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ESR experiments with 2,2,6,6-tetramethyl-4-piperi- 
done (4-0x0-TEMP) and the spin-trap 5,5-dimethyl 
pyrroline-N-oxide (DMPO) have been performed on 
a series of new phthalocyanines: the bis(tri-n-hexyl- 
siloxy) silicon phthalocyanine ([(nhe~)~SiO]~SiPc), the 
hexadecachloro zinc phthalocyanine (ZnPcCl16), the 
hexadecachloro aluminum phthalocyanine (AlPcCI, 6), 

the hexadecachloro aluminum phthalocyanine sulfate 
(HS04A1PcCll6), whose photocytotoxicity has been 
studied against various leukemic and melanotic cell 
lines. Type I and Type I1 pathways occur simulta- 
neously in DMF although the Type I1 seems to be 
prevalent. These results are not changed when the 
bis(tri-n-hexylsiloxy) silicon phthalocyanine is en- 
trapped into liposomes. By contrast, the Type I process 
is favored in membrane models for all the perchlori- 
nated phthalocyanines. This modified behavior may be 
accounted on a possible stacking of phthalocyanines in 
membranes and a preventing effect of axial ligands 
against aggregation in the case of the bis(tri-n-hexyl- 
siloxy) silicon phthalocyanine. The photodynamic 
action of zinc perchlorinated phthalocyanine is not 
dependent on singlet oxygen, phototoxicity of this 
molecule being essentially mediated by oxygen free 

radicals. Quantitation of the superoxide radical was 
accomplished, with good agreement, by two techni- 
ques: the cytochrome c reduction and the ESR quantita- 
tion based on the double integration of the first 
derivative of the ESR signal. The disproportionation 
of the superoxide radical or degradation of the spin-trap 
seem to be avoided in aprotic solvents such as DMF. 

Keyuiords: Phthalocyanine, photosensitization, 
photodynamic therapy, active oxygen, superoxide radical 
quantitation, ESR, spin-trapping, cytochrome c 

Abbreviations: AIClPc, aluminum chlorophthalocyanine; 
A1PcCIl6, hexadecachloro aluminum phthalocyanine; 
Carbamoyl PROXYL, 3-carbamoyl-2,2,5,5-tetramethyl-l-pyr- 
rolidine-1-yloxy free radical; DMPO, 5,5-dimethyl-l-pyrro- 
line-N-oxide; DETAPAC, diethylenetriarninepentaacetic acid; 
DPPC, DL-tr-dipalmitoylphosphatidylcholine; ESR, Electron 
Spin Resonance; HO;, perhydroxyl radical; HS04A1PcCl16, 
hexadecachloro aluminum phthalocyanine sulfate; 
[(nhe~)~SiOl2SiPc, bis(tri-n-hexylsiloxy) silicon phthalo- 
cyanine; ' 0 2 :  singlet oxygen; O;-, superoxide radical; 'OH, 
hydroxyl radical; 4-oxo-TEMP, 2,2,6,6-tetramethyl-4-piperi- 
done; 4-0x0-TEMPO, 2,2,6,6-tetramethyl-4-piperid one-N-oxyl; 
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518 A. VIOLA et a/.  

PDT, photodynamic therapy; SOD, superoxide dismutase; 
ZnPcCl16, hexadecachloro zinc phthalocyanine 

INTRODUCTION 

Photodynamic therapy (PDT) is an experimental 
treatment modality suitable for various malig- 
nant tumors."-51 The tumoricidal potency of this 
procedure is based on the capacity of certain 
photosensitizers (light absorbing compounds) to 
preferentially stain neoplastic tissues versus 
normal tissues. Subsequent irradiation of the 
tumor with visible light of specific wavelength 
consistent with the absorption maximum of the 
dye, induces light activation of the photosensi- 
tizer. The excited chromophore reacts with bio- 
molecules or oxygen in its vicinity generating 
potent toxicants (such as oxygen-derived cyto- 
toxic species) eliciting thereby abnormal tissues 
while sparing healthy adjacent areas slightly 
strained and/or n~n-irradiated. '~~'  The excited 
state of the photosensitizer may undergo a 
photoinduced electron transfer (reductive or 
oxidative) and/or exchange an hydrogen atom, 
producing radicals and active oxygen species 
such as the superoxide (Oi-) and the hydroxyl 
('OH) radicals. This pathway is termed as a Type I 
process. The excited state can also transfer energy 
to dioxygen, in a so-called Type II[10-12' mechan- 
ism generating '02 (Figure 1). There are few 
examples of excited photosensitizers acting si- 
multaneously both through Type I and Type I1 
mechanisms. il?-ls' Although, there is much ex- 
perimental evidence that ' 0 2  is a major reactive 
intermediate generated in the primary photoche- 
mical process, direct monitoring of this species in 
biological systems is still difficult to a~hieve."~-~" 
The generation of oxygen free radicals has 
however been demonstrated in cells photosensi- 
tized by phthalocyanines.[22' Superoxide 0;- and 
'OH radicals are involved in a variety of deleteri- 
ous effects on cells owing to the high reactivity of 
*OH.i23' The superoxide radical anion is not only 
involved in the generation of 'OH but is also 

directly responsible for some destructive pro- 
ce~ses . ' ~~ '  Moreover, the combined action of 
oxygen free radicals and biological reducers 
was recently postulated to be of importance in 
cell photosensitization.i24-261 

The first generation sensitizers such as metallo- 
porphyrins and Photofrin I1 which is the only 
photosensitizer approved for clinical use suffer 
from major drawbacks: a lack of chemical purity, 
too weak red light absorption, a long period of 
enhanced cutaneous sensitivity to sunlight fol- 
lowing systemic administration. Hence there is 
considerable effort to find new chemically pure 
photosensitizers activated by longer wavelengths 
and able to lead to higher penetration. 

