
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

New strategies to enhance photodynamic therapy for solid tumors

Broekgaarden, M.

Publication date
2016
Document Version
Final published version

Link to publication

Citation for published version (APA):
Broekgaarden, M. (2016). New strategies to enhance photodynamic therapy for solid tumors.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/new-strategies-to-enhance-photodynamic-therapy-for-solid-tumors(0ac3f166-246a-4802-8b4e-22c6154ce634).html


11

Chapter 2

Enhancing photodynamic therapy of refractory 
solid cancers: Combining second-generation 
photosensitizers with multi-targeted liposomal 
delivery
Ruud Weijer1, Mans Broekgaarden1, a, Milan Kos1, a, Remko van Vught2, Erik A. J. Rauws3, Eefjan 
Breukink2, Thomas M. van Gulik1, Gert Storm4, 5, Michal Heger1, 2, 5

1 Department of Experimental Surgery, Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands
2  Membrane Biochemistry and Biophysics, Institute of Biomembranes, University of Utrecht, Utrecht, the Netherlands
3 Department of Gastroenterology, Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands

4 Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences, University of Utrecht, Utrecht, the Netherlands
5 Department of Controlled Drug Delivery, MIRA Institute for Biomedical Technology and Technical Medicine, University of Twente, 

Enschede, the Netherlands

a equal contributions

This chapter has been published in:
Journal of Photochemistry and Photobiology C: Photochemical Reviews 2015, 23, 103-131.

Abstract 

  Contemporary photodynamic therapy (PDT) for the last-line treatment of refractory cancers 
such as nasopharyngeal carcinomas, superficial recurrent urothelial carcinomas, and non-resectable 
extrahepatic cholangiocarcinomas yields poor clinical outcomes and may be associated with ad-
verse events. This is mainly attributable to three factors: (1) the currently employed photosensitiz-
ers exhibit suboptimal spectral properties, (2) the route of administration is associated with unfa-
vorable 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 pho-
tosensitizers, 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, PDT-induced antitumor immune responses, and 
the causes of therapeutic recalcitrance in the abovementioned tumors. Also, a rationale is provided 
for the use of second-generation 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.
 
1 Introduction 

 Photodynamic therapy (PDT) is a minimally-to-noninvasive treatment modality for numer-
ous types of solid cancers. PDT involves the systemic administration of a photosensitizer (PS), accu-
mulation of the PS in the tumor, and irradiation of the tumor with light of a wavelength that is well 
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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 caus-
ing shutdown of intratumoral vasculature, tumor cell death, and an anti-tumor immune response 

Figure 1. Photophysical and biological mechanisms of photodynamic therapy (PDT). Tumor-replete photosensitizer (PS) mol-
ecules are activated by (laser) light to an excited singlet state (1PS*). The 1PS* can return to the ground state (PS) by emitting 
fluorescence (F) or non-radiative decay (NRD), or can enter an excited triplet state via intersystem crossing (ISC) to yield 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 emit-
ting phosphorescence (P). The generation of O2

• – and 1O2 (and its ROS/RNS derivatives) results in tumor cell death, vaso-occlu-
sion, and an anti-tumor immune response (via the innate as well as the adaptive immune system) (section 2.4).

 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, nasopharyngeal 
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 instruct-
ed 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 consider-
ations 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 im-
prove 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 
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improved photophysical and photochemical properties have emerged, including chlorins and met-
al-coordinated phthalocyanines. 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-pow-
er 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 facili-
tate 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 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 
as PSs and their advantages over conventional, clinically employed PSs. Following a brief overview 
of the different nanoparticulate PS delivery systems currently available for PDT, an exemplary PS 
delivery platform 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, 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-tetrahydroxy-
phenylchlorin (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 microscopy, which revealed that porfimer 
sodium localizes to keratinized epithelium, hair (including follicles), and collagenous connective tis-
sue 27. Due to the slow clearance rate in the skin, which is mediated by gradual photobleaching 28, 
the photosensitivity caused by HpD and porfimer sodium can persist for up to 3 months.
 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 import-
ant 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, including 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 31. 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 concentra-
tions (Fig. 3B).
 With respect to the abovementioned factors and on the basis of the data presented in Fig. 
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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 asso-
ciated 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 ra-
diotherapy/chemotherapy. Alternatively, interstitial PDT, a PDT modality where multiple light-emit-
ting fibers are inserted into the tumor, may be employed to completely and homogenously photo-
sensitize 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 34. 
 To study the biodistribution of a PS after systemic administration, Bellnier and co-work-
ers injected radio-isotopically (14C)-labeled porfimer sodium intravenously in mammary carcino-
ma (SMT-F)-bearing mice 35, and found that porfimer sodium (hydrophobic, Fig. 2) was taken up 
by various organs within 7.5 hours after systemic administration. The highest peak concentrations 

Figure 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 de-
picted) (B), PpIX (C), and mTHPC (D). The physicochemical properties are summarized in (E). Estimated octanol/water partition 
coefficients (log P) were obtained from 29.
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Table 1. Pharmacokinetic, pharmacodynamic, and toxicity parameters of clinically applied and experimental photosensitiz-
ers. Abbreviations: LD50, lethal 50% dose; est., estimated; IV, intravenous; NA, not assessed; d, day; wk, week; NCA, not com-
mercially 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 30.

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 BA mammary carcinoma-bearing mice 36. 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 hour post-injection, although this concentra-
tion rapidly declined over a period of 96 hours. At 4 hours, the NPe6 tumor tissue concentration was 
higher than in all the examined tissues, except for the liver, kidney, adrenal gland, and spleen. Ad-
ditionally, Chan et al. examined the biodistribution of sulfonated chloroaluminum phthalocyanines 
(AlPCs) in colon carcinoma (Colo 26)-xenografted mice 37. 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 in-
versely 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 accumulation 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 the mononuclear phagocyte system (i.e., liver, spleen, lung) 38, (2) bind to macromole-
cules, including low-density lipoprotein (LDL) 39, albumin 40, and/or lipid bodies that are abundantly 
expressed or metabolically exacted in the tumor environment 41, 42, (3) undergo an increase in its 
lipophilicity (octanol/water partition coefficient or logP) in the more acidic tumor milieu 43, and (4) 
undergo pinocytosis and/or phagocytosis by tumor cells or by tumor-associated macrophages 44, 45. 
It should be noted that higher intratumoral PS concentrations do not necessarily correlate positively 
to treatment efficacy 46, as additional factors are involved in post-PDT tumoricidal mechanisms. 
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 The binding of PSs to biomolecules (e.g., LDL, transferrin, and/or albumin or their cognate 
receptors) and subsequent PS internalization 47 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 48-50. Porphyrins, for instance, have a strong affinity for LDL, trans-
ferrin, and albumin 51. Kessel et al. found that in mice HpD associated with both LDL and HDL and that 
accumulation of HpD correlated with the relative number of LDL receptors present in the respective 
tissue 52. This indicates that the LDL pathway serves as a delivery route of HpD and other PSs that 
associate with LDL to the tumor site. Phthalocyanines (including zinc phthalocyanine (ZnPC)) also 
associate with LDL 53 and albumin 54, 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 55. 

