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Abstract 

Laser flash photolysis, pulse radiolysis and time-resolved near-IR luminescence were used to study the photoproperties of 
a novel water-soluble metallophthalocyanine with no peripheral substitution. The phthalocyanine induces a significant reduction 
in tumour size or complete tumour eradication by photodynamic therapy (PDT). Yet, although this phthalocyanine sensitizes 
the production of singlet oxygen with a quantum yield of 0.3 in methanol, the quantum yield of singlet oxygen production 
in air-saturated D,O is less than 0.01 (the detection limit of our equipment). This is explained in terms of the combined 
effect of the triplet state lifetime of the phthalocyanine (1.2 ps in nitrogen-saturated methanol and 0.65 ps in nitrogen- 
saturated water) and the near tenfold reduction in the oxygen concentration from methanol to water. Therefore we propose 
that, in aqueous solution, a non-singlet-oxygen-mediated mechanism, probably electron transfer, prevails and leads to the 
observed PDT effect. 
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1. Introduction 

Phthalocyanines (PC) are currently of interest as 
second generation sensitizers for the photodynamic 
therapy (PDT) of cancer and, because of their strong 
red absorption band, are well suited to take advantage 
of the maximal tissue penetration and low light scattering 
properties of organelles in the 600 to 1000 nm “pho- 
totherapeutic window” [l]. 

Unfortunately, many phthalocyanines and metallo- 
phthalocyanines are insoluble in water and biologically 
compatible organic solvents. Previously, soluble forms 
of phthalocyanines have been prepared by the addition 
of sulphonic acid or carboxylic acid moieties to the 
periphery of the macrocycle [2]. These synthetic 
routes often lead to mixtures of isomers that are not 
easily resolved [3]. An approach which avoids this 
problem is to prepare a metallophthalocyanine in 
which the periphery is unsubstituted, and the nature 
of the axial ligands determines the desired property 
[4]. In this work, WC report the photophysical 
properties of one such phthalocyanine (JM2929) 
which utilizes a ruthenium central metal atom with 

two triphenylphosphine monosulphonate ligands 
(Fig. 1). 

JM2929 has been shown to be as effective as Photofrin 
(Quadra Logic Technologies Inc, BC) and more effective 
than aluminium phthalocyanine tetrasulphonate in vitro 
in the PDT killing of RIF-1 cells’. This compound has 
been tested in vitro against several cell lines with similar 
results and has been shown to kill by an oxygen-mediated 
process [6]. Additionally, in mice with subcutaneous 
RIF-1 tumours, full thickness regression was obtained 
with JM2929 [6]‘. 

‘For example, in radiation-induced tibrosarcoma (RIF) cells in 

vitro, 90% colonogenic cell kill was achieved with 18 h incubation 
in JM2929 at a concentration of 5 pg ml-’ and approximately 104 

J me2 of broad-band red light irradiation. This is comparable with 
the photocytotoxicity of Photofrin in these cells and considerably 
more toxic than chloroaluminium sulphonated phthalocyanine 
(tri-tetra sulphonation) under the same conditions. Similarly, for 
RIF grown subcutaneously in mice (approximately 8 mm in diameter), 
full thickness necrosis was obtained with RuPc at 20 mg kg-’ body 
weight injected intravenously and irradiated 24 h later with 150 J 
cm-’ of 670 nm light, a result comparable with the Photofrin PDT 
response at 10 mg kg-’ in this model [S]. 
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Fig. 1. Structure of dipotassium[bis(triphenylphosphinemonosul- 

phonate)Ru(II)phthalocyanine] (JM2929). 

At face value the activity of JM2929 would appear 
to be consistent with a singlet-oxygen-mediated mech- 
anism. The diamagnetic d, ruthenium should extend 
the triplet lifetime of the system and enhance singlet 
oxygen production as reported for other metallo- 
phthalocyanines [7,8]. We have found that some of the 
photophysical characteristics of JM2929, namely the 
singlet and triplet lifetimes in aqueous solution, are in 
conflict with this explanation of the activity of JM2929. 
We conclude that a type I reaction is the primary 
mechanism for the photomediated cell killing seen with 
this compound. 