We present in this paper a comparative study 
of new perchlorinated phthalocyanines: the hex- 
adecachloro zinc phthalocyanine (ZnPcCIl6), 
the hexadecachloro aluminum phthalocyanine 
(A1PcCll6), the hexadecachloro aluminum phtha- 
locyanine sulfate (HS04AlPcC116) and a silicon 
phthalocyanine derivative: the bis(tri-n-hexylsi- 
loxy) silicon phthalocyanine ([(nhex)3SiO12 SiPc). 
Noteworthy features of phthalocyanines are their 
elevated absorption in the red spectral region, 
their high ' 0 2  quantum yield and their powerful 
photosensitizing properties. The main rationale 
behind the synthesis of these new phthalocya- 
nines was that appropriate modification such as 
chlorination would theoretically enhance the ' 0 2  

quantum yield via the heavy-metal effect. The 
bis-(tri-n-hexylsiloxy) silicon phthalocyanine 
was designed with axial hexyl chains to prevent 
aggregation of the dye and to enhance its 
lipophilicity. With regard to the potential anti- 
neoplastic properties of these molecules[27r281 it 
was essential, from the viewpoint of elucidating 
primary phototoxic effects, to determine the exact 
nature of the oxygen species produced by these 
photosensitizers. This was accomplished both in 
air saturated solutions and in synthetic mem- 
brane models such as liposomes made from DL- 
a-dipalmitoylphosphatidylcholine (DPPC). We 
used electron spin resonance spectroscopy 
(ESR) with 2,2,6,6-tetramethyl-4-piperidone 
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FIGURE 1 Possibilities for a photosensitizer (S) to generate radicals in an aerobic biological medium. In arrows 1 and 2 the 
light increases the oxidation and/or oxidizing abilities of the photosensitizer. In arrow 3 it increases the acid and/or base 
properties of the photosensitizer (only the second shown). S, more basic, can abstract a proton from a substrate Sub leading 
to Sub- which can couple to 302 affording SubOO-. In arrow 4 the light transforms S into a reagent displaying increased tend- 
ency to effect SH2 reactions. In arrow 5, S becomes a reservoir of energy able to transform 3 0 2  into ' 0 2 .  S: sensitizer; 
S*: photoexcited sensitizer; Sub: unsaturated substrate; SubH: substrate containing an atom of hydrogen; B: base. 

MATERIALS AND METHODS 
(4-0x0-TEMP) to check the generation of lo2, and 
the spin-trapping technique to detect and study Chemicals 
short-lived intermediates such as 0;- and 'OH. 
Quantitation of the superoxide radical has also The aluminum chlorophthalocyanine was pur- 
been performed with two different techniques: chased from Eastman Kodak and used as sup- 
the cytochrome c assay and ESR spectroscopy. plied. [(nhe~)~SiOI~SiPc was synthesized as 
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520 A. VIOLA el nl. 

e S h 3  
[(nhex)3SiO]~SiPc : R = 0 4 n C  H13 

K S h S  

FIGURE 2 Chemical structure of the different photosensitizers. 

described p r e v i o ~ s l y . [ ~ ~ ~ ~ ~ ’  The perchlorinated 
phthalocyanines derivatives (ZnPcClI6, A1PcCl16, 
HSO4A1PcCll6) were prepared according to the 
method of Golovin et ~ 1 . ‘ ~ ~ ’  Chemical structures of 
the phthalocyanines are shown in Figure 2. 
The 5,5-dimethyl-l-pyrroline-N-oxide (DMPO), 
4-oxo-TEMP, 3-carbamoyl-2,2,5,5-tetramethyl- 
pyrrolidine-1-yloxy free radical (Carbamoyl 
PROXYL) were from Aldrich. All these products 
were used without further purification with the 
exception of DMPO which was distilled[321 before 
use and stored under an argon atmosphere at 
-20°C. The purified DMPO was routinely 

checked to ensure that no ESR contaminating 
signal adduct was present. We also verified 
before each quantitative measurement that no 
undesirable set of lines consisting of a triplet of 
doublets assigned to a DMPO derivative impu- 
rity[331 would superimpose on the spectra. Histi- 
dine, D20 were purchased from Aldrich company. 
Ferricytochrome c, superoxide dismutase (SOD), 
catalase, DPPC (C 16 : 0; DPPC) were obtained 
from Sigma. Desferrioxamine B as a lyophilized 
powder was from Ciba-Geigy. Stock solutions 
were made up fresh in phosphate buffer. Stock 
solutions of Fe-DETAPAC (iron (111)) were 
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ESR STUDIES ON PHTHALCCYANINES 521 

prepared'341 with diethylenetriaminepentaacetic 
acid and FeC13 from Aldrich. Phosphate buffer 
saline (PBS) (pH 7.4) was obtained from Biowit- 
taker. Chelex 100 chelating ion exchange resin 
(50-100 mesh) from Bio-Rad. The solvents used 
for spectroscopy and ESR experiments, namely 
N,N-dimethylformamide (DMF), dimethylsulph- 
oxide (DMSO), acetonitrile were all spectropho- 
tometric grade (Aldrich). 