2.2.2 Intracellular distribution

 Cellular uptake of the PS, either by diffusion or via 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 re-
ticulum (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 
56 because the inner space of the mitochondrion is more negatively charged in tumor cells than in 
healthy cells 57. Consequently, cationic PSs preferentially accrue and remain in the mitochondria of 
tumor cells 56, 57. Furthermore, hydrophilic PSs tend to localize to lysosomes 58, 59, while lipophilic PSs 
preferentially localize to the plasma membrane and intracellular membranes, including the mito-
chondrial and ER membrane 60. 
 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 61. On the 
other hand, HpD temporarily accumulates in the plasma membrane but quite rapidly redistributes 
diffusely across subcellular membranes 62. Its derivative, porfimer sodium, localizes to the plasma 
membrane as well, but also shows discrete association with the Golgi apparatus 63. While mTHPC 
exhibits a preference for both the ER and Golgi 64, metallated phthalocyanines preferentially accu-
mulate in the plasma-, Golgi-, and mitochondrial membranes 65. Studies have further shown that a 
PS exhibits spatiotemporal dynamics following uptake 61-64, which will ultimately affect the mode 

Figure 3. (A) Normalized absorption spectra of porfimer sodium (in MilliQ), PpIX (in methanol), and mTHPC (in ethanol:MilliQ 
(49:51, v/v)). (B) Molar extinction coefficient of eumelanin 32, hemoglobin (Hb), oxyhemoglobin (HbO2) 33, and zinc phthalo-
cyanine (ZnPC, in pyridine). The solar spectrum (black trace) was recorded from direct sunlight in the 250-1,050 nm range and 
the spectrum was normalized to the maximum intensity (secondary y-axis). The pink area represents the therapeutic window 
for clinical PDT (650-850 nm).
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and extent of cell death upon PDT and hence therapeutic outcome (addressed in section 2.3). For in-
stance, mTHPC-treated human mesothelioma-bearing nude mice were susceptible to PDT-induced 
necrosis over a range of drug-light intervals (12 hours to 4 days), although the therapeutic efficacy 
significantly differed among the different drug-light intervals irrespective of the tissue PS concentra-
tion 66. 

2.3 Mechanisms of photodynamic therapy-mediated cell death as function of intracellular pho-
tosensitizer 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-de-
rived 1O2 is the most predominant type of ROS that is produced upon PDT 67, 68, and, given that cyto-
solic 1O2 diffusion is restricted to very short distances (~220 nm) 69, 1O2 is only capable of oxidizing 
biomolecules in close proximity to its production site. The short diffusion distance of most ROS/RNS 
is beneficial to PDT insofar as ROS/RNS are usually not generated close to nuclear material 70 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 71. 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 simultane-
ously activated cell survival pathways and stress responses after PDT (reviewed in 72). 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) 73 (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 mem-
brane, whereas at longer incubation times (>1-2 hours) the PSs become more prominently local-
ized in distinct perinuclear areas 61, 62, 65. 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 63. 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 Zn-
PC-encapsulating cationic liposomes (ZnPC-ETLs, section 4.5.1) for 10 minutes, after which the lipo-
some-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 irra-
diated at early time points after incubation (<4 hours) compared to later time points (>4 hours). In 
addition, confocal 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 minutes 
and to a lesser extent after 4 hours. At the 4-hour time point, ZnPC exhibited a more diffuse localiza-
tion, which was even more pronounced after 24 hours. 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 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 74 due to the hydrophobic 
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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 
phospholipids 75 (usually dioxetane adduct formation when 1O2 is produced and peroxide forma-
tion when oxygen radicals (•OH) are generated from type I photochemical reaction-derived O2•– 76). 
Oxidative modification of lipid constituents is associated with phospholipid packing defects and 
membrane permeabilization 77, 78, ultimately leading to necrosis.
 Lysosome-targeted PSs may induce ROS-triggered cell death in two ways: (1) via the dis-
charge 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 79-81. 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 mole-
cules 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-capronyloxytetrakis (methoxyethyl) porphy-
cene (CPO) 82, hypericin 83, and mTHPC 64) 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 unfold-
ed 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 84. Alternative-
ly, excessive Ca2+ uptake by mitochondria may either lead to apoptogen release and loss of mito-
chondrial membrane potential followed by apoptosis 85 or mitochondrial permeability transition 
(MPT) ensued by ATP depletion and necrotic cell death 86. Mitochondria-targeting PSs have been 
shown to rapidly induce apoptosis following photosensitization 87, 88 as a result of mitochondrial 
lipid peroxidation. PDT-induced mitochondrial lipid peroxidation has been demonstrated with me-
so-tetrakis[4-(carboxymethyleneoxy)phenyl]porphyrin (T4CPP), a (non-exclusive) mitochondria-tar-
geting PS 89, which resulted in 1O2 generation and lipid peroxidation in isolated rat liver mitochon-
dria and mitochondria of sarcoma 180 cells 90. The release of pro-apoptotic factors ultimately leads 

Figure 4. (A) Effect of intracellular ZnPC dispersion time on PDT-induced cell death and spatiotemporal dynamics of intra-
cellular 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. Concen-
trations in the legend indicate final lipid concentrations. After 10 minutes, 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 minutes, 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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to apoptosis when residual ATP levels are high enough to facilitate this energy-dependent mode 
of cell death 91. 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 92, 93. Second, PDT-induced apoptotic signaling seems to involve the general ve-
sicular 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 94. 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 mito-
chondria 95. 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 DAMPs

 The initiation of an anti-tumor immune response is one of the main secondary mechanisms 
by which PDT orchestrates anti-tumor effects 96-98. The requirement of the immune system in the 
PDT-induced removal of solid cancers has been clearly demonstrated in murine tumor models. Im-
munocompetent mammary sarcoma (EMT6)-bearing mice treated with porfimer sodium showed a 
complete response rate up to 90 days post-PDT 99. In contrast, immunodeficient EMT-6 tumor-bear-
ing mice treated under the same conditions only exhibited initial tumor destruction. At later time 
points (>25 days), all immunodeficient mice had recurrent tumors 99. These findings indicate that 
PDT results in direct tumor destruction, whereas prolonged tumor-free survival relies on a function-
al immune system. The PDT-induced anti-tumor immune response essentially comprises the initi-
ation 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 100, and the removal of cancer cells, as summarized in Fig. 1 and further discussed in 
section 2.4.2. 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 pro-
moting sterile inflammation and DC maturation 101, 102.

