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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



Fig. 1. Photophysical and biological mechanisms of photodynamic therapy (PDT). Tumor-replete photosensitizer (PS) molecules are activated by (laser) light to an excited
singlet state photosensitizer (1PS*). The 1PS* can return to the ground state (PS) by emitting fluorescence (F) or by non-radiative decay (NRD), or can enter an excited triplet
state via intersystem crossing (ISC) to yield an excited triplet state photosensitizer (3PS*). 3PS* can consequently transfer the triplet state electron (type I photochemical
reaction) or energy (type II photochemical reaction) to molecular oxygen, yielding O2

�– and 1O2, respectively (top left), or the 3PS* can return to the ground state by emitting
phosphorescence (P). The generation of O2

�– and 1O2 (and its ROS/RNS derivatives) results in tumor cell death, vaso-occlusion, and an anti-tumor immune response (via the
innate as well as the adaptive immune system) (Section 2.4).
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an optimal PDT effect (compared to clinically approved PS). This
should also reduce PS-associated phototoxicity. Thirdly, the use of
a drug delivery system allows the co-encapsulation of adjuvant
therapeutics or diagnostic/imaging agents, with which the PDT
modality could be further improved.

In this review, these three aspects are addressed in light of a multi-
faceted PDT modality for the treatment of recalcitrant solid cancers.
Specifically, the systemic and intracellular distribution of PSs is
addressed in the context of the PDT-induced mode of cell death as
well as the anti-tumor immune response. Next, an overview is
provided of second-generation metallated phthalocyanines (PCs) as
PSs and their advantages over conventional, clinically employed PSs.
Following a brief overview of the different nanoparticulate PS delivery
systemscurrentlyavailable forPDT,an exemplaryPSdeliveryplatform
is introduced that is centered on zinc phthalocyanine (ZnPC) and
liposomes as an experimental PDT regimen for solid cancers.

2. Photodynamic therapy

2.1. Clinically approved photosensitizers

In the most ideal scenario, PSs should be non-toxic, should not
generate toxic or mutagenic catabolites, and exhibit low-to-no
dark toxicity. Moreover, ideal PSs should be chemically pure and
photostable compounds that absorb maximally in the therapeutic
window (650–850 nm [1]), have a high triplet state quantum yield,
have a high ROS production efficiency, and accumulate selectively
in the tumor tissue [22].

As detailed in Fig. 2, the four most frequently utilized clinical PSs
include (1) hematoporphyrin derivative (HpD), (2) a semi-purified
form of HpD known as porfimer sodium, (3) 5-aminolevulinic acid
(5-ALA), which is a precursor of the mitochondrially produced PS
protoporphyrin IX (PpIX), and (4) m-tetrahydroxyphenylchlorin
(mTHPC). These PSs are associated with a considerable level of
phototoxicity that is caused by long clearance times after systemic
administration and extensive PS retention in the skin (Table 1). The
profound skin toxicity applies to HpD [23] and porfimer sodium in
particular [24], but also to a degree to PpIX [25] and mTHPC [26].
Peng et al. have determined the dermal distribution of porfimer
sodium using highly light-sensitive video intensification microsco-
py, which revealed that porfimer sodium localizes to keratinized
epithelium, hair (including follicles), and collagenous connective
tissue [27]. Since PSs are slowly cleared from the skin by gradual
photobleaching [28], the photosensitivity caused by HpD and
porfimer sodium can persist for up to 3 months.



Table 1
Pharmacokinetic, pharmacodynamic, and toxicity parameters of clinically applied and experimental photosensitizers. Abbreviations: LD50, lethal 50% dose; est., estimated;
IV, intravenous; NA, not assessed; d, day; wk, week; NCA, not commercially available; h, hour; ZnPC, zinc phthalocyanine; ZnPCS4, tetrasulfonated zinc phthalocyanine;
AlPC, chloroaluminum phthalocyanine; AlPCS4, tetrasulfonated chloroaluminum phthalocyanine. *LD50 dark toxicity for HpD was calculated based on a molecular weight of
598.7 g/mol, as described in [307].

Administration
route

Tumor:healthy
tissue ratio

Mutagenicity Elimination
(half-life)

Photosensitivity LD50 dark
toxicity [mM]

Est. costs per
treatment ($)

[Ref]

HpD IV NA Yes 17–22 d 8–12 wk 367–1136* NCA [181,308–310]
Porfimer
sodium

IV 1.7–2:1 Yes 17 d 4–12 wk 5.3 7000 [24,176,187,192,311–313]

5-ALA Oral/IV 2:1 Yes 5-ALA:
0.75 h
PpIX: 8 h

1–2 d 9041 2000 [25,176,188,314–316]

Topical 1.7–30:1 250
mTHPC IV 2–3:1 No 45 h 2–6 wk 8.46–26.4 8750 [26,176,181,182,186,189,317]
ZnPC IV 6.3:1 [3.7–9:1] NA NA NA >5 <100 [190,191,201,301,318]
ZnPCS4 IV NA No NA NA >31.6 <100 [180,319]
AlPC IV NA No NA NA >10 <100 [178,179,320]
AlPCS4 IV 10:1 No NA NA >500 <100 [33,176,177,192]

Fig. 2. Chemical structure and physicochemical properties of commonly used PSs. Chemical structure of porfimer sodium (A), hematoporphyrin (inasmuch as the exact
chemical structure of HpD is unknown, the structure of hematoporphyrin is depicted) (B), PpIX (C), and mTHPC (D). The physicochemical properties are summarized in (E).
Estimated octanol/water partition coefficients (log P) were obtained from [382].
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Another limitation of the clinically approved PSs is the
relatively low main absorption peak in the red spectrum (Q-band,
Fig. 3A). The position of the Q-band maximum has several
important clinical implications. First, short-wavelength red light
has a lower optical penetration depth into tissue than longer-
wavelength red light due to the competitive absorption by melanin
(skin) and hemoglobin (skin and blood-containing tissue, includ-
ing tumors) (Fig. 3B). The use of 630-nm light may result in
insufficient PS excitation in the tumor bulk or inhomogeneous
photosensitization of larger tumors due to optical shielding by
blood vessels. Moving from 630-nm light to 690-nm light would
significantly reduce absorption by blood, which theoretically
yields a 1.67-fold increase in optical penetration depth [29].
Second, sunlight is more intense at the shorter red wavelengths
(Fig. 3B) and may therefore account for more ROS generation by
PSs with more blue-positioned Q-band maxima compared to PSs
with more red-positioned Q-band maxima at equal dermal PS
concentrations (Fig. 3B).

With respect to the abovementioned factors and on the basis of
the data presented in Fig. 2, the clinically approved PSs are not
ideal. This has triggered the development of PSs with better
spectral and photochemical properties and technically more
sophisticated PDT modalities. Readers should note that PDT may
not be the treatment of choice for bulky tumors. Bulky tumors are
associated with limited optical penetration depth and extensive
scattering of light, particularly when a tumor has a necrotic core. In
those cases, surgical resection is preferred (when possible) and/or
radiotherapy/chemotherapy. Alternatively, interstitial PDT, a PDT
modality where multiple light-emitting fibers are inserted into the
tumor, may be employed to completely and homogenously
photosensitize the malignant tissue.

2.2. Biodistribution of photosensitizers

2.2.1. Systemic distribution
Systemically infused PSs are distributed throughout the body

via the circulation, whereby the PS typically hyperaccumulates in
tumor tissue due to the enhanced permeability and retention (EPR)
effect. Since the tumor endothelium is highly fenestrated and the
tumor interstitium lacks lymphatic drainage, PSs are more prone to
accumulate and remain in tumor tissue than in healthy tissues
[30].
Fig. 3. (A) Normalized absorption spectra of porfimer sodium (in MilliQ), PpIX (in metha
eumelanin [383], hemoglobin (Hb), oxyhemoglobin (HbO2) [384], and zinc phthalocyan
sunlight in the 250–1,050 nm range and the spectrum was normalized to the maximum
clinical PDT (650–850 nm).
To study the biodistribution of a PS after systemic administra-
tion, Bellnier and co-workers injected radio-isotopically (14C)-
labeled porfimer sodium intravenously in mammary carcinoma
(SMT-F)-bearing mice [31], and found that porfimer sodium
(hydrophobic, Fig. 2) was taken up by various organs within 7.5 h
after systemic administration. The highest peak concentrations
were measured in the liver, adrenal gland, and bladder, whereas
lower concentrations were found in the pancreas, kidney, and
spleen. Even lower concentrations were measured in the stomach,
bone, lung, and heart. Although the intratumoral porfimer sodium
concentration was lower than in the previously mentioned organs,
the porfimer sodium concentration in the tumor was higher than
in skeletal muscle, skin, and brain tissue. Another study evaluated
the biodistributive behavior of mono-L-aspartyl chlorin e6 (NPe6,
hydrophilic) in murine mammary carcinoma (BA)-bearing mice
[32]. It was shown that the highest NPe6 concentrations were
reached in the liver, kidney, and spleen, whereas the lowest
concentration of NPe6 was found in the brain, muscle, and
esophagus. Furthermore, a substantial amount of NPe6 was
localized in the skin 1 h post-injection, although this concentration
rapidly declined over a period of 96 h. At 4 h, the NPe6 tumor tissue
concentration was higher than in all the examined tissues, except
for the liver, kidney, adrenal gland, and spleen. Additionally, Chan
et al. examined the biodistribution of sulfonated chloroaluminum
phthalocyanines (AlPCs) in colon carcinoma (Colo 26)-xenografted
mice [33]. A positive correlation was found between the degree of
intratumoral PS accumulation and the degree of sulfonation
(increases hydrophilicity), where tetrasulfonated AlPC (AlPCS4)
was associated with the highest tumor concentration. In line with
earlier studies, the sulfonated AlPCs extensively accumulated in
the liver and spleen in an inversely proportional manner to the
degree of sulfonation (AlPCS1 > AlPCS2 > AlPCS4 > AlPCS3). These
studies reveal that PSs typically accumulate in all organs, where
the liver, spleen, lungs, and kidneys are the most prominent sites
for PS accumulation. However, the uptake of PSs by internal organs
does not constitute a clinical issue on the condition that the PSs do
not exhibit dark toxicity, given that the organs are usually
impermeable to light from the outside. In contrast, the accumula-
tion of PSs in the skin should be minimized to prevent severe
adverse events as described in Section 2.1.

The biodistributive behavior of a PS described in the previous
paragraph is dependent on its ability to: (1) refrain from aggregating,
thereby avoiding preferential uptake in organs replete with cells of
nol), and mTHPC (in ethanol:MilliQ (49:51, v/v)). (B) Molar extinction coefficient of
ine (ZnPC, in pyridine). The solar spectrum (black trace) was recorded from direct

 intensity (secondary y-axis). The pink area represents the therapeutic window for
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the mononuclear phagocyte system (i.e., liver, spleen, lung) [34],
(2) bind to macromolecules, including low-density lipoprotein
(LDL) [35], albumin [36], and/or lipid bodies that are abundantly
expressed or metabolically exacted in the tumor environment
[37,38], (3) undergo an increase in its lipophilicity (octanol/water
partition coefficient or log P) in the more acidic tumor milieu [39],
and (4) undergo pinocytosis and/or phagocytosis by tumor cells or
by tumor-associated macrophages [40,41]. It should be noted that
higher intratumoral PS concentrations do not necessarily correlate
positively to treatment efficacy [42], as additional factors are
involved in post-PDT tumoricidal mechanisms.

The binding of PSs to biomolecules (e.g., LDL, transferrin,
and/or albumin or their cognate receptors) and subsequent PS
internalization [43] constitutes a propitious PS delivery route to
tumor cells and may positively contribute to treatment outcome.
The delivery mechanism is based on the tumor cell’s demand for
energy and building blocks required for cell sustenance and
proliferation. Accordingly, tumor cells typically exhibit elevated
expression of LDL- and transferrin receptors as well as enhanced
albumin uptake [44–46]. Porphyrins, for instance, have a strong
affinity for LDL, transferrin, and albumin [47]. Kessel found that in
mice HpD associated with both LDL and HDL and that accumula-
tion of HpD correlated with the relative number of LDL receptors
present in the respective tissue [48]. This indicates that the LDL
pathway serves as a delivery route of HpD and other PSs that
associate with LDL to the tumor site. PCs (including ZnPC) also
associate with LDL [49] and albumin [50], as a result of which
these blood-borne biomolecules can be exploited as endogenous
tumor-targeting PS carriers to enhance PS tumor-to-normal tissue
ratios. Typically, the binding of biomolecule-conjugated PS to the
corresponding cell receptor results in endocytic internalization
of the PS and subsequent delivery to lysosomes [51].