Preparation of Solvents and Buffers for 
Quantitative Measurements 

DMSO was treated with CaH2 overnight and then 
dried on molecular sieves (4 A). Dimethylform- 
amide was also dried on molecular sieves. To 
remove any trace of adventitious divalent cation 
before use, PBS was gently stirred for 1 h with 
Chelex resin and then filtered after decantation. 

Liposomes Preparation 

DPPC was used to prepare liposomes according 
to the injection technique.[351 DPPC (3.67 x 
10P4M) was injected in lOml of a PBS solution. 
The average diameter of liposomes obtained 
using this technique was 25 nm as measured with 
electron microscopy.[351 DMF solutions of DMPO 
or TEMP were injected simultaneously with DMF 
phthalocyanine solutions into the DPPC prepara- 
t i ~ n . ' ~ ~ ]  The final concentration of dye in the 
liposomal suspension was 2 x loP5 M. 

Irradiation Procedures 

Irradiation was carried out using a 250 W halogen 
lamp, which exhibits an emission maximum 
centered between 600 and 700 nm (ORIEL, USA). 
Light intensity in the central area of the illumi- 
nator was about 10 mW/cm2 as determined by 
chemical actinometry as elsewhere described.[371 
This light matches the maximum absorption peak 
of these phthalocyanines in the visible region of 
the spectrum (Table I). Absorption spectra of the 
various phthalocyanines were recorded on a 
Kontron Uvikon 930 spectrophotometer. 

TABLE I 
molar extinction coefficients for the studied phthalocyanines 

Wavelengths of absorption maxima and values of 

Photosensitizer X max (nm) E (M ' cm-') 

[(nhe~)~SiO]zSiPc 668 3.1 x lo5 (DMF) 
ZnPcCl,6 666,692 2.5 x 10' IDMF) 
AlPCC116 700 2.4 x 10' (DMF) 
HS04AlPCCl1, 705 2.4 x 10' (DMF) 

ESR Experiments 

ESR spectra were recorded with a BRUKER ESP 
300 E spectrometer at room temperature (22- 
24"C), microwave: 20 mW; modulation ampli- 
tude: 1.243 G; time constant: 40.96 ms, scan rate: 
167.772 s; scan width: 100 G, X band, modulation 
frequency: 100 kHz. Photoinduced ESR spectra 
were obtained from the samples (150 pl) intro- 
duced into quartz capillaries specially designed 
for ESR analysis and directly irradiated inside the 
microwave cavity. Anaerobic experiments were 
carried out in closed vials after purging the 
solutions with argon for 15 min. 

ESR Determination of Singlet 
Oxygen Generation 

The ESR detection of singlet oxygen was per- 
formed by the oxidation of 4-0x0-TEMP (Scheme 
1). The oxidation of this amine occurs at a rate 
constant varying in the range of 4 x 107-8 x 
lo7 M-' s-' and yields specifically the nitroxide 
radical: 2,2,6,6-tetramethyl-4-piperidone-N-oxyl 
radical (~-OXO-TEMPO).[~~"~~ However, we could 
not quantify the O2 production via 4-0x0- 
TEMPO formation. Actually, a previous study in 
aqueous solution reported that 4-0x0-TEMPO is 
not convenient for precise quantitative measure- 
ment~.'~'' There is no quantitative ratio between 
the amount of lo2 and the yield of radical result- 
ing from the oxidation of 4-0x0-TEMP. This was 
attributed to the slow homolytical breakage of the 
0-0 bond of the 4-0x0-TEMPO hydroperoxide 
initially formed[401 (Scheme 1) .  
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522 A. VIOLA rt al 

I 4-0x0-TEMP 1 
SCHEME 1 

Quantitative Determination of the 
DMPO-OOH Adduct Yield 

Knowledge of DMPO efficiency to trap 0;- in 
dried DMSO (91%) enabled ESR quantitative 
studies of 0;- generated by various phthalocya- 
nines in this ~olvent."~' However, it was not 
possible to take direct advantage of these results 
in so far as our dyes were not soluble (A1PcCl16, 
HS04A1PcC116) or stable ([(nhe~)~SiO]~SiPc) 
enough in DMSO. DMF was found to be con- 
venient for all the phthalocyanines and was used 
as the common solvent for each ESR quantitative 
ex~erirnent.'~'' We have determined the effi- 
ciency of DMPO to trap superoxide in this solvent 
following a published pr~cedure"~'  using KO2 
(0.2 x lOP3M) as a source of O;-. We used this 
method with a modification for the cytochrome c 
assay. Actually cytochrome c is not stable in DMF 
and this drawback did not permit an immediate 
correlation between ESR and colorimetric results. 
This difficulty was overcome by comparing the 
double integration of the first derivative of the 
ESR signals recorded after adding an aliquot of 
the KO2 solution to DMPO (0.15 x 1OP3M) in 
DMSO and in DMF. The 3-carbamoyl-2,2,5,5- 
tetramethyl-1-pyrrolidine-1-yloxy free radical 
was used as the radical standard to determine 
radical concentrations. The cytochrome c assay 
was feasible in DMSO and was related to the ESR 
calculations. Taking into account the percentage 
of error occurring in the double integration 

calculations'421 (&lo%) the final results evidenced 
the same yield of trapping in DMSO as in DMF. 
DMPO is also efficient in trapping the hydroxyl 
radical, giving rise to the DMPO-'OH adduct. 
However, there may be some pitfalls in the 
trapping of the hydroxyl radical with DMPO. 
An artifactual hydroxyl production may oc- 
cur from the spontaneous breakdown of 
DMPWOOH into DMPWOH (Scheme 2). 
This process is however often negligible.143,441 
Recently, new findings demonstrated that 
DMPWOH rapidly decomposes in the pres- 
ence of the superoxide r a d i ~ a l . ' ~ ' ~ ~ ]  Hence the 
quantitation of the hydroxyl radical may be of 
limited value in systems such as phthalocyanines 
where superoxide is concomitantly produced 
(Scheme 3). 