2. Experimental details 

Dipotassium [ bis (triphenylphosphinemono sulphon- 
ate)Ru(II)phthalocyanine] (JM2929) was used for pho- 
tophysical studies as received from Johnson Matthey 
Inc.; the full synthesis and characterization are reported 
elsewhere [ 91. 

Transient absorption measurements were made in 
nitrogen-saturated solution by a laser flash photolysis 
method similar to that described by McVie et al. [lo]. 
The monitoring source (Kratos 250 W xenon arc lamp) 
was focused through the front 2 mm of a sealable 
cuvette (10 mm path length) onto the front slits of the 
monochromator (Applied Photophysics, f= 3.4, fitted 
with a Hamamatsu R928 red-sensitive photomultiplier). 
The photomultiplier output was fed via an automatic 
back-off unit to a Tektronix 2342A digital oscilloscope 
(5 ns per point, 1024 points per screen) and terminated 
with a 50 fl load resistor. Pulsed laser excitation was 
obtained from the frequency doubled (532 nm) or 
frequency tripled (355 nm) outputs of a Q-switched 
Nd:YAG laser (Spectron lasers; 16 ns pulse width). 
Transients were signal averaged on the oscilloscope 
and transferred to a personal computer for analysis. 

Singlet oxygen was detected directly by time-resolved 
near-IR luminescence at 1270 nm using the method 
of Rodgers and Snowden [ll]. The 1270 nm lumines- 
cence was detected, following 532 nm pulsed laser 
excitation, with a room-temperature germanium pho- 

todiode amplified with a Judson pre-amplifier and fed 
to a Tektronix 2342A digital oscilloscope. Transients 
were signal averaged and transferred to a personal 
computer for analysis. The indirect method of Kraljic 
and El Mohsni [12] was also used for detecting singlet 
oxygen in aqueous solution. In this method, the bleaching 
of 5 X 10m5 M p-nitroso-N,N’-dimethylaniline @NO), 
in the presence of 8 x 10m3 M imidazole in air-saturated, 
pH 7.4 phosphate buffer, was monitored at 440 nm as 
a function of the phthalocyanine concentration on ir- 
radiation with 650 nm laser light. 

In order to measure the photobleaching of JM2929, 
2 ml aqueous samples with an initial concentration of 
2.76~ 10m5 M were irradiated with 650 nm light from 
an argon-ion-pumped dye laser with an incident power 
of 100 mW (u-radiance, approximately 50 mW crr~-~). 
At various times during irradiation, the absorption 
spectrum of the sample was measured (400-750 nm) 
and the absorbance at 650 nm was plotted against the 
irradiation time. The effect of oxygen on the photo- 
bleaching was assessed by purging the sample with dry 
nitrogen for 10 min prior to irradiation, with the ab- 
sorption spectrum being measured before and imme- 
diately after purging. 

The radical anion and radical cation transient dif- 
ference spectra were determined by pulse radiolysis at 
the Paterson Laboratories, Christie Hospital, Manch- 
ester; the experimental arrangement has been described 
previously [13]. The radical anion transient difference 
spectrum was determined in pH 7.4 phosphate-buffered 
formate solution purged with dry nitrogen, and the 
radical cation was determined in pH 7.4 phosphate- 
buffered sodium azide solution. The radical cation was 
also generated chemically using bromine in methanol 
as an oxidant. To 4 ml JM2929 (1.47 X lo-’ M) was 
added successive 2 ~1 aliquots of 1.5 X lo-’ M Br, in 
methanol (0.5 equivalents) to give 0.5, 1 and 2 equiv- 
alents; the effect of the generation of the radical cation 
was followed by visible absorption spectroscopy. To 
confirm that the changes observed were related to the 
oxidation of the ring, 5 ~1 of 1.2~10~~ M Ccl, (1 
equivalent), which is capable of oxidizing only free 
phosphines to their corresponding oxides, in methanol 
was added to 4 ml of JM2929 (1.47~ lo-’ M) as a 
control. 