2.2.2. Intracellular distribution
Cellularuptakeof thePS,eitherby diffusionorvia the endosomal-

lysosomal pathway, is followed by translocation to distinct
intracellular loci depending on the PS’s chemical properties. PSs
typically accumulate in various organelles, including mitochondria,
lysosomes, endoplasmic reticulum (ER), and the plasma membrane.
Factors that influence the subcellular localization include net ionic
charge, log P value, and the amphiphilicity of the PS. Generally,
anionic PSs (net charge of ��2) end up in lysosomes, whereas
cationic PSs are electrophoretically driven to the mitochondria [52]
because the inner space of the mitochondrion is more negatively
charged in tumor cells than in healthy cells [53]. Consequently,
cationic PSs preferentially accrue and remain in the mitochondria of
tumor cells [52,53]. Furthermore, hydrophilic PSs tend to localize to
lysosomes [54,55], while lipophilic PSs preferentially localize to the
plasma membrane and intracellular membranes, including the
mitochondrial and ER membrane [56].

With respect to the intracellular localization of clinically used
PSs, 5-ALA readily localizes to mitochondria, after which the
mitochondrially produced PpIX translocates to the cytosol [57]. On
the other hand, HpD temporarily accumulates in the plasma
membrane but quite rapidly redistributes diffusely across subcel-
lular membranes [58]. Its derivative, porfimer sodium, localizes to
the plasma membrane as well, but also shows discrete association
with the Golgi apparatus [59]. While mTHPC exhibits a preference
for both the ER and Golgi [60], metallated PCs preferentially
accumulate in the plasma-, Golgi-, and mitochondrial-membranes
[61]. Studies have further shown that a PS exhibits spatiotemporal
dynamics following uptake [57–60], which will ultimately affect
the mode and extent of cell death upon PDT and hence therapeutic
outcome (addressed in Section 2.3). For instance, mTHPC-treated
human mesothelioma-bearing nude mice were susceptible to
PDT-induced necrosis over a range of drug-light intervals (12 h to
4 days), although the therapeutic efficacy significantly differed
among the different drug-light intervals irrespective of the tissue
PS concentration [62].

2.3. Mechanisms of photodynamic therapy-mediated cell death as
function of intracellular photosensitizer localization

PDT-induced mechanisms of cell death are in part dependent on
the type of PS used and hence the intracellular localization of the PS.
It is believed that type II photochemical reaction-derived 1O2 is the
most predominant type of ROS that is produced upon PDT [63,64],
and, given that cytosolic 1O2 diffusion is restricted to very short
distances (�220 nm) [65], 1O2 is only capable of oxidizing bio-
molecules inclose proximity to its productionsite.Theshortdiffusion
distance of most ROS/RNS is beneficial to PDT insofar as ROS/RNS are
usually not generated close to nuclear material [66] and hence do not
result in sublethal oxidation of DNA and consequent malignant
cell transformation (e.g., by generation of 8-hydroxyguanine) in
proximal non-cancerous cells, although exceptions do exist [67].
The short lifetimes of most ROS/RNS also preclude cell damage to
peritumoral healthy tissue. Furthermore, PSs often target to more
than one (sub) cellular location that, upon PDT, will result in
concomitant activation of different cell death pathways, thereby
limiting the efficacy of simultaneously activated cell survival
pathways and stress responses after PDT (reviewed in [68]). In
addition to intracellular PS localization, factors such as cell type,
intracellular PS concentration, light dose, local oxygen tension,
and residual energy status govern the eventual mode of cell death
(i.e., apoptosis versus necrosis) [69] (discussed in this section) and
autophagy (addressed in Section 2.5).

As addressed in Section 2.2.2, the temporal distribution and
intracellular localization of a PS is dynamic after initial cell entry.
For instance, HpD, porfimer sodium, and ZnPC are initially
confined to the plasma membrane, whereas at longer incubation
times (>1–2 h) the PSs become more prominently localized in
distinct perinuclear areas [57,58,61]. Accordingly, Hsieh et al.
demonstrated that porfimer sodium accumulates in the plasma
membrane directly after uptake but, at later time points,
distributes to various intracellular compartments to ultimately
end up mainly in the Golgi complex [59]. Irradiation of plasma
membrane-localized porfimer sodium induced necrosis-like cell
death, whereas irradiation of cytoplasmically localized porfimer
sodium led to cell death that was characterized by cytoplasmic
vacuole formulation and cell shrinkage in the presence of an intact
plasma membrane.

For illustrative purposes, the effect of PS localization on PDT
efficacy was evaluated in a so-called chase experiment. Human
epidermoid carcinoma (A431) cells were incubated with ZnPC-
encapsulating cationic liposomes (ZnPC-ETLs, Section 4.4.3) for
10 min, after which the liposome-containing medium was replaced
with fresh culture medium. After specific time intervals the cells
were treated with PDT and examined for cell viability, the results of
which are presented in Fig. 4A. These data reveal that a higher
photokilling capacity was achieved when A431 cells were
irradiated at early time points after incubation (<4 h) compared
to later time points (>4 h). In addition, confocal microscopy
experiments were performed to examine the intracellular
localization of ZnPC as a function of time. As shown in Fig. 4B,
ZnPC is highly associated with mitochondria after 30 min and to a
lesser extent after 4 h. At the 4-h time point, ZnPC exhibited a more
diffuse localization, which was even more pronounced after 24 h.
This is in line with the previously alluded to spatiotemporal
dynamics of PSs following uptake, attesting to the importance of a
well-defined PDT protocol and the fact that systematic modulation



Fig. 4. (A) Effect of intracellular ZnPC dispersion time on PDT-induced cell death and spatiotemporal dynamics of intracellular ZnPC distribution. A431 cells were incubated
with ZnPC-encapsulating cationic liposomes (ZnPC–ETLs) composed of DPPC:DC-chol:cholesterol:DSPE-PEG (66:25:5:4, molar ratio). ZnPC was incorporated at a ZnPC:lipid
ratio of 0.003. Concentrations in the legend indicate final lipid concentrations. After 10 min, the medium was refreshed and cells were treated with PDT at the indicated time
points (x-axis) and kept under standard culture conditions until the time of viability testing. (B) Intracellular ZnPC localization as a function of time. A431 cells were incubated
with ZnPC-ETLs (ZnPC:lipid ratio of 0.030) for 10 min, after which the intracellular localization was visualized by confocal microscopy at different time points. ZnPC (red),
MitoTracker Red (MTR, mitochondria, green), DAPI (nuclei, blue).
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of this protocol can culminate in the activation of distinct cell death
pathways.

2.3.1. Organelle-specific response
The plasma membrane is the first site that PSs encounter before

entering a cell. As opposed to polar PSs, which are typically
transported across the plasma membrane [70] due to the
hydrophobic barrier effect imposed by the lipid bilayer, lipophilic
PSs usually intercalate into the acyl chain region of the lipid bilayer.
PDT-mediated ROS production in the plasma membrane can cause
necrosis-like cell death that is preceded by loss of plasma
membrane integrity due to peroxidation of unsaturated phospho-
lipids [71] (usually dioxetane adduct formation when 1O2 is
produced and peroxide formation when oxygen radicals (�OH) are
generated from type I photochemical reaction-derived O2

� [72]).
Oxidative modification of lipid constituents is associated with
phospholipid packing defects and membrane permeabilization
[73,74], ultimately leading to necrosis.

Lysosome-targeted PSs may induce ROS-triggered cell death in
two ways: (1) via the discharge of cathepsins from lysosomes due
to lipid (per) oxidation-mediated lysosome rupture and/or (2)
PDT-induced relocalization of the PS to other organelles and
subsequent induction of oxidative damage [75–77]. With respect
to the first pathway, cathepsins exhibit proteolytic activity and are
able to cleave BH3 interacting-domain death agonist (BID) to form
truncated-BID (t-BID), which ultimately culminates in apoptosis.
The second pathway comprises the redistribution of lysosomal PS
molecules to other organelles such as the ER, mitochondria, and
the Golgi apparatus, where site-specific damage is inflicted upon
PDT.

Irradiation of PSs that localize to the ER (e.g., 9-capronylox-
ytetrakis (methoxyethyl) porphycene (CPO) [78], hypericin [79],
and mTHPC [60]) is believed to result in lipid (per) oxidation and
consequent disruption of the ER membrane, accompanied by the
release of Ca2+ as well as unfolded/misfolded proteins into the
cytosol. The release of these compounds triggers Ca2+ signaling and
the unfolded protein response (UPR), respectively. The net effect of
Ca2+ signaling and UPR is the activation of calpain, caspase 4, and
caspase 12 and ultimately caspase-mediated apoptosis [80].
Alternatively, excessive Ca2+ uptake by mitochondria may either
lead to apoptogen release and loss of mitochondrial membrane
potential followed by apoptosis [81] or mitochondrial permeability
transition (MPT) ensued by ATP depletion and necrotic cell death
[82]. Mitochondria-targeting PSs have been shown to rapidly
induce apoptosis following photosensitization [83,84] as a result of
mitochondrial lipid peroxidation. PDT-induced mitochondrial lipid
peroxidation has been demonstrated with meso-tetrakis[4-(car-
boxymethyleneoxy)phenyl]porphyrin (T4CPP), a (non-exclusive)
mitochondria-targeting PS [85], which resulted in 1O2 generation
and lipid peroxidation in isolated rat liver mitochondria and
mitochondria of sarcoma 180 cells [86]. The release of pro-
apoptotic factors ultimately leads to apoptosis when residual ATP
levels are high enough to facilitate this energy-dependent mode of
cell death [87]. Lastly, essentially three pathways have been
described in which Golgi-targeting PSs induce cell death following
PDT. First, ROS generation in the Golgi can cause oxidative
modification and cleavage of Golgi proteins, leading to apoptosis as
well as organelle fragmentation, which is an early apoptotic event
[88,89]. Second, PDT-induced apoptotic signaling seems to involve
the general vesicular transport factor p115. Following PDT,
p115 was shown to undergo cleavage by caspase-3 and caspase-
8 and to subsequently translocate to the nucleus, where it was able
to stimulate apoptosis independently of Golgi fragmentation [90].
Third, a study revealed that 2,4,5,7-tetrabromorhodamine 123
bromide, a PS that selectively incorporates into the Golgi, produced
both O2

�� and 1O2 after illumination and induced apoptosis via a
calcium-dependent pathway that did not involve mitochondria
[91]. These results indicate that Golgi-localized PSs induce
apoptosis upon PDT via cell death pathways that in some respects
differ from those triggered by other organelles afflicted by PDT, and
may therefore amplify other PDT-induced cell death cascades.

2.4. Photodynamic therapy-mediated immune response: the role of
damage-associated molecular patterns (DAMPs)

The initiation of an anti-tumor immune response is one of the
main secondary mechanisms by which PDT orchestrates anti-
tumor effects [92–94]. The requirement of the immune system in
the PDT-induced removal of solid cancers has been clearly
demonstrated in murine tumor models. Immunocompetent
mammary sarcoma (EMT6)-bearing mice treated with porfimer
sodium showed a complete response rate up to 90 days post-PDT
[95]. In contrast, immunodeficient EMT-6 tumor-bearing mice
treated under the same conditions only exhibited initial tumor
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destruction. At later time points (>25 days), all immunodeficient
mice had recurrent tumors [95]. These findings indicate that PDT
results in direct tumor destruction, whereas prolonged tumor-free
survival relies on a functional immune system. The PDT-induced
anti-tumor immune response essentially comprises the initiation
of a sterile inflammatory response, the maturation of dendritic
cells (DCs), the presentation of tumor-associated antigens (TAAs)
by DCs, the priming of a specific CD8+ cytotoxic T-lymphocyte (CTL)
response [96], and the removal of cancer cells, as summarized in
Fig. 1 and further discussed in Section 2.4.3. Over the last years, it
has become evident that damage-associated molecular patterns
(DAMPs) exposed or released by PDT-treated cells play a major
role in anti-tumor immunity by promoting sterile inflammation
and DC maturation [97,98].