The Cytochrome c Assay 

The reduction of ferricytochrome c at 550 nm1MA71 
is a common technique for the detection and 
quantitation of the superoxide radical anion (1). 

Fe"-cytochrome c + 0;- 

(1 1 --f Fe2+-cytochrome c + 0 2  

The calculations of radical yield are based upon 
different molar absorptivities for the ferricyto- 
chrome c (0.89 x 104M-' cm-') and ferrocyto- 
chrome c (2.9 x 104Mp' cm-') with a rate 
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SCHEME 2 

'OH DMPO H 3 C i  k H  

H3C N OH I I 

CH3CHzOH 
0- 

t 
I 

H3C-e-OH - DMPo H 3 c 0 z H - C n 3  

H3C I I H 
0- OH 

SCHEME 3 

constant k =  1.4 x 106M-' s-' for a pH ranging 
from 4.7 to 7.4. Despite the possible reduction of 
ferricytochrome c by other electron donors, the 
inhibitable effect of SOD selectively discriminates 
the superoxide radical contribution. A limitation 
of this method is the possible impact of divalent 
cations on the superoxide radical dismutation via 
a Fenton reaction (6),(7) resulting in hydroxyl 
radicals generation.[48r491 This metallic catalysis 
may be avoided by treating buffer solutions with 
a chelating agent such as Chelex. It should be 

pointed out that, theoretically, dismutation of the 
superoxide radical may occur in protic solvents 
via the Haber-Weiss reaction (5). Because the rate 
constant is very ( k  < 0.3 M-' s-') in com- 
parison with the Fenton reaction's rate the 
contribution of this pathway is usually neglected. 

Production of HlO2 from 0;- 

H '  H +  0;- + HO; 5 HO; + H202 

H202 5 'OH + OH- 

HO; + HO; + H202 + 0 2  

Haber- Weiss reaction 

0;- + H202 + 'OH + 0 2  + H202 

Fenton reaction 

Fe3+ + 0;- Fez+ + 0 2  

Fe2+ + H?O? + Fe3+ + 'OH + -OH 
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The typical experimental procedure was as 
follows. DMSO solutions of ZnPcCl16 ( ~ o - ~ M )  
and AlP~C1(10-~ M) were freshly prepared be- 
fore each experiment. Cytochrome c solutions 
(2.69 x lOP5M) were made up in chelated phos- 
phate buffer. The final volume for each sample 
was 3ml and the water percentage did not 
exceed 7%. Samples were directly irradiated 
inside the optical cell. The absorbance of 
cytochrome c was monitored and recorded at 
550 nm every 2 min with a Kontron Uvikon 930 
spectrophotometer. Anaerobic experiments were 
performed after purging samples with argon for 
15 min. Quenching experiments were carried out 
with SOD (40 pg/ml). 

RESULTS AND DISCUSSION 

Generation of Singlet Oxygen (lo2) 
by the Photosensitizers 

Formation of TEMPO in Solution 

To evaluate the ability of [(nhe~)~SiO]~SiPc, 
ZnPcCl16, A1PcCll6, and HS04AlPCC116 to gen- 
erate '02, aerated DMF solution of different con- 
centrations of these dyes (2 x M, 2 x lop4 M) 
were irradiated with white light (A > 475 nm) at 
room temperature after addition of 4-0x0-TEMP 
(lop3 M, lo-' M respectively). However, the two 
aluminum perchlorinated phthalocyanines are 
sparingly soluble and must be sonicated before 
use. Fresh solutions of photosensitizers were 
prepared before each experiment and we checked 
that no radical was produced after sonica- 
t i~n. '~ ' ,~ ' '  Thus, we cannot rule out aggregation, 
favoring dye-dye interactions and thus quench- 
ing of A1PcCl16 whose foregoing results show that 
it does not generate ' 0 2 .  For comparison, solu- 
tions of AlPcCl and 4-0x0-TEMP at the same 
concentrations as mentioned before were tested. 

The spectra evidenced a strong production of 
4-0x0-TEMPO nitroxide radical confirming the 
formation of ' 0 2  by photoexcited ZnPcClI6, 
HSO4PcClI6 and [(nhe~)~SiOI~SiPc (Figure 3). 
When D20 in which the '02 lifetime is lengthened 

0 40 20 

irradiation time (mi".) 

FIGURE 3 Comparative production of 4-0x0-TEMPO radi- 
cal generated from illumination of DMF phthalocyanines 
solutions in presence of 4-0x0-TEMP M). [(nhex)3- 
S ~ O I ~ S ~ P C  (2 x ~ o - ~ M ) ,  Z ~ P C C I ~ ~  (2 x ~ O - ~ M ) ,  AIPCC116 
(2 x ~ o - ~ M ) ,  HSO~AIPCCI~~  (2 x I O - ~ M ) .  Spectrometer set- 
tings: microwave: 20 mW; modulation amplitude: 1.243 G; 
time constant: 40.96ms, scan rate: 167.772s; scan width: 
IOOG, X band, modulation frequency: 100 kHz, receiver 
gain: 4 x lo4. 