Absorption and fluorescence measurements were 
made using Perkin-Elmer Lambda 2, Cary 219 and 
Perkin-Elmer LS-50 spectrophotometers. Fluorescence 
measurements were made using an absorbance of about 
0.1 at the excitation wavelength (650 nm). 

3. Results and discussion 

The ground state absorption spectrum of JM2929 
(Fig. 2) in water has a broad Q band with h,,, at 650 
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Fig. 2. Ground state absorption spectrum of JM2929 in water at a 
concentration of 100 PM. 

nm (E= 8.82~ lo4 M-’ cm-l) and shows no change in 
shape or peak shift with increasing concentration up 
to 1.0x 10e4 M. This clearly suggests that the tri- 
phenylphosphine ligands prevent aggregation, but re- 
duce the “fine structure” that is commonly associated 
with the electronic spectra of metallophthalocyanines. 

Within the detection limit of our spectrophotometer, 
fluorescence emission was not observed in either meth- 
anol or water. Indeed, preliminary picosecond transient 
absorption measurements indicated that the singlet state 
lifetime is 60-100 ps in methanol, probably as a result 
of the heavy atom effect due to the ruthenium central 
metal atom. 

Quantum yields of singlet oxygen production mea- 
sured against [tetrakis(4-sulphonatophenyl)porphine] 
(TPPS) in D,O [14] and haematoporphyrin dihydro- 
chloride (HPm2HCl) in methanol [15] were 
@. < 0.01 f 10% and @,(CH,OD) = 0.3 f 10% respec- 
tively. However, although no singlet oxygen lumines- 
cence was detected in DzO even under oxygen-saturated 
conditions, no long-lived products were observed under 
the described conditions and no overall change in the 
ground state absorbance was seen. It is interesting to 
note, however, that the transient absorption maximum 
is spectrally comparable with the end product obtained 
in the photobleaching experiment. 

JM2929 clearly sensitizes the photobleaching of RN0 
(Fig. 3) at high phthalocyanine concentrations, sug- 
gesting that either a very small amount of singlet oxygen 
is generated (below the detection limit of our system) 
or, as reported by Sharpatyi and Kraljic [16], RN0 
photobleaching is the result of electron transfer or other 
products. 

In view of the difference between the singlet oxygen 
yields in CI-&OD and DzO, the triplet state transient 
absorption properties were measured (Fig. 4) in meth- 
anol and water. Although a strong triplet state transient 
absorption was observed in both solvents, the uni- 
molecular decay rate constants lifetimes in the absence 
of oxygen were k= 8.8 X lp s-’ (1.2 ps) and 1.5 X lo6 

JM2929 concentration (M) 

Fig. 3. Photobleaching of p-nitroso-N,N’-dimethylaniline (RNO) as 
a function of the phthaloqanine concentration in air-saturated phos- 
phate buffer. 
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Fig. 4. Triplet difference absorption spectra for JM2929 in water 
and methanol (laser pulse energy = 10 mJ, initial concentration of 
sample --lo PM). 

s-’ (0.65 ps) for methanol and water respectively, and 
are typical of many ruthenium complexes such as the 
Ru(I1) polypyridyls. Fig. 5 shows the transient decays 
measured for JM2929 in methanol and water, in the 
presence and absence of oxygen. Clearly, there is no 
significant difference in the aqueous decay curves be- 
tween the air- and nitrogen-saturated solutions a rate 
constant of k,(O,) = 1 x lo9 M-’ s-l was obtained for 
the quenching of the JM2929 excited state by oxygen 
in air-saturated solution. 