2.4.1. Damage-associated molecular patterns
DAMPs are specific molecules that emanate from stressed and

dying cells and act as danger signals for the host immune system.
In case of PDT, DAMPs play a crucial role in initiating and
augmenting the pro-inflammatory response following therapy
[99–101]. DAMPs have predominantly non-immunological func-
tions and are normally sequestered within the cell. Once secreted,
released, or surface-exposed by stressed, dying, and dead cells, the
DAMPs are recognized by various receptors on immune cells,
which includes the family of pattern recognition receptors (PRRs).
The binding results in various pro-inflammatory effects such as
maturation, activation, and antigen processing/presentation on
antigen-presenting cells (APCs) such as DCs and macrophages
Fig. 5. Apoptotic cells (top right) expose and/or release heat shock protein 60 (HSP60) a
(top left). HSPs interact with immune cells via Toll-like receptor 2 (TLR2), TLR4, and CD9
release calreticulin (CRT), culminating in DC and macrophage activation via CD91. Necroti
cells release ATP that interacts with the P2Y2 and P2X7 receptor. Necrosis is accompanied 

neutrophil recruitment via TLR2, TLR4, and receptor for advanced glycation end produ
important regulator of autophagic cell death [385].
[100]. An overview of the best characterized DAMPs that are
released after PDT is provided in Fig. 5 in the context of the mode of
cell death induced by PDT as well as the immunological effects.

2.4.2. Damage-associated molecular pattern release following
photodynamic therapy

Heat shock proteins (HSPs) are chaperone proteins that
facilitate the correct folding and transport of newly synthesized
proteins. Increased expression of HSPs protects the cell under
stress conditions by stabilizing unfolded proteins, promoting
proteasomal degradation, and preventing apoptosis [102]. More-
over, in stressed cells the overexpressed HSPs can be surface
exposed and/or released into the extracellular environment, where
they exhibit immunostimulatory properties [102]. HSPs bind to
numerous receptors, including Toll-like receptor 2 (TLR2), TLR4,
and cluster of differentiation 91 (CD91) [103–106], resulting in the
activation of various innate immune cells and anti-tumor immune
responses. HSP-initiated signaling through TLR2 and TLR4 has been
associated with nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) activation (mediates a pro-inflammatory
response), DC maturation, and cytokine production [107]. Signal-
ing via CD91 results in phagocytosis, NF-kB activation, and antigen
presentation [108–110]. HSPs are the best-characterized DAMPs
associated with PDT and can be released extracellularly and/or
exposed on the cell surface following PDT treatment [111–115]. It
seems that PDT modalities that trigger apoptosis primarily
instigate the surface exposure of HSPs such as HSP60 and
HSP70 [111], whereas PDT regimes that primarily cause necrosis
nd HSP70. In addition, HSP70 is liberated by necrotic (bottom) and autophagic cells
1, which leads to immune cell activation. In addition, apoptotic cells express and/or
c cells release CRT as a result of membrane perturbation. Both apoptotic and necrotic
by the release of high mobility group box-1 (HMGB-1), resulting in DC activation and
cts (RAGE) on these cells. In response to oxidative stress, HMGB-1 may act as an
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are associated with the extracellular release of HSPs such as HSP70
and HSP90 [116].

Calreticulin is a Ca2+-binding protein that mainly resides in the
lumen of the ER, where it functions as a chaperone and is involved
in Ca2+ signaling [117,118]. Calreticulin exposed on the cell
membrane (ecto-CRT) acts as an eat-me signal and engages in
the recognition and phagocytic engulfment of apoptotic cells by
APCs [119], a process mediated by CD91 on APCs [109]. Calreticulin
also functions as one of the main DAMPs in immunogenic
apoptosis (also termed immunogenic cell death, ICD) [120], as
ecto-CRT facilitates the DC-mediated phagocytosis of cancer cells
undergoing ICD, resulting in antigen presentation and an anti-
tumor adaptive immune response [121]. Hypericin-PDT can for
instance induce ICD through site-specific oxidative damage to the
ER [122]. Both pre-apoptotic ecto-CRT and late apoptotic/second-
ary necrotic extracellularly released calreticulin have been found
following hypericin-PDT in vitro [109,123,124].

High mobility group box-1 (HMGB-1) has been identified as a
nuclear DNA-binding protein involved in DNA organization and
gene transcription [125]. HMGB-1 can be actively secreted by
immune cells [126,127] or passively released by necrotic cells
[128,129]. Extracellular HMGB-1 acts as a DAMP by inducing
inflammation [129], stimulating cytokine production [130,131],
enhancing neutrophil recruitment [132], and activating DCs [133].
More recently, it has been demonstrated that apoptotic [134] and
autophagic [135] cells also release HMGB-1. HMGB-1 exerts its
pro-inflammatory functions through interactions with a range of
receptors, including but not limited to receptor for advanced
glycation end products (RAGE), TLR2, and TLR4 [136,137]. Very
few studies have been conducted on the release of HMGB-1 from
PDT-treated cells and the relative importance of this DAMP in the
PDT-induced immune response. Korbelik et al. reported that PDT
with porfimer sodium resulted in the release of HMGB-1 from
necrotic cells into the blood stream of mice as early as 1 h post-PDT
[138]. A study by Tracy et al. showed that HMGB-1 is one of
the DAMPs released from necrotic cells treated with PDT using
2-(1-hexyloxyethyl)-2-devinylpyropheophorbide-a (HPPH, local-
izes to mitochondria) or HPPH-galactose (localizes to lysosomes)
[116]. However, cells undergoing apoptotic cell death did not
release significant amounts of HMGB-1 following PDT with
HPPH or HPPH-galactose [116]. Moreover, no significant HMGB-1
release was detected from T24 cells treated with hypericin-PDT
under ICD-inducing conditions [124], altogether suggesting that
HMGB-1 signaling after PDT is dependent on the mode of cell
death.

Extracellularly released ATP has been identified as a very potent
find-me signal for monocytes, macrophages, and DCs [139]. Elliott
et al. reported that the ATP/UTP receptor P2Y2 on phagocytes is a
critical sensor for extracellular ATP, which in turn promotes
phagocyte recruitment [139]. Moreover, ATP has been identified
as a ligand for P2X7 purinergic receptors on DCs. ATP binding to this
receptor can lead to the activation of the NLR family, pyrin domain
containing 3 (NLRP3) inflammasome;a caspase 1 activationcomplex
that stimulates DC maturation and subsequent secretion of IL-1b, an
important chemokine for the priming of T cells and hence the
induction of an anti-tumor adaptive immune response [140,141].
Garg et al. showed that hypericin-PDT-treated human bladder
carcinoma (T24) cells undergoing ICD secrete ATP in the pre-
apoptotic phase [109]. Unfortunately, the extracellular release of ATP
following PDT has only been investigated using hypericin as PS in the
paradigm of ICD [109,124]. It should be noted that oxidized ATP has
been reported to act as an inhibitor of P2RX7, thereby impeding
proliferation and effector functions of T cells [142]. This means
that ATP belongs to the class of redox-sensitive DAMPs such as
HMGB-1, which are susceptible to oxidation-induced inactivation in
terms of immunostimulatory properties.
2.4.3. Photodynamic therapy-induced anti-tumor immunity
The mechanisms whereby PDT activates and potentiates anti-

tumor immunity have been extensively researched. However, the
exact molecular mechanisms that lead to the PDT-induced
enhancement of anti-tumor immunity have yet to be fully
elucidated. Here, a brief overview of the mechanisms involved
in the transition from focused, PDT-induced oxidative stress to a
systemic anti-tumor immune response is addressed. For more
detailed reports on PDT-induced anti-tumor immunity the readers
are referred to other reviews [96,115,143–145].

PDT-induced oxidative stress results in extended tumor tissue
injury. The host perceives this injury as localized trauma and is
provoked to launch an inflammatory response mediated by the
innate immune system [146]. DAMPs released by PDT-stressed
cells act as danger signals intended to assist the host in recognizing
the injured self. This PDT-induced activation of the innate immune
system constitutes a multistep process that involves the initiation
of a massive, acute, and sterile inflammatory response, cytokine
release, complement activation, and recruitment and activation of
innate immune cells (e.g., neutrophils, DCs, macrophages) [96].
Different DAMPs play major roles in these processes (Section 2.4.2).
Ultimately, this rapidly expanding, relatively non-specific innate
immune response gives rise to the much slower developing
adaptive immune response and hence anti-tumor immunity. The
anti-tumor immune response is initiated by the presentation of
TAAs, released from dying and dead cancer cells, by DCs to naive T
cells, resulting in the generation of tumor-specific CTLs that attack
and remove residual cancer cells. Moreover, the DAMPs interact
with various receptors expressed by DCs (Fig. 5), which stimulates
DC maturation that culminates in increased surface levels of major
histocompatibility complex (MHC) classes I and II, and other co-
stimulatory proteins [147], rendering fully mature DCs much more
effective at presenting TAAs to T cells.

The involvement of CTLs in PDT-mediated anti-tumor
immunity was first observed by Canti et al. [148]. In a subsequent
study it was demonstrated that the growth inhibition of
EMT6 tumors after porfimer sodium-mediated PDT is dependent
on CTLs [149]. Recent studies showed that PDT-treated tumor cells
stimulate DCs and their ability to present TAAs, resulting in the
generation of tumor-specific CTLs [123,124].

The involvement of the adaptive immune system, and more
specifically DCs and T cells, in PDT-induced tumor eradication
enables the manifestation of abscopal effects, which is absolutely
critical for good clinical outcomes of PDT given that PDT may not
affect all cancer cells in a tumor equally (Section 2.1) and PDT-
subjected cancer cells may activate survival pathways to revert cell
death signaling (Section 2.5). The eradication of distant tumor cells
that were not exposed to PDT has been observed not only in a
murine syngeneic cancer model [149], but also in a clinical setting
[150]. Other clinical studies that point towards the potency of PDT
to induced anti-tumor immune responses have been published for
vulval intraepithelial neoplasia [151], basal cell carcinoma [152],
and both actinic keratosis and Bowen's disease [153].

2.5. Photosensitizer concentration- and light dosage-dependent cell
responses

Two important factors in the cell's response to PDT are
intracellular PS concentration and fluence rate (W/cm2 in an
infinitesimal tissue volume) and, by inference, the extent of ROS
generation and consequent degree of oxidation. Tumor cells can
cope with PDT-induced damage by activating one or more
of several possible survival- and stress-response pathways,
comprising (1) an immediate early stress response that promotes
tumor cell proliferation, (2) an antioxidant response that results in
de novo synthesis of antioxidants, (3) a hypoxia stress response that
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restores energy homeostasis and induces angiogenesis, (4) a pro-
inflammatory signaling response that governs angiogenesis and
invasion, (5) an ER stress response that aims to restore ER
homeostasis, and (6) autophagy that involves recycling of damaged
cell components as part of promoting cell survival. The first five cell
survival pathways have been reviewed in detail by Broekgaarden
et al. in light of PDT [68]. The ER stress response following PDT
[80,154] has not been completely characterized and likely
applies predominantly to PSs that localize to or near the ER given
the short diffusion distance of ROS/RNS. Consequently, the PS
concentration- and light dose-dependent cell responses will be
illustrated in the context of autophagy, which constitutes a better
elucidated and more ubiquitous response mechanism than the ER
stress response. For all responses, however, an oxidative damage
threshold generally applies that governs the fate of a cell in that
cells must possess sufficient residual metabolic capacity to
remediate oxidative damage. When the oxidative damage thresh-
old is crossed and the level of damage exceeds the restorative
capacity, cells will typically actualize cell death programs.

Autophagy generally constitutes a cytoprotective mechanism
through which cells recycle damaged and degraded organelles.
Under certain conditions, autophagic pathways may be directed at
promoting autophagic cell death upon continued exposure to
stress conditions (reviewed in [155]). With respect to PDT, Kessel
and Reiners [156] demonstrated that at lower PS dosages, PDT with
CPO (targets to the ER) and mesochlorin (localizes to mitochon-
dria) induced pro-survival autophagy, whereas both autophagic
cell death and apoptosis were induced at higher dosages of either
PS at equal radiant exposure. Cell death was presumably caused by
loss of B-cell CLL/lymphoma 2 (BCL2) [157,158], which is confined
to the mitochondria and/or ER, insofar as photo-oxidative loss of
BCL2 can trigger both apoptosis and autophagy. As oxidative stress
is known to be destructive to BCL2 [158,159], the oxidation-
mediated release of autophagy-regulated protein beclin 1 (BECN1)
from its BCL2 complex may induce autophagy following PDT
[160,161] and consequent cell death.

Comparable results have been reported for the mode of
autophagy as a function of light dosage. Low-dose PDT is typically
associated with pro-survival autophagy, during which cells
(L1210 cells, murine leukemia) recycle damaged and degraded
cell organelles to remediate injury and facilitate survival [156,162].
Correspondingly, low-dose PDT with mitochondria- or ER-target-
ing PSs (CPO and mesochlorin, respectively) resulted in a greater
degree of cell death when autophagy-related protein 7 (ATG7), a
protein involved in autophagy induction, was silenced in a
knockdown derivative cell line (L1210/Atg7�) [156,163]. Converse-
ly, higher-dose PDT induced autophagic cell death rather than
survival and augmented the extent of photokilling [156,163]. It
should be noted that these effects may in part be attributable to
oxidative stress-dependent debilitation of autophagosome forma-
tion, particularly when ER- or mitochondria-targeted PSs are used
[156,163].

