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Abstract—Sulfonated aluminum phthalocyanines (AlPcS) are potent photosensitizers for the photodynamic therapy (PDT) of can-
cer. In this study we evaluate the possibility to improve the efficacy of AlPcS-PDT for prostate cancer by targeting tetrasulfonated
aluminum phthalocyanines (AlPcS4) to the gastrin-releasing peptide receptor (GRPR) through coupling to bombesin. A mono-car-
bohexyl derivative of AlPcS4 is attached to 8-Aoc-bombesin(7–14)NH2 via an amide bridge to yield a bombesin–AlPcS4 conjugate
linked by a C-14 spacer chain. The conjugate is characterized by mass spectroscopy and shown to bind to the GRPR with a relative
binding affinity (RBA) of 2.3, taking bombesin (RBA = 100) as unity. The in vitro photodynamic efficacy of the conjugate against
PC-3 human prostate cancer cells is improved by a factor 2.5 over the non-conjugated mono-carbohexyl derivative of AlPcS4.
� 2008 Elsevier Ltd. All rights reserved.
Photodynamic therapy (PDT) of cancer involves sys-
temic administration of a photosensitizer followed by
red-light activation of the diseased tissue. The activated
photosensitizer interacts with ground state molecular
oxygen to yield activated oxygen species (ROS) including
singlet oxygen and different radical species. The resulting
oxidative stress initiates a cascade of biochemical reac-
tions resulting in cell death either by direct cell kill or
by destruction of the micro vasculature of the tumor.1

Selective retention of the photosensitizer in the tumor tis-
sue combined with local illumination thus induces tumor
regression without affecting the surrounding healthy tis-
sues. Problems associated with photosensitizers presently
approved for clinical use, such as Photofrin�, include
lack of chemical homogeneity, non-optimal light absorb-
ing properties, prolonged retention in non-target tissues
such as the skin and low selectivity for tumor tissues.2
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Targeting photosensitizers as receptor mediated delivery
systems has received increased attention as a means to
improve the outcome of PDT.3,4

Sulfonated aluminum phthalocyanines (AlPcS) are water
soluble, second generation photosensitizers that exhibit a
strong absorption band between 660 and 700 nm with a
peak at 680 nm, where tissue penetration is optimal. A
mixture of mono- through tetrasulfonated aluminum
phthalocyanines has been used for over a decade for clin-
ical PDT of cancer in Russia.5 The negatively charged
peripheral sulfonate groups assure water solubility, while
the chelated central aluminum ion provides the complex
with long-lived excited triplet states and good capacity to
generate reactive singlet oxygen. We have previously
shown that the tetrasulfonated analog, that is, AlPcS4,
can be modified with a free C6-carboxyl sulfonamide
side-chain (AlPcS4A1), allowing facile amide-coupling
to free amine groups of proteins and peptides.6,7

Bombesin, first discovered in skin of the frog Bombina
bombina, and its human counterpart, gastrin-releasing
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Figure 1. Competitive binding assay of the AlPcS4–bombesin conju-

gate (m) and bombesin (j) versus 125I-Tyr4-bombesin in PC-3 cells.
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peptide (GRP), are neurohormones with a wide range of
biological effects such as stimulation of hormone secre-
tion, memory retention, body temperature, cardiac out-
put, blood pressure, control of food intake and changes
in the dorsal vagal complex neuron.8,9 Bombesin also
has been shown to affect tumor growth, cell prolifera-
tion and inflammation.10 In the case of prostate cancer,
the receptor subtype GRPR is expressed early in tumor
development and is correlated with tumor aggressive-
ness.11 Therefore, GRPR is an obvious target for the
development of novel agents for treatment and diagno-
sis of prostate cancer.12 In this study we evaluate the po-
tential to improve the efficacy of phthalocyanine-based
PDT of prostate cancer by targeting the photosensitizer
to GRPR using 8-Aoc-bombesin(7–14)NH2, a potent
bombesin analog previously developed by Hoffman.13

The preparation of the bombesin–AlPcS4 conjugate
(Scheme 1) involves the following steps.14 A solution
of 8-Aoc-bombesin(7–14)NH2 (1.8 mg, 1 lmol) in
1 mL of sodium carbonate (0.2 M, pH 8.5) was added
to the lyophilized, carbodiimide activated aluminum
mono-(6-carboxypentylamino-sulfonyl)-trisulfophthalo-
cyanine (AlPcS4A1) (5 lmol, 5 equiv) and stirred 1 h at
25 �C while the pH was maintained at 8.5. The reaction
mixture was kept in the dark at 4 �C overnight. The
bombesin–AlPcS4 conjugate was purified by HPLC on
a spherisorb ODS-2 column and characterized by MAL-
DI-MS: C89H107O23N23S5Al, found (M–H2O): 2035.09;
calcd.: 2034.62.