2.4.1 DAMPs

 DAMPs are specific molecules that emanate from stressed and dying cells and act as dan-
ger 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 103-105. DAMPs have predominantly 
non-immunological functions 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 recep-
tors 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 104. An overview of 
the 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 DAMP release following PDT

 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 107. Moreover, in stressed cells the overexpressed HSPs can be surface exposed and/or 
released into the extracellular environment, where they exhibit immunostimulatory properties 107. 
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HSPs bind to numerous receptors, including TLR2, TLR4, and CD91 108-111, 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-κB) activation (mediates a pro-inflammatory response), DC maturation, and cytokine pro-
duction 112. Signaling via CD91 results in phagocytosis, NF-κB activation, and antigen presentation 
113-115. HSPs are the best-characterized DAMPs associated with PDT and can be released extracellu-
larly and/or exposed on the cell surface following PDT treatment 116-120. It seems that PDT modalities 
that trigger apoptosis primarily instigate the surface exposure of HSPs such as HSP60 and HSP70 
116, whereas PDT regimes that primarily cause necrosis are associated with the extracellular release 
of HSPs such as HSP70 and HSP90 121.
 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 122, 123. Calreticulin exposed on the cell 
membrane (ecto-CRT) acts as an eat-me signal and engages in the recognition and phagocytic en-
gulfment of apoptotic cells by APCs 124, a process mediated by CD91 on APCs 114. Calreticulin also 
functions as one of the main DAMPs in immunogenic apoptosis (also termed immunogenic cell 
death, ICD) 125, as ecto-CRT facilitates the DC-mediated phagocytosis of cancer cells undergoing ICD, 
resulting in antigen presentation and an anti-tumor adaptive immune response 126. Hypericin-PDT 
can for instance induce ICD through site-specific oxidative damage to the ER 127. Both pre-apoptot-
ic ecto-CRT and late apoptotic/secondary necrotic extracellularly released calreticulin have been 
found following hypericin-PDT in vitro 114, 128, 129. 
 High mobility group box-1 (HMGB1) has been identified as a nuclear DNA-binding protein 
involved in DNA organization and gene transcription 130. HMGB1 can be actively secreted by immune 
cells 131, 132 or passively released by necrotic cells 133, 134. Extracellular HMGB1 acts as a DAMP by induc-
ing inflammation 134, stimulating cytokine production 135, 136, enhancing neutrophil recruitment 137, 

Figure 5. Apoptotic cells (top right) expose and/or release HSP60 and HSP70. In addition, HSP70 is liberated by necrotic 
(bottom) and autophagic cells (top left). HSPs interact with immune cells via toll-like receptor 2 (TLR2), TLR4, and CD91, 
which leads to immune cell activation. In addition, apoptotic cells express and/or release calreticulin (CRT), culminating in DC 
and macrophage activation via CD91. Necrotic cells release CRT as a result of membrane perturbation. Both apoptotic and 
necrotic cells release ATP that interacts with the P2Y2 and P2X7 receptor. Necrosis is accompanied by the release of HMGB-
1, resulting in DC activation and neutrophil recruitment via TLR2, TLR4, and receptor for advanced glycation end products 
(RAGE) on these cells. In response to oxidative stress, HMGB-1 may act as an important regulator of autophagic cell death 106.
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and activating DCs 138. More recently, it has been demonstrated that apoptotic 139 and autophagic 140 
cells also release HMGB1. HMGB1 exerts its pro-inflammatory functions through interactions with a 
range of receptors, including but not limited to RAGE, TLR2, and TLR4 141, 142. Very few studies have 
been conducted on the release of HMGB1 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 HMGB1 from necrotic cells into the blood stream of mice as early as 1 hour 
post-PDT 143. A study by Tracy et al. showed that HMGB1 is one of the DAMPs released from necrotic 
cells treated with PDT using 2-(1-hexyloxyethyl)-2-devinylpyropheophorbide-a (HPPH, localizes to 
mitochondria) or HPPH-galactose (localizes to lysosomes) 121. However, cells undergoing apoptotic 
cell death did not release significant amounts of HMGB1 following PDT with HPPH or HPPH-galac-
tose 121. Moreover, no significant HMGB1 release was detected from T24 cells treated with hyperi-
cin-PDT under ICD-inducing conditions 129, altogether suggesting that HMGB1 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 mono-
cytes, macrophages, and DCs 144. 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 144. Moreover, 
ATP has been identified as a ligand for P2X7 purinergic receptors on DCs. ATP binding to this recep-
tor can lead to the activation of the NLRP3 inflammasome; a caspase 1 activation complex that stim-
ulates DC maturation and subsequent secretion of IL-1a, an important chemokine for the priming of 
T cells and hence the induction of an anti-tumor adaptive immune response 145, 146. Garg et al. showed 
that hypericin-PDT-treated human bladder carcinoma (T24) cells undergoing ICD secrete ATP in the 
pre-apoptotic phase 114. Unfortunately, the extracellular release of ATP following PDT has only been 
investigated using hypericin as PS in the paradigm of ICD 114, 129. It should be noted that oxidized ATP 
has been reported to act as an inhibitor of P2RX7, thereby impeding proliferation and effector func-
tions of T cells 147. This means that ATP belongs to the class of redox-sensitive DAMPs such as HMGB1, 
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 an-
ti-tumor immune response is addressed. For more detailed reports on PDT-induced anti-tumor im-
munity the readers are referred to other reviews 100, 120, 148-150.
 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 151. 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) 100. Different DAMPs play major roles 
in these processes (section 2.4.1). 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, re-
leased from dying and dead cancer cells, by DCs to naive T cells, resulting in the generation of tu-
mor-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 in-
creased surface levels of MHC-I, MHC-II, and other co-stimulatory proteins 152, 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 Can-
ti et al. 153. In a subsequent study it was demonstrated that the growth inhibition of EMT6 tumors 
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after porfimer sodium-mediated PDT is dependent on CD8+ CTLs 154. Recent studies showed that 
PDT-treated tumor cells stimulate DCs and their ability to present TAAs, resulting in the generation 
of tumor-specific CD8+ CTLs 128, 129. 
 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 154, but also in a clinical setting 155. Other 
clinical studies that point towards the potency of PDT to induced anti-tumor immune responses 
have been published for vulval intraepithelial neoplasia 156, basal cell carcinoma 157, and both actinic 
keratosis and Bowen’s disease 158.