Taken altogether, these findings indicate that autophagy
contributes to cell survival after low-dose PDT but cell death after
high-dose PDT. Since it has been postulated that there is an
equilibrium state between apoptosis and autophagy [164,165],
suppression of autophagy following PDT may exacerbate oxidative
stress-induced cell demise.

3. Metallated phthalocyanines as photosensitizers for
photodynamic therapy

3.1. Metallated phthalocyanines

Metallated PCs are synthetic second-generation PSs comprising
a fully conjugated, symmetrical macrocyclic structure containing a
centrally positioned, coordinated, multivalent metal cation such as
Al3+, Ga3+, Zn2+, Cu2+, Fe2+, or Co2+ (Fig. 6A–D). The type of metal
dictates the photophysical properties of the PS [166]; closed-shell
diamagnetic metal-containing PCs (Al3+, Ga2+, Zn2+) exhibit higher
triplet state quantum yields (KT) and longer-lived triplet states
than paramagnetic metal-containing PCs (Co2+, Cu2+, Fe2+) [167].

The diamagnetic PCs, and particularly ZnPC and AlPC, are very
suitable PSs for PDT due to several pronounced advantages. Firstly,
these PCs have a molarabsorptivity(e) in the orderof �105M�1 cm�1

and a strong Q-band in the mid-red wavelength range (absorption
maximum at �674 nm for AlPC and ZnPC), i.e., well within the
therapeutic window (650–850 nm) (Fig. 6E–I) [168]. Secondly, the
non-functionalized diamagnetic PCs exhibit KTs of 0.3–0.5 [169]
and triplet state lifetimes of >200 ms (reviewed in [170]). Moreover,
the triplet states are amply energetic (1.21–1.31 eV) to generate 1O2

(0.98 eV) [171], altogether accounting for considerable 1O2 genera-
tion during PDT (Fig. 6J–M) relative to other PSs, and particularly the
first-generation PSs. Thirdly, the synthesis of PCs is simple, cheap,
and versatile in that any di- or tri-valent metal cation can be
incorporated and the six-membered ring of the isoindole groups can
be modified by conjugation of functional groups (e.g., sulfonate) to
alter the chemical properties (e.g., log P) without drastically
affecting the photophysical properties (Fig. 6A–E). In some
instances, however, functionalization may change the photochemi-
cal properties, as was observed for tetrasulfonated ZnPC (ZnPCS4)
(Fig. 6L) but not for AlPCS4 (Fig. 6 M).

3.2. Advantages of metallated phthalocyanines over conventional
photosensitizers

An important advantage of metallated PCs over clinical first-
generation PSs such as HpD, porfimer sodium, and 5-ALA as well as
the second-generation PS mTHPC is that the PC Q-band maximum
of �675 nm lies more favorably in the therapeutic window (Fig. 3B
and Fig. 6E), accounting for greater optical penetration depth and
more homogeneous photon distribution throughout the target
tissue. Diamagnetic PCs also exhibit an e that is several orders of
magnitude greater than that of traditional PSs (Fig. 2E), resulting in
more effective photon absorption at a wavelength at which there is
less competitive absorption and scattering by tissue [4]. A higher e
in combination with a larger KT further lowers the intratumoral PS
concentration that is required for a therapeutic response, thereby
reducing PDT-related side effects such as phototoxicity as a lower
PS dose suffices [172].

Another beneficial aspect of PCs is that they do not exhibit
notable toxicity [173]. With respect to phototoxicity, it is well-
documented that the clinically approved PSs elicit considerably
longer photosensitivity, and thus potential phototoxicity, than the
metallated PCs, which have not been associated with skin
phototoxicity to date (Table 1). The photosensitivity of HpD and
porfimer sodium, for example, extends to as much as 4–12 weeks
after PS administration, which corresponds to the time patients
must be kept away from light exposure. This is mainly due to a
combination of factors, including long elimination half-life of the
PSs (Table 1), long clearance times from the skin (Table 1), and a
relatively unfavorable spectral overlap with sunlight (Fig. 3B)
[174,175]. The photosensitivity of mTHPC is also quite extensive,
namely 2–4 weeks, while that of 5-ALA is clinically manageable.
However, the use of 5-ALA is associated with other drawbacks
related to its photophysical properties (Fig. 2E) and unfavorable
pharmacokinetics (i.e., low tumor:healthy tissue ratio) after
systemic administration (Table 1), as addressed below.

In regard to the toxicity profiles of the clinically approved PSs,
Berlanda et al. studied the dark toxicity of mTHPC (both Foscan and
its polyethylene glycol (PEG)-conjugated derivative, Fospeg),
porfimer sodium, and 5-ALA, amongst others, in A431 cells



Fig. 6. Chemical structures of ZnPC (A), AlPC (B), tetrasulfonated ZnPC (ZnPCS4) (C), and tetrasulfonated AlPC (AlPCS4) (D). The physicochemical properties are provided in (E).
Estimated octanol/water partition coefficients (log P) were obtained from [382]. Normalized absorption spectra are provided of ZnPC dissolved in pyridine and ZnPC
encapsulated in liposomes (ZnPC-ITLs, composed of DPPC:DSPE-PEG (96:4, molar ratio) at a ZnPC:lipid ratio of 0.003) (F), AlPC dissolved in pyridine and AlPC encapsulated in
liposomes (AlPC-ITLs, composed of DPPC:DSPE-PEG (96:4, molar ratio) at an AlPC:lipid ratio of 0.003) (G), tetrasulfonated ZnPC (ZnPCS4) in MilliQ (H), and tetrasulfonated
AlPC (AlPCS4) in MilliQ (I), both at a 1.5-mM final PS concentration. The ROS-generating capacity of ZnPC-ITLs (J), AlPC-ITLs (K), ZnPCS4 in physiological buffer [74] (L), and
AlPCS4 in physiological buffer (M) during PDT (pink area) was determined using the oxidation-sensitive fluorogenic probe 20 ,70-dichlorodihydrofluorescein (DCFH2), prepared
as described in [386]. The mean � SD DCF fluorescence intensities are plotted for n = 3 experiments and the experiment was carried out according to [74].
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[176]. The lethal 50% dose (LD50) for non-irradiated Foscan, Fospeg,
porfimer sodium, and 5-ALA was 8, 246, 5, and 9040 mM,
respectively. The LD50 value for AlPCS4 could not be calculated
as its dark toxicity did not fall below 50% at concentrations up to
200 mM. Similarly, Amin et al. found no dark toxicity of AlPCS4 up
to a concentration of 500 mM in bladder cancer (T24) cells [177]. A
summary of the dark toxicity LD50 values is provided in Table 1. In
addition, PCs appear to be non-genotoxic compounds. PDT with
AlPC induced considerable oxidative damage and cell death in
human oral keratinocytes in vitro, but without inducing a
genotoxic response, as confirmed by the comet assay [178]. These
results were corroborated in another study employing AlPC-PDT
[179]. Similarly, ZnPCS4 is not genotoxic upon PDT in vitro [180],
although its utility in PDT is limited due to the relatively poor
ROS-generating capacity (Fig. 6L).

With respect to clinically approved PSs, mTHPC did not induce
DNA damage in human myeloid leukemia (K562) and nasopha-
ryngeal carcinoma (CNE2 and HK1) cells under dark conditions or
following PDT [181,182]. In contrast, considerable DNA damage was
observed in K562 cells after HpD-PDT [181]. Other in vitro studies
showed that treatment of cells with 5-ALA resulted in mutagenic
effects after exposure to visible light [183]. Chromosomal
aberrations and formation of micronuclei were also detected
under dark conditions [184]. Of note, as the photoactive product of
5-ALA, namely PpIX, is produced in mitochondria, it is conceivable
that most of the genomic aberrations might be confined to
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mitochondrial DNA, which is a typical target for DNA modifica-
tions, even during regular energy metabolism [185].

The safety:efficacy ratio of a compound is also an important
parameter in pharmacology, as it reflects the ‘clinical worthwhile-
ness’ of a drug. In case of PDT, this ratio can be calculated by
dividing the PS LD50 (i.e., dark toxicity) by the PS LD50 following
PDT. The safety:efficacy values for Foscan, Fospeg, porfimer
sodium, and 5-ALA in A431 cells were 268, 4695, 3, and 23,
respectively [176], whereby the lower values indicate a less
favorable balance between dark toxicity and PDT efficacy. The
safety:efficacy ratio of AlPCS4 could not be derived in this study, as
the dark toxicity was too low to calculate an LD50 value. The safety:
efficacy ratio of Foscan in two biliary tract cancer cell lines (gall
bladder cancer and bile duct cancer cells) was 356 and 410,
respectively [186].

Moreover, the tumor:healthy tissue ratio is a critical in vivo
pharmacokinetic parameter because it relates PDT efficacy to
biodistribution and potential (photo)toxicity. Theoretically, a high
tumor:healthy tissue ratio is likely to improve therapeutic outcome
and reduce drug accumulation in healthy tissue, which is inherently
proportional to the level of undesired side effects. For example,
porfimer sodium exhibited a tumor:skin ratio of only 1.7:1 in a
hamster melanoma model [187]. Similarly, intravenously or intra-
vesically injected 5-ALA resulted in a tumor:bladder wall ratio of
2:1 in an orthotopic rat bladder tumor model [188]. Slightly higher
tumor:normal adjacent mucosa ratios of 2–3:1 were observed for
mTHPC after intravenous injection in patients with different types
of solid cancer [189]. In case of diamagnetic PCs, the majority of
studies on these PSs have employed liposomal formulations
(discussed in the next section) as a delivery vehicle. In a
fibrosarcoma mouse model using ZnPC liposomes, tumor:muscle
ratios(muscle tissue adjacent tothe fibrosarcoma) of 7.5:1 [190] and
9:1 [191] were found 18 to 24 h post-injection, respectively.
Furthermore, Chan and colleagues showed that the uptake of
sulfonated AlPC in Colo 26 tumor-bearing mice was dependent on
the degree of sulfonation [33]. Whereas AlPCS4 accumulated in
tumors at a 10:1 tumor:adjacent tissue ratio, lower ratios were
observed with a lower degree of sulfonation. Accordingly, mono-
sulfonated AlPC appeared to have the lowest tumor:adjacent tissue
ratio (i.e., <2:1). Similar tumor:tissue ratios (i.e., 10:1) for AlPCS4
were observed in mice bearing melanoma tumors, which peaked
18 h after systemic administration [192]. The tumor:tissue ratios of
the most common clinical and experimental PSs are listed inTable 1.

Lastly, the high log P value of metallated PCs (Fig. 6E) is
responsible for the distribution of these PSs to a wide variety of
lipophilic compartments (Sections 2.2.2 and 4.4.2). PDT of
metallated PC-containing cells will therefore induce oxidative
damage at multiple intracellular sites that are critical to cell
viability and function (Section 2.3). As addressed in Section 2.3.1,
the mode of cell death depends on intracellular PS localization and
thus the origin of PDT-induced damage. Given that metallated PCs
localize to multiple intracellular sites, PDT with these PSs will
activate different modes of cell death that will ultimately result in
necrotic, apoptotic, necroptotic, and/or autophagic cell death. The
concomitant activation of different cell death pathways will
therefore increase the probability that a tumor cell is terminated
after PDT through the ‘cumulative cell death induction effect’
rather than salvaged by activated survival and/or stress response
mechanisms [68]. Consequently, the cytotoxic potential of
irradiated PCs is theoretically higher per mole compound in a
cell than for PSs that target to a single location, such as lutetium
texaphyrin [193], verteporfin [194], and hypericin [79], where only
one specific cell death induction pathway dominates.

In the final analysis, compared to clinically approved PSs,
diamagnetic PCs have a more red-shifted Q-band maximum and
superior molar absorptivity, which facilitates deeper light
penetration, a higher efficiency of light absorption at clinically
relevant wavelengths, and extensive ROS generation at comparably
lower intratumoral PS concentrations. The generation of ROS
occurs at multiple cellular locations, which enables optimal PDT
efficacy due to the cumulative cell death induction effect.
Moreover, diamagnetic PCs exhibit no dark toxicity or genotoxicity,
even after irradiation. Lastly, the diamagnetic PCs are associated
with a higher safety:efficacy ratio and tumor:healthy tissue ratio,
altogether making these metallated PCs more suitable for PDT
compared to conventional PSs. Unfortunately, a direct comparison
regarding the therapeutic efficacy of clinical PSs and diamagnetic
PCs could not be made inasmuch as the effectiveness (e.g., LD50

value) is dependent on several variables such as irradiance,
cumulative radiant exposure, wavelength/molar absorptivity, and
cell/tumor tissue type, which widely differ among studies.