Competition assays for GRPR binding in PC-3 human
prostate tumor cells against 125I[Tyr4]-bombesin were
performed as described in the literature.15 Bombesin
and 8-Aoc-bombesin(7–14)NH2 show similar strong
binding affinity for the GRPR with EC50 of
2.58 · 10�10 M and 3.73 · 10�10 M, respectively. These
values correspond to dissociation coefficients (Kd) of
2.17 · 10�10 and 3.33 · 10�10, respectively, and are in
good agreement with reported literature values
(1.10 · 10�10 and 4.90 · 10�10, respectively).16,17 In the
same competition assay, binding affinity of the bombe-
sin–AlPcS4 conjugate also shows a characteristic sigmoid
curve clearly indicating competition with 125I[Tyr4]-bom-
besin, confirming retention of binding affinity for GRPR
(Fig. 1). However, the lower EC50 of 2.94 · 10�8 M (Kd

2.9 · 10�8) indicates loss of specificity, which is reflected
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Scheme 1. Structure of the bombesin–AlPcS4 conjugate.
in a lower relative binding affinity (RBA = 2.3), taking
bombesin as unity (RBA = 100).

Cellular phototoxicity was evaluated in PC-3 human
prostate tumor cells.18 Cell metabolic activity curves
after incubation with free and conjugated photosensi-
tizer in concentrations ranging from 1 to 20 lM as a
function of red-light fluences are presented in Figure 2.
In all cases, conjugated bombesin–AlPcS4 exhibits a
slightly higher phototoxicity than the free AlPcS4A1

and a substantial higher phototoxicity when compared
to the non-substituted AlPcS4. These differences in effi-
cacy are more apparent when the LD50 and LC50 values,
derived from the cell survival curves, are plotted against
photosensitizer concentration and light dose, respec-
tively (Fig. 3). The latter reveal a significant two- to
threefold increase in photodynamic efficacy of conju-
gated over free AlPcS4A1 or AlPcS4 at lower drug
and/or light doses. At 3 J/cm2 the conjugate requires
2.5 and >5 times less photosensitizer to inflict 50% cell
inactivation as compared to the non-conjugated AlPc-
S4A1 and free AlPcS4, respectively. It should be noted
that mono-carbohexyl substituted AlPcS4A1 already
exhibits significantly higher phototoxicity than the
non-substituted AlPcS4 reflecting an increase in amphi-
philic nature of the latter. Differences in the aggregation
state of AlPcS4 in the three photosensitizer preparations
do not appear to play a role in the observed differences
in phototoxicity.
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Figure 2. PC-3 cell inactivation after 24 h incubation with 1–20 lM of

AlPcS4 (s), AlPcS4A1 (h) or bombesin–AlPcS4 conjugate (D) follow-

ing exposure to 3 J/cm2 (top) or 18 J/cm2 (middle) of red light, and

after 24 h incubation with 1 lM of AlPcS4 (s), AlPcS4A1 (h) or

bombesin–AlPcS4 conjugate (D) following exposure to 3–18 J/cm2

graded doses of red light (bottom).
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Figure 3. Light dose (top: LD50 in J/cm2) and drug dose (lower: LC50

in lM) required to induce 50% PC-3 cell inactivation after 24 h

incubation with AlPcS4 (s), AlPcS4A1 (h) or bombesin–AlPcS4

conjugate (D).
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As estimated from the ratios of the absorbance maxima
at 635 nm (aggregate) and 680 nm (monomer),6 both the
AlPcS4 and AlPcS4A1 are largely monomeric in cell
medium (74% and 68%, respectively), while for the bom-
besin conjugate the AlPcS4 appears >90% aggregated.
Thus the significantly higher phototoxicity of the latter
below 2 lM suggests monomerization of the photosensi-
tizer conjugate at the cellular level permitting internali-
zation by GRPR. At higher drug and/or light doses
the differences between the activities of the three photo-
sensitizer preparations are less pronounced due to the
higher level of phototoxicity under these extreme
conditions.

In conclusion, linking AlPcS4 to bombesin via a C-14
spacer chain yields a conjugate that binds to GRPR with
a relative binding affinity of 2.3 and that provides a
modest gain in photodynamic potency against GRPR-
rich prostate cancer cells. Further studies on the effect
of the length of the spacer chain and polarity of the pho-
tosensitizer moiety on the GRPR binding affinity and
cell penetrating capacity will be required in order to de-
velop a bombesin–phthalocyanine conjugate with opti-
mal properties for PDT of prostate cancer.
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