(decay constant for singlet oxygen kd (s-') in 
water: 2.4-3.2 x lo5, in D20: 1.4-2.3 x lo4, in 
DMF: 4-7.1 x 104)[521 were added (20%) to the 
DMF phthalocyanines solutions, ESR signals 
were 2-fold to 3-fold higher. Along this line, to 
investigate further the generation of ' 0 2  upon 
illumination of our phthalocyanines derivatives, 
the yield of 4-0x0-TEMPO was studied in the 
presence of histidine, an animoacid known as 
singlet oxygen q ~ e n c h e r ' ~ ~ '  through 1,4 cyclo- 
addition on its imidazole ring (8). 

Figure 4 shows the Stern-Volmer plot of the effect 
of histidine on the intensities of the 4-0x0-TEMPO 
radicals upon irradiation of [(nhe~)~SiOI~SiPc, 
Z ~ P C C ~ ~ ~ ,  HSO4A1PcCll6. Taken together, these 
results confirm the production of '02 by the series 
of phthalocyanines. 

The most efficient new photosensitizers for ' 0 2  

production were [(nhex)&iOI2SiPc and ZnPcCl16. 
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0 

M [(nHex),Si0I2SiPc 
. 0 ZnPcCI16 

6- A HSO,AIPcCi,, 

2 4 -  

I 
0.0 0 , l  0.2 0.3 0.4 

[Histidine] mM 

FIGURE 4 Effect of histidine on the intensity of the 4-oxo- 
TEMPO radical produced upon irradiation of [(nhex)$iOlz- 
SiPc (2 x M), ZnPcC1,6 (2 x M), AIPcCl,, 
(2 x 10-'M). Stern-Volmer plot: I o / I =  ratio of signal inten- 
sity in the absence and presence of histidine. Spectrometer 
settings as in Figure 3. 

The zinc phthalocyanine is a powerful source of 
'02, producing higher concentration of 4-0x0- 
TEMPO than AlPcCl (Figure 3). This result 
substantiates our hypothesis that chlorination of 
the sensitizer leads to high ' 0 2  quantum yields 
via the heavy atom effect. Heavy atom effects are 
due to the spin-orbit interaction of an outer- 
electron (orbital angular momentum I )  with the 
core. (1  is the coupling parameter which provides 
a measure of the strength of the spin-orbit 
interaction. Heavy atoms show high spin-orbit 
coupling constants, for instance the < I  value for C1 
is 587 cm-' whereas H shows a very low coupling 
constant ( (1  = 0.24 cm-I). High spin-orbit inter- 
actions usually lead to elevated triplet quantum 
yields.[541 

TEMPO Formed in Liposomes 

Some evidences exist that cell membranes are 
critical sites affected by photosen~itization. '~~~ 
Besides, they often play a determinant role in 
photosensitization photoprocesses, affecting in 
some cases the photochemical m e c h a n i ~ m s . ~ ~ ~ , ~ ~ ]  
Thus, to ensure results obtained in DMF, and to 
gain more insight into the destructive phototoxic 
effects, the ESR study of these lipophilic phthalo- 
cyanines was extended to the impact of mem- 

branes on photochemical processes. Liposomes 
made from DPPC were used as synthetic mem- 
brane models. This saturated phospholipid was 
selected to avoid the oxidation of unsaturated 
fatty acid side chains by ' 0 2  or 'OH and the 
resulting lipid alkoxyl or peroxyl radicals. 

The irradiation of several aerobic dispersions 
of DPPC liposomes containing [(nhe~)~Si0]2SiPc 
at various concentrations (2 x M, 2 x lop4 M) 
and 4-oxo-TEMP (10p3M, lo-' M respectively) 
yields strong signals attributable to the formation 
of 4-oxo-TEMPO. For a given irradiation time, the 
ESR signals were twice as intense as those 
observed in DMF (data not shown). On the 
contrary, after a 30min irradiation span, very 
weak signals of 4-oxo-TEMPO were observed for 
all the perchlorinated phthalocyanines (spectra 
not shown): signals were found to be 300 times 
less intense. We checked for all the phthalocya- 
nines, the possible contribution of 0;- or HOT to 
the generation of '02 using superoxide dismutase 
(40 pg/ml) and catalase (40 pg/ml). A small effect 
of these enzymes on the amount of 4-oxo-TEMPO 
was observed in the borderline of statistical 
significance (5% decrease of the 4-oxo-TEMPO 
adduct) (data not shown). Although these en- 
zymes were used at very low doses, histidine, 
methionine and tryptophan residues of these 
proteins may be responsible for chemical or '02 
quenching.[58f591 

The ESR findings seem to be consistent with 
an increased aggregation of all perchlorinated 
phthalocyanines in liposomes membranes result- 
ing in the loss of the capacity to generate lo2. 
Another possibility is that the lifetime of the 
singlet or the triplet state of these sensitizers in 
DPPC membranes considerably decreased. 

Generation of Superoxide Radical (O;-) 
by the Photosensitizers 

DMPO-'OOH Adduct Formed in 
DMF Solutions 

To assess the possible contribution of a Type I 
mechanism the resulting generation of 0;- and/ 
or 'OH was investigated. The reaction between 
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3 0 2  and the photosensitizers was studied in 
presence of the spin-trap: DMPO. This is known 
to yield a DMPO-'OOH adduct with 0;- and 
DMPWOH with 'OH whose ESR spectra are 
characteristic.[32r60r611 The superoxide is stable in 
aprotic solvents such as DMF where dispropor- 
tionation of 0;- to 'OH via the capture of H+ is 
unlikely.[621 When an aerated DMF solution of 
any of the phthalocyanines studied in this work 
(2 x 10-5M, 2 x l(Y4M) was irradiated in pres- 
ence of DMPO (lOP1M), the ESR spectrum 
observed was assigned to the DMPO-'OOH 
adduct (aN = 12.6 G, u; = 9.1 G). The correspond- 
ing results for the series of phthalocyanines are 
given in Figure 5. The non-monotonous behavior 
of A1PcCl16 is probably related to a slow deposit 
of the compound whose solubility in DMF is 
obtained only after sonication. Addition of H20 
(20%) in the DMF solutions considerably en- 
hanced the resolution of the spectra. The pattern 
of the DMPWOOH adduct then became more 
similar to that observed in water displaying the 
following hyperfine coupling constants: u N  = 