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 gen-
eration 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 restores energy 
homeostasis and induces angiogenesis, (4) a pro-inflammatory signaling response that governs an-
giogenesis and invasion, (5) an ER stress response that aims to restore ER homeostasis, and (6) au-
tophagy 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 72. 
The ER stress response following PDT 84, 159 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 metabol-
ic capacity to remediate oxidative damage. When the oxidative damage threshold 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 direct-
ed at promoting autophagic cell death upon continued exposure to stress conditions (reviewed 
in 160). With respect to PDT, Kessel and Reiners 161 demonstrated that at lower PS dosages, PDT with 
CPO (targets to the ER) and mesochlorin (localizes to mitochondria) 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 BCL2 162, 163, 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 163, 164, the oxidation-mediated 
release of autophagy-regulated protein beclin 1 (BECN1) from its BCL2 complex may induce autoph-
agy following PDT 165, 166 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 fa-
cilitate survival 161, 167. Correspondingly, low-dose PDT with mitochondria- or ER-targeting 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 deriva-
tive cell line (L1210/Atg7−) 161, 168. Conversely, higher-dose PDT induced autophagic cell death rather 
than survival and augmented the extent of photokilling 161, 168. It should be noted that these effects 
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may in part be attributable to oxidative stress-dependent debilitation of autophagosome formation, 
particularly when ER- or mitochondria-targeted PSs are used 161, 168.
 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 equi-
librium state between apoptosis and autophagy 169, 170, 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 phthalocyanines (PCs) are synthetic second-generation PSs comprising a fully 
conjugated, symmetrical macrocyclic structure containing a centrally positioned, coordinated, mul-
tivalent 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 171; closed-shell diamagnetic metal-containing PCs (Al3+, Ga2+, 
Zn2+) exhibit higher triplet state quantum yields (ФT) and longer-lived triplet states than paramag-
netic metal-containing PCs (Co2+, Cu2+, Fe2+) 172. 
 The diamagnetic PCs, and particularly ZnPC and AlPC, are very suitable PSs for PDT due to 
several pronounced advantages. Firstly, these PCs have a molar absorptivity (ε) in the order of ~105 

M-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) 173. Secondly, the 
non-functionalized diamagnetic PCs exhibit ФTs of 0.3 to 0.5 174 and triplet state lifetimes of >200 
μs (reviewed in 175). Moreover, the triplet states are amply energetic (1.21-1.31 eV) to generate 1O2 
(0.98 eV) 176, altogether accounting for considerable 1O2 generation 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 trivalent 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 photochemical properties, as 
was observed for tetrasulfonated ZnPC (ZnPCS4) (Fig. 6L) but not for AlPCS4 (Fig. 6M). 

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 max-
imum 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 ε 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 ε in combination with a larg-
er ФT 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 administered dose 
suffices 178. 
 Another beneficial aspect of PCs is that they do not exhibit notable toxicity 179. 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 as-
sociated with skin phototoxicity to date (Table 1). The photosensitivity of HpD and porfimer sodium, 
for example, extends to as much as 4 to 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) 180, 181. The photosensitivity of 
mTHPC is also quite extensive, namely 2-4 weeks, while that of 5-ALA is clinically manageable. How-
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Figure 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 
29. 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 encap-
sulated in liposomes (AlPC-ITLs, composed of DPPC:DSPE-PEG (96:4, molar ratio) at an AlPC:lipid ratio of 0.003) (G), tetrasul-
fonated ZnPC (ZnPCS4) in MilliQ (H), and tetrasulfonated AlPC (AlPCS4) in MilliQ (I), both at a 1.5-µM final PS concentration. 
The ROS-generating capacity of ZnPC-ITLs (J), AlPC-ITLs (K), ZnPCS4 in physiological buffer 78 (L), and AlPCS4 in physiological 
buffer (M) during PDT (pink area) was determined using the oxidation-sensitive fluorogenic probe 2’,7’-dichlorodihydrofluo-
rescein (DCFH2), prepared as described in 177. The mean ± SD DCF fluorescence intensities are plotted for n = 3 experiments 
and the experiment was carried out according to 78.

ever, 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 administra-
tion (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, Fos-
peg), porfimer sodium, and 5-ALA, amongst others, in A431 cells 182. The lethal 50% dose (LD50) for 
non-irradiated Foscan, Fospeg, porfimer sodium, and 5-ALA was 8, 246, 5, and 9,040 µM, respectively. 
The LD50 value for AlPCS4 could not be calculated as its dark toxicity did not fall below 50% at con-
centrations up to 200 µM. Similarly, Amin et al. found no dark toxicity of AlPCS4 up to a concentration 
of 500 µM in bladder cancer (T24) cells 183. 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 consid-
erable oxidative damage and cell death in human oral keratinocytes in vitro, but without inducing a 
genotoxic response, as confirmed by the comet assay 184. These results were corroborated in another 
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study employing AlPC-PDT 185. Similarly, ZnPCS4 is not genotoxic upon PDT in vitro 186, 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 my-
eloid leukemia (K562) and nasopharyngeal carcinoma (CNE2 and HK1) cells under dark conditions 
or following PDT 187, 188. In contrast, considerable DNA damage was observed in K562 cells after HpD-
PDT 187. Other in vitro studies showed that treatment of cells with 5-ALA resulted in mutagenic effects 
after exposure to visible light 189. Chromosomal aberrations and formation of micronuclei were also 
detected under dark conditions 190. 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 mitochondrial DNA, which is a typical target for DNA modifications, even during regular energy 
metabolism 191. 
 The safety:efficacy ratio of a compound is also an important parameter in pharmacology, 
as it reflects the ‘clinical worthwhileness’ 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 182, 
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 192.
 Moreover, the tumor:healthy tissue ratio is a critical in vivo pharmacokinetic parameter be-
cause 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 193. Sim-
ilarly, intravenously or intravesically injected 5-ALA resulted in a tumor:bladder wall ratio of 2:1 in 
an orthotopic rat bladder tumor model 194. 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 195. 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 to the fibrosarcoma) of 7.5:1 196 