According to the Stern-Volmer equation, the bi- 
molecular rate constant (k,) for the dynamic quenching 
of the excited state by oxygen is given by Eq. (l), where 
k, is the observed rate constant in the absence of 
oxygen, kz is the observed pseudo-first-order rate con- 
stant in the presence of oxygen and [0,] is the oxygen 
concentration 

k = &z-k) 
9 

P*l 

From Eq. (l), it is clear that the unimolecular decay 
rate constant and the oxygen concentration in the air- 
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Fig. 5. Transient decays for JM2929 in water (top) and methanol 

(bottom) showing the effect of oxygen on the rate of decay of the 

excited state. 

saturated solvent play a pivotal role in determining the 
efficiency of singlet oxygen production in the solvent. 
In D20, for example, the combined effect of a low 

oxygen concentration in air-saturated solution 
(2.65 x 1O-4 M) and a short triplet lifetime results in 
a very low efficiency of singlet oxygen production. In 
methanol, however, the nearly tenfold increase in oxygen 
concentration (2.12~ 10m3 M) combined with a longer 
triplet lifetime results in an increased efficiency of 
singlet oxygen production relative to that in DzO. This 
suggests one explanation for the observed reduction in 
the singlet oxygen quantum yield in DzO relative to 
methanol. 

Ground state photobleaching studies show that 
JM2929 (Fig. 6) is bleached in both nitrogen- and air- 
saturated aqueous solutions, although no significant 
spectral shape changes are observed, except for a slight 
increase in the absorption at about 470 nm. The rate 
of photobleaching in the presence of air was initially 
faster than that in nitrogen; thus the photobleaching 
effect can be accelerated by oxygen but is not dependent 
on its presence. There was no significant recovery of 
the absorbance post-irradiation, indicating that the pho- 
tobleaching is irreversible. In every case, simply purging 
the solution with nitrogen resulted in a 20%-30% pre- 
irradiation drop in the absorbance. A more detailed 
study of this phenomenon suggests that the axial phos- 
phate ligands on the phthalocyanine may induce mild 

0 Air saturated (100 mV) 

n Nitrogen soturoted (IOOmV) 

n 

0.4 - 

0.2 I I I I 1 I 
0 200 400 600 800 1000 1200 

Time (seconds 1 
Fig. 6. Photobleaching of air- and nitrogen-saturated aqueous solutions 

of JM2929, induced by laser irradiation, at 650 nm, as a function 

of time. Each curve was normalized to the pre-irradiation absorption. 

surfactant properties in the molecule. It was found 
that, when an aqueous solution of JM2929 was bubbled 
with a gas, significant foaming occurred and the bubbles 
appeared to draw the phthalocyanine out of solution, 
depositing it on the top and sides of the vessel. It was 
also noted that, after a period of time, particles of 
“phthalocyanine” could be observed in the remaining 
solution. This was not observed in methanol. 

Both the photobleaching of JM2929 in the absence 
of oxygen and the JM2929-mediated photobleaching of 
RN0 require electron transfer. These findings suggest 
that the observed oxygen-dependent photodynamic ac- 
tivity is not a singlet-oxygen-mediated process, due to 
the “short” triplet state lifetime and near-zero singlet 
oxygen quantum yield in aqueous solution, but rather 
a type I process possibly involving superoxide anion. 
Recent studies have shown photodynamic activity for 
copper benzochlorin with a triplet state transient lifetime 
of less than 20 ns [17], reaffirming that the electron 
transfer pathway may be of importance in photodynamic 
activity. Alternatively, the non-singlet-oxygen-depen- 
dent oxidation of 3-methylindole by manganese phthal- 
ocyanine has been reported as a model for tryptophan- 
2,3-dioxygenase [18]. This process involves the formation 
of Mn3 +(Pc)-0,’ as the reactive species. However, 
literature data and direct experimental evidence rule 
against this mechanism in favour of a type I reaction. 
In type I reactions, interaction between the substrate 
and the electronically excited (usually triplet state) 
sensitizer leads to electron or hydrogen atom transfer 
giving rise to a radical pair which may undergo sub- 
sequent reaction with oxygen yielding an oxidized sub- 
strate. 

