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A B S T R A C T

Contemporary photodynamic therapy (PDT) for the last-line treatment of refractory cancers such as
nasopharyngeal carcinomas, superficial recurrent urothelial carcinomas, and non-resectable extrahe-
patic cholangiocarcinomas yields poor clinical outcomes and may be associated with adverse events. This
is mainly attributable to three factors: (1) the currently employed photosensitizers exhibit suboptimal
spectral properties, (2) the route of administration is associated with unfavorable photosensitizer
pharmacokinetics, and (3) the upregulation of survival pathways in tumor cells may impede cell death
after PDT. Consequently, there is a strong medical need to improve PDT of these recalcitrant cancers. An
increase in PDT efficacy and reduction in clinical side-effects may be achieved by encapsulating second-
generation photosensitizers into liposomes that selectively target to pharmacologically important tumor
locations, namely tumor cells, tumor endothelium, and tumor interstitial spaces. In addition to
addressing the drawbacks of clinically approved photosensitizers, this review addresses the most
relevant pharmacological aspects that dictate clinical outcome, including photosensitizer biodistribution
and intracellular localization in relation to PDT efficacy, the mechanisms of PDT-induced cell death, and
PDT-induced antitumor immune responses. Also, a rationale is provided for the use of second-generation
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photosensitizers such as diamagnetic phthalocyanines (e.g., zinc or aluminum phthalocyanine), which
exhibit superior photophysical and photochemical properties, in combination with a multi-targeted
liposomal photosensitizer delivery system. The rationale for this PDT platform is corroborated by
preliminary experimental data and proof-of-concept studies. Finally, a summary of the different
nanoparticulate photosensitizer delivery systems is provided followed by a section on phototriggered
release mechanisms in the context of liposomal photosensitizer delivery systems.

ã2015 Elsevier B.V. All rights reserved.
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1. Introduction

Photodynamic therapy (PDT) is a minimally-to-noninvasive
treatment modality for numerous types of solid cancers. PDT
involves the systemic administration of a photosensitizer (PS),
accumulation of the PS in the tumor, and irradiation of the tumor
with light of a wavelength that is well absorbed by the PS.
Resonantly irradiated PSs undergo intersystem crossing from the
singlet state to the triplet state, from which either an electron is
transferred (type I photochemical reaction) or energy is donated
(type II photochemical reaction) to molecular oxygen [1]. Type I
reactions result in the formation of superoxide anion (O2

� –) and, in
biological systems, derivative reactive oxygen and nitrogen species
(ROS and RNS, respectively) [2], whereas type II reactions yield
singlet oxygen (1O2). ROS/RNS are capable of (per) oxidizing
biomolecules and ultimately induce tumor cell death by causing
shutdown of intratumoral vasculature, tumor cell death, and an
anti-tumor immune response (Fig. 1) [3,4].

While some solid cancer types respond very well to PDT [5–14],
there are cancer types that are relatively recalcitrant to PDT,
including superficial recurrent urothelial carcinoma [15], nasopha-
ryngeal carcinoma [16], and extrahepatic cholangiocarcinoma
[17,18]. In addition to the therapeutic recalcitrance, systemic
administration of the PS may lead to non-selective tissue damage
and phototoxic reactions due to inadvertent accumulation of the PS

in the skin. With respect to the latter, patients are instructed to stay
inside and avoid direct exposure to sunlight until the PS has been
completely cleared to prevent unbridled photochemical damage to
the skin. Although PDT is still being used in specialized treatment
centers, the significant burden on patients has led several treatment
centers, including ours, to abandon PDT as a treatment option for
terminal cancer patients due to ethical considerations [19].

Such decisions are unfortunate in light of the relatively good
treatment outcomes achieved with PDT in many other types of
cancer, as a result of which researchers are striving to further
improve this modality while minimizing the drawbacks. The
negative side-effects associated with PDT may be circumvented in
several ways. Firstly, novel and more efficacious second-generation
PSs with improved photophysical and photochemical properties
have emerged, including chlorins and metal-coordinated phtha-
locyanines. These PSs are excited at longer wavelengths at which
deeper light penetration into tissue and more homogeneous
treatment of the tumor can be achieved. High-power laser systems
have become available to accommodate PDT with these PSs.
Secondly, the new generation of PSs, which are often lipophilic, can
be incorporated into nanoparticulate drug delivery systems to
ensure compatibility with plasma (required for intravenous
administration) and to facilitate selective targeting. The targeting
is expected to improve PS accumulation in the tumor [20,21], as a
result of which lower PS plasma concentrations will be required for
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