and 9:1 197 were found 18 to 24 hours 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 37. Whereas AlPCS4 accumulated in tumors at a 10:1 tumor:adjacent tissue ra-
tio, lower ratios were observed with a lower degree of sulfonation. Accordingly, monosulfonated 
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 hours after 
systemic administration 198. The tumor:tissue ratios of the most common clinical and experimental 
PSs are listed in Table 1.
 Lastly, the high logP value of metallated PCs (Fig. 6E) is responsible for the distribution of 
these PSs to a wide variety of lipophilic compartments (sections 4.5.2). PDT of metallated PC-con-
taining 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 72. Consequently, the cytotoxic 
potential of irradiated PCs is theoretically higher per mole compound in a cell than for PSs that tar-
get to a single location, such as lutetium texaphyrin 199, verteporfin 200, and hypericin 83, where only 
one specific cell death induction pathway dominates.
 In the final analysis, compared to clinically approved PSs, diamagnetic PCs have a more 
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red-shifted Q-band maximum and superior molar absorptivity, which facilitates deeper light pene-
tration, 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 in-
duction effect. Moreover, diamagnetic PCs exhibit no dark toxicity or genotoxicity, even after irradia-
tion. 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 conven-
tional 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 un-
specific uptake of chemotherapeutic agents by healthy tissue causes all sorts of sequelae that im-
pose a significant burden on patient well-being and quality of life. As a result, numerous chemo-
therapeutic 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 201). 

4.1 Non-liposomal PS 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-chem-
ical 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-com-
patible 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 mono-
layer 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 vari-
able. The micelles and solid lipid nanoparticles can be functionally modified to accommodate a spe-
cific pharmacokinetic purpose, including PEGylation to enhance circulation half-life 202, 203 and the 
conjugation of ligands for e.g., immunotargeting 204, 205, whereas this is less applicable to LDL due to 
its intrinsic targeting properties. LDL has been employed for intratumoral PS delivery 206, 207 via its 
cognate LDL receptor (LDLR). However, this delivery system may lack targeting specificity inasmuch 
as the LDL receptor (LDLR) is not exclusively present on tumor cells and a variety of malignant tissues 
lack overexpression of LDLR (reviewed in 208). 
 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 supramo-
lecular assemblies typically composed of branched polyaminoamide that can be synthesized in a 
controlled manner with a high monodispersity (reviewed in 209, 210). However, the in vivo toxicity data 
for dendrimers is currently unavailable, which limits the prospects for clinical applicability. Polymeric 
micelles are nanoparticles that are usually composed of amphiphilic polymers, including PEG-based 
phospholipid conjugates and poloxamers 211. 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 
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industrial-scale basis 212. Alternatively, polymeric nanoparticles are generally composed of biode-
gradable polymers, including polyglycolic acid, polylactic acid, and poly(lactic-co-glycolic acid), 
which are generally non-toxic 213. Although polymeric nanoparticles may be attractive as a delivery 
vehicle, there are still some difficulties to overcome, including a poor encapsulation efficiency 214, 215 
and a poor PS stability in solution 216.
 In contrast, gold nanoparticles and quantum dots are nanoparticles with unique physi-
co-chemical and optical properties, respectively 217. Gold nanoparticles that are coupled to PSs have 
been associated with increased 1O2 upon irradiation as a result of surface plasmon resonance (re-
viewed in 218), 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 219, enabling deep light pene-
tration 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 220; 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 

Table 2. Overview of lipid- and non-lipid-based nanoparticles that have been used for the delivery of photosensitizers. 
Abbreviations: AlPCS4, tetrasulfonated chloroaluminumphthalocyanine; Cl2SiPC, dichlorosilicon phthalocyanine; HexSiPc, 
bis(tri-n-hexylsiloxy) silicon phthalocyanine; LDLR, low-density lipoprotein receptor; Pc 4, silicon phthalocyanine 4; SiPC, sil-
icon phthalocyanine.
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ideal for clinical PDT (Table 2), the following sections will focus on liposomes for intratumoral PS de-
livery. Although liposomes are not superior to the abovementioned PS delivery systems per se, the 
combination of advantages (next section) makes liposomes very suitable for PS targeting to tumors.

4.2 Liposomal PS 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 221, 222. 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 com-
pared 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 223 for several reasons. First, 
liposomes are able to encapsulate hydrophilic and lipophilic molecules and hence render the highly 
lipophilic second-generation PSs compatible with plasma. Second, liposomal incorporation resolves 
PS aggregation in aqueous solutions such as biological fluids, which negatively affects ФT and ROS 
generation 224-226. Third, due to the high payload, a single liposome could theoretically deliver a suffi-
cient 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 unencap-
sulated PS. Moreover, unencapsulated PSs have a tendency to extravasate and accumulate in the 
skin. Liposomal encapsulation prevents PS accumulation in the skin 227, 228, which will not only reduce 
phototoxicity but also further improve PS bioavailability for tumor targeting. Fourth, diamagnetic 
PCs such as AlPC and ZnPC can be co-encapsulated with water-soluble (e.g., tetrasulfonated) PC 
derivatives or pharmacological adjuvants such as inhibitors of stress response- and/or cell survival 
pathways (section 2.5 and reference 72) 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 229, 230, i.e., typically the main lipid constituents of lipo-
somal drug delivery systems 231, liposomes can easily be modified compositionally to facilitate the 
unique prerequisites of the drug delivery system and to accommodate a specific physiological con-
text. For instance, liposome uptake by cells of the mononuclear phagocyte system can be consid-
erably forestalled by proper sizing 232 and by the conjugation of PEG to component phospholipids, 
usually phosphatidylethanolamine 233-236. It has been proposed that (1) the presence of a “dense con-
formational cloud” by the PEG polymers over the liposome surface 237, (2) the repulsive interactions 
between PEG-grafted membranes and blood constituents 238, (3) the hydrophilicity of PEGylated for-
mulations 239, and (4) the decreased rate of plasma protein adsorption on the hydrophilic surface of 
PEGylated liposomes 240 impose so-called ‘stealth’ properties 241. 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 242, 243. 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 244-247. As for the stealth lipo-
somes, 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 fo-
cus on second-generation PC-encapsulating liposomes for the treatment of solid tumors. Three dif-
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ferent liposomal formulations will be addressed from the perspective of a comprehensive multi-tar-
geting 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 ap-
plications, including the treatment of cutaneous leishmaniasis 248, antineoplastic therapy 196, 249, 250, 
and diagnostic applications in atherosclerosis 251. For the treatment of solid cancers, ZnPC has been 
conjugated to LDL 207 and serum albumin for systemic administration 252, encapsulated into various 
nanoparticulate drug delivery systems for intravenous infusion 250, 253-255, and formulated in a mixture 
of oleic acid and propylene glycol for topical administration 256. With respect to liposomal formu-
lations, in vivo studies demonstrated accumulation of liposomal ZnPC in tumors, the subsequent 
irradiation of which led to a significant reduction in tumor size 207. 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 178. However, the clinical trial with CGP-55847 was discontin-
ued due to reasons not publicly disclosed. 
 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 π-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 257. As shown in Fig. 6F, the main absorption bands of ZnPC in pyr-