13.1 G, u; = 12.14G and u y  = 1.4G (exemplified 
in Figure 6(b) and (c) with experiments run with 

0 2 4 6 8 10 12 14 16 18 20 22 
irradiation b e  (mi".) 

FIGURE 5 Comparative production of DMPG'OOH radi- 
cal generated from illumination of DMF phthalocyanines 
solutions in presence of DMPO (lo-' M). [(nhex)3SiOlzSiPc 

HSO4A1PcCll6 (2 x low5 M). Spectrometer settings: micro- 
wave: 20mW modulation amplitude: 1.243G; time con- 
stant: 40.96ms, scan rate: 167.772s; scan width: 100G, X 
band, modulation frequency: 100 kHz, receiver gain: 

(2 X W 5 M ) ,  ZnPcCl16 (2 X m 5 M ) ,  AlPCC116 (2 X 10-'M), 

8 x 105. 

20 c. 

e 

b 

r 

8 

b 

i 

2 

J 

FIGURE 6 ESR spectra of the DMPG'OOH and 
DMPG'OH adducts produced after an irradiation time of 
3min of the system ZnPcC11, (2 x lO-'M)/DMPO (10-'M). 
(a) Control run in the dark with ZnPcCl16 and DMPO in 
DMF. (b) DMPG'OOH adduct produced upon irradiation 
of ZnPcCl16 in presence of DMPO in DMF (receiver gain: 
8 x lo5). (c) DMPO-'OOH adduct produced upon irradia- 
tion of ZnPcClI6 in presence of DMPO in a mixture of 
DMF 80%/water 20% (receiver gain: 8 x  lo5). (d) 
DMPO-'OOH (x) and DMPO-'OH (*) adducts produced 
upon illumination of a liposomal dispersion containing 
ZnPcCIl6 and DMPO (receiver gain: 8 x lo5). (e) 
DMPG'OOH adduct obtained after illumination of a lipo- 
soma1 dispersion containing ZnPcCl,,, DMPO and desfem- 
oxamine (6 x 10-6M) (receiver gain 8 x lo5). (f) Effect of 
SOD (40pg/mI) on the DMPG'OOH adduct produced 
upon illumination of a liposomal dispersion containing 
ZnPcClI6 and DMPO (receiver gain 8 x lo5). (g) 
DMPO-'OH adduct formed after an irradiation time of 
5min of the liposomal system previously described (re- 
ceiver gain 4 x lo5). (h) Effect of catalase (40pg/ml) on the 
DMPG'OH adduct formed after an irradiation time of 
5min of the liposomal system previously described (re- 
ceiver gain 8 x lo5). (i) Effect of Fe-DETAPAC (4 x 10-6M) 
on the DMPO-'OH adduct produced after an irradiation 
time of 5min. of the liposomal system previously de- 
scribed. A DMPO-'R adduct (2) is also detectable (receiver 
gain 4 x lo5). (j) DMPG'R adduct formed at the expense 
of the DMPG'OH adduct (1) after an irradiation time of 
20 min of a liposomal dispersion containing ZnPcCl16 and 
DMPO (receiver gain 4 x lo5). Spectrometer settings as in 
Figure 5. 
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ZnPcClI6). Control experiments in dark or in the 
absence of oxygen showed that the DMPO-'OOH 
generation is a photodynamic process. 

DMPO-'OOH Adduct Formed in 
Liposomes 

In aqueous solution, at pH 7, the rate constant of 
the of DMPO with 'OH is approxi- 
mately 2 x 109M-' s-'. Under the same condi- 
tions, the rate constant of DMPO with 0;- is 

spectrometer cavity allowed us to observe the 
DMPO-'OOH adduct formed during the photo- 
excitation of phthalocyanines. This adduct rap- 
idly decayed in favor of DMPO-'OH (Figure 
6(d)). The addition of SOD (40pg/ml) prior to 
illumination prevents the formation of 
DMPO-'OOH, whereas heat denaturated SOD 
did not modify the ESR spectrum. Moreover, the 
intensity of the ESR signals were found to be 
dependent on dye concentration. Catalase and 
H202 showed a negligible effect excluding a role 
of H202 in the formation of O;-'401 by photo- 
excited phthalocyanines (9). We also took into 
account a possible conversion of '02 into 0;-(10). 
Neither D20, nor histidine had significant effect 
on the amount of the DMPO-'OOH adduct 
formed. 

1ow160,611. 1 0 ~ - 1  s -1 . Direct irradiation inside the 

2H202 + 0;- + 2 'OH + 2H' (9) 

Irradiation of A1PcCl16 and HS04A1PcC116 en- 
trapped into liposomes did not generate any de- 
tectable DMPWOOH adduct (data not shown). 