4. Multi-targeted photosensitizer-encapsulating
nanoparticulate delivery systems for photodynamic therapy

A major obstacle in oncopharmacology is specific delivery of
drugs to the tumor, as is for instance problematic with most orally
or intravenously administered chemotherapeutics. The unspecific
uptake of chemotherapeutic agents by healthy tissue causes all
sorts of sequelae that impose a significant burden on patient well-
being and quality of life. As a result, numerous chemotherapeutic
agents have been encapsulated in nanoparticulate drug delivery
systems to improve drug solubility, to ensure improved delivery to
the tumor and enhanced therapeutic efficacy, and to reduce
chemotherapy-associated side effects (reviewed in [195]).

4.1. Non-liposomal photosensitizer carrier and delivery systems

Nanoparticulate PS delivery systems can be classified into lipid-
based and non-lipid based delivery systems. Both types of delivery
systems are described in Table 2, including the physico-chemical
attributes as well as the advantages and disadvantages in terms of
PS delivery. The lipid-based delivery systems include LDL, micelles,
and solid lipid nanoparticles, all of which are water-compatible
carriers suitable for the encapsulation of hydrophobic PSs (Table 2).
LDL is an endogenous blood-borne particle composed of (free and
esterified) cholesterol, phospholipids, triglycerides, and a single
apoliporotein B-100 that the body uses for the transport of
lipophilic biomolecules (e.g., cholesterol) to cells. Micelles
comprise small-diameter particles composed of a phospholipid
monolayer that, in case of normal-phase micelles, contain an acyl
chain-based core and the hydrophilic head groups positioned at
the phospholipid–water interface. Solid lipid nanoparticles are
composed of a solid lipid core that is stabilized by a surfactant
layer, albeit the composition can be highly variable. The micelles
and solid lipid nanoparticles can be functionally modified to
accommodate a specific pharmacokinetic purpose, including
PEGylation to enhance circulation half-life [196,197] and the
conjugation of ligands for e.g., immunotargeting [198,199],
whereas this is less applicable to LDL due to its intrinsic targeting
properties. LDL has been employed for intratumoral PS delivery
[200,201] via its cognate LDL receptor (LDLR). However, this
delivery system may lack targeting specificity inasmuch as the
LDLR is not exclusively present on tumor cells and a variety of
malignant tissues lack overexpression of LDLR (reviewed in [202]).

Of the non-lipid based nanoparticles, dendrimers, polymeric
micelles, and polymers are capable of encapsulating hydrophobic
as well as hydrophilic PSs (Table 2). Dendrimers are supramolecu-
lar assemblies typically composed of branched polyaminoamides
that can be synthesized in a controlled manner with a high
monodispersity (reviewed in [203,204]). However, the in vivo
toxicity data for dendrimers is currently unavailable, which limits



Table 2
Overview of lipid- and non-lipid-based nanoparticles that have been used for the delivery of photosensitizers. Abbreviations: AlPCS4, tetrasulfonated chloroalumi-
numphthalocyanine; Cl2SiPC, dichlorosilicon phthalocyanine; HexSiPc, bis(tri-n-hexylsiloxy)silicon phthalocyanine; LDLR, low-density lipoprotein receptor; Pc 4, silicon
phthalocyanine 4; SiPC, silicon phthalocyanine.

Lipid-based Size Carrier
material

Encapsulated PS (Dis) advantages [Ref]

Liposomes 15–
1000 nm

Hydrophobic
Hydrophilic

5-ALA [321], AlPC [255], AlPCS4 [257], mTHPC [236], porfimer sodium [322],
temocene [323], ZnPC [74]

+ Versatility
+ Non-toxic
+ Payload
� Stability
� PS transfer

[324]

Low-density
lipoprotein

18–
25 nm

Hydrophobic Bacteriochlorin e6 bisoleate [325], hematoporphyrin [200], SiPC [326], ZnPC
[201]

+ Endogenous carrier
+ Drugs are protected
+ Circulation time
� Specificity
� Requires overexpression of
LDLR

[202]

Micelles 2–20 nm Hydrophobic Cl2SiPC [327], HexSiPC [327], temocene [328], ZnPC [329] + Synthesis
+ Shelf-life
+ Low viscosity
� Low solubilization
� Potential surfactant toxicity

[330]

Solid lipid
nanoparticles

50–
1000 nm

Hydrophobic Hypericin [331], mTHPC [332] + Easy to scale up
+ Water-based technology
+ Biocompatibility
� Particle growth
� Drug loading capacity

[333]

Other
Dendrimers 1–

100 nm
Hydrophobic
Hydrophilic

5-ALA [334], SiPC [335] + Monodispersity
+ Versatility
+ High payload
� Lack of in vivo toxicity data
� Preparation is laborious

[203]

Gold
nanoparticles

1–
100 nm

Hydrophobic
Hydrophilic

5-ALA [336], PpIX [337], ZnPC [338] + Physico-chemical properties
of gold
+ Synthesis
+ Versatility
� Potential toxicity
� Costs

[339]

Polymeric
micelles

10–
100 nm

Hydrophobic
Hydrophilic

mTHPC [340], Pc 4 [341], porfimer sodium [342], ZnPC [343] + Structural stability
+ Payload
+ Low toxicity
� Synthesis
� No universal incorporation
method

[344]

Polymeric
nanoparticles

10–
1000 nm

Hydrophobic
Hydrophilic

5-ALA [345], mesochlorin e6 [346] + Versatility
+ Biocompatibility
+ Synthesis
� Encapsulation efficiency
� Stability

[208]

Quantum dots 2–
100 nm

Hydrophobic
Hydrophilic

AlPCS4 [214], chlorin e6 [347], PpIX [348], Rose Bengal [349] + Unique optical properties
+ Tunable surface properties
� Limited knowledge on
clinical use
� Potential toxicity
� Compatibility in biological
environments

[350]
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the prospects for clinical applicability. Polymeric micelles are
nanoparticles that are usually composed of amphiphilic polymers,
including PEG-based phospholipid conjugates and poloxamers
[205]. Although polymeric micelles have a high structural stability
and low toxicity (Table 2), the development of these nanoparticles
may be hampered by technical difficulties in specific polymer
synthesis and efficient drug incorporation methods on an
industrial-scale basis [206]. Alternatively, polymeric nanoparticles
are generally composed of biodegradable polymers, including
polyglycolic acid, polylactic acid, and poly(lactic-co-glycolic acid),
which are generally non-toxic [207]. Although polymeric nano-
particles may be attractive as a delivery vehicle, there are still some
difficulties to overcome, including a poor encapsulation efficiency
[208,209] and a poor PS stability in solution [210].

In contrast, gold nanoparticles and quantum dots are nano-
particles with unique physico-chemical and optical properties,
respectively [211]. Gold nanoparticles that are coupled to PSs have
been associated with increased 1O2 upon irradiation as a result of
surface plasmon resonance (reviewed in [212]), allowing these
particles to be used for PDT as well as photothermal therapy.
Moreover, the excitation wavelength is tunable to wavelengths in
the far red [213], enabling deep light penetration and relatively
homogenous irradiation of bulkier tumors. Quantum dots are
semiconductor nanocrystals that function as light acceptor for
subsequent PS activation via fluorescence resonance energy
transfer [214]; the PS therefore has to be conjugated to the
quantum dots in order to achieve a photodynamic effect. Although
gold nanoparticles and quantum dots are attractive for PDT, the
nanoparticles may be quite toxic (Table 2) and therefore limited in
terms of clinical applicability.

Inasmuch as the nanoparticulate PS delivery systems addressed
in this section may not be ideal for clinical PDT (Table 2), the
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following sections will focus on liposomes for intratumoral PS
delivery. Although liposomes are not superior to the above-
mentioned PS delivery systems per se, the combination of
advantages (next section) makes liposomes very suitable for PS
targeting to tumors.

4.2. Liposomal photosensitizer carrier and delivery systems

To date, the Food and Drug Administration has approved
liposomal formulations of two anti-cancer drugs, daunorubicin
and doxorubicin, and various anti-cancer formulations are under
evaluation in clinical trials [215,216]. It is somewhat surprising that
none of these drugs include a PS, given the fact that the clinical
implementation of PDT is primarily hampered by ethical issues
related to phototoxicity (which can be alleviated by encapsulation)
while the therapy is very effective for several cancer types
(Section 1). At this moment, clinical phase I/II trials with liposome-
encapsulated PSs are being conducted exclusively with verteporfin
(Fospeg). Of note, it is not expected that PDT with liposome-
encapsulated first-generation PSs will result in better therapeutic
outcomes compared to liposome-encapsulated second-generation
PSs, given that the majority of drawbacks of the first-generation
PSs as addressed in Section 3.2 will remain an issue.

In case of PDT with second-generation PSs (metallated PCs),
liposomal encapsulation (in which case it is referred to as a
third-generation PS) is advantageous [217] for several reasons.
First, liposomes are able to encapsulate hydrophilic and
lipophilic molecules and hence render the highly lipophilic
Table 3
Summary of experimental in vivo studies with immunoliposomes. Abbreviations: CHEM
nolamine; DSPC, distearoyl phosphatidylcholine; EGFR, epidermal growth factor r
GD2, ganglioside GD2; HBEGF, heparin-binding EGF-like growth factor; HPTS, 8-hydr
IGF-1R; insulin-like growth factor 1 receptor; ILs, immunoliposomes; mAb, monoclonal a
metalloproteinase; PC, phosphatidylcholine; PDP-PEG-DOPE, 3-(2-pyridyldithio)propio
nolamine; POPC, palmitoyloleoyl phosphatidylcholine; scFV, single-chain variable fr
VEGFR, vascular endothelial growth factor receptor.

Target Antibody Cancer subtype Liposomal
composition

D

CD19 Anti-
CD19 mAb

B-cell lymphoma HSPC:Chol:mPEG D

CD19 Anti-
CD19 mAb
Anti-CD19 Fab

B-cell lymphoma SM:Chol:mPEG D
V

EGFR IMC-C225 Fab Breast cancer DSPC:Chol:mPEG V

EGFR EMD72000 Fab
IMC-C225 Fab

Breast cancer, colorectal cancer DSPC:Chol:mPEG D

EGFR EGFR mAb Non-small cell lung cancer DOPE:CHEMS:PDP-
PEG-DOPE

G

EGFR EGFR mAb Glioblastoma multiforme Soy PC:Chol:mPEG:
PEG-PE

EGFR EGFR mAb Ovarian carcinoma HSPC:Chol:mPEG D
GD2 Anti-GD2 mAb

Anti-GD2 Fab
Neuroblastoma HSPC:Chol:mPEG D

HBEGF Anti-HBEGF
Fab

Breast cancer HSPC:Chol:mPEG D

HER-2 Anti-
HER2 scFV

Breast cancer POPC:Chol:mPEG D

HER-2 Anti-HER2 Fab Breast cancer EPC:Chol:mPEG P
HER-2 Anti-HER2 Fab Breast cancer POPC:Chol:mPEG H

(
IGF-1R 1H7 mAb Pancreatic carcinoid cancer HSPC:Chol:mPEG D
MT1-
MMP

222-1D8 Fab Fibrosarcoma HSPC:Chol:mPEG D

VCAM-
1

Anti-VCAM-
1 mAb

Multiple myeloma Soy PC:Chol:
cyanur-PEG-PE

VEGFR DC101 Fab Hepatocellular carcinoma PC:mPEG D
VEGFR DC101 Fab Colon cancer, breast cancer,

pancreatic cancer
DSPC:Chol:mPEG D
second-generation PSs compatible with plasma. Second, liposomal
incorporation resolves PS aggregation in aqueous solutions such as
biological fluids, which negatively affects KT and ROS generation
[218–220]. Third, due to the high payload, a single liposome could
theoretically deliver a sufficient amount of PS to a cell to cause
lethal oxidative stress following PDT. As a result, less liposomal PS
can be administered to patients to achieve equal intratumoral PS
levels compared to unencapsulated PS. Moreover, unencapsulated
PSs have a tendency to extravasate and accumulate in the skin.
Liposomal encapsulation minimizes PS accumulation in the skin
[221,222], which will not only reduce phototoxicity but also
further improve PS bioavailability for tumor targeting. Fourth,
additional pharmacological compounds can be co-encapsulated in
a single delivery system (in which case it is referred to as a
fourth-generation PS) for further improvement of therapeutic
efficacy. Finally, in addition to the inherent non-toxicity of neutral
phospholipids [223,224], i.e., typically the main lipid constituents
of liposomal drug delivery systems [225], liposomes can easily be
modified compositionally to facilitate the unique prerequisites of
the drug delivery system and to accommodate a specific
physiological context. For instance, liposome uptake by cells
of the mononuclear phagocyte system can be considerably
forestalled by proper sizing [226] and by the conjugation of PEG
to component phospholipids, usually phosphatidylethanolamine
[227–230]. It has been proposed that (1) the presence of a “dense
conformational cloud” by the PEG polymers over the liposome
surface [231], (2) the repulsive interactions between PEG-grafted
membranes and blood constituents [232], (3) the hydrophilicity of
S, cholesteryl hemisuccinate; Chol, cholesterol; DOPE, dioleoyl phosphatidyletha-
eceptor (HER1); EPC, egg phosphatidylcholine; Fab antigen-binding fragment;
oxypyrene-1,3,6-trisulphonic acid; HSPC, hydrogenated soy phosphatidylcholine;
ntibody; mPEG, methoxy polyethylene glycol; MT1-MMP, membrane type-1 matrix
nic acid-polyethylene glycol-DOPE; PEG-PE, polyethyleneglycol-phosphatidyletha-
agment; SM, egg sphingomyelin; VCAM-1, vascular cell adhesion molecule 1;

rug Response [Ref]

oxorubicin Improved survival compared to untargeted liposomes. [351]

oxorubicin
incristin

Significantly more effective than untargeted liposomes or
free drug.