Table 3. Summary of experimental in vivo studies with immunoliposomes. Abbreviations: CHEMS, cholesteryl hemisuccinate; 
Chol, cholesterol; DOPE, dioleoyl phosphatidylethanolamine; DSPC, distearoyl phosphatidylcholine; EGFR, epidermal growth 
factor receptor; EPC, egg phosphatidylcholine; Fab, antigen-binding fragment; GD2, ganglioside GD2; HBEGF, heparin-bind-
ing EGF-like growth factor; HPTS, 8-hydroxypyrene-1,3,6-trisulphonic acid; HSPC, hydrogenated soy phosphatidylcholine; IGF-
1R; insulin-like growth factor 1 receptor; ILs, immunoliposomes; mAb, monoclonal antibody; mPEG, methoxy polyethylene 
glycol; MT1-MMP, membrane type-1 matrix metalloproteinase; PC, phosphatidylcholine; PDP-PEG-DOPE, 3-(2-pyridyldithio) 
propionic acid-polyethylene glycol-DOPE; PEG-PE, polyethyleneglycol-phosphatidylethanolamine; POPC, palmitoyloleoyl 
phosphatidylcholine; scFV, single-chain variable fragment; SM, egg sphingomyelin; VCAM-1, vascular cell adhesion molecule 
1; VEGFR, vascular endothelial growth factor receptor.
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idine 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) 78. Figs. 7B and C further show 
that liposomal ZnPC produces ROS upon PDT that oxidize small molecules (2’,7’-dichlorodihydro-
fluorescein) and large biomolecules (albumin), respectively 78. The generation of ROS proceeds in a 
PS:lipid molar ratio- (Figs. 7B and C) and irradiance-dependent manner (Fig. 7D) 78, and the extent of 
oxidation of extraliposomal compounds is hampered by the presence of antioxidants in the mem-
brane, such as cholesterol 258, α-tocopherol 259, and (poly)unsaturated fatty acids 260. 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 (Figs. 7C and D) 78. At a PS:lipid molar ratio of 
>0.003, ZnPC starts forming aggregates 261 that, due to altered relaxation mechanisms in excited PS 
dimers/multimers 225 and/or reduced oxygen availability in these aggregates 224, results in impaired 
1O2 generation. Similar effects have been described for AlPC 261.
 The main implication of these findings is that ZnPC retains its photophysical and photo-
chemical properties once it has entered a cell, where it will distribute to the cell- and subcellular 
membranes as elaborated in section 2.2. PDT with liposomally delivered ZnPC will induce (per)ox-
idation of proximal cellular constituents (Figs. 7B and C), particularly membrane-embedded mol-
ecules and bilayer constituents. The (per)oxidation of intra/transmembrane molecules and unsat-
urated lipids causes membrane perturbation and leakage of intracellular content, which has been 
demonstrated with PDT-subjected cell phantoms containing ZnPC in the bilayer 78. 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 pharmacolog-
ically 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 interstitial-
ly-targeted liposomes (ITLs) is discussed separately in sections 4.5.2 through 4.5.4. 
 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 262, 263. However, the imple-
mentation 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 loca-
tions 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 72, 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 di-
minish. Second, the induction of damage in a greater tumor volume (i.e., tumor parenchyma + vas-
culature + 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 
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Figure 7. (A) Normalized fluorescence emission (Em) and excitation (Ex) spectra of unencapsulated ZnPC and ZnPC-contain-
ing liposomes (ZnPC-ITLs) consisting of DPPC:cholesterol:DSPE-PEG (66:30:4 molar ratio) in physiological buffer. (B) ZnPC:lipid 
ratio-dependent ROS generation following PDT with ZnPC-ITLs. ROS production was assayed with 2’,7’-dichlorodihydroflu-
orescein (DCFH2). The protocol is described in 78. (C) ZnPC:lipid ratio-dependent oxidation of tryptophan (Trp) residues in 
bovine serum albumin following PDT with ZnPC-ITLs. The protocol is described in 78. (D) Laser power-dependent oxidation 
kinetics of DCFH2 during PDT with ZnPC-ITLs. The protocol is described in 78.

Figure 8. (1) Tumor cell-targeting liposomes (TTLs) contain specific epitope recognition domains (e.g., antibodies, Fab’ frag-
ments, 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.

through immunogenic apoptosis and immunological processing of tumor cells.