Iron Dependent Production of 0; 
in Liposomes 

Previous works have demonstrated that 
DMPWOOH adduct is unstable in the pres- 
ence of transition metals and easily decomposes 
into different species, including DMPO- 
*OH.132,34,44,601 The efficiency of spontaneous dis- 
proportionation of the O;-/HO; radicals is in- 
creased by metallic impurities[6144' thus causing 

a strong build up of H202. Desferrioxamine is a 
well-known iron chelator preventing further 
reaction of iron with H202'23r34r441 preserving 
thereby the DMPO-'OOH adduct. To avoid any 
degradation of the DMPO-'OOH produced, 
desferrioxamine has been added. It was used a t  
low concentration (6 x lop6 M) to avoid a possible 
production of free radicals generated by photo- 
chemical reaction between phthalocyanine and 
desferri~xamine.'~~] The typical pattern for the 
DMPWOOH adduct with the hyperfine con- 
stant values previously reported in water: u N  = 

14.2 G, L I ~  = 11.2 G and L I ~  = 1.25 G was observed 
(Figure 6(e)). Control experiments ensured that 
no signal was obtained without light or 0 2 .  When 
desferrioxamine was not supplied, the ESR signal 
amplitude of the DMPWOOH adduct weak- 
ened rapidly after a few minutes of light ex- 
posure, whereas the signal remained constant 
when chelator was used (Figure 6(d) and (e)). 

Formation of Hydroxyl Radical 
'OH in Liposomes 

Transformation of 0;- into 'OH 

As previously reported,[I4] no DMPO-*OH ad- 
duct was observed during irradiation of phthalo- 
cyanine solutions neither in DMF nor in mixture 
of DMF-H20 (80 : 20). However, photoirradiation 
at pH 7.4 of an oxygen saturated, liposomal 
dispersion of phthalocyanines (2 x lop4 M, 
2 x 10-5M) in the presence of DMPO (10-'M) 
led to the formation of a large amount of 
DMPWOH spin consisting of the 1 :2:2:  1 
quartet with uN = uH = 14.9 (Figure 6(g)). 

Actually, the DMPO-'OH adduct observed 
may be deceptive because it may arise from 
decomposition of DMPWOOH[32,"*44r451 thus 
we checked that catalase (40 pg/ml) or desfer- 
rioxamine (6 x lop6 M) fully inhibited the gen- 
eration of DMPWOH (Figure 6(e) and (h)). This 
result testifies a primary 'OH radical generation 
from O;-. A rapid increase in DMPO-'OH yield 
occurred for an irradiation span of 4 min followed 
by a plateau in the intensity of the DMPO-'OH 
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signal 10 min after the beginning of the reaction. 
These findings are consistent with a predominant 
'OH formation after mixing of the reagents. The 
DMPWOH signal was still observed 30 min after 
the end of the irradiation. This result is in agree- 
ment with the high stability of the DMPO-'OH 
adduct whose half-life is about 2 h at pH 7.[321 

Addition of Fe3+-DETAPAC (4 x 1OP6M) in- 
creased the formation of the hydroxyl radical 
(Figure 6(i)). To establish the possible H202 
dependence for the DMPO-'OH generation, 
control experiments were run in presence of both 
H202 and Fe3+-DETAPAC (spectrum not 
shown). A significant build up occurred, suggest- 
ing that the phthalocyanine/O;? system would be 
able to generate 'OH radicals via the Fenton 
reaction. H202 would originate from 0;- as in 
reaction (2) or (4) or from dismutation of 0;- both 
followed, in the presence of Fe2+ by reaction (7). 

When ESR signals were recorded, a second 
distinct figure corresponding to a DMPWR 
radical was observed (Figure 6(i) and (j)). The 
trapped species may be an abstraction radical 
from DMF or DPPC formed by 'OH attack 
(11),(12). Another possibility is the degradation 
of DMP0.[33-661 The observed hyperfine coupling 
constants of this adduct are the following: 
aN = 16.33 G, = 23 G. 

(CH3),NCHO + 'OH 
-+ 'CH2N(CH3)CHO + H20 (11) 

'CH?N(CHj)CHO + DMPO 
+ DMPO-'CH2N(CH3)CHO (12) 

Finally, experiments run in liposomal disper- 
sions did not provide clear evidence of an 
influence of electron donating molecules on the 
DMPWOOH or the DMPWOH generation 
(data not shown). 

Proposed Mechanisms for the Production 
of 0;- 

Phthalocyanine excitation by red light and inter- 
system crossing, allow simultaneously both oxy- 

gen dependent Type I and Type I1 mechanisms. 
The following electron transfer reactions can be 
involved: 

PC + hv + 1 P ~ * - + 3 P ~ *  (13) 

(14) 3 ~ ~ *  -t302 -+ PC + 

3Pc" + Pc + Pc'- + PC'+ (15) 

Pc'- + 0 2  --f Pc + 0;- 

3Pc* + 0 2  4 PC'+ + 0;- (18) 

In process (14) the triplet formed during 
irradiation collides with molecular oxygen to 
generate '02 whereas in process (15) the 
phthalocyanine in the triplet state collides with 
another phthalocyanine molecule in the ground 
state, leading to an electron transfer. The result- 
ing Pc'- anion radical then gives in turn its 
electron to dioxygen, producing 0;- (17). Pc'- 
can be also produced by process (16): an electron 
donor D can transfer an electron to the excited 
state 3Pc* and gets to PC'~.  Alternatively the 
possibility that 3Pc* may transfer an electron to 
dioxygen and generate 0;- (process (18)) cannot 
be discarded. 

