0.75 (rcf.zo)
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peak absorbance (Fig. 1) compared to that of PF II, for which the molar absorption
cocfficient at the red peak (630 nm) is only ~ 3 000 I mol~! em~!. Also, the longer
wavelength of G-TAPC-Zn absorption permits the use of light in PDT of wavelengths
that penctrate better into mammalian tissues’.

Azide is an cfficient quencher of singlet oxygen. Thus, if low concentrations of azide
inhibit a sensitized photooxidation reaction, this strongly suggests that the reaction is
mediated by singlet oxygen®. The G-TAPC-Zn-sensitized photooxidation of furfuryl
alcohol was inhibited 50% by 0.77 mmol of azide, while the reaction with P-GFLGG-
TAPC-Zn was inhibited 50% by 0.52 mmol of azide. These values are similar to those
observed with porphyrins?!. Thus, the photooxidation of FA with both sensitizers ap-
pears to be mediated by singlet oxygen, as has been observed for several kinds of
substrates with other phthalocyanines’.

Photooxidation of Biomolecules

The quantum yiclds of oxygen uptake during the G-TAPC-Zn- and P-GFLGG-TAPC-
Zn-sensitized photooxidation of FA and several types of biomolecules that are known
to be photooxidized with other sensitizers? are listed in Table 1. Data for PF II are also
shown. As may be scen, the yields with G-TAPC-Zn are similar to those obscrved with
PF I1. However, the yiclds with P-GFLGG-TAPC-Zn arc only ~ 25% of those for G-
TAPC-Zn, corresponding to its lower quantum yield of singlet oxygen photogencration
(Fig. 0).

TABLE |
Quantum yiclds of oxygen uptake (<) during the photooxidation of furf\iryl alcohol (FA) and biologi-
cal substrates sensitized by G-TAPC-Zn and P-GFLGG-TAPC-Zn. Concentration of reaction compo-
nents (mol 1™') in buffer B: 5 . 107 in sensitizer, 5 . 107 in substrate (except for bovine serum
albumin, which was 1 wt.%), 2.2 . 107" in oxygen (air saturated), and 1 . 1072 in CTAB (for G-TAPC-
/n and P-GFLGG-TAPC-Zn only)

)]
Substrate
G-TAPC-Zn P-GFLGG-TAPC-Zn Photofrin 11

FA 0.082° 0.021° 0.073
Cysteine 0.034 0.010 0.046
Histidine 0.052 0.011 0.053
Mcthionine 0.021 0.005 0.020
Tryptophan 0.033 0.005 0.026
Bovine serum albumin 0.028 0.007 -

“ Data from ref.?!. ® Data from Fig. 6.
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Sclf-Sensitized Photobleaching of Free and Copolymer Bound G-TAPC-Zn

If a sensitizer used in PDT bleaches too rapidly, its concentration will decrecase to
below the level required for tumor destruction. If it bleaches at an appropriatc rate,
however, its concentration in the normal tissues surrounding the tumor could be de-
creascd to below the threshold level, while enough sensitizer could remain in the tumor
tissue to mediate its photodcstmclionzl. Thus, it is of importance to determinc the
photoblcaching behavior of sensitizers with potential application in PDT.

The quantum yiclds of photobleaching of the two sensitizers, as measured in DMSO
and in CTAB-B, arc listed in Table II. The initial quantum yiclds of photobleaching for
both G-TAPC-Zn and P-GFLGG-TAPC-Zn werce approximately two-fold higher in
CTAB-B than in DMSO. With porphyrins and chlorins, the yiclds increase roughly
with an increase in the diclectric constant of the solvent used?hY. Since the diclectric
constants of DMSO and water are 45 and 78.5, respectively?’, the same relationship
may hold for the present sensitizers. The initial photobleaching yiclds in both solvents
arc approximately three-fold greater for the free G-TAPC-Zn than for the bound form.
We observed this same kind of rclationship for frecc and HPMA copolymer bound
mesochlorin ¢g illuminated in buffer B (ref.*”). As may be scen, the yiclds at the start of
illumination are much greater than during the S — 10 min period of illumination. At
5 min of illumination, ~ 50% of the G-TAPC-Zn in the two solvents had blcached,
while only ~ 20% of the P-GFLGG-TAPC-Zn had bleached. The reason for the very
rapid initial photobleaching followed by a very slow rate is not clear. In any cvent,
based on the photobleaching yiclds of sensitizers used successfully in the past?!; the
yiclds obscrved for G-TAPC-Zn and P-GFLGG-TAPC-Zn would not interfere with

21

their use as photosensitizers for the PDT of tumors='.

TasLe 11
Quantum yiclds (<) of the self-sensitized photobleaching of G-TAPC-Zn and P-GFLGG-TAPC-Zn as
measured during different periods after the start of illumination. Concentration of reaction compo-
nents (mol I_l): 5. 107%in sensitizer, 2.2 . 107" in oxygen (air saturated)

<
Reaction mixture
0 - 0.5 min illumination 5 — 10 min illumination
G-TAPC-Zn in DMSO 7.5.107" 5.0.107°
G-TAPC-Zn in CTAB-B 1.9. 107 38.107
P-GFLGG-TAPC-Zn in DMSO 23.10™ 2.7.107°
P-GFLGG-TAPC-Zn in CTAB-B 52.10™" 1.2.107°
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CONCLUSIONS

A new phthalocyanine derivative (G-TAPC-Zn) and its conjugate with HPMA co-
polymer (P-GFLGG-TAPC-Zn) were synthesized. G-TAPC-Zn is an efficient
photosensitizers. It gives good yields of singlet oxygen, and cfficiently sensitizes the
photooxidation of FA via a singlet oxygen mechanism. The covalent binding of G-
TAPC-Zn to HPMA copolymer reduces its singlet oxygen yicld and photosensitizing
cfficiency, and significantly decreases its ratc of photobleaching. G-TAPC-Zn is re-
leased from the polymeric carrier by the action of cysteine protcinases, papain and
cathepsin B. We have shown previously!s that the release of photosensitizers from
polymeric carriers restores their photosensitizing cfficiency. Consequently, polymer
bound phthalocyanines have a potential in cancer photodynamic therapy, since upon
the arrival in the lysosomal compartment of the target cell, their photoscnsitizing effi-
ciency should be at least partially restored.

The research reported here was supported in part by NI grant CA 51578. The photochemical meas-
urements were also supported in part by American Cancer Society Grant DHP-73A and the Utah Laser
Institute. Pat Meckins provided skilled technical assistance.
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