[352]

arious Significant anti-tumor effects and superior to untargeted
liposomes.

[264]

oxorubicin High uptake in various EGFR-overexpressing cell lines. [353]

emcitabine Significant tumor reduction in A549 tumor-bearing nude
mice.

[354]

Significantly enhanced accumulation and uptake. [355]

oxorubicin Accumulation was comparable to control liposomes. [356]
oxorubicin Complete inhibition of metastatic growth in a nude mouse

model.
[357]

oxorubicin Tumor regression in MDA-MB-231 tumor-bearing mice. [266]

oxorubicin Significant decrease in tumor size compared to untargeted
liposomes.

[358]

E38KDEL Receptor-specific binding and internalization in vitro. [359]
PTS
probe)

The uptake correlated with the cell surface expression of
HER2 in vitro.

[360]

oxorubicin Superior antitumor efficacy compared to control liposomes. [361]
oxorubicin Significant suppression of tumor growth, independent of

tumor accumulation.
[362]

Selective targeting of tumor vessels. [363]

oxorubicin Significant delay of tumor growth up to 7 weeks. [364]
oxorubicin Superior therapeutic efficacy and selective abolishment of

the tumor vasculature.
[365]
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PEGylated formulations [233], and (4) the decreased rate of plasma
protein adsorption on the hydrophilic surface of PEGylated
liposomes [234] impose so-called ‘stealth’ properties [235].
Consequently, PEGylated liposomes are targeted to tumors by
means of the EPR effect, which facilitates higher tumor:healthy
tissue ratios and tumor killing capacity compared to their
unencapsulated equivalents [236,237]. Inclusion of PEG chains
further enables the design of immunoliposomes capable of
homing to the target site through the attachment of antibodies,
antigen-binding fragments (Fab’ fragments), or nanobodies to a
chemically modified distal end of a liposome-grafted PEG
chain [238–241]. As for the stealth liposomes, the use of
drug-encapsulating immunoliposomes is associated with greater
in vivo target selectivity and improved cytostatic efficacy
(Table 3). More detailed information on the utility of PS
encapsulation into lipid-based delivery systems is available
elsewhere [21].

In light of the advantages of liposomal encapsulation of
metallated PCs and the proven in vivo efficacy of stealth liposomes
and immunoliposomes, the remainder of this review will mainly
focus on second-generation PC-encapsulating liposomes for the
treatment of solid tumors. Three different liposomal formulations
will be addressed from the perspective of a comprehensive
Fig. 7. (A) Normalized fluorescence emission (Em) and excitation (Ex) spectra of unen
cholesterol:DSPE-PEG (66:30:4 molar ratio) in physiological buffer. (B) ZnPC:lipid rati
assayed with 20 ,70-dichlorodihydrofluorescein (DCFH2). The protocol is described in [74
serum albumin following PDT with ZnPC–ITLs. The protocol is described in [74]. (D) La
protocol is described in [74].
multi-targeting modality. Inasmuch as diamagnetic PCs exhibit
similar photochemical and photophysical properties (Section 3.1),
ZnPC is used as a model PS in many instances.

4.3. Phthalocyanine-encapsulating liposomes

Metallated PC-containing liposomes have been employed for a
broad array of clinical applications, including the treatment of
cutaneous leishmaniasis [242], antineoplastic therapy
[190,243,244], and diagnostic applications in atherosclerosis
[245]. For the treatment of solid cancers, ZnPC has been conjugated
to LDL [201] and serum albumin for systemic administration [246],
encapsulated into various nanoparticulate drug delivery systems
for intravenous infusion [244,247–249], and formulated in a
mixture of oleic acid and propylene glycol for topical administra-
tion [250]. With respect to liposomal formulations, in vivo studies
demonstrated accumulation of liposomal ZnPC in tumors, the
subsequent irradiation of which led to a significant reduction in
tumor size [201]. A liposomal formulation of ZnPC (CGP-55847,
Ciba-Geigy) was evaluated in a phase I/II clinical trial for the
treatment of squamous cell carcinoma in the upper digestive tract
[172]. However, the clinical trial with CGP-55847 was discontinued
due to reasons not publicly disclosed.
capsulated ZnPC and ZnPC-containing liposomes (ZnPC–ITLs) consisting of DPPC:
o-dependent ROS generation following PDT with ZnPC-ITLs. ROS production was
]. (C) ZnPC:lipid ratio-dependent oxidation of tryptophan (Trp) residues in bovine
ser power-dependent oxidation kinetics of DCFH2 during PDT with ZnPC–ITLs. The



Fig. 8. (1) Tumor cell-targeting liposomes (TTLs) contain specific epitope recognition domains (e.g. antibodies, Fab’ fragments, nanobodies, or peptides) that are conjugated to
an anchor molecule such as a lipid-conjugated, distally modified polyethylene glycol (PEG) chain. (2) Endothelial cell-targeting liposomes (ETLs) are typically cationic
liposomes that exhibit a strong affinity for the negatively charged tumor endothelium. (3) Interstitially-targeted liposomes (ITLs) passively accumulate in the tumor
interstitium by exploiting the enhanced permeability and retention (EPR) effect and poor lymphatic drainage in solid tumors. PEGylation of the liposomes imparts ‘stealth’
properties in that unspecific liposome uptake by the mononuclear phagocyte system is considerably forestalled.
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An advantage of liposomal ZnPC, on top of the previously
addressed benefits of liposomal encapsulation (Section 4.2), is that
incorporation into a lipid bilayer does not negatively affect the
photochemical properties of ZnPC (Figs. 6F and 7). The electronic
transition states of p-electrons are susceptible to changes in
chemical environment (e.g., solvent or polarity effects), which
could impact the peak position of the absorption/excitation
spectrum of a molecule as well as its singlet and triplet state
quantum yield [251]. As shown in Fig. 6F, the main absorption
bands of ZnPC in pyridine and liposomal ZnPC fully overlap,
indicating that the Q-band electronic transition states are not
influenced by the lipid bilayer. Moreover, the fluorescence
excitation and emission spectra of ZnPC in pyridine are entirely
superimposable on the spectra of liposomal ZnPC, attesting to the
fact that the singlet state is not influenced by the lipid bilayer
(Fig. 7A) [74]. Fig. 7B and C further show that liposomal ZnPC
produces ROS upon PDT that oxidize small molecules (20,70-
dichlorodihydrofluorescein) and large biomolecules (albumin),
respectively [74]. The generation of ROS proceeds in a PS:lipid
molar ratio- (Fig. 7B and C) and irradiance-dependent manner
(Fig. 7D) [74], and the extent of oxidation of extraliposomal
compounds is hampered by the presence of antioxidants in the
membrane, such as cholesterol [252], a-tocopherol [253], and
(poly)unsaturated fatty acids [254]. Although the amount of ROS
generation is linearly proportional to the amount of ZnPC in the
membrane, there is an optimal PS:lipid molar ratio beyond which
the extent of ROS generation plateaus and abandons linearity,
despite an increased ZnPC bilayer density (Fig. 7B and C) [74]. At a
PS:lipid molar ratio of >0.003, ZnPC starts forming aggregates
[255] that, due to altered relaxation mechanisms in excited PS
dimers/multimers [219] and/or reduced oxygen availability in
these aggregates [218], results in impaired 1O2 generation. Similar
effects have been described for AlPC [255].

The main implication of these findings is that ZnPC retains its
photophysical and photochemical properties once it has entered a
cell, where it will distribute to the cell- and subcellular membranes
as elaborated in Section 2.2.2. PDT with liposomally delivered
ZnPC will induce (per)oxidation of proximal cellular constituents
(Fig. 7B and C), particularly membrane-embedded molecules and
bilayer constituents. The (per)oxidation of intra/transmembrane
molecules and unsaturated lipids causes membrane perturbation
and leakage of intracellular content, which has been demonstrated
with PDT-subjected cell phantoms containing ZnPC in the bilayer
[74]. The biological consequences of membrane permeabilization
have been addressed in Section 2.3 and ultimately result in cell
death, as experimentally demonstrated in the following sections.

4.4. Targeting photosensitizer-encapsulating liposomes to solid
tumors

4.4.1. Comprehensive tumor-targeting strategy
The microenvironment of solid cancers can essentially be

classified into three pharmacologically relevant target areas: the
tumor cells that make up the bulk of the cancer, the endothelial cells
that line the intratumoral vasculature, and the interstitial space that
is comprised of stromal proteins, fibroblasts, and immune cells
(macrophages and dendritic cells). PS-encapsulating liposomes for
systemic administration can be prepared that preferentially
accumulate in one of the three target areas. The generic make-up
of the liposomes is presented in Fig. 8, and each formulation, namely
tumor-targeting liposomes (TTLs), tumor endothelium-targeting
liposomes (ETLs), and interstitially-targeted liposomes (ITLs) is
discussed separately in Sections 4.4.2 through 4.4.4.

Principally, each formulation can be employed individually for
PDT, whereby the TTLs and ETLs have proven most effective in vitro
in terms of tumor killing potential [256,257]. However, the
implementation of a combinatorial, multi-targeting modality for
PDT as illustrated in Fig. 9 is advocated for two important reasons.
First, the generation of oxidative damage at multiple intratumoral
locations will translate to more extensive interference with
post-treatment biological and biochemical processes and hence
exacerbate the degree of tumor cell death. For example, if only the
tumor cells are targeted, which is usually the case, the PDT-induced
activation of cell death mechanisms may be reverted due to
co-activation of cell survival and stress response pathways [68],
leading to increased cancer cell survival following PDT. When,
however, the TTL-induced damage profile is complemented by
concomitant ETL-mediated vascular shutdown and consequent
intratumoral anoxia, the chances that partially viable cells survive
as a result of survival and recovery programs will considerably
diminish. Second, the induction of damage in a greater tumor
volume (i.e., tumor parenchyma + vasculature + stroma versus
parenchyma only) is expected to trigger more extensive DAMP
release with a broader spectrum of DAMP molecules, which will
result in a more profound immune response. As addressed in
Fig. 1 and Section 2.4, the PDT-induced immune response is
critical for tumor removal through immunogenic apoptosis and
immunological processing of tumor cells.