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) 65, 264. 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 minimizing the number of residual tu-
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mor cells that could mediate cancer recurrence, for optimally deterring the execution of cell survival 
pathways 72, and for maximally reducing post-treatment tumor sustenance through the processes 
related to the hallmarks of cancer 265, 266. 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) 100. 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 ex-
pected 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 PE-
Gylated lipids to which a ligand/epitope recognition molecule has been conjugated, such as an 
antibody, Fab’ fragment, nanobody, or peptide (reviewed in 21, 223, 267). The ligand/epitope recogni-
tion 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 im-
munoliposomes specifically developed for the treatment of PDT-recalcitrant tumors (section 1) are 
provided in Table 4. 
 The utility of immunoliposomes for the delivery of pharmacological agents has been 
demonstrated in numerous in vitro and in vivo studies. In mice, Song et al. 268 showed that systemical-
ly infused, sterically stabilized EGFR-targeted liposomes were able to extravasate from the intratu-

Figure 9. In vivo pharmacokinetics of the liposomal PS-encapsulating formulations for tumor targeting (illustrated in Fig. 
8). Route 1 (section 4.5.2): tumor-targeting liposomes (TTLs) extravasate and bind to the corresponding receptor on a tu-
mor cell. Route 2 (section 4.5.3): cationic liposomes (ETLs) have a propensity to bind inflamed and angiogenic endothelium. 
Route 3 (section 4.5.4): sterically stabilized liposomes (ITLs) extravasate into the interstitium, enter the interstitial space, and 
accumulate due to the EPR effect. Route 4 (section 4.5.4): 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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moral microcirculation and specifically and efficiently bind to xenotransplanted EGFR-overexpress-
ing 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 (DPPC:cholesterol: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, 269. Mamot et al. 270 demonstrated 
that anti-EGFR TTLs exhibit a 6-fold higher uptake by EGFR-transfected human primary glioblas-
tomas (U87) in mice versus non-targeted (anti-EGFR C225 Fab-lacking) liposomes. The TTLs were 
presumably internalized via receptor-mediated endocytosis. Park et al. 271 found that systemic ad-
ministration of either sterically stabilized liposomes (comparable to ITLs) section 4.5.4) or anti-hu-
man 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 270, 272.
 Due to the selective uptake of PS-TTLs, intracellular PS levels are generally higher than 
for their non-targeted counterparts, causing the TTLs to be more potent in terms of phototoxicity.          
Gijsens et al. 263 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 μM versus 
6.3 μM AlPCS4, respectively). Moreover, the intracellular accumulation of transferrin-conjugated TTLs 
was significantly higher than free AlPCS4 or non-targeted liposomes. García-Díaz and co-workers 
used folate-conjugated liposomes containing zinc tetraphenyl porphyrin (ZnTPP) to treat folate re-
ceptor-expressing HeLa cells 274. At a concentration of 1 μM 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 hours post-PDT. In line with previous findings, human ovar-
ian carcinoma (Ovcar-5) cells treated with verteporfin-containing anti-EGFR TTLs exhibited signifi-
cantly lower cell viability than non-targeted liposomes 275. 
 The data presented in this section indicate that the overexpression of specific surface rec-
ognition domains (e.g., transferrin receptor, EGFR) by tumor cells can be exploited for tumor cell 
targeting. High intracellular PS concentrations are subsequently achieved via endocytosis. Conse-

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.
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quently, as has been determined in a variety of studies, this PDT strategy is expected to produce in-
creased 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, photode-
struction of tumor vasculature is a decisive therapeutic outcome of PDT 255, 276-279. It has been shown 
in mice that PDT with the systemically infused PS MV6401 resulted in acute vasoconstriction and 
thrombosis 3 hours after PDT 280. Fingar et al. 281 reported that verteporfin-mediated PDT of chondro-

Figure 10. Confocal images of DAPI-stained (in blue) EGFR-overexpressing HER14 cells (A) that have taken up anti-EGFR 
nanobody-conjugated TTLs (composed of DPPC:cholesterol:DSPE-PEG:NBD-PC (62:30:4:4 molar ratio)) fluorescently labeled 
with nitrobenzoxadiazole (NBD, green fluorescence) (B). The inserts are comparable images of HER14 cells incubated with 
control liposomes (A, B). Human umbilical vein endothelial cells (HUVECs) (isolated as described in 273) were stained with 
ToPro3 (C, E) and incubated with NBD-labeled ETLs (composed of DPPC:DC-cholesterol:cholesterol:DSPE-PEG:NBD-DPPC 
(60:25:5:5:5 molar ratio)) (D) or ITLs (composed of DPPC:cholesterol:DSPE-PEG:NBD-DPPC (60:30:5:5 molar ratio)) (F). The up-
take of NBD-labeled ETLs (G) and the lack of uptake of NBD-labeled ITLs (H) by HUVECs was confirmed by flow cytometry 
(protocol described in 78).