The possible involvement of a phthalocyanine 
radical derivative was confirmed for ZnPcClI6. 
When the crystallized form of the photosensitizer 
was irradiated, a one broad line ESR signal was 
observed (Figure 7). Control experiments showed 
that light was necessary to produce this signal. 
We were unable to observe the corresponding 
DMPO adduct in anaerobic DMF solutions nor in 
deaerated liposomal suspensions. This signal 
was assumed to result from phthalocyanine 
derivative radical occurring during photosensiti- 
zation as in reactions (13), (15). 

Other phthalocyanines, neither crystallised nor 
in solution, were not able to generate any 
detectable radical when irradiated. 
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a 

b 

FIGURE 7 ESR spectrum of ZnPcClld radical obtained upon 
irradiation of the crystallized dye. Spectrometer settings: 
microwave: 20 mW; modulation amplitude: 1.243 G; time con- 
stant: 40.96ms, scan rate: 167.772 s; scan width: 100 G, X band; 
modulation frequency: 100 kHz; receiver gain: 8 x lo5 
(a) Control run in the dark, (b) signal obtained upon illumi- 
nation. 

Quantitation of the Superoxide Radical 

ESR Technique 

Though the spin-trapping of the superoxide 
radical using DMPO is very sensitive, it may be 
deceptive for truly accurate quantitation in view 
of a possible rapid decay of spin-adducts. 
Actually spin-adducts in DMF were stable ex- 
hibiting long life-time (over 30 min). This feature 
allowed us to compare results from ESR experi- 
ments along with the data obtained at levels 
where a linear measurement is obtained with the 
cytochrome c reduction assay. Results are shown 
in Table 11. 

Cytochrome c Assay 

The use of cytochrome c to quantify the produc- 
tion of 0;- was carried out with only two 
phthalocyanines, namely AlPcCl and ZnPcCl16. 
The other phthalocyanines were either unstable 
in DMSO ([(nhe~)~SiO]~SiPc) or soluble only in 
DMF (A1PcCl16, and HS04A1PcC116) in which the 
cytochrome c is unstable. Precise amounts of 0;- 
production were obtained from the comparison 
between anaerobic and aerobic experiments, 
permitting to estimate the level of ferrocyto- 
chrome c due to a direct electron transfer from 
phthalocyanines in the excited state. The 
amounts of 0;- trapped by ferrocytochrome c 
are given in Table 11. Quenching experiments of 
0;- were performed with native and heat 
denaturated SOD. The enzymatic assay (data not 

TABLE I1 ESR and cytochrome c assays: comparative 
quantitation of 0;- produced by irradiation of the studied 
phthalocyanines 

Photosensitizer nO;-(10-6M) nO;-(10 6 M )  
(irradiation time: (irradiation time: 

5 min) 5 min) 

ESR quantitation Cytochrome c assay 

3.s ............................................................. 

3 ........................................................... 

-0 2.5 ......................................................... - : I  u , ............................................................. y3 
I 

4 

............ 

2 

o r : :  : : :  I :  I :  I : : :  I I 

0 2 4 6 8 1 0  12 14 16 1 8  20 22 24 26 28 30 

irradintion time (min.) 

FIGURE 8 Comparative yield of reduced cytochrome c 
obtained from systems containing cytochrome c (2.69 x 
w 5 M )  and ZnPcCl,, (2 x w 5 M )  (1 and 2) or AlClPc 
(2 x lo-") (3 and 4). Yields are given for aerobic condi- 
tions (1 and 3) and anaerobic conditions (2 and 4). 

shown) as well as anaerobic experiments showed 
that reduction of cytochrome c was essentially 
due to 0;- (Figure 8). Control experiments 
ensured that no reduction occurred in absence 
of irradiation. 

CONCLUSION 

Our ESR experiments show that phthalocyanines 
which exhibit potentiaIities as photosensitizer for 
PDT of melanotic and leukemic cells, are able to 
operate by Type I and Type I1 pathways in DMF. 
The two mechanisms occur simultaneously 
although the Type I1 seems to be prevalent. These 
results are not changed when the bidtri-n-hexyl- 
siloxy) silicon phthalocyanine is entrapped into 
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liposomes. By contrast, for all the perchlorinated 
phthalocyanines the Type I process is still favored 
in membrane models whereas the Type I1 path- 
way is negligible. It is likely that this modified 
photophysical behavior is due to a possible 
staclung of phthalocyanines in membranes. 
These findings suggest that in the case of the 
bis(tri-n-hexylsiloxy) silicon phthalocyanine the 
photochemical processes remain unmodified in 
DMF and in liposomal dispersions because of the 
preventing effect of axial ligands against aggre- 
gation. A significant increase of the Type I1 
contribution was observed in liposomes. Per- 
chlorinated phthalocyanines are devoid of a Type 
I1 mechanism contribution when these photo- 
sensitizers are incorporated into liposomes where 
the photoinduced electron-transfer pathway is 
still favored. Results obtained with the zinc 
perchlorinated phthalocyanine indicate that 
photodynamic action of this compound is not 
dependent on ' 0 2 .  Phototoxicity of this com- 
pound would be essentially mediated by oxygen 
free radicals. The experiments related to the 
presence or absence of *OH radicals demonstrate 
that during irradiation of air saturated liposomal 
suspension of phthalocyanines, the generation of 
'OH is iron dependent and originates from 0;- or 
its protonated form 002H[62,67-693 via the Fenton 
reaction. 

Quantitative results obtained from the cyto- 
chrome c reduction and the ESR techniques are in 
good agreement. Problems usually encountered 
when trying to quantify O;-, namely dispropor- 
tionation of the superoxide radical or degrada- 
tion of the spin-trap seem avoided in aprotic 
solvents such as DMF and DMSO. 
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