Fig. 9. In vivo pharmacokinetics of the liposomal PS-encapsulating formulations for tumor targeting (illustrated in Fig. 8). Route 1 (Section 4.4.2): tumor-targeting liposomes
(TTLs) extravasate and bind to the corresponding receptor on a tumor cell. Route 2 (Section 4.4.3): cationic liposomes (ETLs) have a propensity to bind inflamed and angiogenic
endothelium. Route 3 (Section 4.4.4): sterically stabilized liposomes (ITLs) extravasate into the interstitium, enter the interstitial space, and accumulate due to the EPR effect.
Route 4 (Section 4.4.4): transfer of hydrophobic PSs from non-PEGylated liposomes to LDL particles. Consequently, the PS-LDL complexes (4a) bind to LDL receptors that are
typically replete on endothelial cells lining the tumor vasculature or (4b) extravasate, bind to LDL receptors that are abundantly present on tumor cells, and enter the cells via
endocytosis.
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4.4.2. Photosensitizer-encapsulating tumor cell-targeting liposomes
Tumor cells constitute a primary target for second-generation

lipophilic PSs such as ZnPC because their high log P value (Fig. 6E)
causes the PS to localize to the cell and organelle membranes,
including those of mitochondria and the Golgi apparatus (ZnPC)
[61,258]. Consequently, PDT with PC-TTLs will induce oxidative
damage at multiple critical sites, which will culminate in the
execution of different cell death pathways as elaborated in
Section 2.3.1. Extensive cell damage and death is not only
imperative for optimal therapeutic efficacy, but also for minimiz-
ing the number of residual tumor cells that could mediate cancer
recurrence, for optimally deterring the execution of cell survival
pathways [68], and for maximally reducing post-treatment tumor
sustenance through the processes related to the hallmarks of
cancer [259,260]. Moreover, tumor cells are the source of TAAs and
DAMPs, which are released as a result of oxidation of membrane
constituents or cell death signaling, that mediate the anti-tumor
immune response (Fig. 1, Section 2.4) [96]. The extent to which
these signaling molecules are liberated in the treated tissue, and
hence the magnitude of the anti-tumor immune response, is
proportional to the degree of induced damage. Accordingly, PDT
with PC-TTLs is expected to induce widespread and pleiotropic
oxidative damage that results in extensive cell death, a prolific
anti-tumor immune response, and, in fully treated tumors,
minimal probability of tumor recurrence.

TTLs (Fig. 8) are generally composed of phosphatidylcholines
and a molar fraction of PEGylated lipids to which a ligand/epitope
recognition molecule has been conjugated, such as an antibody,
Fab’ fragment, nanobody, or peptide (reviewed in [21,217,261]). The
ligand/epitope recognition molecules typically bind to antigens
that are abundantly expressed on the outer membrane of cancer
cells but not or only minimally expressed by healthy cells. The
different immunoliposome formulations and the ligand/epitope
recognition molecules that have been investigated to date are
summarized in Table 3 and the ligands/epitopes that constitute
viable targets for PS-containing immunoliposomes specifically
developed for the treatment of PDT-recalcitrant tumors (Section 1)
are provided in Table 4.

The utility of immunoliposomes for the delivery of pharmaco-
logical agents has been demonstrated in numerous in vitro and
in vivo studies. In mice, Song et al. [262] showed that systemically
infused, sterically stabilized epidermal growth factor receptor
(EGFR)-targeted liposomes were able to extravasate from the
intratumoral microcirculation and specifically and efficiently bind
to xenotransplanted EGFR-overexpressing human non-small cell
lung carcinoma (H1299) cells, after which the TTLs were
internalized via an ATP-dependent process. Corroboratively,
our group found that anti-EGFR nanobody-conjugated TTLs (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC):cholesterol:1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(PEG)-2000] (DSPE-PEG), 66:30:4 molar ratio) extensively bound
to and were taken up by human EGFR-transfected murine (HER14)
fibroblasts (Fig. 10A and B) and A431 cells [21]. The in vitro and
in vivo PDT efficacy of these TTLs will be published elsewhere
[21,263]. Mamot et al. [264] demonstrated that anti-EGFR TTLs
exhibit a 6-fold higher uptake by EGFR-transfected human primary



Table 4
Potential targets of PDT-recalcitrant tumor types for immunoliposomes. An immunohistochemical expression score of �2 (scale 0–3) was considered overexpression. Positive
staining was defined as followed: * staining index of �1.5 (staining intensity (0–3) � (number of positively stained cells/total number of cells counted)), ** staining in �10% of
tumor cells, and *** >10% cytoplasm and membrane staining in all tumor cells. Abbreviations: EGFR, epidermal growth factor receptor; HER-1/2, human epidermal growth
factor receptor 1/2; MUC-1, mucin 1, cell surface associated; IGF-1R, insulin-like growth factor 1 receptor.

Cancer type Target ligand/epitope Overexpression (OE) or positive staining (PS)
[range]

[Ref]

Superficial recurrent urothelial carcinoma EGFR/HER-1 23.6% (OE) [366]
EGFR/HER-1 100% (PS)* [367]
HER-2 12.4% (OE) [368]
MUC-1 44.1% (OE) [369]

Nasopharyngeal carcinoma EGFR/HER-1 62.7% [43.2–83.3] (OE) [370–373]
HER-2 50.7% (PS)** [371]
IGF-1R 56% (OE) [374]

Extrahepatic cholangiocarcinoma EGFR/HER-1 33.7% [15.8–57.9] (OE) [375–378]
HER-2 23.2% [8.5–31.3] (OE) [375–380]
HER-2 80% (PS)*** [381]
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glioblastomas (U87) in mice versus non-targeted (anti-EGFR
C225 Fab-lacking) liposomes. The TTLs were presumably internal-
ized via receptor-mediated endocytosis. Park et al. [265] found that
systemic administration of either sterically stabilized liposomes
(comparable to ITLs, Section 4.4.4) or anti-human epidermal
growth factor receptor 2 (HER-2)-conjugated TTLs resulted in
equivalent levels of accumulation in xenografted breast cancer
(BT-474, MDA-MB-453, MCF-7/HER2) tumors in mice, but the
intratumoral distribution and internalization pattern clearly
differed between the formulations. Whereas sterically stabilized
liposomes accumulated extracellularly, the PEGylated anti-
HER2 TTLs predominantly distributed in the cytoplasm of tumor
cells. Of note, the conjugation of antibodies or fragments thereof to
e.g., PEG chains appear not to alter the size, surface charge, or
pharmacokinetic properties of the liposomes compared to non-
targeted, PEGylated liposomes [264,266].

Due to the selective uptake of PS-TTLs, intracellular PS levels are
generally higher than for their non-targeted counterparts, causing
Fig. 10. Confocal images of DAPI-stained (in blue) EGFR-overexpressing HER14 cells (
cholesterol:DSPE-PEG:NBD-PC (62:30:4:4 molar ratio)) fluorescently labeled with nitro
images of HER14 cells incubated with fluorescently labeled control liposomes. Human um
with ToPro3 (C, E) and incubated with NBD-labeled ETLs (composed of DPPC:DC-ch
(composed of DPPC:cholesterol:DSPE-PEG:NBD-DPPC (60:30:5:5 molar ratio)) (F). The 

HUVECs was confirmed by flow cytometry (protocol described in [74]). NBD fluorescen
the TTLs to be more potent in terms of phototoxicity. Gijsens et al.
[257] demonstrated that AlPCS4-encapsulating transferrin-
conjugated liposomes exhibit a 10-fold lower IC50 value than
non-targeted liposomes in HeLa cells treated with PDT (0.63 mM
versus 6.3 mM AlPCS4, respectively). Moreover, the intracellular
accumulation of transferrin-conjugated TTLs was significantly
higher than free AlPCS4 or non-targeted liposomes. García-Diaz
et al. used folate-conjugated liposomes containing zinc tetra-
phenyl porphyrin (ZnTPP) to treat folate receptor-expressing
HeLa cells [267]. At a concentration of 1 mM ZnTPP and a radiant
exposure of 10 J/cm2, the non-targeted liposomes induced cell
death in 65% of HeLa cells, whereas folate-conjugated liposomes
led to a 94% mortality rate 24 h post-PDT. In line with previous
findings, human ovarian carcinoma (Ovcar-5) cells treated with
verteporfin-containing anti-EGFR TTLs exhibited significantly
lower cell viability than non-targeted liposomes [268].

The data presented in this section indicate that the over-
expression of specific surface recognition domains (e.g., transferrin
A) that have taken up anti-EGFR nanobody-conjugated TTLs (composed of DPPC:
benzoxadiazole (NBD, green fluorescence) (B). The inserts in (A, B) are comparable
bilical vein endothelial cells (HUVECs) (isolated as described in [387]) were stained
olesterol:cholesterol:DSPE-PEG:NBD-DPPC (60:25:5:5:5 molar ratio)) (D) or ITLs
uptake of NBD-labeled ETLs (G) and the lack of uptake of NBD-labeled ITLs (H) by
ce was measured in the FL1 fluorescence channel of the flow cytometer.
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receptor, EGFR) by tumor cells can be exploited for tumor cell
targeting. High intracellular PS concentrations are subsequently
achieved via endocytosis. Consequently, as has been determined in
a variety of studies, this PDT strategy is expected to produce
increased levels of phototoxicity compared to unencapsulated PSs
or PS-encapsulating non-targeted liposomes.

4.4.3. Photosensitizer-encapsulating endothelial cell-targeting
liposomes

It is widely accepted that intratumoral vasculature plays a
pivotal role in tumor sustenance and progression, as it provides the
tumor with oxygen and nutrients. Correspondingly, photodes-
truction of tumor vasculature is a decisive therapeutic outcome of
PDT [249,269–272]. It has been shown in mice that PDT with the
systemically infused PS MV6401 resulted in acute vasoconstriction
and thrombosis 3 h after PDT [273]. Fingar et al. [274] reported that
verteporfin-mediated PDT of chondrosarcomas in rats resulted in
selective destruction of tumor vasculature, which was associated
with thrombus formation, hemostasis, and long-term tumor
regression.

Blood vessels constitute an ideal target for PDT inasmuch as the
relatively high local oxygen tension (in blood vessels and
endothelium) as well as the physiologically abundant presence
of the radical nitric oxide contribute to exacerbated ROS/RNS
production upon PS excitation. Photochemical affliction of tumor
microvasculature leads to acute tumor infarction, culminating in a
local anoxic/hypoxic and malnourished environment that is
associated with stalled tumor growth in case of sustained
hemostasis [273]. Moreover, thrombi are potent chemoattractants
for cells of the innate immune systems (neutrophils andmono-
cytes/macrophages) that, when activated, propagate thrombus/
vascular remodeling by releasing cytokines and chemokines to
attract additional immune cells to the thrombostatic vasculature
[275,276]. Accordingly, PC-ETLs are potentially effective in PDT of
particularly hypervascularized tumors by inducing cessation of
oxygen and nutrient supply and corollary cell death
[273,277,278], retarding tumor growth [273], and triggering
pro-inflammatory signaling that leads to an anti-tumor immune
response (Section 2.4) and removal of PDT-afflicted tissue
(reviewed in [96]).

The uptake of PC-ETLs by intratumoral endothelial cells can be
achieved by coating the liposomes with specific endothelium-
recognizing epitopes or by imparting a positive surface charge on
the liposomes. In case of the former, a variety of epitopes that
Fig. 11. In vivo proof-of-concept of cationic liposome targeting to intratumoral vasculat
propane:cholesterol:Texas red-conjugated 1,2-dihexadecanoyl-sn-glycero-3-phosphoeth
mice (A–D) and RIP-Tag2 mice (E–H). The vasculature was stained with fluorescein-lab
liposomes with (intratumoral) blood vessels (C, G). Images were modified from [282] a
are abundantly present on tumor cells can also be used to
target the tumor endothelium, as elaborately described in [279]
and summarized in Tables 3 and 4. These includes vascular
cell adhesion molecule-1 (VCAM-1), membrane type-1-matrix
metalloproteinase (MT1-MMP), integrins avb3, avb5, and a5b1
(e.g., by employing arginine-glycine-aspartic acid (RGD)-peptides),
and asparagine-glycine-arginine (NGR) peptides that target
aminopeptidase N.

Alternatively, cationic liposomes have been employed to target
the tumor vessels. Generally, cationic liposomes are partly
composed of (phospho)lipids with a positively charged head
group, frequently complemented by neutral lipids such as
phosphatidylcholines and cholesterol (summarized in [280]).
Alternatively, a non-to-minimally toxic cationic moiety with a
lipophilic anchor, such as 3b-[N-(N0,N0-dimethylaminoethane)-
carbamoyl] cholesterol (DC-chol) [281], can be used in conjunction
with neutral lipids. It is believed that cationic liposomes
electrostatically associate with the negatively charged glycocalyx
of inflamed or angiogenic endothelial cells [282], as evidenced by
their propensity to accumulate more extensively in tumor vessels
(�25–28% of the total administered dose) than in normal vessels
(�4% of the total administered dose) [283]. This binding specificity
may be in part explained by the lethargic and irregular blood flow
in the tumor environment, as a result of which a greater probability
of ETL–glycocalyx interactions exists that in turn enables more
profound accumulation of ETLs in the tumor vasculature. Another
factor that may contribute to this phenomenon is the typical
upregulation and overexpression of negatively charged surface
glycoproteins (e.g., sialic acid-rich glycoproteins) by tumor
endothelium [284].