Figure 11. In vivo proof-of-concept of cationic liposome targeting to intratumoral vasculature. Fluorescently labeled cation-
ic liposomes (1,2-dioleoyl-3-trimethylammonium propane:cholesterol:Texas Red-conjugated 1,2-dihexadecanoyl-sn-glyce-
ro-3-phosphoethanolamine, 55:45:0.2 molar ratio, in red) were systemically infused into wild-type mice (A-D) and RIP-Tag2 
mice (E-H). The vasculature was stained with fluorescein-labeled lectin (in green) and.yellow fluorescence indicates colocal-
ization of cationic liposomes with (intratumoral) blood vessels (C, G), Images were modified from 289 and used with permission 
from Dr. Gavin Thurston.
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sarcomas 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 oxy-
gen 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. Pho-
tochemical 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 blood flow stasis 280. Moreover, thrombi are potent chemoattractants for cells of 
the innate immune systems (neutrophils and monocytes/macrophages) that, when activated, prop-
agate thrombus/vascular remodeling by releasing cytokines and chemokines to attract additional 
immune cells to the thrombostatic vasculature 282, 283. Accordingly, PC-ETLs are potentially effective 
in PDT of particularly hypervascularized tumors by inducing cessation of oxygen and nutrient supply 
and corollary cell death 280, 284, 285, retarding tumor growth 280, and triggering pro-inflammatory sig-
naling that leads to an anti-tumor immune response (section 2.4) and removal of PDT-afflicted tissue 
(reviewed in 100).
 The uptake of PC-ETLs by intratumoral endothelial cells can be achieved by coating the li-
posomes 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 are abundantly present on tumor 
cells can also be used to target the tumor endothelium, as elaborately described in 286 and sum-
marized in Tables 3 and 4. These includes vascular cell adhesion molecule-1 (VCAM-1), membrane 
type-1-matrix metalloproteinase (MT1-MMP), integrins αvβ3, αvβ5, and α5β1 (e.g., by employing 
RGD-peptides), and asparagine-glycine-arginine (NGR) peptides that target aminopeptidase N. 
 Alternatively, cationic liposomes have been employed to target the tumor vessels. General-
ly, cationic liposomes are partly composed of phospholipids with a positively charged head group, 
frequently complemented by neutral lipids such as phosphatidylcholines and cholesterol (summa-
rized in 287). Alternatively, a non-to-minimally toxic cationic moiety with a lipophilic anchor, such as 
3β-[N-(N’ ,N’-dimethylaminoethane)-carbamoyl] cholesterol (DC-chol) 288, can be used in conjunc-
tion with neutral lipids. It is believed that cationic liposomes electrostatically associate with the 
negatively charged glycocalyx of inflamed or angiogenic endothelial cells 289, 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) 290. 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 phenome-
non is the typical upregulation and overexpression of negatively charged surface glycoproteins (e.g., 
sialic acid-rich glycoproteins) by tumor endothelium 291.
 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 289; cationic PE-
Gylated ZnPC-ETLs, but not their neutral controls (i.e., ZnPC-ITLs, section 4.5.4), are indeed taken up 
by cultured human umbilical vein endothelial cells (HUVECs) (Fig. 10C-F). Campbell et al. 290 showed 
that cationic ETLs (1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)) specifically targeted to 
the vasculature 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 and co-workers demonstrated that ETLs specifically accumulated in RIP-Tag2 
tumor-bearing mice (Fig. 11) and that the degree of accumulation was associated with the develop-
mental stage of the tumor 289. 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) ex-
hibit no dark toxicity in HUVECs and respond to PDT in a PS concentration-dependent manner 292. 
With respect to in vivo efficacy studies, Gross et al. 293 encapsulated verteporfin in ETLs (DOTAP) and 
performed PDT on laser-induced choroidal neovasculature in mice. The unencapsulated and ETL-en-
capsulated verteporfin were equally effective and significantly decreased the size of the choroidal 
neovessels, although the cationic ETLs demonstrated higher selectivity and reduced PS-associated 
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side effects. However, choroidal neovessels are not equivalent to intratumoral vasculature, so the re-
sults are not per se extrapolatable to the responsiveness of solid tumors to ETL-mediated PDT. Nev-
ertheless, 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-, pharmacodynam-
ic-, 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 neovascular-
ization, activation of extracellular matrix-bound growth factors, and tumor cell invasion following 
proteolytic degradation of extracellular matrix components. Stromal remodeling is also required for 
tumor metastasis (reviewed in 294-296). Consequently, PS delivery to the tumor interstitium may con-
stitute a useful means to inflict considerable damage to the tumor 297, 298. The mechanisms that stand 
at the basis of PDT efficacy in the stromal environment include: (1) oxidation of cell membranes, ei-
ther 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-res-
ident macrophages) and/or (b) by oxidized extracellular biomolecules 283 (e.g., stromal proteins or 
glycocalyx degradation products 2) that bind to immune receptors (e.g., toll-like receptor (TLR)-2, 
TLR-4, CD44) or are taken up by the immune cells following PDT 299.
 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 ste-
ric stabilization and to impart stealth properties 300. 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 301). 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 302, 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 232. Consequently, the diameter of ITLs should be between 160-210 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. Ac-
cordingly, Wu et al. 303 demonstrated that, in rats, sterically stabilized liposomes rapidly accumulated 
in the interstitial compartment of xenografted rat breast adenocarcinomas (R3230Ac) following in-
fusion, which was 3-4 fold more extensive than their non-PEGylated counterparts. 
 With respect to in vitro PDT studies, our group has demonstrated that ITLs encapsulating 
ZnPC exhibited no dark toxicity, but became cytotoxic upon irradiation of extrahepatic cholangio-
carcinoma (Sk-Cha1) cells in a lipid concentration-dependent manner (at a constant ZnPC:lipid ratio 
of 0.003) 78. 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 78. 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 hours 
after systemic administration 196, 197, which is in agreement with the previously cited findings by Wu 
et al. 303 regarding interstitial ITL accumulation. Furthermore, Oku et al. 304 performed PDT with glu-
curonidated 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:POPC:cholesterol:DPPG). These 
data clearly indicate that the tumor interstitium comprises a viable target for PDT-mediated tumor 
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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 pro-
teins, including LDL and high-density lipoprotein (HDL) 53, 305. As demonstrated by Reddi et al. 207, 
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 hours 
post-injection. Unfortunately, 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 
306, 307, showing that 42% of mTHPC was transferred from PEGylated ITLs to plasma proteins 30 min-
utes after incubation, which progressively increased to 74% after 24 hours 307. Inasmuch as mTHPC 
and metallated PCs are chemically comparable (Fig. 2E and Fig. 6E) and the PCs are typically encap-
sulated in lipid formulations that resemble the formulations used in 306, 307, 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 308. Based on in vitro results it appears that the 
ZnPC-LDL conjugates enter the cells via non-specific endocytosis 309. 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 309 that is responsible for LDL receptor binding 310. 
 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 lip-
id-based nanocarriers such as LDL constitutes an alternative way to augment ZnPC accumulation in 
the tumor stroma. 

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-sol-
uble compounds to the tumor site rather than the tumor cells per se. With such modalities, the lipo-
somal encapsulants may accumulate in the tumor interstitial space and undergo local release into 
the tumor microenvironment upon irradiation. The water-soluble encapsulants may comprise e.g., 
small molecular inhibitors of cancer survival pathways 70, 72, functionalized (water-soluble) PSs such 
as AlPCS4 (section 3.1), or chemotherapeutic agents that are used as adjuvants for PDT. Upon their 
release, these compounds essentially aid in the tumor eradication process, either directly (hydrophil-
ic PSs) or indirectly (inhibitors of survival pathways and chemotherapeutics). 
 The triggered release of the hydrophilic encapsulants can be integrated into the photody-
namic process by the inclusion of photo-labile constituents such as photodegradable phospholip-
ids. These constituents are chemically modified upon light irradiation, leading to a change in chemi-
cal properties or degradation, consequent perturbation/destabilization of the particle, and corollary 
release of the hydrophilic encapsulants. A complete overview of the phototriggered release mech-
anisms is provided in Fig. 12. Detailed reviews on these mechanisms are available elsewhere 311-313. 
Unfortunately, a multitude of the photochemical 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 
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Figure 12. Summary of methods for photochemically triggered drug release. Light-induced release of water-soluble com-
pounds 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] phospha-
tidylcholine; NVOC-DOPE, 6-nitroveratryloxycarbonylated 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; Bis-SorpPC, 
1,2-bis[10-(2’,4’-hexadienoyloxy)-decanoyl]-sn-phosphatidylcholine; DiI, 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocy-
anine; DiI-DS, 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine disulfonic acid.

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 the 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 endotheli-
um, 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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