The oxidation of low-spin Ru(I1) to form an analogous 
species, extrapolated from the reduction potentials of 
similar complexes [19], is expected to be difficult. It 
has been shown by Dolphin et al. [20] using electro- 
chemistry, UV-visible and electron spin resonance 
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(ESR) spectroscopy that diamagnetic Ru(I1) phthal- 
ocyanine-bis(pyridine) complexes oxidize first at the 
phthalocyanine ring to give rise to a radical cation. 
JM2929 shows the same spectrophotometric and ESR 
changes as reported by Dolphin et al. when treated 
with chemical oxidants such as bromine (Fig. 7) or 
when photolysed using a 650 W visible photoflood lamp. 
It is interesting to note that the final oxidized species 
has an extremely broad band in the 450 to 550 nm 
range, suggesting that the formation of the radical 
cation is responsible for the increase in absorbance 
seen around 470 mn in the photobleaching experiments. 

In view of the possibility of electron transfer reactions, 
the radical anion and cation were measured by pulse 
radiolysis (Fig. 8) as this provides an unambiguous route 
to the individual species. It was found that the radical 
anion had a half-life of about 2-3 ms, whilst that of 
the radical cation was greater than 20 ms. Both species 
show peak maxima centred around 550 nm; however, 
the radical cation tends towards depletion below 400 
nm, whilst the anion remains as an absorption band. 

Wavelength (t-urn) 

Fig. 7. Visible spectral changes during titration of JM2929 to the 
radical cation with bromine (15 mM in methanol): A, JM2929 before 

titration; B, JM2929+0.5 equivalent of bromine; C, JM2929+ 1 
equivalent of bromine; D, JM2929 + 2 equivalents of bromine; inset: 
JM2929 + 1 equivalent of CCL, (12 mM in methanol). 
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Fig. 8. Radical difference absorption spectra for radical anion and 
radical cation in aqueous solution. 

The reason for the differences between the species is 
as yet unknown, and further work is required to study 
specifically the electron transfer reactions of this system. 

It is clear that, in aqueous systems, the photophysical 
characteristics of JM2929 are significantly different from 
those of previously studied biologically active metal- 
lophthalocyanine sensitizers. At face value, the short 
triplet lifetime and inability to detect, by direct lu- 
minescence methods, singlet oxygen production by 
JM2929 in D,O or other aqueous systems is inconsistent 
with reports that metallophthalocyanines containing 
diamagnetic metals are photobiologically active [7,9]. 
However, JM2929 is active both in vivo and in vitro, 
and its activity is oxygen dependent at concentrations 
and light doses similar to other established photosen- 
sitizers such as haematoporphyrin derivative [5]. 

4. Conclusions 

Clearly, an electron transfer (type I) process is im- 
portant in these observations. For JM2929 to proceed 
by a type II mechanism, it must be sequestered in the 
biological environment in such a manner that its triplet 
state lifetime is extended sufficiently to allow the pho- 
tosensitized generation of singlet molecular oxygen. 
Indeed, Rodgers [21] has commented recently that a 
type I process may be favoured in biological systems, 
although for sensitizers such as Photofrin, the type II 
mechanism cannot be excluded [22]. 

This molecule, which is only one within a large class 
[6,9], may provide a tool to elucidate further the role 
of type I reactions in PDT, due to the lack of interference 
by singlet oxygen processes. In understanding the mech- 
anism(s) of JM2929, the role of oxygen needs to be 
studied further to determine if the lethal damage is 
caused by superoxide anion generated by the phthal- 
ocyanine, or if oxygen functions as a “fixative” for other 
radical damage. 
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