Presently, relatively limited in vitro and in vivo data is available
on the utility of ETLs for PDT. The cationic ETLs are believed to be
internalized by endothelial cells via endocytosis [282]; cationic
PEGylated ZnPC–ETLs, but not their neutral controls (i.e., ZnPC–
ITLs, Section 4.4.4), are indeed taken up by cultured human
umbilical vein endothelial cells (HUVECs) (Fig. 10C–F). Campbell
et al. [283] showed that cationic ETLs (1,2-dioleoyl-3-trimethy-
lammonium-propane (DOTAP)) specifically targeted to the vascu-
lature of xenografted human colon carcinoma (LS174T) tumors
in mice. The cationic ETLs exhibited heterogeneous vascular
distribution and accumulated predominantly in vessel branches. In
addition, Thurston et al. demonstrated that ETLs specifically
accumulated in RIP-Tag2 tumor-bearing mice (Fig. 11) and that the
degree of accumulation was associated with the developmental
ure. Fluorescently labeled cationic liposomes (1,2-dioleoyl-3-trimethylammonium
anolamine, 55:45:0.2 molar ratio, in red) were systemically infused into wild-type
eled lectin (in green) and yellow fluorescence indicates colocalization of cationic
nd used with permission from Dr. Gavin Thurston.
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stage of the tumor [282]. In terms of in vitro efficacy, we have
shown that ZnPC–ETLs (composed of DPPC:DC-chol:cholesterol:
DSPE-PEG (66:25:5:4, molar ratio) and a ZnPC:lipid ratio of 0.003)
exhibit no dark toxicity in HUVECs and respond to PDT in a PS
concentration-dependent manner [285]. With respect to in vivo
efficacy studies, Gross et al. [286] encapsulated verteporfin in
ETLs (DOTAP) and performed PDT on laser-induced choroidal
neovasculature in mice. The unencapsulated and ETL-encapsulated
verteporfin were equally effective and significantly decreased the
size of the choroidal neovessels, although the cationic ETLs
demonstrated higher selectivity and reduced PS-associated side
effects. However, choroidal neovessels are not equivalent to
intratumoral vasculature, so the results are not per se extrapolat-
able to the responsiveness of solid tumors to ETL-mediated PDT.
Nevertheless, the data collectively suggest that cationic ETLs can
selectively deliver PSs to intratumoral vasculature and that PDT
will result in vascular shutdown, tumor cell death, and retardation
of tumor growth. Evidently, more in vivo studies are needed to
establish pharmacokinetic-, pharmacodynamic-, and toxicological
profiles of PC-containing ETLs.

4.4.4. Photosensitizer-encapsulating interstitially targeted liposomes
The interstitial compartment of a tumor contains tumor-

associated fibroblasts and immune cells that continuously remodel
the tumor extracellular matrix (stroma), which entails neo-
vascularization, activation of extracellular matrix-bound growth
factors, and tumor cell invasion following proteolytic degrada-
tion of extracellular matrix components. Stromal remodeling is
also required for tumor metastasis (reviewed in [287–289]).
Consequently, PS delivery to the tumor interstitium may
constitute a useful means to inflict considerable damage to the
tumor [290,291]. The mechanisms that stand at the basis of PDT
efficacy in the stromal environment include: (1) oxidation of cell
membranes, either by primary ROS or by secondary or tertiary
ROS (e.g., �OH [2]) that are formed from type I reactions in the
tumor microenvironment, and (2) activation of immune cells by
(a) direct oxidation of cellular constituents following PDT of
PS-ITLs that have been taken up by the immune cells (e.g., tumor-
resident macrophages) and/or (b) by oxidized extracellular
biomolecules [276] (e.g., stromal proteins or glycocalyx
degradation products [2]) that bind to immune receptors (e.g.,
TLR-2, TLR-4, CD44) or are taken up by the immune cells following
PDT [292].

The targeting of ITLs to the tumor interstitium and their
retention proceeds passively via the EPR effect. For these purposes,
liposomes are generally composed of neutral (zwitterionic)
phospholipids (mostly phosphatidylcholines) and a molar fraction
(4–6%) of PEGylated lipids for steric stabilization and to impart
stealth properties [293]. Alternatively, ITLs may be sterically
stabilized by other types of non-to-low immunogenic (block co-)
polymers, including polyacrylamide (PAA), poly(vinylpyrrolidone)
(PVP), and poly(acryloyl morpholine) (PAcM) (reviewed in [294]).
Proper sizing is also important, as the ITLs must have a smaller
diameter than the length of the inter-endothelial cell fenestrations
in the tumor vasculature, i.e., <200 nm [295], to extravasate.
Moreover, particles <160 nm are profoundly taken up by the liver
in rabbits, whereas particles >210 nm are avidly taken up by both
the spleen and the liver [226]. Consequently, the diameter of ITLs
should be between 160 and 210 nm. Steric stabilization in
combination with proper sizing considerably prolongs the
circulation time, as a result of which the ITLs will have ample
time to passively diffuse into the tumor interstitium. Accordingly,
Wu et al. [296] demonstrated that, in rats, sterically stabilized
liposomes rapidly accumulated in the interstitial compartment of
xenografted rat breast adenocarcinomas (R3230Ac) following
infusion, which was 3–4 fold more extensive than their non-
PEGylated counterparts.

With respect to in vitro PDT studies, our group has demonstrat-
ed that ITLs encapsulating ZnPC exhibited no dark toxicity, but
became cytotoxic upon irradiation of extrahepatic cholangiocarci-
noma (Sk-Cha1) cells in a lipid concentration-dependent manner
(at a constant ZnPC:lipid ratio of 0.003) [74]. The mode of cell death
comprised both apoptosis and necrosis, whereby necrosis was the
predominant mode of cell death, most likely because a small
fraction of the ITLs was internalized by the cells [74]. Moreover, the
ITLs were not taken up by HUVECs, which suggests that these
liposomes will not be cleared by endothelial-like cells following
intravenous infusion (Fig. 10E, F, and H). In vivo studies in mice
bearing human fibrosarcoma (MS-2) tumors demonstrated that
ZnPC-encapsulating non-PEGylated ITLs accumulated in the
tumors at tumor:healthy tissue ratios of 7.5:1–9:1 24 h after
systemic administration [190,191], which is in agreement with the
previously cited findings by Wu et al. [296] regarding interstitial
ITL accumulation. Furthermore, Oku et al. [297] performed PDT
with glucuronidated ITLs containing verteporfin and achieved a
complete response rate in 80% of the Meth A sarcoma-bearing
mice. In contrast, a 20% complete response rate was observed with
free PS or verteporfin encapsulated in conventional anionic
liposomes (DPPC:1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC):cholesterol:1,2-dipalmitoyl-sn-glycero-3-phosphogly-
cerol (DPPG)). These data clearly indicate that the tumor
interstitium comprises a viable target for PDT-mediated tumor
eradication using PS-ITLs.

Alternatively, LDL can serve as an additional vehicle for the
transfer of lipophilic PCs from the ITLs to blood-borne LDL and
subsequently to tumor cells (Fig. 9). Various studies have found
that ZnPC incorporated in non-PEGylated lipid-based delivery
vehicles can transfer to plasma proteins, including LDL and high-
density lipoprotein (HDL) [49,298]. As demonstrated by Reddi et al.
[201], intravenous infusion of in vitro prepared ZnPC–LDL
complexes resulted in selective accumulation of these complexes
in the tumor, as evidenced by a maximal tumor:healthy tissue ratio
of 5.7, 24 h post-injection. None of the studies examined the effect
of PEGylation on the transfer kinetics of ZnPC from ITLs to plasma
proteins. Such studies have only been conducted with mTHPC
[299,300], showing that 42% of mTHPC was transferred from
PEGylated ITLs to plasma proteins 30 minutes after incubation,
which progressively increased to 74% after 24 h [300]. Inasmuch as
mTHPC and metallated PCs are chemically comparable (Fig. 2D and
Fig. 6A–D) and the PCs are typically encapsulated in lipid
formulations that resemble the formulations used in [299,300],
it is expected that ZnPC will exhibit similar transfer behavior.
Accordingly, the transfer of PC molecules from (PEGylated) ITLs to
LDL will lead to tumor-specific PC accumulation [301]. Based on in
vitro results it appears that the ZnPC–LDL conjugates enter the cells
via non-specific endocytosis [302]. The ZnPC–LDL complexes are
not internalized via receptor-mediated endocytosis, since the
association of PCs with LDL slightly distorts the molecular
structure of apoprotein B [302] that is responsible for LDL receptor
binding [303].

This section summarized the importance of targeting the
stromal environment inasmuch as the tumor stroma is responsible
for neovascularization and metastatic spread of tumor cells
and contains oxidizable cellular and molecular constituents
with immunogenic potential. PEGylated ITLs generally exhibit
better pharmacokinetics, tumor-accumulating capacity, and hence
therapeutic outcomes than their non-PEGylated equivalents. The
transfer of ZnPC from ITLs to endogenous lipid-based nanocarriers
such as LDL constitutes an alternative way to augment ZnPC
accumulation in the tumor stroma.



Fig. 12. Summary of methods for photochemically triggered drug release. Light-induced release of water-soluble compounds can be achieved by photosensitization (A), a
process that involves ROS-mediated destabilization of the lipid bilayer, photo-oxidation of plasmalogens that drives micelle formation (B), photo-uncaging of recognition
molecules that enable tumor cell uptake (C), photo-isomerization of lipids that switch from an extended form (trans) to a twisted form (cis) (D), light-induced degradation of
lipid components (E), and light-induced cross-linking of photopolymerizable lipids (F). All processes, except for photo-uncaging, cause destabilization of the lipid bilayer that
enables efflux of the liposomal cargo. Abbreviations: VIS, visible light; UV, ultraviolet light; bis-AzoPC, 1,2-bis[4-4(4-n-butylphenylazo)phenylbutyroyl] phosphatidylcholine;
NVOC-DOPE, 6-nitroveratryloxycarbonylated 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; bis-SorpPC, 1,2-bis[10-(20 ,40-hexadienoyloxy)-decanoyl]-sn-phosphatidyl-
choline; DiI, 1,10-dioctadecyl-3,3,30 ,30-tetramethylindocarbocyanine; DiI-DS, 1,10-dioctadecyl-3,3,3,30-tetramethylindocarbocyanine disulfonic acid.
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4.5. Phototriggered release modalities for liposome-delivered anti-
cancer agents

In addition to the delivery of PSs, liposomes may also be
used for the delivery of water-soluble compounds to the
tumor site rather than the tumor cells per se. With such
modalities, the liposomal encapsulants may accumulate in the
tumor interstitial space and undergo local release into the
tumor microenvironment upon irradiation. Upon their release,
these compounds essentially aid in the tumor eradication
process.

The triggered release of the hydrophilic encapsulants can be
integrated into the photodynamic process by the inclusion of
photo-labile constituents such as photodegradable phospholipids.
These constituents are chemically modified upon light irradiation,
leading to a change in chemical properties or degradation,
consequent perturbation/destabilization of the particle, and
corollary release of the hydrophilic encapsulants. A complete
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overview of the phototriggered release mechanisms is provided in
Fig. 12. Detailed reviews on these mechanisms are available
elsewhere [304–306]. Unfortunately, a multitude of the photo-
chemical triggering methods rely on UV light, which may have
limited clinical applicability due to its low optical penetration
depth and harmful effects. As such, novel methods or optimized
methods are required that are compatible with wavelengths in the
therapeutic window (Fig. 3B).

5. Concluding remarks

PDT is an attractive treatment modality for a variety of diseases,
including anti-neoplastic treatment, has yielded promising clinical
results at relatively low cost, and can be carried out in a non-
invasive and patient-friendly manner. However, contemporary
PDT strategies lack effectiveness in various solid cancer subtypes
and are associated with a substantial amount of photosensitivity.
To circumvent these issues, the application of diamagnetic PCs is
expected to improve clinical outcome and lower the degree of
photosensitivity and phototoxic reactions. The encapsulation of
diamagnetic PCs into liposomes provides a sophisticated PS
delivery platform for the targeting of pharmacologically important
intratumoral sites, including the tumor interstitium, tumor
endothelium, and tumor cells. Future in vivo and clinical research
should determine whether this multi-faceted tumor targeting
strategy improves therapeutic efficacy in PDT-recalcitrant tumors
while reducing side effects. Besides our proposed cancer treatment
strategy, the versatility of this delivery platform offers researchers
many new applications, varying from the delivery of contrast
agents for tumor imaging to delivery of pharmaceutical agents for
therapy.
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